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Introduction ______________________________________________________
 This paper presents an overview of current initiatives led by the Hardwood Tree Improvement and Regeneration Center 
(HTIRC) at Purdue University and cooperators to identify target characteristics and improve the outplanting performance 
of hardwood forest seedlings. This current research initiative builds upon the extensive work of many scientists and practi-
tioners that focused on seedling quality of conifer species, as well as some pioneering work done with hardwoods. Emphasis 
is on the Central Hardwood Forest Region of the US. This region differs from other forest regions in North America in that 
these forests are comprised almost exclusively of hardwood species (that is, oak [Quercus spp.], walnut [Juglans spp.], ash 
[Fraxinus spp.], cherry [Prunus spp.], hickory [Carya spp.], and so on) and are owned mainly by non-industrial private forest 
landowners. Commercial forest management focuses on development of high quality individual trees that may have value 
in excess of US$ 10,000 (Figure 1).
 Global production of conifer seedlings is much higher than that of hardwoods; therefore, relatively little attention has been 
given to seedling quality and grading research for hardwoods. Production of hardwoods, however, has increased in recent 
years to meet rising demand. Additionally, hardwood seedlings are generally larger and grown at wider spacing than conifer 
seedlings. They are usually more expensive to produce and may represent a significant portion of total nursery revenues in 
some regions (Wilson and Jacobs 2006). Additional research to improve quality and outplanting performance of hardwoods 
is justified.
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Abstract: Increasing demand for hardwood seedlings has prompted research to identify target seedling 
characteristics that promote hardwood plantation establishment. Operational establishment of hardwood 
plantations has typically emphasized seed collection from non-improved genetic sources, bareroot nursery 
seedling production, and spring planting using machine planters. The increasing diversity in objectives of 
hardwood planting projects, however, has led to identification of a wider range of management options to 
meet specific goals. Use of container hardwood seedlings may help to reduce transplant stress on harsh 
sites and improve seedling competitiveness; container production of hardwoods may be most effective using 
subirrigation. Greater use of genetically improved sources will help to promote hardwood plantations with 
better stem form, faster growth, and less incidence of disease or insect problems. On nutrient poor sites, 
exponential nursery nutrient loading may promote translocation of nutrients from reserves to new growth and 
improve establishment success. Fall outplanting may result in equivalent performance to spring outplanting, 
thereby extending the outplanting season. With use of larger stocktypes and alternative soil preparation 
treatments, hand planting may become increasingly common.
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Objectives of Outplanting  
Project _______________________
 Motivations for afforestation differ for many hardwood out-
planting projects in the Central Hardwood Region compared 
to those for conifer plantations. Most reforestation operations 
in major planting zones in North America (that is, southern 
or Pacific Northwest US and Canada) focus on establishment 
of productive commercial plantations. Timber production, 
however, ranks lower as a justification for most hardwood 
plantation projects that usually emphasize conservation 
values and creating wildlife habitat. For example, a recent 
survey of Indiana landowners found that timber production 
ranked fourth among reasons for afforestation (Ross-Davis 
and others 2005). These landowners mainly emphasized the 
importance of establishing hardwood plantations for the 
benefit of future generations; this likely reflects differences 
in typical commercial rotation ages between hardwood (> 60 
years) and conifer (15 to 60 years) plantations.

Type of Plant Material ___________
 Bareroot seedlings are, by far, the dominant stocktype 
produced by nurseries in the Central Hardwood Forest Re-
gion, representing greater than 95% of production (Jacobs 

2003). A survey of operational plantation establishment 
success of afforestation hardwood plantations (ages 1 to 5 
years) in Indiana reported 65% survival and <50% of seed-
lings deemed free-to-grow at age 5 (Jacobs and others 2004). 
This suggests that alternative stocktypes may provide new 
options to promote establishment success under specific site 
conditions.
 During lifting of bareroot stock, disruption of root-soil 
contact and loss of fine roots may contribute to transplant 
shock (Figure 2). For instance, a study with three hardwood 
species on a well-managed outplanting site found that second-
year growth of bareroot seedlings exceeded that of the initial 
year by 100% or more (Jacobs and others 2005), reflecting 
the time period required for root system re-establishment. 
Transplant shock may increase if shoot-to-root ratios become 
too high, emphasizing the need for proper root culturing and 
hardening in bareroot nurseries (Jacobs and others 2005).
 Container seedlings offer an alternative to bareroot 
seedlings that may improve seedling establishment success 
under certain circumstances, such as harsh site conditions. 
Roots of container seedlings remain relatively undisturbed 
in medium at time of lifting and seedlings, and therefore, 
often show reduced transplant stress. For example, Wilson 
and others (2007) reported that although container northern 
red oak (Quercus rubra) seedlings were significantly smaller 
than that of bareroot seedlings at time of planting, they were 
statistically similar in size after one growing season.
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Figure 1. High-value black walnut tree.

