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Abstract

We evaluated shoot nonstructural carbohydrate (NSC) concentrations, stem wound closure, and radial growth of sugar maple
(Acer saccharum Marsh.) and red maple (Acer rubrum L.) trees in a novel ice storm experiment in which five storm treatments (0,
6.4,12.7,and 19.1 mm ofradial ice accretion in 1 year and 12.7 mm of’ice in two consecutive years) were applied within a mature
northern hardwood forest. We tested for changes in physiology at two levels: (1) associated with plot-level ice treatments and
(2) with crown damage classes of individual trees. Few differences in NSC or wound closure associated with treatment were
found. Growth decreased for red maple in the medium and high treatments and sugar maple in the high treatment but no
other treatments. Changes in physiology were more evident when assessed using crown damage classes. Two NSC components
were elevated in sugar and red maples with high (>50%) crown damage. Wound closure was less for red maples with high
damage, and separation among damage classes was even greater for sugar maple. Red maples with moderate (<50%) and high
crown damage showed gradually declining growth, whereas sugar maples with high damage showed ~80% reduction in growth

the first year after injury.
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Introduction

The frequency and intensity of severe weather events are
projected to increase with climate change (Wuebbles et al.
2014; IPCC CC 2014), and there is a need for information
about the short- and long-term impacts of these events, es-
pecially as they relate to forest systems. Ice storms are an ex-
ample of a severe weather event that is a major driver of for-
est disturbance in temperate and boreal systems worldwide
(e.g., Ding et al. 2009; Rustad and Campbell 2012; Nagel et al.
2016). Climate models suggest that ice storms will become
more frequent and intense with climate change (e.g., Cheng
et al. 2011; Swaminathan et al. 2018), which means that their
influence on forests could become more consequential. The
ice loading that occurs during ice storms can remove fine
shoots, break off branches, and even snap main trunks or
topple trees (Irland 2000; Rhoads et al. 2002). However, the
influence of this loss of woody tissue on tree function after
the ice load melts has received little experimental evaluation.

Most knowledge of the influence of ice storm damage
on tree structure and function comes from post facto stud-
ies that evaluate the aftereffects of naturally occurring ice
storms (Irland 2000; Rhoads et al. 2002; Smith and Shortle

512

2003). These studies have generally shown that ice damage
can cover vast land areas but are often patchy in distur-
bance intensity and damage (Irland 2000). For example, in
January 1998, an ice storm of long duration (approximately
1week; DeGaetano 2000) and significant magnitude of ice
loading (some locations receiving over 10cm of radial ice
accumulation) damaged trees across more than 10000 000
hectares of forest in the northeastern United States and ad-
jacent Canada (Ireland 1998). Although extensive in area im-
pacted, damage to forests varied considerably across the re-
gion. Factors such as latitude (e.g., ice loading was gener-
ally greater in the north; DeGaetano 2000), local topography
(elevation and aspect; Millward and Kraft 2004), and forest
composition (hardwoods were generally damaged more than
conifers; Irland 1998; Millward and Kraft 2004) influenced the
nature and extent of initial damage to forests. Among hard-
wood species, sugar maple (Acer saccharum Marsh.) and red
maple (Acer rubrum L.) were often reported as being widely
damaged (Irland 1998; Hooper et al. 2001), with crown injury
associated with near-term (3 year) reductions in radial growth
(Smith and Shortle 2003). Post facto studies also suggest that
the loss of above ground woody shoots and branches from
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ice damage can alter concentrations of nonstructural carbo-
hydrates (NSC; sugars plus starch) in residual shoots (Wong
et al. 2005) and reduce wound closure on trees (Shortle et al.
2003), presumably as NSC are removed with lost branches or
shunted elsewhere to rebuild crowns. To our knowledge, no
study has made an integrated evaluation of the influence of
ice damage on multiple carbon-related tree parameters (e.g.,
NSC, wound closure, and radial growth) at one time.

Because of the stochastic spatial and temporal occurrence
of ice storms, post facto studies, although informative, often
have deficient pre-storm forest inventory data for establish-
ing baseline conditions, lack true experimental undamaged
control stands for comparisons, and seldom include imme-
diate post-storm impact assessments (Rustad et al. 2020). To
overcome these limitations, methodologies were recently de-
veloped to generate simulated ice storms whereby a gradi-
ent of ice loads could be replicated in forest plots to exper-
imentally test how the amount and frequency of ice accu-
mulation can alter a range of forest parameters (Campbell
et al. 2020; Rustad et al. 2020). These methods were used to
create the first replicated, simulated ice storm experiment
(ISE) that enabled evaluation of the influence of ice amount
(0, 6.4, 12.7, and 19.1 mm of ice accumulation on branches—
levels that approximated National Weather Service ice storm
warning levels or an extreme ice event such as occurred in
1998 (Rhoads et al. 2002)) and ice frequency (for the 12.7 mm
treatment—1 and 2 years of treatment) on canopy structure
(Fahey et al. 2020) and nitrogen dynamics (Weitzman et al.
2020) within a northern hardwood forest. Here, we extend
these evaluations to also include the influence of experimen-
tal ice loading on three measures of tree carbon relations: (1)
shoot NSC, (2) closure of wounds on the main stems, and (3)
radial basal area growth of dominant and co-dominant sugar
maple and red maple trees on experimental plots. We hypoth-
esized that increased crown damage with greater ice accumu-
lation would:

H! lead to small increases in short-term NSC in remaining
shoots as less carbon was diverted to close wounds (H?) or
grow stems (H3),

H?2 be associated with reduced wound closure because carbon
stores that fuel callose formation would be depleted when
shoots and branches were shed or used to rebuild crowns,
and

H? the overall disruption of tree carbon reserves would result
in reduced radial growth.

