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a  b  s  t  r  a  c  t

Urban  forests  are  expected  to provide  numerous  ecosystem  benefits  in  challenging  conditions  that  include
environmental  and  anthropogenic  stresses.  Cities  challenge  the  growth  and  survival  of trees  due  to
restricted  growing  space,  highly  modified  soils, extreme  soil  moisture  conditions,  and  climate  that  often
differs  from  surrounding  undeveloped  areas.  Compounding  these  stresses  are  the  human  factors,  like
vandalism  – both  intentional  and  accidental.  Mechanical  wounding  of  exposed  surface  roots  and  the
lower  stem  by  lawn  maintenance  equipment  falls  into  the latter  category.  Anecdotally,  lawn  mainte-
nance  related  mechanical  damage  is  a major  stressor  to  landscape  trees,  compromising  their  ability  to
thrive  and  thus,  to  provide  ecosystem  services.  Unfortunately,  no  previous  studies  have  formally  quanti-
fied  the  incidence  and extent  of  the  problem.  Here,  we  survey  mechanical  damage  for  1018  trees across
308 randomly  stratified  plots  in parks,  nature  reserves,  cemeteries,  educational  institutions,  and  roadside
grass  verges  in  Christchurch,  New  Zealand.  At  least  one  wound  was found  on 62.9%  of  all surveyed  trees.
This was  mainly  driven  by trees  with  exposed  surface  roots,  of  which  93.6%  had at  least  one wound.  This  is
in contrast  to  only  43.9%  of trees  without  surface  roots  exhibiting  wounds.  Surveyed  trees  were  subjected
to  repeat  wounding  with  17.8%  of  trees  having  more  than  10 wounds.  Maintenance  activities  (i.e. mulch,
physical  or chemical  removal  of  grass  from  around  the  stem)  reduced  the  incidence  of  mechanical  wound-
rban forestry ing. In  the  absence  of  maintenance  activities,  67.1%  of  trees  were  wounded,  while  this  was reduced  to
46.2%,  43.5%,  and 64.2%  for  each  of  the  three  aforementioned  maintenance  activities  respectively.  While
the  reductions  in  mechanical  wounding  associated  with  maintenance  practices  are  promising,  alternative
solutions  are  necessary  to  further  reduce  mechanical  wounding,  so  that the  ecosystem  benefits  derived
from urban  forests  are  not  undermined  by this  blight  on tree  health  and  survival.
. Introduction

This ‘disease’ allegedly affects huge numbers of urban trees.
overnments (USDA Forest Service, 1974) and university depart-
ents (e.g. Whitehouse, 2006) warn about its consequences. It

s not a pest like emerald ash borer, nor a fungal disease like
utch elm disease – it is ‘lawnmower blight’ (USA), ‘Sheffield
light’ (UK) or mechanical wounding. Mechanical wounding is
amage to the roots or stem of trees caused by lawnmowers or
ine trimmers. Allegedly widespread (Cotrone, 2012; Hartman and
shenaur, 2004), few studies have formally surveyed the incidence
f mechanical wounding on urban trees.
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Mechanical wounding is potentially problematic as it affects the
physiology (Arbellay et al., 2012) and growth of urban trees (Smith,
2006). The consequence for cities and citizens is a reduction in
ecosystem services provided by urban forests (Nowak et al., 2013).
It is unknown whether mechanical wounding really is a problem
that affects urban forests as a whole, or just a few individual trees.
If mechanical wounding were monitored like any other pest or dis-
ease, its prevalence would have been quantified or mapped, as is
the case for Emerald Ash Borer (Kovacs et al., 2010). But despite its
apparent severity, no steps have been taken to formally survey the
number of trees that are affected.

Here we address this gap in knowledge with the first for-
mal  urban tree survey designed to quantify mechanical wounding
caused by lawn maintenance equipment. The incidence and fre-

quency of wounding were surveyed for trees across a variety of
land use types to determine the severity of mechanical wounding
in an urban forest. Factors that predisposed trees to wounding and
methods to prevent wounding are also discussed. Finally, based on
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he study results, recommendations are made for managing trees
n lawn environments.

