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Abstract
In bottomland forests, managing oak regeneration is challenging due to competition with other species. Low understory

light levels in mature stands favor more shade-tolerant tree species, whereas harvest often results in release of fast-growing
competitors. In the late 1990s, a study was initiated in northeastern Missouri to evaluate the effects of overstory harvests
on stand development of bottomland forests, with particular interest in oak regeneration. Canopy removal resulted in rapid
growth of undesired soft-mast species without increasing the abundance of oak reproduction. In 2017, bare-rooted pin oak
(Quercus palustris Muenchh.) and swamp white oak (Quercus bicolor Willd.) seedlings were planted, to increase the oak compo-
nent through enrichment planting in the stands that had previously been harvested and underplanting in the stands that
had received no regeneration harvest. For all planted seedlings, three levels of midstory release treatments were applied after
planting in 2017, including a control (no release), and light release, and a heavy release. This study tested the effects of the
original overstory harvests and the subsequent midstory release on survival and development of planted oak advance repro-
duction over 5 years. Our results suggest that establishing oak advance reproduction prior to overstory harvest is more efficient
than enrichment planting after overstory harvest. A prior midstory release is important to develop competitive oak advance
reproduction before a later overstory harvest to ensure successful oak regeneration.
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1. Introduction
Bottomland hardwood forests occur along floodplains of

streams and rivers and are transitional habitats between per-
manently flooded swamps and drier upland forests (Collins
and Battaglia 2008). They are highly productive sites that pro-
vide important ecological and economic benefits within the
midwestern and southern United States, including timber
production, wildlife habitat, carbon and water storage, nutri-
ent cycling, erosion control, enhanced water quality through
filtering of nutrients, and recreational purposes (Kellison
and Young 1997; Yin et al. 1997). Forest managers are com-
monly interested in maintaining oaks (Quercus spp.) within
bottomland forests because they provide favorable habitat
for wildlife and are often preferred for timber production
(Johnson 1994; Olson et al. 2015b).

Historically (ca 1780s), Missouri had an estimated 1.9 mil-
lion hectares of bottomland forests and riparian areas, much
of which were bottomland forests that included oaks (Frazier
and Galat 2009). These bottomland forests and riparian areas

decreased by 14 000 ha per year during 1940–1980, largely
due to conversion to croplands, representing a total loss of
560 000 ha over the 40-year period (Abernethy and Turner
1987). Currently, less than 13% of the historical bottomland
forests and riparian areas remain in the state (Frazier and
Galat 2009). With increased demands for resources within
the remaining forests, a clear understanding of how manage-
ment programs impact them is imperative.

Managing for oaks in competition with faster growing tree
species is challenging. The low understory light levels as-
sociated with mature bottomland forests favor more shade-
tolerant tree species over oaks, which are classified as inter-
mediate to very intolerant of shade (Hodges and Gardiner
1993). Due to the high potential productivity of bottomland
hardwood forests, very high light availability tends to release
fast-growing, shade-intolerant species that can outcompete
oaks, especially for newly germinated oak seedlings that have
slow initial shoot growth (Motsinger et al. 2010; Miller et
al. 2017; Hayford et al. 2023). Thus, midstory release that

Can. J. For. Res. 00: 1–16 (2024) | dx.doi.org/10.1139/cjfr-2024-0073 1

https://orcid.org/0000-0002-5876-0542
https://orcid.org/0000-0001-6422-2882
https://orcid.org/0000-0001-6430-0449
https://orcid.org/0000-0002-4642-8673
mailto:hayfordi@lincolnu.edu
http://dx.doi.org/10.1139/cjfr-2024-0073


Canadian Science Publishing

2 Can. J. For. Res. 00: 1–16 (2024) | dx.doi.org/10.1139/cjfr-2024-0073

provides an intermediary level of light, generally 10%–20% of
full sunlight, is often used to increase the initial survival and
growth of oak seedlings as they develop into larger advance
reproduction (Lhotka and Loewenstein 2009; Motsinger et
al. 2010; Brose and Rebbeck 2017; Miller et al. 2017). How-
ever, to achieve maximum growth in the long term, subse-
quent reductions in overstory density are required to increase
the light levels up to 50% of full sunlight (Gottschalk 1994;
Gardiner and Hodges 1998; Brose 2008).

Bottomland oaks are prolific acorn producers and conse-
quently are capable of producing a large number of seedlings
following abundant acorn crops (Johnson et al. 2019). How-
ever, the dense shade found in the understory of bottomland
forests reduces oak seedling survival, preventing the accumu-
lation of advance reproduction (Motsinger et al. 2010). Suc-
cessful oak regeneration in bottomland hardwood forests is
usually dependent on an adequate population of large oak ad-
vance reproduction prior to overstory release. Some bottom-
land and upland studies have demonstrated that the survival
and subsequent recruitment of oak advance reproduction fol-
lowing release improve with the size of the individual (Belli et
al. 1999; Spetich et al. 2002; Gardiner et al. 2009; Miller et al.
2017; Hayford et al. 2023). Smaller oak seedlings cannot com-
pete effectively with larger seedlings of shade-tolerant species
or fast-growing, shade-intolerant competitors following re-
lease. Past studies have suggested that advance reproduction
of at least 122 cm in height should be present before over-
story release (Sander et al. 1976; Vickers et al. 2011). Hayford
et al. (2023) observed that basal diameter > 1.4 cm at planting
was needed for at least 60% probability of survival 15 years af-
ter planting bare-rooted pin oak (Quercus palustris Muenchh.).
The lack of sufficient numbers of large oak advance reproduc-
tion is often attributed to excessive shade and competition
from undesired vegetation (Rives et al. 2020; Hayford et al.
2023).

