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Abstract
Key message Wildtype and horticultural varieties of red maple seedlings had different morphologies and physiological responses to water stress and abundances of an insect herbivore when grown in a common garden.
Abstract Horticultural varieties of trees (cultivars) are selected for desirable and consistent morphologies relative to wildtype
trees, but the ways by which morphology influences intraspecific physiological and ecological responses are unclear. In this
study, we compared morphology, gas exchange and water use efficiency, and stem herbivory for seedlings of wildtype red
maple (Acer rubrum) and two cultivars, ‘Summer Red’ and ‘Brandywine,’ grown together in a common garden. Seedlings
also received high and low water treatments. Overall, wildtype seedlings grew taller, had fewer, larger leaves, intermediate
rates of photosynthesis, and lower abundances of the scale insect Melanapsis tenebricosa, relative to the cultivars. Summer
Red seedlings had more leaves, leaves with red coloration throughout the growing season, and the highest rates of photosynthesis, although photosynthesis was higher in green relative to red leaves. Brandywine seedlings tended to be intermediate
in morphology, exhibited smaller differences between the high and low water treatments, and had higher leaf water use efficiency than Summer Red seedlings in April and June but similar water use efficiency in September. Total seedling water use
efficiency, measured in September, was highest for wildtype seedlings. Both cultivars had more scale insects than wildtype
seedlings under well-watered conditions. These differences among types of red maple aid in understanding how intraspecific
variation in tree appearance—and the en masse planting of a single cultivar in cities—affects physiological and ecological
responses, the provision of ecosystem services, and the condition of planted trees.
Keywords Acer rubrum · Cultivar · Genotype · Photosynthesis · Red maple · Wildtype
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Morphological variation plays a key role in tree physiology and ecology across environmental gradients. For
example, intraspecific differences in leaf size occur across
broad ranges of many tree species (Hovenden and Vander
Schoor 2006; Royer et al. 2008; Uribe-Salas et al. 2008)
and promote drought tolerance, resistance to herbivory, and
other physiological or ecological processes that influence
tree condition and longevity (Brown and Lawton 1991;
Poorter et al. 2006; Rozendaal et al. 2006). In urban environments, however, such naturally occurring intraspecific
variation has often been removed through the planting of
genetically identical horticultural varieties (cultivars). For
example, red maple (Acer rubrum L.), a commonly planted
species in eastern and Midwestern cities (Raupp et al. 2006),
has over 40 different hybrid and cultivar varieties (Adkins
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et al. 2012). Red maple cultivars are valued for characteristics like beautiful autumn foliage, but selecting for this or
other morphological characteristics could result in the loss
of non-targeted traits and in physiological and ecological
consequences for the tree (Coley and Aide 1989; Burger and
Edwards 1996; Menzies et al. 2016). This is a concern in cities because the long-term benefits provided by urban trees
depend not only on appearance but also on planting species
and individual cultivars that maximize ecosystem services
while minimizing management costs (McPherson et al.
1997; Nowak and Crane 2002; Nowak et al. 2006, Pataki
et al. 2011; Roy et al. 2012; Bodnaruk et al. 2017). Understanding tradeoffs in tree morphology, physiology, and ecology is critical to improving tree breeding programs, planting
and management decisions, and urban forest sustainability.
Physiological and ecological differences among red
maple cultivars, and between cultivars and wildtype trees,
could be magnified or diluted in demanding urban environments. Urban impervious surfaces often increase temperature and drought stress, with corresponding effects on insect
pest pressure (Dale and Frank 2014, 2017; Meineke et al.
2013), photosynthesis and carbon storage (Meineke et al.
2016), and urban tree condition and longevity (Roman and
Scatena 2011). Bauerle et al. (2003) found that the red maple
cultivars with the highest rates of photosynthesis at the start
of a drought did not have the best performance by the end of
the drought. This suggests that failing to account for potential environmental stressors, particularly in urban environments, could lead to choosing a cultivar that is ultimately not
suited for the site conditions it will experience once planted.
In this study, we compare physiological and ecological
tradeoffs among wildtype and horticultural varieties of red
maple. Red maple occurs naturally throughout the eastern
and Midwestern United States (Townsend et al. 1979; Walters and Yawney 1990; Abrams 1998; Royer et al. 2008),
and cultivars are being planted in cities and suburbs in
increasing numbers (Raupp et al. 2006), making this a
useful study species for informing management of urban
forests. In Raleigh, North Carolina, USA, where this study
occurred, red maple comprises over 18% of the trees in the
urban street tree inventory (Dale and Frank 2017). This species is a popular choice for street plantings throughout the
eastern United States due to its tolerance of a variety of
environmental conditions (Santamour and McArdle 1982;
Townsend and McIntosh 1993; Abrams 1998; Townsend
and Douglass 1998). Here, we assess stem growth and leaf
traits, gas exchange and water use efficiency, and the abundance of a common stem herbivore on seedlings grown in
a common garden under high and low watering treatments.
Overall, our goals were to identify potential tradeoffs in tree
morphology, physiology, and ecology that could influence
the performance of wildtype and cultivar trees and to investigate how these tradeoffs were moderated by environmental
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stress. We asked the following questions: (1) Do cultivar and
wildtype seedlings have different morphologies? (2) Does
gas exchange or water use efficiency differ among cultivar
and wildtype seedlings? (3) Does herbivory differ among
cultivar and wildtype seedlings? and (4) Do the watering
treatments influence seedling morphology, physiology, or
herbivory?

