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Abstract: Field observations of external wounds associated with two common tree injection methods
compared open (plug-less) and sealed (plug) systems in green ash (Fraxinus pennsylvanica Marshall)
trees. A wound from any cause within 1.37 m above the ground was common with 28.8% of all trees.
The open system had statistically fewer (p < 0.001) trees with at least one wound (11.6% of trees) than
the sealed system (47.4% of trees). The open system had fewer (p < 0.001) wounds (0.17, 0.04 SE) per
tree and a smaller (p < 0.001) total wound area (25.5 cm2, 8.7 SE) per tree, compared to the sealed
system wounds (1.14, 0.13 SE) per tree and the total wound area (99.7 cm2, 16.2 SE) per tree. The
incidence of a tree with a wound(s) within 1.37 m above the ground was 7.2 times more likely with
trees treated though the sealed system. Wounds in the sealed system were observed to appear to
have a high rate of improper application of plugs, which was associated in 77% of the cases to explain
the wounds. Implications of study results are further provided to best protect ash trees, while at the
same time reducing the incidence external wounding on ash trees.

Keywords: arboriculture; canker and cracking; emerald ash borer; tree biology; urban forestry

1. Introduction

The treatment of ash (Fraxinus spp.) trees with pesticides as a preventive and therapeutic
treatment against emerald ash borer (Agrilus planipennis Fairmaire) is well established [1–4].
Left untreated, susceptible ash trees will most likely die, resulting in financial impact,
reduced ecosystem services, and loss of tree canopy within built environments [5–8].
Treatment involves three primary application systems as a basal soil drench or soil injection,
basal trunk spray, and tree injection with each system varying in control effectiveness and
timing of application [9]. The approach used by practitioners depends on their treatment
objective(s), knowledge of the procedure, and available equipment and chemical [9,10].
Tree injection with emamectin benzoate, if applied at label rates, typically provides greater
efficacy than other chemical and treatment systems [2,11–13].

Tree injection involves drilling through the bark and cambium into the most recently
formed growth increment to a depth of ~1.6 mm (5/8 in) to ~5.1 mm (2 in) past the bark
tissue [10,14]. Cross-sectional wound size typically ranges between ~4.4 mm (11/64 in)
and 9.5 mm (3/8 in) in diameter. Drill locations are optimally within ~90 cm (3 ft) from
the tree base. Tree injection sites in the root-stem transition area is highly desirable [15].
The treatment chemical is injected into the tree under either lower 240–380 kPa (35–55 psi)
or higher ~410–690 kPa (60–100 psi) pressure approach depending on equipment and
manufacture recommendations (10).

Wound size, depth, and application system may affect tree damage beyond that caused
by the initial application technique [16]. Many studies exist that show tree trunk injection

Forests 2022, 13, 1802. https://doi.org/10.3390/f13111802 https://www.mdpi.com/journal/forests

https://doi.org/10.3390/f13111802
https://doi.org/10.3390/f13111802
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/forests
https://www.mdpi.com
https://orcid.org/0000-0002-3175-6981
https://doi.org/10.3390/f13111802
https://www.mdpi.com/journal/forests
https://www.mdpi.com/article/10.3390/f13111802?type=check_update&version=1


Forests 2022, 13, 1802 2 of 12

results in a wound that may lead to necrosis at the wound site and bark cracking [17–20].
The association of wounding wood and the trees response to compartmentalize damage is
well known [17–19,21] After wounding, the tree reacts by anatomical and chemical response
to limit the spread of potential colonization of pathogens and other biotic and abiotic factors
that may cause physiological tree dysfunction [21,22] The response is easily observed within
wood by discoloration of tree tissue [17,18] Bark and wood tissue formed after wounding,
may eventually cover the wound resulting in complete closure through the tree repair
process. However, bark cracking or a canker may result from the wound associated with
drilling and other factors as a part of tree injection. In two short-term studies with ash trees,
after two years less than 5% of trees showed external bark cracking [23,24].

The aim of this investigation was to observe external wounding (e.g., bark cracking,
loss of bark, cambial dieback) on trees treated with two different systems commonly used
in ash tree injection. We asked the following questions: (1) Are external wounds larger
than the initial tree injection wound associated with the use of the tree injection system?
(2) Do wound dynamics (area and number) vary between two common injection systems:
open=plug-less and sealed=plug? (3) Is there a relationship between external wounding
associated with the treatment system and proper application.

