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Biotic and spatial factors potentially explain
the susceptibility of forests to direct
hurricane damage
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Abstract

Background: Ecologists continue to investigate the factors that potentially affect the pattern and magnitude of
tree damage during catastrophic windstorms in forests. However, there still is a paucity of research on which trees
are more vulnerable to direct damage by winds rather than being knocked down by the fall of another tree. We
evaluated this question in a mixed hardwood–softwood forest within the Big Thicket National Preserve (BTNP) of
southeast Texas, USA, which was substantially impacted by Hurricane Rita in September 2005.

Results: We showed that multiple factors, including tree height, shade-tolerance, height-to-diameter ratio, and
neighborhood density (i.e., pre-Rita stem distribution) significantly explained the susceptibility of trees to direct
storm damage. We also found that no single factor had pervasive importance over the others and, instead, that all
factors were tightly intertwined in a complex way, such that they often complemented each other, and that they
contributed simultaneously to the overall susceptibility to and patterns of windstorm damage in the BTNP.

Conclusions: Directly damaged trees greatly influence the forest by causing secondary damage to other trees. We
propose that directly and indirectly damaged (or susceptible) trees should be considered separately when assessing
or predicting the impact of windstorms on a forest ecosystem; to better predict the pathways of community structure
reorganization and guide forest management and conservation practices. Forest managers are recommended to adopt
a holistic view that considers and combines various components of the forest ecosystem when establishing strategies
for mitigating the impact of catastrophic winds.
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Background
Catastrophic wind disturbances, even though infrequent,
exert profound influences on many aspects of forest
ecology, including stand age, species composition, regen-
eration, and nutrient cycling (Webb 1989; Foster and
Boose 1992; Everham and Brokaw 1996; Lafon 2006;
Mitchell 2013). However, these characteristics are chal-
lenging to investigate because the three-dimensional pat-
terns of windstorm damage on trees are generally
complex (Ulanova 2000; Xi and Peet 2011). A post-
storm forest stand appears chaotic at first sight because

many trees of different species and sizes are uprooted,
snapped at different heights, bent or leaning in various
directions, etc. In this study, we explicitly distinguished
between direct damages and indirect damages, the latter
being caused by the fall of another tree. We posited that
directly damaged individuals play a major role in the ap-
parent disorder by causing secondary damage to other
trees as they fall.
Previous research on wind disturbance to forests indi-

cated that the direct aerodynamic impact of wind mainly
affects tall, canopy trees, and that short, sub-canopy indi-
viduals are almost entirely sheltered from the direct effect
of wind. Some of these sub-canopy individuals are dam-
aged by larger, canopy trees falling on them during cata-
strophic wind events (Glitzenstein and Harcombe 1988;
Clinton and Baker 2000; Peterson 2000; Canham et al.
2001; see Everham and Brokaw 1996 for a thorough list of
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relevant literature). As a result of the kinetic energy of
their massive stems and canopies crashing through the
lower forest strata, these directly impacted canopy trees
influence the fate of many sub-canopy trees, and thereby
govern the patterns of indirect sub-canopy tree damage.
The patterns of direct damage may thus account for a
large portion of post-storm carbon dynamics in a given
forest (Zeng et al. 2004; Uriarte and Papaik 2007; Kooch
et al. 2014; Santos et al. 2016). Overall, understanding the
circumstances under which direct damage occurs to a tall,
canopy tree will help to predict the pathways of commu-
nity structure reorganization (Harcombe et al. 2009) and
guide forest management and conservation practices
(Franklin et al. 2002; Gardiner et al. 2005; Long 2009).
In this study, we focused specifically on the suscepti-

bility of trees to direct damage (Clinton and Baker 2000;
Batista and Platt 2003). Directly and indirectly damaged
stems have often been confounded and treated as a sin-
gle data set rather than being inventoried and analyzed
separately. Accordingly, the current literature lacks stud-
ies that have evaluated the probability of direct damage
in the context of the simultaneous effects and relative
importance of multiple factors, such as tree height,
shade-tolerance, height-to-diameter ratio (H:D), and
neighborhood density (i.e., pre-storm tree distribution).
We hypothesized that, under equal conditions (e.g., soil
and topographic conditions, stand origin age, manage-
ment history, and disease status), the probability of dir-
ect damage to trees increases with the following:

(a) Increasing height, due to greater exposure to high
winds;

(b) A reduction in shade-tolerance, because of their
lower investment in main stem wood strength;

(c) Increasing H:D, as trees with high H:D have
relatively thin main stems; and

(d) Greater distance between neighboring trees, since
this can lead to greater air turbulence within the
canopy.

A confounding issue with testing these hypotheses in-
dividually is that the relationships are not mutually ex-
clusive. For example, in temperate and low-lying regions,
shade-tolerant species are likely to be shorter and have
lower H:D than shade-intolerant trees because they allo-
cate more energy to diameter growth than height growth
(Rich et al. 2007). Therefore, the strategies of shade-
tolerant trees lead to stem strength investments and po-
tentially enhance windfirmness. Simply, all of these fac-
tors are related to, and represent, the life history traits of
each tree species (Stearns 1992; Grime 2001; Valladares
and Niinemets 2008). Therefore, it can further be hy-
pothesized that, under similar environmental conditions,
species identity is the integral representative factor that

determines the vulnerability of a tree to direct wind
damage during a catastrophic storm event.

Materials and methods
Study area and Hurricane Rita
We conducted this study in the Big Thicket National
Preserve (BTNP) in east Texas, USA, which is located
on the Gulf Coastal Plain (Fig. 1). The region is charac-
terized by a humid continental climate with mean
monthly temperatures ranging from 10 °C (January) to
29 °C (July and August) at Livingston (30° 43′ 1.4″ N:
94° 56′ 32.9″ W) and a mean annual precipitation of
1309 mm (NOAA 2017). Most of the BTNP is located
on the broad interfluves between the Trinity and Neches
rivers. We sampled forests on the interfluves with a
prevalent mix of oak (Quercus) and pine (Pinus) trees
(Marks and Harcombe 1981). There was a diverse mix
of species where the interfluves sloped gently toward the
streams. The typical dominant species included loblolly
pine (Pinus taeda), white oak (Quercus alba), American
beech (Fagus grandifolia), southern magnolia (Magnolia
grandiflora), and water oak (Quercus nigra). The lower
slope forests gave way to floodplain hardwood forests and
bald cypress (Taxodium distichum) in the lowest and wet-
test areas. Our study was focused entirely on the lower
slope mixed forests in the BTNP. Ultisols are predominant
in the coastal plain of the USA, but in the study forest,
also important are alfisols on uplands and slopes and enti-
sols (e.g., quartzipsamments) on floodplains (Marks and
Harcombe 1981). These soils are generally fine-sandy
loam (https://casoilresource.lawr.ucdavis.edu/gmap/; last
accessed August 10, 2019).
The forests are periodically disturbed by tropical

storms (Harcombe et al. 2009). Hurricane Rita exten-
sively damaged the forests of the BTNP in September
2005. It made landfall on September 25, 2005 close to
the Louisiana–Texas state line as a Category 3 system
(peak winds ca. 200 km h−1), and was, at the time, the
fourth largest Atlantic hurricane on record. The eye of
the storm passed ~ 16 km to the east of the forest plots
later that day (Fig. 1).

