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Assessing the potential impact of retaining native off-site
tree species in woodland restoration
John L. Willis1,2, Don C. Bragg3†, Jeffery B. Cannon4, Kamal J. K. Gandhi5, Kathryn R. Kidd6,
Adam D. Polinko7, Joshua J. Puhlick4, Daniel Saenz8, Mary Anne Sayer9, Christopher M. Schalk8,
Andrew B. Self7, Courtney M. Siegert7, J. Morgan Varner10

Reestablishing appropriate tree species is an important step in converting off-site monocultures into woodlands. Species conver-
sion is often necessary, as off-site exotic species rarely function like woodland species. However, when off-site tree species are
native, and functionally redundant to woodland species, conversion may be unnecessary. To explore this possibility in the south-
eastern United States, we reviewed the literature on trait differences among the primary southern pines and qualitatively assessed
the effect of their identity at the species and stand-levels. In this region, woodland restoration focuses on removing loblolly (Pinus
taeda) and slash pine (P. elliottii) to reestablish longleaf (P. palustris) or shortleaf pine (P. echinata). Our review foundminimal var-
iation among species in understory flammability, fire resistance atmaturity, and Red-cockadedWoodpecker (Leuconotopicus bor-
ealis) habitat at the stand-level. Longleaf and shortleaf pine were generally more resistant to abiotic and pest disturbance at the
tree-level; however, stand-level differences in wind, drought, and boring insect resistance among southern pines growing in open
forests were considered minimal. Retaining loblolly and slash pine will improve stand-level productivity in the short term, but cre-
ates regeneration problems due to low juvenile fire resistance and resilience. Ice resistance and long-term carbon sequestrationwill
also likely be reduced by retaining loblolly and slash pine. Collectively, these results suggest that southern pine species are gener-
ally interchangeable at the stand-level in woodlands; althoughwoodlands featuring loblolly and slash pinemay be less stable in the
face of disturbance than those dominated by shortleaf and longleaf pine.
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Implications for Practice

• When off-site tree species are native and functionally com-
parable to woodland species, retention becomes an increas-
ingly viable restoration strategy, especially if woodland
structure mitigates species-level trait differences.

• Underplanting within the retention strategy may not be
necessary if a high-level of functional redundancy exists
between off-site and woodland tree species.

• Woodlands featuring slash or loblolly pine may be less
stable to disturbance than woodlands featuring shortleaf
or longleaf pine.

• Periodic lengthening of the fire return interval to accom-
modate regeneration will be needed to increase the stabil-
ity of loblolly and slash pine woodlands.

Introduction

Globally, temperate woodlands are among the most threatened
ecosystems (Hoekstra et al. 2005), and one of the primary fac-
tors contributing to their decline has been the expansion of forest
monocultures (Chazdon 2008; Veldman et al. 2015). Occupying
131 million hectares, monocultures often feature off-site tree
species at high densities, low herbaceous diversity, decreased
light availability, and degraded wildlife habitat (Kanowski

et al. 2005; Castaño-Villa et al. 2019; FAO 2020).
Consequently, organizations tasked with restoring native
ecosystems often convert monocultures back into woodlands
(G�omez-Aparicio et al. 2009; Osem et al. 2015).

Foresters have traditionally addressed stand type conversions
by clearcutting off-site species and planting once prevalent tar-
get species to match species composition of a reference
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condition (hereafter “conversion strategy”) (Fig. 1) (Covington
et al. 1997; Haddad et al. 2021). Adopting the conversion strat-
egy can successfully reestablish target species, create open can-
opy conditions, and disrupt undesirable ecological feedbacks
created by off-site species (Nowacki & Abrams 2008; Free-
man & Jose 2009); yet conversion also removes large trees from
the landscape, requires multiple decades to develop mature
structure, and can be expensive.

An alternative approach to the conversion strategy emphasizes
structural retention over immediate species conversion (hereafter
“retention strategy”). First proposed byKirkman et al. (2007), the
retention strategy first creates forest structure by cutting off-site
species to a woodland density (98–244 trees/ha, 35–70% stock-
ing); species composition is then slowly accomplished through
a combination of underplanting and periodic removals of off-site
species (Fig. 2). Globally, variants of the retention strategy have
been used to reestablish native vegetation beneath off-site mono-
cultures (Ashton et al. 1997; Forbes et al. 2015). However, under-
planting may be unnecessary if the off-site and target species are
functionally similar (Londe 2021). In such situations, the similar-
ity between species should negate the need to underplant reduc-
ing the time and cost of restoration.

One location where species redundancy could be incorpo-
rated into woodland restoration is the southeastern
United States. Here, monocultures of loblolly (Pinus taeda)
and slash (P. elliottii) pines were planted on tens of millions of

hectares of woodland sites once dominated by longleaf
(P. palustris) and shortleaf (P. echinata) pines following agri-
cultural abandonment (Guldin 2019; Oswalt et al. 2019).
Attempts to restore woodlands in this region have historically
applied the conversion strategy and have just recently consid-
ered retention. However, given the taxonomic similarities
among southern pines, it is reasonable to expect that a retention
strategy without underplanting could be a viable, cost-efficient
alternative. Nevertheless, the biological trade-offs associated
with perpetuating off-site southern pines as the overstory com-
ponent of a mature woodland are not well understood.

To evaluate the potential importance of pine species identity
in southeastern woodlands, we used Google-Scholar to conduct
a literature review focused on trait differences among species
and species effects on stand-attributes. Specifically, we targeted
studies relevant to fire dynamics, forest health, resistance to abi-
otic disturbance, Red-cockaded Woodpecker (RCW; Leucono-
topicus borealis) habitat, hydrology, and forest productivity.
We then used this information to qualitatively assess the effect
of southern pine species on understory flammability, fire
response, resistance to forest threats (boring insects, wind,
drought, and ice), RCW habitat, hydrology, productivity, and
long-term carbon sequestration potential, at the tree and stand-
levels. These tree and stand-level attributes were selected based
on conversations with land managers and our collective experi-
ence of important considerations in woodland restoration.While

Figure 1. An example of the conversion strategy in southern pines involves: (A) mature loblolly pine monoculture that is clearcut (B) followed by (C) aerial site
preparation to control competing vegetation, (D) hand planting the desired species (in this case, longleaf pine), and (E) seedling development. Source: Photo
credit (C & D)—D. Clabo, Assistant Extension Professor, University of Georgia.
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our literature review focuses on the importance of pine species
identity to woodland restoration in the southeastern United
States, this evaluation process applies to any restoration effort
where functional redundancy may exist (Martin 1999;
Strauss 2001).

Fire Dynamics

Recurrent fire is essential for maintaining the vegetation structure
and composition of pine woodlands. Southern pines are noted for
their traits reflecting a long evolutionary history with fire
(e.g. bark thickness, pruning rates, seed production and dispersal,
seedling growth, and litter flammability) (Keeley & Zedler 1998;
He et al. 2012; Varner et al. 2021; Varner et al. 2022). For exam-
ple, both longleaf and shortleaf pine seedlings possess advantages
over other pines in frequently burned environments. The “grass
stage” of longleaf pine is an extremely rare trait worldwide in
Pinus (He et al. 2012; Pile et al. 2017) (Fig. 3A). During the grass
stage, longleaf pine have virtually no height growth for an
extended period (1–20 years) followed by a “bolting” stage of
rapid height growth (Pile et al. 2017) (Fig. 3B). Shortleaf pine
lacks a grass stage but its seedlings and saplings vigorously
resprout following topkill via dormant buds protected from fire
by a basal crook (Fig. 3C & 3D); while loblolly and slash pines
rarely resprout severely limiting their relative fire resilience
(Mattoon 1915; Clabo & Clatterbuck 2019).

Once established, many southern pines quickly produce
thick, fire-resistant bark, which enables vulnerable saplings to
survive recurrent surface fires. Southern pines vary in their allo-
cation to bark with longleaf allocating more early growth to bark
than slash, loblolly, and (presumably) shortleaf pine (Jackson
et al. 1999). However, all southern pines eventually develop suf-
ficiently thick bark to withstand surface fires with minimal
impacts; some southern pines can also reflush following fires
that kill needles (Sayer et al. 2021). Another fire adaptation is
the hastening of crown lifting to avoid foliage and bud damage
from convective heating (McGuire et al. 2021). Although all
southern pines raise their crowns following canopy closure, they
differ in their rate of self-pruning (longleaf pine > shortleaf

Figure 2. Example of a conversion strategy where longleaf pine has been underplanted beneath a slash pine overstory at the Jones Center at Ichauway, Georgia,
United States. Source: Photo credit—R. T. Bryant.