. Methods

.1. Study site

The study was conducted in Christchurch, New Zealand (Lat:
3◦31′48′′S, Long: 172◦37′13′′E), a city with a population of 375,000
eople. To efficiently survey mechanical wounding for trees in
hristchurch, we applied a stratified random sampling design. The
ity was stratified by land use type and plots (circular, 20 m radius)
ere randomly distributed (5 plots/hectare) throughout the land
ses of interest: parks, nature reserves, cemeteries, education insti-
utions, and roadside grass verges. This initial stratified random
ampling design resulted in thousands of potential plots. Survey-
ng all potential plots was unfeasible. Each day, a plot was  randomly
elected from the potential plots; the randomly selected plot deter-
ined which parcel would be surveyed that day. For example, if a

lot was randomly selected in “Park X”, then all plots in that park
ere surveyed. The survey was carried out between November

014 and February 2015 and by its conclusion 1018 trees across
08 plots were measured (Table 1).

.2. Data collection

At each plot, all trees were assessed for mechanical damage,
xcept for those where less than 50% of the surrounding ground
rea (crown area projected to the ground) was covered in grass.
hese trees were excluded from the study so that data collection
fforts could focus on trees with the potential to be affected by lawn
aintenance equipment. For example, a tree surrounded by pave-
ent would not be included because it is unlikely to be affected by

awn maintenance equipment. For each included tree, the following
ata were collected: species, DBH, # of wounds, wound status (old,
ew), wound location (roots, base of stem), as well as the presence
r absence of surface roots, mulch, herbicide spray ring (chemical
emoval of grass around the tree), or grass cutout (physical removal
f grass around the tree).

A wound was counted if the mechanical damage exposed or
njured the cambium. New wounds were identified by their white

ood, which had not darkened over time as old wounds had. Up
o 10 wounds were counted per tree, after which # of wounds was
efined as >10. Wounds were included if they were observed on
urface roots or the stem of a tree up to 30 cm high. It was assumed
hat all mechanical wounds were caused by lawnmowers or line
rimmers, though there was no way to be certain of this.

The area of mulch, herbicide ring, and grass cutout surrounding
rees was not measured, though anecdotally it varied considerably.
 few large specimen trees surveyed in parks had mulch spread
eneath their entire crown, a radius exceeding 5 m.  In most cases,
ulch, herbicide, and grass cutouts did not exceed a 1 m radius

round each tree. The physical removal of grass left no trace of

able 1
ummary of surveyed trees including the percentage of wounded trees by land use. Mea
ses  is also presented. Superscript letters on the mean values identify groups with signifi

Land use # of Plots # Trees 

Park 99 360 

Nature reserve 33 161 

Cemetery 29 96 

Education institution 35 118 

Roadside grass verge 112 283 

Total 308 1018 
an Greening 14 (2015) 1054–1058 1055

grass surrounding trees, while chemical removal left the dead grass
surrounding trees.

2.3. Statistical analysis

Chi-square (�2) tests (Pearson’s �2 test with Yates’ continu-
ity correction) were used to determine whether wounding was
independent of the presence/absence of land use, surface roots,
mulch, herbicide spray rings, or grass cutouts. To account for fam-
ilywise error rate resulting from multiple comparisons, p values
were adjusted using the Hochberg procedure (Hochberg, 1988). An
generalized linear model with a pairwise TukeyHSD posthoc test
using R package multcomp (Hothorn et al., 2008) was  undertaken
to determine whether the number of wounds differed across land
uses and also across different maintenance options (mulch, her-
bicide spray, grass cutout). A linear regression tested whether the
number of wounds on a tree was  independent of its DBH. All anal-
yses were conducted in the R statistical software environment (R
Core Team, 2014) and significant effects are reported at the p < 0.05
level.

