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Abstract: Background: As long-lived organisms, urban trees often encounter development and
redevelopment activities in close proximity during their lifespans. These activities can damage tree
roots, often through methods like root severing during trenching or excavation. Methods: In 2017,
we simulated trenching damage on mature Quercus virginiana Mill. trees at three different distances
from the base (3x, 6x, and 12x the stem diameter). After five years, we revisited these trees to assess
root regrowth based on the cut root’s cross-sectional area (CSA) and distance from the base. Results:
We observed regrowth in all but 38 (6.7%) of the 557 cut roots revisited. The lack of regrowth in
some roots was not associated with our original treatments, the CSA of the roots at the time of
trenching, or distance between the cut root end and the trunk (minimum P-value = 0.841). On
average, the observed CSA of the regrowth was 22.2% of the original root’s CSA. Only our original
trenching treatments significantly predicted the level of regrowth observed five years after pruning
(P-value = 0.024). Discoloration due to root pruning was minimal. Conclusion: In summary, our
findings indicate that root systems require many years to recover from trenching damage.
Increasing the distance between trenching activities and trees may have a minor effect on root
regrowth but primarily helps reduce initial stress on the tree.

Keywords: best management practices; construction; root growth; root severing; Southern Live Oak;
tree protection

Introduction

The average functional lifespan of urban trees is similar to that of the hardscape that surrounds
them (Hauer et al. 2020). Consequently, long-lived street trees are likely to encounter at least one
construction event as communities work to extend or maintain their built infrastructure (Hauer et al.
2020). When construction activities take place in close proximity to trees, damage can occur both
above and below ground (Matheny et al. 2023). While the latter scenario may be less visibly apparent,
it remains a significant threat to the future health and stability of trees.

One common form of damage involves the linear removal of tree roots on one or more sides of
a tree (Smiley 2008, Benson et al. 2019a). This pattern of belowground damage can result from various
activities such as trenching, grade changes, road or sidewalk installation or replacement, or building
construction. For the sake of simplicity, we will refer to these collectively as “trenching” in this article.
Trenching damage can diminish both tree health (Watson 1998, Benson et al. 2019b) and stability
(Smiley et al. 2014, Fini et al. 2020), with the extent of impact dependent on factors such as proximity
to the tree, tree species, age, and condition (Matheny et al. 2023).

In industry best management practices and local tree preservation policies, proximity is often
scaled relative to the diameter at breast height (DBH) of a tree. For example, trenching occurring 30
cm away from the base of a tree with a stem diameter of 30 cm would be considered as one times the
DBH. The most recent edition of the International Society of Arboriculture’s Best Management
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Practices—Managing Trees During Construction recommends establishing a protection zone that
extends between 6 and 18 tree diameters away from the base, taking into account the perceived
tolerance of the species and the relative age of the tree (Matheny et al. 2023).

While tree protection zones can be used to preserve trees completely surrounded by construction
activities (Benson et al. 2019c), often only a smaller portion of the root system is at risk of damage.
Given that many roots remain intact, a common question associated with trenching and related
activities is, “How close is too close?” in terms of tree health and stability. Drawing on findings from
Benson et al. (2019a), current industry Best Management Practices highlight that long-term water
stress can result if trenching takes place closer than six times the DBH of the tree (Matheny et al.
2023). Regarding stability, these same guidelines indicate that many trees will see a decline in
structural integrity when root loss occurs at three times the DBH. Moreover, most trees will face an
immediate loss in stability if this approaches one and a half times the DBH (Matheny et al. 2023).

These recommendations stem from a limited yet expanding body of research that documents
the effects of root damage on mature tree health and stability. In relation to tree health, Geisler and
Ferree (1984) observed that Malus spp. ‘Golden Delicious’ trees, that experienced 28% and 58% root
loss through trenching, exhibited reduced photosynthesis, transpiration, leaf size, and shoot growth
compared to similar trees with only 10% root loss. Similarly, a study by Miller and Neely (1993) found
that over 92% of trees with trenching damage between 0.5 m to 3.3 m from their bases remained alive
after five growing seasons. Only one species, Celtis occidentalis L., exhibited noticeable decreases in
growth due to this root disruption. In a controlled study, Watson (1998) trenched Quercus palustris
Miinchh. trees on one, two, or three sides, at one DBH from the trunk base. While all trees survived,
significant dieback was observed in trees that were trenched on all three sides. As the intensity of the
trenching treatments increased, signs of stress became more visible (Watson 1998). Similar results
were reported by Benson et al. (2019b), who found that increasing trenching intensity from one side
to two, three, or four sides of Acer spp. trees increased the impact on stomatal conductance and
growth parameters, including trunk diameter, leaf area, and shoot growth.

