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ARTICLE INFO ABSTRACT

Keywords: Hickories (Carya spp.) are common species in eastern US forests. Despite being a noted component of the most

ReprodUCt}OH prevalent forest type in the eastern US, remarkably little is known about the ecology and silvics of the genera,

EEge“'era“O“ especially compared to oaks (Quercus spp.). To improve our understanding about the dynamics of hickories in
ecruitment

stand development and forest succession, we used a variety of datasets from oak-hickory forests of the Central
Hardwood Region to assess growth, physiology, and demography. Our findings suggest that hickories may have a
conservative root-centered growth strategy that exceeds that of oaks, with highly plastic physiology. This allows
for long-term persistence of hickories in the mid and understory while being responsive to favorable increases in
available light. The reproduction dynamics of hickories suggest a gradual and consistent recruitment to the mid
and overstory in contrast to the single, unimodal age distribution of oaks following historic disturbance. This is
achieved by periods of higher growth rates and lower mortality rates, especially in subordinate canopy positions
when compared to oaks. These findings suggest that contemporary removal of historic disturbance regimes may
continue to support hickory recruitment to the overstory, but active forest management is necessary to maintain
the oak-hickory forest type in the Central Hardwood Region.

Mortality rate
Root to shoot ratio

1. Introduction

Oak-hickory (Quercus-Carya) forests are the most prevalent forest
type in the eastern US, and the research conducted toward under-
standing oak demography, recruitment, and best management practices
is vast (e.g., Goodrum et al. 1971; Brose et al., 1999b; Kabrick et al.
2008a; Greenberg et al., 2013; Swaim et al. 2016; Johnson et al. 2019).
However, relatively little attention has been given to the other eponym
of this forest type, the hickories. Of the 19 species of hickory worldwide,
12 occur in eastern US forests where they provide important ecological
goods and services, including timber products, wildlife habitat and hard
mast. Although hickories typically co-occur with oaks, they are rarely
dominant (Braun 1950; Monk et al. 1990). Thus, their specific ecological
role in the oak-hickory forest community is not well understood (Rose

and Rosson 2007). With increasing threats to the resilience of oak-
hickory forests from invasive insects, plants, pathogens, and meso-
phication (Shifley et al. 2014; Moser et al. 2016; Alexander et al., 2021)
and their interactions with a changing climate (Wood et al., 2018),
understanding the regeneration and recruitment processes of hickories
is important for abating wholesale forest type transitions and reducing
interruptions of important ecological goods and services.

In the Central Hardwood Region, the oak-hickory forest type repre-
sents 79 percent (5.4 million hectares) of the total forest land in the
region (Brandt et al., 2014). Dominant species in the upland forest and
woodland communities include black oak (Q. velutina Lam.), white oak
(Q. alba L.), post oak (Q. stellata Wangenh.), northern red oak (Q. rubra
L.), blackjack oak (Q. marilandica Miinchh.), scarlet oak (Q. coccinea
Miinchh) and black hickory (C. texana Buckley), shagbark hickory
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[C. ovata (Mill.) K. Koch], pignut hickory [C. glabra (Mill.) Sweet], bit-
ternut hickory [C. cordiformis (Wangenh.) K. Koch], and mockernut
hickory [C. tomentosa (Lam.) Nutt]. However, most of these oak-
dominated forests are in the process of a significant community
composition shift, especially on productive sites (Nowacki and Abrams
2008; Fei et al. 2011). While large, mature oak and hickory trees still
dominate the overstory of many stands, the regeneration layer is typi-
cally dominated by shade tolerant species such as maples (Acer spp.) and
American beech (Fagus grandifolia Ehrh.), although there is notable
variation across the region (e.g., McCarthy et al 2001; Aldrich et al.
2005; McNab 2011). Declining oak regeneration success is likely due to
a variety of factors, including 20th century fire suppression, land use
changes, shade tolerance and successional dynamics, increased deer
browsing, and mesophication (reviewed in McEwan et al. 2011). Man-
agement efforts to increase oak and hickory regeneration have focused
on overstory reductions, prescribed burning and/or herbicide to in-
crease light and reduce competition (Loftis 1990; Brose et al. 1999b;
Brose et al. 2013; Brose et al. 2014). While oak regeneration has
certainly benefited from these approaches (Barnes and Van Lear 1998;
Iverson et al. 2008), there is a general lack of information about how
hickories respond (separately from oaks). The prevailing paradigm is
that hickories will display the same dynamics, and respond to the same
management prescriptions, as the oaks.

Hickories are variously classified as intolerant to tolerant of shade
(Smalley 1990; Smith 1990) with an ability to accumulate advance
reproduction under moderately dense canopies (Iverson et al. 2017).
These differences in perceived shade tolerance are often attributed to
changes in light requirements with age; seedlings and saplings having
higher shade tolerance and an ability to recover more rapidly following
suppression than larger trees (Baker 1949, Trimble 1975). A recent
study by Lefland et al. (2018) found hickory saplings up to 40 years old,
suggesting that hickory may have considerable shade tolerance and thus
the ability to persist in a suppressed state in the midstory and under-
story. Similar to oaks, hickories have been reported to decline in forest
understories without overstory disturbance (Peet and Christensen 1980;
Sork 1983) or prescribed fire (Brose et al. 2013) and moderate increases
in light levels from thinning or harvesting are believed to promote
hickory recruitment to the forest overstory, particularly on dry sites
(Iverson et al. 2017). However, there is a limited understanding on the
capacity to create pools of hickory advance reproduction by modifying
the light environment (Smith 1990) and further, a lack of information on
the canopy recruitment dynamics of hickories.

We addressed uncertainties of hickory dynamics in the Central
Hardwoods Region at scales ranging from the individual to the
ecosystem, across broad temporal and spatial scales. Our synthesis
included information on individual seedlings and seedling population
responses to altered overstory light conditions, long-term patterns in
recruitment and mortality in mature, unmanaged forests, and regional
analyses of contemporary demographics. We used data from (1) green-
house studies focused on seedling growth and physiology, (2) a long-
term shelterwood study across two levels of site productivity, (3) un-
manipulated permanent plots in two mature, unmanaged oak-hickory
forests, and (4) region-wide inventories from the national Forest In-
ventory and Analysis (FIA) database (Table 1). For our purposes, the
Central Hardwood Region refers to oak-hickory forests within selected
Ecological Provinces described in Table 1 (see Fig. 1). Specifically, we
sought to address the following questions:

(1) How do juvenile growth and physiology of hickories compare to
those of red and white oaks in a controlled greenhouse setting?