Figure 2.  Lifting of bareroot ash seedlings.
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 Despite the potential of container hardwood seedlings, some 
challenges have been identified in their production, mainly 
associated with the wide and spreading canopies character-
istic of many hardwood species (for example, oaks; Figure 3). 
Traditional overhead watering under this circumstance often 
leads to poor uniformity, low water use efficiency, and foliar 
problems. Subirrigation (that is, delivering water from be-
neath the containers resulting in saturation of the plug via 
capillary rise) has been suggested as a method to overcome 
these limitations. This helps to keep foliage dry (thereby 
reducing risk of foliar disease), promotes high uniformity, 
and conserves water and fertilizer as irrigation is typically 
maintained in a closed-circuit system. A recent study with 
northern red oak reported equal or better performance of 
subirrigated seedlings versus those grown with overhead 
irrigation (Bumgarner and others 2008).

Genetic Considerations _________
 In contrast to other important forest regions in North 
America, formal seed zones have not yet been developed in 
the Central Hardwood Forest Region. Typically, seed col-
lection and transfer conforms mainly to state boundaries, 
although transfer between states occurs without regulation 
(Jacobs and Davis 2005). Only about 7% of hardwood stock 
in the eastern US originates from “genetically improved” 
sources (Jacobs and Davis 2005) and the majority of collec-
tion is done by nursery workers or people living adjacent to 
nurseries that prefer to collect from easily accessible trees 
with abundant seeds (that is, open-grown trees), or to collect 
from trees as they are harvested.
 The tree improvement program at the HTIRC has helped 
to increase awareness and implementation of the benefits 
of using genetically improved sources in operation. Use of 
genetically improved black walnut (Juglans nigra) (that is, 
better stem form, fast growth, reduced anthracnose) has 
been shown to improve plantation productivity (Figure 4) 
and plantations of grafted black walnut have increased 
substantially in recent years. Additionally, HTIRC is now 
providing improved seeds of black walnut and other spe-
cies to the Indiana Department of Natural Resources, and 
these are being sold directly to landowners. The HTIRC has 
also initiated programs to incorporate disease and insect 
resistance into threatened tree species, such as American 
chestnut (Castanea dentata), butternut (Juglans cinerea), and 
ash (Michler and others 2006; Jacobs 2007). It is expected 
that resistant sources of these species will be available for 
forest restoration in the future.
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Figure 3. Canopy of container oak seedlings.