Materials and methods

Ice treatments

This study was conducted as part of the ISE, which was
initiated in 2015 at the Hubbard Brook Experimental Forest
(HBEF) in the southern part of the White Mountain National
Forest (43°56'N, 71°45'W) in New Hampshire, USA. The cli-
mate at HBEF is considered cold continental, with mean Jan-
uary temperatures of —9 °C, mean July temperatures of 18 °C,
and the mean annual precipitation being ~1400 mm. The
ISE was established in a 70-100-year-old mixed-hardwood for-
est dominated by sugar maple (A. saccharum), red maple (A.
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rubrum), yellow birch (Betula alleghaniensis Britton), and Amer-
ican beech (Fagus grandifolia Ehrh.) trees.

For details of the experimental approach and methods of
creating simulated ice storm treatments, see Rustad et al.
(2020) and Campbell et al. (2020). Briefly, 10 20 m x 30 m plots
were established—two per each of five treatments with dif-
fering levels and frequency of ice addition: (1) Control, no
experimental icing (0 mm ice), (2) Low, 6.4 mm ice in year 1
only, (3) Mid, 12.7 mm ofice in year 1 only, (4) Midx2, 12.7 mm
of ice in years 1 and 2, and (5) High, 19.1 mm of ice in year
1 only. Targeted levels of ice loading were chosen to reflect
National Weather Service Ice Storm Warnings for the north-
eastern, USA: 6.4 mm in the mid-Atlantic region and 12.7 mm
for New York and New England. Whereas the High treatment
approximated ice levels from an extreme event such as oc-
curred in the region in 1998 (Rhoads et al. 2002). Ice treat-
ments were established under subfreezing conditions across
five dates in year 1 (2016) and one date in year 2 (2017).

Ice treatment levels were verified using calipers to measure
ice accretion on four wooden dowel “ornaments” suspended
within forest canopies in each treatment plot (Campbell et
al. 2020; Rustad et al. 2020). Accretion levels were signifi-
cantly different among the treatments and were close to tar-
get levels (typically within 2 mm except for the high treat-
ment, which was within 5 mm; Fahey et al. 2020). Experimen-
tal ice loading resulted in crown damage and loss that was
measured as increased fine and coarse woody debris on the
ground (Rustad et al. 2020), decreased leaf area, and increased
gaps and structural irregularities within canopies (Fahey et
al. 2020). It was expected that progressive branch loss with
increased ice loading would result in treatment-specific aver-
ages in damage that could influence the tree-based measures
related to our three hypotheses. However, because there was
sometimes considerable variation in crown injury within
treatments and plots (Rustad et al. 2020), we also visually
assessed the relative crown loss within individual trees for
which we measured shoot NSC, wound closure, and radial
growth. Crown damage was rated into three classes: (1) no
visible damage, (2) moderate damage (<50% crown loss), and
(3) high damage (>50% crown loss).

Although ISE plots overall contained a mix of tree species,
only sugar and red maple trees were abundant enough to al-
low for replicated measurements of NSC, wound closure, and
radial growth across treatment plots. The same sugar maple
and red maple trees from dominant and co-dominant crown
classes were used to assess all physiological traits. The aver-
age diameter at breast height (DBH) of sugar maple trees at
the time of their last sampling was 32.4 (£1.71 SE) cm and
their average age was 104.1 (+0.58) years. The average DBH
of red maple trees at the time of their last sampling was
35.7 (+£2.22) cm and their average age was 105.3 (+1.26) years.
There were no significant differences in size (P = 0.2414) or
age (P = 0.3682) between the species.

NSC analyses

In early August of 2016 and 2017, woody shoots were re-
moved from tree canopies using shotguns and were trans-
ported on ice to the laboratory where they were stored at
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—20°C prior to chemical analysis. The quantification of sol-
uble sugars and starch followed the methods of Wong et al.
(2005). The bark, phloem, and pith were removed from small
segments (approximately 1 cm) of each twig. The remaining
xylem tissue was submerged in individual 5 mL vials contain-
ing 80% ethanol. Vials were then placed in a boiling water
bath and vacuum infiltrated at —52 kPa. Woody tissue was
macerated in 80% ethanol using a Polytron™ (Brinkman In-
struments, Westbury, NY), centrifuged at 3000 rpm in glass
test tubes for 15 min, and subsequently extracted two times
in an 80 °C water bath. After each extraction, the supernatant
was poured into a new centrifuge tube and the final volume
of ethanol extract was recorded. The remaining pellet was air
dried at room temperature.

For the analysis of individual soluble sugars, each sam-
ple supernatant was passed through a 0.45 um filter into a
250 uL limited volume insert and then oven-dried at 37 °C.
Once dried, sugar samples were re-constituted in 200 pL Ca-
EDTA solvent (0.05 g/L) and analyzed for stachyose, raffinose,
sucrose, glucose, xylose, and fructose using a Waters Alliance
HPLC system (Milford, MA) and a Waters Sugar-Pak column
(0.1 mmol~! Ca EDTA at 90 °C). Individual sugars were identi-
fied via a Waters 2414 refractive index detector using known
standards, quantified, and expressed as mg g~! of oven-dried
tissue. For determination of starch, the dried pellet was gela-
tinized with 0.2N KOH in a boiling water bath for 30 min,
neutralized with 1.0 mol/L acetic acid and hydrolyzed to glu-
cose using amyloglucosidase (Sigma 10115). Glucose was de-
tected using a glucose hexokinase kit (Pointe Scientific, Can-
ton, MI) and a Bio-Tek Instruments ELx800 UV microplate
reader (Winooski, VT) at 340 nm. Glucose standard curves
were used to calculate starch concentration (expressed as
mg g~ ! dry tissue).