(2) How does the abundance and growth of hickory reproduction
compare to that of red and white oaks following changes to forest
overstory conditions in the field?

(3) What is the longevity of hickories in the midstory?
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(4) How do size distributions, growth, recruitment, and mortality of
hickories compare to red and white oaks in mature, unmanaged
forests?

(5) What are the contemporary demographics of hickories across the
Central Hardwood Region and how do they compare to oaks?

2. Methods
2.1. Seeding growth and physiology

To examine juvenile growth and physiology of hickories, we
compared data from greenhouse grown mockernut and bitternut hick-
ories to published data for similarly grown red and white oaks, as well as
other species. Mockernut hickory seeds were collected in the Vinton
Furnace Experimental Forest in southeastern Ohio in October 2005 and
planted in April 2006. Bitternut hickory seeds were collected from the
Delaware County Fairgrounds in central Ohio in October 2006 and
planted in April 2007. Seedlings were grown over one growing season in
a greenhouse at the USDA Forest Service Laboratory, Delaware, Ohio
and harvested in October (2006 and 2007, respectively for mockernut
and bitternut). For both species, seeds were planted in 15 cm diameter
by 41 cm tall (7.3 L) PVC pots containing 2-parts mixed Metro-Mix 510
(Sungro Horticulture, Agawam, MA) to 1-part mixed fine loam
(Buchanan-Ernest Series) forest soil collected in Monongalia County,
WV. Day and night temperatures were maintained at 25 and 20 °C,
respectively, and natural light was supplemented to create 12 h day ..
We recorded stem height (cm), shoot diameter (mm, average of two
measurements), root collar diameter (mm, average of two measure-
ments), taproot length (cm), and total number of leaves. Total leaf area
(leaf blade plus petiole) was determined using a LI-COR LI-3100 area
meter (LI-COR Biosciences, Lincoln, NE). Seedlings were dissected into
roots, leaves, stem, and branches and oven-dried at 70 °C to constant
mass and weighed to determine the component mass. We calculated the
root:shoot ratio as the proportion of belowground mass to aboveground
mass without leaves. Additionally, for mockernut hickory, light response
curves were conducted on 10-11 October 2007 on the first leaflet of a
fully expanded leaf for 15 randomly selected seedlings using a LI-COR
(Lincoln, Nebraska) 6200 portable photosynthesis system. Light
response curves were generated in a climate-controlled greenhouse
maintained at approximately 28 °C from 1000 to 1500 EST. Light levels
included 0, 50, 100, 400, 800, and 1200 pmoles~m2-sec'1 with 3 min of
equilibration time between light levels. From these light response
curves, mean estimates of light compensation point, maximum carbon
exchange rate, and quantum efficiency were derived from individual
seedling curves fit to the Hanson model by a modified Gauss-Newton
nonlinear iterative method until model convergence was achieved
(SAS Institute Inc., 2012) using methods similar to Rebbeck et al.
(2012).

2.2. Reproduction response to changes in the light environment

To examine the response of hickories, red oaks, and white oaks to
changes in overstory light levels, we used data from a long-term shel-
terwood study that tracked the reproduction abundance by species
group and height class across two levels of site productivity. The shel-
terwood experiments were located in mature (70 years old), even-aged
stands on the Sinkin Experimental Forest (SEF, lat. 37.5°N, long.
91.3°W; Fig. 1), on the Mark Twain National Forest in the Ozark
Highlands of southeastern Missouri. The studies were established in
1979 and 1980, on sites representing ‘Average’ and ‘Good’ productivity
respectively, for the area (Table 1). Overstory treatments included
harvesting to a residual stocking of 40, 50, or 60% (Ginrich 1967),
leaving primarily the larger, more vigorous oaks (Schlesinger et al.
1993), in three complete blocks for each site type. Treatment units were
0.4 ha with 0.12 ha vegetation monitoring plots located in the center.
The overstory was removed on all treatments in the winter of 1998-99,
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Table 1
Study information including location, history, and treatments for each dataset.
Objective Outcome Study Location' Species Site Management Overstory
Index”  History Treatments®
Relate early biomass Greenhouse Delaware, OH Hickories: X X X X X
growth and allocation; root- C. tomentosa, C.
physiology of to-shoot ratio; cordiformis
hickories to light
other species compensation

point; maximum
carbon exchange;
dark respiration;

quantum
efficiency
Compare Reproduction Shelterwood Sinkin Hickories: 18 m Shelterwood 40% stocking ~ 50% 60%
abundance and abundance by ’Average Experimental C. texana, C. glabra, canopy stocking  stocking
size of height class over Sites™ Forest, Mark C. tomentosa; Red reductions in
reproduction 18 years Twain National Oaks: Q. coccinea, spring 1981
following Shelterwood Forest, MO Q. velutina; White 23 m Shelterwood 40% stocking 50% 60%
reductions in *Good Sites™* Oaks: Q. alba, Q. canopy stocking stocking
overstory across muehlenbergii; reductions in
two levels of winter 1979-80
site
productivity
Determine the Age by diameter Demo burn®, Vinton Furnace Hickories: 17-20 Second-growth X X X
persistence of Wolf oak®, Experimental C. glabra, C. m originating from
hickories in the and other Forest, OH tomentosa the mid- to late
midstory adjacent areas 1800s
Compare size DBH class Study 277 Vinton Furnace Hickories: 20-22 Second-growth X X X
distribution, distribution; Experimental C. glabra, C. ovata, m originating from
growth, diameter growth Forest, OH C. cordiformis, C. clearcutting in
recruitment, rate; recruitment tomentosa; Red 1868
and mortality in  rate; mortality Oaks: Q. rubra, Q.
undisturbed rate velutina, Q. coccinea;
forests White oaks:
Q. alba, Q. montana;
Kaskaskia Kaskaskia Hickories: C. ovata, Never cleared. X X X
Woods® Experimental C. ovalis, C. Selective
Forest, Shawnee tomentosa; Red harvesting
National Forest, Oaks: Q. rubra, Q. occurring in
IL velutina, Q. coccinea; 1880s and 1910s
White oaks:
Q. alba;
Assess stem abundance; Region-wide Forest Inventory Hickories: Mature (>75 X X X
contemporary relative Status and and Analysis: C. glabra, C. ovata, years) oak-
demographics abundance of Assessment 10,170 plots C. cordiformis, C. hickory stands
across the advanced across six tomentosa, with no history of
entire Central reproduction; Ecological C. texana; Red disturbance or
Hardwoods overstory crown Provinces within Oaks: Q. rubra, Q. treatment within
Region class; recruitment the Central velutina, Q. coccinea, the past 5-7 years
rate; mortality Hardwood Q. falcata, Q.
rate Region marilandica, Q.

