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Abstract: Wind disturbance is an important factor that can affect the development of the forests of
the Central Hardwood Region of the United States. However, there have been few long-term studies
of the recovery of these systems following wind damage. Long-term studies of protected forest
systems, such as Dinsmore Woods in Northern Kentucky, within the fragmented forest of this region
are valuable as they provide a resource to document and understand the effect of both abiotic and
biotic challenges to forest systems. This study is a 40-year analysis of both overstory and understory
changes in the forest system at Dinsmore Woods as the result of damage caused by severe winds in
the spring of 1974. The forest was surveyed before and immediately following the windstorm and
then at 10-year intervals. Although the windstorm had an immediate effect on the forest, the pattern
of damage was complex. The forest canopy (diameter at breast height (DBH) ≥ 30 cm) experienced
an irregular pattern of damage while in the subcanopy (DBH ≤ 30 cm) there was a 25% reduction in
total basal area. However, the major effects of the windstorm were delayed and subsequently have
altered forest recovery. Ten years following the disturbance declines were seen in total density and
basal area in the canopy and subcanopy of the forest as a consequence of windstorm damage. In the
past 20 years the total basal area of the canopy has increased and exceeds the pre-disturbance total
basal area. In contrast, the subcanopy total basal area continued to decline 20 years post-disturbance
and has not recovered. Further openings in the canopy and subcanopy due to the delayed windstorm
effects helped to establish a dense understory of native shrubs and sugar maple which have affected
tree regeneration and is reflected in the continual decline in species diversity in the subcanopy and
sapling strata over the 40-year period.

Keywords: old-growth forest; windstorm damage; Kentucky; overstory and understory changes;
forest recovery and regeneration

1. Introduction

The Central Hardwood Region (CHR) of the United States is a significant reservoir of biodiversity,
carbon storage/flow and productivity [1–3]. As part of the CHR, the forests of Kentucky are ecologically
diverse in composition and structure. Braun [4] placed Kentucky into two major forest regions, the
Mixed Mesophytic Forest in the eastern part of the state and the central and western regions of the
state in the Western Mesophytic Forest. One of the unique physiographic regions within Braun’s
Western Mesophytic Forest is the area affected by the Illinoian Glaciation which extended into Northern
Kentucky. Thus, in part because of its glacial history, this region of the state is distinct geologically
and edaphically, in contrast to the rest of the state which was largely unglaciated [5,6]. This area of the
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Commonwealth supports a range of forest community types [7,8]. One of these forest communities
is Dinsmore Woods State Nature Preserve, a 43.3 ha, late successional stage hardwood forest in
Northern Kentucky. In 1973, two of the authors (Bryant and Held) initiated a study to characterize
the composition and structure of Dinsmore Woods. This forest was considered fairly undisturbed
(no known commercial logging) since at least the 1830s, except for removal of dead chestnut trees after
the blight in the late 1930s. On 3 April 1974 an F5 tornado moved through Northern Kentucky near
Dinsmore Woods. Although the forest was not in the direct path of the tornado, a resurvey of the forest
shortly after the storm reported trees that were uprooted and damaged resulting in small gaps from
crown damage as well as single-tree and multiple-tree gaps [9].

Although there have been studies on the impact of tornado and severe wind damage on forest
composition and structure in the United States, to our knowledge none of these studies have monitored
long-term (decades) forest (overstory and understory) changes following such disturbances [10–12].
The reviews by Everham and Brokaw [13] and Peterson [14] indicated that long-term studies on forest
recovery after wind disturbances were needed. In addition, recent studies have noted the importance
of understanding fine or stand scale dynamics in response to windstorm disturbances [15,16].

A 1985 survey of Dinsmore Woods (11 years after the windstorm) indicated the forest was still
in flux post-disturbance and that longer-term study was required [17]. Two more surveys of the
forest were conducted in 1994 and 2004 [18,19]. In 2014 we completed the final survey of this site.
Our previous reports on forest composition and structure at this site largely described decadal or
incremental changes. In this paper, we present a synthesis of what we have learned in this 40-year
study of forest change including data from the 2014 survey. Our approaches to this final analysis and
summary are as follows:

1. An analysis and comparison of the temporal changes in forest structure and composition by
canopy, subcanopy, saplings and seedlings. This classification approach is different than what we
have used in previous reports and enabled us to identify more clearly the changes and recovery
in forest composition and structure over time.

2. A more comprehensive comparison of the canopy and subcanopy of the forest pre-disturbance
(1973) and immediately post-disturbance (1974). This analysis allowed us to determine more
directly the effects of wind damage on the forest canopy and subcanopy. In previous reports,
we did not include the complete survey data of the forest canopy and subcanopy done prior to
the 1974 windstorm.

3. A comparison of the seedling and sapling (understory) changes of the forest over 40 years and
the effects on forest regeneration. Recent reviews have highlighted the significance of the forest
understory (with or without disturbance) on forest succession and resilience [3,20].

2. Materials and Methods

2.1. Study Site

Dinsmore Woods is located in western Boone County, Kentucky (38◦59′54” N, 84◦48′51” W).
The forest occupies moderate to steep slopes 220–250 m above the floodplain of the Ohio River.
The bedrock of Boone County is primarily Ordovician limestone and shale which is covered by
Illinoian glacial till deposits with localized areas of Kansan glacial till [6,21]. This area of Kentucky has
an average January minimum temperature of−6.11 ◦C, an average July maximum temperature of 30 ◦C
and an average total annual precipitation of 108.15 cm [22]. However, on 3–4 April 1974, there was a
Super Outbreak of tornadoes that affected portions of Kentucky as well as several surrounding states.
One of the tornadoes that moved through Northern Kentucky near Dinsmore Woods was subsequently
rated an F5 tornado on the Fujita scale [23]. Based on information in the database, the track of this F5
tornado was approximately 1.3 km northwest of Dinsmore Woods and as a result the forest sustained
windstorm damage (Figure 1) [9,23].