Stem wounding and wound closure

In November 2015, sugar maple and red maple trees on
all treatment plots were wounded using a 25 mm cork borer
that removed bark tissues down to the active bark cambium
on the east and west sides of the main trunks of trees at DBH
(1.37 m above ground level). The inside diameter of wounds
was measured with a caliper to the nearest 0.1 mm in Septem-
ber 2021 to determine the extent of callus formation and
wound closure among trees and treatments. This measure-
ment was then subtracted from the initial wound diameter
(i.e., 25 mm) to represent the amount of wound closure.

Radial growth

Collection of increment cores began in October of 2019
and concluded in November of 2020 due to the logistical
constraints of the COVID-19 pandemic. All dominant and
co-dominant red maple and sugar maple trees on each of
the eight treatment and two control plots were sampled fol-
lowing standard dendrochronological techniques (Stokes and
Smiley 1968); two xylem increment cores were collected per
tree (180° from each other) at DBH and perpendicular to
the predominant slope. Cores were air dried, mounted on
wooden blocks, and sanded with progressively finer sandpa-
per.
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The list method (Yamaguchi 1991) was used to visually
crossdate annual treering increments, which were then
microscopically measured to 0.001 mm resolution with a
Velmex sliding stage unit (Velmex, Inc., Bloomfield, New
York) and Measure ]2X software (v.5.05, VoorTech Consult-
ing, Holderness, New Hampshire). The program COFECHA
(v6.06p) was used to statistically detect and subsequently cor-
rect crossdating errors, as well as calculate chronology statis-
tics (e.g., series intercorrelation, average mean sensitivity,
and autocorrelation; Bunn et al. 2013). Tree age at breast
height was recorded for each core when pith was present and
estimated using a pith indicator (Speer 2010) for cores where
pith was not present but showed curvature of the inner most
rings.

Annual treering increments were averaged for the two
cores per tree, and basal area increment (BAI) was calculated
to standardize and assess general tree growth. BAI converts
diameter increments (cm/year) to area increments (cm?/year)
to reduce size- and age-related growth trends (Cook and
Kairiukstis 1990). BAI chronologies were calculated for each
species regardless of plot and within each plot by species. A
ratio of pre-treatment BAI growth (5-year baseline average) to
each year of post-treatment growth was calculated to assess
the potential impact of the ISE treatments.

Statistical analyses

Variations in shoot NSC, wound closure, and radial growth
were assessed at two levels: (1) differences associated with
simulated ice storm treatments and (2) differences associ-
ated with crown damage classes post treatment for individual
sample trees. Analyses of Variance (ANOVAs) and Wilcoxon
non-parametric tests were used to test for differences in
measurement parameters using JMP Pro 15 statistical soft-
ware (SAS Institute, Inc, Cary, NC). Differences among spe-
cific means were assessed using a Tukey’s HSD post-hoc
test for parametric data, and a Steel-Dwass test for non-
parametric data. Statistical tests were considered significant
if P < 0.05. For BAI growth, slopes of the linear relationship
of growth over time were calculated for each treatment cate-
gory and tested to assess whether they were significantly dif-
ferent from zero (significant negative slopes indicated post-
treatment growth declines). To test for specific year-to-year
differences in BAI for trees within a treatment or crown dam-
age class category, ANOVAs were combined with orthogo-
nal contrasts to identify when significant changes in post-
treatment growth occurred.

Results

Treatment differences in NSC, wound closure,
and BAI growth

There were very few significant differences in the concen-
trations of shoot NSCs associated with ice treatment, and
for the rare differences that were detected, patterns did not
match treatment intensities. For red maples in 2016, con-
centrations of total sugars were higher in shoots in the Mid
treatment relative to Control and High treatments (Table 1).
Whereas in 2017, there was a tendency for total NSC (sugars
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Table 1. Nonstructural carbohydrate means (£1 SE) across ice treatments for dominant and co-dominant red maple trees in

2016 and 2017.
2016
Red maple Control Low Mid Mid x 2 High Prob > F
Starch (mg/g) 24.9 + 6.50 16.1 + 0.00 32.2 + 10.5 40.7 £ 2.20 31.6 + 2.80 0.4410
Stachyose (mg/g) 0.10 + 0.04 0.11 + 0.00 0.17 + 0.08 0.08 + 0.06 0.11 + 0.06 0.8726
Raffinose (mg/g) 0.37 + 0.08 0.50 + 0.00 0.63 + 0.18 0.42 + 0.14 0.42 + 0.12 0.6999
Sucrose (mg/g) 5.01 + 0.70 5.69 + 0.00 8.28 + 1.13 5.38 + 0.07 4.93 + 0.93 0.1149
Glucose (mg/g) 0.29 + 0.10 0.31 + 0.00 0.44 + 0.06 0.38 + 0.18 0.28 + 0.11 0.8592
Xylose (mg/g) 2.50 + 0.28 1.39 + 0.00 3.51 + 0.74 2.19 + 0.35 2.45 + 0.37 0.2639
Fructose (mg/g) 0.50 + 0.12 0.42 + 0.00 0.53 + 0.08 0.64 + 0.21 0.39 + 0.08 0.6811
Total sugar (mg/g) 8.76 + 0.54P 8.42 + 0.00° 13.6 + 1.33% 9.08 + 1.004B 8.58 + 1.08P 0.0272
Total NSC (mg/g) 33.7 + 6.97 24.5 £ 0.00 45.8 + 10.6 49.8 + 2.90 40.2 + 3.60 0.4018
2017
Red maple Control Low Mid Mid x 2 High Prob > F
Starch (mg/g) 23.1 + 4.40 14.8 + 0.00 29.6 + 3.80 19.9 + 2.40 22.1 + 2.80 0.3001
Stachyose (mg/g) 0.18 + 0.05 0.05 £ 0.00 0.14 + 0.03 0.14 + 0.03 0.20 + 0.07 0.7701
Raffinose (mg/g) 0.94 + 0.14 0.67 + 0.00 1.19 + 0.26 0.98 + 0.18 1.00 + 0.19 0.8392
Sucrose (mg/g) 7.44 £+ 1.21 5.82 + 0.00 13.5 + 2.97 8.96 + 1.11 8.26 + 1.20 0.1212
Glucose (mg/g) 2.76 + 0.29 1.57 £ 0.00 4.19 + 0.96 3.09 + 0.19 3.12 + 0.57 0.2835
Xylose (mg/g) 4.36 + 0.56 2.24 + 0.00 4.82 + 0.64 4.70 £+ 0.86 4.86 + 1.08 0.8036
Fructose (mg/g) 2.30 + 0.34 1.34 + 0.00 3.65 + 0.74 2.80 + 0.30 3.19 £ 0.65 0.3336
Total sugar (mg/g) 179 £ 1.19 11.7 + 0.00 27.5 £ 4.98 20.7 £ 1.89 20.6 + 3.04 0.1722
Total NSC (mg]g) 411 £ 4.914 26.5 £ 0.008 57.1 + 3.954 40.5 + 1.874 42.7 + 4.88% 0.0398

