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Abstract: Storms are the most significant disturbance events in temperate forests. Forests impacted
by nitrogen deposition may face more severe storm damage as changes in soil and wood chemistry
impact tree growth allocation, wood strength, and species composition. To examine these potential
effects of nitrogen deposition, we measured tree damage from a windstorm in an aggrading forest
that is part of a nitrogen fertilization experiment. We discovered that within the nitrogen fertilization
treatment area there was significantly more basal area and stems damaged when compared to the
reference treatment, and the nitrogen fertilization treatment had more snapped and severely damaged
trees. Additionally, the effect of treatment and amount of damage to trees was different depending
on tree species. If our results are indicative of the large and globally-distributed regions of temperate
forests impacted by nitrogen deposition, then the increased windstorm disturbance risk posed by
climate change could be more significant due to the effects of nitrogen deposition.

Keywords: disturbance; storm; damage; N deposition; temperate forest; acidification; acid rain; N
saturation; windthrow

1. Introduction

Storms are the most significant source of disturbance in temperate forests [1]. Storm
disturbance causes ecological disruption through the creation of canopy openings that alter
tree mortality and recruitment [2,3]. Additionally, the litter from storm disturbance can
accelerate nutrient cycling [4] and cause forests to become major sources of atmospheric
carbon [5]. Such ecological effects from storm disturbances can alter forest ecosystems for
centuries [6], and even millennia [7]. At shorter time scales, storm disturbance also causes
economic disruption. Costs to forest managers include reduced timber value from either
a real or perceived decrease in wood quality, restoration of access to forest sites, reduced
market value due to sudden supply increase in the storm-affected area, and either long-term
storage to wait for the market to rebound or long-distance transport of timber from outside
of the storm-affected area [8]. At longer time scales, storm disturbances may weaken trees
and make them more susceptible to secondary disturbances (e.g., insects, disease, drought,
fire, additional storms) [9,10], further increasing the ecological disturbance and lowering
economic value.

The risk of forest storm disturbance has risen significantly with climate change [11,12].
Warming oceans have increased the frequency of large-magnitude storms [13,14]. Addi-
tionally, post-landfall storm power has increased, and it is more likely that storms will track
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further inland [15]. The economic effects of these extreme events can be staggering [16].
Hurricane Michael, which hit the Gulf Coast of the United States in October 2018, is an
example of the threat storm disturbance poses to the timber industry. The hurricane dam-
aged 1,133,120 ha of forest in the state of Florida, costing the timber industry $1.3 billion
dollars—more than 5% of the state’s annual timber industry value [17]. The neighboring
states of Georgia and Alabama were also impacted by Hurricane Michael. Georgia had
121,406 ha of forest damaged, costing $763 million in timber revenue, and Alabama had
17,159 ha damaged, costing $32.7 million dollars to the timber industry [17]. The major
destructive force in these severe storms is wind, and its impact on forests may depend on
the presence of additional disturbance factors [18].

Adding to the increased wind disturbance risk posed by the growing frequency
of severe storms, other global change factors may interact with storms to create even
greater levels of disturbance [19–21]. Nitrogen (N) deposition is one such global change
factor that causes physiological changes in trees that may leave them more susceptible to
storm damage. N deposition has been shown to reduce belowground biomass allocation in
forests [22,23], leaving trees with disproportionately more stems and leaves relative to roots.
Trees fertilized with N also grow faster, creating more reaction wood (called compression
wood in gymnosperms and tension wood in angiosperms) [24,25]. Reaction wood grows in
reaction to tensile stress and has a greater concentration of cellulose than lignin [25–27]. It
is structurally weaker and more brittle than regular grain wood, making it more susceptible
to failure under force [28]. N deposition may also change the species composition of forests
and select for trees that are more or less susceptible to storm damage [5,29]. Finally, N
deposition could also lead to more susceptible trees by enhancing herbivory [30,31] and
increasing pathogenic infection risk [32].