Forest management to sustain oak populations requires at-
tention to regeneration and recruitment processes, often re-
quiring timely silvicultural release from competition in the
midstory and the overstory layers, in the proper sequence to
first allow development of large advance reproduction and
then provide sufficient release for recruitment. This chal-
lenge is particularly acute within productive bottomland
hardwood forests, where cutting too heavy or with improper
timing could release competitors and shift composition away
from oaks (Rives et al. 2020). In such cases, enrichment plant-
ing, defined as artificial regeneration carried out to increase
the proportion of desired species after harvest has resulted
in poor regeneration (Schuler and Robison 2010), may be an
option for maintaining even a low level of oak composition
in the developing stand. In contrast, deferring overstory har-
vest until large advance reproduction develops may be more
effective for reaching long-term goals. In these cases, under-
planting, defined as artificial regeneration in mature stands
before harvest to start advance regeneration (Dey et al. 2012),
may be useful.

This study was designed to investigate the effects of a series
of silvicultural practices on oak regeneration in bottomland
forests. In the late 1990s, a study was initiated at Deer Ridge
Conservation Area (DRCA) in Lewis County, MO to evaluate ef-

fects of overstory harvests on stand development of bottom-
land forests, with particular interest in natural oak regener-
ation. The regeneration harvests resulted in rapid growth of
soft-mast species without increasing the abundance of oak
reproduction (Rives et al. 2020). These early results suggested
that additional treatments were needed for maintaining or
increasing the abundance of oak in the developing stands.
The study design provided an opportunity to compare plant-
ing with pin oak and swamp white oak (Quercus bicolor Willd.)
seedlings in harvested and unharvested stands with three lev-
els of midstory release to evaluate effects on oak regenera-
tion. The objectives of this study were to determine the ef-
fects of silvicultural removal of overstory and midstory trees
on (1) forest stand structure (basal area per hectare, trees per
hectare); (2) survival of planted pin oak and swamp white oak
seedlings; and (3) size and growth of planted pin oak and
swamp white oak seedlings. Results from this study can in-
form the practicality of enrichment planting after overstory
harvest fails to regenerate oak species and evaluate effective-
ness of midstory release with enrichment planting and un-
derplanting approaches.

2. Materials and methods

2.1. Study area
The study was conducted on a 220 ha mixed bottomland

hardwood forest at DRCA (40◦10′30′′N, 91◦48′0′′W), adjacent
to a channelized segment of the North Fabius River in Lewis
County of northeastern Missouri. DRCA has one of the largest
tracts of remnant bottomland forest in northeastern Missouri
(Gwaze and Elliott 2011). This site was selected for the study
because it had not been harvested for more than five decades,
it contained contiguous bottomland forest blocks >20 ha,
and state ownership facilitated long-term access and control
of management activities. The soils of the study area were
dominated by Blackoar silt loam (fine-silty, mixed, superac-
tive, mesic Fluvaquentic Hapludolls), Fatima silt loam (fine-
silty, mixed, superactive, mesic Fluvaquentic Hapludolls),
and Kickapoo fine sandy loam (coarse-loamy, mixed, super-
active, nonacid, mesic Typic Udifluvents), with each formed
in alluvium, with slopes between 0 and 2 degrees but vary-
ing in drainage class. The site was prone to annual flood-
ing, with patches of low-lying areas permanently inundated
with water. The mean annual temperature and precipita-
tion for the area over a 30-year period (1991–2020) were
11.7 ◦C and 1007 mm, respectively (PRISM Climate Group,
prism.oregonstate.edu). The tree species in the area were pre-
dominantly silver maple (Acer saccharinum L.), American elm
(Ulmus americana L.), American sycamore (Platanus occidentalis
L.), green ash (Fraxinus pennsylvanica Marsh.), boxelder (Acer ne-
gundo L.), eastern cottonwood (Populus deltoides W. Bartram ex
Marshall), pin oak, bur oak (Quercus macrocarpa Michx.), and
swamp white oak (Rives et al. 2020).

2.2. Experimental design and treatments of the
original overstory harvests

The original study used a completely randomized design,
with one of three overstory harvest treatments randomly
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assigned to 20 stands varying in size from 2.6 to 3.2 ha.
The three treatments included clearcut with reserves (CCR;
canopy retention of up to 2.3 m2/ha); basal area retention,
an irregular shelterwood method where the overwood is re-
tained indefinitely (BAR; canopy retention of 4.6–6.9 m2/ha);
and uncut control (CON; no harvest; canopy 32.0 m2/ha). The
treatments were applied as a commercial harvest operation
from fall 1999 to spring 2000. All cutting was done with
chainsaw and yarding with a grapple skidder. The CCR treat-
ment included cutting almost all trees > 2.54 cm dbh, ex-
cept for some cavity and hard mast trees, principally oaks,
left to provide food and shelter for wildlife or serve as seed
trees. The prescription for the BAR treatment called for cut-
ting all trees > 11.43 cm dbh and retaining enough domi-
nant and codominant trees to meet the residual basal area
requirement. The criteria for retaining trees for BAR were
similar to CCR, except larger oaks were favored for retention
to serve as seed source to encourage oak regeneration. Some
large soft-mast species were also retained in the BAR to main-
tain tree species diversity, benefit wildlife, and meet resid-
ual basal area targets. In both the CCR and BAR treatments,
the remaining trees of 2.54–20.3 cm dbh after the commer-
cial harvest not marked for retention were cut down, and
those >20.3 cm dbh were killed by double girdling with a
chainsaw (Gwaze and Elliott 2011; Olson et al. 2015a; Rives et
al. 2020).

