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Abstract Models that quantify the probability of stump sprouting P(s) and sprout char-
acteristics for predominant tree species in the southern Appalachian Mountains, USA are
lacking. In this study, 375 plots (0.01 ha) were installed across five stands in eastern
Tennessee and western North Carolina. Trees >3.8 cm diameter at 1.37 m above
groundline (dbh) were tagged, and dbh and species recorded. Stands were regenerated
using a two-aged silvicultural system (residual basal area (BA) <6.3 m”> ha™'). One
growing season post-harvest, we recorded (1) sprouting (yes/no), (2) the number of sprouts
per stump (sprout density), and (3) dominant (tallest) sprout height. Sprout density, sprout
height, and P(s) were modeled as function of dbh, site index (SI), and BA. For white
(Quercus alba L.), black (Quercus velutina Lam.), scarlet (Quercus coccinea Muenchh.),
and northern red (Quercus rubra L.) oaks, and sweet birch (Betula lenta L.), yellow
buckeye (Aesculus flava Aiton), and red maple (Acer rubrum L.), P(s) was inversely related
to dbh. Sprout density was positively related to (1) dbh for red maple, yellow buckeye,
sourwood (Oxydendrum arboreum L. (DC)), silverbell (Halesia tetraptera Ellis), and white
basswood (Tilia heterophylla Vent.), and (2) SI for scarlet oak. For eight species, sprout
height was influenced by dbh, SI, dbh and SI, or dbh and BA. Because stump sprouts are a
primary source of regeneration, the information on stump sprouting produced for these 19
species can be used to quantify and predict early stand dynamics following regeneration
harvests in these diverse southern Appalachian hardwood stands.
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Introduction

Stump sprouts, with an already-developed root system, exhibit rapid growth following
disturbance and, therefore, greatly influence post-disturbance species composition and
stand structure (Del Tredici 2001; Dietze and Clark 2008; Fei and Steiner 2009). In upland
hardwood forests of the Central Hardwood Region of the USA, stump sprouts play a
particularly important role in shaping stand-level structure and composition following both
natural (Peterson and Pickett 1991; Peterson 2000, 2007; Dietze and Clark 2008) and
silvicultural disturbances (Cook et al. 1998; Elliott et al. 1997). For example, 11 years after
clearcutting mixed-oak (Quercus L.) stands in Kentucky, Arthur et al. (1997) reported
stump sprouts comprised 50 % of all stems. Similarly, 20 years following clearcutting in a
southern Appalachian mixed-hardwood stand, Beck and Hooper (1986) found 86 % of all
dominant and co-dominant stems were of stump sprout origin. Following the creation of
experimental gaps designed to emulate small- to intermediate-windthrow events common
in upland hardwood forests of the southern Appalachian Mountains, Dietze and Clark
(2008) observed recruitment from stump sprouts comprised up to 87 % of gap regeneration
and was the primary source of regeneration for sourwood (Oxydendrum arboreum L. (DC))
and flowering dogwood (Cornus florida L.).

The propensity of a tree to sprout following cutting is dependent on several factors,
including species (Mann 1984; Kays et al. 1988; Rydberg 2000), age (Weigel and Peng
2002; gph’chalové et al. 2012), tree size (Johnson 1977; Sands and Abrams 2009; Keyser
and Zarnoch 2014), site quality (Johnson 1977; Cook et al. 1998), and season of harvest
(Kays et al. 1988; Belz 2003). Tree size is consistently the most influential (e.g., Johnson
1977; Weigel and Peng 2002) and easily measured variable affecting sprouting for a
variety of upland hardwood tree species. Although there is an abundance of information
describing, in general terms, the relationship between tree size and sprouting for individual
species, few predictive equations are available for the diverse suite of species commonly
found in upland hardwood forest types across the Central Hardwood Region, with most
equations specific to economically desirable species. For example, because of the difficulty
in regenerating ecologically and commercially-valuable oak species (Loftis and McGee
1993; Cook et al. 1998), equations that quantify the probability of sprouting for oak species
are abundant (Dey et al. 1996; Weigel and Peng 2002; Gould et al. 2007; Sands and
Abrams 2009). In contrast, for species of lower commercial value- species that often
interfere with successful oak regeneration (e.g., Loftis 1983; Loftis 1985)- predictive
sprouting equations are, for the most part, lacking, or are applicable to only certain stand
conditions, size ranges, or management activities (e.g., Keyser and Zarnoch 2014).