Materials and methods
Study species
Red maple is a medium-sized tree with rapid growth. It has
an average lifespan of 80–150 years (Walters and Yawney
1990), although the mean life expectancy of street trees is
shorter (Roman and Scatena 2011). The ‘Summer Red’
and ‘Brandywine’ cultivars used in this study were bred,
respectively, to have new red–purple leaves in summer
that mature green and turn yellow in autumn (Shademaker
Trees, Collinsville, TX, http://www.shademakertrees.com/
summer maple .htm. Accessed 24 Jan 2018), and to have new
green leaves in summer that mature to brilliant red–purple
in autumn (United States National Arboretum, Washington,
D.C., https://www.usna.usda.gov/assets/images/as_stand
ard_image/Acer_rubrum_Brandywine.pdf. Accessed 8 Jul
2019). In Raleigh and throughout the southeastern United
States, the most serious pest of red maple is gloomy scale
(Melanaspsis tenebricosa Comstock), a piercing–sucking
insect that thrives on the trunk and branches of heat- and
drought-stressed urban trees (Metcalf 1912; Frank et al.
2013; Dale and Frank 2014, 2017).

Experimental design
Wildtype red maple seedlings, grown from seed, were purchased from Pinelands Nursery (Columbus, NJ, USA), and
‘Summer Red’ and ‘Brandywine’ cultivars, grown from
cuttings grafted to root stock, were purchased from Rennerwood Inc. (Tennessee Colony, TX, USA). We planted
seedlings in 3 gallon pots in soilless sand and bark nursery
mix (Parker Bark Company, Rose Hill, NC, USA) in May,
2016, and placed them outside at the Lake Wheeler Field
Complex of North Carolina State University, in Raleigh,
North Carolina. Raleigh (35.772096° N 78.638614° W) has
a humid subtropical climate, with an average long-term January temperature of 4.2 °C and July temperature of 25.9 °C,
and average annual precipitation of 117 cm (State Climate
Office of North Carolina; www.climate.ncsu.edu. Accessed
26 Oct 2016).
We used a randomized complete block design to assign
twenty wildtype, Summer Red, and Brandywine seedlings
to five plots and two water treatments, with ten seedlings
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of each type receiving a “high water” treatment, and ten
seedlings receiving a “low water” treatment. An automatic
irrigation system provided water three times per day in 2016
and two times per day in 2017. Seedlings in the high water
treatment were watered seven days per week, and seedlings
in the low water treatment were watered three days per week
(Monday, Wednesday, and Friday). All seedlings received
the same amount of natural precipitation. To verify that
treatments were effective, we measured volumetric water
content (Electronic Supplementary Table 1) on nine dates
using a SM150 Soil Moisture Kit (Delta T Devices Ltd.,
Cambridge, UK).
We recorded stem height at the time of planting in May
2016. In April, June, and September 2017, we re-measured
the stem height and counted the number of leaves per seedling. We qualitatively assessed leaf color on a whole-seedling basis in September 2017 by scoring seedlings for the
presence of red color in 0–25% of leaves, 25–75% of leaves,
or ≥ 75% of leaves. In October 2017, we collected 5–6 leaves
per seedling, scanned them using a flatbed scanner (Epson
Perfection V500 Photo), and calculated the area of individual leaves using the software Easy Leaf Area, according to
Ealson and Bloom (2014).
We measured photosynthesis and stomatal conductance
in April, June, and September 2017 using a LI-6400XT
Portable Photosynthesis System with a leaf chamber fluorometer (LI-COR, Inc., Lincoln, Nebraska). Gas exchange
conditions followed Lahr et al. (2018): 400 µmol mol−1 CO2,
1200 µmol m−2 s−1 photosynthetically active radiation, and
vapor pressure deficit between 1 and 2 kPa. Measurements
were taken between the hours of 9:00 and 13:00 with a block
temperature of 25 °C in April and June and 30 °C in September. After leaves had stabilized in the LI-6400XT chamber,
we measured photosynthesis and stomatal conductance at
15-s intervals for 3 min. We averaged the measurements for
each leaf to obtain a single value for further analyses. These
measurements were performed on two fully expanded green
leaves per seedling. Instantaneous water use efficiency was
calculated as the ratio of photosynthesis to stomatal conductance. Total photosynthesis and total stomatal conductance
per individual seedling were calculated by multiplying the
mean rate of leaf photosynthesis or stomatal conductance
by mean leaf size and total number of leaves in September
(Electronic Supplementary Table 2). We also measured gas
exchange of red leaves on a subset of Summer Red seedlings
in September (N = 8 seedlings in the high water treatment
and N = 9 seedlings in the low water treatment; Electronic
Supplementary Table 3).
In May 2016, we used visual assessment to confirm that
no gloomy scales were present on the seedlings. We then
collected branches from mature red maple trees infested with
gloomy scales on the campus of North Carolina State University (Raleigh, NC, USA) and placed five-centimeter-long