2.3. Midstory release
In 2017, midstory release treatments were added to the ex-

perimental design to release planted oak advance reproduc-
tion in a completely randomized split-plot design. The main-
plot treatments were the original harvests (CON, BAR, CCR),
and the split-plot treatments included three levels of mid-
story release: light release, heavy release, and no treatment
(i.e., the untreated control). The main-plots were each repli-
cated in five stands (15 main plot units total), and each was
subdivided into three split-plots (45 split-plot experimental
units total). Each split-plot experimental unit was 0.40 ha and
oriented either as a square (63 × 63 m) or a rectangle (80 ×
50 m). Within each split-plot unit, 25–40 planting locations
were established in a grid at approximately 9 m spacing, with
each planting location including both a pin oak and a swamp
white oak as a pair for release and subsequent measurement.
Each seedling pair consisted of one swamp white oak and
one pin oak planted adjacent to one another at 1 m spacing.
Seedlings were 1-0 bare-rooted stock produced by the George
O. White State Nursery in Licking, Missouri.

The light and heavy release treatments depended on the
main plot treatment. For the CON stands, a uniform, area-
based approach was used to reduce stand basal area by 30%
and 65% in the light and heavy release treatments, respec-
tively. For the BAR and CCR stands, the light and heavy re-
lease treatments were applied using a crop-tree release ap-
proach for the 25–40 oak seedling pairs. A light release ra-
dius of 3.10 m and heavy release radius 4.57 m around oaks
resulted in approximately 30% and 65% reduction in stand
density, respectively. Within each crop tree release treatment
area, all competing woody stems > 2.54 cm dbh were treated

with a hack-and-spray treatment to kill them. We applied
one hack per approximately 2.54 cm of dbh, using a solu-
tion of 50% triclopyr, 3% imazapyr, and the remainder wa-
ter. Prescriptions for light and heavy release treatments dif-
fered in CON from CCR and BAR to reflect the inherent struc-
tural differences between both original harvest treatments
and the control. We consider CON to represent an under-
planting approach and CCR and BAR to represent enrichment
planting.

2.4. Data collection

2.4.1. Overstory and midstory trees

In each split-plot, we established one 0.08 ha circular plot
(16 m radius; overstory plot) centered in the middle of the
split-plot for fixed-area sampling of vegetation. Within each
overstory sampling plot, trees ≥ 11.43 cm dbh and rooted
within the sampling plot were identified to species, and dbh
was recorded in summer 2021. The species and dbh for each
midstory tree ≥ 3.81 cm dbh but <11.43 cm were recorded in
four circular 0.01 ha plots (5.67 m radius), with the center of
each midstory plot located on the boundary of the overstory
plot at each of the cardinal directions from plot center.

We grouped species into eight species groups in accordance
with the rules of Rives et al. (2020) determined by species
abundance and management objectives, including American
elm, American sycamore, eastern cottonwood, green ash,
hickories, oaks, silver maple, and “other species”. The hicko-
ries group included bitternut hickory (Carya cordiformis (Wan-
genh.) K. Koch) and shellbark hickory (Carya laciniosa (Michx.
f.) Lould.), and the oaks group included pin oak, bur oak, and
swamp white oak. The “other species” group included box-
elder, honey locust (Gleditsia triacanthos L.), hackberry (Celtis
occidentalis L.), black walnut (Juglans nigra L.), river birch (Be-
tula nigra L.), willows (Salix spp.), Ohio buckeye (Aesculus glabra
Willd.), American basswood (Tilia americana L.), and eastern
redbud (Cercis canadensis L.).

2.4.2. Oak seedlings

Each planted oak seedling pair was tagged for identifica-
tion throughout the study period. The basal diameter at the
root collar and height of each seedling were measured at the
time of planting in March 2017. All surviving seedlings were
re-measured following the first (2017), second (2018), third
(2019), fourth (2020), and fifth (2021) growing seasons. For
the basal diameter of each seedling, two measurements were
taken in perpendicular directions to account for irregularity
in the root collar form, and the average of the two measure-
ments was used for analyses.

2.5. Statistical analyses
We tested the effects of overstory and midstory release

on forest stand structure (basal area per hectare, trees per
hectare) (Objective 1) with split-plot Analysis of variance
(ANOVA) using the MIXED procedure of SAS (version 9.3; SAS
Institute, Inc., Cary, NC). The analysis was conducted sepa-
rately with basal area and trees per hectare as dependent
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Table 1. Treatment effects on basal area (m2/ha) and trees per hectare of overstory trees (trees ≥ 11.43 cm dbh)
and midstory trees (3.81 ≤ dbh < 11.43 cm) sampled in 2021.