ellipsoidalis, Q.
imbricaria, Q.
shumardii, Q.
palustris; White
oaks: Q. alba, Q.
montana, Q. stellata,
Q. macrocarpa, Q.
muehlenbergii, Q.
bicolor;

1 Ecological Provinces (see Cleland et al. 2007; McNab et al. 2007) within the Central Hardwood Region Midwest Broadleaf Forest (222), Central Interior Broadleaf
Forest (223), Ozark Broadleaf Forest (M223), Central Appalachian Mixed Forest (M221), Prairie Parkland Temperate, and western portions of Eastern Broadleaf Forest
Province (221).

2 Site index based on a based age of 50 for black oak (Q. velutina).

3 Overstory shelterwood treatments retained residual stocking levels based on Ginrich 1967. Establishment cuts retained the larger, more vigorous oaks with re-
movals down to 4.1 cm DBH.

4 Soils included Clarksville gravelly silt loam and Coulstone very gravelly silt loam (Loamy-skeletal, siliceous, semiactive, mesic Typic Paleudults) and Scholten
gravelly silt loam (Loamy-skeletal, siliceous, active, mesic Typic Fragiudults).

5 Soils included Germano fine sandy loam (Coarse-loamy, mixed, mesic Typic Hapludults), Gilpin channery silt loam (Fine-loamy, mixed, active, mesic Typic
Hapludults), and Rarden silt loam (Fine, mixed, active, mesic Aquultic Hapludalfs).

6 Soils included Gilpin channery silt loam (Fine-loamy, mixed, active, mesic Typic Hapludults) and Steinsburg gravelly loam (Coarse-loamy, mixed, mesic Typic
Dystrochrepts).

7 Soils included Germano fine sandy loam (Coarse-loamy, mixed, mesic Typic Hapludults), Gilpin channery silt loam (Fine-loamy, mixed, active, mesic Typic
Hapludults), and Steinsburg gravelly loam (Coarse-loamy, mixed, mesic Typic Dystrochrepts).

8 Soils included Alford silt loam (Fine-silty, mixed, superactive, mesic Ultic Hapludalfs).
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Fig. 1. Map of hardwood forests in the
eastern US displayed as NLCD estimated
canopy cover obtained from https://www.
mrlc.gov/data. Blue circles indicate Forest
Inventory and Analysis (FIA) plots within the
Central Hardwood Region. Study locations:
1) Delaware Lab (greenhouse), 2) Kaskaskia
Experimental Forest (mature, unmanaged
forest), 3) Sinkin Experimental Forest (shel-
terwood management), and 4) Vinton
Furnace State Experimental Forest (mature,
unmanaged forest and midstory persistence).
(For interpretation of the references to colour
in this figure legend, the reader is referred to
the web version of this article.)

50°N A
45°N A
40°N A
35°N A
°  FIA plots
Delaware Lab
A Kaskaskia
A Sinkin
30°N L A Vinton Furnace
100°W 95°W 90°W 85°W 80°W 75°W

one year prior to the final measurement (year 18). Reproduction was
measured on twenty 1.13 m radius subplots nested within each vege-
tation plot. Subplots were measured during the winter for pre-treatment
(1979 and 1980), 1 or 2 years post-overstory treatment (for Average and
Good sites, respectively) and again after years: 4 (1981-1982), 10
(1989-90), 15 (1997-1998), and 18 (1999-2000) post-treatment. Dur-
ing each measurement, the number of stems were tallied by species and
by 10 cm height classes up to 250 cm tall.

For analysis, plots were averaged to the treatment unit level by
species group (hickories, red oaks, and white oaks) and one of three
height classes: small (0-50 cm), medium (51-150 cm), and large
(151-250 cm) reproduction. Due to differences in the sequencing of plot
censuses, we analyzed the two site class types separately. Reproduction
abundance was compared across species groups and overstory residual
stocking treatments for each height class within a site type by using a
repeated measures analysis of variance. The repeated measures linear
mixed effects model included fixed effects of treatment, species group,
and their interaction with block specified as a random factor. As our data
violated the assumption of sphericity, the Huynh-Feldt epsilon correc-
tion based on Lecoutre (1991) was employed.

2.3. Midstory persistence

To explore the potential longevity of hickory currently occupying the
midstory of mature mixed-oak stands, we collected basal cross-sections
from 49 live hickory stems, ranging from 4 to 22 cm DBH. The cross-
sections were obtained in 2007-2008 from mature, mixed-oak stands
at Vinton Furnace Experimental Forest (VFEF, 39.11N, 82.22W; Fig. 1)
in southeast, OH. The VFEF is located within the Southern Unglaciated

Allegheny Plateau Section. Approximately one-half of the cross-sections
were collected from two SW-facing stands, the Demo Burn (n = 12), and
Wolf Oak (n = 11) and the remainder were collected from a variety of
upland stands at VFEF. In the laboratory, cross-sections were sanded
with progressively finer sandpaper to reveal the detail of annual rings.
Rings were magnified and counted under a dissecting microscope. Given
the exploratory nature of this information, we limited our analysis to
simple summary statistics for stem age.

2.4. Long-term dynamics under minimal disturbance

We examined the successional dynamics of hickories, red oaks, and
white oaks in forests without recent disturbance using data from two
long-term permanent plot series. The first (Study 27) is located at VFEF.
Study 27 originated from secondary regrowth stands after clearcutting
for the charcoal iron industry around 1868. Three 0.4 ha plots were
established in 1977, with every tree >9 cm DBH marked and identified
to species. Each subsequent year, DBH was re-measured, dead trees
noted and removed from the database, and new recruits added (i.e.,
those that have reached the minimum DBH size of 9.0 cm). These stands
are on sites of average to good productivity for the area and have an
overstory dominated by oaks and hickories (Table 1). We used 40 years
of data (from 1979 to 2019) in our analyses (described below).

