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Abstract. We measured tree damage and mortality following a
catastrophic windthrow in permanent plots in an oak forest and
a pine forest in central Minnesota. We monitored changes in
forest structure and composition over the next 14 years. Prior to
the storm, the oak forest was dominated by Quercus ellipsoidalis,
and the pine forest by Pinus strobus. The immediate impacts of
the storm were to differentially damage and kill large, early-
successional hardwoods and pines. Subsequent recovery was
characterized by the growth of late-successional hardwoods. In
both forests the disturbance acted to accelerate succession.
Ordination of tree species composition confirmed the trend of
accelerated succession, and suggested a convergence of compo-
sition between the two forests.

Keywords: Convergence; Forest dynamics; LTER; Success-
ion; Tree damage; Tree mortality; Wind disturbance.
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Introduction

Windstorms is one of the most important kind of
disturbance in forests, after anthropogenic disturbances
and fire (Perry 1994). In the Upper Midwest, moderate
wind damage (20-50% canopy removal) has been calcu-
lated to occur once or twice in the life span in a cohort of
trees (Frelich & Lorimer 1991). Furthermore, global
climate models predict increased frequencies of than-
derstorms and tornadoes in mid and high latitudes
(Overpeck et al. 1990), suggesting that wind disturbance
will become an even more important force impacting
the structure and dynamics of the forests in this region.
A number of models have been proposed to describe the
irapact of disturbances on forest dynamics. The classic
succession model of Clements (1916) viewed disturbance
as interrupting succession and re-initiating seral develop-
ment. More recently, disturbance models have described
disturbances as creating a heterogeneous mosaic of patches
of different successional status, resulting in an increase of
vegetation diversity (Pickett & White 1985). In several

studies, disturbance has acted to accelerate succession by
removing early-successional species, allowing for a more
rapid growth of late-successional species (Lorimer 1980;
Abrams & Scott 1989; DeCoster 1996).

While many studies have examined the immediate
impacts of windstorms on forest vegetation, few have
examined post-storm changes beyond several years, and
consequently have not been able to evaluate these forest
dynamic models with respect to wind disturbance. In
1983 we established permanent plots in two forests
immediately following a catastrophic windstorm in Cedar
Creek Natural History Area, Minnesota. Our objective
is to document the immediate impacts of the storm, and
the changes in forest structure and composition in the 14
years following the storm.

Material and Methods

Study site

We conducted our study in the Cedar Creek Natural
History Area (CCNHA), one of the U_S. National Science
Foundation’s Long Term Ecological Research (LTER)
sites, located in Anoka and Isanti Counties, Minnesota,
USA. CCNHA is located on the Anoka sand plain, with
relatively nutrient-poor and well-drained soils (Tilman
1988). On July 3, 1983, straight-line winds caused sub-
stantial mortality in a number of forests throughout
CCNHA. We established permanent plots in two sites: an
oak forest dominated by Quercus ellipsoidalis (the
CCNHA population is apparently a genetic mixture of Q.
ellipsoidalis and Q. rubra; Swain 1972), and a pine forest
dominated by Pinus strobus. Since the pine forest has the
appearance of an even-age structure and P. srrobus typi-
cally colonizes oldfields, we believe this site is of an
earlier successional stage than the oak forest. Neither site
had any signs of cutting or other major recent anthropo-
genic disturbance, although the presence of pines in the
oak forest snggests disturbance in the past century.
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Sampling

Within two weeks following the storm, we estab-
lished a 50m x 50m plot in the oak forest, and a 60m X
50m plot in the pine forest. For each living and dead
stem greater than 1 cm diameter, we collected the fol-
lowing data: diameter at breast height (DBH; measured
at 1.4 m), species, damage type and mortality. Damage
types (noted for both living and dead trees) included
undamaged, snapped, uprooted, and light damage (trees
that were leaning, pinned, or with crown or bark dam-
age). In instances of multi-stem trees, stems were in-
cluded if they originated from the main stem below 1.4
m in height, During the first sampling, we were able to
distinguish between trees that were killed during the
windstorm and trees that were dead at the time of the
storm, and thus we were able to reconstruct both pre-
storm and post-storm forest structure. We resampled the
plots in 1990, 1993, and 1997 to assess subsequent
growth, mortality, and establishment of new stems.