Overstory trees (trees ≥ 11.43 cm dbh) Midstory trees (3.81 ≤ dbh < 11.43 cm)

Basal area (m2/ha) Trees per hectare Basal area (m2/ha) Trees per hectare

Treatment Mean SE Mean SE Mean SE Mean SE

Overstory harvest

Clearcut with reserves 17.98b 2.36 471.15a 45.24 0.67 0.13 145.79 29.89

Basal area retention 23.08ab 1.54 334.42b 18.34 0.52 0.07 122.73 16.95

Uncut control 27.17a 2.42 205.10c 7.75 0.35 0.07 93.90 20.73

p-value 0.03 <0.01 0.10 0.32

Midstory release

Heavy release 20.86 1.92 299.82b 44.73 0.26b 0.04 70.84c 11.28

Light release 23.69 2.30 323.71ab 37.19 0.45a 0.11 108.73b 26.93

No treatment 23.68 2.24 387.13a 31.34 0.83a 0.11 182.86a 19.75

p-value 0.44 0.04 <0.01 <0.01

Note: Different lowercase letters within a treatment effect indicate significant difference at α = 0.05. SE = standard error of the mean.

Fig. 1. Percent survival (mean ± 1 SE) of pin oak (a) and swamp white oak (b) compared among midstory release within each
overstory harvest treatments. Overstory harvest treatments included clearcut with reserves (CCR), basal area retention (BAR),
and uncut control (CON). For each overstory harvest, different letters indicate significant differences among midstory release
treatments (p < 0.05).

variables based on measurements collected in 2021. We cal-
culated mean values of basal area and trees per hectare for
overstory and midstory trees at the split-plot level. The ef-
fects of overstory harvest, midstory release, year, and their
interactions on survival, size (height and basal diameter), and
growth of planted pin oak and swamp white oak seedlings
(Objectives 2 and 3) were tested with repeated measures split-
plot ANOVA using the MIXED procedure of SAS (version 9.3;
SAS Institute, Inc., Cary, NC). Overstory harvest was modeled
as the whole-plot effect, and midstory release as the split-plot
effect. We used overstory harvest, midstory release, year of
measurement, and their interactions as fixed effects and the
random effects were stand, stand × overstory harvest, and
stand × overstory harvest × year interactions. Percent sur-
vival was estimated at the split-plot level. Annual growth of
the oaks was calculated as the difference in height or basal

diameter between two consecutive sampling years. All pair-
wise comparisons were evaluated with Tukey’s honestly sig-
nificant difference adjustment. We used α = 0.05 to deter-
mine statistical significance for all analyses.

3. Results

3.1. Overstory and midstory density
The basal area of overstory trees was lower in CCR com-

pared to CON (p = 0.03; Table 1; Table A1). However, the num-
ber of overstory trees per hectare was greatest in the CCR, fol-
lowed by BAR, and the CON (p < 0.01). Overstory harvest had
no effect on the basal area (p = 0.10) and number of trees per
hectare (p = 0.32) of midstory trees. The basal area (p < 0.01)
and number of trees per hectare (p < 0.01) were reduced in the
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Fig. 2. Percent survival (mean ± 1 SE) of pin oak (a and c) and swamp white oak (b and d) by overstory harvest and midstory
release at the end of each growing season. Different letters within a given year indicate significant differences among overstory
harvest and midstory release treatments (p < 0.05).

heavy release compared to no release. The number of over-
story trees per hectare was also reduced in the heavy release
compared to no release (p = 0.04). Silver maple was the dom-
inant species in the BAR and CCR stands, accounting for over
27% of the basal area in each treatment (Table A5). The most
dominant species based on basal area in the CON stands was
eastern cottonwood (29%), followed by silver maple (27%). The
basal area contribution of oaks was less than 8% in each over-
story treatment.

3.2. Survival of oak reproduction
Midstory release showed no effect on survival of pin oak

within any of the overstory harvest treatments (p = 0.40)
but affected survival of swamp white oak (p < 0.01) (Fig.
1; Table A2). Within the CCR treatment, survival of swamp

white oak following light (73.83%) and heavy midstory re-
lease (75.76%) were lower than no release (80.43%). Within the
BAR treatment, survival of swamp white oak following light
(82.29%) and heavy midstory release (82.51%) were higher
than no release (77.79%). The survival of swamp white oak af-
ter light release (83.87%) was higher than no release (80.48%)
within the CON overstory treatment, but survival did not dif-
fer between heavy release (82.47%) and no release.

Overstory harvest treatments showed no effect on survival
of pin oak in any year (p = 0.21) but affected survival of
swamp white oak in 2020, 2021, and 2022 (p = 0.03) (Fig.
2; Table A2). The CCR treatment reduced survival of swamp
white oak compared to CON in 2020, 2021, and 2022, but
survival was not different between BAR and CON. Midstory
release showed no effect on survival of swamp white oak in
all years (p = 0.21) but affected survival of pin oak (p = 0.03;
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Fig. 3. Effects of overstory harvest and midstory release on height (mean ± 1 SE) of swamp white oak through time. Overstory
harvest treatments included clearcut with reserves (CCR), basal area retention (BAR), and uncut control (CON). Different up-
percase letters above bars indicate significant differences among overstory harvest treatments within a given midstory release
treatment. Different lowercase letters above bars indicate significant differences among midstory release treatments within a
given overstory harvest treatment.