Forests 2019, 10, 271 3 of 17

Forests 2019, 10, x FOR PEER REVIEW 3 of 17 

 

 

Figure 1. Windstorm damage to the forest community at Dinsmore Woods, June 1974. Scene is 

representative of the damage seen throughout this site. Uprooted trees are in the foreground with 

bent and snapped trees seen in the background. 

Until April 1974 there were no historical records or other indications of any significant 

modification of the site since the land was obtained by private ownership in the early 1830s. The 

Nature Conservancy recognized the uniqueness of Dinsmore Woods when the land was donated to 

the Conservancy in 1985. In 1990 the Conservancy and the Kentucky State Nature Preserves 

Commission dedicated Dinsmore Woods as a State Nature Preserve. Currently, Dinsmore Woods is 

owned and managed by the Boone County Parks System in cooperation with Kentucky State Nature 

Preserves Commission. Braun [4] described the forests of this region as Oak-Maple-Ash. A 1973 (pre-

tornado) survey of Dinsmore Woods was consistent with the Oak-Maple-Ash classification [24]. 

2.2. Methods 

All surveys were conducted in late May/early June or July of each survey year. In all surveys, 

nested circular plots randomly located along transect lines (3–4) were used. The transects in all 

surveys encompassed the entire range in topography of the forest. In 1973, species and diameter at 

breast height (DBH= 1.3 m above ground) of trees with a DBH ≥ 10 cm were recorded in a total of 14 

plots of 0.04 ha in plot size. In 1974, following the windstorm, a total of 23 plots of 0.125 ha plot size 

were sampled. Fifteen 0.04 ha plots were surveyed in 1985, 1994, 2004 and 2014. We were not able to 

establish permanent plots at this site, however the plots sampled in subsequent surveys were located 

as close as possible to the 1974 plots and were within 20 m of the original transect lines used for 

placement of the 1974 circular plots. Seedlings and saplings were recorded in plots nested within the 

tree plots for the five sample dates (saplings and seedlings were not recorded in 1973). In 1974 

seedling and sapling plots were 0.031 and 0.062 ha, respectively. For all subsequent surveys, seedling 

plot size was 0.004 and 0.01 ha for saplings.  

Four classes of strata were used for analysis: canopy, subcanopy, saplings and seedlings. Trees 

were classed as canopy (≥30 cm DBH) and subcanopy (10–29.9 cm DBH). Seedlings included all stems 

Figure 1. Windstorm damage to the forest community at Dinsmore Woods, June 1974. Scene is
representative of the damage seen throughout this site. Uprooted trees are in the foreground with bent
and snapped trees seen in the background.

Until April 1974 there were no historical records or other indications of any significant
modification of the site since the land was obtained by private ownership in the early 1830s. The Nature
Conservancy recognized the uniqueness of Dinsmore Woods when the land was donated to the
Conservancy in 1985. In 1990 the Conservancy and the Kentucky State Nature Preserves Commission
dedicated Dinsmore Woods as a State Nature Preserve. Currently, Dinsmore Woods is owned and
managed by the Boone County Parks System in cooperation with Kentucky State Nature Preserves
Commission. Braun [4] described the forests of this region as Oak-Maple-Ash. A 1973 (pre-tornado)
survey of Dinsmore Woods was consistent with the Oak-Maple-Ash classification [24].

2.2. Methods

All surveys were conducted in late May/early June or July of each survey year. In all surveys,
nested circular plots randomly located along transect lines (3–4) were used. The transects in all surveys
encompassed the entire range in topography of the forest. In 1973, species and diameter at breast
height (DBH = 1.3 m above ground) of trees with a DBH ≥ 10 cm were recorded in a total of 14 plots
of 0.04 ha in plot size. In 1974, following the windstorm, a total of 23 plots of 0.125 ha plot size were
sampled. Fifteen 0.04 ha plots were surveyed in 1985, 1994, 2004 and 2014. We were not able to
establish permanent plots at this site, however the plots sampled in subsequent surveys were located
as close as possible to the 1974 plots and were within 20 m of the original transect lines used for
placement of the 1974 circular plots. Seedlings and saplings were recorded in plots nested within the
tree plots for the five sample dates (saplings and seedlings were not recorded in 1973). In 1974 seedling
and sapling plots were 0.031 and 0.062 ha, respectively. For all subsequent surveys, seedling plot size
was 0.004 and 0.01 ha for saplings.

Four classes of strata were used for analysis: canopy, subcanopy, saplings and seedlings.
Trees were classed as canopy (≥30 cm DBH) and subcanopy (10–29.9 cm DBH). Seedlings included
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all stems with heights 15 cm to 1.4 m. All saplings had heights greater than 1.4 m (≤9.9 cm DBH).
Nomenclature follows Fernald [25]. The following calculations for the canopy and subcanopy were
done for each survey period: (a) total density (trees/ha), (b) species density by diameter class,
(c) species relative density, (d) total basal area (m2/ha), (e) species basal area (m2/ha), (f) species
relative basal area. An importance percentage was determined for each species by summing the relative
density and relative basal area and then, dividing by two. The importance percentage is a reflection
of the dominance of a species in the forest. For saplings and seedlings, density (# of stems/ha),
relative density and relative frequency were determined for each survey period. Shannon diversity
indices (species diversity) were calculated for each class of woody vegetation (canopy, subcanopy,
saplings, seedlings) for each survey time.