Evidence that N deposition may contribute to greater storm damage in forests is
sparse. In a scrub mangrove forest, N fertilization led to a greater loss in leaf area index
and slower recovery after two hurricanes damaged the forest in the same month [33]. The
authors of the study suggested N fertilization led to increased aboveground biomass, which
may have left mangrove trees more susceptible to intense wind [33]. In a tropical forest
dominated by Metrosideros polymorpha, N and phosphorus (P) fertilization (P was more
limiting to growth than was N at this site) caused greater damage from a hurricane [34].
However, the fertilized plots recovered from storm damage faster [34].

Perhaps the only evidence of an interaction between N deposition and storm damage
in temperate forests is from Walter et al. 2019 [29]. In this study, the authors found damage
from a severe snow storm (with relatively low wind speed) was lower in an N fertilized
watershed and as N increased across a native N availability gradient [29]. Contrary to the
increased damage expected from the horizontal forces of windstorms, the authors found
that the more vertical vegetation structure linked to N enrichment provided an improved
ability to shed heavy snowfall. Nevertheless, damage from snowstorms is not as common
as from windstorms, and to our knowledge, no study within temperate deciduous forests
has examined how N enrichment affects storm disturbance from wind.

Considering the lack of available studies documenting the interactive effects of N and
storms in temperate forests, our objective was to examine whether enhanced N deposition
led to greater windstorm damage in an aggrading temperate forest. To meet our objective,
we surveyed trees in a long-term N fertilization experiment that experienced a severe
windstorm. We hypothesized that the physiological and community composition effects
of N fertilization would leave stands more susceptible to windstorm damage, causing
damage to be greatest in areas undergoing N fertilization treatments.

2. Materials and Methods
2.1. Study Site

We assessed wind damage in the Long-Term Soil Productivity Experiment (LTSP) [35] at
Fernow Experimental Forest (herein Fernow) in West Virginia, USA (39.0563◦ N, 79.6979◦ W).
Fernow is a 1902 ha research forest that primarily contains Appalachian mixed mesophytic
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forest and receives 1430 mm yr−1 of precipitation on average. The LTSP experiment within
Fernow was designed to test the effects of chronic N deposition in temperate forests. It consists
of four treatments:

1. Whole-tree harvest (reference)
2. Whole-tree harvest + nitrogen (+N)
3. Whole-tree harvest + nitrogen + lime (+N+L)
4. An unharvested treatment (unused in this study)

All aboveground biomass was removed from the whole-tree harvested treatments
in the winter of 1996–1997. The +N and +N+L treatments have been fertilized with
ammonium sulfate at a rate of 35 kg N ha−1 yr−1 since 1997. The +N+L treatments have
been additionally fertilized with dolomitic lime at a rate of 22.5 kg calcium ha−1 yr−1

since 1997. Each treatment is replicated four times and one replicate of each treatment
was randomly assigned to a cell in each row of a 16-plot matrix at the beginning of the
experiment. Each plot is 0.37 ha—containing a 0.2 ha quadrilateral area in the center where
measurements are made, and a 7.6 m treated buffer that surrounds the treatment area on
all sides. In addition to N fertilization, the LTSP also received an estimated 5.2 kg N ha−1

in 2011 from wet deposition of nitrate and ammonium (see Figure S1 for a time series of
atmospheric wet deposition of N).

The inclusion of both +N and +N+L treatments in the LTSP experiment allows investi-
gators to partition the dual ecosystem effects of N deposition: acidification and fertilization.
The +N treatment both fertilizes and acidifies the soil, while the additional application
of lime in the +N+L treatment attempts to reduce the acidification effect by adding base
cations to soil. Therefore, ecosystem effects appearing in +N treatments and not +N+L
treatments are more likely an effect of acidification. Effects appearing in both +N and +N+L
treatments are attributed more to the fertilization effect of N.