Figure 3. Traits that allow small longleaf and shortleaf pines to survive
frequent surface fires: (A) the “grass stage” in longleaf pine produces a thick
bundle of green needles that protect the fire-sensitive bud from high heat
during a surface fire; during the grass stage, longleaf seedlings build large
root systems, (B) allowing for them to rapidly “bolt” this bud up well above
lethal heat from most surface fires. While small, shortleaf pine saplings are
prolific sprouters (C) from buds located along a basal crook on the soil
surface (D) and can resprout repeatedly until they grow large enough to
escape topkilling by surface fires.
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pine > slash pine > loblolly pine; Keeley & Zedler 1998) which
corresponds with trends in fire tolerance.

Southern pines can also influence fire regimes and fuel char-
acteristics. Fallen leaves, branches, and cones—litter—is a pri-
mary driver of fire behavior. Southern pine litter are quite
flammable and rapidly burns with tall flames, brief smoldering,
and nearly complete consumption (Varner et al. 2022). How-
ever, species-based differences arise in both needle dimensions
and arrangement following senescence. The long needles of
longleaf and slash pine often drape over shrubs and herbaceous
fuels (Hendricks et al. 2002; Fill et al. 2016), while the shorter
needles of loblolly and shortleaf pine tend to collect on the forest
floor, lying horizontally and often beneath herbaceous fuels.
These patterns in needle deposition produce different microen-
vironments that affect fuel moisture content (draped litter is
drier) and decomposition (perched litter decomposes more
slowly; Hendricks et al. 2002), both linked to flammability.
Crown attributes also vary by species which influence light
transmittance to the understory. Longleaf and shortleaf pine
have open crowns that promote herbaceous growth and limit
shading relative to the more closed crowns of loblolly and slash
pine (Battaglia et al. 2003; Sharma et al. 2012). Thus, subtle dif-
ferences in fire behavior manifest from the indirect effects of
pine species on fuel structure and moisture at the forest floor.

Forest Health

Few empirical studies compare the susceptibility of southern
pines to insects and diseases under similar environmental and
structural conditions. Therefore, it is difficult to discern whether
restoration strategies can affect forest health at the stand-level.
The primary southern pines vary in their relative susceptibility
to major pathogens and insect pests, providing some justifica-
tion for adopting a conversion strategy. Loblolly pine stands
tend to have the most forest health issues while longleaf pine
stands have the least (Boyer 1990). Fusiform rust (caused by
Cronartium quercuum f.sp. fusiforme) is primarily an issue in
loblolly and slash pines, and its incidence is much higher
in slash than longleaf pine, even when compared to rust-resistant
slash pine genotypes (Barrows-Broaddus & Dwinell 1983; Bar-
nard & Van Loan 2003; Moser et al. 2003). While loblolly and
longleaf pines can be affected by littleleaf disease (caused by
Phytophthora cinnamomi), the disease is best known for its
impact on shortleaf pine, especially on poorly drained soils
(Barnard et al. 1993; Schnake et al. 2021). Unless controlled
by prescribed fire, brown spot needle blight (caused by Lecanos-
ticta acicola) was once considered a major problem only for
longleaf pine seedlings (Siggers 1934). However, this needle
blight is now being considered an emerging threat to mid- and
larger-sized loblolly pine (Boyer 1990; Pandit et al. 2020).

Compared to longleaf and slash pines, Nantucket pine tip
moth (Rhyacionia frustrana) more frequently colonizes loblolly
pine (Yates III 1966). Slash and loblolly pines have similar sus-
ceptibilities to this pest except during the first year after planting
when loblolly pine exceeds slash pine in susceptibility (Asaro
et al. 2004). Southern pine beetle (SPB;Dendroctonus frontalis)
causes more damage to loblolly and shortleaf pines than longleaf

and slash pines (Blanche et al. 1983). While adult catches and
infestations were similar, especially in mixed-pine stands, Frie-
denberg et al. (2007) reported that loblolly pine had 3–10 times
more infestations and 3–116 times greater tree mortality than
longleaf pine during SPB outbreaks. Since resin flow (as a
defensive strategy) appears to be similar between longleaf and
loblolly pines, the differential activity of SPB may be attributed
to the open canopy structure that characterizes longleaf pine
stands under frequent fire regimes (Martinson et al. 2007). In a
recent study, Ritger (2023) reported that site conditions may
contribute to defense, as resin flow of longleaf pine was higher
on xeric sites compared to mesic sites; hence, there may be
nuanced differences in defensive systems of southern pines
based on edaphic conditions. Drought damage could also lead
to infestations by secondary insects such as engraver beetles
(Ips spp.), black turpentine beetle (Dendroctonus terebrans),
and root-feeding beetles (e.g. Hylastes and Hylobius) that do
not tend to show strong preferences among southern pine spe-
cies when host defenses are compromised by injury
(Connor & Wilkinson 1983; Vogt et al. 2020).

Resistance to Weather Disturbances

Resistance to weather-driven disturbances is an important trait
in the southeastern United States, as severe events are regionally
common. The ability of southern pines to withstand
drought-related physiological disturbance is partially derived
from interspecific trait differences. For example, longleaf pine
is well-adapted to drought due to a greater investment in its root
system, greater stomatal control under water stress, and lower
investment in total leaf area compared to loblolly and slash pine
(Samuelson et al. 2017, 2019; Garms & Dean 2019). Little is
known about the mechanisms underlying shortleaf pine drought
tolerance; yet it is often found dominating xeric sites and allo-
cates more resources to coarse roots than loblolly pine following
drought (Bradley & Will 2017).

Resistance to physical disturbances is less predictable than
physiological events. While shortleaf pine is considered the
most resistant southern pine to ice and snow damage because
of its small needles, relatively pliable branches and bole, and
compact crown, it can still experience extensive losses in severe
events (Bragg et al. 2003). Longleaf pine along the coastlines
does not grow as tall and has shorter needles compared to those
growing in more sheltered locations; shorter trees with shorter
needles likely improves wind resistance by reducing drag where
hurricanes are most frequent (Patterson et al. 2016). However,
some species traits thought to be most relevant to wind resis-
tance are unreliable predictors. For instance, wood-specific
gravity, a property linked to modulus of rupture and stem failure
(Peltola et al. 2000; Via et al. 2003), is usually slightly higher in
coastal taxa (slash and longleaf pines) and lower for the more
interior species (loblolly and shortleaf pines) (Jenkins
et al. 2004). Yet, higher wood-specific gravity was not a signif-
icant factor in the only static winching study comparing south-
ern pine species under similar loads (Garms & Dean 2019).

Environmental context is important when evaluating species
effects. Unfortunately, few studies provide sufficient controls
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to separate the effects of species from those related to tree size,
stand density, age, site conditions, and exposure. When control-
ling for tree size and age, loblolly pines were less likely to expe-
rience severe damage and mortality than longleaf pines
following a severe ice storm (Bragg 2016). Compared to short-
leaf pine, loblolly pine was twice as likely to be broken or dam-
aged by ice in pure and mixed plantations (Boggess &
McMillan 1954). Using several tree species impacted by Hurri-
caneMichael, Rutledge et al. (2021) found that species, size, soil
type, and their interactions influenced wind firmness. While
their study confirmed that longleaf pine was the most wind-
resistant southern pine across a wide range of soil types, Rut-
ledge et al. (2021) also showed that slash pine could be as
wind-resistant as longleaf pine on well-drained soils.

The ambiguity in disturbance resistance found among the
southern pines arises in part from factors unrelated to species
identity but more linked to stand structure. As an example,
density-induced alterations of crown and root architecture have
potentially important implications for disturbance resistance.
High stand densities often produce carbon allocation shifts from
root and foliage production to stem growth to increase access to
light (Naidu et al. 1998). For instance, the development of an
expansive root system (regardless of pine species) begins at
an early age and responds to resource competition. Hence, inher-
ent differences in drought tolerance can likely be offset by main-
taining open stand conditions, which increase moisture
availability and promote root system development (McDowell
et al. 2006; Bottero et al. 2017). Because of lower competition
for light and other resources, southern pines established in open
forests have better developed root systems and are generally less
vulnerable to drought and wind disturbance compared to those
from high-density stands (Bottero et al. 2017; Bigelow
et al. 2021).

RCW Habitat

Improving habitat for declining, threatened, and endangered
species is an objective for woodland restoration worldwide
(Lindenmayer et al. 2018). In the southeastern United States,
many animal species require a conifer component in their habi-
tat, although none require any specific southern pine
(Masters 2007). However, southern pines differ in several mea-
surable traits that directly and indirectly impact habitat for
endangered species such as RCWs. For instance, bark rugosity
(roughness) varies among southern pine species (shortleaf
pine < loblolly pine < longleaf pine) and high bark rugosity
has been linked to increased arthropod density (Collins
et al. 2002; Horn & Hanula 2002). As arthropods are a primary
food source for RCWs and other bark-foraging species (Collins
et al. 2002; Horn & Hanula 2002), the degree of bark rugosity
has potentially important implications for RCW habitat quality.