Forest survey
Five 0.2-ha (40 × 50m) plots were established in the
Turkey Creek Unit of the BTNP, ~ 6 weeks after Hurri-
cane Rita (Additional file 1: Figure S1). This forest unit
was not accessible until that time due to safety consider-
ations. The sampling was designed for two purposes: to
recreate the post-hurricane forest structure and to test
the hypotheses outlined above through quantitative as-
sessments of hurricane damage. The following informa-
tion was determined for trees with trunks that were
located within the plots at the time of the hurricane
impact:
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(a) The species;
(b) The spatial location (x and y coordinates within

each plot) of each trunk with a precision of 0.1 m
using surveyor tape from plot corners, for which
GPS coordinates had been collected;

(c) The diameter at breast height (DBH) was taken at
1.3 m above the ground surface using a caliper log.
Only trees with DBHs ≥ 5 cm were considered in
this research;

(d) The height to the top of the canopy (HTT), see
below;

(e) Assignment to one of five stem damage classes:
undamaged, bent, leaning, snapped, and uprooted;
and

(f) If the damage to trees was directly or indirectly
caused.

The HTT of undamaged trees was determined using a
clinometer. The angle to the top of each tree and the hori-
zontal distance from the observer to the tree were recorded.
The calculation of HTT was based on the Pythagorean

theorem, with an adjustment for the height of the clinom-
eter reader, i.e., a constant of 1.8m was added since the
same person recorded all clinometer measurements.
The following procedures were used when assigning

trees to damage classes. The heights of uprooted trees
were measured from the upper root plate to the top of
the canopy using a loggers tape. For snapped trees, the
height to the point of snapping was measured using a
clinometer (see above), and then the snapped section
(from the point of snapping to the top of the canopy)
was measured using a loggers tape. Sometimes, this in-
volved measuring multiple snapped sections. For trees
allocated to the leaning damage category, the height to
the top of the “leaning” tree was measured using the
clinometer and adjusted using the angle of the lean rela-
tive to the vertical. For trees in the bent class, we photo-
graphed and drew the “shape” of the bent stem in a field
notebook and measured heights from the ground to the
bent stem at various points along the tree using a log-
gers tape. We also recorded where these vertical mea-
surements were made along a horizontal line to describe

Fig. 1 The geographic location of the Big Thicket National Preserve (BTNP) in east Texas. The curve next to the BTNP site indicates the pathway
of Hurricane Rita in September 2005
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the direction of the main stem. Then, by treating the
bent stem as an arc of a circle, we computed the arc
length using relevant equations (https://www.wolframal
pha.com/examples/ArcLength.html; last accessed June
24, 2019).
Although we examined several tree characteristics, we

recognize that these are not comprehensive and that
there might be other influential factors. For example,
some trees have multi-stemmed morphology (clones) as
a result of resprouting after disturbance, whereas others
are grown from a seedling, single-stemmed. Because the
stems of the clone structure are connected together by
roots, the response to disturbance should be different
compared to single-stemmed trees. In addition, soil con-
ditions (e.g., wetness, depth, and hardness) can also
affect the susceptibility of trees to hurricane damage
(e.g., Everham and Brokaw 1996). Among the five study
plots we established (Additional file 1: Figure S1), plot 5
was most inundated and muddy. Plot 4 was also water-
logged occasionally, but plots 1, 2, and 3 were rarely
flooded. Due to its topographic setting, plot 1 seemed to
have two soil types: The northern end was generally flat,
whereas the southern end was steeply sloping.

Data analysis
Effect of tree height
All HTT values were first classified into the following
four categories, with 10m intervals: 0–9.9, 10–19.9, 20–
29.9, and ≥ 30 m. In each of these classes, we estimated
the relative proportion of three damage types: direct
damage, indirect damage, and no damage. In this way,
the probability of direct damage was examined as a func-
tion of varying HTTs. In addition, the proportion of
each tree species was also calculated for each height
class.