2. Materials and Methods
2.1. Study Species and Locations

The investigation examined green ash (Fraxinus pennsylvanica Marshall) trees treated by
tree injection. Street trees were selected from communities in four USA metropolitan regions
at Chicago, IL (Lombard and Naperville), Milwaukee WI (Milwaukee and Wauwatosa),
Minneapolis, MN (Minneapolis only), and Sioux Falls, SD (Sioux Falls only). All trees were
part of existing preventative treatment management program for emerald ash borer (EAB,
Agrilus planipennis Fairmaire). All study locations occurred within the Köppen Climate
Classification Dfa subtype represented by the continental cold winter and hot and humid
summer [25]. Trees were injected at least once within three years of field data collection.

2.2. Subject Selection and Data Collection

Street trees growing between the sidewalk and curb were randomly selected from
existing municipal tree inventories in each region. This involved taking the green ash street
tree population for selected communities in each region, assigning a random number in
Microsoft Excel 365 (Redmond, WA, USA) with the Rnd function, sorting from low to
high, and sequentially selecting from the lowest number the sample and then potential
replacement trees. Trees were classified as to treatment system as either open (plug-less or
unsealed) or sealed (plugs) protocol. Trees were selected by treatment system and region
which included a minimum of 40 sample trees by treatment and region and additional
alternate trees to replace initial sample trees that were no longer in the population or fell
outside quality parameters and were excluded. Tree exclusion criteria included a visible
stem girdling root (greater than 30% of trunk circumference); substantial trunk injury above
the injection site (>30% stem circumference); recent construction activity (within five years);
no record of treatment system (equipment) used; growing space limitations (<1 m, 3.28 feet
between the curb and sidewalk); not a green ash tree; or if the tree was multi-stemmed
below 1.37 m. In these cases, a replacement tree was randomly selected as described above.

Field measurements occurred during the 2021 growing season (June–August). The
data collection team met for a one-day training session 24 June 2021, in Madison, WI USA
to test and refine data collection protocols and calibrate observer measurements (Table 1).

All tree measurements included a two-person team who double checked and agreed
on recorded measurements. Tree stem diameter at D137cm was collected with a diameter
tape in inches (0.1 precision) and converted to cm using single stemmed trees only [26,27].
Tree health was assessed using two approaches, the first using a percent condition rating
(0 dead to 100 Excellent, in 5% increments) following tree health rating guidelines of the
Council of Tree and Landscape Appraisers version 9 [28,29] and the second was tree canopy
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thinning (0 no thinning to 100 complete thinning, in 5% increments) following guidelines
by Smitley et al. [30]. The tree stem was assessed up to 1.37 m above the ground visually
for wounds observed as exposed wood, by sounding [31] to detect wounds obscured by
bark, and/or visually confirming a bark crack or localized dead area (Appendix A). Loose
bark was removed to examine a wound and to measure the wound area. If wounds were
present, then the number of wounds per tree was recorded. Wound area was determined
for each wound using a clear acetate sheet containing a 1 cm2 square grid; the wound was
traced with a black erasable marker; and the number of squares counted to estimate the
total wound area. Trees with more than one wound had the process repeated and then
the total wound area was summed for each tree. The distance above the ground to the
base of each wound was recorded, along with determining if the wound occurred within
the root stem transition zone only, trunk only, or both locations. The wound cause was
determined subjectively if associated with this treatment system, identified as something
else, or some other unidentified cause. If evidence of drilling was found, it was concluded
that the wound was associated with the treatment system. Evidence of treatment was
thus an open drill hole, wound wood consistent with drill diameter, or a plug. Finally, a
subjective rating was recorded if the treatment system was incorrectly conducted based on
the manufacturer’s recommended protocol. A total of 365 trees were included for all four
study regions (Chicago n = 128, Milwaukee n = 81, Minneapolis n = 75, and Sioux Falls
n = 81) in the study. There were, 190 trees sampled with the open system and 175 with the
sealed system combined in the four regions.

Table 1. Study variables, the definition, and measurement unit.

Variable Definition Measurement (Unit)
Dependent Variables

Wound Observed Presence of an external wound detected visually or by sounding as
bark cracking and/or exposed wood from ground to 1.37 m Category (No or Yes)

Wound Number Number of external wounds detected visually or by sounding as bark
cracking and/or exposed wood from ground to 1.37 m Continuous (Count)

Wound Area Exposed external wood area detected visually or by sounding as bark
cracking and/or exposed wood from ground to 1.37 m Continuous (cm2)

Independent Variables

Metropolitan Region Tree was located in Chicago (1), Milwaukee (2), Minneapolis (3), or
Sioux Falls (4) region Category (1, 2, 3, or 4)

Trunk Diameter Diameter of trunk measured at 1.37 m above the ground (0.1 in
precision, converted to cm) Continuous (cm2)