Data analysis

We used multiple logistic regression (statistics were
implemented using SAS (Anon. 1990) to determine the
factors contributing to tree damage and tree mortality.
Logistic regression uses the logit function to allow
prediction of probabilities from a linear function of
independent variables (Hosmer & Lemeshow 1989).
We performed three logistic regressions: one that exam-
ined the effects of tree characteristics on mortality, a
second that examined the effects of damage type on
mortality, and a third that examined the effects of diam-
eter and species on damage. In the first regression, we
examined whether or not a tree was killed immediately
following the storm as a function of tree diameter and
species. The seven most abundant species (n > 25) were
entered as dummy variables, with each species being
compared to the combined unspecified species. In the
second regression, we examined tree mortality as a
function of damage type, with diameter included as a
covariate., The three damage types were entered as
dummy variables, and were compared to undamaged
trees. In the third regression, we examined whether or
not a tree sustained any type of damage (including trees
that died from their damage) as a function of tree diam-
eter and species. As with the first multiple regression,
the seven most abundant species were entered as dummy
variables and compared to undamaged trees.

We tested all three models for interactions and quadratic
functions. No interactions were significant in the second
mortality model and in the damage model, and hence
such terms were excluded from these. We did not include
a site variable in the regression models because species

composition varied so much between the forests, and
therefore might obscure a species effect. Nevertheless,
some patterns may result from site differences.

Ordination techniques help to explain community
variation (Gauch 1982) and can be used to evaluate
trends through time as well as space (Franklin et al.
1993; Arévalo et al. 1999; ter Braak & Smilauer 1998).
We used Detrended Correspondence Analysis (DCA;
Hill & Gauch 1980, CANOCO package; ter Braak &
Smilauer 1998) to examine how species composition
changed through time, and whether the two sites behaved
similarly. We performed separate analyses using tree
basal area and tree density, Ordinations were run using
a data set consisting of the two sites (pine and oak) at
five different time intervals: 1983 — before the storm,
1983 — after the storm, 1990, 1993, and 1997.

Results

The forests differed in pre-storm structure and com-
position. The pre-storm basal area and the density (for
stems with dbh > 2.5 c¢m) of the oak forest were 28.97
m2/ha and 1104.00 individuals/ha respectively (Table
1). The dominant species was Quercus ellipsoidalis,
although Populus grandidentata and Pinus banksiana
also had high basal area. The pre-storm basal area and
density of the pine forest was 41.94 m?ha and 1069.20
individuals/ha (Table 2). Pinus strobus dominated, while
the remaining species contributed a small portion of the
basal area.

The first Iogistic regression model of mortality shows
that the probability of being killed varied with respect to
species and diameter (Table 3). The range of diameter
used was all stems higher than 2.5 cm dbh. All but two
species (Acer rubrum and Prunus serotina) were sig-
nificantly (p < 0.05) different from the unspecified
species either as main effects or interactions, The relative
susceptibility to mortality for each species varied with
diameter, with species generally increasing in suscepti-
bility with size, although two species (Pinus strobus and
Quercus ellipsoidalis) showed significant decreases in
susceptibility (Table 3, Fig. 1a). A univariate model of
diameter showed that when considered by itself, mortal-
ity increases with diameter (Wald y? = 11454, p =
0.0007), with no significant quadratic effect (Wald 2 =
1.149, p = 0.2838).

The second logistic regression shows that the prob-
ability of a tree dying varied with respect to damage
type. All damage classes showed significantly higher
mortality than undamaged trees (Table 4). Diameter
was not significant, indicating that within damage types,
mortality did not vary with size. Not surprisingly, snapped
and uprooted trees had higher mortality than trees with
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Table 1. Basal area and densities of trees (stems > 2.5 cm DBH) in the oak forest daring 14 years of succession; b.s. =before storm;

a.s. = after storm.

