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Abstract: Warmer temperatures and frequent drought directly affect urban tree health. Both abiotic
conditions also affect tree health via increased density of some insect pests. Warming is predicted to
benefit urban trees by increasing carbon sequestration and allocation to biomass. However, increased
drought and pests are rarely considered despite often co-occurring with heat. To determine the
combined effects of these abiotic and biotic factors, we manipulated water availability for established
urban red maple trees across a gradient of warming and pest density and measured leaf-level
processes and tree growth over two years. We find that water availability is a major determinant of
tree growth, physiological processes, and resilience to urban stress factors. Maples performed better
with more water, which also made them resistant to effects of temperature and pest density. However,
when drought became too severe, leaf-level processes declined with warming. Tree basal area growth
was unaffected after two years, but stem elongation increased with increasing water, temperature,
and pest density. We discuss potential mechanisms driving these responses and the implications in
the context of urban forest management. Urban forest designs that reduce drought and align species
adaptations to local conditions are critical for designing more resilient and productive urban forests.

Keywords: Acer rubrum; water stress; ecosystem services; Melanaspis tenebricosa; urban forest;
water potential

1. Introduction

Trees provide services such as atmospheric cooling, air filtration, and carbon seques-
tration that benefit human and environmental health [1–4]. The global climate is warming,
which many predict will increase tree growth, and thus, the services they provide [5–7].
However, trees in urban areas, which often mimic conditions projected under global change,
grow faster and sequester more carbon than trees in surrounding rural habitats in some
cases [8,9], but not others [10]. Warming can also increase tree pest densities and reduce
tree health [11,12], diminishing potential benefits of warming to trees. In addition, many
global change projections suggest a greater frequency and severity of drought, which can
have direct and indirect negative effects on tree growth and services [13–16]. It is clear that
temperature, drought, and pests will interact to affect tree physiology, growth, and services
in cities and under climate change generally. Despite this, research that investigates pests,
drought, and warming simultaneously is limited [17]. It will be critical to understand these
interactions when designing sustainable urban forests.

High temperatures and low water availability increase atmospheric demand for water.
This increases negative pressure within a tree’s xylem, which can cause embolism and
vessel cavitation when the tree has inadequate access to water [18]. Prolonged, drought-
induced cavitation can reduce transpiration rates and cause branch dieback and eventual
tree death [19,20]. Under heat and drought, plants are also less able to repair radical
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oxygen-induced damage to photosynthetic reaction centers, thereby reducing their energy
efficiency and photosynthetic capacity [21]. Therefore, future periods of warming and
reduced precipitation could cause large carbon losses in natural forests [22]. Similarly,
urban trees commonly exhibit drought- and heat-associated reductions in gas exchange
rates, which reduces carbon sequestration, air filtration, and cooling services [19,23–26].
Resilience to warming and drought is species-dependent, but understanding how the most
common tree species respond will be important for predicting tree health and services.

The abundance and herbivory of many arthropod plant pests can also increase with
warming caused by climate change and urbanization [11,27,28]. Warming and water stress
can combine to increase pest density by increasing arthropod reproduction, voltinism, and
winter survival [29,30], by increasing nitrogen concentrations within vascular fluids [31], or
by reducing plant defenses [14]. Herbivore feeding can reduce woody plant services, such
as carbon sequestration, by reducing photosynthesis and growth or even causing plant
death [32,33]. For example, Coffelt et al. [34] found that caterpillar-induced leaf damage
reduced oak tree growth and vigor, especially in trees in urban sites. Less conspicuous
feeding by chronic herbivores, such as sap-feeders, more consistently reduce tree services
and become more severe with warming [32,35–37]. For example, Smith and Schowalter [38]
showed that Cinara pseudotsugae (Wilson), an aphid pest of the Douglas fir, drastically
reduced root and shoot growth, which had lasting negative effects on carbohydrate storage.
Additionally, feeding by the armored scale insect Unaspis euonymi (Comstock) reduced
photosynthetic carbon assimilation by 63% compared to un-infested plants [39]. Because
of their small size and sedentary life history, sap-feeding herbivores, such as scale insects,
often escape detection. Therefore, scale-infested trees, a frequent condition of urban trees,
may provide fewer ecosystem services than predicted by models that do not account for
these chronic pests [40].