Note: Means with different uppercase letters are significantly different based on Tukey’s HSD tests (P < 0.05). Concentrations represent constituent mass per unit dry

tissue mass.

plus starch) to be lower in red maple in the Low treatment
than trees in the other treatments, although the post-hoc
Tukey’s HSD test could not distinguish which specific treat-
ments differed from one another (Table 1). For sugar maple
in 2016, shoot sucrose concentrations in trees in the Midx2
treatment were lower than trees in the Low treatment, and
total sugars in the Midx2 were lower than in trees in the
Low treatment (Table 2). There were no treatment-associated
differences in shoot NSC detected for sugar maples in 2017
(Table 2).

Similar to findings for NSC, few differences in wound clo-
sure associated with ice treatments were detected. For red
maple, no differences in wound closure in 2021 (6 years af-
ter initial wounding in 2015) were found (Table 3). For sugar
maple, significant differences associated with treatment were
detected, although the post-hoc Tukey’s HSD test could not
distinguish which specific treatments differed from one an-
other (Table 3). In general, for sugar maples in 2021, there
was a tendency for trees in the Low and High treatments to
show the least wound closure.

Radial growth measurement of red maple and sugar maple
trees showed a gradual increase in BAI growth as forests ma-
tured in the early-to-mid 1900s and exhibited modest growth
thereafter that varied from year-to-year. Whereas growth for
red maples plateaued at about 9 cm? right up to treatment
initiation, growth for sugar maples peaked at roughly 13 cm?,
but then steeply declined starting in the 1980s (Fig. 1). To eval-
uate the influence of treatment on the growth of trees, we cal-
culated BAI post treatment relative to the average growth for
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each tree for Syears pre-treatment. For red maple, this rel-
ative growth showed some separation in growth in at least
2 years post treatment (Fig. 2). Here, the most consistent pat-
tern was that red maple in the Midx2 and High treatments
were growing less than trees in the Low treatment. We also
analyzed whether the slope of growth over time post treat-
ment was significantly different from zero (e.g., if treatment
initiated a decline in growth). For red maple, this analysis
showed that growth significantly decreased over time for
trees in the Mid, Midx2, and High treatments but did not
decline for trees in the Control or Low treatments (Table 4).
For sugar maple, no differences in relative growth among
trees attributable to treatments was found overall (Fig. 3), and
slope analysis detected reductions in growth over time solely
for trees in the High treatment (Table 4).

Differences in NSC, wound closure, and BAI

growth among crown damage classes

Because there was sometimes considerable variation in
crown damage among trees within treatment plots, we also
evaluated differences in NSC, wound closure, and BAI growth
based on the post-treatment crown damage ratings of individ-
ual trees.

There were extremely few differences in NSC among trees
in the three crown damage rating groups. For red maple in
2016, there were no differences in starch, any of the six indi-
vidual sugars, total sugar, or total NSC associated with crown
damage class (Table 5). For red maple in 2017, there were no
differences associated with crown damage class in any of the

515


http://dx.doi.org/10.1139/cjfr-2023-0119

‘Canadian Science Publishing

Table 2. Nonstructural carbohydrate means (+1 SE) across ice treatments of dominant and co-dominant sugar maple trees in