Tree Condition Measure of tree health from 0 (dead) to 100 (excellent) in 5% increments Ratio (Percent)

Tree Canopy Thinning Measure of tree health from 0 (no thinning) to 100 (complete thinning)
in 5% increments Ratio (Percent)

Treatment System Tree injection system for drilled hole as either open (no plug, 0) or
sealed (plug, 1) Category (0 or 1)

Treatment Location Treatment locations determined at the Root Stem Transition Zone only
(0), Trunk only (1), or Both (2) Category (0, 1, or 2)

Wound Height Distance above the ground to the base of the wound (measured to
nearest in, converted to cm) Continuous (cm)

Wound Cause Wound was determined associated with treatment (1), something else
(2), or unidentified (3) Category (1, 2, or 3)

Treatment Application Correct application of treatment systems associated with a wound was
visually determined Category (No or Yes)

2.3. Statistical Approach

A Mann–Whitney U was used to initially test for differences between treatment
systems using SPSS version 28 [32]. Treatment system (e.g., open versus sealed) was
specifically tested using a Mann–Whitney U for differences in stem diameter, tree condition,
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tree canopy thinning, wound number, wound total area, and wound height (Table 1). A
chi-square analysis in SPSS Version 28 was further used to explore differences between
treatment system and the observation of wounds. This approach was also used to test for
an association between treatment system and wound cause (treatment, something else, or
unidentified). Further analysis with a chi-square was employed to test if correct treatment
application of the two injection systems was the explanation for any differences in observed
wounds. A logistic regression model was developed to test variables believed to have an
effect on the observation of ash trees currently showing external wounding. In particular,
the logistic model tested if tree diameter, municipal region (Chicago as comparison region
since this was the first region with EAB), and treatment system could explain tree wounds
currently observed. The logistic regression model used the glm() function in R (R core team,
2021) using a binomial distribution. A linear regression model was developed to test if the
number of wounds were related to tree diameter, municipal region, and treatment system.
Linear regression modeling used the lm() function in R [33]. In all cases, the statistical
difference was inferred at a p < 0.05 level of significance.

3. Results
3.1. Treatment System and Wound Size

A significant (p < 0.001) difference between treatment systems occurred with wound
number (Table 2, Figure 1). Trees injected with the open system had a mean of 0.17 (0.04 SE)
wounds per tree compared with the sealed system of 1.14 (0.13 SE) wounds per tree.
Similarly, mean total wound area for open treated trees was significantly (p < 0.001) less
(24.5 cm2, 8.7 SE) compared with the sealed (99.7 cm2, 16.2 SE) system (Figure 1). No
difference (p < 0.249) in tree condition was found in the open (90.1%) compared with the
sealed (80.2%) system. There was no significant difference between injection systems for
canopy thinning (p = 0.583) or distance from the ground to the base of a wound (p = 0.884).
Trunk diameter in the open system trees was significantly less (p = 0.012) by 5 cm (2 in)
compared with the sealed system trees.

Table 2. Comparison of open (plug-less) and sealed (plug) systems for tree injection for emerald ash
borer (Agrilus planipennis Fairmaire) treatment in green ash (Fraxinus pennsylvanica Marshall) trees.

Variable (Unit) 1 Treatment
System n-Size Mean Standard

Deviation Standard Error

Stem Diameter (cm) Open 190 48.19 14.35 1.04
U = 14081, z = −2.526, p = 0.012 Sealed 175 53.29 18.06 1.37

Tree Canopy Thinning (%) Open 188 15.37 13.92 1.02
U = 15134, z = −1.152, p = 0.249 Sealed 173 16.39 20.76 1.58

Tree Condition (%) Open 188 90.11 9.74 0.71
U = 14715, z = −1.504, p = 0.133 Sealed 172 80.15 28.68 2.19

Wound Number (#) Open 190 0.17 0.52 0.04
U = 10385, z = −7.773, p < 0.001 Sealed 175 1.14 1.66 0.13

Wound Total Area (cm2) Open 190 24.54 120.32 8.73
U = 10590, z = −7.499, p < 0.001 Sealed 175 99.66 214.21 16.19

Wound Height (cm) Open 22 7.79 7.40 1.58
U = 894, z = −0.146, p = 0.884 Sealed 83 9.84 11.93 1.31