3. Results

3.1. Overstory—Canopy and Subcanopy

The Shannon diversity index of the canopy layer has fluctuated over the 40-year period with
no consistent change (Figure 2). The total density of the canopy was lower in the 1985 and 1994
surveys compared to 1973 and 1974, but since 1994 total density has increased (Table 1). Total basal
area/hectare of the canopy has also increased since 1994 and exceeds the pre-disturbance total basal
area (Table 2). The total density and basal area changes were further analyzed by examining species-
specific changes in density by diameter class and the corresponding species basal area. The three
dominant tree species in the canopy in 1973 were Acer saccharum (sugar maple), Fraxinus americana
(white ash) and Quercus spp. (oak spp.). Since 1973, no consistent pattern of changes in density and
basal area of sugar maple have been observed (Tables 1 and 2). Overall, the distribution pattern of
canopy-level diameter size classes for sugar maple in 2014 was very similar to the pre-disturbance
pattern of 1973 with a shifting in numbers between the larger diameter classes in the intervening
40-year period (Figure 3). In contrast to sugar maple, white ash continued to decline post-disturbance
in both density and basal area through 1994 (Tables 1 and 2). However, in the 20 years since then,
white ash has increased its dominance in the canopy as a result of increases in the number of larger
diameter trees (≥40 cm DBH) (Figure 4 and Figure 6). The density and basal area of oak spp. decreased
immediately post disturbance due primarily to a decrease in the density of trees in the ≥40 cm DBH
size class (Tables 1 and 2; Figure 5). However, oak spp. have continued to be a significant component
of the canopy in 2014 due to the presence of larger trees (Figures 5 and 6). Celtis occidentalis (hackberry)
is a smaller component of the canopy as is Ulmus rubra (slippery elm) which was not recorded as part
of the canopy in the 2014 survey (Tables 1 and 2). Other species have persisted as minor components
of the canopy over the 40-year period (Tables 1 and 2; Figure 6).

Unlike the canopy, subcanopy species diversity has decreased since 1974 (Figure 2). This decline
in diversity has been due to the loss of the minor constituent species of the subcanopy as well as
a decrease in density of major constituents like hackberry, slippery elm and white ash (Table 3).
Additionally, oak spp. and slippery elm were not recorded as part of the subcanopy in 2014. Similarly,
total density and basal area of the subcanopy has declined over the past 40 years (Tables 3 and 4).
In the subcanopy, sugar maple was the most abundant species. Immediately following the windstorm
(1974) sugar maple density and basal area decreased, but by 1985 both the density and basal area of
this species had returned to pre-disturbance levels and has remained fairly constant through 2014
(Tables 3 and 4; Figure 3). White ash, hackberry and slippery elm had fewer individuals recorded
in the 20–29.9 cm DBH size class in 1974 as compared to 1973, thus contributing along with sugar
maple to the overall decrease in basal area in the subcanopy immediately post-disturbance (Table 4;
Figures 4, 7 and 8). White ash and hackberry continued to decline in density and basal area through
1985, but in subsequent surveys these species showed some recovery in terms of density and basal area
but not to pre-disturbance levels (Tables 3 and 4; Figures 4 and 7). In contrast, slippery elm declined
in overall density and basal area from 1994 to 2014 when it was not recorded in the subcanopy. Oak
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spp. showed a similar pattern of decline in the subcanopy (Tables 3 and 4; Figure 5). With the decline
in both density and basal area in oak spp., white ash, hackberry and slippery elm, sugar maple has
increased its dominance in the subcanopy following the disturbance (Figure 9).

Table 1. Density (N/ha) and Relative Density for the dominant tree species in the canopy (diameter at
breast height (DBH) ≥ 30.0 cm) stratum at Dinsmore Woods recorded in the six sampling periods.

Species Density (N/ha) Relative Density (%)

1973 1974 1985 1994 2004 2014 1973 1974 1985 1994 2004 2014

Fraxinus americana 34 33 17 13 32 40 28.3 24.6 21 14.9 23.7 41.2
Acer saccharum 29 49 28 43 47 25 24.2 36.6 34.6 49.4 34.8 25.8
Quercus spp *. 27 16 13 17 12 12 22.5 11.9 16 19.5 8.9 12.4

Celtis occidentalis 5 12 3 3 3 5 4.2 9.0 3.7 3.4 2.2 5.2
Ulmus rubra 0 2 8 3 7 0 0 1.5 9.9 3.4 5.2 0

Other species ** 25 22 12 8 34 15 20.8 16.4 14.8 9.2 25.2 15.5
Total 120 134 81 87 135 97 100.0 100.0 100.0 100.0 100.0 100.0

* Quercus spp.: Quercus alba, Quercus muhlenbergii, Quercus prinus, Quercus rubra; ** Other species: Carya cordiformis,
Carya glabra, Carya ovata, Carya tomentosa, Juglans nigra, Gleditisia triacanthos, Ostrya virginiana, Fagus grandifolia,
Cercis canadensis, Acer negundo, Tilia americana, Robinia pseudoacacia, Maclura pomifera, Prunus serotina, Aesculus glabra,
Liriodendron tulipifera, Ulmus americana, Fraxinus quadrangulata, Gymnocladus dioicus.

Table 2. Basal area (m2/ha) and Relative Basal Area for the dominant tree species in the canopy (DBH
≥ 30.0 cm) stratum at Dinsmore Woods recorded in the six sampling periods.