In late December 2009, the LTSP experiment was damaged by a severe windstorm.
There was very limited damage elsewhere in Fernow and extreme winds were not detected
at nearby weather stations. Nevertheless, weather stations did indicate that thunderstorms
crossed the region during late December, suggesting that the wind damage was from a
severe downdraft or “microburst” that caused severe localized damage to just the moun-
tainside containing the LTSP experiment. While we were unable to collect an instrumental
estimate of wind speed, the damage to trees was extensive and the location of the LTSP
experiment provided a globally rare opportunity to measure forest stand damage across a
long-term N fertilization experiment.

Prior to the storm, the reference, +N, and +N+L treatments all had closed forest
canopies. Fortunately, Fowler et al. 2014 completed a survey estimating forest composition
in these treatments in summer 2009, several months prior to the storm [36]. Their survey
determined that Prunus pensylvanica, Liriodendron tulipifera, Betula lenta, and Prunus serotina
comprised 89% of the total basal area and 79% of the total stems when averaged across all
treatments (see Table S1 in Supplementary Material for complete species composition). The
pre-storm mean tree basal area across treatments was 19.7 m3 ha−1 and the mean number
of stems across treatments was 5691 ha−1. Since species differ in physiology and response
to N and lime fertilization, we formed species-specific hypotheses that were informed
by published growth and allocation responses to N and lime (Table S2 in Supplementary
Material for the initial species-specific damage hypotheses).

2.2. Damage Measurement

We measured damage from the December 2009 windstorm in summer 2011 in ref-
erence, +N, and +N+L treatment areas of the LTSP experiment. Based on regular visual
assessments in the time between the storm and our survey, we did not note any other
intervening disturbances that would have confounded ascribing damage to the 2009 event.
To maximize our sampling effort, we took advantage of the composition survey by Fowler
et al. 2014 [36] that had been completed just before the storm. Fowler et al. 2014 [36] had
measured the basal area and identified all trees to species in six randomly selected sub-
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plots within each treatment plot. We returned to the same subplots in 2011 and identified
each tree to species, measured the basal area, and visually categorized the damage of all
damaged trees within the subplots. We categorized the damage of each tree in two stages:
damage type and damage severity. Damage type consisted of the following categories:

• Bent—a tree that was bent by wind or a collision with another tree
• Tipup—a tree that had been uprooted and was leaning
• Snap—a tree that was snapped either at the main stem or at a major branch

Damage severity consisted of the following categories, based on angle relative to a
vertical tree:

• Moderate—0 to 22.5 degrees from vertical
• Significant—23 to 45 degrees from vertical
• Extensive—45.5 to 67.5 degrees from vertical
• Prostrate—greater than 67.5 degrees from vertical

Damage severity could be assigned to any damage type, making all combinations of
damage type and severity possible.

The 2009 composition survey provided the total number of stems and basal area, by
species, in each of the six subplots within each treatment plot in the LTSP experiment. The
2011 damage measurement provided the same data, except it only included damaged trees,
and also included the damage type and severity of each damaged tree. We combined of the
2009 composition survey dataset and the 2011 damage measurement dataset to calculate
the response variables used in statistical analysis.

2.3. Statistical Analysis

To examine differences in damage across the LTSP experimental treatments, we used
four main response variables: percentage of basal area damaged, percentage of stems
damaged, damage type, and damage severity. To calculate both the percentage of basal area
damaged and the percentage of stems damaged, we treated damage as a binary variable.
Trees were either damaged (regardless of their damage type or severity) or undamaged.
In each subplot, we divided the sum of basal area damaged (2011 data) by the total basal
area (2009 data) and multiplied by 100 to calculate the percentage of basal area damaged.
Similarly, in each subplot, we divided the number of damaged trees (2011 data) by the
total number of trees (2009 data) and multiplied by 100 to calculate the percentage of stems
damaged. To determine whether the percentage basal area or stems damaged differed by
species, we calculated both variables in each subplot for P. pensylvanica, L. tulipifera, B. lenta,
and P. serotina.

We calculated the damage type and severity as the percentage of total damaged stems
in each category. In each subplot, we divided the number of trees in a damage category
by the total number of damaged trees in the subplot and multiplied by 100. We used
each category label as an individual response, which resulted in three response variables
for damage type (bent, tipup, and snap) and four response variables for damage severity
(moderate, significant, extensive, and prostrate). Using both of these categorical variables
allowed us to determine whether treatments led to differences in either damage type or
severity among the percentage of stems damaged.