The number of sprouts produced by a cut stump (i.e., sprout density), as well as
subsequent sprout growth and development, is often influenced by many of the same
factors that affect the probability of sprouting, including species (Sands and Abrams 2009),
tree size (Kays and Canham 1991; Lockhart and Chambers 2007; Sands and Abrams
2009), age (Harrington 1984), and site quality (Johnson 1975). For example, unimodal
relationships between tree size and/or age and sprout density and sprout height have been
described for a variety of oak species, including cherrybark oak (Quercus pagoda Raf.)
(Lockhart and Chambers 2007), northern red oak, (Quercus rubra L.) (Johnson 1975),
white oak (Quercus alba L.), and black oak (Quercus velutina Lam.) (Johnson 1977; Sands
and Abrams 2009). Similar to the probability of sprouting, however, quantitative rela-
tionships that describe sprout characteristics, including sprout density and sprout height,
during the early years post-harvest are largely limited to some of the most valuable (e.g.,
oaks) or abundant [e.g., red maple (Fei and Steiner 2009)] tree species.
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The temperate forests of the southern Appalachian Mountains possess some of the
highest levels of tree species diversity outside of the tropics (Trani Greip and Collins
2013). Maintaining diversity following silvicultural activities is a primary management
objective in these upland hardwood forest stands. Because stump sprouts are a potential
source of regeneration for a variety of species (e.g., Beck and Hooper 1986), models and/or
basic information that quantifies the response of stump sprouts of both commercial and
non-commercial forest tree species to management are needed to adequately describe and
predict early stand dynamics. In this study, we test the hypotheses that tree size, overstory
density, and site quality have no significant effects on (a) the probability that any given cut
tree sprouts; (b) sprout density (i.e., the number of sprouts per cut stump); and (c) sprout
height following regeneration harvests in efforts to more effectively model sprouting and
post-harvest sprout development for 19 commercial and non-commercial tree species
common to upland hardwood forests in the southern Appalachian Mountains.

Methods
Study area

This study was conducted on five stands located on the Wayah, Cheoah, and Appalachian
Ranger Districts of the Nantahala and Pisgah National Forests in western North Carolina,
USA and the Nolichucky and Watauga Ranger Districts of the Cherokee National Forest in
eastern Tennessee, USA. Stands were comprised of mature (>80 years), fully-stocked,
second-growth forests located within the Blue Ridge Physiographic Province of the
southern Appalachian Mountains. Like most forest stands in the southern Appalachian
Mountains, the stands used in this study likely originated from the widespread exploitive
logging that occurred during the early 20th century. Elevations ranged from approximately
760 to 1,070 m above sea level. Climate in the Blue Ridge Physiographic Province is
considered Hot Continental, with an annual temperature in Bryson City, NC (35.429°N
83.438°W- an area within proximity of all stands used in this study) averaging 13.1 °C
(http://www.ncdc.noaa.gov/cdo-web/). Annual precipitation across the region, which ran-
ges from 1,000 to 1,500 mm, increases with elevation and is evenly distributed throughout
the year (McNab 2011). Geology is predominantly felsic to mafic high-grade metamorphic
biotite and granitic gneisses (Hadley and Nelson 1971). Soils are Inceptisols and Ultisols
that are shallow to very deep, well drained, moderately to extremely acid, and range in
texture from coarse-loamy to clayey (Greenberg and Mcnab 1998). Site productivity
throughout the region varies with topography, with productivity, as measured by site index
(SI), generally decreasing as landform changes from cove to slope to ridgetop locations
(McNab 1992).