Species Basal Area (m2/ha) Relative Basal Area (%)

1973 1974 1985 1994 2004 2014 1973 1974 1985 1994 2004 2014

Fraxinus americana 4.4 4.9 3.6 2.5 6.8 11.3 26.2 22.4 24 14.3 26.4 44.3
Acer saccharum 3.4 7 3.9 7.1 8 3.2 20.2 32 26 40.6 31 12.5
Quercus spp *. 5.6 3.1 4.3 5.4 3.2 6.5 33.3 14.2 28.7 30.9 12.4 25.5

Celtis occidentalis 0.5 1.7 0.5 0.5 0.4 1.1 3.0 7.8 3.3 2.9 1.6 4.3
Ulmus rubra 0 0.5 0.8 0.4 1.1 0 0 2.3 5.3 2.3 4.3 0

Other species ** 2.9 4.7 1.9 1.6 6.3 3.4 17.3 21.5 12.7 9.1 24.4 13.3
Total 16.8 21.9 15 17.5 25.8 25.5 100.0 100.0 100.0 100.0 100.0 100.0

* Quercus spp.: Quercus alba, Quercus muhlenbergii, Quercus prinus, Quercus rubra; ** Other species: Carya cordiformis,
Carya glabra, Carya ovata, Carya tomentosa, Juglans nigra, Gleditisia triacanthos, Ostrya virginiana, Fagus grandifolia,
Cercis canadensis, Acer negundo, Tilia americana, Robinia pseudoacacia, Maclura pomifera, Prunus serotina, Aesculus glabra,
Liriodendron tulipifera, Ulmus americana, Fraxinus quadrangulata, Gymnocladus dioicus.
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Table 3. Density (N/ha) and Relative Density for the dominant tree species in the subcanopy (DBH
10.0–29.9 cm) stratum at Dinsmore Woods recorded in the six sampling periods.

Species Density (N/ha) Relative Density (%)

1973 1974 1985 1994 2004 2014 1973 1974 1985 1994 2004 2014

Fraxinus americana 23 20 2 8 8 10 10.6 8.9 1.2 4.6 5.2 7.1
Acer saccharum 102 75 102 117 112 105 47.2 33.3 62.6 67.6 74.1 74.5
Quercus spp *. 2 6 10 10 3 0 0.9 2.7 6.1 5.8 2 0

Celtis occidentalis 34 29 3 8 3 15 15.7 12.9 1.8 4.6 2 10.6
Ulmus rubra 32 37 17 18 7 0 14.8 16.4 10.4 10.4 4.6 0

Other species ** 23 58 29 12 18 11 10.6 25.8 17.8 6.9 11.9 7.8
Total 216 225 163 173 151 141 100.0 100.0 100.0 100.0 100.0 100.0

* Quercus spp.: Quercus alba, Quercus muhlenbergii, Quercus prinus, Quercus rubra; ** Other species: Carya cordiformis,
Carya glabra, Carya ovata, Carya tomentosa, Juglans nigra, Gleditisia triacanthos, Ostrya virginiana, Fagus grandifolia, Cercis
canadensis, Acer negundo, Tilia americana, Robinia pseudoacacia, Prunus serotina, Aesculus glabra, Fraxinus quadrangulata,
Gymnocladus dioicus, Asimina triloba, Cornus florida, Morus rubra.

Table 4. Basal area (m2/ha) and Relative Basal Area for the dominant tree species in the subcanopy
(DBH 10.0–29.9 cm) stratum at Dinsmore Woods recorded in the six sampling periods.

Species Basal Area (m2/ha) Relative Basal Area (%)

1973 1974 1985 1994 2004 2014 1973 1974 1985 1994 2004 2014

Fraxinus americana 1.23 0.45 0.02 0.19 0.31 0.38 15.1 7.3 0.50 4 6.6 8.9
Acer saccharum 3.18 2.20 2.87 3.12 3.23 3.20 39 35.8 71.4 66.4 69.2 75.3
Quercus spp *. 0.13 0.15 0.23 0.33 0.18 0 1.6 2.4 5.7 7.0 3.9 0

Celtis occidentalis 1.51 0.95 0.07 0.19 0.15 0.46 18.5 15.5 1.7 4 3.2 10.8
Ulmus rubra 1.34 0.90 0.35 0.47 0.23 0 16.4 14.7 8.7 10 4.9 0

Other species ** 0.77 1.49 0.48 0.40 0.57 0.21 9.4 24.3 11.9 8.5 12.2 4.9
Total 8.16 6.14 4.02 4.70 4.67 4.25 100.0 100.0 100.0 100.0 100.0 100.0

* Quercus spp.: Quercus alba, Quercus muhlenbergii, Quercus prinus, Quercus rubra; ** Other species: Carya cordiformis,
Carya glabra, Carya ovata, Carya tomentosa, Juglans nigra, Gleditisia triacanthos, Ostrya virginiana, Fagus grandifolia, Cercis
canadensis, Acer negundo, Tilia americana, Robinia pseudoacacia, Prunus serotina, Aesculus glabra, Fraxinus quadrangulata,
Gymnocladus dioicus, Asimina triloba, Cornus florida, Morus rubra.
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3.2. Understory—Saplings and Seedlings