2016 and 2017.
2016
Sugar maple Control Low Mid Mid x 2 High Prob > F
Starch (mg/g) 20.3 + 1.40 23.1 + 3.60 31.6 + 0.00 22.3 + 3.30 19.5 + 1.90 0.6633
Stachyose (mg/g) 0.01 =+ 0.00 0.02 + 0.01 0.01 =+ 0.00 0.02 + 0.01 0.01 £ 0.0 0.8864
Raffinose (mg/g) 0.38 + 0.07 0.49 + 0.04 0.40 + 0.00 0.33 + 0.06 0.38 + 0.05 0.3553
Sucrose (mg/g) 10.8 &+ 1.4948 12.4 + 1.04% 14.1 £+ 0.00%8 7.40 + 1.218 10.0 &+ 0.88 0.0400
Glucose (mg/g) 0.64 + 0.13 0.68 + 0.05 0.79 + 0.00 0.46 + 0.10 0.79 + 0.11 0.2184
Xylose (mg/g) 2.17 £ 0.23 2.87 £ 0.29 2.78 £ 0.00 2.07 + 0.34 2.83 + 0.31 0.2166
Fructose (mg/g) 0.63 =+ 0.09 0.63 + 0.06 0.70 + 0.00 0.48 + 0.08 0.77 £ 0.10 0.2225
Total sugar (mg/g) 14.6 + 1.784B 17.1 + 1.25% 18.8 & 0.004B 10.8 + 1.468 14.8 + 1.1548 0.0339
Total NSC (mg/g) 34.9 + 2.22 40.1 + 4.69 50.4 + 0.00 33.0 + 3.85 34.3 + 2.04 0.3933
2017
Sugar maple Control Low Mid Mid x 2 High Prob > F
Starch (mg/g) 20.3 + 1.30 20.3 + 2.00 13.5 + 8.90 20.5 + 2.20 22.4 + 2.50 0.5466
Stachyose (mg/g) 0.01 + 0.01 0.08 + 0.05 0.01 + 0.01 0.09 =+ 0.05 0.03 + 0.01 0.4615
Raffinose (mg/g) 0.77 + 0.11 1.22 + 0.19 0.52 + 0.52 1.20 + 0.26 0.75 + 0.14 0.1499
Sucrose (mg/g) 114 + 1.44 14.3 + 0.89 8.24 + 8.11 12.8 + 2.41 9.90 + 1.69 0.3361
Glucose (mg/g) 3.75 + 0.45 5.03 + 0.54 2.31 + 1.26 4.10 £ 0.46 4.47 + 0.54 0.1599
Xylose (mg/g) 2.84 + 0.45 3.87 + 0.42 2.09 + 0.65 3.58 + 0.62 3.25 + 0.47 0.4039
Fructose (mg/g) 3.08 + 0.42 3.67 + 0.46 2.20 + 0.41 2.80 + 0.29 3.60 + 0.46 0.3789
Total sugar (mgfg) 21.8 + 2.58 28.1 + 1.90 15.4 + 11.0 24.5 + 3.86 22.0 + 2.78 0.2749
Total NSC (mg/g) 421 + 3.15 484 + 2.98 28.9 + 19.9 45.0 + 4.36 44.4 + 4.56 0.3399

Note: Means with different uppercase letters are significantly different based on Tukey’s HSD tests (P < 0.05). Concentrations represent constituent mass per unit dry

tissue mass.

Table 3. Wound closure growth by treatment (mm; mean =+ SE) for red maple and sugar maple trees measured in 2021.

Treatment
Species Control Low Mid Mid x 2 High Prob > F
Red maple 12.07 + 2.92 8194+ 0 10.58 + 3.55 6.79 + 5.89 11.30 + 2.93 0.8744
Sugar maple 12.70 + 1.98* 7.93 + 3.974 18.92 + 1.06" 16.92 + 0.374 7.94 + 1.094 0.0410

Note: Means with different uppercase letters are significantly different based on Tukey’s HSD tests (P < 0.05).

Fig. 1. Average basal area increment (BAI) growth for red maple and sugar maple trees on ISE plots at the Hubbard Brook

Experimental Forest. The first year of treatment (2016) and the number of trees measured per species are noted.
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Fig. 2. Basal area increment (BAI) growth relative to 5-year average growth before the first year of treatment (2016) for red
maple trees on plots that received one of five ice load treatments: Control, Low, Mid, Midx2, and High. The number of plots
measured per treatment are noted. Means with different uppercase letters are significantly different based on Tukey’s HSD
tests (P < 0.05); NS indicates that no statistical differences were detected. Error bars represent +SE.
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Table 4. Analysis of regression line slopes of relative BAI growth over time post treatment for red maple

and sugar maple trees in ISE plots.

Species Treatment N Slope Std. err. Prob > F (sig. from zero) R?
Red maple Control 2 —0.0614 +0.072 0.2550 0.1582
Low 1 0.1213 - 0.2037 0.4666
Mid 2 —0.0819 +0.042 0.0319 0.4570
Midx2 2 —0.0970 +0.001 0.0127 0.5609
High 2 —0.1047 +0.017 <0.0001 0.8903
Prob > F - 0.1718 - - -
Sugar maple Control 2 0.0118 +0.032 0.8003 0.0085
Low 2 0.0793 +0.126 0.7335 0.0153
Mid 2 0.0070 +0.019 0.9204 0.0013
Midx2 2 0.0088 +0.010 0.8444 0.0051
High 2 —0.1302 +0.055 0.0120 0.5666
Prob > F - 0.3447 - - -

Note: Whether treatment-specific slopes are significantly different from zero are noted as P values in bold (negative slopes indicate significant

growth declines post treatment).

NSC categories except one—concentrations of stachyose were
higher in trees with 50% or greater crown damage relative to
trees with lesser crown damage (Table 5). For sugar maples in
2016, there were no differences in any component or compos-
ite NSC measure except for xylose, which was higher in trees
with 50% or greater crown damage relative to trees with lesser
crown damage (Table 6). No differences in NSC were found for
sugar maple in 2017 (Table 6).

Differences in wound closure among the crown damage
categories more closely matched a priori expectations of re-
duced wound closure with greater crown damage. For red
maple, wound closure for trees that had high crown damage
or were eventually rated as dead was generally less than trees
rated as having less crown damage (Table 7). For sugar maple,
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the pattern was even more evident; trees with no or moderate
crown damage had more wound closure than trees with high
crown damage, which had more wound closure than trees
eventually rated as dead (Table 7).

ANOVA analyses found no differences in relative BAI
growth for either red maple (Fig. 4) or sugar maple (Fig. 5)
associated with the three crown damage classes. However,
tests of the slopes of regression lines for relative BAI growth
over time showed that for red maple trees in the moder-
ate and high crown damage categories, growth gradually de-
clined over time post ice treatment (Table 8). Red maple with
no crown damage showed no decline in growth post treat-
ment. For sugar maple trees with no or moderate crown dam-
age, no declines in growth were detected (regression line
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Fig. 3. Basal area increment (BAI) growth relative to 5-year average growth before the first year of treatment (2016) for sugar
maple trees on plots that received one of five ice load treatments: Control, Low, Mid, Midx2, and High. The number of plots
measured per treatment are noted. NS indicates that no statistical differences were detected. Error bars represent £SE.
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Table 5. Nonstructural carbohydrate means (+1 SE) across crown damage classes of dominant
and co-dominant red maple trees in 2016 and 2017.