Data collection

In 2000 and 2001, between 41 and 108 plots (0.01 ha) were installed throughout the five
stands planned and marked to receive a shelterwood with reserves (i.e., two-aged) re-
generation harvest. The initial plot within each stand was randomly established, with
subsequent plots located at random azimuths between 23 and 31 m apart. All stands were
upland hardwood forest types. One of the five stands sampled was dominated by mixed-
mesophytic species, including silverbell (Halesia tetraptera Ellis), sugar maple (Acer
saccharum Marsh), white basswood (Tilia heterophylla Vent.), yellow buckeye (Aesculus
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flava Aiton), and sweet birch (Betula lenta L.). The remaining four stands were dominated
by oak species, with northern red, black, white, scarlet (Quercus coccinea Muenchh.), and
chestnut (Quercus prinus L.) oaks comprising between 41 and 91 % of pre-harvest stand
basal area. SI (upland oak, base-age 50), determined using a method outlined by McNab
and Loftis (2013), varied from 16.2 m in stands dominated by dry oak species (e.g., scarlet
oak, black, and chestnut oaks) to 33.3 m in the stand dominated by mixed-mesophytic
species (Table 1). In general, preferred retention trees in the shelterwood with reserves
prescription were trees of wildlife value, including oak and hickory species. All harvest
operations were conducted during the dormant season. Site preparation activities, including
herbicide treatments and the removal of non-merchantable material were not conducted
prior to or during the sampling period.

Prior to harvest, individual trees >3.8 cm diameter at 1.37 m above groundline (dbh)
within each plot were permanently tagged, with dbh (cm) and species of each tagged
individual recorded. One growing season post-harvest, plots were revisited, and for each
relocated cut tree, we recorded (1) the presence of live sprouts (yes/no), (2) the total
number of sprouts originating from each cut stump (i.e., sprout density), and (3) height
(m) of the dominant (i.e., tallest) sprout. Using a tally of uncut trees recorded during the
post-harvest inventory, stand-level basal area following harvesting was estimated to vary
between 1.4 m* ha~' and 6.3 m* ha~'. At the plot-level, residual basal area was more
variable, and across all stands ranged from a low of 0 m”ha™' to a maximum of
55.5 m? ha™! (Table 1).

Statistical analyses

The production of stump sprouts has a binary distribution (i.e., 0 = sprout(s) not present,
1 = sprout(s) present). Consequently, we used logistic regression with PROC GLIMMIX
(SAS Institute Inc. 2011) to model the probability of an individual tree sprouting one
growing season post-harvest as a function of parent tree dbh, plot-level SI, and plot-level
residual basal area Eq (1). The logistic model had the form:

1
P(s) =
O T oo+ s + e + K]
where P(s) is the probability of stump sprouting one growing season post-harvest, fo, f1,
B», and f3 are model coefficients, and X; is dbh (cm), X; is plot-level upland oak ST (m),
and Xj; is residual plot-level basal area (m® ha™h). All species where the number of ob-
servations was >15 (five times the number of independent variables) (Vittinghoff and

(1)

Table 1 Stand metrics, including site index (upland oak, base-age 50; m), post-harvest basal area
(m® ha™"), post-harvest trees ha™ ! and post-harvest quadratic mean diameter (Dq; cm). Values represent the
mean (minimum, maximum)

Stand Plots Site index (m) Basal area (m? ha™") Trees ha™* Dq (cm)

1 72 16.2 (10.0, 26.7) 1.6 (0, 30.3) 30 (0, 198) 22.2 (7.4, 62.5)
2 108 33.3 (15.6, 37.8) 2.0 (0, 55.5) 20 (0, 297) 32.2 (5.7, 84.6)
3 77 24.0 (17.0, 31.2) 6.3 (0, 32.4) 182 (0, 988) 20.2 (5.1, 47.5)
4 77 16.7 (9.4, 30.4) 1.4 (0, 50.3) 26 (0, 593) 24.6 (6.4, 80.5)
5 41 22.9 (15.7, 30.1) 1.6 (0, 17.0) 58 (0, 791) 17.3 (4.3, 33.1)
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McCulloch 2006) were analyzed using Eq. (1) (Table 2). Trees whose cut stumps were
partially or completed uprooted due to their proximity to skid roads or temporary logging
roads were not included in the analyses. Backwards elimination of non-significant vari-
ables (a0 = 0.05) was utilized to simplify the final predictive equation for each species. Of
the 19 species listed in Table 2, the inclusion of both residual basal area and SI into Eq. (1)
resulted in convergence issues for white basswood and American beech (Fagus grandifolia
Ehrh.). Similarly, the inclusion of basal area into Eq. (1) led to convergence issues for
sourwood and white oak. For these species, reduced forms (lacking SI and/or basal area) of
the Eq. (1) were utilized in the probability of sprouting analysis. Mixed-effects multiple
linear regression with PROC MIXED (SAS Institute Inc. 2011) was used to analyze the
effects of dbh, plot-level SI, and plot-level residual basal area on both sprout density and
dominant sprout height. Backwards elimination of non-significant independent variables
(oo = 0.05) was conducted to simplify the final predictive equation for each species.
Data on stump sprouts were obtained from a hierarchical design, with the response
variables (i.e., sprouting (yes/no), sprout density, and dominant sprout height) measured on
cut stumps nested within plots (level-1). Two additional levels of hierarchy were present,
including plots nested within a given stand (level-2) and stand (level-3). The effects of
higher-level units were accounted for by including random intercepts related to level-2 and
level-3 units in the models. Likelihood ratio y2 tests (with one degree of freedom) using -2
log L values from species-specific 2- and 3-level empty means (i.e., intercept only) models
were used to determine if the random intercepts related to both stand (level-3) and plot