segments of these infested branches into floral water picks.
We attached one water pick to the bottom stem of each seedling with twist-ties, so that the infested branch made contact
with the seedling’s stem. We repeated this process in June
2016. Gloomy scale nymphs transitioned from the infested
branches to the seedlings during the summer of 2016. In
December 2016, we counted gloomy scales on each seedling
using an OptiVISOR binocular headband magnifier (Donegan Optical, Lenexa, Kansas) in the field. In March 2018,
we harvested the seedlings and counted live gloomy scales
(adults and nymphs) on the main stem using a dissecting
microscope.

Statistical analyses
We performed all statistical analyses in R version 3.3.0 (R
Core Team 2016). In the lme4 package (Bates et al. 2013),
we used a linear mixed model to test the efficacy of the
watering treatments using treatment (high water or low
water), plot (1–5), and treatment × plot as fixed effects, and
tree identity as a random effect. Tree identity was included as
a random effect to account for repeated measures (Baulmer
et al. 2003; Jensen et al. 2018). Volumetric soil water content
was the response variable. We performed Pearson correlations in the psych package (Revelle 2016) to examine correlations between change in stem height, number of leaves,
and leaf size. We chose to use change in stem height during
the experimental period as a morphological characteristic
instead of actual stem height because wildtype and cultivar
seedlings were obtained from different sources. We detected
correlations between change in stem height and mean leaf
size (r = 0.53, P ≤ 0.01) and between change in stem height
and number of leaves (r = 0.31, P = 0.03), but not between
number of leaves and mean leaf size (r = -0.03, P = 0.8). A
principal components analysis showed that these variables
did not reduce well to a single component. Therefore, we
performed separate general linear mixed models for the following morphological characteristics: change in stem height
between May 2016 and September 2017, number of leaves
in September 2017, and mean leaf size in October 2017. We
used the lme4 package with Kenward–Roger approximation
of F-statistics (Halekoh and Højsgaard 2014; Kuznetsova
et al. 2016; Luke 2017; McNeish 2017) and treated seedling type (wildtype, Summer Red, or Brandywine), treatment
(high water or low water), and seedling type × treatment as
fixed effects. All models included initial stem height as a
covariate and plot as a random effect.
To assess photosynthesis, stomatal conductance, and
instantaneous water use efficiency on a per leaf basis, we
used general linear mixed models with Kenward–Roger
approximation of F-statistics (Halekoh and Højsgaard 2014;
Kuznetsova et al. 2016; Luke 2017; McNeish 2017), with
seedling type (wildtype, Summer Red, or Brandywine),
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treatment (high water or low water), month of measurement
(April, June, or September), and all interaction terms as
fixed effects. Seedling identity was included as a random
effect to account for repeated measures (Baulmer et al. 2003;
Jensen et al. 2018) and plot was included as a random effect
to account for blocking. Total (whole seedling) photosynthesis, stomatal conductance, and instantaneous water use
efficiency were assessed using general linear mixed models
with Kenward–Roger approximation of F-statistics (Halekoh
and Højsgaard 2014; Kuznetsova et al. 2016; Luke 2017;
McNeish 2017), with seedling type (wildtype, Summer
Red, or Brandywine), treatment (high water or low water)
and seedling type × treatment as fixed effects. Plot was
included as a random effect to account for blocking. Total
gas exchange was calculated once, in September when leaves
were mature, and thus these models do not include a term to
account for repeated measures. We performed an additional
model for Summer Red seedlings in September, with leaf
type (red or green), treatment (high water or low water) and
leaf type × treatment as fixed effects and plot as a random
effect. Gas exchange for red relative to green leaves was also
assessed only once, in September, and this model, therefore,
does not contain a term to account for repeated measures.
Residuals for all models were tested for normality and met
model assumptions.
We used generalized linear mixed models in the lme4
package (Bates et al. 2013) to assess gloomy scale abundance in December 2016 and, separately, March 2018. We
specified a negative binomial distribution because the count
data were overdispersed when using a Poisson distribution.
For 2016, seedling type (wildtype, Summer Red, or Brandywine), treatment (high water or low water), and seedling
type × treatment were included as fixed effects and plot was
included as a random effect. We used the same model specifications for 2018 but scaled the model by 2016 gloomy
scale adult abundance to account for differences in the number of live adult scales detected the previous year. To test
the significance of fixed effects and interactions, we used
likelihood ratio tests to compare a model including the effect
of interest with a nested model with this effect of interest
removed. In 2016, there was not a significant interaction

