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The Influence of Abiotic Factors on Street Tree
Condition and Mortality in a Commercial-Retail
Streetscape
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Steenberg, Amber Grant, and James Urban

Abstract. It is challenging to successfully grow trees in highly-urbanized areas, such as downtown commercial-retail districts. As part of a
streetscape revitalization project, initiated in 2010, 133 London planetrees (Platanus x acerifolia) were planted in structural soil cells along
the downtown, commercial district of Bloor Street in Toronto, Ontario, Canada. After most trees experienced severe decline, with many
dying, all trees were removed and replaced in 2015. This research reports on an investigation of multiple abiotic factors that may have
contributed to the decline and mortality of the Bloor Street trees. Researchers collected cross-sectional data on soil texture, soil compac-
tion, soil chemistry, built-environment characteristics (e.g., proximity to road intersections, pit or bed planter), sunlight availability, and
historic data on tree condition and mortality, and analyzed them with multivariate statistical techniques (e.g., correlation, MANOVA,
contingent, and ANOVA tests) to investigate the potential for relationships to tree mortality (mortality rate of 46.6% before removal) and
tree condition. Results indicate that trees that were alive and demonstrated better structural and foliar condition before removal in 2015
had significantly lower levels of soil salinity and alkalinity, sunlight exposure, and signs of physical damage, suggesting co-occurring and
cumulative impact of these variables on tree performance. Modification to streetscape design can ameliorate tree decline in the long term,
while education targeted at raising awareness about de-icing salt application and irrigation practices will lessen tree stressors immediately.
Key Words. De-Icing Salts; London Planetree; Platanus x acerifolia; Structural Soil Cell; Sunlight Availability; Toronto; Urban Soils.

North American cities are setting goals to increase
the number of trees in urban spaces (e.g., City of
Toronto 2012), particularly in downtown com-
mercial areas where trees can increase the aesthet-
ic appeal of streets, enhance retail activity (Wolf
2005), and provide environmental benefits, such
as moderating ambient heat (Greene and Millward
2017). Growing trees in these areas, however, is a
significant technical challenge, as trees frequently
face high rates of decline and mortality (Jim 1997).
Incorporating trees in these spaces usually neces-
sitates the adoption of techniques that can improve
soil quality and water availability conducive to tree-
root development (Bassuk and Whitlow 1987).
Underground structural elements, such as struc-
tural soil cells, have the capacity to significantly
improve growing conditions for trees (Grabosky
et al. 2001; Bartens et al. 2010; Day et al. 2010;
Brockbank and Slater 2016). Structural soil cells,

an underground framework that contains pre-
scribed soil conditions, are designed to support tree
growth and provide a system of passive irrigation
to the trees, while also collecting, absorbing, and
infiltrating surface water runoft (Page et al. 2015).

Structural soil cells were installed along Bloor
Street, located in a downtown shopping district
in Toronto, Ontario, Canada, and notably one of
the most important commercial-retail streets in
the country. This tree installation was part of a
multi-million-dollar street-revitalization project,
finalized in 2011, which had the goal of improv-
ing tree-growing habitat to maximize survi-
vorship and enhance growth, thus ensuring a
consistent flow of aesthetic and environmental
benefits. Despite significant consideration for
tree growing conditions, and substantial invest-
ment in underground soil infrastructure, many
of the 133 trees originally planted fared poorly
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or died. Eventually, all the trees, living and
deceased, were removed in 2015 and replaced.

At present, arboricultural science contains insuf-
ficient clues that could explain why so many street
trees declined so rapidly at the Bloor Street loca-
tion. Soil-cell technology is growing in popular-
ity, and projects that involve structural soil cells to
grow trees in urban areas are viewed in a generally
positive light (e.g., Page et al. 2015; Brockbank and
Slater 2016). However, to date, there are no investi-
gations into factors contributing to tree decline and
mortality under the conditions of commercial-retail
streetscapes revitalized with structural soil cells.

Moreover, although it is well-known that trees
growing close to roadsides and highly urbanized
streets suffer disproportionally from high levels
of mortality (Hodge and Boswell 1993; Nowak
et al. 2004; Roman and Scatena 2011), most
research on urban tree growth, condition, and
mortality is carried out at broad spatial scales,
such as at the scale of an entire city. Tree perfor-
mance at small spatial scales (streetscapes) and in
commercial-retail settings is not usually assessed
in-depth (Steenberg et al. 2017). Therefore, it
is unclear how trees planted in commercial-
retail spaces perform given the changing soil,
microclimatic, and built environment conditions.
Extrapolating from existing research would not
be enough to explain precisely what variables
may be contributing, as well as potentially inter-
acting, to influence tree performance in specific
urban planting sites, such as along Bloor Street.

This study seeks to fill some of these research
gaps by reporting on an investigation of the abi-
otic factors that have influenced tree mortal-
ity and condition along Torontos Bloor Street.
To contextualize the environment of the Bloor
Street trees and determine the point of depar-
ture for this examination, researchers will review
here the factors that influence tree performance in
highly urbanized streetscapes. More details about
the current research study are then provided.

Abiotic Factors Influencing Tree
Performance in Urban Areas

The most important abiotic factors influencing tree
performance in urban areas include: soil conditions;
environmental conditions, such as microclimate
and air pollution; physical characteristics of the built
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environment (e.g., streetscape morphology); and
tree maintenance practices (Steenberg et al. 2017).