Species Basal area (m?/ha) Deansity (individuals/ha)
1983 b.s. 1983 as. 1990 1993 1997 1983 b.s. 1983 as. 1990 1993 1997

Acer negundo 0.01 0.01 0.09 0.15 0.16 8.00 8.00 48.00 48.00 28.00
Acer rubrum 0.15 0.14 0.82 1.58 2.54 56.00 48.00 360.00 600.00 708.00
Amelanchier spec. 0.11 0.08 0.12 0.11 0.05 64.00 48.00 64.00 60.00 16.00
Betula papyrifera 2.44 0.73 0.90 0.58 0.68 128.00 48.00 64.00 64.00 64.00
Cornus alternifolia - - + 0.01 - - - 8.00 8.00 -
Corylus americana - - - + - - - - 4.00 -
Fraxinus nigra 0.80 0.68 1.38 1.96 2.34 172.00 148.00 29200 384.00 376.00
Tlex verticillata - - - - + - - - - 4.00
Pinus banksiana 4.65 - - - - 64.00 - - - -
Pinus resinosa 0.64 - - - - 8.00 - - - -
Pinus strobus 1.58 0.16 0.43 0.55 0.73 24.00 8.00 8.00 8.00 8.00
Populus grandidentata 4.01 0.23 045 0.69 0.84 120.00 36.00 132.00 128.00 92.00
Prunus serotina 042 0.32 0.82 0.88 1.11 68.00 56.00 236.00 212.00 180.00
Prunus virginiana 0.04 0.02 0.03 0.03 0.02 36.00 16.00 20.00 16.00 16.00
Quercus alba 0.22 0.22 0.37 0.49 0.59 40.00 40.00 44.00 60.00 60.00
Quercus ellipsoidalis 12.97 8.74 1091 11.94 13.58 248.00 160.00 164.00 188.00 172.00
Quercus macrocarpa 0.88 0.88 1.05 0.68 0.76 64.00 64.00 92.00 96.00 92.00
Vitis riparia - - - - 0.01 - - - - 12.00
Ulmus americana 0.05 0.05 0.07 - 4,00 4,00 4.00 - -
Total 28.97 12,27 17.46 19.63 23.41 1104.00 684.00 1536.00  1876.00 1828.00

(+) indicating very low presence of the species

light damage (Fig. 1b).

The third logistic regression focused on damage, in-
cluding both living and dead trees. The probability of
damage varied with respect to diameter and species (Table 5).
Species varied in their damage probabilities, creating a
hierarchy of relative susceptibilities (Fig. lc). Betula

papyrifera, Pinus strobus and Populus grandidentata
showed significantly higher damage probabilities than
trees of unspecified species. Damage probability also
increased with diameter. A univariate model of damage
as a function of diameter was also highly significant
(Wald 42 =24.453, p=0.0001), although a quadratic term

Table 2. Basal area and densities of trees (stems > 2.5 cm DBH) in the pine forest during 14 years of succession (b.s. = before storm;

a.s. = after storm).

Species Basal area (m%/ha) Density (individuals/ha)
1983 b.s. 1983 as. 1990 1993 1997 1983 b.s. 1983 ass. 1990 1993 1997