Fig. 2; Table A2). The light and heavy release treatments in-
creased survival of pin oak compared to no release in 2020,
2021, and 2022. However, pin oak seedling survival in light
release did not differ from heavy release in those years.

3.3. Size of oak reproduction
The heavy midstory release increased the heights of both

pin oak and swamp white oak compared to no midstory re-
lease treatment within all the overstory harvest treatments
(p < 0.01; Figs. 3 and 4; Table A3). Within the CON overstory
treatment, the mean heights of pin oak and swamp white
oak were 66.52 and 82.16 cm, respectively, following heavy
midstory release, and 55.49 and 69.10 cm in the no release
(Fig. 4). Mean height of pin oak in heavy midstory release and
no midstory release were, respectively, 61.79 and 55.26 cm
in BAR, and 58.70 and 51.72 cm in CCR (Fig. 4). The mean
height of swamp white oak in heavy midstory release and
no midstory release were 73.65 and 65.22 cm in BAR, and
77.52 and 64.95 cm in CCR, respectively (Fig. 4). The heights of
both oak species following the heavy midstory release were
greater in CON overstory treatment than BAR and CCR (Fig.
4). The heavy midstory release increased the basal diameter

of swamp white oak compared to light release and no release
within all the overstory harvest treatments (p < 0.01) but had
no effect on pin oak (p = 0.11; Fig. 4; Table A3). The mean
basal diameter of swamp white oak following heavy midstory
release was greater in CON overstory treatment (11.84 mm)
than BAR (10.31 mm) and CCR (11.40 mm). The light midstory
release consistently increased the heights of both oak species,
and basal diameter of swamp white oak within the CON over-
story treatment (Fig. 4).

The treatments had no effects on the oaks until after the
fourth and fifth growing seasons for height and basal diam-
eter, respectively (Figs. 5 and 6; Table A3). When the treat-
ments started showing effects, the heights and basal diame-
ters of both oak species were greater in CON treatment than
in BAR and CCR in all years (Fig. 5). However, the heights
and basal diameters of both oak species were not different
between BAR and CCR in most years. The heights of pin oak
and swamp white oak 6 years after planting were 88.59 and
112.91 cm in CON, 73.36 and 87.58 cm in BAR, and 70.57 and
91.81 cm in CCR, respectively. Basal diameters of pin oak and
swamp white oak following the sixth year were 10.99 and
14.76 mm in CON, 9.30 and 11.50 mm in BAR, and 9.42 and
12.40 mm in CCR, respectively. The light and heavy release

http://dx.doi.org/10.1139/cjfr-2024-0073
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Fig. 4. Effects of overstory harvest and midstory release on height (mean ± 1 SE) and basal diameter (mean ± 1 SE) of pin oak (a
and c) and swamp white oak (b and d). Overstory harvest treatments included clearcut with reserves (CCR), basal area retention
(BAR), and uncut control (CON). Different uppercase letters above bars indicate significant differences among overstory harvest
treatments within a given midstory release treatment. Different lowercase letters above bars indicate significant differences
among midstory release treatments within a given overstory harvest treatment.

treatments increased the heights and basal diameters of both
pin oak and swamp white oak compared to no release (Fig. 6;
Table A3). The heights of pin oak and swamp white oak were,
respectively, 87.77 and 114.52 cm in the heavy midstory re-
lease, compared to 65.23 and 78.95 cm in the no release 6
years after planting. Basal diameters of pin oak and swamp
white oak 6 years following planting were, respectively, 11.13
and 15.50 mm in the heavy midstory release, and 8.69 and
10.42 mm in the no release.

3.4. Growth of oak reproduction
The heavy midstory release applied within each over-

story harvest treatment increased the height growth of both
pin oak (p = 0.01) and swamp white oak (p < 0.01) com-
pared to no release (Fig. 7; Table A4). Within the CON over-
story treatment, the mean height growth of pin oak and

swamp white oak following heavy midstory release were
10.41 and 15.27 cm/year, respectively, compared to 3.98 and
7.00 cm/year in the no release. The mean height growth of
pin oak and swamp white oak after heavy midstory release
were, respectively, 7.23 and 8.59 cm/year in BAR, and 6.58 and
11.45 cm/year in CCR, compared to no release within BAR and
CCR that ranged from 2.97 to 4.80 cm/year for both species.
Within the CON overstory treatment, both light and heavy re-
lease treatments increased the height growth of pin oak and
swamp white oak. The light and heavy release treatments ap-
plied within the CON overstory treatment resulted in greater
height growth of pin oak and swamp white oak compared
to light and heavy release applied within BAR and CCR. The
heavy release applied within all the overstory harvest treat-
ments increased only basal diameter growth of swamp white
oak compared to no midstory release (p = 0.01) but had
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Fig. 5. Height (mean ± 1 SE) and basal diameter (mean ± 1 SE) of pin oak (a and c) and swamp white oak (b and d) compared
among overstory harvest treatments at the end of each growing season. Different letters within each year indicate significant
differences among overstory harvest treatments.

no effect on basal diameter growth of pin oak (p = 0.20)
(Fig. 7). The light release applied within CON overstory treat-
ment resulted in greater basal diameter growth of swamp
white oak compared to light release applied within BAR and
CCR.