To test whether the experimental treatments led to differences in the damage in any
of the response variables examined, we used bootstrap hypothesis tests, following an
approach from Walter et al. 2017 [37]. The following scheme outlines the process:

1. Sample 24 subplots in each treatment, with replacement
2. Calculate the mean of each response variable from the sample

- Mean percentage of basal area damaged (five means: all species, P. pensylvanica,
L. tulipifera, B. lenta, and P. serotina)

- Mean percentage of stems damaged (five means: all species, P. pensylvanica,
L. tulipifera, B. lenta, and P. serotina)



Forests 2021, 12, 443 5 of 12

- Mean percentage of stems damaged by damage type (three means: bent, tipup,
and snap)

- Mean percentage of stems damaged by damage severity (four means: moderate,
significant, extensive, and prostrate)

3. Repeat 50,000 times
4. Calculate p-value as the fraction of times the bootstrap mean was different from the

empirical mean of the comparison treatment

The p-value, testing whether the bootstrap mean of a treatment was greater than the
empirical mean of a comparison treatment, was calculated as:

∑n
i=1[ybooti

< µ̂]

n
(1)

where n indicates the number of bootstrap sample iterations (50,000) and brackets indicate
a Boolean true/false return of the inequality asking whether the bootstrap sample mean
(yboot) of a treatment was less than the empirical mean of a comparison treatment ( µ̂).
Summation across all iterations (i) from 1 to n is simply the count of the number of times
the inequality was true. In the cases where we tested whether the bootstrap sample mean
of treatments was less than the empirical mean of a comparison treatment, the p-value was
calculated as:

∑n
i=1[ybooti

> µ̂]

n
(2)

Testing differences in 17 response variables across three treatments resulted in 51
hypothesis tests. To estimate family-wise error in multiple comparisons, we calculated
the false discovery rate among statistically significant (p < 0.05) test results using the
Benjamini–Hochberg procedure [38]. This procedure estimates the fraction of false positive
tests expected and has three major advantages over other methods (e.g., Bonferroni proce-
dures): (i) its results are independent of test quantity, (ii) there are no additional arbitrary
significance thresholds to select, and (iii) calculating and reporting false positive rate does
not increase Type-II error probability. Out of 51 tests, we found 21 to be significant at
p < 0.05, with a false positive rate of 11.7 percent (See Table S3 in Supplementary Material
for a complete list of p-values and false positive rates). At this rate, we can expect about
two or three (2.46) of the 21 positive tests to be false positives.

The LTSP experiment uses a randomized block design to examine the effect of con-
trolled additions of fertilizer, but the blocking factor (slope position) [31] was not chosen
to account for an unanticipated disturbance event. As a result, we used a bootstrap ap-
proach to maximize the statistical power of our datasets in a way that should improve
our ability to assess the impact of a chance event on an established, long-term experi-
ment. More specifically, bootstrap hypothesis testing, applied across sublots within the
LTSP plots, allowed us to amplify the signal of damage differences among experimental
treatments. We performed all analyses in R Statistical Software Version 4.0.2 for Mac [39],
and all data and the R code used to perform the analysis are available on GitHub at
https://github.com/waltscience/forest-wind-damage and archived on Zenodo [40].

3. Results
3.1. Basal Area and Stems Damaged

The 2009 windstorm damaged 29.7% of basal area, when averaged across all treatments
and tree species. Across all species, the percentage of basal area damaged was greater in
both the +N+L (33.4% damage; p = 0.022) and +N (33.2% damage; p = 0.045) treatments
areas when compared to that of the reference treatment area (22.7% damage; Figure 1a).
Treatments also affected the percentage of basal area damaged in individual species. The
percentage of P. serotina basal area damaged was greater in both the +N+L (17.3% damage;
p < 0.001) and +N (10.5% damage; p = 0.031) treatment areas, relative to that of the reference
treatment area (1.2% damage; Figure 1a). L. tulipifera was damaged more in the +N