2016
Red maple No damage <50% >50% Prob > F
Starch (mg/g) 28.0 + 4.31 33.5 + 4.80 28.5 + 0.00 0.6947
Stachyose (mg/g) 0.06 + 0.03 0.16 £+ 0.05 0.16 + 0.00 0.2023
Raffinose (mg/g) 0.34 + 0.07 0.58 + 0.10 0.40 + 0.00 0.1578
Sucrose (mg/g) 5.01 + 0.47 6.71 + 0.84 3.98 + 0.00 0.1750
Glucose (mg/g) 0.24 + 0.07 0.40 + 0.07 0.51 + 0.00 0.2286
Xylose (mg/g) 2.29 + 0.26 2.90 £+ 0.40 2.47 + 0.00 0.4617
Fructose (mg/g) 0.45 + 0.09 0.52 £ 0.07 0.56 + 0.00 0.7811
Total sugar (mg/g) 8.40 £ 0.40 11.3 £+ 1.12 8.09 £+ 0.00 0.0704
Total NSC (mg/g) 36.4 + 4.50 44.7 + 5.05 36.6 + 0.00 0.4675
2017
Red maple No damage <50% >50% Prob > F
Starch (mg/g) 23.0 + 1.54 22.3 + 1.88 30.1 + 0.00 0.6477
Stachyose (mg/g) 0.11 £ 0.01B 0.15 + 0.028 0.52 + 0.004 0.0008
Raffinose (mg/g) 0.77 + 0.19 1.00 + 0.10 1.52 + 0.00 0.3512
Sucrose (mg/g) 6.83 + 1.88 9.29 + 0.94 10.4 £ 0.00 0.6817
Glucose (mg/g) 2.52 + 0.20 3.26 + 0.29 2.38 + 0.00 0.6005
Xylose (mg/g) 4.03 + 0.21 4.63 + 0.47 4.57 £ 0.00 0.9204
Fructose (mg/g) 2.00 + 0.47 3.00 &+ 0.29 2.47 + 0.00 0.5312
Total sugar (mg/g) 16.3 £ 1.18 21.3 + 1.68 21.9 £+ 0.00 0.6337
Total NSC (mg/g) 39.2 + 0.36 43.6 + 2.70 51.9 + 0.00 0.6702

Note: Means with different uppercase letters are significantly different based on Tukey’s HSD tests (P < 0.05). Concentrations

represent constituent mass per unit dry tissue mass.

slopes were not significantly different from zero). Although
the slope of the regression of growth over time for sugar
maple with moderate crown damage was negative (suggest-
ing a growth slowdown), this slope was not significantly dif-
ferent from zero—indicating that no linear association be-
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tween crown damage and radial growth was evident. How-
ever, orthogonal contrasts of growth over time showed that
there was a significant (P = 0.02) reduction in BAI between
2015 (pre-treatment) and 2016 (the first-year post treatment)
for sugar maples with high crown damage, and that growth
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Table 6. Nonstructural carbohydrate means (+1 SE) across crown damage classes of dominant
and co-dominant sugar maple trees in 2016 and 2017.

2016
Sugar maple No damage <50% >50% Prob > F
Starch (mg/g) 19.7 + 1.24 23.6 + 2.34 184 + 4.71 0.3190
Stachyose (mg/g) 0.01 + 0.01 0.01 + 0.00 0.01 + 0.00 0.9885
Raffinose (mg/g) 0.41 + 0.05 0.39 + 0.04 0.38 + 0.14 0.8981
Sucrose (mg/g) 10.7 + 0.84 9.98 + 0.97 9.95 + 2.48 0.8447
Glucose (mg/g) 0.67 + 0.07 0.64 + 0.07 0.52 + 0.22 0.7496
Xylose (mg/g) 2.20 + 0.178 2.57 + 0.234B 3.84 + 0.514 0.0207
Fructose (mg/g) 0.63 + 0.07 0.65 + 0.06 0.44 + 0.15 0.4487
Total sugar (mg/g) 14.7 £+ 1.03 14.2 + 1.18 15.1 + 3.42 0.9410
Total NSC (mg/g) 344 £ 1.51 37.8 £ 3.08 33.5 + 6.83 0.5953
2017
Sugar maple No damage <50% >50% Prob > F
Starch (mg/g) 214 + 2.79 19.9 + 1.04 26.8 + 11.4 0.3339
Stachyose (mg/g) 0.01 + 0.00 0.06 + 0.02 0.01 + 0.01 0.5937
Raffinose (mg/g) 0.66 £+ 0.10 0.99 + 0.11 1.04 + 0.36 0.5652
Sucrose (mg/g) 12.2 + 1.83 11.8 £+ 0.95 13.2 + 5.81 0.9352
Glucose (mg/g) 4.31 + 0.62 415 + 0.29 5.84 + 0.13 0.3563
Xylose (mg/g) 2.98 + 0.60 3.26 + 0.26 5.04 + 0.84 0.2166
Fructose (mg/g) 3.63 + 0.54 3.09 £+ 0.22 5.08 + 0.18 0.0768
Total sugar (mg/g) 23.8 + 2.80 23.3 + 1.62 30.2 £ 5.02 0.5776
Total NSC (mg/g) 452 + 4.63 43.3 + 2.11 57.0 &+ 16.4 0.3141

Note: Means with different uppercase lettera are significantly different based on Tukey’s HSD tests (P < 0.05). Concentrations

represent constituent mass per unit dry tissue mass.