Previously, Dale and Frank [30] found that urban warming and drought stress addi-
tively increased the fitness of Melanaspis tenebricosa (Comstock) (Hemiptera: Diaspididae),
a scale insect pest of Acer rubrum L. Acer rubrum is among the most common tree species in
natural and urban forests in the southeastern United States, and Acer is the most common
genus of landscape tree in the eastern U.S. [41,42]. Despite its popularity, A. rubrum street
trees commonly experience water stress at or above damaging levels [30]. In addition, a
large percentage of urban A. rubrum are infested with M. tenebricosa, which become more
abundant and damaging at higher temperatures [11,43–46]. To determine the direct and
indirect effects of warming, drought, and pests on tree carbon assimilation and physiology,
we manipulated the water stress on A. rubrum street trees across an existing gradient of
urban warming and pest density. Our prediction was that warming would increase photo-
synthetic carbon assimilation but be limited by drought such that warming would increase
tree growth and photosynthesis only when sufficient water was available. If this is the
case, then urban forests will need to be comprised of more environmentally resilient or
pest-resistant species to mitigate the impacts of increased heat and reduced water.

2. Materials and Methods
2.1. Study Organisms

Acer rubrum authority is a widespread bottomland, softwood species native to eastern
North America [47]. Because of its hardiness and aesthetic appeal, A. rubrum and related
cultivars are commonly planted as street trees in the southeastern U.S. Xylem vulnerability
curves suggest that A. rubrum is moderately drought-tolerant and can withstand as low as
−3.9 MPa of stem xylem negative pressure before embolism occurs in 50% of vessels [48].
Dale and Frank [30] found that A. rubrum street trees frequently surpassed −3.9 MPa
during midday water potential measurements, which suggests that damaging levels of
water stress may be common in urban landscapes.

Melanaspis tenebricosa is a univoltine, armored scale insect herbivore that feeds on
xylem parenchyma cells within the woody tissue of primarily A. rubrum [49–51]. These
sessile insects are drastically more abundant and damaging in urban than surrounding
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rural habitats [27,46,50,52]. Severe M. tenebricosa infestations cause branch dieback, canopy
thinning, and tree death [50,52].

2.2. Study System and Design

For this study, we selected established A. rubrum street trees that ranged in size from
15 to 38 cm in diameter at breast height (DBH). All trees were in the right-of-way and
therefore property of the City of Raleigh, NC, USA. In Raleigh, NC and other eastern U.S.
cities, A. rubrum is the second most common street tree, comprising nearly 14% of street
trees [51]. To select study sites, we used ArcMap 10.2 to overlay a geocoded street tree
inventory map onto a Landsat thermal image of surface temperature acquired on 18 August
2007, prepared as described in Meineke et al. [53]. We used the fishnet selection function in
ArcMap 10.2 to create a grid of 2 km × 2 km squares, divided the city into equal quadrants,
and randomly selected three grid squares per quadrant. From each selected grid square,
we chose a pair of A. rubrum from the hottest and coldest sites, resulting in 48 trees at
24 randomly selected sites. Tree pairs at each site were at least 15 m and no more than 75 m
apart. Four study sites were lost between survey years due to tree damage or removal,
which reduced the total sample size to 40 trees in 2015.

2.3. Tree Canopy Temperature and A. Rubrum Water Stress

We determined tree canopy temperature by placing an iButton thermochron DS1921G
(Dallas Semiconductor, Dallas, TX, USA) remote temperature logger 4.5 m above ground
within each tree’s canopy. iButtons were mounted on the underside of a lateral branch,
attached to an iButton wall mount within a 59 mL portion container (Dart Container
Corporation, Mason, MI, USA) using a cable-tie. iButtons recorded temperature every two
hours from May through August 2014 and 2015.

All trees received natural precipitation, but at each site, one tree received supplemental
water (watered, W) and one tree did not (unwatered, UW). Nineteen watered trees had
diameters of 15 to 30 cm, which required two TreeGator® slow-release watering bags
(Spectrum Products Inc., Youngsville, NC, USA) to fully surround and secure to their base
per bag specifications. The five remaining watered trees were 32 to 38 cm in diameter
and required three watering bags to fully surround and secure to their base per bag
specifications. Each bag held approximately 75 L and was filled twice per week from May
through August 2014 and 2015, resulting in 300 L of water per tree per week for nineteen
trees and 450 L per week for five trees. Watered tree initial DBH ranged from 15 to 36 cm
with an average of 25.96 cm. Unwatered tree DBH ranged from 16 to 40 cm with an average
of 27.23 cm, which was no different from that of watered trees (p > 0.52).