https://github.com/waltscience/forest-wind-damage
https://github.com/waltscience/forest-wind-damage
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treatment area (27.7% damage) than it was in the +N+L treatment area (10.9% damage;
p = 0.016), while no significant difference was detected between either treatment and the
reference treatment (17.6% damage).
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Figure 1. Tree damage from a windstorm across the reference, nitrogen fertilized (+N), and nitrogen
and lime fertilized (+N+L) treatment areas in the Long-Term Soil Productivity Experiment (LTSP)
Experiment: (a) Percentage of total basal area damaged across all tree species and within the four
dominant tree species; (b) Percentage of total stems damaged across all tree species and within the
four dominant tree species. Bars and error bars represent the empirical means and one standard
error, respectively. Differences in capital letters within a species group denote significant differences
(p < 0.05) between treatments, determined by bootstrap hypothesis tests.

The windstorm damaged 24.5% of individual tree stems, when averaged across all
treatments and tree species. Across species, the percentage of stems damaged by the storm
was greater in both +N+L (27.7% damage; p = 0.012) and +N treatment areas (27.7% damage;
p = 0.047), when compared to that of the reference treatment area (18.2% damage; Figure 1b).
Treatments also affected the percentage of stems damaged among individual tree species.
The percentage of P. pensylvanica stems damaged was greater in the +N+L treatment area
(73.1% damage) than it was in the reference treatment area (46.5% damage; p = 0.045),
but the percentage of damaged stems in the +N treatment area (62.5% damage) was not
statistically different from that in the +N+L treatment area or the reference treatment



Forests 2021, 12, 443 7 of 12

area. Similarly, the magnitude of damage among P. serotina stems was higher in the +N+L
(9.5% damage) treatment area than it was in the +N (4.3% damage; p = 0.047) or reference
treatment areas (8.1% damage; p < 0.001). Conversely, L. tulipifera stems were damaged
less frequently in the +N+L treatment area (9.5% damage) than they were in either the +N
(21.8% damage; p = 0.025) or reference treatment areas (20.8% damage; p = 0.008).

3.2. Damage Type and Severity

The majority of stem damage from the windstorm was from bent trees (55.9%), fol-
lowed by tipup trees (14.9%), and snapped trees (10.9%), when averaged across all treat-
ments. Comparing treatments, the percentage of snapped trees was greater in the +N
treatment area (16.7%; p = 0.010) compared to that of the reference treatment area (6.1%).
The percentage of snapped trees was also greater in the +N+L treatment area (10.2%;
p = 0.021) than it was in the reference treatment area (Figure 2a).
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Figure 2. Stem damage from a windstorm across the reference, nitrogen fertilized (+N), and nitrogen
and lime fertilized (+N+L) treatments in the LTSP Experiment: (a) Percentage of tree stems damaged
by damage type; (b) Percentage of tree stems damaged by damage severity. Bars and error bars
represent the empirical means and one standard error, respectively. Differences in capital letters
within either a type or severity group denote significant differences (p < 0.05) between treatments,
determined by bootstrap hypothesis tests.
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When averaged across all treatments, the windstorm resulted in a greater frequency
of severely damaged (prostrate) stems (35.3%) than the frequency of stems found in less
severe damage categories: significant damage (15.9%), extensive damage (15.3%), and
moderate damage (15.1%). Comparing treatments, there was a greater percentage of trees
that experienced moderate damage in the +N+L treatment area (22.2%) when compared to
that of either +N (11.6%; p = 0.004) or reference (11.7%; p = 0.007) treatment areas (Figure 2b).
For trees that experienced extensive damage, there was a greater percentage found in the
reference treatment area (21.6%) compared to that from either the +N+L (10.5%; p < 0.001)
or +N (13.9%; p = 0.048) treatment areas. The percentage of damaged stems found in the
prostrate category differed across all three treatment areas, with the +N treatment area
having a greater frequency of prostrate trees (53%) than that of both the +N+L treatment
area (30.5%; p < 0.001) and reference treatment area (22.4%; p < 0.001). The percentage of
prostrate trees in +N+L treatment area was also greater than the percentage in the reference
treatment area (p = 0.038).