Effect of shade-tolerance
All species were classified into the following three categor-
ies according to their levels of tolerance to shade condi-
tions: tolerant, moderately tolerant, and intolerant (see
Burns and Honkala 1990; Additional file 1: Table S1). In
each of these classes, we estimated the relative proportion
of three damage types: direct damage, indirect damage, and
no damage. Hence, the probability of direct damage was ex-
amined as a function of varying levels of shade-tolerance.
We repeated this same analysis after separating all tree indi-
viduals into two broad height categories based on HTTs:
0–19.9m and ≥ 20m. This data division allowed us to con-
trol for the effect of height and thereby better clarify the re-
lationship between shade-tolerance and direct damage.

Effect of height-to-diameter ratio
All tree stems, regardless of species identity, were classi-
fied into the following three categories of H:D: low,

medium, and high. To our knowledge, there was no spe-
cific guideline or criterion regarding this type of classifi-
cation in the literature. Thus, we simply rank-ordered all
surveyed trees based on their H:D, and then distributed
them into the three classes, such that each class pos-
sessed the same number of trees (or a similar number of
trees in cases where the total number was not divisible
by three). In each category, we estimated the relative
proportion of damage types (i.e., direct damage, indirect
damage, and no damage) to examine the probability of
direct damage as a function of varying H:D. In addition,
the proportion of each tree species was calculated for
each class. Finally, we attempted to further understand
the relationships between H:D and direct damage by
separating all tree individuals into two broad HTT cat-
egories (i.e., 0–19.9 m and ≥ 20 m).

Effect of neighborhood density
We hypothesized that a wide spacing of trees would in-
crease the possibility of direct damage as a result of in-
creased air turbulence within the open canopy (see the
“Background” section; it is also possible that H:D is low-
ered by wide spacing and this might increase resistance
to stem breakage). Therefore, an important consider-
ation is whether tall canopy trees, rather than short,
understory counterparts, are densely or sparsely distrib-
uted throughout a forest. It is presumed that the aggre-
gation of small individuals around a large tree is not
likely to influence the vulnerability of the large tree to
direct damage. Therefore, only those trees with HTTs ≥
20m were considered for the spatial analysis in the
present study.
As a first step, a toroidal correction was performed to

avoid the potential problem of edge effects; assuming
that bordering forest stands around each plot had similar
tree distributions to the plot (Haase 1995). Edge effects
were expected when estimating the neighborhood dens-
ity for stems that were located close to the plot margins.
The inter-tree Euclidean distance was then measured for
every pair of individuals.
We examined the pre-Rita distribution of tall, canopy

trees in each plot at multiple spatial scales using sam-
pling areas with the following radii (i.e., neighborhood
size): 3, 6, 9, 12, 15, and 18m. These examinations in-
volved drawing circles around each stem using these
radii and then counting the number of other stems lo-
cated within the areas. At each scale, we identified the
maximum number of neighbors to define three categor-
ies of neighborhood density: low, medium, and high. For
example, if the maximum number was found to be 8 at
a certain scale, each class would be defined as follows:

(a) Low density = 0, 1, and 2 neighbors (i.e., 3 types)
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(b) Medium density = 3, 4, and 5 neighbors (i.e., 3
types)

(c) High density = 6, 7, and 8 neighbors (i.e., 3 types)

If the maximum number was 9:

(a) Low density = 0, 1, and 2 neighbors (i.e., 3 types)

(b) Medium density = 3, 4, and 5 neighbors (i.e., 3
types)

(c) High density = 6, 7, 8, and 9 neighbors (i.e., 4 types)

If the maximum number was 10:

(a) Low density = 0, 1, and 2 neighbors (i.e., 3 types)

Fig. 2 The proportion of bole damage types across damage classes

Fig. 3 a The proportion of three damage types across tree height classes. b The proportion of the main tree species across height classes. Each
value on top of the bars indicates the number of stems within each height category (Pi ta = Pinus taeda, Li st = Liquidambar styraciflua, Qu ni =
Quercus nigra, Qu al = Quercus alba, Il op = Ilex opaca, Mg gr =Magnolia grandiflora)
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(b) Medium density = 3, 4, 5, and 6 neighbors (i.e., 4
types)

(c) High density = 7, 8, 9, and 10 neighbors (i.e., 4 types)

This method enabled us to assign, whenever possible,
more weight to higher-density categories because there
were always many more trees within the lower-density
classes than within their higher-density counterparts. In
each category, we finally estimated the relative propor-
tion of two damage types, that is, direct damage and the
others. The latter estimates were a combination of indir-
ect damage and no damage types. Thus, the probability
of direct damage could be determined as a function of
varying neighborhood density.