Recent experiments have assessed both industry-recommended and suboptimal tree protection
zones in relation to trenching damage (Benson et al. 2019a) and other construction activities, such as
site-wide grade changes (Benson et al. 2019c). In the former study, the authors observed that
trenching mature Quercus virginiana Mill. trees at 3 times, 6 times, or 12 times the DBH from the tree’s
base resulted in discernible water stress in the subsequent weeks. A year later, trees subjected to the
6 times and 12 times DBH treatments had recovered, but those trenched at 3 times DBH remained
water-stressed (Benson et al. 2019a). In the second study where trenching was intensified to encircle
the same species entirely (Benson et al. 2019¢), water stress was prevented when damage was situated
more than 12 times the DBH away. Shoot extension diminished when trenching took place less than
12 times the DBH. Furthermore, trunk diameter growth decreased when trenching was conducted
within the tree diameter’s widths.

Beyond health and growth impacts, root loss due to trenching and construction activities can
reduce tree stability. Smiley (2008) trenched young Quercus phellos L. trees, progressively cutting roots
in DBH increments from 5 to 0, to determine at which point rooting strength was compromised. They
found that trenching occurring closer than three times the DBH significantly reduced the force
required to tilt trees to a 1-degree angle during static pull tests. In contrast, Ghani et al. (2009)
observed only minor, though statistically significant, differences in whole tree stability when
trenching occurred less than three times the DBH away from the base of Eugenia grandis Wight trees.

More recent findings by Fini et al. (2020) showed that Aesculus hippocastanum L. and Tilia X
europaea L. trees experienced long-term losses (e.g., nearly 5 years) in rooting strength when trenched
4.5 times the DBH away from the tree base. These results are supported by post-storm field
observations conducted by Johnson et al. in 2019. In their study, researchers determined that street
trees located adjacent to sidewalks that were replaced in the years prior were more than twice as
likely to fail following a wind event compared to trees without construction damage. Similarly,
Moore (2014) found that of the 80 whole tree failures inspected after storm events, 58.8% of the trees
showed evidence of past trenching root damage.
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Trees that survive trenching damage and do not topple will regrow roots in an effort to regain
structural integrity and their capacity to absorb water and nutrients. When roots are severed, new
root growth typically occurs near the cut surface (Lyford and Wilson 1966). However, roots may also
initiate further back, with Gilman and Yeager (1988) noting root growth occurring more than 10 cm
behind the point of cutting. Cutting often leads to the emergence of multiple roots, resulting in a
‘coppice’ of new root growth (Wajja-Musukwe et al. 2008). Additionally, research has shown that
larger woody roots are less likely to produce new roots than smaller ones when damaged (Watson et
al. 2014).

To gain deeper insights into the long-term effects of root loss due to trenching, we revisited the
research plots from Benson et al. 2019a, five years after the initial wounding. We measured root
regrowth and compared it to our original treatments to determine if providing a larger buffer resulted
in benefits associated with root regrowth, in addition to the physiological benefits observed in our
original study. We also looked at decay and discoloration for a subsample of the study tree
population. Our findings aim to further inform policies and best management practices related to
tree protection during construction activities.

Materials and Methods

This study was conducted at the University of Florida Gulf Coast Research and Education Center
in Balm, Florida, USA (27° 45’ 41.76” N, 82° 13’ 41.01” W). The site is situated in peninsular Florida, a
region bounded to the west by the Gulf of Mexico, to the south by the Caribbean Sea, and to the east
by the Atlantic Ocean. The research site experiences a subtropical climate and falls within USDA
Hardiness Zone 9b, with a minimum average temperature range of 25 to 30 degrees F (-4 to -1 degrees
C). The trees used in this study were planted in loamy sand soil as part of the research center’s
landscaping 12 years before the study’s start.

In 2017, a total of 31 Quercus virginiana Mill. trees were chosen for a study examining the
physiological effects, such as growth and water stress, resulting from root loss due to linear trenching
(Benson et al. 2019a). Among these, 24 trees were deliberately subjected to trenching treatment, while
the remaining 7 served as undisturbed controls. At the time of the study, the average trunk diameter
at 1.4 m for this sample population measured 34.2 cm and the average height stood at 8.86 m.