Soil provides the rooting medium and essen-
tial nutrients for the aboveground growth of trees
(Trowbridge and Bassuk 2004). However, soils
found in highly urbanized streetscapes are generally
not conducive to optimal tree growth (Bassuk and
Whitlow 1987). Some of the most important rea-
sons for this include: 1) a lack of soil volume avail-
able for adequate root growth (Lindsey and Bassuk
1991); 2) low soil nutrient and organic matter con-
tent (Cekstere and Osvalde 2013); 3) soil compac-
tion, which hinders root development and water
availability (Day et al. 2010); 4) elevated soil salinity
(Czerniawska-Kusza et al. 2004), which causes
osmotic stress to trees and is frequently manifest
in leaf chlorosis (Munns and Tester 2008); 5) high
soil alkalinity, which can influence nutrient avail-
ability (Galuszka et al. 2011); and 6) either poor
drainage or low soil water-holding capacity (Nielsen
et al. 2007). Frequently, many of these condi-
tions coexist in urban streetscapes and collectively
influence tree growth, condition, and mortality.

Urban areas often have elevated summer tem-
peratures due to the urban heat island effect
(Souch and Grimmond 2006). Because of this,
cold-adapted tree species may not perform as
expected in certain cities that would otherwise be
characterized as having a northern climate (Yang
2009). Similarly, elevated temperature in conjunc-
tion with minimal precipitation can exacerbate
plant water stress (Nielsen et al. 2007; Gillner et
al. 2013a). Finally, although not usually a signifi-
cant influence on tree decline, air pollution, such
as tropospheric ozone, can cause some damage
to tree leaves and reduce biomass production.
This effect is species dependent (Xu et al. 2015).

The urban built environment can also be a
source of stress for trees. The geometry and
density of buildings and other urban structures
affect the irradiation essential for photosyn-
thesis and plant growth, as well as the urban
microclimate (Oke et al. 1989). This can further
exacerbate the negative influence of urban micro-
climatic conditions on trees, reviewed above.
Although some trees can adapt to the low light
environment of urban areas (Harris and Bas-
suk 1993), a decreased exposure to sunlight
hours can significantly affect urban tree growth
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in urban canyons (e.g., a streetscape flanked
by multi-story buildings) (Jutras et al. 2010).

Moreover, urban trees are also regularly
exposed to contact with humans that includes
vandalism, as well as improper handling and
maintenance at the time of planting or prun-
ing, all of which can negatively and dispropor-
tionately affect street trees because of their
proximity to highly trafficked sidewalks and
roads (Nowak et al. 2004). Decision-making
processes during design projects, such as nurs-
ery stock selection, the timing of tree planting,
the use of watering bags for newly planted trees,
the presence of metal gratings in the planting
pit, among other factors, can also be major con-
tributors to street tree condition and propensity
for survival (Jutras et al. 2010; Lu et al. 2010).

The consequences of these urban conditions to
street trees include failure to establish (i.e., point
at which trees start to grow again after trans-
plantation; Sherman et al. 2016) and retarded
growth rates (Jutras et al. 2010). An annual slow-
ing of tree growth can be a precursor to mortality
(Gillner et al. 2013b). Downtown commercial
urban areas present some of the most challeng-
ing conditions for trees to establish and grow
(Roman and Scatena 2011). It has been reported
that, in North American cities, trees growing
along commercial-retail streetscapes survive for
between 5 and 20 years, a considerably abbrevi-
ated existence providing that many tree species
can live for 75 years or more in good condi-
tions (Nowak et al. 2004). Short-lived trees not
only provide fewer benefits, but they ultimately
cost more to maintain and replace, thus strain-
ing municipal budgets and never manifesting
their true potential when considering aesthetic
and ecological benefits (Roman et al. 2013).

The Current Study

Bloor Street is a major east-west thoroughfare
in Toronto. The area between Church Street and
Avenue Road is one of the most commercially
important urban spaces in Canada, housing high-
profile retail businesses. This section of Bloor
Street went through a period of revitalization,
finishing in 2011 when the streetscape was rede-
signed to include structural soil cells for planting
trees. One hundred thirty-three London plane-

trees (Platanus x acerifolia) were planted in 2010
and 2011 in a combination of raised flowerbed
and at-grade pit planters interconnected by the
soil cells. London planetrees were chosen by the
design team. This species is usually chosen be-
cause it is tolerant of urban growing conditions,
including soil compaction and drought (Gilman
and Watson 1994; Sherman et al. 2016). After five
years, many of the trees manifested signs of severe
canopy decline. Consequently, all the trees were
removed, including both dead and living trees,
in a re-planting effort from May to June of 2015.

The aim of the study was to explain why the
133 London planetrees planted along Bloor from
2010-2015 performed so poorly. The objectives
were to 1) collect and analyze environmental
and ecological data describing the Bloor Street
trees; and 2) identify which factors contributed
the most to tree performance, explained by tree
mortality and condition patterns. The focus
of the study was to explain tree mortality pat-
terns in a commercial-retail space revitalized
with structural soil cells, rather than a compara-
tive study of tree performance with and without
structural soil cells. This study allowed research-
ers to dig deeper into other characteristics that
may contribute cumulatively to tree perfor-
mance in these spaces. The researchers believe
the results of this study will help guide future
soil-cell research and the refinement of tree-
planting projects along downtown streetscapes.

MATERIALS & METHODS

Site Description

Toronto, a city located on the northwestern
shore of Lake Ontario, is the provincial capital of
Ontario and is the largest city in Canada (Statis-
tics Canada 2011). The city has a mean annual
rainfall precipitation, based on a 30-year span
(1981-2010), of 831.1 mm, and a mean annual
snow cover accumulation of 121.5 cm. The annual
mean daily maximum and minimum tempera-
tures are 12.9°C and 5.9°C, respectively, and the
extreme maximum and minimum temperatures
are 40.6°C and -32.8°C, respectively. The annual
average number of hours of sunshine in Toronto
is 2066.3, and there is an average of 170 degree-
days above 10°C (Environment Canada 2014).
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The city is located in the 7a plant hardiness zone
(NRC 2016), and its soils, where not highly altered
by anthropogenic processes, are representative
of the Lawrence River soil system, characterized
by silt clay soils from glacial and fluvial deposits.