Effect of species identity
The two most abundant tree species from each of the
three shade-tolerance groups (i.e., tolerant, moderately
tolerant, and intolerant) were selected. We estimated the
relative proportion of damage types (i.e., direct damage,
indirect damage, and no damage) for each of these six
species to examine if the probability of direct damage
varied among species. We repeated this same procedure
after separating all tree individuals into two broad cat-
egories based on their HTTs: 0–19.9 m and ≥ 20m.

Significance test
All of the five factors (HTT, shade-tolerance, H:D,
neighborhood density, and species identity) were sub-
jected to G-tests with William’s correction to evaluate
the significance of their effect on the probability to dir-
ect damage (Sokal and Rohlf 1995). Also, when it was
necessary to compare the average values of the factors
across different categories, we utilized a one-way analysis
of variance (ANOVA). All statistical evaluations were
conducted at the p < 0.10 significance level.

Results
Overall, we surveyed a total of 865 trees comprising 38
species (see Additional file 1: Figures S2 and S3 for the
spatial distribution of trees and species composition
within each plot). Among these, the species identity of
30 individuals was unidentifiable. As a result of Hurri-
cane Rita, 49 and 171 trees suffered direct and indirect
damages, respectively. In the direct damage category,
there were no bent trees, while more than 40% was ex-
plained by uprooted individuals (Fig. 2). The proportion
of uprooted trees dramatically decreased (< 10%) in the
indirect damage class, whereas bent stems accounted for
more than 30%. The average HTT of the directly dam-
aged trees was 19.5 m. This value was almost consistent
with the cutoff level (i.e., 20 m) for broadly classified
trees (into two categories). The average HTT of the in-
directly damaged trees was 12.5 m.

Effect of tree height
As expected, there was a significant height effect on the
probability of direct damage by Hurricane Rita (Gad-

justed = 37.396, p < 0.0001; Fig. 3a). The vulnerability in-
creased with increasing HTT until the third category
(20–29.9 m), which had the greatest proportion of Q.
alba and Q. nigra (combined, 44.4%) among all classes
(Gadjusted = 533.030, p ≈ 0; Fig. 3b). This positive relation-
ship, however, was not observed in the highest category
(HTT ≥ 30 m). Among the total 49 trees in this group,
37 individuals were P. taeda (i.e., 75.5%); none of which

Fig. 4 The proportion of three damage types across shade-tolerance
classes of trees: a All height classes combined. b Only the height
class 0.0–19.9 m was considered. c Only the height class ≥ 20.0 m
was considered. Each value on top of the bars indicates the number
of stems within each shade-tolerance category
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had been damaged either directly or indirectly by the
windstorm. The average DBH of these large pine trees
was 45.4 cm.

Effect of shade-tolerance
The susceptibility to direct damage significantly differed
across the levels of shade-tolerance tested (Gadjusted =
31.335, p < 0.0001; Fig. 4a). Different from the initial ex-
pectation, however, the intolerant category exhibited the
least direct damage whereas the greatest probability was
detected in the moderate-tolerant class. Pinus taeda was
the dominating species (61.8%) in the intolerant species
group, and in the moderately tolerant class, both Q. alba
and Q. nigra were the most abundant (combined,
81.6%). These inter-level differences became insignificant
when only the trees with HTTs of 0–19.9 m were con-
sidered (Gadjusted = 3.065, p = 0.547; Fig. 4b). In contrast,
a clearer and significant differentiation among the three
categories was detected (Gadjusted = 41.512, p < 0.0001) in
the larger tree group (i.e., HTTs ≥ 20 m; Fig. 4c).