Pine species identity also affects important RCW tree charac-
teristics. RCWs took significantly longer to excavate completed
cavities in longleaf pine (6.3 years) compared to loblolly
(2.4 years) and shortleaf pines (1.8 years), likely due to differ-
ences in resin flow (shortleaf pine < loblolly pine < longleaf
pine) (Conner & Rudolph 1995). However, RCWs nested in

longleaf pine longer than loblolly or shortleaf pine. SPB-
induced mortality has been shown to be more prevalent in the
less resinous loblolly and shortleaf pine cavity trees compared
to longleaf (Conner et al. 1991; Conner & Rudolph 1995). Life-
span variation among southern pines may also contribute to hab-
itat creation and sustainability, as tree species is an important
predictor of snag availability. Longleaf and shortleaf pine have
roughly twice the life expectancy of loblolly pine (Conner
et al. 2001), which could affect snag and woody debris produc-
tion and persistence. Although RCWs do not utilize snags
directly, snags provide habitat for Pileated Woodpeckers (Dryo-
copus pileatus) which are known to damage RCW cavity trees
(Saenz et al. 1998).

While interspecific trait differences suggest the potential for
strong species effects on RCW habitat, a predictable pattern
has not emerged. In eastern Texas, for example, longleaf pine
snags stood significantly longer than those of loblolly, but not
shortleaf pines (Conner & Saenz 2005). Excavation rate and
the duration of cavity tree utilization were similar between lob-
lolly and shortleaf pines. In stands with similar management his-
tories, RCWs foraged more frequently in longleaf than slash
pine stands (Porter & Labisky 1986); conflicting with earlier
work indicating preferential selection of pond (Pinus serotina)
and slash pine flatwoods and slash pine plantations over longleaf
pine flatwoods (Nesbitt et al. 1978). Schaefer et al. (2004)
reported that RCWs make more feeding trips, provision greater
prey biomass to nestlings, and are in better body condition
(mass) in mixed loblolly/shortleaf pine stands than in longleaf
pine stands. Zwicker andWalters (1999) quantified RCW forag-
ing behavior in the context of individual tree characteristics in
stands containing longleaf, loblolly, pond, shortleaf, and slash
pines. In this study, RCWs were only observed foraging on
longleaf, loblolly, and pond pine, and there was no difference
among pine species in the percentage of trees used for foraging.
Rather, tree age and size were better predictors than pine species
identity of RCW use, as they preferred to forage on older, larger
trees (Zwicker &Walters 1999). Similarly, pine species identity
was not important in the selection of trees for nest cavities in
mixed-pine stands (Zwicker 1995).

Hydrology

As in many ecosystems, the largest source of variability within
the hydrologic budget of southern pines relates to evapotranspi-
ration, which varies as a function of tree structure and physiol-
ogy. From a structural perspective, interception of incident
rainfall on aboveground plant surfaces and subsequent evapora-
tion of rainfall scale positively with increasing aboveground
biomass. Open longleaf pine stands managed with frequent pre-
scribed fire have reduced leaf area and therefore diminished
rainfall interception and transpiration (Brantley et al. 2017; Qi
et al. 2020). Consequently, net precipitation reaching the forest
floor is greater in longleaf pine woodlands compared to closed
canopy loblolly, slash, and shortleaf pine stands (Roth &
Chang 1981). Indeed, restoring degraded longleaf pine wood-
lands has been shown to increase stream flow (Qi et al. 2022;
Younger et al. 2023). However, no studies have examined the
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effect of species identity on water dynamics while controlling
for stand density. Both the quantity of transpiring leaf surface
area and stomatal controls on transpiration during drought influ-
ence moisture loss. Longleaf pine has lower water use (Ford
et al. 2008), transpiring 33% less than slash pine (Gonzalez-
Benecke et al. 2011). This difference is likely due to lower
leaf-to-sapwood area ratio and not inherent species-based phys-
iological controls over water use (Samuelson et al. 2012). Addi-
tionally, the herbaceous understory associated with frequently
burned longleaf pine woodlands has greater water use efficiency
than the groundflora found in the absence of fire (Ford
et al. 2008). Collectively, these factors suggest that water avail-
ability does not vary across southern pines because of innate
species-level differences, but rather the structure imposed by
management, especially prescribed fire and thinning to low den-
sity (Brantley et al. 2017). Furthermore, while no studies have
examined the effects of southern pine species on water quality,
it is known that forest management also influences this attribute.
For example, immediately following prescribed fire, increases in
inorganic nitrogen (nitrate NO3

�, ammonium NH4
+) is

observed in soil solution (Klimas et al. 2020) which can be lea-
ched into surface waters. In most cases, nitrogen and other lim-
iting nutrients are quickly taken up by plants returning soil pools
to pre-fire levels within weeks to months, although site condi-
tions may extend this timeline (Butnor et al. 2020). Thinning
to a woodland density can also improve low flow rate in streams,
which is important for regulating their nutrient and sediment
contents (Patil et al. 2022; Qi et al. 2022). Thus, creating wood-
land structure alone is likely to improve water quality.

Productivity, Wood Quality, and Carbon Dynamics

Although productivity, wood quality, and carbon sequestration
are not the primary objectives of most woodland restorations,
they are important considerations when evaluating long-term
outcomes of restoration treatments. Interspecific variation in
height growth contributes to productivity differences among
southern pines (Oliver & Larson 1996). These patterns evolve
in response to competition in addition to disturbance type, fre-
quency, and severity. For example, longleaf pine has less initial
height increment compared to other southern pines while in the
grass stage, but can grow at a comparable rate after height
growth is initiated (Schmidtling 1987; Haywood et al. 2015).
When comparing southern pine growth in planted monocul-
tures, slash pine reached a larger volume on mesic sites relative
to loblolly pine after 20 years, while slash pine and shortleaf
pine performed comparably on xeric sites (Shoulders 1983).
Longleaf and shortleaf pines yielded lower volumes compared
to loblolly and slash pines (Shoulders 1983). However, Shoul-
ders (1985) suggested that the poor stand-level volume growth
of longleaf pine compared to other southern pines may be more
associated with high mortality (and thus lower stand densities)
rather than slower initial height growth. Nevertheless, it should
be recognized that contemporary loblolly and slash pine mono-
cultures have been planted with genetically improved trees that
are likely to provide superior growth on all but the most xeric
sites (Fox et al. 2007).

Southern pine growth patterns also have strong impacts on
wood quality (defined as a set of properties for a particular end
use; Schmulsky & Jones 2019). Across southern pine species,
specific gravity increases from pith to bark (juvenile wood to
mature wood transition), and interannually from low density
earlywood to high-density latewood (Schimleck et al. 2022).
Specific gravity and interannual variation in earlywood and late-
wood are similar among southern pines (Miles & Smith 2009).
Regardless of species, the specific gravities of southern pines
arising from the original forests are significantly greater than
those produced in modern monocultures or managed natural-
origin stands because juvenile wood proportion and stem
growth are positively correlated.

Wood production and specific gravity are both directly related
to carbon dynamics. Trees with greater specific gravities contain
more carbon than those of lower wood density, assuming similar
volumes. While loblolly and slash pine generally maximize vol-
ume production over a commercial rotation (25–40 years)
(Jokela et al. 2010), longleaf pine sustains growth at ages exceed-
ing 100 years and can surpass 400 years in age, thereby sequester-
ing carbon longer than other southern pines (West et al. 1993;
Meldahl et al. 1999). Inherent advantages in drought tolerance
and longevity suggests that wood production and carbon seques-
tration may be better achieved with longleaf and shortleaf pine
on xeric sites (Samuelson et al. 2012; Bradley & Will 2017).
Longleaf pine may also accumulate more carbon belowground
than other southern pines due to its greater allocation to roots
and taproot depth (Samuelson et al. 2017). Yet, this capacity does
not always translate into greater belowground carbon accumula-
tion, as Butnor et al. (2012) found no significant difference in fine
root fraction (<2 mm) soil C among planted loblolly, longleaf, or
slash pine monocultures after 49 years.

Implications of Pine Species Identity

Regardless of ecosystem, species redundancy is critical to the
success of the retention strategy (Kirkman et al. 2007). This
appears to be the case in southern pines, as our review revealed
a general pattern of redundancy across most investigated tree-
level attributes (Fig. 4). Strong examples of redundancy were
found in understory flammability, the primary ecological attri-
bute for maintaining southeastern woodlands, as all investigated
southern pines provided flammable litter capable of supporting a
frequent fire regime (Fig. 5). Similarly, once maturity is reached,
all southern pines possess sufficient bark thickness to survive
low-intensity surface fire, which is important for maintaining
continuous inputs of fuel and seed to the forest floor (Mitchell
et al. 2009) (Figs. 4 & 5). Although interspecific differences in
bark rugosity and resin production were found, southern pines
proved broadly redundant in terms of providing habitat for
RCWs (Figs. 4 & 5). Furthermore, tree-level litter flammability,
fire resistance at maturity, and RCW habitat quality likely scale
to the stand-level due to the general lack of overstory diversity in
southeastern woodlands (Noel et al. 1998). Therefore, for these
specific attributes, the retention strategy is likely to achieve a
similar level of success regardless of whether underplanting
occurs.
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Pine species redundancy was less apparent across other tree-
level attributes potentially complicating the use of retention
without underplanting (Fig. 4). For example, loblolly and slash
pine are less resistant to ice damage than shortleaf pine
(Fig. 4). However, intensive cutting to transform monocultures
into woodlands could temporarily exacerbate interspecific dif-
ferences in ice damage resistance (Bragg et al. 2003) (Fig. 5).
Ice-induced mortality has the potential to compromise RCW
habitat, long-term carbon storage, and understory flammability
through the addition of coarse woody fuels. Thus, in areas com-
monly affected by ice, it would be prudent to underplant short-
leaf pine within the retention strategy.