Table 2 Species, number of cut stumps sampled (n), and size distribution of parent trees prior to harvest

Diameter at breast height (cm)

Species n Mean Standard deviation Minimum Maximum
Striped maple (Acer pennsylvanica L.) 20 438 0.9 3.8 6.6
Red maple (Acer rubrum L.) 145 16.2 12.1 3.0 64.5
Sugar maple (Acer saccharam Marsh) 35 14.0 13.5 3.8 66.3
Yellow buckeye (Aesculus flava Aiton) 53 95 7.0 3.8 36.3
Sweet birch (Betula lenta L.) 47  20.0 11.7 4.1 46.7
Hickory species (Carya Nutt.) 38 155 7.3 43 33.5
American beech (Fagus grandifolia Ehrh.) 15 85 4.7 3.8 22.1
Silverbell (Halesia tetraptera Ellis) 65 149 10.3 3.8 45.5
Yellow-poplar (Liriodendron tulipifera L.) 64 362 15.3 3.8 66.8
Cucumbertree (Magnolia accuminata L.) 24 302 13.1 7.4 60.2
Fraser magnolia (Magnolia fraseri Walt.) 38 147 12.1 3.8 50.5
Blackgum (Nyssa sylvatica Marsh.) 57 255 15.4 3.8 58.4
Sourwood (Oxydendrum arboreum L. (DC)) 33 18.5 11.5 43 47.8
White oak (Quercus alba L.) 36 22.6 19.2 4.6 73.2
Chestnut oak (Quercus prinus I.) 83 31.3 17.3 5.8 67.1
Scarlet oak (Quercus coccinea Muenchh.) 97 30.2 11.0 8.9 52.8
Northern red oak (Quercus rubra L.) 78 463 18.8 9.9 83.8
Black oak (Quercus velutina Lam.) 40 335 14.4 11.7 70.9
White basswood (7ilia heterophylla Vent.) 94 357 16.3 53 78.7
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within stand (level-2) were required (Snijders and Bosker 1999). When a non-significant
likelihood ratio test occurred (P > 0.05), only the random intercept related to plot within
stand (level-2) was included, as the fixed effects were of primary interest. For one species,
cucumbertree, the inclusion of level-2 random effects, with or without level-3 random
effects, in analysis of dominant sprout height resulted in convergence issues. Conse-
quently, dominant sprout height was not analyzed for this species. Data presented represent
the marginal predicted values obtained using only the estimated fixed effects portion of the
models (West et al. 2007).