3. Results

3.1. Overall rates of wounding

The surveyed trees ranged from 3 to 253 cm DBH and repre-
sented 116 different species. Of the 1018 trees surveyed, 62.9% had
at least one wound. A chi-square test showed that the presence
of a wound was  independent of land use (�2 [4 d.f., N = 1018] = 3.7,
p = 0.45), despite the varying percentage of wounded trees (Table 1).
While not statistically different, mechanical wounding in parks
(65.8%) was highest and mechanical wounding in nature reserves
(57.1%) was lowest.

Trees with exposed surface roots were significantly more
affected by lawn maintenance related mechanical wounding, with
93.6% of 389 trees affected by at least one wound in contrast to
43.9% for trees with no surface roots (�2 [1 d.f., N = 1018] = 252.14,
p < 0.0001).

3.2. Wounding frequency and repetition

The number of wounds on each tree differed across land use
types, ranging from an average of 3.18 on trees in roadside grass
verges to 4.59 on park trees (Table 1). The number of wounds
per tree was significantly greater in parks than in nature reserves
(p = 0.012) or on roadside grass verges (p < 0001). Trees in the latter
land use also had a lower number of wounds than trees planted in
education institutions (p = 0.011).

Of the 371 trees with no wounds, 93.3% had no exposed surface
roots. For all trees with at least one wound, the proportion of trees

with exposed surface roots increased as the number of wounds
increased. For example, trees with exposed surface roots comprised
25.7% of trees with 2 wounds, but 47.9% of trees with 5 wounds,
64% of trees with 8 wounds, and 87.3% of trees with more than

n and one standard error for the number of wounds on trees across different land
cantly different means.

% of Wounded Trees Mean (s.e.) # of Wounds

65.8 4.59 (0.23)a

57.1 3.29 (0.33)bc

62.5 3.94 (0.44)abc

63.6 4.59 (0.41)ab

62.2 3.18 (0.21)c

62.9
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Fig. 1. Frequency distribution showing the number of wounds per tree.

Table 2
Summary showing the mean and one standard error for the number of wounds on
trees given different maintenance options. Superscript letters on the mean values
identify groups with significantly different means.

Treatment # of Trees Mean # of wounds Standard error

None 370 4.10a 0.19
a
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Herbicide spray ring 485 4.24 0.21
Grass cutout 85 1.17b 0.29
Mulch 78 2.33b 0.54

0 wounds (Fig. 1). Of the 1018 surveyed trees, 17.8% had more
han 10 wounds. Trees were also subject to repeated wounding.
f all wounded trees, 40.6% had new wounds on top of wounds.
he number of wounds increased with tree DBH (F(1, 1016) = 176.3,

 < 0.0001), but DBH was a poor predictor of the number of wounds
Adjusted R2 = 0.15).

.3. Impact of maintenance options

370 trees had not been maintained with herbicide spray (chem-
cal removal), grass cutout (physical removal), or mulch; 67.1% of
hese trees had at least 1 wound resulting from lawn maintenance
ctivities. In contrast, 64.2% of 485 trees where grass had been
hemically removed from around the stem were wounded, 43.5% of
5 trees where grass had been physically removed were wounded,
nd of the 78 trees where mulch was present around the stem,
nly 46.2% were wounded. The proportion of trees with wounds
as significantly greater if none of these maintenance options was
ndertaken (�2 [1 d.f., N = 1018] = 6.16, p = 0.026).

The number of wounds per tree also differed depending
n whether any of the maintenance options were undertaken
Table 2). The mean number of wounds on trees where herbicide
pray had been used to remove grass was greater than when trees
ere surrounded by mulch (p = 0.015) or where grass had been
hysically removed (p < 0.001). Both a mulch treatment (p = 0.026)
nd a grass cutout (p < 0.001) also resulted in fewer wounds than
f no maintenance option had been employed. An herbicide spray
ing did not result in any reduction in wounds compared with no
aintenance (p = 0.948).