The second set of long-term forest plots are from Kaskaskia Experi-
mental Forest (KEF, 37°30'N, 88°30'W) which is located in the Interior
Low Plateau-Shawnee Hills in southeastern Illinois. Kaskaksia Woods, a
special management area within the KEF, was never cleared, however
selective harvesting of large oaks, hickories, and yellow-poplar (Lir-
iodendron tulipifera L.) likely occurred in the 1880s for railroad ties
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(Zaczek et al. 2002) (Table 1). A second selective harvest for white oak
and some hickory also occurred in the 1910s but no additional distur-
bances have occurred in the last 100 years. Kaskaskia Woods has many
of the characteristics of an old-growth deciduous forest and many of the
overstory trees are over 150 years old and up to 160 cm DBH (Zaczek
et al. 2002). In 1935, eight 0.1 ha plots were established with every tree
>4.0 cm DBH marked and identified to species. The plots were re-
measured in 1940, 1958, 1963, 1973, 1978, 1983, 1992, 1997 and
2012. We used 77 years of data (from 1935 to 2012) in our analyses
(described below).

Our analyses of the two long-term, permanent plot series included
four metrics of comparison between hickories, red oaks, and white oaks:
(1) the change in size class distributions over time, (2) relative growth
rates, (3) recruitment rates and (4) mortality rates. For each location, the
size class distributions from the first and last measurement years were
compared with a Kolmogorov-Smirnov (KS) test. This statistic is used to
test for similarity between distributions without any parametric as-
sumptions. Due to the multiple KS tests that we ran, we used an alpha
value of 0.01 to test for significance to minimize Type I error rates.
Relative basal area (BA) growth rates for each tree (hereafter BA growth)
were calculated with the formula (Hunt 1982; Pommerening and Muszta
2016) for mean annual growth rate (also called periodic relative increment):

log(BA2) — log(BA1)
years

where BA2 is the basal area in the final year it was measured (i.e., either
the year before it died or the final census year), and BA1 is the basal area
from the first year. Years represent the total number of years between
the two measurements. Mean annual growth rates are intended to be a
standardized measure of growth, to directly compare growth between
large and small individuals. However, BA growth may be influenced by
initial size as BA growth appears to decline in larger individuals (Pom-
merening and Muszta, 2016). Thus, we compared BA growth for smaller
(i.e., DBH < 25 cm) and larger individuals (DBH > 25 cm) based on their
first measurement.

Annual mortality rates were calculated with the formula (Sheil et al.,
1995):

m=1-[1—Nt/N0]"/"

where NO is the number of trees alive in the previous census, Nt is the
number of trees that died between the previous and current census, and t
is the time between censuses in years. Annual recruitment rates were
calculated with a similar formula, where Nr is the number of recruited
trees since the previous census (Dionisio et al. 2018):

r=1-[1-Nr/NO]""

To compare recruitment and mortality rates between VFEF and KEF,
we binned census data from VFEF into decadal time slices (i.e., since
VFEF had annual re-measurements). Relative growth rates (% year 1),
mortality (% year’l) and recruitment (% year’l) rates were all
compared between the three groups (hickories, red oaks, and white
oaks) with an ANOVA and Tukey-Kramer post-hoc comparisons.

2.5. Region-wide status and assessment

For a region-wide assessment of contemporary hickory and oak de-
mographics we used publicly available Forest Inventory and Analysis
(FIA) data (Bechtold and Patterson 2005; USDA Forest Service 2020) for
the Central Hardwood Region. We defined the Central Hardwood region
as FIA plots that fell within the oak-hickory forest type (see Arner et al.
(2004)) of select Ecological Provinces (see Cleland et al. (2007); McNab
et al. (2007) for greater detail) (Table 1, Fig. 1). We selected only
‘mature’ plots (i.e., ‘regeneration eligible’ sensu Vickers et al. (2019);
age >75 years with medium-large diameter stems predominant)with no
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history of disturbance or treatment in the past 5-7 years.

We used the rFIA package (Stanke et al. 2020) for R statistical
Software (R Core Team 2020) to calculate five comparative metrics for
hickories, oaks, and other species from the FIA data. Our assessment
included region-wide (i.e., population level sensu Pugh et al. (2018))
estimates of (1) absolute and (2) relative stem abundance by crown class
(see Burrill et al. (2017)), (3) recruitment rates, (4) mortality rates, and
(5) mortality rates by crown class. Estimates of absolute and relative
density included both advance reproduction (DBH < 2.5 cm, total
height > 30.5 cm) and larger stems (DBH > 2.5 cm). Estimates of
recruitment and mortality rates included stems > 12.7 cm DBH. We used
the variance and sample sizes (number of measured plots in domain of
interest) provided by rFIA to produce 95% confidence intervals around
each estimate. All estimates reflect forestland conditions circa 2017.

3. Results
3.1. Seedling growth and physiology

After one growing season, both bitternut and mockernut hickories
allocated much more growth below ground than to aboveground
structures (Table 2). Leaf area averaged 173.2 + 112.8 and 277.7 +
155.3 cm? for bitternut hickory and mockernut hickory, respectively.
The root:shoot ratios of bitternut (4.08 + 0.15) and mockernut hickory
(3.93 + 0.09) were comparable to each other, but larger than what has
been documented for several oaks and other associated species (Fig. 2).
While all species of hickories and oaks examined allocated more to
belowground than aboveground structures, the root:shoot ratio for the
two hickories were approximately 33% greater than white oak and
150% greater than northern red oak and chestnut oak. In contrast, sugar
maple (Acer saccharum Marshall) and yellow-poplar (Liriodendron tuli-
pifera L.) allocated more to aboveground structures. The mean light
compensation point of mockernut hickory was 8.371 + 0.297
pumol-m 2s7!, with a quantum efficiency of 0.0343 + 0.001
pmol-ymol !, a maximum carbon exchange rate of 8.87 + 0.35 umol
COym~2s7L, a dark respiration of —0.822 + 0.34, and a stomatal
conductance of 0.208 + 0.015 molm 2s~! (Fig. 3). The light
compensation point of mockernut hickory was similar to published
values for white oak, but lower than other oaks and yellow-poplar
(Table 3). Mockernut hickory had the highest maximum carbon ex-
change rate of the species examined.