The mean height growth of both pin oak and swamp
white oak increased in CON overstory treatment compared
to BAR and CCR treatments (Fig. 8; Table A4). However, the
height growth of both oak species was not different be-
tween BAR and CCR in all years. The mean height growth
of pin oak and swamp white oak during the fifth growing
season were, respectively, 12.31 and 19.99 cm/year in CON,
5.34 and 7.93 cm/year in BAR, and 5.47 and 10.92 cm/year
in CCR. The light and heavy release treatments increased
height growth and basal diameter growth of both pin oak and
swamp white oak compared to no release (Fig. 9; Table A4).

The heavy release resulted in greater height growth and
basal diameter growth of both pin oak and swamp white oak
compared to light release in most years. The mean annual
height growth of pin oak and swamp white oak following
heavy midstory release during the fifth growing season were
11.45 and 19.65 cm/year, respectively, compared to 3.10 and
4.56 cm/year in the no release.

4. Discussion
In general, we found that seedlings established through en-

richment planting after failed methods to regenerate oaks
had inferior performance compared to seedlings established
under an uncut overstory. The regeneration harvests that
were intended to promote oak regeneration, applied in 1999
or 2000 using either the CCR or the BAR method, resulted in

http://dx.doi.org/10.1139/cjfr-2024-0073


Canadian Science Publishing

Can. J. For. Res. 00: 1–16 (2024) | dx.doi.org/10.1139/cjfr-2024-0073 9

Fig. 6. Height (mean ± 1 SE) and basal diameter (mean ± 1 SE) of pin oak (a and c) and swamp white oak (b and d) compared
among midstory release at the end of each growing season. Different letters within each year indicate significant differences
among midstory release treatments.

aggressive regeneration of fast-growing species that created
a highly competitive environment, consistent with reports in
other bottomland studies (Oliver et al. 2005; Rives et al. 2020).
Despite the CON stands having higher overstory basal area,
these results suggest greater midstory competitive pressure
in the previously harvested stands.

Developing competitive oak advance reproduction prior to
overstory harvest is important for successful oak regenera-
tion (Lorimer 1993; Rives et al. 2020; Hayford et al. 2023). Fur-
thermore, our findings demonstrate the difficulty of achiev-
ing successful enrichment planting following overstory har-
vest due to competition. Oaks have a growth strategy that
promotes initial root growth at the expense of shoot growth,
while most of their competitors (e.g., silver maple, green
ash) prioritize shoot over root growth (Lorimer et al. 1994).
These different growth strategies enable higher shoot growth
in competitors relative to oaks, especially in full sunlight
conditions in bottomland forests. However, large oak ad-

vance reproduction with well-developed root systems can
effectively compete with other species following overstory
harvests.

Regardless of the prior overstory treatment, we found that
midstory release can be an effective approach to improve
growth of planted oak reproduction in bottomland forests,
consistent with previous work (Lockhart et al. 2000; Lhotka
and Loewenstein 2009; Motsinger et al. 2010). Interestingly,
work on upland oak species has also found increased growth
following midstory release when compared to control treat-
ments (Parrott et al. 2012; Craig et al. 2014; Hackworth et al.
2020). Consequently, midstory release treatments have been
proposed as a method to develop competitive advance repro-
duction prior to overstory removal by favoring oak growth
while limiting the release of competitors (Loftis 1990). How-
ever, the long-term effectiveness of release treatments with
enrichment planting are not known. Given the height dis-
advantage and slow initial growth of planted oak seedlings
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Fig. 7. Interaction effects of overstory harvest and midstory release on height growth (mean ± 1 SE) and basal diameter
growth (mean ± 1 SE) of pin oak (a and c) and swamp white oak (b and d). Overstory harvest treatments included clearcut with
reserves (CCR), basal area retention (BAR), and uncut control (CON). Different uppercase letters above bars indicate significant
differences among overstory harvest treatments within a given midstory release treatment. Different lowercase letters above
bars indicate significant differences among midstory release treatments within a given overstory harvest treatment.

relative to competitors, it is likely that they will remain vul-
nerable to competition through stand development.

The impact of midstory release on seedling development
was influenced by the intensity of overstory harvest. Our
results suggested that applying either level of midstory re-
lease (light or heavy release) in the previously unharvested
stands increases height growth of both pin oak and swamp
white oak. However, in the BAR or CCR stands, only the heavy
midstory release consistently enhanced the development of
oak reproduction. Moreover, we observed that a combination
of underplanting and midstory release in previously unhar-
vested stands generally ensured greater oak seedling growth
compared to a combination of enrichment planting and mid-
story release in harvested stands. This underscores the impor-
tance of using an initial midstory release to develop compet-
itive oak advance reproduction prior to overstory harvest to
improve oak regeneration success in bottomland forests. The
timing of future overstory release is contingent on the size
of oak reproduction with at least 122 cm height considered

to be the minimum release height needed to achieve oak re-
generation success (Sander et al. 1976; Vickers et al. 2011).
Although swamp white oak appeared to grow taller than pin
oak, neither species had attained 122 cm in height following
the fifth growing season.