Data Collection
Since tree decline and failure are usually the cu-
mulative effect of several stressors over time
(Trowbridge and Bassuk 2004), this study con-
sidered as many different physical, design, and
maintenance factors as possible to understand the
causes driving tree mortality and decline along
Bloor Street. Abiotic factors were the focus of the
study because the trees showed no visual signs
of being affected by pests and/or diseases before
being removed, and all the trees were the same
species. Soil samples, built environment details,
and tree performance metrics were collected as
trees were replaced throughout the removal op-
erations (May-June of 2015), explained hereafter.
Soil samples were collected from the two dif-
ferent types of planters (flower bed or “beds,” and
ground-level pit or “pits”) at between 30 and 40 cm
away from the tree trunk and at a depth of between
15 and 30 cm. Additional soil samples were col-
lected from a distance of between 50 to 75 cm away
from the tree trunk at a depth of between 15 to 30
cm. Soil samples were frozen and stored before
texture and chemical analysis was conducted. Soil
compaction was measured on-site using a Field-
Scout SC 900 Soil Compaction Meter (Spectrum®
Technologies, Inc., Plainfield, Illinois, U.S.) at two
distances from the tree trunk, between 20 and 30
cm and between 65 and 75 cm. Compaction mea-
surement profiles were taken from the soil surface
to 45 cm deep at 2.5 cm intervals. These values
were averaged into three groupings: 0-15 cmy;
15-30 cm; and 30-45 cm. Compaction was only
measured in pit planters, given that ornamental
plants in the bed planters prohibited acquisition
of accurate compaction meter measurements.
Information was recorded on the type of planter
(beds/pits), planter location (north or south side
of the street), distance of planting site to the near-
est street intersection, and the type of intersection
(major or minor street intersection, determined
through analysis of the City of Toronto Roads
Dataset in ArcGIS 2016, v.10.4.1). While the trees
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were being removed, data were collected on tree
mortality (alive/dead before removal), diameter at
breast height (DBH), and damage, for which a bino-
mial yes/no measure was used to discern whether
the tree had appreciable torn limbs, trunk scars,
missing canopy, pruning scars, cracks, and peel-
ing bark before removal in 2015. Historical data
on the condition of each tree were captured using
a qualitative assessment based on a scale of 0 to 3,
where 0 = dead; 1 = poor; 2 = fair; and 3 = good.
These data were collected using three sources: 1)
contractual reports based on summer field surveys
by a registered arborist covering the pre-removal
period 2011-2014; 2) close-range digital images
from the Google StreetView™ mapping service, an
efficient way to survey street trees and up to 90%
agreeable with field survey data (Berland and
Lange 2017); and, 3) a 2014 summer street tree
survey, available digitally from the City of Toronto.

Since light availability in urban canyons (i.e.,
high-density urban streetscapes) can influence
tree growth (Jutras et al. 2010), data were col-
lected on the hours of exposure to sunlight received
at each tree-planting site. The 3D building data
set (i.e., 3D Massing) of the City of Toronto was
used in Sun Shadow Volume tool included in the
Visibility Toolset ArcGIS 3D Analyst extension
(2016, v.10.4.1) to model the shadow patterns for
each building in proximity to the planting sites.

March 21 (spring equinox) and June 21 (sum-
mer solstice) were selected for shadow model-
ing. These days represent the lower and upper
range (minimum and maximum) of light avail-
ability for the growing season for trees. Light
availability was modelled differently for each day,
including from 9:00AM to 6:00PM for March
20, and from 7:00AM to 7:00PM for June 21.
The modelling timeframe was offset by 1.5 hours
after and before sunrise and sunset times, given
that the sun is low in the horizon at these times
and may not cast shadow on the planting sites.

Daily shadow patterns at the study site were
estimated at four meters above the ground sur-
face, as this area better approximates the light
availability at the canopy level. The site had
minimal elevation variability (<1 m). Shadow
hours were converted to sunlight hours by using
the following equation in the Raster Calcula-
tor tool within ArcGIS's Map Algebra Toolset:
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[1] Sunlight Hours = (Total Hours of Sunlight
Modelled for the Given Day) - (Hours of Shadow)

The number of sunlight hours for each plant-
ing location was determined by taking the average
of a circle with a radius of 1.5 m circle centered
on each planting location, where this zone repre-
sented the approximate area of the tree canopy.
Sunlight range (maximum value of either March
20 or June 21, minus minimum value of either
March 20 or June 21) and average sunlight (light in
March 20 minus light in June 21, divided by two)
were later calculated from the values of light avail-
ability for the two dates to accurately describe the
variation of light availability. The four measures
of light availability, including sunlight for March
20, sunlight for June 21, sunlight range, and sun-
light average, were used in subsequent analyses.

Finally, the intention of this study was to account
for the effect of climatic influences on tree condi-
tion, such as drought and prolonged heat/cold
events, or weather influences, such as storm events.
And while researchers sourced temperature and
precipitation records from the closest Environment
Canada weather station, and analyzed these with
the yearly tree-condition ratings, this analysis was
inconclusive. For this reason, analytical procedures
or results from these analyses are not included.

Subsampling & Laboratory Analysis
In-depth soil analyses were conducted on a sub-
sample (n = 57) of all collected soil at the site; this
sample represented 43% of all tree growing loca-
tions. Since the sample collection procedure did not
cover all bed planters, the subsample included all
available soil samples from bed planters (17 total)
and a representative, randomly selected subsample
(40 total) of soil from pit planters. The subsample
of pit planters was determined by stratifying trees
at the site into five groups of approximately equal
number of pit plantings (mean = 17, SD = 2.6)
in close proximity to one another, and using the
RAND function in Microsoft® Excel™ to randomly
select eight samples from each respective group.
Frozen soil samples of the selected subsample
were sent to Agri-Food Laboratories Inc. (Guelph,
Ontario, Canada), which meets all requirements
of the Standards Council of Canada, for a full soil
analysis, including texture (% of sand, clay, and silt),

organic matter (% of total), pH, electrical conduc-
tivity (EC) (in dS/m) (done with the solid paste
method at a standard solubility ratio of 1:1; see
Rhoades 1996; Thomas 1996), and concentration
of Calcium (Ca), Magnesium (Mg), and Sodium
(Na) (in ppm) (done with mass spectrometry).