(χ2 = 3.80, df = 2, P = 0.149), and we removed the interaction term from the model. In 2018, we found a significant
interaction between seedling type and watering treatment
(χ2 = 11.55, df = 2, P = 0.003) and left the interaction term
in the model.

Results
Our watering treatment was effective (Electronic Supplementary Table 1); volumetric soil water content was lower
in pots in the low water treatment than in pots in the high
water treatment (χ2 = 20.19, df = 1, P < 0.001) and was not
affected by plot number (χ2 = 3.44, df = 4, P = 0.488). There
was no interaction between water treatment and plot number
(χ2 = 0.62, df = 4, P = 0.961). Watering treatment had a significant effect on increase in stem height, number of leaves,
and mean leaf size (Table 1). Greater increases in stem
height (from 2016 to 2017) occurred in the high water treatment for all seedling types (Fig. 1a), with a nearly significant
seedling type × treatment interaction (F2,48 = 1.77, P = 0.054;
Table 1) driven by a greater increase in wildtype seedlings’
heights when watered compared to the increases in Summer Red or Brandywine seedlings’ heights when watered
(Table 1; Fig. 1a). Seedlings in the high water treatment
had more leaves than seedlings in the low water treatment
(Fig. 1b), and seedling type had a significant effect on number of leaves, where Summer Red seedlings had the greatest
number of leaves at the end of the growing season, followed
by Brandywine and then wildtype (Table 1; Fig. 1c). For
mean leaf size, a significant seedling type × treatment interaction occurred (Table 1), with seedlings in the high water
treatment having generally larger leaves (Fig. 1d). We also
observed differences in September leaf coloration among
seedling types. Of the nineteen surviving Summer Red seedlings, four had red coloration in 0–25% of their leaves, 13
seedlings had red coloration in 25–75% of their leaves, and
two seedlings had red coloration in ≥ 75% of their leaves. No
Brandywine seedlings had red coloration in their leaves, and
three of the twenty wildtype seedlings had red coloration in
0–25% of their leaves.

Table 1  General linear mixed models test the effects of seedling type (wildtype, Summer Red, or Brandywine), treatment (high water or low
water), and initial stem height on changes in stem height, number of leaves per seedling, and mean leaf size per seedling
Variable

Seedling type
Treatment
Initial stem height
Seedling type × Treatment

Height Increase

Number of Leaves

Mean Leaf Size

F

df

P

F

df

P

F

df

P

2.02
30.13
1.56
3.09

2, 49
1, 48
1, 51
2, 48

0.144
≤ 0.001
0.217
0.054

4.99
10.87
1.62
1.77

2, 49
1, 48
1, 49
2, 48

0.011
0.002
0.210
0.182

1.48
7.44
0.85
3.270

2, 49
1, 48
1, 51
2, 48

0.237
0.009
0.362
0.047

Degrees of freedom (df; numerator, denominator) are shown for the F statistic. Bold P values indicate significant effects (α = 0.05)
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Fig. 1  Selected morphological variation among seedlings
by water treatment, seedling
type, or their interaction. a
Change in seedling height from
spring 2016 to autumn 2017
varied by watering treatment
(F1,48 = 30.13, P < 0.001).
b A significant interaction (F2,48 = 3.27, P = 0.047)
between watering treatment and
seedling type explained mean
leaf size per seedling in autumn
2017. c The number of leaves
per seedling in autumn 2017
varied by watering treatment
(F1,48 = 10.87, P = 0.002). d
Number of leaves per seedling
in autumn 2017 varied by
seedling type (F2, 49 = 4.99,
P = 0.011). Full model results
are shown in Table 1