Acer negundo 0.02 0.02 0.17 0.28 0.45 9.90 9.90 42.90 49.50 49.50
Acer rubrum 0.05 0.03 0.17 0.32 0.61 13.20 9.90 49.50 62.70 62.70
Amelanchier spec. - - + 0.01 + - - 3.30 6.60 3.30
Betula papyrifera 5.14 1.53 1.57 0.64 0.83 128.70 39.60 39.60 56.10 85.80
Cornus alternifolia 0.01 - + 0.01 0.01 9.90 - 3.30 13.20 9.90
Fraxinus nigra 0.19 0.16 0.60 0.92 1.21 89.10 79.20 155.10 165.00 161.70
llex verticillata + - 0.01 0.01 + 3.30 - 9.90 13.20 6.60
Pinus strobus 36.26 1020 1158 12.83 12.84 640.20 178.20 204.60 214.50 207.90
Populus grandidentata 0.04 0.03 0.06 0.08 0.06 9.90 6.60 9.90 6.60 3.30
Prunus pensylvanica 0.01 0.01 0.03 0.05 0.05 330 3.30 3.30 6.60 3.30
Prunus serotina 0.19 0.11 047 0.75 0.92 135.30 85.80 184.80 19470 141.90
Prunus virginiana 0.01 + 0.01 0.01 0.02 6.60 3.30 6.60 3.30 6.60
Quercus alba - - 0.03 0.07 0.13 0.00 - 26.40 36.30 36.30
Quercus ellipsoidalis + + 0.07 0.20 0.53 3.30 3.30 56.10 135.30 231.00
Quercus macrocarpa 0.01 0.01 0.03 0.05 0.09 3.30 330 13.20 19.80 19.80
Rhamnus catharnca - - - 0.01 0.01 - - - 6.60 9.90
Rhamnus frangula - - - + 0.01 - - - 3.30 6.60
Rhus typhina - - 0.03 0.06 0.07 - - 26.40 33.00 23.10
Ulmus americana 0.02 0.01 0.14 0.34 034 9.90 6.60 42.90 49.50 33.00
Vitis riparia - - - 0.01 0.02 - - - 19.80 16.50
Zanthoxylum americanum + + + 0.01 0.01 330 3.30 6.60 990 13.20
Total 41.94 1212 1496 16.66 18.22 1069.20 43230 88440 110550 1131.90

(+) indicating very low presence of the species.
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Fig. 1. Logistic models for mortality and damage probability.

a. Mortality probability as a function of diameter for seven

species (> 25 individuals with = 2.5 cm DBH), as calculated

by the logistic mortality model. b. Mortality probability as a

function of damage type. c. Damage probability as a function

of diameter for seven species, as calculated by the logistic

damage model. These probabilities are only to be considered

within the diameter range of each species.

ACRU = Acer rubrum BEPA = Betula papyrifera

FRNI: Fraxinus nigra PIST = Pinus strobus

POGR = Populus grandidentata PRSE = Prunus serotina

QUEL = Quercus ellipsoidalis ~ MISC = all species not specified in
the model.

was not (Wald §2 = 1.565, p = 0.2109).

The two forests differed in their initial response to
disturbance, and their recovery following disturbance.
The basal area of the oak forest was reduced to 42% of
the pre-storm level, and in 14 years recovered at 81% of
the pre-disturbance level. The pine forest was more
greatly impacted. Its basal area was reduced to 29% of
the pre-storm level and recovered only to 43% (Fig. 2a).
Tree density in the oak forest quickly increased to well

Table 3. Logistic regression for mortality. Species are entered
as dummy variables and are compared to all unspecified
species. Positive values for parameter estimates indicate
increased susceptiblity with increases in that parameter,
whereas negative values indicate decreased susceptibiliry.

Variable Parameter Waldy? p-value
estimate
Intercept -0.9427 10.15 0.0014
Diameter 0.0617 4,18  0.0408
Acer rubrum -1.3265 1.01  0.3142
Acer rubrum X diameter -0.1084 013 07140
Betula papyrifera 1.5348 10.64  0.0011
Betula papyrifera X diameter -0.0603 234 0.1257
Fraxinus nigra -3.5145 8.10 0.0044
Fraxinus nigra X diameter 0.3833 450  0.0340
Pinus strobus 2.0854 28.70  0.0001
Pinus strobus % diameter -0.0746 532 0.0211
Populus grandidentata 1,3200 430 0.0382
Populus grandidentata X diameter 0.0045 0.01  0.9495
Prunus serotina 0.6260 098 03234
Prunus serotina X diameter -0.0820 025 0.6186
Quercus ellipsoidalis 0.5439 131  0.2513
Quercus ellipsoidalis x diameter -0.0882 545 0.0195

above the initial values, but experienced a decline from
1993 to 1997. In contrast, in the pine forest, tree density
returned to near pre-storm levels in 1997 (Fig. 2b).