Results

For white basswood and American beech, we were unable to test the effects of dbh,
residual basal area, and SI simultaneously on the probability of sprouting due to conver-
gence issues. However, when Eq. (1) included combinations of either dbh and SI or dbh
and residual basal area, we found that neither SI nor residual basal area were significant
(P > 0.05) predictors of sprouting for these two species. For sourwood and white oak, we
were unable to test the effects of residual basal area on sprouting due to convergence
issues. However, using the reduced (i.e., without basal area) form of Eq. (1), we found that
SI was not a significant (P > 0.05) predictor of sprouting for these two species. For the 14
species analyzed with the full form of Eq. (1) (silverbell was unable to be analyzed due to a
100 % sprout rate), we found that neither SI nor residual basal area significantly affected
the probability that a cut tree produced stump sprouts one growing season post-harvest.
After backwards elimination of these non-significant variables, we found the probability of
stump sprouting was not significantly correlated with dbh (P > 0.05) for the following
species: striped maple (Acer pennsylvanica L.), sugar maple, hickory (Carya Nutt.),
American beech, cucumbertree (Magnolia accuminata L.), Fraser magnolia (Magnolia
fraseri Walt.), blackgum (Nyssa sylvatica Marsh.), sourwood, yellow-poplar, chestnut oak,
and white basswood. Sprouting probabilities for these species ranged from 67 % for cu-
cumbertree to 100 % for silverbell (Table 3).

For red maple (Acer rubrum L.), sweet birch, white oak, scarlet oak, northern red oak,
black oak, and yellow buckeye, we observed a significant (P < 0.05) negative relationship
between parent tree dbh and the probability of stump sprouting (Table 4). Of these species,

Table 3 Percentage of stumps

with at least one sprout 1 year Species Sprout rate
post-harvest for those species Strived mapl %0
where the probability of stump triped maple
sprouting was not correlated with ~ Sugar maple 74
diameter at breast height (dbh) Hickory 95
American beech 93
Yellow-poplar 80
Cucumbertree 67
Fraser magnolia 95
Blackgum 72
Sourwood 97
Silverbell® 100
 gpecies was unable to be Chestnut oak 78
analyzed with Eq. (1) due to a White basswood 99

100 % sprout rate
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sweet birch and white oak experienced the most precipitous decline in the probability of
sprouting as dbh increased. Red maple and northern red oak declined the least, with prob-
ability of sprouting remaining >40 % over the range of observed tree diameters (Fig. 1).

For individuals that possessed at least one sprout following harvest, sprout density was
not significantly correlated with dbh, SI, or residual basal area (P > 0.05) for 13 species
(Table 5). For these species, the average number of sprouts per stump ranged from 7 for
blackgum to 52 for American beech. Backwards elimination of non-significant variables
revealed significant and positive relationships between sprout density and parent tree dbh
for red maple, yellow buckeye, sourwood, silverbell, and white basswood (Fig. 2). For one
species, scarlet oak, sprout density (In-transformed) was significantly and positively cor-
related with SI (f, = 0.9204, f3,(site index) = 0.0936).

For those individuals possessing at least one sprout following harvest, dominant sprout
height was not significantly correlated with dbh, residual basal area, or SI (P > 0.05) for 10 of
the species examined (Table 6). The average height of the dominant sprout one growing
season post-harvest for these species ranged from 0.3 m for American beech to 1.4 m for
chestnut oak. For silverbell, yellow-poplar, and white basswood significant (P < 0.05)
positive relationships between parent tree dbh and dominant sprout height were observed,
although relationships were relatively weak (Fig. 3). For northern red oak, dominant sprout
height (square-root transformed) was negatively correlated with parent tree dbh and
positively correlated with SI (f, = 0.6571, 3, (dbh) = —0.0067, f3,(site index) = 0.0281).
For hickory, dominant sprout height (In-transformed) was positively related to both dbh and
ST (B, = —1.1552, ,(dbh) = 0.0289, B, (site index) = 0.0415). Although weak, sig-
nificant (P < 0.05) and positive relationships between dominant sprout height and SI were
observed for scarlet oak and black oak (Fig. 4). The only species to display a significant effect
of residual basal area on dominant sprout height was red maple. For this species, dominant
sprout height (square-root transformed) was positively related to parent tree dbh and
negatively related with residual basal area (f, = 1.2672,f,(dbh) = 0.0053, 3,
(residual basal area) = —0.0133).