1 Differences tested with a Mann–Whitney U.

3.2. Association of Trunk Diameter, Region, and Treatment System with Wounds

The logistic model showed that trunk diameter, treatment system, and the region
significantly explained the presence of wounds (Table 3). Compared to Chicago, the
Milwaukee region had 2.6 times greater odds of wounds. Tree wounds were 7.2 times more
likely to be present on the trunk of trees (e.g., within 1.37 m above the ground) treated with
a sealed treatment system. A linear regression model showed the number of wounds was
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similar to the logistic model (Table 4). The number of wounds was found to be explained
by trunk diameter, the Milwaukee region, and treatment system. The sealed system had
significantly (p < 0.001) more wounds compared with the open system. As trunk diameter
increased, significantly (p < 0.001) more wounds were found on a tree.
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Figure 1. Mean total wound area by treatment and metropolitan region for open (plug-less) and
sealed (plug) systems for emerald ash borer (Agrilus planipennis Fairmaire) treatment in green ash
(Fraxinus pennsylvanica Marshall) trees. (Bars are SE, F(1, 363) = 17.406, p < 0.001).

Table 3. Logistic model testing the effect if an injected green ash (Fraxinus pennsylvanica Marshall)
had a wound (n = 365).

Factor Coefficient Standard Error p-Value Odds-Ratio

Intercept −5.020440 0.617254 4.17 × 10−16 0.006602
Trunk Diameter (cm) 0.050299 0.008812 1.15 × 10−8 1.051585
Milwaukee 0.958181 0.371155 0.00983 2.606949
Minneapolis −0.60348 0.422210 0.15291 0.546904
Sioux Falls 0.646750 0.382573 0.09093 1.909325
Treatment System 1 1.979802 0.302269 5.76 × 10−11 7.241311

1 (0 = open, 1 = sealed).

Table 4. Linear regression model testing the effect on the number of wounds per tree with injected
green ash (Fraxinus pennsylvanica Marshall) trees 1.

Factor Coefficient Standard Error t-Test p-Value

Intercept −0.0952 0.6995 −0.136 0.8920
Trunk Diameter (cm) 0.0215 0.0091 2.357 0.0204
Milwaukee 0.8001 0.3455 2.316 0.0226
Minneapolis −0.5507 0.4756 −1.158 0.2497
Sioux Falls 0.1844 0.4258 0.433 0.6658
Treatment System 2 0.9497 0.3425 2.773 0.0066

1 R2 (adj) 0.1674, F(5, 99)= 5.182, p = 0.0003; 2 (0 = open, 1 = sealed).
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3.3. Relationship of Treatment System and Proper Application on Wounds

A chi-square analysis revealed a significant difference (p < 0.001, n = 365) in wounding
between the open and sealed systems (Table 5). Overall, 28.8% (n = 105) of the sample
trees had at least one trunk wound observed, from any cause. The open system had
fewer trees showing at least one wound (11.6% of trees) compared with the sealed system
(47.4% of trees), with wounds from any cause (e.g., treatment and/or something else).
Incorrect treatment application was a significant (p < 0.001, n = 105) explanation for wounds
with the sealed system (n = 83) with 77.1% classified as improper treatment application
compared with something else (21.7%) or unidentified cause (1.2%). In contrast, the open
system (n = 22) wounds were more commonly associated with something else (40.9%)
or unidentified cause (36.4%), rather than improper treatment application (22.7%). No
significant difference (p = 0.724) was found between the two systems with wounds that were
open (e.g., wood observed) or closed, with ~50% of wounds falling into either category.

Table 5. Percentage of trees with visually observed wounds with open (plug-less) or sealed (plug)
systems for tree injection treatment in green ash (Fraxinus pennsylvanica Marshall) trees for emerald
ash borer (Agrilus planipennis Fairmaire) 1.

System (n) No (%) Yes (%) Total (%)

Open (190) 88.4 11.6 100.0
Sealed (175) 52.6 47.4 100.0
Overall (365) 71.2 28.8 100.0

1 χ2(1, 365) = 57.134, p < 0.001.

4. Discussion
4.1. Implications of Findings

This study investigated trees growing in situ as part of EAB management programs
using two different tree injection systems. Results showed significant differences between
these two systems based on visual observations of external wounds. The length of time that
the trees had been treated varied from longer-term (e.g., approximately 12 years with 4 to 5
total injections in Milwaukee, WI, USA) to more recently treated trees within a few years
(e.g., trees injected once, Sioux Falls, SD, USA). Many factors can explain why wounding
was observed in this study and from other observations reported in the peer-reviewed
literature. We used the terms open and sealed to distinguish the two systems, which more
recently has been used to describe whether a plastic-silicone plug is inserted into the drill
hole as a sealed system or if the wound is left open to the ambient environment [10,14].