Leaf level gas exchange was significantly affected by
seedling type, treatment, and month. Overall, mean rates
of photosynthesis were highest in April, followed by September, and lowest in June (Fig. 2a). Photosynthesis rates
were greater in the high water treatment than the low water
treatment, and this difference was most apparent in April
(treatment × month interaction: F2, 105 = 2.65, P = 0.075;
Table 2). We found a significant seedling type × month
interaction (Table 2), where differences in photosynthetic
rates between seedling types were greater in April than in
June or September, with wildtype or Summer Red seedlings always having the highest mean photosynthesis rate
(Fig. 2a). Brandywine seedlings showed wide variation in
rates of photosynthesis, and the maximum rate of photosynthesis observed in the experiment (14.6 μ mol s−1 m−2)
occurred for a Brandywine seedling in the low water treatment in September (Electronic Supplementary Table 2).
For stomatal conductance, we observed a treatment × month
interaction, with the trees in the high water treatment showing higher stomatal conductance in April but not in June
or September (Fig. 2b). A significant seedling type × month
interaction also occurred, with Summer Red seedlings having higher stomatal conductance in April and September
but not in June (Table 2; Fig. 2b). Overall, mean rates of
stomatal conductance were highest in April (Fig. 2b). Instantaneous water use efficiency—the ratio of photosynthesis to
stomatal conductance—was not affected by water treatment

but was significantly affected by a seedling type × month
interaction (Table 2; Fig. 2c). Summer Red seedlings had the
lowest water use efficiency (Fig. 2c). Similar water use efficiency occurred for Brandywine and wildtype seedlings in
April, Brandywine seedlings had higher water use efficiency
in June, and wildtype seedlings had higher water use efficiency in September (Fig. 2c). Total (whole seedling) photosynthesis, stomatal conductance, and water use efficiency
generally followed per leaf results (Table 3), with higher
photosynthesis (Table 3; Fig. 3a) and stomatal conductance
(Table 3; Fig. 3b) among Summer Red seedlings and higher
water use efficiency among wildtype and Brandywine seedlings (Table 3; Fig. 3c).
For red relative to green leaves of Summer Red seedlings
in September, we observed significant effects of leaf type
on photosynthesis and instantaneous water use efficiency
(Table 4). Green leaves had higher rates of photosynthesis
(Fig. 4a), no difference in stomatal conductance (Fig. 4b)
and higher water use efficiency (Fig. 4c), and this was more
pronounced, although not significant, in the high water treatment (Table 4, Fig. 4). In general, higher rates of photosynthesis and lower rates of stomatal conductance for green
leaves in the high water treatment led to higher water use
efficiency (Electronic Supplementary Table 3).
In 2016, following initial infestation, gloomy scale
abundance (Electronic Supplementary Table 4) did not differ between seedling type or water treatment (P > 0.05 for
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Fig. 2  Leaf gas exchange. a Photosynthesis in April, June, and September 2017, with significant model effects. b Stomatal conductance
in April, June, and September 2017, with significant model effects.
c Instantaneous water use efficiency (the ratio of photosynthesis to
stomatal conductance) in April, June, and September 2017, with sig-
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nificant model effects. Seedling types (Brandywine, Summer Red,
and wildtype) are shown on the x-axis. White boxes represent seedlings in the low water treatment and gray boxes represent seedlings
in the high water treatment. Asterisks denote significance: *p ≤ 0.05,
**p ≤ 0.01, and ***p ≤ 0.001. Full model results are shown in Table 2

Trees
Table 2  General linear mixed models test the effects of seedling
type (wildtype, Summer Red, or Brandywine), treatment (high water
or low water), and month (April, June, or September) on leaf phoVariable

Photosynthesis

Seedling type
Treatment
Month
Seedling type × Treatment
Seedling type × Month
Treatment × Month
Seedling type × Treatment × Month

tosynthesis (μ mol s−1 m−2) stomatal conductance (μ mol s−1 m−2),
and instantaneous water use efficiency (the ratio of photosynthesis to
stomatal conductance)

Stomatal Cond.

Water use efficiency

F

df

P

F

df

P

F

df

P

3.14
9.59
18.62
1.26

2, 49
1, 49
2, 105
2, 49

0.053
0.003
≤ 0.001
0.293

14.21
3.72
43.5
0.16

2, 49
1, 49
2, 105
2, 49

≤ 0.001
0.060
≤ 0.001
0.856

18.5
0.45
17.38
0.62

2, 49
1, 49
2, 105
2, 49

≤ 0.001
0.504
≤ 0.001
0.544

3.34
2.65
0.64

4, 105
2, 105
4, 105

0.013
0.075
0.634

6.89
5.64
1.51

4, 105
2, 105
4, 105

≤ 0.001
0.005
0.206

3.40
0.93
1.23

4, 105
2, 105
4, 105

0.012
0.398
0.303

Degrees of freedom (df; numerator, denominator) are shown for the F statistic. Bold P values indicate significant effects
Table 3  General linear mixed models test the effects of seedling type
(wildtype, Summer Red, or Brandywine) and treatment (high water or
low water) on total seedling photosynthesis (μ mol s−1 m−2), stomatal
Variable

Seedling type
Treatment
Seedling
type × Treatment

Photosynthesis

conductance (μ mol s−1 m−2), and instantaneous water use efficiency
(the ratio of photosynthesis to stomatal conductance) in September
2017

Stomatal Cond.