Table 7. Wound closure growth by treatment (mm; mean + SE) measured in 2021 for red maple and sugar maple trees among

crown damage classes.

Damage class

Species No damage <50% >50% Dead Prob > F
Red maple 13.35 + 2.93AB 11.20 & 1.104 5.19 + 0.975C 1.58 + 1.44C 0.0005*
Sugar maple 18.70 + 1.074 13.45 + 0.988 5.56 + 1.53€ 0.27 4+ 0.20° <0.0001*

*Means with different uppercase letters are significantly different based on non-parametric Wilcoxon/Kruskal-Wallis test—differences among damage classes determined

by Steel-Dwass test.

remained at this low level thereafter. Indeed, reductions in
radial growth were more immediate and dramatic for sugar
maple (approximately —80%) within the highest crown dam-
age category compared to red maple (approximately —30%)
with this level of injury.t

Discussion

ISE treatments

We hypothesized that increasing canopy damage with the
advancing magnitude or frequency of ISE treatments would
result in increased NSC in the short term and reduced wound
closure and BAI growth thereafter. However, when data were
analyzed as plot means across the replicated five treatments,
there was little evidence of treatment effects that were con-
sistent with progressive crown damage.

Concentrations of NSC were seldom different among the
treatments for either red maple or sugar maple, and the few
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times differences were detected, it was because trees in the
Mid or Low treatments had higher concentrations relative
to one or more of the other treatments—a pattern incon-
sistent with hypothesis H!. Similarly, for wound closure, no
treatment-related differences were found for red maple, and
for sugar maple there was a tendency for trees in the Mid
treatment to have slightly greater closure, which was incon-
sistent with H2. Treatment differences in BAI per year also
showed few significant patterns. For red maple, BAI growth
in 2017 was significantly lower among trees in the High and
Midx2 treatments relative to trees in the Low treatment, and
in 2018, trees in all treatments had lower radial growth than
trees in the Low treatment. Patterns more closely met a pri-
ori expectations (H3) when the slopes of growth over time
were evaluated and tested to see whether they showed signs
of decline post treatment (slopes of the BAI growth over time
regression lines being significantly less than zero). For red
maple, there was no evidence of growth declines over time
for trees in the Control or Low treatments, but significant and
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Fig. 4. Basal area increment (BAI) growth relative to 5-year average growth before the first year of treatment (2016) for red
maple trees from three crown injury classes: no injury, <50% injury, and >50% injury. The number of plots measured per
treatment are noted. NS indicates that no statistical differences were detected. Error bars represent +SE.
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Fig. 5. Basal area increment (BAI) growth relative to 5-year average growth before the first year of treatment (2016) for sugar
maple trees from three crown injury classes: no injury, <50% injury, and >50% injury. The number of plots measured per
treatment are noted. NS indicates that no statistical differences were detected. Error bars represent +SE.
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growing signs of decline as treatment intensities increased
from Mid to Midx2 to High. For sugar maple, significant de-
clines in BAI over time were only detected for trees in the
High treatment.

Growth can also differ with tree size, with larger diame-
ter trees being capable of greater BAI growth than smaller
trees. There were small differences in DBH among ISE treat-
ment groups, though these differences did not coincide with
the few treatment differences detected. Red maple in the
Mid treatment were smaller than those in the Control and
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High treatment (P = 0.0088). Yet trees in the Mid group grew
no differently from trees in the High group, and growth of
Control group trees was indistinguishable from growth of
trees in all other treatments in half of the years assessed.
Sugar maple trees in the Control and High groups were
smaller than those in the Midx2 treatment (P = 0.0005).
However, no differences in growth associated with treat-
ment were found (Fig. 3), and slope analysis detected re-
ductions in growth only for trees in the High treatment
(Table 4).
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Table 8. Analysis of regression line slopes over time by damage class—significance from zero as well as
differences between damage classes for red maple and sugar maple trees.

Species Damage class N Slope Std. err. Prob > F (Sig. from zero) R?
Red maple No damage 9 —0.0358 +0.0305 0.5305 0.1429
<50% 7 —0.0858 +0.0436 0.0382 0.8075
>50% 2 —0.1222 +0.0194 0.0447 0.7872

Prob > F - 0.4370 - - -
Sugar maple No damage 8 —0.0095 +0.0297 0.7128 0.0518
<50% 10 0.0036 +0.0666 0.9558 0.0012
>50% 3 —0.1436 +0.0564 0.2304 0.4288

Prob > F - 0.3861 - - -

Crown damage class differences

Although ice accretion and resulting canopy damage gen-
erally met treatment expectations at the plot level (e.g.,
Campbell et al. 2020; Fahey et al. 2020), variations in crown
damage among trees within plots was also evident (Rustad
et al. 2020). Because physiological measurements were made
on individual trees for which crown damage was visually as-
sessed post treatment, we also evaluated how crown damage
was related to NSC, wound closure, and BAI measurements
across broad damage classes.

Even considering differences in crown damage classes
among trees, few differences in NSC were detected. How-
ever, differences that were found met the expectation that
higher crown damage would be associated with higher NSC
concentrations (H!). For red maple in 2017, concentrations
of stachyose (a major storage and transport sugar in woody
plants) were higher in trees with high crown damage rel-
ative to trees with lesser or no crown damage. For sugar
maple in 2016, xylose (a structural sugar in the primary cell
wall) was higher in trees with high crown damage relative
to trees with lesser crown damage. Higher concentrations of
NSC have been measured in the shoots of sugar maple trees
with crown damage from the 1998 ice storm relative to un-
damaged trees (Wong et al. 2005). Higher concentrations may
result from reduced use of NSC associated with declines in
wound closure (Shortle et al. 2003) and growth (e.g., Lafon
and Speer 2002; Smith and Shortle 2003; Pisaric et al. 2008)
following extensive crown damage.