Treatment method appears to be one factor explaining differences in wounding. In this
study the open system had fewer wounds and wound area than the sealed system. Drilling
through bark and into wood damages vascular tissue and factors such as the drill bit angle,
sharpness, diameter, and drilling speed are all potential factors that if done incorrectly
could lead to tissue necrosis [10,14,34]. These factors were not possible to assess in this
field study, but a future study could test the effects of drilling. However, we observed that
correct application is important, and as such the improper inserting of plugs in the sealed
system largely explained higher wounding in this study. We observed plugs were often set
too shallow, sometimes even falling out, and not set in the sapwood as the manufactures
installation instructions clearly require [10]. Following manufacture recommendations is
advised as a best practice for tree injection, and proper plug placement depth is part of
this [10].

Bark cracking was observed in this study and was included as a part of overall wounding.
Tanis and McCollough [24] observed 5% of green ash and white ash (Fraxinus americana L.) trees
developed bark cracking in their field study in central Michigan, MI USA. Aćimović et al. [14]
found vertical bark cracking occurred the first season with every system they studied.
Smaller (e.g., 4.4 mm drill hole) wounds closed more quickly than larger (e.g., 9.5 mm)
wounds [14]. After three years Aćimović et al. [14] found that all small diameter holes
completely closed compared with 75% of the larger holes and 8% of large holes sealed
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with a plastic-silicone plug. In this study tissue necrosis of bark, cambium, and wood was
observed. Exposed wood tissue was observed in half of the wounds and was similar for
both systems. Initial bark cracking appears to become closed with callus and later wound
wood formation [24].

In this study, the positive pressure used by practitioners to push a chemical solution
into trees to facilitate uptake was not known. Historic reports of excessive pressure used
with tree injection resulting in bark damage and the separation of cambium between the
phloem and xylem has been reported with several tree species [35–37]. More recently, Smith
and Lewis [16] found a high-pressure system at ~2070 to 4140 kPa (300 to 600 psi) led to
bark cracking in ash. A 1600 kPa (232 psi) pressure system led to serious bark damage in all
seven studied deciduous angiosperms [38]. However, Himelick [39] reported observations
with a lag screw injector system with pressures up to ~2760 kpa (400 psi) and no damage
reported in American elm (Ulmus americana L.). Following manufacture recommendations
in both systems in this study would have rates below ~690 kPa (100 psi).

External injury is an indicator of internal wood discoloration [16]. Dissection of the
standing trees in this study was not possible, especially since the selected sample trees
were treated to prevent EAB infestation and as such were desired to survive and be part of
the street tree population. The few studies that investigated ash species and tree injection
found little discoloration within 1 to 2 years [23] and up to 6 years [24] following tree
injection. A follow-up investigation of long-term effects of wounding on discoloration is
recommended. By example, one question should ask what the long-term effect is with the
loss of cambial tissue on ash tree health. Another question is how much time passes for
wounds to fully close. A third question could ask does an open wound serve as an infection
site for other pathogens. A fourth question involves how much wood discoloration occurs
in the sealed system and does this lead to greater wood decay.

4.2. Limitations

This study occurred within four metropolitan regions with a similar climate with
one ash tree species. Results from this investigation should be interpreted as associations
between various measurements and observed external wounds. It is possible that other
tree species and trees grown in other climates may respond differently than those observed
in this study. Trees in this study were trunk injected by an unknown number of field
practitioners using different approaches and different application methods. This is likely
accounted for in the study results through error in the models. The source of the green
ash tree and cultivar status, along with the root stock type for cultivars in this study
is unknown. Emamectin benzoate of various formulations was used in the treatment
programs at all regions. However, it is possible that any one of the formulations may have
interacted in the development of wounds. However, no phytotoxic effects of emamectin
benzoate formulations have been reported as far as we know in systemic tree injection
studies [40,41]. Trees in the sealed system were larger in diameter. However, while the
difference is significant, this alone does not account for differences in mean wound number
per tree or mean total wound area. A controlled study with tree injections completed by a
small subset of practitioners using consistent systems is advised.

5. Conclusions

This study adds to the limited body of short and long-term investigations into tree
injection of ash trees to prevent mortality from EAB. A significant difference in mean
wound number and mean total wound area was found between open (plug-less) and sealed
(plug) systems. The sealed system was associated with a greater number of wounds and
greater wound area. Our observations found improper installation of plugs with a sealed
system was an important factor associated with wounds. Proper installation of tree injection
systems according to manufacture recommendations is vital to decrease external wounding.
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Field observations of tree wounds, bark cracking, and sounding system to detect
wound below bark. (All photos by Richard Hauer).
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