Our results indicate a 4 year time lag for planted oak
seedlings to show a growth response to midstory release. De-
lays in seedling growth response to release have been docu-
mented for other oak species, including cherrybark oak (Quer-
cus pagoda Raf.) (Lockhart et al. 2000), black oak (Quercus ve-
lutina Lam.) (Parrott et al. 2011), and white oak (Quercus alba
L.) (Dillaway et al. 2007; Parrott et al. 2011), as well as other
tree species such as lodgepole pine (Pinus contorta Douglas
ex Louden) (Kneeshaw et al. 2002), eastern white pine (Pinus
strobus L.) (Bebber et al. 2004), and black spruce (Picea mari-
ana (Mill) Britton, Sterns & Poggenb.) (Girona et al. 2016). The
delay in growth to silvicultural release could be attributed
to transplant shock commonly associated with post-planting
moisture/nutrient stress or acclimatization of the seedlings
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Fig. 8. Height growth (mean ± 1 SE) and basal diameter growth (mean ± 1 SE) of pin oak (a and c) and swamp white oak (b
and d) compared among overstory harvest treatments at the end of each growing season. Different letters within each year
indicate significant differences among overstory harvest treatments.

to the new environmental conditions (Close et al. 2005; Jacobs
et al. 2009). Other possible causes include initial root growth
at the expense of shoot growth (Kabrick et al. 2015), and in-
adequate hydraulic structures in seedlings for the increased
demand for resources following release (Lockhart et al.
2000).

We found that growth differences between midstory re-
lease and control treatments became more pronounced
through time for both pin oak and swamp white oak. Pre-
vious studies have reported magnified height growth re-
sponse between midstory release and control treatments over
time in bottomland forests for other plantings such as cher-
rybark oak (Lockhart et al. 2000; Lhotka and Loewenstein
2013), water oak (Quercus nigra L.) (Lhotka and Loewenstein
2013), and yellow poplar (Liriodendron tulipifera L.) (Lhotka and
Loewenstein 2013). The conservative initial growth strategy

of oaks that allocates higher proportion of biomass to its
root system might contribute to the slower height growth
response to treatments in the early stages of development.
As root systems of oaks develop through time, the poten-
tial for increased height growth becomes higher in the fu-
ture growing seasons, accounting for the magnified height
growth response over time. However, the magnified growth
rate in response to midstory release through time peaks and
starts to decline when further release is warranted. Lhotka
and Loewenstein (2013) reported that mean annual height
growth following complete midstory release peaked during
the fifth growing season at 20.2 cm/year for cherrybark oak
and 18.5 cm/year for water oak. The rate of height growth in
that study subsequently declined 2 years later to 17.3 cm/year
for cherrybark oak and 14.5 cm/year for water oak. In our
study, the mean annual height growth following heavy mid-
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Fig. 9. Height growth (mean ± 1 SE) and basal diameter growth (mean ± 1 SE) of pin oak (a and c) and swamp white oak (b and
d) compared among midstory release at the end of each growing season. Different letters within each year indicate significant
differences among midstory release treatments.

story release during the fifth growing season (when the last
monitoring was done) was 11.5 cm/year for pin oak and
19.7 cm/year for swamp white oak. Continued monitoring of
the oak seedlings will be necessary to provide more insight
into when growth following midstory release will peak and
necessitate the need for subsequent release to facilitate re-
cruitment.

The swamp white oak seedlings were taller and larger in
basal diameter than the pin oak through six growing sea-
sons. Shade-intolerant species, like pin oak, generally exhibit
greater growth in response to increased light availability than
shade-tolerant species. Thus, we expected pin oak to show
greater growth in response to the midstory release treat-
ments compared to swamp white oak, that is intermediate
in shade tolerance. The growth disparities between the two
oak species can be attributed in part to differences in their

flood tolerance and initial planting size. Swamp white oak,
which is classified as flood-tolerant, can thrive and grow un-
der persistent flooded conditions during the growing season,
whereas pin oak is moderate in flood-tolerance. In a flood
experiment conducted by Kabrick et al. (2012) in Missouri,
it was reported that swamp white oak maintained a high
growth rate following flooding, while pin oak suffered signif-
icant growth reductions with increased flooding. Our study
site is prone to annual flooding, and this may have provided
swamp white oak with a growth advantage over pin oak.
In addition, the survival and growth of artificial oak repro-
duction increase with initial planting size (Belli et al. 1999;
Spetich et al. 2002; Hayford et al. 2023). The initial size (height
and diameter) of swamp white oak at planting in 2017 was
greater than the pin oak, which likely contributed to the ob-
served higher growth rate in swamp white oak.
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5. Conclusions
We found that the survival and growth of planted oak re-

production were inversely related to the intensity of over-
story harvest, with the greatest survival and growth observed
in untreated control, followed by BAR, and CCR. However, the
opposite pattern was observed for the post-planting midstory
release, with the greatest growth in heavy release, followed
by light release, and no release. These results are encourag-
ing for establishing oak advance reproduction prior to over-
story harvest and demonstrate the difficulty of getting suc-
cessful enrichment planting following overstory harvest. A
prior midstory release is important to develop competitive
oak advance reproduction before a later overstory harvest to
ensure successful oak regeneration. Overstory harvests per-
formed prior to enrichment planting of oaks promote the de-
velopment of fast-growing vegetation that often outcompete
and preclude the development of large oak advance repro-
duction capable of recruiting into the overstory. Our results
suggested that applying either level of midstory release (light
or heavy release) in the previously unharvested stands will in-
crease growth of oak reproduction. However, only the heavy
midstory release consistently promoted the development of
oak reproduction in the previously harvested stands.
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Table A1. Statistical output showing treatment effects on basal area and trees per hectare of overstory
(trees ≥ 11.43 cm dbh) and midstory (3.81 ≤ dbh < 11.43 cm) trees (see Table 1).