3.2. Reproduction response to overstory manipulation

Our analysis of the shelterwood study, which included overstory
reductions to 40-60% stocking, showed those differences in residual

Table 2

Size and mass metrics (mean + standard deviation) for bitternut hickory
(C. cordiformis) and mockernut hickory (C. tomentosa) nut-origin seedlings after
one growing season under greenhouse conditions in Delaware, OH. Biomass
includes weight (g) and proportion (%) of total seedling biomass in parentheses.

Size
Species Stem Height  Stem Root Collar Taproot
(cm) Diameter Diameter (mm) Length (cm)
(mm)
Bitternut 16.0 + 3.9 2.6 + 0.8 4.5+ 0.8 37.0 £ 2.7
hickory
Mockernut 14.5 £ 3.7 4.2+1.0 7.0+ 1.6 336+71
hickory
Biomass
Species Leaf (g) Stem (g) Taproot (g) Total (g)
Bitternut 0.92 + 0.49 0.69 + 0.37 5.41 £ 2.42 7.39 + 3.38
hickory (11.9%) (9.5%) (73.8%)
Mockernut 1.98 + 1.40 1.67 + 0.86 12.73 £+ 6.39 17.0 + 8.53
hickory (11.1%) (10.0%) (75.1%)
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Fig. 2. (a) Root:shoot for mockernut hickory
(C. tomentosa), bitternut hickory
(C. cordiformis) and associated species grown
under greenhouse conditions. Sugar maple
(A. saccharum) and yellow-poplar
(L. tulipifera), root:shoot are from Tjoelker

and Luxmore (1991), Tjoelker et al. (1993).
(b) Three randomly selected mockernut
hickory seedlings harvested following one
growing season under greenhouse condi-
tions. Centimeter scale placed for reference.
(For interpretation of the references to colour
in this figure legend, the reader is referred to
the web version of this article.)
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stocking level were not important for the mean abundance of repro-
duction in any circumstance examined. Reproduction abundance of
hickories and oaks were much greater on Average sites than Good sites,
though we note the two sites were analyzed independently (Fig. 4). This
reduction in reproduction density between sites is likely due to
increased competition from other species on higher quality sites (Ap-
pendix A). For both site productivity types, there were differences in the
response of species group by height class since the initial shelterwood
harvest, but the importance of these effects varied by site (Appendix B).

Generally, on both sites, hickories had consistent abundance across
height classes through time (Fig. 4). However, red oaks accumulated
individuals into the next tallest size class as time progressed. White oaks

s reshcccccd i uen

responded immediately to overstory reductions with increases in the
abundance of reproduction across height classes, but these gains were
lost as time continued. Large-sized reproduction was present for all
species and time periods on Average sites with no general trends.
However, on Good sites, large reproduction of hickories and red oaks
increased through time, whereas large reproduction of white oaks
increased initially and then declined.

3.3. Midstory persistence

The mean and median ages of sapling and pole-sized hickories har-
vested at VFEF were 77 and 73 years, respectively, indicating a capacity
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Fig. 3. Photosynthetic light response curves of mockernut hickory (C. tomentosa) seedlings grown under greenhouse conditions. Mean estimates of light compen-
sation point, maximum carbon exchange rate, quantum efficiency, and dark respiration were derived from these curves (see Table 3).

for long-persistence in the understory and midstory (Fig. 5). The oldest
sampled midstory hickories (>130 years) were found at the most xeric
collection site (the Demo Burn site).

3.4. Stand dynamics in mature, unmanaged forests

In mature, unmanaged forests at VFEF, the size distribution of
hickories showed no change over time, but red oaks and white oaks had
a significant shift into the larger size classes (Fig. 6a). Over time, hick-
ories continued to occupy small size classes (Fig. 6a). For small trees,
hickories had higher relative growth rates than white oaks (Fig. 6b; F ¢5
=4.1, P = 0.02), but, there was no difference in relative growth rates for
large trees (Fig. 6¢; Fo 189 = 0.23, P = 0.80). However, it is important to

note the rarity of large hickories and small red oaks at this site. The shift
demonstrated for oaks is typical of an even-aged maturation process
where oaks move into larger size classes with a lack of new recruits
(Fig. 6d, e). Hickories, in contrast, had higher absolute recruitment
numbers (Fig. 6d) and higher recruitment rates (Fig. 6e), although the
difference in recruitment rates was not statistically significant (Fy 9 =
3.2, P = 0.09). Mortality rates for hickories also did not significantly
differ from the oaks (Fig. 6f; Fo 9 = 0.36, P = 0.70). Red oaks recruited a
single stem into the tree size class during the forty years examined. Most
of the new recruits were shade-tolerant species; red maple (Acer rubrum
L., 57% of all new recruits), blackgum (Nyssa sylvatica Marshall, 14%)
and sourwood [Oxydendrum arboreum (L.) DC., 8%] (Appendix C).
Collectively, these results are indicative of an on-going self-thinning
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Table 3
Photosynthetic light response parameter estimates for selected upland hard-
wood seedlings.

Species Light Maximum Dark Quantum
compensation carbon respiration efficiency”
point® exchange rate (umol CO, (umol
(umol m? s’l) (umol CO, m? s’l) pmol’l)

m2sh

Mockernut 8.37 £ 0.30 8.87 £ 0.35 -0.82 + 0.034 +

hickory 0.34 0.001
Chestnut 19.92 + 2.31 5.73 £ 0.50 -1.13 £+ 0.062 +
oak' 0.15 0.002
Northern 15.72 + 1.83 6.44 + 0.25 -0.74 + 0.054 +
red oak' 0.08 0.007
White oak’ 7.16 £ 1.39 7.03 £ 0.40 —-0.32 + 0.047 +

0.07 0.001
Yellow- 43.30 £ 9.90 5.33 £ 0.92 0.77 + 0.14 0.022 +
poplar? 0.002 2

! Rebbeck et al. 2012 CJFR 42:1025-1037.

2 Rebbeck and Loats 1997 CJFR 27:1595-1605.

3 Light compensation point — Light level at which photosynthesis (carbohy-
drate gain) equals respiration (carbohydrate loss). Note: Photosynthetically
active radiation in undisturbed stands is approximately 30-50 ymol m 2 s~ ?.

4 Quantum efficiency — the molar ratio between oxygen released in photo-

synthesis (or carbon assimilated) to photons absorbed in the process.

process for oaks, but one that is progressing more rapidly for red oaks
than white oaks.