The case for underplanting longleaf pine could also bemade for
increasing long-term carbon storage potential. No other southern
pine possesses the same longevity or resistance to wind, drought,
or boring insects (Fig. 4). However, the relative resistance advan-
tage provided by underplanting longleaf pinemay be offset by the
creation of woodland structure. For example, longleaf pine wind

resistance has been shown to decrease with increases in stand
openness (Polinko et al. 2022). Likewise, species-level differ-
ences in drought resistance among southern pines is likely to
diminish in a woodland structure, as reducing stand basal area
broadly increases drought resistance and resilience (Sohn
et al. 2016) (Fig. 5). Reducing basal area also increases SPB resis-
tance at the stand and landscape scales (Nowak et al. 2015)
(Fig. 5). We suspect that woodland structure exerts a stronger
influence on stand-level hydrology than southern pine species
identity. However, existing studies comparing species effects on
hydrological processes are confounded by stand density (Fig. 5).

One of the biggest concerns of applying the retention strategy
without underplanting is the recruitment of new pine cohorts in
a frequent fire regime. Indeed, loblolly and slash pine seedlings
are often killed by recurrent fire potentially threatening the long-
term sustainability of woodland structure (Stewart et al. 2005;
Sharma et al. 2020; Robertson et al. 2021) (Figs. 4 & 5). Under-
planting shortleaf or longleaf pine would increase the probability

Figure 4. A qualitative assessment of interspecific variation among the four primary southern pines across a variety of tree-level attributes. A species-level
functional advantage is depicted by an increased bar width. Functional redundancy is depicted by bars of equal width.
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of sustained tree recruitment, but the odds of naturally regenerat-
ing loblolly or slash pine could be increased by periodically
extending the burn rotation. Fire return interval could also be
rotated among compartments within a stand to encourage patchi-
ness, if desired. Loblolly and slash pine should quickly acquire
fire resistance given their superior growth potential (Fig. 4). Once
the new cohort becomes large enough to resist surface fire, burn-
ing could be resumed at 2-to-3-year intervals.

The retention strategy also has practical advantages for RCW
habitat restoration and carbon sequestration. Retaining loblolly
or slash pine at low density will accelerate the development of
mature woodland structure by preserving the growth and carbon
already accrued on residual trees, and by creating open-stand
conditions that support rapid tree growth (Jokela et al. 2010)
(Fig. 4). These combined effects of the retention strategy should
reduce the time necessary to produce RCW host trees and
increase the rate of carbon sequestration.

Conclusions

Off-site tree species planted in forestry monocultures often func-
tionally differ from tree species historically found in woodlands.
These differences often affect key stand-level attributes, which
have negative consequences for woodland restoration. Hence,
the conversion strategy is often the only feasible option for con-
verting off-site monocultures into woodlands. However, when
functional redundancy exists between species, the retention
strategy becomes increasingly viable (Kirkman et al. 2007).

Based on our review of tree-level attributes, the differences
among the four primary southern pines are generally
minimal-to-moderate. Moreover, many of the species-level dif-
ferences are likely to become less influential within a woodland
structure. Thus, our review provides strong support for adopting
the retention strategy to rapidly convert off-site southern pine

monocultures into woodlands. In many cases, our review also
suggests the retention strategy may be successful without under-
planting longleaf or shortleaf pine. However, if this approach is
taken, alterations to the burning rotation will likely be needed to
secure regeneration.

While retention without underplanting might be a viable
alternative strategy for restoring southeastern woodlands, we
are not suggesting that it should replace laudable efforts to
restore longleaf and shortleaf pine within their historical range.
Instead, we present this new variant of the retention strategy as
another potential option for restoring woodlands where off-site
species offer functional redundancy. We anticipate that incorpo-
rating functional redundancy into restoration prescriptions will
not only benefit woodland restoration in the southeastern
United States, but may also be broadly applicable to a variety
of forest conservation efforts involving closely related species.

Acknowledgments

This paper was written and prepared in part by U.S. Government
employees on official time, and therefore it is in the public
domain and not subject to copyright. The findings and conclu-
sions in this publication are those of the authors and should
not be construed to represent an official USDA, Forest Service,
or United States Government determination or policy. Finally,
the authors dedicate this work to the memory of D.C.B. His
immense contributions to forestry will not be forgotten.

LITERATURE CITED
Asaro C, Sullivan BT, Dalusky MJ, Berisford CW (2004) Volatiles associated

with preferred and nonpreferred hosts of the Nantucket pine tip moth,
Rhyacionia frustrana. Journal of Chemical Ecology 30:977–990. https://
doi.org/10.1023/B:JOEC.0000028462.05927.fa

Figure 5. The anticipated effect of pine species identity on stand-level attributes assuming the existence of woodland structure.

Restoration Ecology July 20248 of 12

Retaining native off-site species

 1526100x, 2024, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/rec.14119 by N

ational Forest Service L
ibrary, W

iley O
nline L

ibrary on [05/07/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1023/B:JOEC.0000028462.05927.fa
https://doi.org/10.1023/B:JOEC.0000028462.05927.fa


Ashton PM, Gamage S, Gunatilleke IA, Gunatilleke CV (1997) Restoration of a
Sri Lankan rainforest: using Caribbean pine Pinus caribaea as a nurse for
establishing late-successional tree species. Journal of Applied Ecology
34:915–925. https://doi.org/10.2307/2405282

Barnard EL, Cordell CE, Gilly SP, Kais AG (1993) Comparative performance of
sand and longleaf pines on a Phytophthora cinnamomi-infested sandhill in
west Florida. Southern Journal of Applied Forestry 17:90–95. https://doi.
org/10.1093/sjaf/17.2.90

Barnard EL, Van Loan AN (2003) An assessment of fusiform rust and selected
non-native invasive pest plants in longleaf and slash pine plantations estab-
lished with Florida Division of Forestry Seedlings. https://ccmedia.fdacs.
gov/content/download/76720/file/FusiformSurveyReportAssessment.pdf
(accessed 4 Jan 2023)

Barrows-Broaddus J, Dwinell LD (1983) Histopathology of fusarium monili-
forme var. subglutinans in four species of southern pines. Phytopathology
73:882–889. https://doi.org/10.1094/Phyto-73-882

Battaglia MA, Mitchell RJ, Mou PP, Pecot SD (2003) Light transmittance esti-
mates in a longleaf pine woodland. Forest Science 1:752–762. https://doi.
org/10.1093/forestscience/49.5.752

Bigelow SW, Looney CE, Cannon JB (2021) Hurricane effects on climate-
adaptive silviculture treatments to longleaf pine woodland in southwestern
Georgia, U.S.A. Forestry: An International Journal of Forest Research 94:
395–406. https://doi.org/10.1093/forestry/cpaa042

Blanche CA, Hodges JD, Nebeker TE, Moehring DM (1983) Southern pine bee-
tle: the host dimension. Mississippi State University, Agricultural and For-
estry Experimental Station Bulletin 764. https://scholarsjunction.msstate.
edu/mafes-bulletins/764 (accessed 4 Jan 2023)

Boggess WR, McMillan FW (1954) Cold weather and glaze damage to forest
plantations in southern Illinois. Bulletin (University of Illinois [Urbana-
Champaign campus]. Agricultural Experiment Station), no. 574. University
of Illinois Agricultural Experiment Station, Urbana. https://doi.org/10.
5962/bhl.title.16656

Bottero A, D’Amato AW, Palik BJ, Bradford JB, Fraver S, Battaglia MA,
Asherin LA (2017) Density-dependent vulnerability of forest ecosystems
to drought. Journal of Applied Ecology 54:1605–1614. https://doi.org/10.
1111/1365-2664.12847

Boyer WD (1990) Longleaf pine. Pages 405–412. In: Burns RM, Honkala BH
(eds) Silvics of North America: 1. Conifers. Agriculture handbook 654.
U.S. Department of Agriculture, Forest Service, Washington, D.C.