Effect of height-to-diameter ratio
Although the H:D had a significant influence on the
chance of direct damage, the trend across the three cat-
egories opposed the initial expectation (Gadjusted =
25.950, p < 0.0001; Fig. 5a), whereby the probability of

direct damage increased as the ratio decreased. Notably,
the decrease of the H:D corresponded to increases in
both the average HTT (from 12.1 to 17.5 m; one-way
ANOVA F = 31.938, p < 0.0001) and the proportion of Q.
alba and Q. nigra (from 10.7% to 39.1%; Gadjusted =
86.670, p < 0.0001; Fig. 5b). These inter-level differences
were still significant after the trees were separated into
the two broad HTT groups (all G-tests p values < 0.05;
Fig. 5c, d), but a clearer differentiation among the cat-
egories was only observed when the larger tree group
(i.e., HTT ≥ 20m) was considered.

Effect of neighborhood density
In general, the effects of neighborhood density were
clearly consistent with the initial expectations for all of
the six spatial scales tested (Fig. 6), whereby the prob-
ability of direct damage was higher when there was a
low density. Statistically, however, this relationship was
significant only at the 6, 9, and 15m radii.

Effect of species identity
The probability of direct damage by Hurricane Rita var-
ied significantly among the different species (Gadjusted =
41.973, p < 0.0001; Fig. 7a). In this analysis, only two
main species were considered from each of the three
shade-tolerance categories: M. grandiflora and Ilex

Fig. 5 The proportion of three damage types across the height-to-diameter ratio (H:D) classes of trees in the sampled sites in the Big Thicket
National Preserve: a All height classes combined. c Only the height class 0.0–19.9 m was considered. d Only the height class ≥ 20.0 m was
considered. Each value on top of the bars indicates the number of stems within each H:D category. b The proportion of main tree species across
the H:D classes. Each value on top of the bars indicates the mean height to top (m) of stems within each H:D category (Pi ta = Pinus taeda, Li
st = Liquidambar styraciflua, Qu ni = Quercus nigra, Qu al = Quercus alba, Il op = Ilex opaca, Mg gr =Magnolia grandiflora)
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opaca from the tolerant class, Q. alba and Q. nigra from
the moderately tolerant class, and Liquidambar styraci-
flua and P. taeda from the intolerant category. Quercus
alba and Q. nigra showed a greater vulnerability to dir-
ect damage than the other species. These inter-species
differences were still significant after separating all trees
into the two broad HTT groups (all G-tests p values <
0.05; Fig. 7b, c), but the direct damages to Q. alba and
Q. nigra were more clearly detected when only the larger
tree group (i.e., HTT ≥ 20 m) was considered.

Discussion
Factors affecting the probability of direct damage
All factors considered in this research seem to influence
the vulnerability of trees to direct damage by Hurricane
Rita. Our findings were not always consistent with our
initial expectations, e.g., we did not observe the highest
possibility of direct damage from the trees belonging to
(a) the greatest height class, (b) the shade-intolerant
group, and (c) the high H:D category. In addition, the ef-
fect of neighborhood density was not invariably signifi-
cant across all assessed spatial scales. These unexpected
findings appeared to have been associated with species
identity. In particular, the relative proportion of the
three species, Q. alba, Q. nigra, and P. taeda, was the

key to predicting whether a category was characterized
as highly susceptible to direct wind damage or not.
These two oak species occupied a dominant portion of
the classes of 20–30 m HTT (44.4%), moderate shade-
tolerance (81.6%), and low H:D (39.1%), and these cat-
egories consistently exhibited greater probabilities of dir-
ect damage compared to the other categories.
In contrast, trees in the HTT ≥ 30 m and shade-