4. Discussion

After 12 years of ammonium sulfate additions, we found that the extent of damage
from a localized windstorm was enhanced by fertilizer additions. While numerous studies
have reported forest disturbance levels from storms [41], few studies measured storm
impacts in stands with experimental N treatments [29], and none, that we are aware of, at-
tempted to partition the dual ecosystem effects of N deposition between fertilization (+N+L)
and the combination of both fertilization and acidification (+N). Here, the fertilization-only
treatment (+N+L) led to significantly more windstorm damage. However, we also found
the combination of fertilization and acidification (+N) had a strikingly similar effect on
stand damage, suggesting that greater stand damage resulted more from the fertilization
effect of N, rather than acidification.

Across all tree species, both N fertilization and N and lime fertilization led to a 10.6%
increase in basal area damage and a 9.5% increase in the number of stems damaged. N
fertilization can increase both basal area (diameter growth) and decrease stem density
(thinning) [42]. Taken together, the strong effect observed in both basal area and stem
damage is evidence that N fertilization made stands more susceptible to a windstorm,
irrespective of any secondary N effects on diameter growth or thinning. We suspect that N
additions made the stands in our study more susceptible by changing patterns of biomass
allocation and/or reductions in wood strength.

Multiple forest fertilization studies have found that trees tend to allocate more biomass
aboveground with N fertilization [22,23,37]. This is consistent with evidence from a
separate experiment at Fernow, where N fertilization has made trees 2.5 m taller, on
average [29], and caused a 25% increase in aboveground net primary productivity with no
detectable change in belowground productivity [43]. Thus, we suspect N fertilization led
to a similar change between above and belowground allocation in the LTSP plots, possibly
making trees more susceptible to wind damage because they become more “top heavy”
from biomass being disproportionately allocated aboveground. Furthermore, tree height
has widely been reported as being positively correlated with storm damage [44–46].

Beyond the potential effects of shifts in biomass allocation, N-fertilized trees may
also be more susceptible to damage by producing weaker wood. Indeed, faster growing
trees may have decreased wood strength due to the production of more tension wood [47].
Tension wood is created on the upper side of a tree stem under tension, and is characterized
by an abundance of cellulose [27]. Tension wood is generally weaker than wood grow-
ing under normal tensile conditions [28] and N fertilization has been shown to increase
production of tension wood in Populus [25,26]. Thus, while an increase in aboveground
allocation in N fertilized treatments may help explain the overall increase in damage in
N fertilized treatments (Figure 1), an increase in tension wood formation in N fertilized
treatments could have led to the greater percentage of snapped and prostrate trees in the
+N treatment (Figure 2).
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When we examined the effects for different species, we found differences in damage
between treatments for P. serotina, P. pensylvanica, and L. tulipifera, but the patterns varied
depending on how storm damage was assessed: percent basal area or percentage of
stems damaged. P. serotina has been observed to be particularly susceptible to wind
damage because it has a relatively shallow rooting depth and grows taller than its neighbor
trees [48]. The greatest percentage of P. serotina stems was damaged in the +N+L treatment
area, with the addition of base cations. This was surprising, considering P. serotina growth is
diminished on sites with greater soil base cation concentrations [49], and experimental lime
fertilization slows P. serotina growth and increases mortality [50]. In the case of P. serotina,
increased aboveground allocation may not explain the observed increase in the percentage
of stems damaged. Instead, it is plausible that the addition of calcium (Ca) led to decreased
wood strength in the +N+L treatment. Calcium nutrition has been shown to impact wood
quality in other hardwood species [51], as such, it may be possible that lime fertilization
reduced wood quality in P. serotina. Similar to P. serotina, there was a greater percentage
of P. pensylvanica stems damaged in the +N+L treatment area, when compared to those
damaged the reference area. We hypothesize these results may be because P. pensylvanica is
a congener of P. serotina, although less is known about how base cations affect P. pensylvanica
growth and mortality because of its short lifespan and noncommercial status.