To determine whether watering treatments affected water stress, we used a pressure
chamber (PMS Instrument Company, Albany, OR, USA) to measure midday xylem water
potential of each tree once during June, July, and August of 2014 and 2015 [11,54]. Midday
water potential measurements were made from 1100 to 1500 by removing one 15 cm
terminal twig from sun-exposed locations approximately 5.5 m above ground on the north
and south sides of each tree. Weather conditions during each measuring period were mostly
sunny and between 32 and 37 ◦C. Analyses of the association between water potential and
canopy temperature used the mean canopy temperature per month.

2.4. M. Tenebricosa Density

To determine the density of M. tenebricosa on each tree, we removed one 0.15 m
terminal twig approximately 4–5 m above ground from each cardinal direction of the tree
canopy using a pole pruner. Twigs were collected in March 2014 when the insect population
is composed of adults prior to egg hatch. Each twig was examined under a dissecting
microscope, and the number of live M. tenebricosa individuals was recorded per twig. Scale
insects were determined to be alive if their bodies were turgid once their armored covering
was removed.
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2.5. Measuring A. Rubrum Leaf-Level Processes

Light response curves were conducted using a Li-COR 6400 portable photosynthesis
system to determine the light intensity at which photosynthetically active radiation (PAR)
completely saturated A. rubrum photosystems, called the light-saturated photosynthetic
rate (Asat) [55]. Light curves determined that a PAR of 1700 was the saturating light
intensity; therefore, it was used for all light-saturated photosynthesis field measurements.
For each study tree, we selected three fully expanded, undamaged leaves from the terminal
ends of southeast-facing branches. Each leaf was growing from a different first-order lateral
branch to eliminate an effect of branch origin on leaf processes. We measured Asat on
2 cm2 of each leaf, controlling leaf environmental conditions at 1700 PAR, 400 ppm CO2,
30 ◦C block temperature, and 50–60% relative humidity. Each leaf was exposed to these
set environmental conditions until photosynthesis and stomatal conductance remained
equilibrated for 3 min, at which point leaf processes were recorded.

To determine the effect of temperature and water stress on A. rubrum street tree leaf-
level processes, we used the Li-COR 6400 with a pulse amplitude modulated (PAM) leaf
chamber fluorometer sensor head to measure Asat (µmol m−2 s−1), stomatal conductance
rate (mmol H2O m−2 s−1), and transpiration rate (mmol m−2 s−1) (LI6400, Li-COR Inc.,
Lincoln, NE, USA). Based on preliminary trials, leaves and branches had to remain attached
to the tree to obtain accurate readings of leaf processes. Therefore, we took leaf measure-
ments on 36 of 48 trees in 2014 and 30 of 40 trees in 2015 that had branches accessible to the
portable photosynthesis system.

To determine the amount of drought-induced photosystem damage in the trees, we
estimated the dark-adapted maximum quantum efficiency of leaf photosystem II reaction
centers (Fv/Fm) [21]. We collected three branches from each tree, wrapped three leaves per
branch in aluminum foil, placed them in a closed cooler on ice, and kept them in complete
darkness for at least 4 h. We measured Fv/Fm on 48 A. rubrum street trees in 2014 and 40 in
2015 in a darkroom on dark-adapted leaves using the Li-COR 6400 portable photosynthesis
system PAM leaf chamber fluorometer. All analyses investigating effects of temperature on
leaf-level processes use mean 2014 and mean 2015 tree canopy temperature for the period
May through August.

2.6. Effects on A. Rubrum Growth

Tree growth is a measure of the amount of carbon trees have sequestered and allocated
to biomass. Growth also directly relates to tree height, canopy size, and leaf area, which
dictate the amount of shade and transpirational cooling that a tree provides. To determine
how temperature and drought affected tree growth, we measured basal area growth and
total stem elongation after two years of water manipulation. We measured stem elongation
on each tree by collecting five randomly selected branches from each cardinal direction
and measuring the distance between bud scars for 2014 and 2015 growth. Mean total
stem elongation of 20 branches per tree was used for analysis. Acer rubrum basal area
growth (cm2) was determined by taking the difference of tree basal area in May 2014 from
August 2015 of the 40 trees remaining at the end of the study. Analyses of associations with
temperature used the two-year mean tree canopy temperature.