Discussion

Of the 19 commercial and non-commercial tree species examined (Table 2), the prob-
ability of sprouting for seven species—northern red oak, scarlet oak, white oak, black oak,
red maple, yellow buckeye, and sweet birch—was significantly and negatively related to

Table 4 Parameter estimates (standard error) fitted with Eq. (1) for those species in which a significant
(P < 0.05) relationship between the probability of sprouting P(s) and diameter at breast height (dbh) was
observed

Species

Po

B

Yellow buckeye
Red maple
Sweet birch
White oak
Scarlet oak
Northern red oak
Black oak

6.0782 (1.9535)
3.6603 (0.5939)
3.2535 (1.0920)
2.4608 (0.9741)
3.8897 (0.9054)
3.2586 (0.9120)
3.1070 (1.1152)

—0.1767 (0.0751)
—0.0614 (0.0204)
—0.2000 (0.0584)
—0.1218 (0.0497)
—0.0900 (0.0254)
—0.0441 (0.0165)
—0.0838 (0.0322)
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Sweet birch

Red maple
Scarlet oak
White oak
Northern red oak|
Black oak
Yellow buckeye

Probability of sprouting

10 20 30 40 50 60 70 80
Diameter at breast height (cm)

Fig. 1 Relationships between parent tree diameter at breast height (dbh) and probability of sprouting one
growing season post-harvest for white oak, scarlet oak, northern red oak, black oak, sweet birch, yellow
buckeye, and red maple based on model coefficients presented in Table 4

Table 5 Average, standard deviation, minimum, and maximum number of sprouts per stump one growing
season post-harvest

Species Mean Standard deviation Minimum Maximum
Striped maple® 8 9 1 31
Red maple 21 19 1 128
Sugar maple® 10 10 1 42
Yellow buckeye 13 2 39
Sweet birch® 8 1 27
Hickory® 9 1 35
American beech® 52 46 1 155
Silverbell 18 14 1 72
Yellow-poplar® 13 13 1 65
Cucumbertree” 11 9 1 37
Fraser magnolia® 13 16 1 90
Blackgum® 7 5 1 17
Sourwood 30 24 1 79
White oak® 16 11 2 46
Chestnut oak® 22 18 1 93
Scarlet oak 13 16 1 77
Northern red oak® 19 17 1 89
Black oak® 8 7 1 25
White basswood 30 19 1 83

* Species for which non-significant (P > 0.05) relationships between sprout density and diameter at breast
height (dbh), site index, or residual basal area were observed

parent tree size (Fig. 1). The relationships we observed between stump sprouting and tree
size for the oak species (northern red, scarlet, black, and white oaks) are consistent with
results from across the Central Hardwood Region (Ross et al. 1986; Dey et al. 1996;
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Fig. 2 Relationships between parent tree diameter at breast height (dbh) and sprout density one growing
season post-harvest for red maple, yellow buckeye, sourwood, silverbell, and white basswood. Models for
sprout density were developed using square-root transformed data for all species presented. Regression lines
represent back-transformed values
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Table 6 Average, standard deviation, minimum, and maximum dominant sprout height (m) one owing
season post-harvest

Species Mean Standard deviation Minimum Maximum
Striped maple® 1.1 0.5 0.1 2.0
Red maple 1.3 0.7 0.1 43
Sugar maple® 0.5 0.4 0.1 1.6
Yellow buckeye® 1.1 0.4 0.5 2.0
Sweet birch? 0.8 0.5 0.2 1.7
Hickory 1.5 1.1 0.5 3.7
American beech® 0.3 0.4 0.1 1.6
Silverbell 3.6 0.7 1.7 4.9
Yellow-poplar 1.4 0.6 0.4 3.7
Cucumbertree” 24 1.3 1.1 49
Fraser magnolia® 1.3 0.5 0.1 22
Blackgum® 0.9 0.6 0.1 3.0
Sourwood® 1.3 0.6 0.2 23
White oak® 0.9 0.3 0.2 1.4
Chestnut oak® 1.4 0.6 0.3 34
Scarlet oak 1.0 0.5 <0.1 23
Northern red oak 1.3 0.6 0.2 2.6
Black oak 1.2 0.7 0.1 2.6
White basswood 32 1.0 1.2 5.5

* Species for which non-significant (P > 0.05) relationships between dominant sprout height and diameter
at breast height (dbh), site index, or residual basal area were observed. "Species was unable to be analyzed
due to convergence issues