Similar to the subcanopy, sapling diversity has declined since 1974 (Figure 10). In 1974 there were
19 species recorded compared to only six species in 2014. While total sapling density has decreased
since 1985, there is much variation in the total density values across the 40-year period (Table 5).
Sugar maple was the most abundant species in the sapling class over the 40-year period (Table 5).
The number of sugar maple saplings increased after the 1974 disturbance. However, relative density of
this species has been declining since 1994 (Table 5). Other species such as oak spp. and white ash were
absent in the sapling layer since 1985 and 1994, respectively. Hackberry sapling density fluctuated over
time while slippery elm has continued to decline in density over the 40-year period as did other species.
In contrast, since 1974 Asimina triloba (pawpaw) and Lindera benzoin (spicebush) have increased in
density in this class. This increase in density and relative frequency was more consistent for spicebush
than pawpaw. Additionally, Lonicera maackii (Amur honeysuckle) became an important component of
this understory class in 2014 (Table 5).
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Figure 10. Shannon diversity index values of all saplings (Height≥ 1.4 m; DBH≤ 9.9 cm) and seedlings
(Height < 1.4 m) for all woody species recorded at Dinsmore Woods across the five sampling periods.

Table 5. Density (N/ha), Relative Density, and Relative Frequency for the dominant woody species
recorded in the sapling class (Height > 1.4 m; DBH ≤ 9.9 cm) at Dinsmore Woods across the five
sampling periods.

Species Density (N/ha) Relative Density (%) Relative Frequency (%)

1974 1985 1994 2004 2014 1974 1985 1994 2004 2014 1974 1985 1994 2004 2014

Fraxinus
americana 25 27 0 0 0 7.8 1.6 0 0 0 10.3 6.1 0 0 0

Acer saccharum 90 727 300 427 153 28.2 42.4 62.4 36.4 18.2 17.9 26.5 56.5 47.8 32.3
Quercus spp *. 8 0 0 0 0 2.5 0 0 0 0 4.3 0 0 0 0

Celtis
occidentalis 20 93 0 20 0 6.3 5.4 0 1.7 0 7.7 14.3 0 13 0

Ulmus rubra 78 153 20 0 7 24.5 8.9 4.2 0 0.8 17.1 8.2 8.7 0 3.2
Asimina triloba 44 460 67 0 207 13.8 26.8 13.9 0 24.6 7.7 12.2 13 0 16.1
Lindera benzoin 12 40 73 713 327 3.8 2.3 15.2 60.7 38.9 6.8 6.1 8.7 30.4 35.5

Lonicera maackii 0 0 0 0 140 0 0 0 0 16.6 0 0 0 0 9.7
Rosa multiflora 0 0 0 0 7 0 0 0 0 0.8 0 0 0 0 3.2
Other species ** 42 215 21 14 0 13.2 12.5 4.4 1.2 0 28.5 26.6 13.1 8.8 0

Total 319 1715 481 1174 841 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0

* Quercus spp.: Quercus alba, Quercus muhlenbergii, Quercus prinus, Quercus rubra; ** Other species: Carya spp., Ostrya
virginiana, Fagus grandifolia, Cercis canadensis, Tilia americana, Robinia pseudoacacia, Prunus serotina, Aesculus glabra,
Cornus florida, Morus rubra, Euonymus americanus, Sassafras albidum, Liriodendron tulipifera.
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Although the Shannon diversity index for seedlings has fluctuated over time, species richness
has declined over the 40-year period since the disturbance. In 1974 there were 18 species of woody
seedlings present in the understory in contrast to the 2014 survey where only 11 species were recorded
(Figure 10). This decline in species richness was most pronounced by 1994 (10 species) and has
remained near this level in 2004 and 2014. The total density per hectare of seedlings increased after
1974 although there has been fluctuation in the density over time (Table 6). Sugar maple has been the
most abundant tree seedling throughout the 40-year period (Table 6). White ash decreased in relative
seedling density since 1974 but continues to persist in the seedling class with oak spp., hackberry,
slippery elm and other species. Since 1985, the seedling layer has been dominated by sugar maple,
spicebush and pawpaw (combined RD 61.9%–72%). The 2014 survey indicated that the invasive
Amur honeysuckle had become a significant component of the understory and to a lesser extent,
Rosa multiflora (Table 6).

Table 6. Density (N/ha), Relative Density, and Relative Frequency for the dominant woody species
recorded in the seedling class (Height ≤ 1.4 m) at Dinsmore Woods across the five sampling periods.

Species Density (N/ha) Relative Density (%) Relative Frequency (%)

1974 1985 1994 2004 2014 1974 1985 1994 2004 2014 1974 1985 1994 2004 2014

Fraxinus
americana 168 117 50 283 67 12.6 1.9 2.5 4.6 2.1 12 3.8 6.7 5 10.5

Acer saccharum 471 1617 933 1633 1200 35.4 25.9 46.7 26.6 38.1 14.7 15.2 24.4 16.7 13.2
Quercus spp *. 36 17 0 117 17 2.7 0.3 0 1.9 0.5 6.7 1.3 0 10 2.6

Celtis
occidentalis 50 717 17 400 83 3.8 11.5 0.9 6.5 2.6 8 15.2 2.2 13.3 7.9

Ulmus rubra 295 300 500 567 83 22.1 4.8 25 9.2 2.6 13.3 7.6 20.0 11.7 5.3
Asimina triloba 53 1200 133 1167 200 4 19.2 6.7 19 6.3 6.7 11.4 13.3 10 10.5
Lindera benzoin 74 1617 217 1617 550 5.6 25.9 10.9 26.4 17.5 7.3 17.7 17.8 11.7 18.4

Lonicera maackii 0 0 0 0 800 0 0 0 0 25.4 0 0 0 0 21.1
Rosa multiflora 0 0 0 0 67 0 0 0 0 2.1 0 0 0 0 2.6
Other species ** 185 651 150 351 84 13.9 10.4 7.5 5.7 2.7 31.3 27.8 15.6 21.6 7.8

Total 1332 6236 2000 6135 3151 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0

* Quercus spp.: Quercus alba, Quercus muhlenbergii, Quercus prinus, Quercus rubra; ** Other species: Carya spp., Ostrya
virginiana, Fagus grandifolia, Cercis canadensis, Tilia americana, Prunus serotina, Aesculus glabra, Cornus florida, Morus
rubra, Sassafras albidum, Juglans nigra, Gleditisia triacanthos, Fraxinus quadrangulata, Symphoricarpos orbiculatus.