. Discussion
.1. Wounding rate

The rate of tree wounding by lawn maintenance equipment in
hristchurch, NZ is very high, with 62.9% of trees exhibiting at least
an Greening 14 (2015) 1054–1058

one wound. This is likely an underestimate of the proportion of
trees affected, as the survey did not account for trees that had been
removed due to mortality following mechanical wounding. Consid-
ering trees and grass often comprise a large component of urban
areas (summarized in (Litvak et al., 2014)), and often share the
same greenspaces, perhaps the high rate of mechanical wounding is
unsurprising. The data show that the number of wounds increased
with increasing tree DBH. Allometric studies have demonstrated
that DBH increases with age (Lukaszkiewicz et al., 2005; Peper et al.,
2014), so it is possible to infer that more wounds were found on
larger trees because they were older and had been exposed to lawn
maintenance activities for a longer period of time.

Wounding incidence rates differed across the different land
uses, with the highest rate of wounding occurring in park trees
and the lowest rate occurring in nature reserve trees; wounding
differed by 8.7% between these two land uses. Interviews with
Christchurch City Council (CCC) staff following the survey revealed
that different land uses are mowed with vastly differing frequen-
cies. Nature reserves are only mowed  4 times per year, whereas
parks are mowed between 32 and 38 times per year. This almost
certainly accounts for much of the disparity between these two land
uses. Unfortunately, mowing frequency data were not available for
educational institutions, nor for roadside grass verges, so we  could
not test this theory on the whole data set.

Formally quantifying the prevalence of lawn-maintenance-
related mechanical wounding for the first time is useful as previous
research failed to provide a definitive answer. The severity of the
problem was  described by a survey of municipal arborists and
urban foresters from 44 communities in the North Central United
States found that lawnmower damage was  listed as the third most
important environmental stress for street trees behind drought and
salt spray (Nielsen et al., 1985). Cumming et al. (2001) came close
to quantifying mechanical wounding damage when they reported
that 31% of Maryland, USA’s street trees showed signs of damage,
with the most frequent damage being open wounds. ‘Open wounds’
included lawn mower scars and ‘other’ bark damage, but unfortu-
nately, the authors did not specify the percentage of trees affected
by open wounds.

The knowledge gained in this survey validates the statements
made by university extension departments across the USA. The Uni-
versity of Kentucky suggest that “One of the most frequent causes of
damage to trees [. . .]  comes from lawn equipment” (Hartman and
Eshenaur, 2004), while Cornell University say that “the trunks of
trees and shrubs are easy targets of careless use of [lawnmowers and
edge-trimmers]” (Whitehouse, 2006). The pervasiveness of mechan-
ical wounding from lawn maintenance equipment, previously
identified by universities and governments, and now quantified by
this research demonstrates the need for appropriate recommen-
dations to avoid the potentially negative consequences of lawn
maintenance related mechanical wounding.

4.2. Implications of wounding

But before discussing solutions, it is useful to consider the
potential consequences. Previous research has documented the
consequences of wounding on trees. Wounds act as vectors for fun-
gal ingress or pathogens, which cause staining and decay (Schwarze
et al., 2007; Tsioras and Liamas, 2015). Over time, trees can com-
partmentalize wounds to isolate injured tissue and prevent the
spread of pathogens (Shigo, 1984). But, the trade-off is that energy
reserves used for compartmentalization are not available for nor-
mal  growth (Smith, 2006). Also, since wounding affects the xylem,

water transport is temporarily disrupted (Arbellay et al., 2012),
further compromising function and growth.

At the scale of an individual tree, mechanical wounding is likely
to induce stress (Arbellay et al., 2012) and reduce growth (Smith,
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006). A potential consequence of mechanical wounding is tree
emoval cost, replacement cost, and associated maintenance con-
ract cost. Depending on the size of tree removed and replanted,
his could easily amount to thousands of dollars. But this direct cost

ay  be insignificant when compared to the opportunity cost of lost
cosystem services. Research linking tree structure to ecosystem
ervices has established that healthy, large trees contribute more
ocial, environmental, and economic benefits than small, unhealthy
rees (McPherson et al., 1997; Nowak et al., 2013). At the scale of
he urban forest, the cumulative consequence of all forgone ecosys-
em services due to the high incidence of mechanical wounding is
articularly concerning.