Figure 4. Plantation of genetically superior black walnut.
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Limiting Factors on the Outplanting 
Site __________________________
 On most typical afforestation sites in the Central Hardwood 
Region, mortality and slow growth are mainly a function of 
browsing damage and competing vegetation (Jacobs and 
others 2004). This emphasizes the need for improvement 
in hardwood nursery stock quality and silvicultural tech-
niques on the outplanting site to overcome these limitations. 
Research on these sites has shown the importance of well-
developed root systems and well balanced root-to-shoot ratios 
to promote early growth and drought resistance (Jacobs and 
others 2005; Jacobs and others 2009).
 An estimated 20% of hardwood seedlings in Indiana are 
planted onto mine reclamation sites. These sites can be ex-
tremely difficult to regenerate successfully due to adverse 
soil conditions (that is, nutrient limitations, extreme pH), 
alternating wet/dry conditions, and soil compaction. Use of 
container seedlings significantly reduced plant moisture 
stress of newly planted northern red oak seedlings compared 
to bareroot stock on a mine reclamation site in southwest-
ern Indiana (Davis and Jacobs 2004), suggesting potential 
of this stocktype to promote early growth and survival on 
mine reclamation plantings. Exponential nutrient loading, 
whereby luxury nutrient uptake is achieved by gradually 
increasing nursery fertilizer application rates, represents 
another technique to overcome low soil fertility on mine 
reclamation sites. While past research in this area has fo-
cused primarily on conifers, recent reports have shown the 
applicability of these systems to northern red oak and white 
oak (Quercus alba) (Birge and others 2006; Salifu and Jacobs 
2006). Nursery nutrient loading has been demonstrated to 
promote retranslocation of stored nitrogen to fuel current 
growth, with responses most prominent on nutrient poor 
soils (Salifu and others 2008; Salifu and others 2009b). This 
may help promote hardwood seedling establishment on mine 
reclamation sites (Salifu and others 2009a).
 Nearly all hardwood seedlings in the Central Hardwood 
Forest Region are outplanted onto afforestation sites; natural 
regeneration is usually relied upon for reforestation. Decreas-
ing abundance of natural regeneration of desirable hard-
wood species (for example, oaks) associated with high deer 
populations and current management techniques (mainly 
involving single tree selection harvests) has prompted inter-
est in artificial reforestation. Deer browsing and competing 
vegetation (especially from yellow-poplar [Liriodendron 
tulipifera]) are primary limiting factors on these sites. A 
recent study by Morrissey and others (2010) found that use 
of relatively large container seedlings (that is, 12 to 20 L 
[3 to 5 gal]) promoted competitiveness of northern red oak 
seedlings compared to bareroot seedlings after 5 years under 
a range of harvest openings. A major advantage to these 
large seedlings is that their height is nearly above the deer 
browse level at time of outplanting (Figure 5).

Timing of Outplanting Window ___
 Nearly all hardwood outplantings in the Central Hard-
wood Forest Region are accomplished during spring after 
soil thaws. Fall outplanting has rarely been used mainly 
due to concerns that stock may not be sufficiently hardened 
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and because seedlings are then exposed to winter brows-
ing. Fall outplanting, however, could be advantageous 
because seedlings may have an opportunity for root growth 
at two periods (fall and spring) when soil temperature and 
moisture are favorable. Additionally, fall outplanting may 
help to extend the outplanting period; this extended period 
is important because it is often logistically difficult to ac-
complish outplanting goals during only the spring period. 
Woolery and Jacobs (2011) reported that browsing during 
winter dormancy did not affect subsequent growth and 
development of northern red oak seedlings, while summer 
browsing was highly detrimental. Furthermore, a large-scale 
research trial with six hardwood species replicated over 2 
years reported few differences in seedlings planted over a 
range of outplanting dates from November to July (Seifert 
and others 2006), further suggesting that the outplanting 
date for hardwoods can be extended beyond spring.

Outplanting Tool or Technique ____
 The final consideration in targeting hardwoods is the type 
of planting tool or technique used to establish outplant-
ings. In contrast to conifer production areas, about 90% of 
sites in the Central Hardwood Forest Region are machine 
planted (that is, tractor-hauled coulter with trencher and 

Figure 5. Large container northern red oak seedling planted into gap 
opening.
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packing wheels; Figure 6) (Jacobs and others 2004). This 
provides a relatively low-cost and efficient method to es-
tablish hardwoods on the flat and open afforestation sites 
most characteristic of this region. Under certain conditions, 
however, use of other options may be preferred or necessary. 
For example, trends toward increasing size of bareroot or 
container hardwoods that promote outplanting success on 
afforestation or reforestation sites (Jacobs and others 2005; 
Morrissey and others 2010) may necessitate use of hand 
planting with shovels or augers.
 Mine reclamation sites represent another circumstance 
where outplanting operations may need to evolve toward 

Figure 7. Replacement of soil after mining.

increasing use of hand planting. Recent research in soil 
replacement options initiated in the Appalachians (and 
now expanding to the Central Hardwood Forest Region) has 
shown that loose dumping may be preferable to standard 
graded plots for mine reclamation (Figure 7). Loose dumping, 
however, is not conducive to machine planting due to steep 
residual piles; this represents a potential source of resistance 
to operational use of loose grading because hand planting is 
generally more expensive and difficult to coordinate. This 
reflects a classic example of when the traditional outplant-
ing tool or technique should not dictate other aspects of the 
regeneration operation.

Figure 6. Machine planting of afforestation site.
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