4. Discussion

4.1. Immediate Windstorm Effects

The pattern of damage immediately following the 1974 windstorm at Dinsmore Woods was
complex. After examining species-specific changes in the density in the different diameter classes and
basal area, the pattern of damage seemed to be unrelated to specific tree size or species. For example,
Quercus spp. (oaks) which had a significant proportion of larger diameter (≥40 cm) trees prior to
the storm appeared to be the species in the canopy most affected by the windstorm of 1974 with
decreases in both density and basal area (Tables 1 and 2; Figure 5). In contrast to the oak species,
the disturbance seemed to have had no immediate effect on Fraxinus americana (white ash) and Acer
saccharum (sugar maple) in the canopy class (Tables 1 and 2; Figures 3 and 4). In 1973 however,
the subcanopy density of sugar maple was higher than in the canopy. Immediately following the
disturbance (1974), sugar maple density and basal area decreased due to the reductions in the number
of individuals in both subcanopy diameter classes (10–19.9 and 20–29.9 cm) (Tables 3 and 4; Figure 3).
White ash, Celtis occidentalis (hackberry) and Ulmus rubra (slippery elm) also had fewer individuals in
the 20–29.9 cm diameter class immediately post-disturbance (Figures 4, 7 and 8). The decreases in sugar
maple, white ash, hackberry and slippery elm account for most of the overall decrease in subcanopy
basal area post disturbance (Table 4). Thus, our study indicated no clear relationship between tree size
and immediate windstorm damage.
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An explanation of the pattern we observed may be the variation in the intensity of the windstorm
and the effects of trees being damaged by other trees toppling and breaking. Peterson [10] compared
two tornado events, that differed in intensity, on the same old growth forest and found differences
in the extent of damage and recovery depended on the intensity of the disturbance. In the less
intense windstorm event, Peterson [10] found little change in either canopy species composition or
diversity. Similarly, we found little change in diversity in the canopy and subcanopy immediately
post-disturbance. In a study of two forests affected by windstorms, Webb [26] indicated that indirect
damage of trees by other falling trees may produce a pattern with no relationship to tree size.
Canopy breakage and toppling may have contributed to the decline in the subcanopy of sugar
maple and other species immediately post-disturbance at Dinsmore Woods. In a simulated hurricane
blowdown on a temperate forest, it was found that larger overstory trees were uprooted whereas
subcanopy and understory trees were crushed by falling trees [27]. Canham et al. [28] noted that
moderate winds resulting from F0-F1 tornados may result in differences in the proportion of trees
that are blown down. Although the tornado that affected Dinsmore Woods was rated an F5 tornado,
the distance of the forest from the direct path of the tornado may have resulted in the forest being
subjected to wind speeds that were variable and moderate in intensity. Additionally, other factors such
as site topography may have further influenced the pattern of damage [13,14].

4.2. Delayed Windstorm Effects, Recovery and Regeneration

After the 1974 windstorm and the resurvey of the forest immediately following the windstorm,
damaged and fallen trees were salvaged along the perimeter of the forest, but not from the interior
where subsequent surveys were conducted [17]. Also, no evidence of sprouting or deer browsing
was observed during the course of the surveys. The residual or delayed effects of the storm were
evident in the 1985 and 1994 surveys with declines in canopy and subcanopy total density and basal
area (Tables 1–4). These longer-term effects of the storm have had an impact on the recovery and
regeneration of the forest. Held and Bryant [17] noted trees that had been uprooted and damaged by
the windstorm had generated single tree and multiple tree gaps and that many of the wind- damaged
trees that remained standing had died and fallen in the period between 1974 and 1985. Based on the
1985 and 1994 surveys, the number of oak trees increased in the subcanopy diameter classes which
was also reflected in small increases in oak basal area (Table 4 and Figure 5). The transition of oak
saplings to smaller diameter oak trees of the subcanopy may have been a response to the continued
formation of canopy openings/gaps post-disturbance and, in part, this transition may account for
the disappearance of oak saplings after 1974. Ehrenfeld [29] found evidence of slight increases in
the number of oak saplings as well as lower canopy oak trees in response to canopy gaps. Similarly,
Thomas-Van Gundy et al. [30] reported increases in oak sapling importance values in response to
canopy gaps and exclusion of browsers although the importance values overall remained low for oak
spp. Oak in the understory can undergo periods of suppression [31]. In a detailed study of saplings
and understory trees in a mixed oak forest that had experienced a windthrow disturbance, Orwig and
Abrams [31] found that following the disturbance, all species including white oak increased in height
in gaps as compared to control sites. Additionally, white oak saplings and small trees showed increases
in radial growth in response to recent gap formation [31]. The positive response (increased radial
growth) of oaks to gaps or crown release may also explain the subsequent increase in the number of
larger diameter trees in 1985 and 1994 in the canopy (Figure 5) [32,33].