It is important to appreciate that a single wound may  not have
erious effects on tree growth and condition; after all, trees are
esilient. But the results show that trees were subject to numer-
us wounds, 6.7% of trees had exactly one wound, while 56.9% had
ore than one wound. Worse still, 17.8% of trees had more than 10
ounds and 40.6% of all wounded trees had new wounds over old
ounds. It is the frequency and repetition of wounding that may

e responsible for tree decline and the associated loss of ecosystem
enefits.

.3. Recommendation to reduce mechanical wounding

The results justify the use of tree maintenance practices that
eep grass away from the stem. While mulch, herbicide spray, and
rass cutouts all reduced the incidence of mechanical wounding,
t is likely that observed reductions were underestimated. These
ractices have only been applied for the last couple of decades,
o for older trees wounding would already have been present
hen the maintenance practice was applied. Of the three prac-

ices, mulch and grass cutouts performed equally and better than
erbicide spray rings. With respect to the number of wounds per
ree, only grass cutouts and mulch made significant reductions. In
hristchurch, herbicide is applied early in the growing season, so
eeds were observed growing inside the herbicide application area

ate in the growing season. Also, previously sprayed dead grass is
eft standing next to the tree. It is assumed that lawn maintenance
taff would remove dead grass and weeds with lawnmowers or line
rimmers, thereby limiting the efficacy of the herbicide technique
or preventing mechanical wounding. Mulch presents a physical
arrier between the lawn maintenance equipment and the tree and
as the additional benefits of soil improvement and moisture reten-
ion (Scharenbroch, 2009). Of the three options surveyed in this
tudy, mulch is almost certainly the best maintenance technique
or providing soil-related benefits to the tree while preventing

echanical wounding.
Trees maintained with mulch, herbicide, or grass cutouts were

till wounded between 43 and 64%, so it is clear that they are not
 complete solution. These solutions are most likely to be success-
ul if grass and other vegetation is kept away from trunk flare and
urface roots. As such, the solution would need to be applied to an
rea proportional to the size of the tree. Scharenbroch et al. (2014)
ecommend a mulch application radius of at least three times the
iameter of the trunk. This mulching guideline could reasonably
e extended to physical and chemical grass removal if mechanical
ounding is to be minimized.

A complementary solution may  include policy to hold lawn
aintenance staff accountable; this could be via a combination

f incentives and/or penalties. Such a solution would require
udits or monitoring of fresh wounding following lawn mainte-
ance operations. Numerous tree protection bylaws and ordnances

lready penalize parties who damage or remove trees, so perhaps
hese could be expanded to include injury from lawn mainte-
ance. Another potential solution could employ targeted education,
raining, certification, or accreditation. A precedent exists in the
an Greening 14 (2015) 1054–1058 1057

arboriculture industry (e.g. certified arborist) and the standard of
tree care has improved markedly. In all likelihood, a combination
of these potential solutions will be required to combat a problem
as pervasive as mechanical wounding.

5. Conclusions

Mechanical wounding caused by lawn maintenance activities
was widespread in Christchurch, affecting 62.9% of 1018 surveyed
trees. Wounds at multiple locations on the same tree (17.8% of trees
had more than 10 wounds) and also repeated wounding at the same
location on a tree (40.6% of wounded trees) compounded the prob-
lem. Surface roots were a major predisposing factor to mechanical
wounding. At least one wound was  found on 93.6% of trees with
surface roots and 87.3% of all trees with more than 10 wounds had
surface roots. Solutions to this widespread problem should include
mulch and/or physical removal of vegetation from around the base
of trees; herbicide spray rings had limited benefit. Solutions must
also incorporate policy, education, or certification. This study may
not be representative of lawncare-related mechanical wounding in
other cities or countries. Comparable surveys should be conducted
elsewhere to validate these results. A major assumption of the study
was that all wounds were caused by lawn maintenance equipment.
As such, our results may  overestimate the incidence of mechanical
wounding. Future work could improve upon this result by real-time
observation of lawn maintenance activities and associated wound-
ing. Despite these limitations, this study succeeds in advancing the
knowledge of threats to urban trees, by being the first to quantify
lawncare-related mechanical wounding.
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