Data Analysis
The main purpose of the analysis was to inves-
tigate the effect of abiotic influences on the pat-
terns of tree mortality and condition, measured
by two factors: 1) tree condition ratings (dead/
poor/fair/good), and 2) mortality status in 2015
(dead/alive). To achieve a more comprehensive
analysis, the role of additional factors, including
planter type (beds/pits), planting location (north/
south side of the street), proximity to and type of
road intersections (major/minor), and presence
of tree damage (yes/no for all measures) were also
examined. Although historical tree condition rat-
ings were collected for every year from 2011 to
2014, using the sources of data described above,
only the City of Toronto data set from 2014,
which provided the most recent assessment of
tree condition, was useful in the analysis, given
the cross-sectional nature of most other variables.
As previously mentioned, although temperature
and precipitation records were collected, these
data could not be analyzed effectively in a way
that could be paired with the other temporal
data, the yearly tree-condition ratings. As such,
there is no report on these analytical procedures.
A combination of multivariate statistical tech-
niques was used to identify the variables that were
related to the patterns of tree mortality and condi-
tion along Bloor Street. Correlation analysis, one-
way multivariate analysis of variance (MANOVA),
and contingency analysis were used, as they are
useful to exploring patterns in multivariate data
sets (Hair et al. 2010). Correlation analysis was
used to explore the association between continu-
ous variable pairs (e.g., Na and Ca concentra-
tions) and correlation coefficients (e.g., Pearson’s
r, non-parametric rank-order Spearman’s Rho)
were calculated to evaluate the magnitude of the
association. MANOVA was used to explore the
differences of the variance among groupings of
data (e.g., variability of Ca concentrations between
bed and pit planters) (Huberty and Olejnik 2006).
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Contingency analysis was employed to explore
the differences in proportions between discrete
variables (e.g., tree condition ratings between
bed and pit planters) using contingency coef-
ficients (e.g., Pearson’s x*) to determine if there
was a difference (Jutras et al. 2010). The mag-
nitude of this difference was then measured
using Phi (¢) and Cramer’s measures, for both
binomial and multinomial factors, respectively.
Given the limited availability of data for some
variables, correlation, MANOVA, and contin-
gency analyses were applied either to the sub-
sample (n = 57), or the full data set (n = 133),
depending on available data. Modelling tech-
niques, such as logistic regression, were tested
but later discarded due to small sample size and
inconclusive results. All data in these analyses
were tested for normality with the Shapiro-Wilk’s
and Kolmogorov-Smirnov tests, and for homo-
geneity of variance with the Levene’s Median test.

Follow-up univariate ANOVAs, t-tests, and
non-parametric Mann-Whitney tests were per-
formed on the continuous variables that were
identified as significant in MANOVA. Comparison
of means between groups in multinomial variables
(i.e., tree condition) was performed by the Tukey’s
HSD post hoc and non-parametric Kruskal-
Wallis tests. Given the limited availability of data
for some variables, these tests were performed
either on the full (n = 133) or the subsampled
(n = 57) data sets. All statistical analyses were
carried out using a 95% confidence level (critical
P-value < 0.05) in R (v. 3.3.2) and IBM"® SPSS°® (v.
23) software. Only significant results are reported.

RESULTS
The 133 trees were planted in soils of a sandy-
clay-loam texture (averaging: sand = 65%, silt =
14%, clay = 21%, by weight). The soil in the pit
planters had moderate levels of compaction, never
exceeding 2 MPa. The distance from the planting
locations to the nearest intersection ranged be-
tween 6.2 and 129 m (mean = 54.3 m, SE = 2.9),
with 45 trees located in closest proximity to a ma-
jor intersection, and 88 to a minor one. There were
71 alive and 62 dead trees at the time of removal in
2015 (i.e., over four years, a mortality rate 0of 46.6%),
whereas 64.5% of the dead trees were already as-
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sessed as dead in 2014. The majority (79%) of trees
removed in 2015 displayed some form of human-
caused damage. Soil at the site had generally high
pH (mean = 8.2, SE = 0.1) and elevated Na (mean =
685.3 ppm, SE = 72.6), but a low EC content (mean
= 0.61 dS/m; SE = 0.04). Finally, the site displayed
variable sunlight availability, receiving more sun-
light hours in the summer solstice (mean = 5.3 hr,
SE = 0.2) compared to the spring equinox (mean
= 1.6 hr, SE = 0.1). The growing season’s range
of sunlight per site varied between 0 and 8 hours
(mean = 3.7 hr, SE = 0.2), and averaged seasonally
between 0.5 and 7 hours (mean = 3.4 hr, SE = 0.1).

Analyses indicated that there were strong or
moderate correlations between some soil indica-
tors and tree metrics, particularly between Na,
EC, and Mg; and Ca, pH, and DBH (Table 1).
There were statistically significant differences in
the distribution of dead and alive trees and tree
condition and tree damage, with a moderate or
strong association (¢ or Cramer measure >0.2;
Table 2). However, there were no differences
between mortality and type of planter (Tables
2). The variations in Mg, Na, EC, and DBH were
statistically significant according to tree mortal-
ity (Table 3) and tree condition patterns (Table
4), as were variations in Mg, Na, pH, and EC in
bed and pit planters (Table 5). Finally, there were
statistically significant differences in the way
sunlight was distributed across tree planters on
the north and south sides of the street (Table 6).
As noted before, the temporal analyses between
yearly tree-condition ratings and climatic
data were inconclusive and are not reported.

Table 1. Results from the correlation analysis of free and
soil characteristics of the Bloor Street trees, in Toronto,
Ontario, Canada, indicating correlation coefficients,
with significant values in bold (analysis performed on
subsample, n = 57).