Weigel and Peng 2002). For example, in the Ozark Highlands of Missouri, Johnson (1977)
found the probability of a scarlet oak stump possessing a living sprout 1 year after cutting
was reduced from 99 to 15 % when stump diameter increased from 7.6 to 76.2 cm. For
chestnut oak, the lack of a significant relationship between stump sprouting and tree size
observed in this study (Table 3) and elsewhere (Kays et al. 1988; Sands and Abrams 2009;
Keyser and Zarnoch 2014) suggests chestnut oak stump sprouts may be a more reliable
source of regeneration than other oak species in mature, second-growth forest stands
(Weigel and Peng 2002; Gould et al. 2007). The negative relationship between the prob-
ability of sprouting and tree size observed for red maple and sweet birch was unexpected.
Although direct comparisons of results among studies may be confounded by differences in
the diameter distributions of harvested trees, site quality, stand structure, and/or age, red
maple stump sprout production is generally not correlated with tree size, with sprouting of
red maple exceeding 90 % in hardwood forests of Pennsylvania (Fie and Steiner 2009) and
North Carolina (Keyser and Zarnoch 2014).

For the majority of species sampled, no significant relationships between the probability
of sprouting and tree size were observed (Table 3). Sprouts rates for these species were
high and ranged from a low of 67 % for cucumbertree to 100 % for silverbell. For some of
these species, such as silverbell, Fraser magnolia, white basswood, and cucumbertree, this
is the only study, to our knowledge, to model the probability of sprouting as a function of
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Fig. 3 Relationships between
parent tree diameter at breast
height (dbh) and dominant sprout
height one growing season post-
harvest for yellow-poplar (In-
transformed), silverbell (square-
root transformed), and white
basswood. For those species
analyzed using transformed
sprout density values, regression
lines represent back-transformed
values
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Fig. 4 Relationships between 2.5 -
site index (m) and dominant Scarlet oak. Predicted
sprout height one growing season — ® Observed
post-harvest for scarlet oak and é 2.0 Y
black oak (square-root =
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tree size, SI, and/or post-harvest basal area for these largely noncommercial species. For
many of these species, the propensity to sprout has been described only qualitatively in the
literature (e.g., Della-Bianca 1971, 1983; Crow et al. 1991; Phillips and Shure 1990), or
quantitative relationships are specific to other forest types and/or geographic areas (e.g.,
Nyland et al. 2006). For some species, such as sugar maple, this study contrasts results
from northeastern North America where sprouting was found to decrease with increasing
tree size (e.g., MacDonald and Powell 1983). Conflicting results emphasize the differences
in sprouting that can occur within a given species and across broad geographic locations
(Johansson 1992; Dietze and Clark 2008), and supports the development of local and/or
regional sprouting models.

Although parent tree size if often the primary factor controlling stump sprout production
for oak species, in particular (e.g., Weigel and Peng 2002), other factors can influence
stump sprouting following harvest, including site quality. For example, Johnson (1977)
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found that sprouting of black oak and white oak was negatively related to parent tree dbh
and positively related to SI in the Ozark Highlands of Missouri. Comparably, Weigel and
Peng (2002) report 1 year sprout probabilities of five predominant oak species in Indiana—
northern red, scarlet, black, chestnut, and white oaks—were lower on sites of low verses
high SI. In this study, site quality (as measured by SI) was not a significant predictor of
stump sprouting for either the oak or non-oak species sampled, suggesting, along with
Wendel (1975) and Gould et al. (2007), that site quality may have less of an influence on
stump sprout production in the southern and central Appalachian hardwood forests than in
other parts of the Central Hardwood Region.

Quantitative information and/or models regarding the effects of overstory density (e.g.,
post-harvest residual basal area) on sprouting frequencies and probabilities for commercial
and noncommercial species across the Central Hardwood Region are, for the most part,
lacking. In central Appalachian hardwood stands, Atwood et al. (2009) reported lower rates
of sprouting for oak species following partial harvests (e.g., shelterwood with reserves)
than clearcutting. In that study, however, stump sprouts were sampled 9—11 years post-
harvest, during which time sprout mortality may have already occurred (Johnson 1975;
Beck 1977). In our study, the probability that any given tree produced a sprout did not vary
across a broad range of residual basal areas (Table 1); a result consistent with others
studies that demonstrate sprout production, at least in the short-term, is similar between
light and heavy thinnings (Gardiner and Helmig 1997; Lockhart and Chambers 2007
Keyser and Zarnoch 2014) and low and high density shelterwood treatments (Gould et al.
2007; Rong et al. 2013). Over time, as initial carbohydrate reserves in parent root systems
are depleted (Del Tredici 2001), overstory density may begin to affect sprouting frequency
and the survival of sprout clumps (Rydberg 2000; Atwood et al. 2009).