2.7. Statistical Analyses

All statistical analyses were conducted in SAS 9.4 statistical software (SAS Institute,
Cary, NC, USA). We investigated the effect of temperature and watering treatment on
xylem water potential over the entire study period using a linear mixed-effect model with
monthly mean canopy temperature as a main effect and watering treatment (W or UW) as
a categorical covariate. Tree nested within site was treated as a random intercept effect to
account for repeated measurements from each tree and similar local conditions at each site.
We used the same statistical approach to explore the effects of year and watering treatment
on leaf-level processes to help us interpret observed responses over the entire study period.
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To gain a higher resolution of the effects of local conditions on leaf-level processes, we
also tested the effect of temperature, M. tenebricosa density, and water availability on leaf-
level processes within each year using a linear mixed-effect model, treating mean summer
temperature and watering treatment (W or UW) as main effects and site as a random effect.
We used a similar approach to test the effect of temperature, water availability, and scale
density on tree growth. However, tree basal area growth is dependent on initial tree size,
such that larger trees assimilate larger amounts of carbon than smaller trees. Therefore,
we used the residuals of the regression between initial tree DBH and basal area growth
as a random intercept effect in our model predicting basal area growth. Study site was
included as a random effect in each model since each site hosted a pair of watered and
unwatered trees. Each full model initially included an interaction term, but if not significant,
the term was removed to test for a difference in y-intercepts between watering treatment
regression equations assuming equal slopes. All model residuals were evaluated to confirm
that they met the assumptions of normality. Since temperature and M. tenebricosa density
are positively correlated with one another, we calculated Variance Inflation Factor (VIF)
values for each model that included both variables to determine whether multicollinearity
among predictors was a concern. In no cases were variables collinear (all VIF values were
less than 2). All analyses from 2014 include 48 trees unless otherwise noted. Because of
compromised study sites, all 2015 data and analyses include 40 trees unless otherwise noted.

3. Results
3.1. Tree Canopy Temperature and A. Rubrum Water Stress

The 2015 field season (May through August) was, on average, over 1 ◦C warmer
and received 10 cm less precipitation than 2014 [56]. The summer 2014 mean tree canopy
temperature (N = 48) ranged from 23.5 to 25.9 ◦C, with a mean (±SE) of 24.7 (±0.1). The
summer 2015 mean tree canopy temperature (N = 40) ranged from 24.4 to 27 ◦C, with a
mean of 26.1 (±0.1). The two-year average of summer tree canopy temperatures (N = 40)
ranged from 24 to 26.3 ◦C, with a mean of 25.4 (±0.1). There was no difference in tree
canopy temperature between watered and unwatered trees during either year.

As predicted, our watering treatments significantly affected tree water stress (Table 1).
The midday xylem water potential of watered trees in 2014 ranged from −3.5 to −2.3 Mpa,
with a mean of −2.8 (±0.1). Unwatered tree xylem water potential in 2014 ranged from
−3.9 to −1.9 Mpa, with a mean of −3.1 (±0.1). In 2015, watered tree water potential ranged
from −3.7 to −2.7 Mpa, with a mean of −3.3 (±0.1), while that of unwatered trees ranged
from −4.7 to −2.6 Mpa, with a mean of −3.6 (±0.1). On average, the water potential of
unwatered trees was approximately 11% more negative than that of watered trees over
the course of our study (Table 1). Watered trees never reached the −3.9 MPa threshold at
which embolism occurs in 50% of vessels [48], but some unwatered trees did in both years.

Table 1. Results of multiple linear regression with monthly mean tree canopy temperature, watering
treatment, and year predicting mean A. rubrum xylem water potential in June through August of 2014
and 2015. Bolded p-values are statistically significant (p < 0.05).

Xylem Water Potential Model R2 Mean (±SE) F p

0.54
Year 2014 −2.98 (0.05) F1,252 = 5.1 p = 0.03

2015 −3.43 (0.06)
Watering treatment W −3.00 (0.04) F1,36 = 17.6 p < 0.0001

UW −3.34 (0.06)
Canopy temperature F1,258 = 10.4 p = 0.001

Over the duration of our study, the mean xylem water potential became significantly
more negative as the tree canopy temperature increased (Table 1). More importantly,
watered A. rubrum were consistently less water-stressed than the unwatered trees across
this temperature gradient (Table 1; Figure 1). Water potential also became more negative
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over time for all trees, likely due to the warmer, drier summer in 2015 (Figure 1). In fact,
water potential was 15% more negative across all trees in 2015 than 2014. The difference
in water potential between watered and unwatered trees increased over time such that
unwatered trees were most different from watered trees on the final two survey dates
(Figure 1). In July and August of 2015, the water potential of several unwatered trees
surpassed the −3.9 MPa threshold at which embolism occurs in 50% of vessels [48].
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Figure 1. Mean xylem water potential per tree during each summer month of the two-year study.
Water potential became more negative over the course of each summer and was statistically more
negative in 2015 and in unwatered trees (p < 0.05). Error bars are the standard error of mean values.
W = watered and UW = unwatered trees.