Variable Correlation coefficient

Mg Na Ca pH” EC DBH
Ca 0.18 -0.15 n/a 0.49 0.08 0.38
DBH 0.29 -0.45 0.38 0.08 -0.32  n/a
EC -0.58 0.78 0.08 0.05 n/a -0.32
Mg n/a -0.63 0.18 -0.27 -0.58  0.29
Na -0.63 n/a -0.15 0.31 0.78  -0.45
pH* -0.27 0.31 0.49 n/a 0.05 0.08

“ Coefficients refer to Spearman’s Rho, since the variable is not normally dis-
tributed (i.e., Shapiro-Wilk’s and Kolmogorov-Smirnov tests P-value < 0.05)
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Table 2. Results from contingency analysis between selected tree-habitat characteristics and tree mortality patterns of the
Bloor Street trees, in Toronto, Ontario, Canada, with significant values in bold (analysis performed on full data set, n = 133).

Variable Measure Frequency of counts Contingency analysis
(alive / dead) X P-value Strength of association”
Type of planter Beds 39.4/30.6 1.120 0.29 0.92
Pits 60.6/69.4
Location of North of street 353/61.3 9.029 0.003 -0.26
planter South of street 64.8/38.7
Tree condition Dead 1.4/ 64.5 72.57 <0.001 0.74
2014 Poor 12.9/5.6
Fair 26.8/9.7
Good 66.2/12.9
Tree damage and Trees with cracks 33.8/83.3 31.60 <0.001 0.49
signs of stress (no/yes)
Trees with bark peel 21.1/43.5 7.701 0.006 0.24
(no/yes)

* All values refer to the Phi (¢) measure, except Tree condition 2014, which refers to Cramer’s measure.

Table 3. Results from the multi- and univariate means analyses between selected tree-habitat characteristics and tree
mortality patterns (alive/dead) of the Bloor Street trees, in Toronto, Ontario, Canada, with significant values in bold (analy-
ses performed on subsample, n = 57, except otherwise indicated).

Variable Mean of rating (+standard error) MANOVA Means analysis (P-values)
Alive Dead F P-value One-way ANOVA  Two-tailed t-test ~ Mann-Whitney test
Ca (ppm) 3343.34 (+170.22) 2845.50 (+219.07) 3.31 0.074 0.074 0.079 0.058
DBH (cm) 9.91 (£0.25) 8.46 (+£0.29) 4.75 0.034 <0.001* <0.001* 0.002*
EC (dS/m) 0.49 (+£0.05) 0.69 (£0.07) 5.66 0.021 0.021Y 0.017 0.032
Mg (ppm)  187.57 (+10.40) 160.34 (+12.65) 421 0.045 0.101 <0.001 0.031
Na (ppm) 570.87 (£71.31) 847.40 (+138.91) 4.63 0.036 0.015Y <0.001 0.112
pH 8.23 (+0.14) 8.13 (+0.13) 0.26 0.61 0.61 0.59 0.73

* Analysis performed on full data set (n = 133).
¥ Significant for Levene’s test, P < 0.05.

Table 4. Results from the multi- and univariate means analyses between selected tree-habitat characteristics and tree
condition patterns (dead/poor/fair/good) of the Bloor Street trees, in Toronto, Ontario, Canada, with significant values in
bold (analyses performed on subsample, n = 57, except otherwise indicated).

Variable Mean of rating (+standard error) MANOVA Means analysis (P-value)
Dead (0) Poor (1) Fair (2) Good (3) F P-value One-way  Kruskal-Wallis

ANOVA  Test

Ca (ppm) 2,802.96 (+273.86)  4,161.53 (+332.38)  2,989.55 (+350.53) 3,173.23 (+187.27) 232 0.085 0.085 0.086

EC (dS/m) 0.85 (+£0.09) 0.39 (+0.07) 0.51 (+0.15) 0.47 (+0.03) 6.79  0.001 0.023* 0.006

DBH (cm) 8.06 (+£0.41) 10.50 (+0.47) 9.48 (+0.45) 9.72 (+0.25) 3.85 0.015 0.002Y <0.001Y

Mg (ppm) 149.04 (+17.04) 206.19 (+26.55) 170.67 (+13.56) 186.46 (+11.54) 134 0.271 0.179 0.035

Na (ppm) 1,135.05 (+165.48)  233.03 (+77.47) 665.42 (+191.45) 541.11 (+74.47) 6.01  0.001 0.001 0.001

pH 8.27 (+0.15) 8.84 (+£0.22) 8.18 (+£0.34) 8.07 (+0.14) 1.37  0.26 0.26 0.22

Sunlight 4.02 (+0.28) 3.95 (+£0.49) 4.01 (+0.35) 2.62 (+0.16) 8.62  <0.001 <0.001" <0.001

average (hr)

Sunlighton  1.92 (+0.26) 1.37 (+0.40) 1.89 (+0.32) 1.18 (+0.19) 169 0.178 0.082 0.040"

March 21 (hr)

Sunlight 4.21 (+0.32) 5.11 (+£0.48) 4.35 (+0.46) 2.89 (+0.22) 8.53  <0.001 <0.001" <0.001

range (hr)

*Significant for Levene’s test, P < 0.05.
¥ Analysis performed on full data set (n = 133).
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Table 5. Results from the multi- and univariate means analyses between selected tree-habitat characteristics and type
of tree planter (bed/pit) of the Bloor Street frees, in Toronto, Ontario, Canada, with significant values in bold (analyses

performed on subsample, n = 57, except otherwise indicated).