The size distribution of stems over the 14 yr of the
study (Fig. 3) clarifies the forest dynamics of these two
sites. In both forests, all size classes showed decreases in
stem number immediately following the storm due to
mortality. In the pine forest, three of the size classes
greater than 15 cm showed recovery approximating their
pre-storm densities, while three were substantially smaller.
Size classes 15 ¢cm and smaller had densities that ex-
ceeded the pre-storm levels. In the oak forest, however,
the larger size classes demonstrated recovery approxi-
mating their pre-storm densities. The smaller size classes
also showed a large increase in stems that exceeded pre-
storm densities, but the two smallest size classes showed
declines between 1993 and 1997.

Prior to the storm, Quercus ellipsoidalis was the
dominant species of the oak forest and it remained so

Table 4. Logistic regression for mortality. Positive values for
parameter estimates indicate increased susceptiblity with in-
creases in that parameter, whereas negative values indicate
decreased susceptibility. Damage types are entered as dummy
variables and are compared to undamaged trees. N = 593 trees.

Variable Parameter Wald 32 p-value
estimate

Intercept -1,5552 61.28 0.0001

Diameter -0.0036 0.12 0.7242

Snapped 3.5736 112.38 0.0001

Uprooted 4.9767 64.05 0.0001

Light damage 1.0891 19.88 0.0001
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Table 5. Logistic regression for damage. Positive values for
parameter estimates indicate increased susceptiblity with
increases in that parameter, whereas negative values indicate
decreased sunsceptibility. All forms of tree damage are
considered. Species are entered as dummy variables and are
compared to all nnspecified species. N = 593 trees.

Variable Parameter Wald »? p-value
estimate
Intercept -0.1073 0.24 0.6233
Diameter 0.0225 4.47 0.0345
Acer rubrum -0.7337 2.36 0.1241
Betula papyrifera 0.7585 4.99 0.0256
Fraxinus nigra -0.2214 0.39 0.5310
Pinus strobus 1.7147 31.27 0.0001
Populus grandidentata 1.1242 5.49 0.0191
Prunus serotina 0.3527 1.15 0.2839
Quercus ellipsoidalis -0.3704 1.23 0.2681

-

throughout the 14 years of the study. The basal area of
Q. ellipsoidalis was reduced to 79% of the pre-storm
level, but by 1997 it exceeded the pre-storm level (Table
1). Betula papyrifera, Populus grandidentata, Pinus
banksiana and P. strobus suffered large reductions in
basal area, which they did not recover after 14 yr. Acer
rubrum and Fraxinus nigra were originally minor com-
ponents of the forest, but by 1997 had increased in basal
area 17-fold and 9-fold, respectively.

In the pine forest Pinus strobus was the dominant
species in terms of basal area and remained dominant
throughout the study. P. strobus was reduced to 28%
of its pre-storm basal area, but after 14 yr its basal area
had recovered only to 35% of its pre-storm level (Ta-
ble 2). Betula papyrifera also showed a large reduction
in basal area, and did not recover to its pre-storm level.
In contrast, a number of species showed large in-
creases in basal area thronghout the study, including
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Fig. 2. Tree basal area (a) and tree density (b) as a function of
time since the windstorm. The initial decline in 1983 represents
the direct effects of the storm.
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Acer negundo, Acer rubrum, Fraxinus nigra, Prunus
pensylvanica, Prunus serotina, Quercus alba, Quercus
ellipsoidalis, Ulmus americana and Zanthoxylum
americanum.

Changes are not restricted to changes in abundance;
there were also new appearances and disappearances. In
the oak forest (Table 1), Pinus banksiana, Pinus resinosa
and Ulmus americana were removed during the storm
and did not re-establish. Vitis riparia and llex verticillata
eventually became established. Cornus alternifolia and
Corylus americana became established during the course
of the study, but had disappeared by 1997. There were no
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Fig. 3. Size distribution of all stems as a function of sampling period. 1983b refers to before the storm, and 1983a represents after
the storm. Stems are divided into 5-cm DBH size classes, with the exception of trees under 5 cm which are divided into the classes
1-2.5 cm and 2.6 - 5 cm. Size classes are identified by their upper limit.
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eigenvalue = 0.009) did not reveal interpretable
patterns for species or sites.