intolerant classes showed a low chance of direct damage,
most likely due to the predominance of P. taeda (and ac-
cordingly, low proportions of Q. alba and Q. nigra)
within these classes. In several previous studies, pine
trees have been reported to be (highly) susceptible to
storm damage (e.g., Foster 1988; Glitzenstein and Har-
combe 1988; Gresham et al. 1991; Xi et al. 2008). For ex-
ample, Glitzenstein and Harcombe (1988) found that
more than half of all inventoried loblolly pines in the
BTNP, especially those with large DBHs, had been se-
verely damaged or killed by a tornado in December
1983. The contrasting results between this previous
study and the present study can be explained by the dif-
ferent community settings: the tornado research was
conducted in a relatively open savanna wherein the large
individuals of P. taeda, which overtopped understory
hardwoods, were exposed to the direct forces of the
wind, whereas our post-Rita plots were established in

Fig. 6 The proportion of damage types across neighborhood density classes of trees in the sampled sites in the Big Thicket National Preserve, at
multiple spatial scales. Each value in the parentheses indicates the p value produced by the G-test at each sampling area radius
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dense, mixed forest stands in which many large hard-
woods and softwoods coexisted (see Harcombe et al.
2009 for more discussion).
In summary, species identity appeared to be the main

factor that helped to determine the vulnerability of trees
in the BTNP plots to direct damage during Hurricane
Rita. This conclusion advances, rather than invalidates,
the general notion that tree size greatly governs damage
patterns resulting from windstorms (e.g., Peterson 2000;
Canham et al. 2001; Ancelin et al. 2004; Wolf et al.
2004; Allen et al. 2012). We propose that the size–dam-
age relationship will become more useful when re-
searchers, especially those dealing with multi-species
stands, appreciate the importance of considering species
individually (Harcombe et al. 2009). As demonstrated in
the P. taeda example above, the resistance of a species

may differ depending on the type of stand structure it is
situated in (Everham and Brokaw 1996).

Insights from detailed spatial analysis
Among the abovementioned factors, the role of the pre-
storm tree distribution in generating damage patterns
has remained relatively underrepresented and unresolved
in the literature (Gardiner et al. 1997). In a physiological
sense, and if all other factors are held constant (e.g., spe-
cies identity, topographic position, soil condition, wind
speed and direction, and time since last storm), a wide
inter-tree spacing is generally believed to reduce the in-
tensity of competition, thereby allowing individual trees
to maintain active (diameter) growth (Pinkard and
Neilsen 2003; Egbäck et al. 2015). This will likely de-
crease their susceptibility to direct windstorm damage

Fig. 7 The proportion of three damage types across the main tree species in the sampled sites in the Big Thicket National Preserve: a All height
classes combined. b Only the height class 0.0–19.9 m was considered. c Only the height class ≥ 20.0 m was considered. Each value on top of the
bars indicates the number of stems within each species category (Mg gr =Magnolia grandiflora, Il op = Ilex opaca, Qu al = Quercus alba, Qu ni =
Quercus nigra, Li st = Liquidambar styraciflua, Pi ta = Pinus taeda)
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(Cremer et al. 1982; Peltola and Kellomäki 1993; Oliver
1997; Valinger and Fridman 1997; Wonn and O’Hara
2001). In contrast, and considering the aerodynamic fac-
tors, wide spacing is well known to enhance the risk of
direct damage by inducing (1) greater forces on trees
driven by increased air turbulence within the open can-
opy and (2) increased swaying of individual stems due to
the lack of close neighbors (Green et al. 1995; Milne
1995; Hale et al. 2012; Ruck et al. 2012).
Inter-tree spacing has long been an important topic