In contrast to the Prunus results, a smaller percentage of L. tulipifera stems were
damaged in +N+L treatment area when compared to those damaged in both the reference
and +N treatment areas. Additionally, a smaller percentage of L. tulipifera basal area was
damaged in the +N+L treatment area when compared to that in the +N treatment area
(Figure 1). This was surprising because N fertilization in a nearby experiment at Fernow
led to diminished growth in L. tulipifera [52]. Because of this, we expected lower L. tulipifera
damage in both +N and +N+L treatment areas based on our hypothesis that increased
aboveground allocation would increase wind damage. However, the main difference in L.
tulipifera damage was between +N and +N+L treatments, which suggests the addition of
lime had an effect in addition to altering biomass allocation. The addition of N fertilizer
decreases L. tulipifera wood density [53], potentially by reducing the availability of Ca
and magnesium (Mg) in soil [52]. If the process by which N fertilization reduced wood
density was through diminished availability of soil Ca and Mg, the addition of Ca (such
as in the +N+L treatment) could potentially increase wood density under N fertilization.
The increased wood density may lead to greater wood strength and reduced damage from
wind, as observed in the +N+L treatment area.

The species-specific responses in this study add evidence that allocation is not solely
responsible for the observed differences in wind damage due to N fertilization. P. serotina
was a tree we expected would shift allocation aboveground in response to N addition and
acidification (+N treatment) because of its documented preference for soils with lower Ca
and Ma concentrations. In response to greater aboveground allocation, we hypothesized
P. serotina trees growing in the +N treatment would be more susceptible to wind damage.
Instead, the number of damaged P. serotina stems was greatest with the addition of both
N and lime (+N+L treatment). In a contrasting example, we expected L. tulipifera would
allocate less aboveground with N addition and acidification (+N treatment), considering
its observed decline in growth in response to N addition. In this instance, we hypothesized
L. tulipifera trees growing in the +N treatment would be damaged less by the windstorm.
However, we discovered a greater percent basal area and percentage stem damage in
the +N treatment area, and less damage in the +N+L treatment. These results suggest
that growth and allocation alone likely cannot fully explain the differences in damage we
observed among species. Instead, there are likely many physiological factors (including
wood strength) affected by N fertilization that determine the extent of forest damage due
to wind.

While our experiment lacked the power to fully disentangle the intricate species
composition and physiological interaction effects brought on by N fertilization, those
interactions will likely remain quite difficult to elucidate experimentally [54]. The relatively
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scant number of long-term forest fertilization experiments, combined with the variable na-
ture of severe storms, makes studying the interaction of the two a rarity. However, greater
insight may be gained by studying storm disturbance across historic N deposition gradi-
ents (such as in the eastern United States) with available regional to continental-scale data
products and monitoring programs, including the U. S. Forest Service’s Forest Inventory
and Analysis program (FIA), the Smithsonian Institution’s Forest Global Earth Observa-
tory (ForestGEO), and the Battelle Memorial Institute’s National Ecological Observation
Network (NEON).

Our study showed that N fertilization significantly increased tree damage from a
windstorm in an aggrading temperate forest, and damage differed among tree species and
N fertilization treatments. As global climate change increases the frequency and landfall
power of large-magnitude storms, forests are already at an increased risk of disturbance.
Based on our findings, temperate forests receiving current or historically high N deposition
may be at an even greater risk of storm damage from wind.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/f12040443/s1, Figure S1: Total inorganic nitrogen wet deposition at Fernow, Table S1: Tree
species composition by percentage of stems and percentage of basal area across three treatments in
the LTSP experiment, Table S2: Species-specific hypotheses for storm damage based on published
traits and responses to nitrogen and lime in fertilization and gradient studies, Table S3: Results for
51 bootstrap hypothesis tests across species group, damage type, and damage severity as either
percentage of stems or basal area of trees damaged from the 2009 windstorm.
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