ACNE = Acer negundo ACRU = Acer rubrum
AMSP =Amelanchier spec  BEPA = Betula papyrifera
COAL = Cornus alternifolia  COAM = Corylus americana
FRNI = Fraxinus nigra ILVE = llex verticillata
PIBA = Pinus banksiana  PIST = Pinus strobus
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PRVI = Prunus virginiana POGR=Populus grandidentata
QUAL = Quercus alba QUEL = Quercus ellipsoidalis
QUMA = Quercus macrocarpa RHCA = Rhamnus cathartica,
RHFR = Rhamnus frangula RHTY = Rhus typhina
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disappearances in the pine forest, but there were five new
species: Amelanchier spec., Rhamnus cathartica, Rham-
nus frangula, Rhus typhina and Vitis riparia (Table 2), It
is possible that some of the appearances and disappear-
ances do not reflect true introductions and extinctions,
but rather recruitment from, and dieback to, smaller size
classes,

Differences in the composition and dynamics of the
two forests are seen in an ordination based on basal area
(Fig. 4). The first ordination axis shows a strong site
effect, with species typical of the pine forest on the left
and species typical of the oak forest on the right (Fig. 4).
The second axis appears to be a temporal effect, with
species that increased through time at the top, and those
which decreased at the bottom. Third axis explained a
low proportion of variability and did not reveal any
interpretable pattern for species or sites. Note that the
initial effects of the disturbance (i.e. comparing the
1983 site scores before and after the storm) are in the
same direction as the change in later years. This sug-
gests that the species that best survived the storm tended
to exhibit rapid growth following the storm. A conver-
gence process is confirmed by the ordination. Pine for-
est follows a path in ordination space towards oak forest
plots. Disturbance could have accelerated the succes-
sion of the pine forest.

Discussion
The oak and pine forests of this study demonstrated

different dynamics in the 14 years following the wind-
storm. The storm acted upon the two forests of differing

+2.5 ULAM = Ulmus americana VIRI =Vitis riparia

ZAAM = Zanthoxylum americanum,

composition by inflicting differential damage and caus-
ing differential mortality with respect to species and tree
size. In the 14 years following the storm, differential
establishment and growth of species determined the suc-
cessional trajectory of the two forests. Both sites are
relatively close to one another (< 1 km) and bhave similar
soil characteristics and flat topography.

The greater damage severity on the pine site could be
the result of the dominant, Pinus strobus, being highly
susceptible to wind, but we cannot discount the possibil-
ity that higher wind speeds or greater exposure may have
also contributed to the greater damage on this site.

‘While mortality generally increased with tree size,
two species showed the reverse trend (Pinus strobus and
Quercus ellipsoidalis). Mortality has generally been
found to increase with tree size (Dittus 1985; Webb
1989; Baldwin et al. 1995), but a few studies have found
small tree sizes to sustain high mortality (Whigham et
al, 1991; Milton et al. 1994) likely a result of larger trees
or branches falling on saplings (Aide 1987; Webb 1989;
Clark & Clark 1991). However we did not test directly
this possibility in our data.

Not surprisingly, trees receiving severe damage
(snapping and uprooting) were most likely to be killed.
Several hardwood species, including Acer rubrum,
Prunus serotina and Fraxinus nigra, experienced low
mortality despite being damaged, apparently due to
their ability to sprout (DeCoster 1996).

Large individuals of early successional species, P.
strobus, Populus grandidentata and Betula papyrifera
had high damage rates. Many studies confirm this trend
for large trees (e.g. Webb 1989; Runkle 1990; Peterson
& Pickett 1991; Walker 1991) and soft-wooded, early-