In terms of the subcanopy, white ash continued to decline in number post-disturbance, but showed
some evidence of recovery in 1994 with slight increases in both density and basal area (Tables 3
and 4). Some of this recovery may be due to saplings moving into the subcanopy and, like oak,
may partially account for the disappearance of saplings in the 1994 and subsequent surveys. Canopy
level ash trees continued to decline in density and basal area over a 20-year period following the
windstorm (Tables 1 and 2; Figure 4). These declines are consistent with wind-damaged trees dying
and falling. However, recent increases in 2004 and 2014 in density and basal area of white ash exceed



Forests 2019, 10, 271 12 of 17

pre-disturbance levels resulting in greater importance of white ash in the canopy compared to oak spp.
and sugar maple (Figure 6). Merrens and Peart [34] found that ash saplings and smaller ash trees in a
site that was damaged by a 1938 hurricane continued to maintain increased growth rates (radial growth)
relative to a control site nearly 45 years after the disturbance. Furthermore, the increased growth rate
exhibited by ash was significantly greater than other canopy species present at the site and, because
of this sustained growth response, the hurricane disturbance seemed to favor ash compared to other
species [34]. Over the 40-year period at Dinsmore Woods, the continued growth of white ash has
resulted in a shift from mostly smaller diameter trees (<40 cm diameter) to larger (≥40 cm diameter)
trees in the canopy (Figure 4).

Sugar maple has maintained a continual ingrowth of trees into the subcanopy over the 40-year
period of monitoring. Immediately post-disturbance, there was a decrease in the number of sugar
maple stems in the subcanopy, but by 1985 the number of these smaller diameter trees had reached
pre-disturbance levels (Figure 3). The effect of gap openings as a result of windstorm damage may
explain the increase of smaller diameter trees of sugar maple between 1974 and 1985. Sugar maple
saplings show increased height and radial growth in response to canopy gaps [35–37]. In contrast, the
transition to the larger diameter classes of the canopy has been inconsistent for this species and may
further reflect its adaptation to shade. Sugar maple can undergo long periods of growth suppression
followed by release in response to canopy openings [38] or thinning [39]. Abrams and Scott [40] found
that sugar maple growth was slower in an old growth forest compared to forests that had been logged.
The continued presence and dominance of large white ash and oak trees in the canopy at Dinsmore
Woods may be restricting growth of sugar maple into the canopy.

At Dinsmore Woods, prior to the 1974 disturbance, hackberry and slippery elm were important
components of the subcanopy. The density and basal area of hackberry was reduced post-disturbance
showing some recovery by 2014, but not to pre-disturbance levels (Tables 3 and 4). In contrast
to hackberry, slippery elm showed little change in density and basal area between 1973 and 1974.
However, since 1994 slippery elm has declined in importance in the subcanopy and was not recorded in
2014 (Figure 8). Although both species are fast growing, slippery elm saplings may be more dependent
upon larger canopy gaps for growth and regeneration than hackberry [41].

In summary, over the 40-year recovery period, the canopy remains an Oak-Ash-Maple system.
However, there has been shifts between the three species with fewer but larger diameter oaks and an
increase in importance of white ash while sugar maple in the canopy is composed of smaller diameter
trees when compared to the other two species. In contrast, sugar maple has increased in importance
in the subcanopy not by an actual increase in abundance, but due to the decline in abundance and
basal area of the other major species of the subcanopy: oak, white ash, hackberry and slippery elm.
This change is reflected in the decline in subcanopy diversity.

The continued decline in the diversity of the subcanopy as well as the sapling class at Dinsmore
Woods suggests that the longer-term significant effect of the 1974 disturbance was on the forest
understory. The change in the understory post-disturbance appears to be affecting forest regeneration,
specifically the transition of seedlings to the sapling class and saplings to the subcanopy. Various
studies and reviews have emphasized that the understory may have a significant, but not completely
understood effect on forest dynamics and resilience [3,20,42].

A major consequence of the 1974 windstorm at Dinsmore Woods may have been to help establish
by 1985 a dense understory layer consisting of Asimina triloba (pawpaw) and Lindera benzoin (spicebush)
(Tables 5 and 6). Spicebush and pawpaw are clonal species and shade tolerant. Both species, however,
are also responsive to openings in the canopy that may enhance their productivity, growth and
reproduction [43–45]. Hosaka et al. [46] suggested that the growth habit of pawpaw may take
advantage of temporal variations in light. Canopy and subcanopy gaps formed after the windstorm
may have also enhanced sexual reproduction in both species resulting in fruits and seeds that
were dispersed throughout the forest by animals, which contributed to the further spread of these
species. Both of these species may affect regeneration of tree species by competing for resources.
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Shotola et al. [47] reported large increases in the density of pawpaw over a 17-year period in an old
growth forest in Indiana and this could affect tree regeneration. The cause of the pawpaw expansion
in this Indiana forest may have been due to insect defoliation of the canopy. Similarly, in an eight-year
study of an old growth Fagus-Acer forest in Ohio, substantial increases in density of Asimina and
Lindera were found and it was speculated that both species may negatively affect other woody species
regeneration in the forest [42]. A recent study reported on an effort to control pawpaw growth in second
growth hardwood stands in Missouri because of its potential negative effect on tree regeneration [48].
Baumer and Runkle [49] found that tree seedling stems (including sugar maple and white ash) not
under pawpaw were taller and older compared to stems under pawpaw. As part of this study, Baumer
and Runkle [49] did a manipulative experiment to explore the nature of the interactions between
pawpaw and sugar maple seedlings. Their results indicated combined aboveground and belowground
competition seemed to negatively affect seedling biomass. The negative impact on seedling growth by
pawpaw and possibly spicebush may affect the seedling to sapling transition and partially explain
the decline over time in the densities of white ash, oak spp. slippery elm and hackberry saplings at
Dinsmore Woods.