For KEF, all three groups showed a significant shift in size distribu-
tions (Fig. 7a) although hickories still had a higher density of small-sized
trees compared to red and white oaks. Hickories and white oaks had
similar growth rates, while red oaks had significantly higher relative
growth rates in both small trees (Fig. 7b; Fy 167 = 9.16, P < 0.01) and
large trees (Fig. 7c; Fa,65 = 28.9, P < 0.01). Mortality rates were similar
(Fig. 7f; F 21 = 0.67, P = 0.52) as were recruitment rates (Fig. 7e; Fg 21
= 1.58, P = 0.23). Recruitment at KEF has generally been low for
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hickories and oaks, with red oaks having 0 new recruits recorded in
these plots for 77 years (Fig. 7d). Recruitment at this site was dominated
by sugar maple (56% of all new recruits), and white ash (Fraxinus
americana L.; 18%) (Appendix C).

3.5. Region-wide contemporary demographics

Across mature oak-hickory forests in the Central Hardwood Region,
hickories are less abundant on average than oaks in virtually all crown
classes (Fig. 8a). Hickories more closely approximate the classic ‘reverse
j’ size structure decreasing in abundance with increasing size (repre-
sented by crown class) and are remarkably consistent in relative abun-
dance across crown classes at 6-11% (Fig. 8b). In contrast, codominant
oaks were highly abundant; there were nearly 3 times as many
codominant oaks per hectare compared to intermediate oaks and 1.5
times more codominant oaks than overtopped oaks. Differences between
oak and hickory abundance generally increased with advancing crown
class, with oaks being 4-5 times more abundant than hickories in
dominant and codominant positions.

Differences in mortality rates between oaks and hickories also varied
across crown classes in mature stands, with oak mortality rates
becoming increasingly greater in both absolute terms and relative to
hickory with decreasing canopy position (Fig. 8c). Generally, hickories
had lower rates of mortality, and this difference was most pronounced in
overtopped stems where oaks displayed much greater rates of mortality.
The hickory mortality rate was lower than other species in codominant
and intermediate positions and nominally so in overtopped positions. In
contrast, oaks, with a mortality rate over 4.0% for overtopped trees,
were markedly less persistent than hickories or other species which
averaged 1.3% and 1.6% trees-ha"lyr~1, respectively.

Not only were overtopped hickories more persistent survivors than
oaks, their recruitment rate (into the 12.7 cm size class) was also more
than twice that of oaks (1.74% vs 0.73% trees-ha'lyr’l’ Fig. 8d).
Comparative demographics indicate that oaks in mature forests are a
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Fig. 4. Density of reproduction by height class (small: 0-50 cm tall, black bars; medium: 51-150 cm tall, light grey bars; large: 151-250 cm tall, dark grey bars)
through time following shelterwood (reductions to 40-60% stocking) establishment cuts on Average (SI: 18 m) and Good (SI: 23 m) sites on the Sinkin Experimental
Forest (SEF). Pre-treatment data are prior to establishment cut, post-treatment is one growing season following establishment cut, and year 18 is one growing season

following the final overstory removal.
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Experimental Forest (VFEF) in southeastern Ohio.

much more dynamic population than hickories, but one that, by net
abundance, declines without disturbance. Average annual recruitment
of oaks replaced only about half of the trees lost to mortality (Fig. 8e)
while hickory recruitment was net positive, on average, and nearly 2.5
times that of oak species.

4. Discussion

Our study highlights that hickories exhibit some life history traits
that are distinct from oaks, notably in terms of growth and recruitment.
As seedlings, (1) the root-centered growth of hickories is comparable
and may exceed that of oaks and (2) physiologically, mockernut hickory
is as shade tolerant as white oak and has traits that infer its high
adaptability to changes in the light environment. Following reductions
in overstory stocking, (3) the reproduction of hickories across height
classes was stable in comparison to the initial flush of white oaks or the
site-dependent accumulation of large red oak reproduction through
time. Midstory hickories were remarkably persistent (4), especially on
drier sites, with some individuals less than 18 cm in diameter over 140
years in age. As highlighted by both long-term studies and contemporary
Central Hardwood Region-wide assessments, (5) the diameter distribu-
tion of hickories suggests a slow and protracted recruitment to the mid
and overstory, whereas oaks exhibit a well-documented recruitment
bottleneck. Further, across the landscape, (6) the recruitment rates and
mortality rates of hickories greatly contrasts with that of oaks; and
although less abundant, hickories displayed greater recruitment rates
from saplings to trees with lower rates of mortality than their oak
counterparts.

4.1. Regenerative attributes and seedling dynamics of hickories

Our results confirm that the seedlings of hickories examined exhibit
conservative developmental strategies, perhaps even more so than
associated oaks. This was evidenced by greater biomass allocation to
roots for mockernut and bitternut hickories when compared to oaks
(Rebbeck et al., 2011). Some advantages in persistence for large-seeded
hickories when compared to smaller seeded oaks was not surprising;
though conventional seed size-juvenile survival expectations have not
proven consistent (Saverimuttu and Westoby 1996; Walters and Reich
2000; Moles and Westoby 2004). In the case of hickories, our results
indicate more efficient recruitment into successive size classes than oaks
on a per seedling basis and greater persistence beyond the seedling
stage, especially in shaded understories.

Seedling establishment, which is driven, in part, by requirements for
synchronous occurrence of a good mast year and favorable environ-
mental conditions for germination (Frey et al. 2007) may be more
consistent for hickories than the periodicity exhibited by oaks (Lefland
et al. 2018). One reason hickories may be less abundant in Central
Hardwood forests than oaks is simple differences in seed production
arising from seed mass-seed abundance trade-offs (Leishman 2001).
When hickories are compared to oaks, the age to reproductive maturity
is longer for hickories (oaks: 20-25 years, hickories 25-40 years), with
shorter seed-bearing intervals (oaks: 3-10 years, hickories: 1-3 years)
but smaller seed yields (oaks: 250-900 acorns/kg, hickories: 200-440
seeds/kg) (Young and Young 1992). From our examination of long-term
and contemporary datasets, juvenile hickories are present in the smallest
size classes at levels consistent or somewhat less abundant than smaller
seeded red and white oaks. Further, at small spatial scales, the foraging
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a) Size distribution from 1979 (light) to 2019 (dark)

b) BA growth (DBH <25 cm)
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c) BA growth (DBH > 25 cm)
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Fig. 6. Demograpics of the species groups at the Vinton Furnace Experimental State Forest (VFEF) including (a) diameter (cm) distribution; (b) basal area growth for
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recruitment and (f) mortality rates. Asterisk (*) denotes statistically significant difference, while contrasting letters show significant differences between spe-

cies groups.

ecology of rodents and squirrels may influence the clustering of hicko-
ries (Lefland et al. 2018).