Bradley JC, Will RE (2017) Comparison of biomass partitioning and transpira-
tion for water-stressed shortleaf, loblolly, and shortleaf � loblolly pine
hybrid seedlings. Canadian Journal of Forest Research 47:1364–1371.
https://doi.org/10.1139/cjfr-2017-0167

Bragg DC (2016) Initial mortality rates and extent of damage to loblolly and long-
leaf pine plantations affected by an ice storm in South Carolina. Forest Sci-
ence 62:574–585. https://doi.org/10.5849/forsci.15-177

BraggDC, SheltonMG, ZeideB (2003) Impacts andmanagement implications of ice
storms on forests in the southern United States. Forest Ecology and Manage-
ment 186:99–123. https://doi.org/10.1016/S0378-1127(03)00230-5

Brantley ST, Vose JM, Wear DN, Band L (2017)Pages 291–310. In:
Kirkman LK, Jack SB (eds) Planning for an uncertain future: restoration
to mitigate water scarcity and sustain carbon sequestration. CRC Press,
London, United Kingdom

Butnor JR, Johnsen KH, Maier CA, Nelson CD (2020) Intra-annual variation in
soil C, N, and nutrient pools after prescribed fire in a Mississippi longleaf
pine (Pinus palustris mill.) plantation. Forests 11:181. https://doi.org/10.
3390/f11020181

Butnor JR, Johnson KH, Sanchez FG, Nelson CD (2012) Impacts of pine species,
stump removal, cultivation, and fertilization on soil properties half a cen-
tury after planting. Canadian Journal of Forest Research 4:675–685.
https://doi.org/10.1139/x2012-024

Castaño-Villa GJ, Estevez JV, Guevara G, Bohada-Murillo M, Fonturbel FE
(2019) Differential effects of forestry plantations on bird diversity: a global
assessment. Forest Ecology and Management 440:202–207. https://doi.
org/10.1016/j.foreco.2019.03.025

Chazdon RL (2008) Beyond deforestation: restoring forests and ecosystem ser-
vices on degraded lands. Science 320:1458–1460. https://doi.org/10.
1126/science.1155365

Clabo DC, Clatterbuck WK (2019) Shortleaf pine (Pinus echinata, Pinaceae)
seedling sprouting responses: clipping and burning effects at various seed-
ling ages and seasons. The Journal of the Torrey Botanical Society 146:96–
110. https://doi.org/10.3159/TORREY-D-18-00004.1

Collins CS, Conner RN, Saenz D (2002) Influence of hardwood midstory and
pine species on pine bole arthropods. Forest Ecology and Management
164:211–220. https://doi.org/10.1016/S0378-1127(01)00595-3

Conner RN, Rudolph DC (1995) Excavation dynamics and use patterns of red-
cockaded woodpecker cavities: relationships with cooperative breeding.
Pages 343–352. In: Kulhavy DL, Hooper RG, Costa R (eds) Red cockaded
woodpecker: recovery, ecology and management. College of Forestry, Ste-
phen E Austin State University, Nacogdoches, Texas

Conner RN, Rudolph DC, Kulhavy DL, Snow AE (1991) Causes of mortality of
red-cockaded woodpecker cavity trees. The Journal of Wildlife Manage-
ment 55:531–537. https://doi.org/10.2307/3808986

Conner RN, Saenz D (2005) The longevity of large pine snags in eastern Texas.
The Wildlife Society Bulletin 33:700–705. https://doi.org/10.2193/0091-
7648(2005)33[700:TLOLPS]2.0.CO;2

Conner RN, Saenz D, Rudolph DC, Ross WG, Kulhavy DL, Coulson RN (2001)
Does red-cockaded woodpecker excavation of resin wells increase risk of
bark beetle infestation of cavity trees? The Auk 118:219–224. https://doi.
org/10.1093/auk/118.1.219

Connor MD, Wilkinson RC (1983) Ips bark beetles in the south. Forest Insect &
Disease Leaflet 129. U.S. Department of Agriculture, Forest Service. http://
www.barkbeetles.org/ips/ipsfidl.htm (accessed 4 Jan 2023)

Covington WW, Fule PZ, Moore MM, Hart SC, Kolb TE, Mast JN, Sackett SS,
Wagner MR (1997) Restoring ecosystem health in ponderosa pine forests
of the southwest. Journal of Forestry 95:23–29. https://doi.org/10.1093/
jof/95.4.17

FAO (2020) Global forest resources assessment 2020—key findings. FAO,
Rome, Italy

Fill JM, Moule BM, Varner JM, Mousseau TA (2016) Flammability of the key-
stone savanna bunchgrass Aristida stricta. Plant Ecology 217:331–342.
https://doi.org/10.1007/s11258-016-0574-0

Forbes AS, Norton DA, Carswell FE (2015) Underplanting degraded exotic
Pinus with indigenous conifers assists forest restoration. Ecological Man-
agement & Restoration 16:41–49. https://doi.org/10.1111/emr.12137

Ford CR, Mitchell RJ, Teskey RO (2008) Water table depth affects productivity,
water use, and the response to nitrogen addition in a savanna system. Cana-
dian Journal of Forest Research 38:2118–2127. https://doi.org/10.1139/
X08-061

Fox TR, Jokela EJ, Allen HL (2007) The development of pine plantation silvicul-
ture in the southern United States. Journal of Forestry 105:337–347. https://
doi.org/10.1093/jof/105.7.337

Freeman JE, Jose S (2009) The role of herbicide in savanna restoration: effects of
shrub reduction treatments on the understory and overstory of a longleaf
pine flatwoods. Forest Ecology and Management 257:978–986. https://
doi.org/10.1016/j.foreco.2008.10.041

Friedenberg NA, Whited BM, Slone DH, Martinson SJ, Ayres MP (2007) Differ-
ential impacts of the southern pine beetle,Dendroctonus frontalis, on Pinus
palustris and Pinus taeda. Canadian Journal of Forest Research 37:1427–
1437. https://doi.org/10.1139/X07-008

Garms C, Dean TJ (2019) Relative resistance to breaking of Pinus taeda and
Pinus palustris. Forestry: An International Journal of Forest Research 92:
417–424. https://doi.org/10.1093/forestry/cpy038

G�omez-Aparicio L, Zavala MA, Bonet FJ, Zamora R (2009) Are pine plantations
valid tools for restoring Mediterranean forests? An assessment along abi-
otic and biotic gradients. Ecological Applications 19:2124–2141. https://
doi.org/10.1890/08-1656.1

Gonzalez-Benecke CA, Martin TA, Cropper WP (2011) Whole-tree water relations
of co-occurring mature Pinus palustris and Pinus elliottii var. elliottii. Cana-
dian Journal of Forest Research 41:509–523. https://doi.org/10.1139/X10-230

July 2024 Restoration Ecology 9 of 12

Retaining native off-site species

 1526100x, 2024, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/rec.14119 by N

ational Forest Service L
ibrary, W

iley O
nline L

ibrary on [05/07/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.2307/2405282
https://doi.org/10.1093/sjaf/17.2.90
https://doi.org/10.1093/sjaf/17.2.90
https://ccmedia.fdacs.gov/content/download/76720/file/FusiformSurveyReportAssessment.pdf
https://ccmedia.fdacs.gov/content/download/76720/file/FusiformSurveyReportAssessment.pdf
https://doi.org/10.1094/Phyto-73-882
https://doi.org/10.1093/forestscience/49.5.752
https://doi.org/10.1093/forestscience/49.5.752
https://doi.org/10.1093/forestry/cpaa042
https://scholarsjunction.msstate.edu/mafes-bulletins/764
https://scholarsjunction.msstate.edu/mafes-bulletins/764
https://doi.org/10.5962/bhl.title.16656
https://doi.org/10.5962/bhl.title.16656
https://doi.org/10.1111/1365-2664.12847
https://doi.org/10.1111/1365-2664.12847
https://doi.org/10.1139/cjfr-2017-0167
https://doi.org/10.5849/forsci.15-177
https://doi.org/10.1016/S0378-1127(03)00230-5
https://doi.org/10.3390/f11020181
https://doi.org/10.3390/f11020181
https://doi.org/10.1139/x2012-024
https://doi.org/10.1016/j.foreco.2019.03.025
https://doi.org/10.1016/j.foreco.2019.03.025
https://doi.org/10.1126/science.1155365
https://doi.org/10.1126/science.1155365
https://doi.org/10.3159/TORREY-D-18-00004.1
https://doi.org/10.1016/S0378-1127(01)00595-3
https://doi.org/10.2307/3808986
https://doi.org/10.2193/0091-7648(2005)33%5B700:TLOLPS%5D2.0.CO;2
https://doi.org/10.2193/0091-7648(2005)33%5B700:TLOLPS%5D2.0.CO;2
https://doi.org/10.1093/auk/118.1.219
https://doi.org/10.1093/auk/118.1.219
http://www.barkbeetles.org/ips/ipsfidl.htm
http://www.barkbeetles.org/ips/ipsfidl.htm
https://doi.org/10.1093/jof/95.4.17
https://doi.org/10.1093/jof/95.4.17
https://doi.org/10.1007/s11258-016-0574-0
https://doi.org/10.1111/emr.12137
https://doi.org/10.1139/X08-061
https://doi.org/10.1139/X08-061
https://doi.org/10.1093/jof/105.7.337
https://doi.org/10.1093/jof/105.7.337
https://doi.org/10.1016/j.foreco.2008.10.041
https://doi.org/10.1016/j.foreco.2008.10.041
https://doi.org/10.1139/X07-008
https://doi.org/10.1093/forestry/cpy038
https://doi.org/10.1890/08-1656.1
https://doi.org/10.1890/08-1656.1
https://doi.org/10.1139/X10-230