Water use efficiency

F

df

P

F

df

P

F

df

P

7.61
5.32
0.35

2, 48
1, 48
2, 48

0.001
0.228
0.703

13.19
3.54
0.10

2, 48
1, 48
2, 48

≤ 0.001
0.066
0.902

7.9
0.45
0.74

2, 48
1, 48
2, 48

0.001
0.508
0.487

Degrees of freedom (df; numerator, denominator) are shown for the F statistic. Bold P values indicate significant effects

Fig. 3  Seedling gas exchange in September 2017. a Total photosynthesis, with significant model effects. b Total stomatal conductance,
with significant model effects. c Instantaneous water use efficiency,
with significant model effects. Total photosynthesis and stomatal
conductance per seedling were calculated by multiplying mean photosynthesis or mean stomatal conductance by mean leaf size and the
number of leaves per seedling. Instantaneous water use efficiency

per seedling is the ratio of total photosynthesis to total stomatal conductance. Full calculations are shown in Electronic Supplementary
Table 2. Seedling types (Brandywine, Summer Red, and wildtype)
are shown on the x axis. White boxes represent seedlings in the low
water treatment and gray boxes represent seedlings in the high water
treatment. Asterisks denote significance: *p ≤ 0.05, **p ≤ 0.01, and
***p ≤ 0.001. Full model results are shown in Table 3
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m−2), and instantaneous water use efficiency (the ratio of photosynthesis to stomatal conductance) for ‘Summer Red’ seedlings in September 2017

Table 4  General linear mixed models test the effects of leaf type (red
leaves or green leaves) and treatment (high water or low water) on
photosynthesis (μ mol s−1 m−2), stomatal conductance (μ mol s−1
Variable

Leaf type
Treatment
Leaf type × Treatment

Photosynthesis

Stomatal Cond.

Water use efficiency

F

df

P

F

df

P

F

df

P

7.22
0.38
2.45

1, 28
1, 29
1, 28

0.012
0.544
0.129

0.02
0.47
1.02

1, 28
1, 29
1, 28

0.899
0.500
0.320

6.26
1.58
0.45

1, 28
1, 28
1, 28

0.019
0.219
0.508

Degrees of freedom (df; numerator, denominator) are shown for the F statistic. Bold P values indicate significant effects

Fig. 4  Gas exchange of red and green leaves from Summer Red seedlings in September 2017. a Photosynthesis, with significant model
effects. b Stomatal conductance, with significant model effects. c
Instantaneous water use efficiency (the ratio of photosynthesis to stomatal conductance) with significant model effects. Leaf type (red or
Table 5  Generalized linear
mixed model testing for
differences in gloomy scale
abundance in 2018

green) is shown on the x axis. White boxes represent seedlings in the
low water treatment and gray boxes represent seedlings in the high
water treatment. Asterisks denote significance: *p ≤ 0.05, **p ≤ 0.01,
and ***p ≤ 0.001. Full model results are shown in Table 4

Intercept (wildtype)
Seedling type (Brandywine)
Seedling type (Summer Red)
Treatment (wet)
Adults 2016
Seedling type (Brandywine) × Treatment (wet)
Seedling type (Summer Red) × Treatment (wet)

Estimate

se

Wald z

P

0.340
− 0.766
− 1.020
− 2.597
0.837
4.761
4.091

0.564
0.838
0.871
1.261
0.304
1.497
1.534

0.602
− 0.914
− 1.170
− 2.058
2.754
3.181
2.666

0.547
0.361
0.242
0.040
0.006
0.001
0.008

Wildtype seedlings in the low water treatment are the baseline. Adults 2016 is a covariate accounting for
the number of adult scale insects counted on a seedling in 2016

all likelihood ratio tests). In 2018, there was a significant
interaction between seedling type and watering treatment
(χ2 = 11.55, df = 2, P = 0.003) (Table 5; Fig. 5). Gloomy scale
abundance did not significantly differ for seedlings in the low
water treatment. Compared to the low water treatment, the
high water treatment reduced scale abundance on wildtype
seedlings but increased scale abundance on Brandywine and
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Summer Red seedlings (Table 5; Fig. 5). The difference in
scale abundance between wildtype seedlings and Brandywine seedlings was greater in the high water treatment than
in the low water treatment, which was also true for the difference in scale abundance between wildtype seedlings and
Summer Red seedlings (Table 5; Fig. 5).