The shade tolerance of hickories has been debated (Cowden et al.
2014b), with classifications varying from intolerant (Zon and Graves
1911) to very tolerant of shade (Boisen and Newlin 1910) depending on
species and maturity. In a study of mature trees, net assimilation rates
were highest in scarlet oak (10.3 pmol m~2 s~ 1), northern red oak (8.9
pmol m~2 s71), and lower in white oak (7.6 umol m~2 s™1) and pignut
hickory (7.2 umol m 2 s™1) (Sullivan et al. 1996). In the case of mock-
ernut hickory seedlings, the light compensation point (LCP) was similar
to that reported by Rebbeck et al. (2012) for seedlings of white oak but
less than that of northern red oak. The estimated LCP of mockernut was
the equivalent of natural ambient light levels found in undisturbed
hardwood forest stands (Hudson et al. 2017). This result indicates the
light level at which photosynthesis (carbohydrate gain) equals respira-
tion (carbohydrate loss) is lower for mockernut hickory and white oak
than northern red oak, suggesting greater tolerance to shade and ca-
pacity to persist as seedlings under relatively low light conditions
(Rebbeck et al. 2012). However, this contrasts with summary data from
Niinemets and Valladares (2006) suggesting less shade tolerance for
mockernut hickory than either white oak or northern red oak.

4.2. Recruitment of hickories to the overstory

Extended advantages in recruitment and persistence for understory
hickories over oaks probably cannot be wholly attributed to similarities
in shade tolerance and greater adaptive physiology as seedlings.
Continued physiological plasticity as trees age can be an important
strategy when resource availability is variable (Rice and Bazzaz 1989;
Latham 1992; Sultan 2000; Meilhac et al. 2020). Although we did not
attempt to empirically test factors that lead to niche differentiation

10

between oaks and hickories, ontogenetic drift and associated environ-
mental factors likely contribute to interspecific differences in growth
and persistence through development (Bond 2000; Wright and McCon-
naughay 2002; Weiner 2004; Geng et al. 2007). Mockernut saplings
have a high degree of phenotypic plasticity. This plasticity to a broad
range of environmental conditions as stems age is expressed by large
relative differences between sun and sunfleck leaves in net photosyn-
thesis, leaf conductance, water vapor diffusion, leaf thickness, guard cell
length, and leaf mass area (Abrams and Mostoller 1995). These mech-
anisms may be key for extended persistence and overstory recruitment
of hickories under a range of environmental conditions.

Hickories exhibit a high degree of persistence as seedlings and sap-
lings. Seedlings have been reported to be as old as 21-42 years of age in
undisturbed forests (Monk 1981; Lefland et al. 2018). Further, our data
suggest that saplings of hickories can persist for over a century under the
forest canopy and that this persistence may be greatest on drier sites. In a
study by Parker et al. (1985), saplings of hickories had reduced mortality
rates in smaller size classes, similar to that of sugar maple. While hick-
ories are generally less abundant than oaks, their lower mortality rates
maintain their ubiquitous presence in the forest midstory. Our long-term
and region-wide assessments of the demographic trends in hickories and
oaks in the Central Hardwood Region suggest that they differ markedly
in their successional pathways through recruitment and mortality pat-
terns. Lefland et al. (2018) contended that hickory presence across all
height and diameter classes in the northeastern US could reflect a pro-
tracted recruitment into the canopy, with a high proportion of stems in
intermediate or suppressed canopy positions where they stay for de-
cades, contrary to single-cohort recruitment often reported for oaks
where diameter distributions are skewed towards larger size classes
(Larsen and Johnson 1998; Liptzin and Ashton 1999; Allison et al.
2003). This is further supported by our assessments. For both oak
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Inventory and Analysis program. Error bars depict 95% confidence intervals around the mean.

which continue to recruit new individuals. Parker et al. (1985) reported
that over a 50-year period in an old growth forest in Indiana, hickories
increased in abundance and basal area whereas oaks decreased in

groups, recruitment bottlenecks are apparent, with few individuals
entering the smallest size classes while the distribution shifts to larger
and, presumably, older trees. This is in direct contrast to the hickories,

11
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abundance but increased in basal area. Further, in a study by Sork
(1983) in undisturbed forests in the upper Midwest, canopy and sub-
canopy hickories are similar in age but differ in size and growth rate.
However, the diameters of hickory increased the least in comparison to
the other species with mean growth rates less than red and white oaks
(Parker et al. 1985). In our long-term studies, even though growth and
mortality rates of hickories, red oaks, and white oaks differed by loca-
tion, hickories continued to recruit more individuals than oaks at both
sites.

Successional patterns in the Missouri Ozarks indicate that even in-
termediate and suppressed hickories and white oaks are more likely to
survive than dominant and co-dominant red oaks (Fan et al. 2006).
Boisen and Newlin (1910) noted the capacity for highly suppressed
hickories to respond to release even after 60-100 years. Further, Cow-
den et al. (2014a) report the establishment and recruitment of hickories
is possible in both low and high light environments. From our region-
wide assessment, hickories differed in their ability to persist in subor-
dinate canopy positions in comparison to the oaks. Mortality of oaks was
greatest in the overtopped, intermediate, and codominant canopy po-
sitions, whereas hickories had mortality rates less than 2% even when
overtopped.

4.3. Influence of disturbance and management on hickories

It is worth noting, that although hickories are common associates but
seldom dominant in oak-hickory forests, past land practices, may have
allowed more hickories to recruit into the overstory than would gener-
ally occur today. For example, pre-settlement estimates of hickory sug-
gest that they represented only 2% of the witness trees compared to 56%
oak in the Midwest Broadleaf Forest Province (see McNab et al. (2007).
The greatest proportion of witness trees reported as hickories (13%) was

Forest Ecology and Management 497 (2021) 119513

recorded in the Prairie Parkland Province (Hanberry and Nowacki
2016). Based on witness tree data in southern Ohio, prior to settlement,
hickories were relatively abundant (14% of trees) on the landscape but
significantly smaller than the oaks, similar to today’s dominance pattern
(Rentch and Hicks, 2005; Dyer and Hutchinson 2019). Following Eu-
ropean settlement, land-use practices, including excessive and intensive
grazing or browsing by domesticated livestock may have favored
contemporary forest compositions, especially at small-scales (Apsley
et al. 1984; Glitzenstein et al. 1990). Hickories are one of the least
preferred browsing species by domesticated livestock including cattle
(Boisen and Newlin, 1910) and goats (Beebe 2021). Historic accounts
suggest that even following several years of intensive browsing pressure,
the stems of hickories persist primarily because of their reduced palat-
ability when compared to other hardwood species (Fig. 9). Further,
following even minimal browse pressure, the root-centered growth of
hickories may contribute to greater survival.