Variable Mean of rating (+margin of error)*¥ MANOVA Means analysis (P-value)
One-way Two-tailed Mann-Whitney
Beds Pits P-Value ANOVA t-test test
Ca (ppm) 3,156.35 (+227.79) 3,129.45 (+171.73) 0.93 0.93 0.93 0.77
EC (dS/m) 0.37 (£0.03) 0.64 (£0.05) 0.003 0.003 0.003 0.002
Mg (ppm) 209.32 (£9.42) 162.61 (£10.18) 0.008 0.008 0.008 <0.001
Na (ppm) 214.64 (£36.13) 880.46 (£84.64) <0.001 <0.001" <0.001 <0.001
pH 7.81 (+£0.14) 8.34 (+0.12) 0.015 0.015 0.015 0.012
Sunlight on 5.92 (+0.34) 4.97 (£0.24) 0.023 0.023” 0.023” 0.026"

21 June (hr)

* Analysis performed on full data set (n = 133).
¥ Significant for Levene’s test, P < 0.05.

Table 6. Results from the multi- and univariate means analyses between selected tree-habitat characteristics and street
side (north/south) of the Bloor Street trees, in Toronto, Ontario, Canada, with significant values in bold (analyses performed

on subsample, n = 57, except otherwise indicated).

Variable Mean of rating

(+margin of error) MANOVA Means analysis (P-value)

North South F P-value One-way Two-tailed Mann-Whitney

ANOVA t-test test
Sunlight average (hr) 4.82 (+0.13) 2.19 (£0.13) 208.72 <0.001 <0.001 <0.001 <0.001
Sunlight on 21 March (hr) 2.40(+0.19) 0.79 (+0.14) 45.46 <0.001 <0.0017 <0.001 <0.001
Sunlight on 21 June (hr) 4.46 (+0.24) 6.07 (£0.29) 18.57 <0.001 <0.001 <0.001 <0.001
Sunlight range (hr) 4.82 (+0.236) 2.83 (+£0.20) 41.06 <0.001 <0.001 <0.001 <0.001
* Analysis performed on full data set (n = 133).
¥ Significant for Levene’s test, P < 0.05.
DISCUSSION 0.16 dS/m and 260 ppm, respectively, concentra-

Implications of Findings
The results of this study have revealed some im-
portant relationships between abiotic variables
and their association with tree decline and mor-
tality patterns in a commercial-retail streetscape
located in a northern climate. Factors affecting
tree decline and mortality were determined to
be multifaceted, co-occurring, and likely cumu-
lative. Drivers of tree decline were found to be
elevated soil salinity and alkalinity, characteris-
tics of the planting sites, as well as human and/
or climate-induced physical damage to tree bark
and canopy. The authors speculate that expo-
sure to excessive solar radiation could have also
contributed to heat stress and soil moisture loss
(especially in the rooting zone), additionally ag-
gravating the growing conditions for these trees.
The levels of EC and Na found in the Bloor
Street soils were above the suggested thresholds of
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tions beyond which negative effects are expected
to manifest in compromised tree conditions
(Byron and Barker 2002; Czerniawska-Kusza et
al. 2004). However, the comparison between the
current study’s results and the thresholds sug-
gested by previous studies, particularly in terms
of the significant relationship between soil salin-
ity and tree condition, must be interpreted with
caution given that some laboratory soil analyses
and tree species vary. Although urban soils gen-
erally display elevated EC and Na levels, these
are rarely ever found above 1.5 dS/m and 1500
ppm, respectively (Craul 1999). The most prob-
able source of these salts is winter de-icing agents
(Cekstere et al. 2008; Cunningham et al. 2008);
this has been corroborated by recent reports on
urban tree health in Canadian cities (Equiza et al.
2017). The commercial area around Bloor Street
is an area with very low tolerance to ice on the
sidewalks, thus the intense use of de-icing agents.
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In the current study, trees that were dead, trees
that displayed poor canopy condition, and trees
that were planted in pits had soil conditions with
significantly higher levels of Na and EC than other
trees (Table 3; Table 4; Table 5). The presence of
salt ions may have caused osmotic and ionic stress
to the trees, dehydrating plant tissue, impair-
ing photosynthesis, and accelerating leaf senes-
cence (Munns and Tester 2008). Although it could
be argued that the choice of tree species for this
stretch of commercial-retail street was poor, given
that London planetrees have a low to moderate
salinity tolerance (Gilman and Watson 1994; Mor-
ton Arboretum 2017), it is unclear if another tree
species would perform differently in this environ-
ment, as in many situations, de-icing salts accu-
mulate long-term, and the high soil salinity caused
by this accumulation negatively affects tree con-
dition regardless of species (Equiza et al. 2017).

But de-icing salts alone do not explain the
patterns of tree mortality on Bloor Street. Ulti-
mately, some of the trees that were still alive
before removal had high soil concentrations for
Na and EC (Table 4). The characteristics of the
planting sites, such as type of planter, may have
exacerbated tree decline and mortality for at
least some of the 133 trees. Although the type
of planter was not significantly associated with
mortality rates (Table 2), soil within pit planters
had significantly higher levels of salts (Table
5). These planters may have been more sus-
ceptible to salt influx, as is commonly the case
with street-level planters (Hootman et al. 1994).
Although soil compaction can influence salt
accumulation (Grabosky et al. 2001), the analysis
did not see this relationship directly, as compac-
tion remained below the suggested threshold
of between 2.0 and 2.6 MPa (Day and Bassuk
1994; Day et al. 2010; Millward et al. 2011).

In addition, soil alkalinity along Bloor Street
was generally higher than the recommended pH
6.5 for growing trees in urban areas (Jim 1997;
Trowbridge and Bassuk 2004), especially in pit
planters (Table 5). The associations between pH
and Na, Mg, and Ca seen in the data (Table 1),
corroborate previous reports on how elevated
salt concentrations and pH result in conditions
amenable to leaching of soil nutrients, a known
stressor of plant health (Galuszka et al. 2011;

Eimers et al. 2015; Kargar et al. 2015). How-
ever, given the lower concentration of Mg in pit
planters, compared to bed planters (Table 5),
Mg concentrations could have been replenished
by the application of fertilizers to the flowers in
the bed planters. Despite the strong associations
this study found between soil chemical variables
and tree condition, more research is needed
on the interactions among nutrients, salinity,
and pH, in urban soils, and their collective and
cumulative effects on urban tree performance.