3.2. M. Tenebricosa Density

As we know from previous studies (e.g., [43]), M. tenebricosa density (logx + 1) increases
with tree canopy temperature (F1,46 = 44.6, p < 0.0001, R2 = 0.49). This held true in 2014
and 2015. We did not test the effect of watering treatment on the 2014 pest density because
there is no reason to suspect an effect given the univoltine life history of this insect and
the limited exposure to changes in water availability. Since water stress does increase
M. tenebricosa fecundity [30], we investigated the effect of watering treatment on the 2015
M. tenebricosa density but found none (p > 0.2).

3.3. A. Rubrum Leaf-Level Processes

Light-saturated photosynthesis, stomatal conductance, and transpiration rates were
measured on 36 A. rubrum in 2014 and 30 in 2015, each time with half of the trees represented
by each watering treatment. On average, photosynthesis and stomatal conductance rates
were higher in 2014 than in 2015 (F1,149 = 6.7, p = 0.01; F1,149 = 58.5, p < 0.0001, respectively),
and photosynthesis rates were notably higher in watered than in unwatered trees over
the two-year study period, although they were not statistically significant (F1,28 = 3.0,
p = 0.08). In contrast, leaf transpiration rates were significantly greater in 2015 than in 2014
(F1,149 = 11.0, p = 0.001) but not different between watering treatments over the two-year
study period (F1,28 = 0.2, p = 0.63).

Within each year, all observed effects of independent variables on the photosynthesis
rates were also observed on stomatal conductance and transpiration rates. Therefore, we
describe the effects on leaf-level processes, which includes light-saturated photosynthesis,
stomatal conductance, and transpiration rates. The effect of temperature and M. tenebricosa
density on leaf-level processes varied by treatment and year. There was a significant
interaction between canopy temperature and watering treatment in 2014, so the effects of
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temperature and pest density were explored within each watering treatment separately.
Leaf physiological processes operated at higher rates and were unaffected by pest density
or temperature in watered trees in 2014, but they were lower and affected by both factors
in unwatered trees (Table 2, Figure 2a). Specifically, leaf-level processes in unwatered trees
declined with warming temperatures but increased with greater pest density. In 2015, when
conditions across all sites were warmer and drier and water stress was more severe, all
leaf-level processes declined with increasing temperature in both watered and unwatered
trees. There was no effect of pest density in 2015. Despite declining with increasing
temperature, watered trees sustained higher leaf-level processes than unwatered trees
across the temperature gradient (Table 2, Figure 2).

Table 2. Multiple linear regression with tree canopy temperature, M. tenebricosa density, and watering
treatment predicting leaf-level processes in 2014 and 2015. If the interaction between watering
treatment and temperature was significant (p < 0.05), separate models were created for each watering
treatment. Full model R2 and variance inflation factors (VIF) for each variable are provided. The
directionality of each significant main effect is indicated in the left column. Bolded p-values are
statistically significant (p < 0.05) and italicized p-values are nearly significant (p < 0.1).

R2 Main Effects F VIF p

Photosynthesis 2014
0.24 Watered Temp F1,15 = 0.6 1.11 p = 0.46

Pest density F1,15 = 2.9 1.11 p = 0.11
−correlation 0.61 Unwatered Temp F1,15 = 8.6 1.44 p = 0.01
+correlation Pest density F1,18 = 23.3 1.44 p < 0.001

2015 0.69
+Watered Watering trt F1,13 = 5.1 1.02 p = 0.04

−correlation Temp F1,13 = 7.9 1.22 p = 0.01
Pest density F1,13 = 2.4 1.23 p = 0.15

Conductance 2014
0.04 Watered Temp F1,15 = 0.1 1.11 p = 0.77

Pest density F1,15 = 0.6 1.11 p = 0.44
−correlation 0.37 Unwatered Temp F1,15 = 8.1 1.44 p = 0.01
+correlation Pest density F1,15 = 5.2 1.44 p = 0.04