Further confounding the effects of pawpaw and spicebush on tree regeneration was the increase in
abundance of sugar maple saplings in 1985 and 1994. Shading by sugar maple saplings may also have
affected the transition from seedling to sapling of other species such as oak and white ash [42,47,50].
Canham [35] found that lateral growth of branches of sugar maple saplings was increased in response
to light gaps which would benefit the plant. However, Canham [35] further indicated that the more
important effect of this response may be the shading of smaller less shade tolerant tree species after
gap formation thereby reducing competition.

Since 1994, two other factors may be affecting tree regeneration at Dinsmore Woods. In the 1994
survey we observed the presence of Alliaria petiolata (garlic mustard) in the forest. However, at that
time it was not as extensively present as it was observed in the 2014 survey (Personal Observation).
Beginning in 1995, a study was conducted at Dinsmore Woods to determine the effects of prescribed
burns on garlic mustard and the understory [51]. A series of burns were completed over a 3-year
period. The prescribed or controlled burns in that study consisted of a small number of plots localized
within the forest and did not overlap with plots in our subsequent surveys. The results indicated
the repeated prescribed burns had no effect on garlic mustard abundance but did have a negative
effect on woody seedlings (≤5 cm diameter) on upland sites within the forest [51]. The persistence of
garlic mustard in the forest may be contributing to further decline in woody seedling richness and
sapling diversity. In a short-term study, Stinson et al. [52] found that woody seedling abundance
and Shannon diversity decreased with increasing garlic mustard cover in a New England forest.
Among the tree species negatively affected by garlic mustard were sugar maple and white ash.
Stinson et al. [52] further suggested that the species-specific response to garlic mustard removal may
be due to plant–mycorrhizae interactions and/or shading. In an earlier study, Stinson et al. [53]
experimentally demonstrated that garlic mustard negatively affected arbuscular mycorrhizal fungi
(AMF) colonization of sugar maple and white ash seedlings and thereby affected seedling growth.
In a subsequent field study, AMF colonization of sugar maple seedlings was reduced in forest patches
invaded by garlic mustard [54].

Finally, in the 2014 survey, Lonicera maackii (Amur honeysuckle) was in significant abundance
in the understory at Dinsmore Woods (Tables 5 and 6). This invasive species can negatively affect
tree seedling density and species richness over time [55,56]. Recently, Cameron et al. [57] conducted a
study examining the effects of Lonicera and other environmental factors on sugar maple regeneration
in forests of Southwestern Ohio including sites that are near Dinsmore Woods. Their results indicated
that the effect of Lonicera depended on the life stage of sugar maple. Just as important, this study
showed that other environmental factors such as soil and topography may be affecting seedling to
sapling transition and sapling to tree transition in sugar maple, factors which also may be affecting
tree regeneration in general at Dinsmore Woods.
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5. Conclusions

In summary, in the original study of Dinsmore Woods, Held and Winstead [9] classified this
forest as an Acer saccharum (sugar maple) system with Fraxinus americana (white ash) and Quercus
spp. (oaks) as subdominants. In a subsequent report, Bryant et al. [7] described Dinsmore Woods
as an Oak-Ash-Maple community. Based on our analysis, the canopy at Dinsmore Woods would
still be classified as an Oak-Ash-Maple system and this is reflected in the no net change in the
canopy Shannon diversity over the 40-year period. However, over the more than 40-year period there
have been shifts in the relative importance of these species in the canopy layer. The greater impact
and legacy of the windstorm may have been on the understory that resulted in increases in native
shrubs like Lindera benzoin (spicebush) and Asimina triloba (pawpaw) as well as sugar maple that have
affected tree regeneration resulting in declines in subcanopy density and diversity as well as sapling
diversity. The continued presence of Alliaria petiolata (garlic mustard) may have further contributed to
these declines through 2014. The invasion by Lonicera maackii (Amur honeysuckle) may also impact
tree regeneration at Dinsmore Woods and the potential of Agrilus planipennis (Emerald Ash Borer)
expanding in Kentucky coupled with possible climate change may well add to the complexity of the
forest’s dynamics. Such questions increase the importance of protected areas such as Dinsmore Woods
and its documented structure in understanding these effects on the fragmented forest ecosystems of
the region.

Finally, only through the long-term study of this forest were we able to identify the delayed effects
of the windstorm and its influence on understory development over time. The understory dynamics
post-disturbance is altering both forest structure and composition over successional time. In their
review, Rojo and Carson [20] indicated that the conventional view on forest succession following
disturbance is closely related to both effects of overstory disturbance (gap creation) and the consequent
interactions of both seedling and sapling responses to these gaps on the direction the recovery of
the forest takes following disturbance. In contrast to this view, Rojo and Carson [20] proposed that
if a persistent and dense understory of a few species develops after a disturbance this understory
can alter both the rate and trajectory of succession that follows. Our research is consistent with this
proposed view by Rojo and Carson [20] as the understory at Dinsmore Woods has become diminished
in species diversity after the windstorm disturbance and this dense understory is interfering with the
regeneration of both an understory and overstory (subcanopy) that is similar to the pre-disturbance
community at this site. Our long-term study re-emphasizes the importance of understanding the
effects of disturbance on the forest understory and the need for continued research to examine the
understory influence on both forest succession and dynamics.
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