Accounting for the crown damage of individual trees also
helped to detect more consistent differences in wound clo-
sure (H2). For example, red maple with high crown damage
experienced significantly less wound closure than red maple
with less than 50% crown damage. For sugar maples, trees
with no crown injury or moderate injury showed the great-
est wound closure, whereas trees with high damage had less
wound closure and trees that eventually died showing the
least closure. Other work has documented reduced wound
closure associated with progressively greater crown damage
for both red maple and sugar maple (Shortle et al. 2003). Ex-
tensive crown damage results in the loss of carbon stores
trapped within downed material and limits future carbon
gains as leaf areas are reduced—two sources of energy (stored
and newly produced carbohydrates) required to fuel wound
repair.
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ANOVA analyses showed no significant differences in BAI
growth for red maple or sugar maple trees among the crown
damage class categories. However, analyses of the slopes of
regressions of BAI over time revealed significant reductions
in growth for red maple trees in both the moderate and high
crown damage classes—a pattern consistent with H3. The
slope of regressions of growth over time for sugar maples was
not significant, indicating that any reductions in growth fol-
lowing crown damage were not linear. Nonetheless, orthog-
onal contrasts indicated that sugar maples with high crown
damage experienced an approximately 80% reduction in ra-
dial growth the first growing season post treatment and re-
mained at that low level thereafter. In comparison, red maple
growth decreased by about 30% the first growing season
post treatment, and growth continued to decline—eventually
reaching an approximate 55% reduction by the end of the
fourth-year post treatment. It appears that tree size did not
influence differences in growth associated with crown dam-
age because there were no differences in DBH among damage
classes for red maple (P = 0.1065) or sugar maple (P = 0.1950).

It should also be noted that the physiological impacts that
we detected for dominant and co-dominant sugar and red
maples may differ from other species and crown classes. For
example, although crown damage and loss were the typi-
cal response for high ice loading of large deciduous trees,
crown damage was negligible for the few conifers on ISE
plots. Furthermore, smaller pole-sized trees, especially Amer-
ican beech (F. grandifolia), experienced little crown damage
but instead were sometimes dramatically bent over with lit-
tle recovery of form after ice accumulations melted (Fahey et
al. 2020; Rustad et al. 2020).

Species comparisons

Although some differential responses of red and sugar
maple to ice damage were detected when evaluating treat-
ment means for wound closure and BAI growth, differences
in species response were more evident when crown dam-
age classes were compared. As with treatment means, few
differences in NSC associated with crown damage classes
were found for either red or sugar maple trees. However,
wound closure was reduced with greater crown damage for
red maple, with sugar maple showing an even greater reduc-
tion in wound closure following crown loss (Table 7). This
greater sensitivity of sugar maple to crown damage was even
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more evident with BAI growth. Red maple showed a grad-
ual, linear decline in growth with crown loss (Table 8) reach-
ing an approximately 55% reduction after 4 years (Fig. 4). In
contrast, sugar maple growth decreased approximately 80%
the first year following injury (Fig. 5). For comparison, Smith
and Shortle (2003) found that crown loss of greater than one-
half resulted in reduced radial growth of one-third to three
quarters following the 1998 ice storm in New Hampshire and
Maine. This study also reported that growth of sugar maple
and red maple trees with extensive (>75%) crown loss was the
lowest of the four species evaluated (Smith and Shortle 2003).

It has been hypothesized that sugar maple trees with ex-
tensive crown damage following ice storms preferentially al-
locate carbohydrates to rebuild their crowns instead of fully
supporting radial growth (Pisaric et al. 2008). This response
to extensive crown loss could promote tree survival in the
long run but would result in low growth in the short-to-
mid terms (Pisaric et al. 2008). Crown regrowth varies among
species (Duguay et al. 2001), with sugar maple being a par-
ticularly good producer of sprouts that rebuild crowns post
damage (Duguay et al. 2001; Pisaric et al. 2008). This capacity
for crown regeneration may contribute to the perseverance
of maples despite periodic damage from ice storms. Acer has
been reported to have strong resilience and resistance to ice
storms (Duguay et al. 2001; Shortle et al. 2003; Pisaric et al.
2008) and to be less susceptible to long-term decline relative
to Fagus and Tilia (Deschénes et al. 2019) and several other
genera (Pisaric et al. 2008). Considering this, the declines in
wound closure and radial growth that we report may rep-
resent a short- to medium-term tradeoff relative to adapta-
tions like enhanced crown recovery that support long-term
survival.

We are uncertain whether sugar maple’s greater sensitiv-
ity to the impacts of crown loss is related to the more gen-
eralized decline of this species, which has been attributed
to acid deposition-induced calcium depletion (Driscoll et al.
2001; Schaberg et al. 2006). At Hubbard Brook, the decline
of sugar maple trees started in the 1980s, while red maple
trees appear to have been unimpacted (Fig. 1). Calcium de-
pletion is thought to impair tree stress response physiol-
ogy, which predisposes trees to decline following exposure
to some other secondary stressor (e.g., drought, insect her-
bivory, etc.) (Schaberg et al. 2001). Addition of calcium to the
forests of Hubbard Brook has been shown to reverse tree de-
cline (Battles et al. 2014), improve wound closure, and in-
crease BAI growth of sugar maple trees following ice storm
damage (Huggett et al. 2007). The legacy of calcium depletion
and tree decline at Hubbard Brook may itself be a contribut-
ing factor to the greater sensitivity of sugar maple to reduced
growth and wound closure following crown damage in our
study. Trees that are already in decline are more likely to re-
spond poorly to further stress (e.g., Houston 1987; Pedersen
1998).
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