2015 0.90
+Watered Watering trt F1,15 = 6.9 1.02 p = 0.02

−correlation Temp F1,25 = 12.8 1.22 p = 0.001
Pest density F1,18 = 0.0 1.23 p = 0.92

Transpiration 2014
0.07 Watered Temp F1,16 = 0.1 1.12 p = 0.93

Pest density F1,16 = 1.2 1.12 p = 0.29
−correlation 0.37 Unwatered Temp F1,16 = 6.7 1.45 p = 0.02
+correlation Pest density F1,16 = 7.6 1.45 p = 0.01

2015 0.86
Watering trt F1,15 = 0.7 1.02 p = 0.42

−correlation Temp F1,23 = 12.2 1.22 p = 0.002
Pest density F1,16 = 0.2 1.23 p = 0.68

Fv/Fm 2014 0.40
+Watered Watering trt F1,23 = 3.2 1.02 p = 0.08

Temp F1,28 = 2.3 1.28 p = 0.14
+correlation Pest density F1,23 = 3.5 1.27 p = 0.07

2015 0.23
Watering trt F1,20 = 0.0 1.00 p = 0.93

−correlation Temp F1,20 = 3.7 1.19 p = 0.07
Pest density F1,18 = 1.8 1.19 p = 0.19
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umn) and 2015 (right column). (a,b) Photosynthesis rate, (c,d) stomatal conductance rate, and
(e,f) transpiration rate. W = watered and UW = unwatered trees.

Over the entire study period, we observed no difference in mean photosystem II
damage (Fv/Fm) between years or watering treatments (p > 0.36). Within each year,
the effects of independent variables on Fv/Fm were less pronounced than on leaf-level
processes, but they were marginally influenced by all factors at some point during the
study period. The effect of watering treatment on Fv/Fm depended on which year we
measured it such that unwatered trees in 2014 had Fv/Fm values nearly statistically
lower (more photosystem damage) than watered trees but were no different in 2015. The
2014 Fv/Fm values were not associated with temperature, but there was a slight positive
association between Fv/Fm and M. tenebricosa density (Table 2). In 2015, these relationships
disappeared, and Fv/Fm nearly significantly declined (more photosystem damage) with
increasing canopy temperature across all trees.

3.4. Effects on A. Rubrum Growth

Basal area growth was dependent on initial tree size, such that larger-diameter trees
allocated more carbon to basal area biomass than smaller-diameter trees. Therefore, we
included the residuals of the regression between initial tree diameter and basal area growth
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as a random intercept effect in the model of temperature, M. tenebricosa, and watering
treatment predicting basal area growth. Over two years, the basal area growth ranged
from 0 to 21.6 cm2, with a mean of 10.8 (±1.4) in watered trees. Unwatered tree basal area
growth ranged from 2.7 to 23.5 cm2, with a mean of 10.1 (±1.4). We detected no effect of
tree canopy temperature, M. tenebricosa density, or watering treatment on basal area growth
over the two-year study period (Table 3).

Table 3. Multiple linear regression with two-year mean tree canopy temperature, M. tenebricosa
density, and watering treatment predicting basal area growth and total stem elongation per tree over
two years. Interactions were not significant, so they were removed from each model. Bolded p-values
are significant (p < 0.05), and italicized p-values are nearly significant (p < 0.1).

R2 Statistic p VIF

Basal Area Growth 0.98
Watering trt F1,17 = 1.5 0.24 1.00
2YR Temp F1,28 = 1.5 0.23 1.21

Pest density F1,26 = 1.6 0.22 1.21
Total Stem Elongation 0.65

+Watered Watering trt F1,18 = 5.5 0.03 1.02
+correlation 2YR Temp F1,22 = 3.9 0.05 1.97
+correlation Pest density F1,20 = 7.6 0.01 1.96

The average total stem elongation per tree for the 2014 and 2015 growing seasons
ranged from 4.2 to 58.8 cm, with a mean of 29.2 (±3.7) on watered trees. On unwatered trees,
this ranged from 5.9 to 38.9 cm, with a mean of 22.8 (±2.1). Tree canopy temperature, pest
density, and watering treatment were all associated with total stem elongation over the two-
year study period. On average, branches grew over 28% more on watered than unwatered
trees, and growth increased as temperature and pest density increased (Table 3; Figure 3).
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4. Discussion