It has been reported that overstory disturbance events can release the
layer of hickory saplings (Rebertus and Meier 2001; Cowden et al.
2014b). However, contrary to our findings of continued recruitment
without large-scale disturbance, it has been suggested by McCarthy and
Wistendahl (1988) that small scale disturbances such as the removal or
death of a single tree (gap-phase replacement) will not facilitate the
recruitment of hickories to the overstory. For example, Parker et al.
(1985) documented no hickory or oak recruited within a 5-m radius
after the mortality of a single dominant or co-dominant tree in Indiana.
Vickers et al. (2014; 2017) found that post-disturbance establishment
and height growth of hickory, red oak, and white oak saplings all
increased with decreasing residual overstory densities. In our shelter-
wood study, pretreatment densities of hickory were similar to those of
white oaks and red oaks among sites and treatments. However, repro-
duction densities of hickories remained relatively consistent across

sture are eating ‘hickory a‘pro'uts.
e, it is one of the last %0 be

gpecies;
seversl

Fig. 9. Historic depiction of browsing by domesticated goats in the Ozark Highlands region of Missouri. Picture caption reads: 5/14/51 Along Highway 63 opposite
Freeburg Fire Tower. Goats in this pasture are eating hickory sprouts. Hickory is less palatable than most other hardwoods; hence, it is one of the last to be killed by

goating. This pasture has been goated for several years. — Martin.
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height classes for each site, whereas white oaks and red oaks were more
dynamic and responsive to changes in light availability. This supports
the idea that hickories maintain a more constant recruitment than oaks,
but often at lower levels over decades (Lefland et al. 2018). Kabrick et al.
(2008b) also documented dynamic responses in red and white oak
reproduction populations in response to changes in overstory density
over a ten-year period post-disturbance. Our shelterwood results indi-
cated the level of residual stocking was not important for the abundance
of reproduction for any of the three height classes. The disparity in re-
sults may be attributable, in part, to three complementary characteris-
tics of our shelterwood study. First, the residual overstory treatments
were similar, representing canopies slightly below or equal to full
stocking (i.e., crown closure). Second, it would be expected that even the
sparsest overstory would return to a fully-stocked condition within ten
years (Ginrich 1967). Third, the extended period before complete
overstory removal, approximately 18 years likely negated any initial
differences from the overstory treatments that were likely subtle and
fleeting. For example, Vickers et al. (2014) showed that red oak saplings
can outgrow both white oaks and hickories in height at low residual
overstory densities but those differences decrease with increasing
overstory density and are indistinguishable at levels below even the
sparsest shelterwood treatment in this study.

Several recent studies have shown that regeneration of oak-hickory
forests is imperiled in many places (McEwan et al. 2011; Miller and
McGill 2019; Vickers et al. 2019). Oak and, to a lesser degree, hickory
regeneration success has been shown to be affected by interactions of
management and site factors (Kabrick et al. 2008b; Iverson et al. 2017).
For example, on southwest-facing slopes in Central Missouri, clearcut-
ting produced stands in which oaks and hickories comprised 60% of the
canopy dominant stems 30 years after harvesting (Knapp et al. 2019).
However, on northeast-facing slopes and ridges, clearcutting produced
stands with oaks and hickories comprising fewer than 25% of the
dominant stems. Crop tree release treatments are recommended
following a stand-initiating disturbance prior to 20 years of age for
hickories with follow up release treatments to reduce faster growing
competition (Nixon et al. 1983), which may be more important on more
productive sites. Less productive sites within the Central Hardwood
Region are thought to allow more flexibility in oak management
(Johnson et al. 2019). Especially in the Missouri Ozarks where successful
even and uneven-aged management for oaks has been demonstrated
(Kabrick et al. 2008b; Fan et al. 2014). Whether this axiom holds for
hickories specifically is less clear. We did not observe obvious site dif-
ferences in reproduction abundance for hickories in our shelterwood
results, but when we compared dynamics at larger spatial and temporal
scales, site differences in hickory mortality were apparent.

Interestingly, several of the most common oak species within the
Central Hardwood Region exhibit notable spatial variation in impor-
tance values across their range, usually with greater importance in areas
of relatively poor site productivity (Peters et al. 2020). In contrast,
importance values for hickories are generally more diffuse. Future in-
vestigations into the ecology and silviculture of hickory at local and
range-wide scales are needed. While current landscape-scale climate and
management trends are generally conducive to declining oak impor-
tance in future forests (Fei et al. 2011; Shifley et al. 2014; Dey et al.
2019), our results suggest a potential for hickory to fare better than oaks
in some cases as contemporary disturbance regimes, that is, a lack of
disturbance, favors hickories over oaks to some degree. However, both
genera benefit from appropriate active management and therefore, some
management is necessary to maintain the oak-hickory forest type across
the landscape. Similar to oaks, root-centered growth in hickory aids in
their persistence under low light conditions but also provides necessary
reserves for resprouting in disturbed environments (Crow 1988). This is
an especially important mechanism for survival in frequent surface fire
regimes (Brose et al. 2014). However, we have limited understanding on
the association of hickories with fire.

Finally, our understanding of hickories could be greatly improved by
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differentiating species when conducting plant censuses for research and
monitoring. Even in our study, species differences were recorded for
oaks but were not attempted for hickories, therefore limiting our ability
to determine species level demographic patterns and treatment re-
sponses. Although hickories are difficult to identify, especially as juve-
niles, as are the oaks, but effort is often taken to differentiate oak species
even as seedlings. Managing for resilience, especially with increased
stressors from invasive insects, pathogens and plants in eastern North
America will require increasing our understanding about species that are
less abundant but are also incredibly important contributors to ecolog-
ical goods and services.
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