Trees were randomly assigned to one of three trenching treatments: trenching at three times the
diameter from the base of the trunk, trenching at 6 times the diameter from the base of the trunk, or
trenching at 12 times the diameter from the base of the trunk. The trenches were dug on one side of
each tree and measured approximately 10 meters in length, 10 centimeters in width, and 50
centimeters in depth. An air excavator (Air Spade, Guardair, Chicopee, MA, USA) was employed to
create the trenches, and any exposed roots were cleanly cut using a hand pruning saw or secateurs.
All cuts were made perpendicular to the direction of root growth, resulting in a flat pruning wound.

In September 2022, 15 out of the 24 wounded trees from the 2017 trial were re-excavated using
the air excavator. Labor and cost constraints prevented us from visiting all 24 treated trees. By
referring to the original plot map (Benson et al. 2019c), we were able to locate the initial trench lines
and cut roots for remeasurement. Cut roots were measured to determine their CSA, based on two
perpendicular caliper measurements of the original root. These were made just behind the regrowth.
Furthermore, we recorded the number of new roots >1 mm in diameter emerging from each cut, along
with the CSA of each newly formed root and the combined CSA of all roots emerging from the cut
root. We also assessed the Euclidean distance between the cut root end and the tree’s base and
recorded the current DBH of the tree.

The presence or absence of root regrowth was assessed as a mixed effects logistic regression
model. We employed the glmer() function in the R package ‘Ime4’ (Bates et al. 2015) to conduct the
analysis, considering cut root CSA and either the initial treatment (i.e., trenching 3, 6, or 12 times the
stem diameter away from the base of the tree) or the distance from the cut root end to the tree as
predictor variables (Figure 1). We included the tree identification number as a random effect.

We also explored the influence of our three predictor variables (distance, treatment, and cut root
CSA; Figure 1) on the level of root regrowth observed after five years. To achieve this, we established
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a “percent root regrowth” variable, which we calculated by dividing the combined CSA of all the
new roots by the 2022 measurement of CSA of the cut root from which they originated and then
multiplying the result by 100. Modeling was performed using the Ime() function in the R package
‘nlme’ (Pinheiro and Bates 2000, Pinheiro et al. 2023). Our percent root regrowth variable was not
strictly limited to the range between 0 and 100, as the combined CSA sometimes exceeded that of the
cut root. Similar to our logistic regression analysis, we modeled this response twice. The first model
incorporated treatment and cut root CSA as predictors, while the second focused on cut root CSA
and the distance from the cut root end to the tree (Figure 1). An alpha level of 0.05 for type I error
was employed to determine statistical significance in all the above-mentioned models.

In addition to measuring root regrowth, we also harvested roots to assess discoloration; our
assumption was that discoloration was an indication of decay. Our initial plan was to harvest 3 roots
from each of the 15 trees in the study. However, this process proved more time-consuming than we
had anticipated, and we were only able to excavate 19 roots from 6 trees before needing to return the
air compressor rented for this project. The roots were cut from the tree in 10 cm sections until no
discoloration was detected in the cut cross-section. Subsequently, these cross-sections were split
radially to enable us to measure the depth of the discoloration from the cut surface. We provide some
basic summary statistics of this data in our results for the benefit of those interested in root decay.
However, due to the limited size of this dataset, we refrained from including it in any formal
hypothesis testing.

Treatment

Trench

Cut root CSA

Figure 1. The three measurements utilized to predict root regrowth in our study include: Treatment,
which denotes one of the three levels of trenching damage inflicted on the trees five years prior to the
study, with the treatments being trenching at distances of 3, 6, and 12 times the DBH from the tree’s
base; Cut Root CSA, representing the cross-sectional area of the root cut during trenching, derived
from the average of two perpendicular diameter measurements; and Distance, indicating the
Euclidean distance from the cut root to the nearest point on the base of the tree. Given the relationship
between distance and treatment, these factors were analyzed separately in conjunction with cut root
CSA to determine which offered greater predictive power.
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Figures were generated using slide presentation software (Powerpoint, Microsoft Corporation,
Redmond, WA, USA) and a data visualization application (DataGraph, Visual Data Tools, Inc.,
Chapel Hill, NC). All original written content was authored by the lead author, though an Al-
powered language model (ChatGPT, OpenAl, Inc., San Francisco, CA, USA) was employed for copy
editing purposes.