Urban forests mitigate many of the anthropogenic disturbances associated with cities,
such as warmer temperatures, carbon emissions, and pollution [1,4]. However, these
services can be compromised due to improper plant selection, landscape design, or plant



Forests 2022, 13, 1012 10 of 15

management tactics that reduce resilience to urban conditions [11,17,40]. Impervious
surface cover is a ubiquitous feature and cause of high temperatures and dry soil conditions.
We found that street tree water stress increased with urban warming but that supplemental
water from water bags reduced this stress. Temperature and drought reduced photosystem
II efficiency, stomatal conductance, and transpiration rates in trees at warmer sites, and
these effects appear to be linked to the severity of water stress. For example, heat-induced
reductions in photosynthesis rates occurred only in unwatered trees in 2014 and were more
severe in 2015, when water stress was greater. Our results suggest that water demand
is highly dependent on variability in weather conditions and that there is a threshold of
water stress at which point temperature and pest density influence leaf-level processes.
Taken together, our results suggest that urban warming effects on A. rubrum physiology
and growth are highly dependent on water availability and that temporal changes in leaf-
level processes and water availability may not translate to changes in carbon allocation to
biomass within two years.

Urban trees often face water stress because temperatures are high and impervious
surfaces and poor soils can reduce water infiltration [57–59]. Water stress causes xylem
embolism and cavitation, which becomes damaging in A. rubrum at −3.9 MPa [48]. Un-
watered trees in our study frequently reached or surpassed this threshold, suggesting
that xylem cavitation may have played a role in temperature-associated reductions in
leaf-level processes and reducing stem elongation on unwatered compared to watered
trees. Supplemental water protected leaf-level processes in 2014, but not in 2015, likely
due to the increased severity of water stress and warming in 2015. However, leaf-level
processes did operate at higher rates in watered than unwatered trees in 2015, illustrating
that water availability does play an important role in regulating tree physiology in warmer
urban conditions.

Temperature and drought had a stronger effect on A. rubrum leaf-level processes
than did M. tenebricosa density. We predicted that increasing pest density would reduce
A. rubrum leaf-level processes and growth by reducing plant vigor and stealing plant nutri-
ents [32]. However, we found the opposite effect of pest density on the leaf-level processes
in unwatered trees in 2014, when photosynthesis, stomatal conductance, and transpiration
rates increased with pest density. Although temperature and M. tenebricosa density are
positively correlated, their effects on leaf-level processes diverged in trees experiencing
moderate drought conditions (−3.12 Mpa average) in 2014. Based on this effect and the
increase in water stress observed at all sites in 2015, we would anticipate a similar effect of
pest density on the leaf-level processes in watered trees in 2015. However, we detected no
interaction with watering treatment in 2015, likely because warmer temperatures overrode
the effects of pests on tree physiology. Herbivory can cause an upregulation of plant photo-
synthesis rates to compensate for losses [60], although this primarily applies to chewing
herbivory, and most studies have found negative effects of sap-feeding insects on leaf-level
processes [32]. Collins et al. [61] did find an increase in photosynthesis rates associated
with high aphid densities, but infestations ultimately reduced growth. Our findings may
suggest a similar effect associated with moderate water stress around −3.12 Mpa and 25 ◦C
(2014 unwatered tree conditions) canopy temperature, where A. rubrum compensates for
herbivory at intermediate stress levels but not beyond that temperature.

This study occurred across an existing urban temperature gradient but also across two
years that significantly differed in temperature and water stress. Reducing drought stress by
increasing water availability increased photosynthetic carbon allocation to tree biomass via
stem elongation and was greatest on the warmest, watered A. rubrum street trees. Trees with
greater M. tenebricosa densities also had greater stem elongation over the two-year period,
which could, in part, be linked to the aforementioned upregulation of leaf-level processes
observed in 2014. However, we suspect that this is more reflective of the positive association
between canopy temperature and pest density, and that warming was the primary driver of
stem elongation. Experimental warming studies suggest that future warmer temperatures
will increase tree growth rates for some species in some situations [5]. For example, [62]
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found that warming increased the growth and bud development of spruce trees under
controlled conditions. Across an urban–rural temperature gradient in New York, USA,
Quercus rubra L. grew 23% more in warmer than cooler urban sites [9]. Although these
studies provide insight into the effects of warming on tree growth, they ignore important
environmental factors, such as drought and pests. Consistent with We et al. [16] and
Meineke and Frank [17], our results suggest that the effect of temperature on photosynthesis
and carbon allocation to biomass is dependent on drought stress. Therefore, our results
support previous findings but elucidate the importance of drought in urban forest services
and the complexity of interactions between temperature, pest density, and water availability,
all of which are projected to become more severe under rapid urbanization and future
climate change [6,13].