Basal area Trees per hectare

Effect Num DF Den DF F value p-value F value p-value

Overstory trees

Overstory harvest 2 12 4.60 0.03 21.73 <0.01

Midstory release 2 24 0.84 0.44 3.83 0.04

Overstory harvest × midstory release 4 24 1.82 0.16 1.50 0.23

Midstory trees

Overstory harvest 2 12 2.87 0.10 1.26 0.32

Midstory release 2 24 12.95 <0.01 11.14 <0.01

Overstory harvest × midstory release 4 24 1.81 0.16 2.23 0.10

Table A2. Statistical output showing treatment effects on the probability of survival of pin oak and swamp white oak (see
Figs. 1 and 2).

Pin oak Swamp white oak

Effect Num DF Den DF F value p-value Den DF F value p-value

Overstory harvest 2 12 1.61 0.24 12 2.09 0.17

Midstory release 2 144 7.05 <0.01 144 0.29 0.75

Overstory harvest × midstory release 4 144 1.02 0.40 144 8.65 <0.01

Year 5 60 91.80 <0.01 60.1 98.75 <0.01

Overstory harvest × year 10 60 1.38 0.21 60.1 2.15 0.03

Midstory release × year 10 144 2.06 0.03 144 1.35 0.21

Overstory harvest × midstory release × year 20 144 0.72 0.80 144 1.16 0.30

Table A3. Statistical output showing treatment effects on pin oak and swamp white oak height and diameter (see Figs. 3,
4, 5, and 6).

Height Diameter

Effect Num DF Den DF F value p-value Den DF F value p-value

Pin oak

Overstory harvest 2 12 7.11 0.01 12 2.03 0.17

Midstory release 2 204 57.97 <0.01 144 29.06 <0.01

Overstory harvest × midstory release 4 204 5.00 <0.01 144 1.91 0.11

Year 5 204 300.18 <0.01 60 34.05 <0.01

Overstory harvest × year 10 204 8.50 <0.01 60 3.40 <0.01

Midstory release × year 10 204 11.07 <0.01 144 4.48 <0.01

Overstory harvest × midstory release × year 20 204 1.29 0.19 144 0.55 0.94

Swamp white oak

Overstory harvest 2 12 18.26 <0.01 12 3.71 0.06

Midstory release 2 144 18.75 <0.01 144 69.37 <0.01

Overstory harvest × midstory release 4 144 5.96 <0.01 144 9.09 <0.01

Year 5 60 328.13 <0.01 60 59.55 <0.01

Overstory harvest × year 10 60 11.45 <0.01 60 4.38 <0.01

Midstory release × year 10 144 21.40 <0.01 144 15.66 <0.01

Overstory harvest × midstory release × year 20 144 2.19 <0.01 144 1.61 0.06
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Table A4. Statistical output showing treatment effects on pin oak and swamp white oak height growth and basal diameter
growth (see Figs 7, 8, and 9).

Height growth Basal diameter growth

Effect Num DF Den DF F value p-value Den DF F value p-value

Pin oak

Overstory harvest 2 12 7.76 0.01 12 2.76 0.10

Midstory release 2 120 34.70 <0.01 120 18.82 <0.01

Overstory harvest × midstory release 4 120 3.60 0.01 120 1.52 0.20

Year 4 48 5.96 <0.01 48 17.13 <0.01

Overstory harvest × year 8 48 3.02 0.01 48 0.87 0.55

Midstory release × year 8 120 4.22 <0.01 120 2.57 0.01

Overstory harvest × midstory release × year 16 120 1.30 0.21 120 1.06 0.40

Swamp white oak

Overstory harvest 2 12 21.31 <0.01 12 6.60 0.01

Midstory release 2 120 45.29 <0.01 120 39.38 <0.01

Overstory harvest × midstory release 4 120 4.09 <0.01 120 3.56 0.01

Year 4 48 32.93 <0.01 48 29.12 <0.01

Overstory harvest × year 8 48 3.95 <0.01 48 1.25 0.29

Midstory release × year 8 120 9.85 <0.01 120 9.39 <0.01

Overstory harvest × midstory release × year 16 120 1.36 0.17 120 1.19 0.29

Table A5. Mean and percent contribution of basal area (m2/ha) by species group and treatment of all trees ≥ 3.81 cm dbh
sampled in 2021.

Clearcut with reserves Basal area retention Uncut control

Species group Mean (m2/ha) % Mean (m2/ha) % Mean (m2/ha) %

American elm 2.21 11.85 2.69 11.39 2.28 8.27

American sycamore 2.37 12.71 4.32 18.30 1.53 5.56

Eastern cottonwood 2.43 13.04 2.57 10.90 8.09 29.42

Green ash 2.17 11.64 1.98 8.40 3.48 12.65

Hickories 0.10 0.53 0.27 1.15 0.31 1.14

Oaks 1.46 7.81 1.56 6.60 2.01 7.31

Other species 2.81 15.10 3.32 14.07 2.25 8.16

Silver maple 5.09 27.31 6.89 29.19 7.56 27.49

Total 18.65 100 23.60 100 27.51 100
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