Results and Discussion

Out of the 557 roots remeasured for this study, only 38 (6.82%) did not regrow (Table 1). In our
logistic regression modeling, we were unable to detect any significant impact of treatment (minimum
P-value = 0.841) or the original root CSA (P-value = 0.945) on the presence or absence of tree root
regrowth. Similarly, the distance between the cut root and the trunk did not serve as a predictor for root
regrowth presence/absence when exchanged with treatment in our second model (P-value = 0.892).

Table 1. Percentage of tree roots that either regrew after cutting or did not regrow separated by initial
trenching treatments.

Trenching Treatment
Root Regrowth 3x DBH 6x DBH 12x DBH
Yes 239 (92.3%) 223 (93.7%) 57 (95%)
No 20 (7.7%) 15 (6.3%) 3 (5.0%)

When comparing the average cut root areas between roots that exhibited regrowth and those
that did not, we found that they were similar. The roots that regrew had an average cross-sectional
area of 4.3 cm? while those that did not regrow measured an average of 4.9 cm? (Figure 2). Similarly,
the average distance from the trunk to the cutting location was comparable: 234.4 cm for roots with
regrowth and 241.8 cm for roots without regrowth (Figure 3).

8

Average Cut Root CSA (cm?)
N
|

Yes No
Root Regrowth

Figure 2. Average cross-sectional area of roots that regrew five years post-trenching (yes, n = 519)
compared to those that did not (no, n = 38). Error bars represent standard error.
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Figure 3. Average distance from the cut root to the base of the tree (cm) of roots that regrew five years post-
trenching (yes, n =519) compared to those that did not (no, n = 38). Error bars represent standard error.

Our inability to predict the presence or absence of root regrowth was somewhat surprising. In their
comprehensive literature review of urban tree root management, Watson et al. (2014) noted that larger
roots are less likely to regrow new roots when cut (Watson et al. 2014). The cited source for this work
was Balder et al. (1999), who stated that root regeneration “depends on the age and thickness of the
root, an old root is not able to form new roots.” While our roots varied in diameter (i.e., thickness), the
trees had been in the landscape for only 12 years before undergoing root pruning. Consequently, the
roots present in the surrounding landscape were relatively young, despite the study being conducted
on “mature” Q. virginiana trees (Benson et al. 2019a). In addition to root size and age, there may be a
species-specific effect determining the likelihood that roots will regrow when cut.

We observed the number of new roots emerging from each cut root and found an average of 3.1
with a median of three new roots (Figure 4). While some cut roots generated as many as 13 new roots,
the majority produced between 1 (Q1) and 4 (Q3) new roots (Figure 4).
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Number of Roots Emerging from Each Cut
Figure 4. Histogram depicting the number roots emerging from each cut root assessed in this study.

These results align with previous research, which found that root pruning or injury increased
root branching (Wilson 1970). Wajja-Musukwe et al. (2008) referred to this regrowth as a “coppice”.
In their study of root regrowth in five species planted in an agroforestry system, they observed an
average of 4.7 to 9.6 new coppice roots for every main root, 11 months post-pruning (Wajja-Musukwe
et al. 2008). Our findings showed an average of 3.1 roots per pruned root, which is slightly lower than
these previously recorded counts. However, our results closely resemble those from a study by
Gilman and Yeager (1988) on small container trees. In that study, root-pruned Q. virginiana seedlings
exhibited three times more new root growth compared to unpruned controls.

After five years, the average root CSA regrowth percentage for all 557 cut roots stood at 22.2%.
In our model evaluating root regrowth percentage, treatment emerged as a significant predictor (P-
value = 0.024; Figure 5). However, both the cut root CSA (P-value =0.066, Figure 6) and the interaction
between treatment and cut root CSA were not significant (P-value = 0.123). When assessing average
root CSA regrowth across treatments, roots cut 12 times the DBH from the trunk base exhibited the
highest regrowth at 33.9% (Figure 5). For comparison, roots cut at six times the DBH regrew by
22.69%, while those cut at 3 times the DBH saw a regrowth of 19.1% (Figure 5).