Trees reduce temperatures by water transpiration and by providing shade [63,64].
Transpiration is driven by the evaporation of water from stomates, which pull water from
the roots to the leaves through xylem tissue and increase with temperature [19]. Under
drought, plants may close stomates to conserve water and prevent xylem cavitation at
the cost of reducing photosynthesis and using reserves of carbohydrates through respira-
tion [24,65]. This may reduce tree growth, which did occur in the tree canopy of unwatered
trees compared to watered trees. However, stem elongation still increased with canopy
temperature, just less on unwatered trees. Despite receiving over 300 L of water each week,
as temperatures warmed, water stress increased, and stomatal conductance decreased in
watered trees in 2015. This is concerning since the unwatered trees represent the street tree
status quo, and reduced conductance means less carbon allocation to biomass in the long
term, although this did not become evident within the two years of our study. Interestingly,
transpiration rates were much higher during the warmer, drier 2015 season, although trees
closed their stomates in response to the urban temperature gradient. This may suggest
that warmer temperatures associated with climate change and urbanization may increase
A. rubrum water loss by shifting the point at which trees close their stomates, thereby
increasing xylem cavitation rates and subsequent damage [22].

Our findings indicate that local abiotic conditions directly affect urban tree physiology
and the capacity of urban forests to provide essential ecosystem services. Acer rubrum
represents a significant proportion of the urban and natural forest species composition
throughout the eastern U.S. and has traits that many urban trees are selected for, such
as rapid growth, high aesthetic quality, dense canopies, and moderate tolerance to water
stress [66]. Although previous work has found that the effects of local abiotic factors on
urban Acer rubrum pests and tree condition persist across latitudes [45,51], the implications
of our results for urban forest health may not translate to other tree species. Therefore, future
work should investigate similar interactions with other common urban tree taxa to develop
more comprehensive guidelines for urban forest managers. Despite this, mounting evidence
illustrates the negative effects, either directly or indirectly, of impervious surface cover
on multiple urban tree species [11,28,53]. Thus, urban tree decision-making tools, such as
impervious surface thresholds [67], may help urban planners and managers build more
resilient urban forests through proper landscape design, tree selection, and management
tailored to local conditions.

5. Conclusions

In this study, tree canopy stem elongation increased with urban warming and pest
abundance regardless of water availability. Summer measurements of photosynthesis,
stomatal conductance, and transpiration rates indicated that warming and water stress
would reduce carbon allocation to biomass as predicted, yet we detected no effect on basal
area growth and the opposite effect on tree canopy stem elongation. However, we did
detect damaging levels of water stress in street trees that did not receive supplemental
water. Dale and Frank [11] found that urban warming and M. tenebricosa density reduced
tree condition by causing branch dieback and canopy thinning, and Backe and Frank [68]
demonstrated that these effects on tree condition take nearly a decade to present themselves.
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Thus, we suspect that a longer study period would find an effect of water availability on
carbon allocation to biomass. Moreover, although existing selected branches of our study
trees grew more as temperature and M. tenebricosa abundance increased, we suspect that
the overall carbon capture and storage are less in warmer street trees with more pests
and reduced water availability. Less dense tree canopies have fewer leaves per canopy.
Therefore, even if leaf-level processes are equal, a tree with a denser canopy will capture
and store more carbon than one with a less dense canopy. In addition, we did not measure
root growth and nutrient storage, which are affected by herbivore feeding and warmer
temperatures [5,34,69]. In fact, Vranjic and Gullan [70] found that eucalyptus trees allocated
greater biomass to shoots under scale insect herbivory at the cost of root biomass. Therefore,
M. tenebricosa feeding and drought stress may have reduced carbohydrate storage in tree
roots, making trees less resilient to damage and contributing to long-term declines in
condition [71]. As urban areas expand, the combined effects of warming and drought
will likely influence A. rubrum services in urban and natural forests, which has important
implications for human and environmental health [3,4]. Urban designs, such as providing
greater root area and better soil for trees, curb cuts that capture water for trees, selecting
species more resilient to heat, drought, and pests, and increasing overall canopy cover to
reduce temperatures, will reduce the combined negative effects of urbanization and climate
change on tree health.
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