Researchers’ analysis identified sunlight avail-
ability as an important factor influencing tree
mortality patterns. Lack of available sunlight has
been suggested as a possible cause for poor tree
performance (Jutras et al. 2010). In the current
study, trees that were in better condition had
more available direct sunlight at the beginning
of the growing season, but lower seasonal varia-
tion (Table 4). Another important association of
this factor is inferred indirectly. Since the north
side of Bloor Street received more direct sun-
light compared to the south side (Table 6), and
this side displayed higher rates of tree mortality
(Table 2), it is suggested that too much sun-
light may have affected tree health at the north
side through heat stress and soil moisture loss.
Since elevated soil temperatures in the rooting
zone can damage existing roots and inhibit root
growth (Gillner et al. 2013a), researchers specu-
late that these conditions may have exacerbated
soil moisture loss through evaporation and thus
influenced tree mortality and condition patterns.

Finally, trees with more physical damage
(e.g., broken branches, trunk scars, missing
bark) displayed higher rates of mortality along
Bloor Street (Table 2). This is consistent with
the literature on tree condition in urban areas
(Nowak et al. 2004; Lu et al. 2010). Nonethe-
less, some of this physical damage to tree limbs
and bark may have resulted from weather con-
ditions or storm events between 2011 and 2015,
since bark peel is a common manifestation of
heat stress in trees, and ice damage causes bro-
ken branches (Trowbridge and Bassuk 2004).
However, researchers were not able to quan-
tify actual physical damage to trees resulting
from meteorological conditions, as weather
data were not compatible with the analysis.
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Limitations
There are several limitations to this study, the
most important of which was researchers’ inability
to process the collected climatic data, as the data
could have provided strong analytical insight. This
is due to the temporal variability of these data and
requirement for microclimate-scale monitoring
data in dense urban environments. It is recog-
nized nonetheless that this is an important factor
that deserves future exploration. Toronto, the lo-
cation of the Bloor Street trees, is at the northern
edge of London planetrees’ suggested range (GBIF
2017). Therefore, climatic conditions that could
not be analyzed in this study may have also con-
tributed to tree decline and mortality. Regard-
less, these conditions would have co-occurred
and cumulatively impacted tree mortality and de-
cline along with the other factors described here.
The associations between trees with larger
DBH values and less mortality, better condition,
and lower salinity levels are not conclusive (Table
1; Table 3; Table 4). This is because the historical
data collected on the Bloor Street trees at this
point did not provide enough information about
tree replacements and replanting (e.g., which
trees were replaced; when where they replaced;
and what size of tree was planted initially and as
a replacement), which is necessary to provide
baseline conditions for a more adequate evalua-
tion of tree performance. Tree size at the time of
planting could have influenced a tree’s capacity to
adapt to the growing conditions at Bloor Street.
A further examination of this issue is warranted.
Other limitations include the fact that soil analy-
ses only provided a cross-sectional snapshot in time
of the soil conditions, and these conditions will
vary seasonally and from year to year. Salt concen-
tration in soils is influenced by de-icing salt appli-
cation protocol in relation to weather patterns,
maintenance regulations specific to a property
close to a tree planting site, as well as salt flushing
rates, which were not considered in the analysis.
Also, researchers recognize that leaf analysis may
be necessary for an adequate examination of salt
impact on trees, and that leaf damage may have
been both a potential cause of decline and mortal-
ity, as it could be a result of this process along Bloor
Street. Finally, while the relatively small sample size
of some variables was analytically restrictive, the
multimodal analysis, based on a variety of simple
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but sound multivariate statistics, did allow for a
deeper examination of a greater number of fac-
tors characterizing the Bloor Street environment.

CONCLUSION

The investigation of the Bloor Street trees high-
lighted several important ways in which abiotic
factors can influence tree condition and mortality
in highly-urbanized settings, such as in down-
town commercial-retail streetscapes. These factors
include soil salinity and alkalinity, built environ-
ment characteristics (e.g., planter type, such as pit
or bed); sunlight exposure, and physical damage
to trees. Importantly, researchers showed that tree
performance in these settings cannot be explained
solely by the influence of one variable, but rather by
the co-occurring interaction among several vari-
ables with a likelihood of cumulative influence.