among forest managers (Mason 2002; Gardiner et al.
2005; Schindler et al. 2012). A fundamental question is
whether or not regularity should be enhanced in the dis-
tribution of trees within a forest to reduce the risk of
windstorm damage in susceptible areas. The results of
our spatial point pattern analysis clearly indicated that
direct damage by catastrophic wind disturbance during
Hurricane Rita was not a spatially random process and
that the susceptibility increased when the tall canopy
trees of interest (HTT ≥ 20m) were isolated from
similar-sized (or taller) neighbors, supporting the aero-
dynamic notion above.
Spatial factors, such as neighborhood density and

inter-tree spacing, have been of primary concern in
many previous studies, but spatially explicit analytic
techniques (e.g., point pattern analysis, fractals, mantel
test, and autocorrelation) are still not widely employed
based on detailed, exhaustive surveys of the spatial co-
ordinate of all individual tree stems within a stand. To
the best of our knowledge, we conducted the first spatial
analysis at such a detailed level across multiple forest
plots to investigate the effects of pre-storm patterns of
tree distribution on the probability of direct wind dam-
age (cf. Condit et al. 2000; Wiegand and Moloney 2004,
2013; Churchill et al. 2013; Kim and Campbell 2016).

Conclusions
The basic premise of this research was that directly dam-
aged trees, being mostly tall, canopy individuals, are the key
drivers of overall post-storm forest structure and subse-
quent regeneration pathways. However, indirectly damaged
trees should not be considered to be of less importance or
concern to disturbance ecologists. It would be reasonable
to analyze both damage types together if the aim was to
understand the total impact caused by a storm. However,
when determining which trees are more vulnerable to dir-
ect damage, different approaches should be used. For ex-
ample, the direct and indirect impacts of a windstorm
occur in a chain-reaction mode, like falling dominoes,
which typically results in the spatial aggregation of damaged
trees (Webb 1988; Clinton and Baker 2000). Because such
aggregations are evident when trees are closely spaced, sev-
eral ecologists initially proposed that storm damage should
increase with increasing stand density (e.g., Reukema 1970,

1979; Cremer et al. 1982). While this may be true if the de-
gree of damage is represented solely by the number of all
fallen stems, confounding the two damage types would
impede our ability to answer under what spatial context
trees are more likely to be directly impacted (Webb 1989;
Peterson 2000).
Many factors have been suggested to influence damage

patterns in forest disturbance ecology. Some may be
more important than others in certain contexts, but the
findings of the present study indicated that no single fac-
tor has pervasive importance over the others. Rather,
these factors are tightly intertwined in a complex way,
that these factors often complement each other, and that
they contribute simultaneously to the overall susceptibil-
ity to and patterns of windstorm damage. In summary,
even a slight change in one factor (e.g., stand structure,
time since last disturbance, and past thinning practice)
may have cascading effects on the others, thereby produ-
cing diverging patterns and drivers of windstorm
damage among forest stands or over time. These points
are reminiscent of the earlier argument proposed by
Gardiner and Quine (2000), i.e., it is difficult to make
general statements about expected wind damage pat-
terns, and thus, the response of management should be
“context sensitive.”
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Additional file 1: Table S1. Classification of main tree species into
shade tolerance classes. Figure S1. (a) The location of the Big Thicket
National Preserve (BTNP) in east Texas. The inset indicates (b), that is, the
Turkey Creek Unit showing the distribution of the five plots (40 × 50 m).
Figure S2. Spatial distribution of individual trees at the five plots (40 ×
50 m) established in the Turkey Creek Unit of the Big Thicket National
Preserve, Texas, USA. In each parenthesis, the first value indicates the
number of all recorded trees and the second value represents the
number of the trees that were directly damaged during Hurricane Rita.
Figure S3. Species composition in the five plots (40 × 50 m) established
in the Turkey Creek Unit of the Big Thicket National Preserve, Texas, USA
(Pi ta = Pinus taeda, Li st = Liquidambar styraciflua, Qu ni = Quercus nigra,
Qu al = Quercus alba, Il op = Ilex opaca, Mg gr = Magnolia grandiflora).
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