Guldin JM (2019) Restoration of native fire-adapted southern pine-dominated
forest ecosystems: diversifying the tools in the silvicultural toolbox. Forest
Science 65:508–518. https://doi.org/10.1093/forsci/fxz005

Haddad TM, Pilon NA, Durigan G, Viani RA (2021) Restoration of the Brazilian
savanna after pine silviculture: pine clearcutting is effective but not enough.
Forest Ecology and Management 91:119158. https://doi.org/10.1016/j.
foreco.2021.119158

Haywood JD, Sayer MAS, Sung SJS (2015) Comparison of planted loblolly,
longleaf, and slash pine development through 10 growing seasons in central
Louisiana—an argument for longleaf pine. Pages 383–390. In: Holley AG,
Connor KF, Haywood JD (eds) Proceedings of the 17th Biennial Southern
Silvicultural Research Conference. e-General Technical Report SRS-203.
U.S. Department of Agriculture, Forest Service, Southern Research Sta-
tion, Asheville, North Carolina

He T, Pausas JG, Belcher CM, Schwilk DW, Lamont BB (2012) Fire-adapted
traits of Pinus arose in the fiery cretaceous. New Phytologist 194:751–
759. https://doi.org/10.1111/j.1469-8137.2012.04079.x

Hendricks JJ, Wilson CA, Boring LR (2002) Foliar litter position and decompo-
sition in a fire-maintained longleaf pine wiregrass ecosystem. Canadian
Journal of Forest Research 32:928–941. https://doi.org/10.1139/x02-020

Hoekstra JM, Boucher TM, Ricketts TH, Roberts C (2005) Confronting a biome
crisis: global disparities of habitat loss and protection. Ecology Letters 8:
23–29. https://doi.org/10.1111/j.1461-0248.2004.00686.x

Horn S, Hanula JL (2002) Comparison of arthropod prey of red-cockaded wood-
peckers on the boles of longleaf and loblolly pines. Wildlife Society Bulle-
tin 30:131–138. https://www.jstor.org/stable/3784646

Jackson JF, Adams DC, Jackson UB (1999) Allometry of constitutive defense: a
model and a comparative test with tree bark and fire regime. The American
Naturalist 153:614–632. https://doi.org/10.1086/303201

Jenkins JC, Chojnacky DC, Heath LS, Birdsey RA (2004) Comprehensive data-
base of diameter-based biomass regressions for North American tree spe-
cies. General Technical Report NE-319. U.S. Department of Agriculture,
Forest Service, Newtown Square, Pennsylvania.

Jokela EJ, Martin TA, Vogel JG (2010) Twenty-five years of intensive forest
management with southern pines: important lessons learned. Journal of
Forestry 108:338–347. https://doi.org/10.1093/jof/108.7.338

Kanowski J, Catterall CP, Wardell-Johnson GW (2005) Consequences of broad-
scale timber plantations for biodiversity in cleared rainforest landscapes of
tropical and subtropical Australia. Forest Ecology and Management 208:
359–372. https://doi.org/10.1016/j.foreco.2005.01.018

Keeley JE, Zedler PH (1998) Evolution of life histories in Pinus. Pages 219–251.
In: Richardson DM (ed) Ecology and biogeography of Pinus. Cambridge
Press, Cambridge, United Kingdom

Kirkman LK,Mitchell RJ, Kaeser MJ, Pecot SD, Coffey KL (2007) The perpetual
forest: using undesirable species to bridge restoration. Journal of Applied
Ecology 44:604–614. https://doi.org/10.1111/j.1365-2664.2007.01310.x

Klimas K, Hiesl P, Hagan D, Park D (2020) Immediate effects of prescribed fire
on sub-surface water quality in a managed yellow pine forest. Fire 3:14.
https://doi.org/10.3390/fire3020014

Lindenmayer DB, Blanchard W, Crane M, Michael D, Florance D (2018) Size or
quality. What matters in vegetation restoration for bird biodiversity in
endangered temperate woodlands. Austral Ecology 43:798–806. https://
doi.org/10.1111/aec.12622

Londe V (2021) The importance of ecological redundancy for ecosystems restora-
tion. Research in Ecology 3:25–31. https://doi.org/10.30564/re.v3i2.2957

Martin PH (1999) Norway maple (Acer platanoides) invasion of a natural forest
stand: understory consequence and regeneration pattern. Biological Inva-
sions 1:215–222. https://doi.org/10.1023/A:1010084421858

Martinson S, Hofstetter RW, Ayres MP (2007) Why does longleaf pine have low
susceptibility to southern pine beetle? Canadian Journal of Forest Research
37:1966–1977. https://doi.org/10.1139/X07-066

Masters RE (2007) The importance of shortleaf pine for wildlife and diversity in
mixed oak-pine forests and in pine-grassland woodlands. Pages 35–46. In:
Kabrick JM, Dey DC, Gwaze D (eds) Shortleaf Pine Restoration and Ecol-
ogy in the Ozarks: Proceedings of a Symposium. U.S. Department of

Agriculture Forest Service GTR-NRS-P-15. U.S. Department of Agricul-
ture Forest Service, Newtown Square, Pennsylvania

Mattoon WR (1915) Life history of shortleaf pine. Bulletin of the
U.S. Department of Agriculture No. 244. https://catalog.hathitrust.org/
Record/010668745 (accessed 4 Jan 2023)

McDowell NG, Adams HD, Bailey JD, Hess M, Kolb TE (2006) Homeostatic
maintenance of ponderosa pine gas exchange in response to stand density
changes. Ecological Applications 16:1164–1182. https://doi.org/10.1890/
1051-0761(2006)016[1164:HMOPPG]2.0.CO;2

McGuire JP, Kush JS, Varner JM, Lauer DK, Mitchell RJ (2021) Longleaf pine
(Pinus palustris mill.) branch pruning by prescribed fire. Forest Science
67:367–373. https://doi.org/10.1093/forsci/fxab018

Meldahl RS, Pederson N, Kush JS, Varner JM III (1999) Dendrochronological
investigations of climate and competitive effects on longleaf pine growth.
Pages 265–285. In: Wimmer R, Vetter RE (eds) Tree ring analysis: biolog-
ical, methodological and environmental aspects. CABI, Wallingford,
United Kingdom

Miles PD, Smith WB (2009) Specific gravity and other properties of wood and
bark for 156 tree species found in North America. USDA Forest Service,
Research Note NRS-38. Northern Research Station, Newtown Square,
Pennsylvania

Mitchell RJ, Hiers JK, O’Brien J, Starr G (2009) Ecological forestry in the south-
east: understanding the ecology of fuels. Journal of Forestry 107:391–397.
https://doi.org/10.1093/jof/107.8.391

MoserWK,TreimanT, Johnson R (2003) Species choice and the risk of disease and
insect attack: evaluating twomethods of choosing between longleaf and other
pines. Forestry 76:137–147. https://doi.org/10.1093/forestry/76.2.137

Naidu SL, DeLucia EH, Thomas RB (1998) Contrasting patterns of biomass allo-
cation in dominant and suppressed loblolly pine. Canadian Journal of For-
est Research 28:1116–1124. https://doi.org/10.1139/x98-083

Nesbitt SA, Gilbert DT, Barbour DB (1978) Red-cockaded woodpecker fall
movements in a Florida flatwoods community. The Auk 95:145–151.
https://doi.org/10.2307/4085505

Noel JM, Platt WJ, Moser EB (1998) Structural characteristics of old-and second-
growth stands of longleaf pine (Pinus palustris) in the Gulf coastal region
of the U.S.A. Conservation Biology 12:533–548. https://doi.org/10.1111/
j.1523-1739.1998.96124.x

Nowacki GJ, Abrams MD (2008) The demise of fire and “mesophication” of for-
ests in the eastern United States. Bioscience 58:123–138. https://doi.org/
10.1641/B580207

Nowak JT, Meeker JR, Coyle DR, Steiner CA, Brownie C (2015) Southern pine
beetle infestations in relation to forest stand conditions, previous thinning,
and prescribed burning: evaluation of the southern pine beetle prevention
program. Journal of Forestry 113:454–462. https://doi.org/10.5849/jof.
15-002

Oliver CD, Larson BC (1996) Stand dynamics. John Wiley & Sons, Inc, New
York

Osem Y, Fogel T, Moshe Y, Brant S (2015) Managing cattle grazing and over-
storey cover for the conversion of pine monocultures into mixedMediterra-
nean woodlands. Applied Vegetation Science 18:261–271. https://doi.org/
10.1111/avsc.12152

Oswalt SN, Smith WB, Miles PD, Pugh SA (2019) Forest resources of the
United States, 2017. General Technical Report. U.S. Department of Agri-
culture, Forest Service, Washington, D.C.