Structural soil cells are useful for providing soil
volume and quality necessary to support the growth
of trees along commercial-retail streetscapes. Their
presence along Bloor Street allowed researchers
to investigate an urban growing environment for
trees that controlled for soil volume and several
soil quality characteristics at the time of tree plant-
ing. Nonetheless, investigating the movement of
salts in structural soil-cell installations, and inves-
tigating the mechanisms for restricting de-icing
salt access to, and accumulation within, these cells,
are useful topics for future research. This is instru-
mental for developing strategies to reduce the
negative impacts of salts on trees growing in these
cells. Finally, with climate change increasing the
incidence of extreme weather events, such as ice
storms and freeze-thaw cycles (Chiotti and Lav-
ende 2008), the application of de-icing salts could
increase in the future and challenge urban tree per-
formance in areas with low tolerance for ice accu-
mulation, such as commercial-retail streetscapes.
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Résumé. C'est tout un défi que d'arriver a faire croitre avec suc-
cés des arbres dans certaines zones particulierement urbanisées,
dont les artéres commerciales des centres-villes. Dans le cadre d'un
projet de revitalisation de rues initié en 2010, 133 platanes a feuilles
d'érable (Platanus x acerifolia) furent plantés en alignement dans
un systéme de cellules de sol structural de la rue Bloor, au centre-
ville de Toronto, Ontario, Canada, dans un secteur commercial.
Apres que la plupart des arbres aient subi un dépérissement sévere,
allant jusqu'a la mort pour certains, tous les arbres furent enlevés
et remplacés en 2015. La présente étude examine les nombreux
facteurs abiotiques pouvant avoir contribué au dépérissement et a
la mortalité des arbres de la rue Bloor. Les chercheurs ont prélevé
des données transversales sur la texture, la compaction et la chimie
du sol, les caractéristiques de l'environnement bati (par exemple, la
proximité d'intersections, la plantation en fosses individuelles ou
en massif), le type d'ensoleillement, des données historiques sur la
condition et la mortalité des arbres, puis ont analysé le tout avec des
techniques statistiques a variables multiples (par exemple, corréla-
tion, régression multiple, contingente et des tests d'analyse de vari-
ance) afin d'établir une potentielle relation causale avec la mortalité
(le taux de mortalité était de 46,6% avant l'abattage des arbres) et
la condition des arbres. Les résultats montrent que les arbres qui
étaient vivants en 2015 et démontraient une meilleure condition
structurale et de feuillage avaient des niveaux significativement plus
bas de salinité et d'alcalinité du sol, d'ensoleillement et de signes de
dommages physiques, suggérant I'impact concomitant et cumulatif
de ces variables sur la performance des arbres. La modification de
la configuration des rues peut réduire le déclin des arbres a long
terme, tandis que la sensibilisation visant a accroitre les préoccupa-
tions touchant l'application de fondants et les pratiques d'irrigation
peuvent atténuer immédiatement les stress auxquels ces arbres sont
exposés.

Zusammenfassung. Es ist eine grofle Herausforderung in hoch
entwickelten, urbanen Arealen, so wie innerstidtischen Einkaufs-
straf3en, erfolgreich Baume grofizuziehen. Als Teil eines Straflenbild-
Revitalisierungs-Projektes, welchen in 2010 initiiert wurde, wurden
133 Platanen (Platanus x acerifolia) in strukturierten Pflanzgruben
in einer Einkaufsstrafle (Bloor Street) in Toronto, Ontario, Kanada
gepflanzt. Nachdem die meisten Bédume starke Absterbeerschei-
nungen zeigten und viele ganz starben, wurden alle Biume entfernt
und in 2015 ersetzt. Diese Studie berichtet {iber eine Untersu-
chung der multiplen, abiotischen Faktoren, die zu dem Riickgang
und dem Absterben auf der Bloor Street gefiithrt haben kénnten.
Die Forscher sammelten Querschnittsdaten der Bodentextur, Bo-
denverdichtung, Bodenchemie und Standort-Charakteristika (z. B.
Nihe zur Straf3e, Pflanzgrube oder —beet), Sonnenscheinverfiigbar-
keit und historische Daten tiber Baumgesundheit und Mortalitit,
und analysierten sie mit multivariablen statistischen Techniken (z.
B. Korrelation, MANOVA, Kontingent und ANOVA-Tests), um das
Potential der Beziehung zwischen Baummortalitdt (Mortalitétsrate
bei 46,6 % vor der Entfernung) und Baumvitalitat zu untersuchen.
Die Resultate zeigten, dass Baume, die iiberlebten und eine bessere
strukturelle und Belaubungskondition vor der Entfernung in 2015
aufwiesen, signifikant niedrigere Level an Bodenversalzung, Alka-
linitdt, Sonnenlichtexposition und Anzeichen von physikalischem
Stress aufzeigten, was auf einen gemeinsam auftretenden und ku-
mulativen Einfluss dieser Faktoren auf die Baumgesundheit schlie-
en ldsst. Eine Modifikation des Straflenbild-Designs kann den
Baumriickgang langfristig ameliorisieren, wihrend Informationen
mit dem Ziel das Bewusstsein tiber die Anwendung von Auftausal-
zen und Bewisserungspraktiken zu heben, die Stressfaktoren fiir
die Bdume sofort verminderen kénnen.

Resumen. Es un desafio cultivar exitosamente arboles en areas
altamente urbanizadas, tales como los distritos comerciales de
venta al por menor en el centro de la ciudad. Como parte de un
proyecto de revitalizacién de calles, iniciado en 2010, 133 plata-
nos (Platanus x acerifolia) se plantaron en celdas de suelo estruc-
tural a lo largo del distrito comercial céntrico de Bloor Street en
Toronto, Ontario, Canada. Después que la mayoria de los arboles
experimentaron una declinacion severa, con muchos moribundos,
todos los arboles fueron removidos y reemplazados en 2015. Esta
investigacion informa sobre los multiples factores abidticos que
pudieron haber contribuido al declive y mortalidad de los arboles
de Bloor Street. Los investigadores recolectaron datos transversales
sobre la textura, compactacion y quimica del suelo, caracteristicas
del entorno construido (por ejemplo, proximidad a intersecciones
de caminos, jardineras), disponibilidad de luz solar e informacion
histérica sobre la condicién del arbol y la mortalidad. Analizaron
los datos con técnicas estadisticas multivariantes (p. ej. pruebas de
correlacion, MANOVA, contingente y ANOVA) para investigar el
potencial de las relaciones con la mortalidad arbdrea (tasa de mor-
talidad del 46,6% antes de la remocién) y la condicion del drbol.
Los resultados indican que los 4rboles que estuvieron vivos y de-
mostraron mejores condiciones estructurales y foliares antes de la
remocion en 2015 tuvieron niveles significativamente mds bajos de
salinidad y alcalinidad del suelo, exposicién al sol y signos de dafio
fisico, sugiriendo un impacto co-ocurrente y acumulativo de estas
variables en el rendimiento del arbol. La modificacion del diseno
del paisaje urbano puede mejorar el declive de los arboles a largo
plazo, mientras que la educacion dirigida a crear conciencia sobre
la aplicacion de la sal de deshielo y las practicas de riego disminuird
los factores estresantes del arbol de inmediato.
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