Trees

Fig. 5  Interaction plot showing mean (± standard error of the mean)
gloomy scale abundance in 2018 for each seedling type in the high
and low water treatments. There is a significant interaction between
seedling type and water treatment (χ2 = 11.55, df = 2, P = 0.003)
(Table 5), where the differences between wildtype seedlings and
Brandywine seedlings and the differences between wildtype seedlings
and Summer Red seedlings are greater in the high water treatment
than in the low water treatment

Discussion
In this study, we found intraspecific variation in morphology,
gas exchange, and stem herbivore abundance among different types of red maple seedlings. Furthermore, we observed
within-cultivar differences in gas exchange in red leaves relative to green leaves on a cultivar selected or bred to produce
new red leaves during the summer. While we did not find
that one seedling type—wildtype, Brandywine, or Summer
Red—consistently outperformed the others, nearly every
variable we considered was affected in some way by our
watering treatment, demonstrating the potential for tradeoffs
that are moderated by local environmental stress. Month of
measurement (April, June, or September) had a significant
effect on seedling physiology, which was not surprising in
itself, but seedling type × month interactions demonstrated
patterns that were not consistent throughout the growing
season; rather than a uniform response to seasonal change,
seedling type also contributed to physiological responses
over time. Thus, red maple cultivars should not be expected
to perform similarly or equally well across the entire species
range. This is important to consider given the popularity
of red maple for use in urban environments (Raupp et al.
2006), because, currently, a cultivar could be selected in
the northeastern United States, propagated clonally, grown
in a Pacific Northwest nursery, and then planted in a city in
the southeastern United States. Our findings highlight the