Pandit K, Smith J, Quesada T, Villari C, Johnson DJ (2020) Association of recent
incidence of foliar disease in pine species in the southeastern United States
with tree and climate variables. Forests 11:1155. https://doi.org/10.3390/
f11111155

Patil R, Wei Y, Pullar D, Shulmeister J (2022) Effects of change in streamflow
patterns on water quality. Journal of Environmental Management 302:
113991. https://doi.org/10.1016/j.jenvman.2021.113991

Patterson TW, Cummings LW, Knapp PA (2016) Longleaf pine (Pinus palustris
mill.) morphology and climate/growth responses along a physiographic
gradient in North Carolina. The Professional Geographer 68:238–248.
https://doi.org/10.1080/00330124.2015.1059404

Restoration Ecology July 202410 of 12

Retaining native off-site species

 1526100x, 2024, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/rec.14119 by N

ational Forest Service L
ibrary, W

iley O
nline L

ibrary on [05/07/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1093/forsci/fxz005
https://doi.org/10.1016/j.foreco.2021.119158
https://doi.org/10.1016/j.foreco.2021.119158
https://doi.org/10.1111/j.1469-8137.2012.04079.x
https://doi.org/10.1139/x02-020
https://doi.org/10.1111/j.1461-0248.2004.00686.x
https://www.jstor.org/stable/3784646
https://doi.org/10.1086/303201
https://doi.org/10.1093/jof/108.7.338
https://doi.org/10.1016/j.foreco.2005.01.018
https://doi.org/10.1111/j.1365-2664.2007.01310.x
https://doi.org/10.3390/fire3020014
https://doi.org/10.1111/aec.12622
https://doi.org/10.1111/aec.12622
https://doi.org/10.30564/re.v3i2.2957
https://doi.org/10.1023/A:1010084421858
https://doi.org/10.1139/X07-066
https://catalog.hathitrust.org/Record/010668745
https://catalog.hathitrust.org/Record/010668745
https://doi.org/10.1890/1051-0761(2006)016%5B1164:HMOPPG%5D2.0.CO;2
https://doi.org/10.1890/1051-0761(2006)016%5B1164:HMOPPG%5D2.0.CO;2
https://doi.org/10.1093/forsci/fxab018
https://doi.org/10.1093/jof/107.8.391
https://doi.org/10.1093/forestry/76.2.137
https://doi.org/10.1139/x98-083
https://doi.org/10.2307/4085505
https://doi.org/10.1111/j.1523-1739.1998.96124.x
https://doi.org/10.1111/j.1523-1739.1998.96124.x
https://doi.org/10.1641/B580207
https://doi.org/10.1641/B580207
https://doi.org/10.5849/jof.15-002
https://doi.org/10.5849/jof.15-002
https://doi.org/10.1111/avsc.12152
https://doi.org/10.1111/avsc.12152
https://doi.org/10.3390/f11111155
https://doi.org/10.3390/f11111155
https://doi.org/10.1016/j.jenvman.2021.113991
https://doi.org/10.1080/00330124.2015.1059404


Peltola H, Kellomäki S, Hassinen A, Granander M (2000) Mechanical stability of
Scots pine, Norway spruce and birch: an analysis of tree-pulling experi-
ments in Finland. Forest Ecology and Management 135:143–153. https://
doi.org/10.1016/S0378-1127(00)00306-6

Pile LS, Wang GG, Knapp BO, Liu G, Yu D (2017) Comparing morphology and
physiology of southeastern US Pinus seedlings: implications for adaptation
to surface fire regimes. Annals of Forest Science 74:1–12. https://doi.org/
10.1007/s13595-017-0666-6

Polinko AD, Willis JL, Sharma A, Guldin JM (2022) Stand-level structural char-
acteristics dictate hurricane resistance and resilience more than silvicultural
regime in longleaf pine woodlands. Forest Ecology and Management 526:
120585. https://doi.org/10.1016/j.foreco.2022.120585

Porter ML, Labisky RF (1986) Home range and foraging habitat of red-cockaded
woodpeckers in northern Florida. The Journal of Wildlife Management 50:
239–247. https://doi.org/10.2307/3801905

Qi J, Brantley ST, Golladay SW (2022) Simulated longleaf pine (Pinus palustris
mill.) restoration increased streamflow—a case study in the lower Flint
River Basin. Ecohydrology 15:e2365. https://doi.org/10.1002/eco.2365

Qi J, Markewitz D, McGuire MA, Samuelson L, Ward E (2020) Throughfall
reduction � fertilization: deep soil water usage in a clay rich ultisol under
loblolly pine in the southeast U.S.A. Frontiers in Forests and Global
Change 2:93. https://doi.org/10.3389/ffgc.2019.00093

Ritger HWW (2023) Forest health implications for restoring longleaf pine (Pinus
palustrismill.) ecosystems with prescribed fire. Ph.D. dissertation. Univer-
sity of Georgia, Athens, Georgia. https://doi.org/10.1016/j.bbr.2023.
114418

Robertson KM, Hermann SM, Staller EL (2021) Frequent prescribed fire sustains
old field loblolly pine–shortleaf pine woodland communities: results of a
53-year study. Journal of Forestry 119:549–556. https://doi.org/10.1093/
jofore/fvab035

Roth FA, Chang M (1981) Throughfall in planted stands of four southern pine
species in east Texas. Journal of the American Water Resources Associa-
tion 17:880–885. https://doi.org/10.1111/j.1752-1688.1981.tb01312.x

Rutledge BT, Cannon JB, McIntyre RK, Holland AM, Jack SB (2021) Tree,
stand, and landscape factors contributing to hurricane damage in a coastal
plain forest: post-hurricane assessment in a longleaf pine landscape. Forest
Ecology and Management 481:118724. https://doi.org/10.1016/j.foreco.
2020.118724

Saenz D, Conner RN, Shackelford CE, Rudolph DC (1998) Pileated woodpecker
damage to red-cockaded woodpecker cavity trees in eastern Texas. The
Wilson Bulletin 1:362–367. https://www.jstor.org/stable/4163960

Samuelson LJ, Stokes TA, Butnor JR, Johnsen KH, Gonzalez-Benecke CA,
Martin TA, Cropper Jr WP, Anderso PH, Ramirez MR, Lewis JC (2017)
Ecosystem carbon density and allocation across a chronosequence of long-
leaf pine forests. Ecological Applications 27:244–259. https://doi.org/10.
1002/eap.1439

Samuelson LJ, Stokes TA, Johnsen KH (2012) Ecophysiological comparison of
50-year-old longleaf pine, slash pine and loblolly pine. Forest Ecology
and Management 274:108–115. https://doi.org/10.1016/j.foreco.2012.
02.017

Samuelson LJ, Stokes TA, Ramirez MR, Mendonca CC (2019) Drought toler-
ance of a Pinus palustris plantation. Forest Ecology and Management 45:
117557. https://doi.org/10.1016/j.foreco.2019.117557

Sayer MAS, Tyree MC, Kuehler EA, Jackson JK, Dillaway DN (2021) Physio-
logical mechanisms of foliage recovery after spring or fall crown scorch
in young longleaf pine (Pinus palustris mill.). Forests 11:208. https://doi.
org/10.3390/f11020208

Schaefer RR, Conner RN, Rudolph DC, Saenz D (2004) Red-cockaded wood-
pecker nestling provisioning and reproduction in two different pine habi-
tats. The Wilson Bulletin 116:31–40. https://doi.org/10.1676/0043-5643
(2004)116[0031:RWNPAR]2.0.CO;2

Schimleck LR, Dahlen J, Auty D (2022) Radial patterns of specific gravity vari-
ation in north American conifers. Canadian Journal of Forest Research 52:
889–900. https://doi.org/10.1139/cjfr-2021-0338

Schmidtling RC (1987) Relative performance of longleaf compared to loblolly
and slash pines under different levels of intensive culture. Pages 395–
400. In: Philips DR (ed) Proceedings of the Fourth Biennial Southern Silvi-
cultural Research Conference. General Technical Report SE-42. U.S.
Department of Agriculture Forest Service, Southeastern Forest Experiment
Station, Asheville, North Carolina

Schmulsky R, Jones PD (2019) Forest products and wood science: an introduc-
tion. Wiley-Blackwell, Oxford, United Kingdom. https://doi.org/10.1002/
9781119426400