Although tree size significantly influenced sprout density for red maple, yellow buck-
eye, sourwood, silverbell, and white basswood, the relationships were generally weak
(Fig. 2). The lack of relationships between tree size and sprout density for the oak species
contrasts results from Sands and Abrams (2009) who report greater sprout density in small
(10— < 20 cm) versus large (20— < 50 cm) white oak in Pennsylvania while Johnson
(1975) found sprout density increased with increasing diameter for northern red oak in the
Driftless Area of the Upper Midwest. The relationships we report may be used to describe
the immediate (e.g., 1 year post-harvest) effect of cutting on sprout density. However,
these short-term results may not be indicative of longer-terms trends, as sprout clumps self-
thin over time (Johnson 1975; Beck 1977; Retana et al. 1992). For example, Beck (1977)
determined that when self-thinning of yellow-poplar stump sprouts ceases (between 6 and
24 years of age), 65 % of sprouting stumps will contain only one stem, 25 % will possess
two stems, and only 10 % will contain three stems per stump. Similarly, for northern red
oak, Johnson (1975), who reported that initial differences in sprout density among diameter
classes disappeared by age 12, noted that by age 23, regardless of size, sprout density
averaged four sprouts per stump.

Regarding post-harvest structure and composition, the height attained by stump sprouts
is likely of more importance than the number of sprouts any given stump produces, as rapid
sprout growth during the immediate years post-harvest can quickly overtop existing ad-
vance reproduction (e.g., Beck and Hooper 1986). Most of the species analyzed in this
study displayed no significant relationships between dominant sprout height and tree size,
SI, or residual basal area (Table 6). For yellow-poplar, silverbell, and white basswood,
dominant sprout height was positively related to tree size (Fig. 3) while sprout height for
northern red oak, hickory, and scarlet and black oak was influenced by SI (Fig. 4) and/or
tree size. Interestingly, with the exception of red maple, a species tolerant of shade,
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residual basal area had no significant effect on dominant sprout height sprout. While Gracia
and Retana (2004) found overstory density did not affect dominant sprout height of holm
oak, shading did influence crown surface area; a variable not measured in this study. Other
studies, however, have documented a decrease in dominant sprout height with increased
residual basal area (Gardiner and Helmig 1997; Rydberg 2000; Keyser and Zarnoch 2014).
The fact that residual basal area did not significantly affect dominant sprout height for
95 % of the species sampled in this study could be due to the short-term nature of our
results. As sprouts age and carbohydrate reserves that support rapid height growth post-
harvest are exhausted (Cobb et al. 1985; Del Tredici 2001), the influence of site quality and
residual basal area on sprout height may increase among species of varying shade tolerance
(Rydberg 2000; Gracia and Retana 2004; Keyser and Zarnoch 2014).

Conclusions

This study quantified the short-term stump sprouting response to partial harvests for the
predominant oak species as well as many of the non-oak species common throughout
southern Appalachian forests. The lack of any significant influence of either SI or residual
basal area on the probability of stump sprouting one growing season post-harvest suggests
the sprout rates (Table 3) and probability of sprouting equations (Table 4) produced in this
study are robust and may be utilized to assess sprouting potential across a variety of stand
structures and site qualities in the southern Appalachian hardwood forests (Table 1).
Although the results describe only the short-term (i.e., one growing season post-harvest)
response of stump sprouts, the information presented improves our knowledge of the
immediate response of stump sprouts to management in second-growth upland hardwood
forest types. Quantitative models that describe the long-term survival, growth, and com-
petitiveness of stump sprouts (e.g., Gould et al. 2007; Fei and Steiner 2009) relative to
other sources of hardwood regeneration, such as newly established seedlings and advance
reproduction, are lacking and, as such, are necessary to improve our understanding and
model the longer-term effects of management on species composition and stand devel-
opment in these diverse southern Appalachian hardwood stands.
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