importance of understanding how intraspecific variation
and selection for cultivars affect physiological and ecological tradeoffs, and choice of cultivar thus affects the ability
of urban trees to contend with regional climates and insect
pests, and to provide urban ecosystem services.
Red maple is one of many tree species that exhibit
intraspecific variation in leaf morphology, with subsequent physiological and ecological effects (Hovenden and
Vander Schoor 2006; Royer et al. 2008; Uribe-Salas et al.
2008). In urban environments, morphological differences
in leaf size or leaf number among different cultivar varieties or wildtype red maples could affect several types of
ecosystem services: rainwater throughfall and infiltration
into the soil (Park and Cameron 2008; Kirnbauer et al.
2013), particulate filtration and air quality (Nowak et al.
2006; Selmi et al. 2016), and transpiration and air temperature in cities (Kjelgren and Montague 1998; Royer
et al. 2009; Pataki et al. 2011). These leaf morphological
variables also indicate differences in the amount of leaf
area available for gas exchange. Wildtype seedlings had
the fewest leaves (Table 1; Fig. 1c), but because they had
larger leaves than the two cultivars in the high water treatment (Fig. 1d), there was a smaller difference in leaf area
than would be expected based on leaf number alone.
Tree height plays an important role in providing shade
or blocking wind, but height also affects the overall aesthetic appearance of urban trees. The ungainly appearance
of wildtype red maples, due in part to their fast growth as
seedlings, is one reason for the development of numerous
horticultural varieties with consistent growth forms (Santamour and McArdle 1982; Townsend and McIntosh 1993;
Abrams 1998; Townsend and Douglass 1998; Adkins 2012).
In the low water treatment, we did not see differences in stem
height from the beginning to the end of the experiment, but
in the high water treatment, wildtype seedlings grew more
than both cultivars (Table 1; Fig. 1a). A nearly significant
treatment × seedling type interaction further suggests that
the high water treatment had a greater effect on the growth
of wildtype seedlings than on Summer Red or Brandywine
seedlings’ heights when watered (Table 1; Fig. 1a). From a
management perspective, these results suggest there are benefits to planting wildtype trees in sites where privacy is valued over individual tree appearance, such as buffer areas or
park borders, because of the ability of wildtype red maples
to respond to natural precipitation and grow more quickly.
Intraspecific differences in gas exchange and water use
efficiency are known to affect the long-term growth of trees
and their ability to grow under challenging environmental
conditions such as drought (Percival et al. 2006; Swoczyna
et al. 2015; Tesky et al. 2015). Photosynthesis, stomatal
conductance, and water use efficiency had seedling × month
interactions indicating that patterns were not consistent
throughout the growing season. For example, Summer Red
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leaves had higher rates of photosynthesis than Brandywine
leaves in April but not in June (Fig. 2a), and Brandywine
leaves had highest water use efficiency in June (driven by
lower rates of stomatal conductance) while wildtype leaves
had the highest water use efficiency in September (Fig. 2c).
This seasonal variation is not uncommon (Fang et al. 1996;
Swoczyna et al. 2015) and speaks to the importance of
understanding how intraspecific variation and cultivar selection affect physiology and ecosystem services over a tree’s
lifetime (Tesky et al. 2015). Overall, we did find that photosynthesis was higher in the high water treatment across all
months, and despite monthly variation in photosynthesis and
stomatal conductance, Summer Red leaves had the lowest
water use efficiency during all months, suggesting they may
be least suitable for hot, drought-prone urban sites.
As an estimate of the combination of morphological and
physiological variables on red maple gas exchange, we calculated whole plant photosynthesis, stomatal conductance,
and water use efficiency based on total leaf number and
mean leaf size per seedling. These results indicate important
tradeoffs between photosynthesis and water use efficiency
for both wildtype and Summer Red seedlings. Wildtype
seedlings had lower overall photosynthesis rates (Fig. 3a)
but higher water use efficiency in both high and low water
treatments (Table 3; Fig. 3c), and Summer Red seedlings
had high photosynthesis rates (Fig. 3a) but the lowest water
use efficiency (Table 3; Fig. 3c). Furthermore, red leaves on
Summer Red seedlings had lower rates of photosynthesis
than green leaves (Table 4; Fig. 4a). Selection for this trait
could reduce the total photosynthetic potential of Summer
Red or other cultivars that have red rather than green leaves
during the growing season, as demonstrated in other species
with variable leaf color (Burger and Edwards 1996; Menzies
et al. 2016). Physiological differences in gas exchange and
water use efficiency have long-term effects on mature trees,
particularly under conditions of lower water availability or
warmer temperatures which are common occurrences in
urban environments (Meineke et al. 2016, 2018; Dale and
Frank 2017). Potential tradeoffs between leaf traits and water
use efficiency are, thus, important considerations in selecting the best cultivars for urban environments and should
be considered in the context of both planting location and
regional climate. Even if tradeoffs are reduced in mature
trees, negative effects on younger trees will occur during a
critical establishment window in challenging urban environments (Nowak et al. 1990; Roman et al. 2016).
Gloomy scale is a significant pest of urban red maples in
the southeastern United States and reduces tree condition
(Metcalf 1912; Dale and Frank 2014, 2017). Infestations
are difficult to treat, and prevention via planting choices is
the most reasonable management approach in the long term
(Dale et al. 2016, Backe and Frank 2019). Previous work
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has focused on placement of red maples in the landscape
(Frank et al. 2013; Dale et al. 2016; Dale and Frank 2017;
Just et al. 2018; Backe and Frank 2019), and in this study,
we considered how red maple seedling type may play a
role. After introducing gloomy scales to previously scalefree seedlings, we found that wildtype seedlings in the high
water treatment had fewer scale insects than Brandywine or
Summer Red seedlings (Fig. 5). Previously, high gloomy
scale abundance was observed on urban cultivars (Youngsteadt et al. 2014, Dale and Frank 2014, Just et al. 2018) and
a reduction in scale insect fecundity occurred with watering
(Dale and Frank 2017). Our study adds the first results from
a controlled experimental setting. Our results suggest that
selection of traits in cultivars may result in an important
tradeoff—higher susceptibility to a key pest—under certain
environmental conditions.
Intraspecific variation in red maple enables this species
to grow naturally throughout the eastern half of the United
States (Royer et al. 2008, 2009) and provides baseline
genetic variation for the development of new horticultural
varieties with diverse characteristics. To date, however,
although horticultural varieties are primarily planted in suburban and urban areas, traits under selection have been those
related to appearance (Santamour and McArdle 1982; Sibley et al. 1995) or susceptibility to a leafhopper insect pest
(Townsend and McIntosh 1993; Townsend and Douglass
1998), and not yet traits such as water use efficiency that
could improve urban tree condition. Genetic diversity is also
important for ecological resilience (Schaberg et al. 2008;
Tooker and Frank 2012) and is generally lacking in urban
tree canopies (Raupp et al. 2006). For red maple, planting
a mix of horticultural varieties rather than a single cultivar
will improve urban forest resilience, while still maintaining a
more uniform appearance along streets, and planting locally
sourced, wildtype red maple in areas where tree appearance
is less critical would further improve the sustainability of
urban forests in the face of abiotic and biotic stressors. Horticultural varieties will remain desirable due to their consistent
morphologies relative to wildtype trees, but urban foresters can facilitate the evaluation of ecosystem services and
management costs by including wildtype or specific cultivar
identity in their lists of approved urban trees and in their
urban tree inventories. This will allow for long-term evaluation of the susceptibility, condition, and performance of
different varieties in diverse urban locations, and in cities
in multiple climate zones. Such data may then be used to
improve both horticultural breeding and urban forest health
and sustainability.
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