Substituting the treatment variable in the above model with the distance between the trunk and
the cut root end yielded comparable results. The distance from the trunk significantly predicted the
percentage of root regrowth (P-value = 0.002, Figure 7). However, neither the cut root CSA (P-value
= 0.125) nor the interaction between the two terms was not significant (P-value = 0.621).
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Figure 5. Average root CSA regrowth percentage by treatment. Regrowth was determined by
dividing the combined cross-sectional area of all new roots by the cross-sectional area of the
originating cut root and then multiplying the result by 100. ‘Treatments’ denote trenching activities
where roots were cut at distances of 3, 6, and 12 times the diameter of the respective tree. Error bars
represent standard error.
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Figure 6. Relationship between the cross-sectional area of the root cut during trenching and the
percentage of root regrowth observed five years later. Regrowth was calculated by dividing the
combined cross-sectional area of all new roots by the cross-sectional area of the original cut root, then
multiplying the result by 100. A linear trend line is included for reference; however, the relationship
was not significant when factored into models with other predictors.
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Figure 7. Relationship between the distance between the trunk and the cut root end and the
percentage of root regrowth observed five years later. Regrowth was calculated by dividing the
combined cross-sectional area of all new roots by the cross-sectional area of the original cut root, then
multiplying the result by 100. A linear trend line is included for reference. The relationship was
significant (P-value = 0.002) when modeled with cut root cross sectional area (P-value = 0.125).

As previously mentioned, the CSA of the new root regrowth was 22.2% of the CSA of the cut
roots. This is consistent with past findings by Wajja-Musukwe et al. (2008). In that study, researchers
compared the CSA of root regrowth/coppice to the CSA of the main roots that grew from 11 months
after pruning. Regrowth varied from 15.2% to 40.8%, depending on the species. The overall
percentage of root regrowth across the five species was 25.8% (Wajja-Musukwe et al. 2008).

Out of the 19 roots harvested to evaluate discoloration, the cross-sectional area (CSA) of the cut
roots ranged from 0.6361 cm? to 73.53 cm?, with an average CSA of 22.40 cm?. Distance from the base
of the tree ranged from 87 cm to 407 cm with an average distance of 199.21 cm. When assessing
discoloration, only 3 out of the 19 roots showed measurable signs of discoloration. In two cases, the
discoloration was within a centimeter from the cut root surface. One root, with a cut root CSA of 23.88
cm?, exhibited discoloration that extended up to 17.8 cm behind the cut surface.

Previous research conducted by Watson (2008) demonstrated that the tree species can have a
significant impact on the extent of decay and discoloration observed in cut roots. In Watson’'s study,
it was found that Gleditsia triacanthos L. exhibited an average of 77.1 cm of discoloration when roots
were cut 3 meters from the tree’s base. Interestingly, the length of discoloration decreased for cuts
made closer to the tree’s base for this species, although this pattern was not observed for the other
three species tested.

Our limited results suggest that the behavior of Q. virginiana roots is similar to that of Fraxinus
pennsylvanica Marshall roots in the study conducted by Watson. For Q. virginiana, the average
discoloration did not vary based on the distance of the cut from the tree’s base, ranging from 3.2 cm
of decay for cuts made at the root flare to 6.3 cm for cuts made 3 meters from the base of the tree
(Watson 2008).

Our results are even more closely aligned with the research conducted by Santamour in 1985. In
his study, Santamour used a tree spade to transplant 40 Platanus spp. L. and 40 Liquidambar styraciflua
L. saplings, and he observed no wood discoloration or decay in their root systems that could be
attributed to root pruning. Similar findings were obtained when examining 36 mature Acer rubrum L.
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trees with a major root severed using a chainsaw within 0.5 meters of the base of the tree (Santamour
1985). Santamour noted that in the latter case, this strong compartmentalization with regard to root
wounding was somewhat at odds with the species’ reputation for being a poor stem
compartmentalizer.

Though not within the scope of this study, it would be interesting to investigate how the CSA of
the conductive root tissue in the larger cut root compares to the combined conductive area of the
smaller new roots. The utilization of dyes or electronic impedance measurements (Benson et al.
2019d) could provide insights into the extent of recovery in the root’s ability to absorb and transport
water beyond the simple 22.2% regrowth relationship measured externally.

Conclusion

In conclusion, our findings suggest that increasing the distance between a tree and trenching
activities can promote increased root regrowth, as demonstrated by the relationships observed
between treatment levels, distance from the tree, and percent root regrowth. Building upon our initial
study on these trees five years ago, this research reinforces the notion that providing more space is
advantageous for safeguarding roots from construction damage. Not only are trees spared from the
initial physiological stress linked with extensive root loss, but there also seems to be a benefit for root
regrowth, even when controlling for the root’s CSA.
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