Schnake DK, Roberts SD, Willis JL, Kushla JD, Munn IA (2021) Overstory
retention and stock type impact survival and growth of underplanted short-
leaf pine beneath a hardwood canopy. Forest Science 67:219–230. https://
doi.org/10.1093/forsci/fxaa046

Sharma A, Brethauer DK, McKeithen J, Bohn KK, Vogel JG (2020) Prescribed
burn effects on natural regeneration in pine flatwoods: implications for
uneven-aged stand conversion from a Florida study. Forests 11:328.
https://doi.org/10.3390/f11030328

Sharma A, Jose S, Bohn KK, AndreuMG (2012) Effects of reproduction methods
and overstory species composition on understory light availability in long-
leaf pine–slash pine ecosystems. Forest Ecology and Management 15:23–
33. https://doi.org/10.1016/j.foreco.2012.07.023

Shoulders E (1983) Comparison of growth and yield of four southern pines on
uniform sites in the Gulf Coastal Plain. Pages 75–100. In: Hotvedt JE,
Jackson BD (eds) Proceedings of the 31st Annual Forestry Symposium.
Louisiana State University, Baton Rouge, Louisiana

Shoulders E (1985) The case for planting longleaf pine. Pages 255–260. In:
Shoulders E (ed) Proceedings of the 3rd Biennial Southern Silvicultural
Research Conference. General Technical Report SO-54. U.S. Department
of Agriculture, Forest Service, Southern Forest Experiment Station, New
Orleans, Louisiana

Siggers PV (1934) Observations on the influence of fire on the brown-spot needle
blight of longleaf pine seedlings. Journal of Forestry 32:556–562. https://
doi.org/10.1093/jof/32.5.556

Sohn JA, Saha S, Bauhus J (2016) Potential of forest thinning to mitigate drought
stress: a meta-analysis. Forest Ecology and Management 380:261–273.
https://doi.org/10.1016/j.foreco.2016.07.046

Stewart JF, Will RE, Robertson KM, Nelson CD (2005) Frequent fire protects
shortleaf pine (Pinus echinata) from introgression by loblolly pine
(P. taeda). Conservation Genetics 16:491–495. https://doi.org/10.1007/
s10592-014-0669-x

Strauss SY (2001) Benefits and risks of biotic exchange between eucalyptus plan-
tations and native Australian forests. Austral Ecology 26:447–457. https://
doi.org/10.1046/j.1442-9993.2001.01136.x

Varner JM, Kane JM, Kreye JK, Shearman TM (2021) Litter flammability of
50 southeastern north American tree species: evidence for mesophication
gradients across multiple ecosystems. Frontiers in Forests and Global
Change 4:727042. https://doi.org/10.3389/ffgc.2021.727042

Varner JM, Shearman TM, Kane JM, Banwell EM, Jules ES, Stambaugh MC
(2022) Understanding flammability and bark thickness in the genus Pinus
using a phylogenetic approach. Scientific Reports 5:7384. https://doi.org/
10.1038/s41598-022-11451-x

Veldman JW, Overbeck GE, Negreiros D, Mahy G, Le Stradic S, Fernandes GW,
Durigan G, Buisson E, Putz FE, Bond WJ (2015) Where tree planting and
forest expansion are bad for biodiversity and ecosystem services. Biosci-
ence 65:1011–1018. https://doi.org/10.1093/biosci/biv118

Via BK, Shupe TF, Groom LH, Stine M, So CL (2003) Multivariate modelling
of density, strength and stiffness from near infrared spectra for mature,
juvenile and pith wood of longleaf pine (Pinus palustris). Journal of
Near Infrared Spectroscopy 11:365–378. https://doi.org/10.1255/
jnirs.388

Vogt JT, Gandhi KJ, Bragg DC, Olatinwo R, Klepzig KD (2020) Interactions
between weather-related disturbance and forest insects and diseases in the
southern United States. U.S. Department of Agriculture, Forest Service,
Southern Research Station, Asheville, North Carolina

July 2024 Restoration Ecology 11 of 12

Retaining native off-site species

 1526100x, 2024, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/rec.14119 by N

ational Forest Service L
ibrary, W

iley O
nline L

ibrary on [05/07/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/S0378-1127(00)00306-6
https://doi.org/10.1016/S0378-1127(00)00306-6
https://doi.org/10.1007/s13595-017-0666-6
https://doi.org/10.1007/s13595-017-0666-6
https://doi.org/10.1016/j.foreco.2022.120585
https://doi.org/10.2307/3801905
https://doi.org/10.1002/eco.2365
https://doi.org/10.3389/ffgc.2019.00093
https://doi.org/10.1016/j.bbr.2023.114418
https://doi.org/10.1016/j.bbr.2023.114418
https://doi.org/10.1093/jofore/fvab035
https://doi.org/10.1093/jofore/fvab035
https://doi.org/10.1111/j.1752-1688.1981.tb01312.x
https://doi.org/10.1016/j.foreco.2020.118724
https://doi.org/10.1016/j.foreco.2020.118724
https://www.jstor.org/stable/4163960
https://doi.org/10.1002/eap.1439
https://doi.org/10.1002/eap.1439
https://doi.org/10.1016/j.foreco.2012.02.017
https://doi.org/10.1016/j.foreco.2012.02.017
https://doi.org/10.1016/j.foreco.2019.117557
https://doi.org/10.3390/f11020208
https://doi.org/10.3390/f11020208
https://doi.org/10.1676/0043-5643(2004)116%5B0031:RWNPAR%5D2.0.CO;2
https://doi.org/10.1676/0043-5643(2004)116%5B0031:RWNPAR%5D2.0.CO;2
https://doi.org/10.1139/cjfr-2021-0338
https://doi.org/10.1002/9781119426400
https://doi.org/10.1002/9781119426400
https://doi.org/10.1093/forsci/fxaa046
https://doi.org/10.1093/forsci/fxaa046
https://doi.org/10.3390/f11030328
https://doi.org/10.1016/j.foreco.2012.07.023
https://doi.org/10.1093/jof/32.5.556
https://doi.org/10.1093/jof/32.5.556
https://doi.org/10.1016/j.foreco.2016.07.046
https://doi.org/10.1007/s10592-014-0669-x
https://doi.org/10.1007/s10592-014-0669-x
https://doi.org/10.1046/j.1442-9993.2001.01136.x
https://doi.org/10.1046/j.1442-9993.2001.01136.x
https://doi.org/10.3389/ffgc.2021.727042
https://doi.org/10.1038/s41598-022-11451-x
https://doi.org/10.1038/s41598-022-11451-x
https://doi.org/10.1093/biosci/biv118
https://doi.org/10.1255/jnirs.388
https://doi.org/10.1255/jnirs.388


West DC, Doyle TW, Tharp ML, Beauchamp JJ, Platt WJ, Downing DJ (1993)
Recent growth increases in old-growth longleaf pine. Canadian Journal of
Forest Research 23:846–853. https://doi.org/10.1139/x93-110

Yates HO III (1966) Susceptibility of loblolly and slash pines to Rhyacionia spp.
oviposition, injury, and damage. Journal of Economic Entomology 59:
1461–1464. https://doi.org/10.1093/jee/59.6.1461

Younger SE, Cannon JB, Brantley ST (2023) Impacts of longleaf pine (Pinus
palustris mill.) on long-term hydrology at the watershed scale. Science of

the Total Environment 902:165999. https://doi.org/10.1016/j.scitotenv.
2023.165999

Zwicker SM (1995) Selection of pines for foraging and cavity excavation by red-
cockaded woodpeckers. Thesis. North Carolina State University, Raleigh.
https://doi.org/10.1111/j.1365-2869.1995.tb00175.x

Zwicker SM, Walters JR (1999) Selection of pines for foraging by red-cockaded
woodpeckers. The Journal of Wildlife Management 63:843–852. https://
doi.org/10.2307/3802797

Coordinating Editor: Cara Nelson Received: 11 November, 2023; First decision: 24 January, 2024; Revised: 25
January, 2024; Accepted: 26 January, 2024

Restoration Ecology July 202412 of 12

Retaining native off-site species

 1526100x, 2024, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/rec.14119 by N

ational Forest Service L
ibrary, W

iley O
nline L

ibrary on [05/07/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1139/x93-110
https://doi.org/10.1093/jee/59.6.1461
https://doi.org/10.1016/j.scitotenv.2023.165999
https://doi.org/10.1016/j.scitotenv.2023.165999
https://doi.org/10.1111/j.1365-2869.1995.tb00175.x
https://doi.org/10.2307/3802797
https://doi.org/10.2307/3802797

	Assessing the potential impact of retaining native off-site tree species in woodland restoration
	Introduction
	Fire Dynamics
	Forest Health
	Resistance to Weather Disturbances
	RCW Habitat
	Hydrology
	Productivity, Wood Quality, and Carbon Dynamics
	Implications of Pine Species Identity
	Conclusions
	Acknowledgments
	LITERATURE CITED


