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A B S T R A C T

Once dominant but now largely excluded from eastern North America, open forests of savannas to woodlands
occupy the ecosystem gradient between grasslands and closed forests. These fire-maintained systems differ in
structure, processes, and species from closed canopy, succession-driven forests that currently dominate this
region. In functional open forest ecosystems, frequent, low to mixed severity and intensity surface fires limit tree
regeneration, depending on factors such as overstory tree density, resulting in relatively stable structure where
overstory trees co-exist with a largely herbaceous understory. Reduced and spatially variable tree densities in
open forests result in unique environmental conditions and function. Trees in open forests typically represent a
small fraction of the biodiversity, which instead resides in the rich herbaceous ground layer. Rather than being
constrained by overstory disturbances, succession, and biological legacies, the permanently open structure and
herbaceous communities of open forests support invertebrate and vertebrate species throughout their lifetimes.
Transition from open to closed forests across most of eastern North America during the past century produced a
“new normal,” in which excluded open forests remain largely unrecognized at considerable conservation costs,
particularly loss of key processes and wildlife species associated with a matrix of co-dominant tree and her-
baceous layers. Management for open forests emphasizes the understory herbaceous plant community, similar to
ephemeral seral stages of successional forest, rather than tree regeneration to produce an alternative outcome in
structure, function, and support for biodiversity.

1. Introduction

Across most of eastern North America (south of boreal forests), se-
vere, large-scale natural disturbances including major wildfires, wind-
storms, ice storms, and insect epidemics are comparatively rare, re-
sulting in infrequent stand replacement of dominant trees in the
absence of anthropogenic disturbance (Lorimer, 2001; Seymour et al.,
2002; Lorimer and White, 2003; Elsner et al., 2008). Intervals between
catastrophic natural disturbances in the central and southeastern
United States may have ranged from hundreds to thousands of years,
often with uneven and incomplete tree removal (Lorimer, 2001;
Seymour et al., 2002; Ruffner and Abrams, 2003; Elsner et al., 2008).
Additionally, some historical forests before intensive and extensive land
use, which started with Euro-American settlement and escalated during
the late 1800s, may have been more fire-, wind-, and insect-proof than
currently due to lower tree densities, older more experienced individual
trees, and more continuous forests without sharp edges (e.g., Mitchell
and Duncan, 2009, also lower density forests may make stands less
vulnerable to insects and fire exposure induces resin duct production,

which helps protect against fire and insect damage). While rarity of
stand-replacing disturbance should lead to widespread occurrence of
closed, late successional old-growth forests, numerous reviews of his-
torical forests, before 1900 or earlier depending on land use, have
suggested that perhaps over a hundred million hectares of eastern
North America (Fig. 1) were once open forests of savannas and wood-
lands dominated by oak (Quercus spp.) and pine (Pinus spp.; Rostlund,
1957; Denevan, 1992; Noss et al., 1995; Lorimer, 2001; Van Lear and
Harlow, 2002; Hanberry and Nowacki, 2016; Hanberry et al., 2018a).
Oaks once comprised> 50% of all trees in the central U.S. and oaks and
pine or pine alone comprised 75% of those in the southeastern U.S.
(Delcourt and Delcourt, 1987; Hanberry et al., 2014; Hanberry and
Nowacki, 2016; Hanberry and Dey, 2019; Hanberry et al., 2019). Other
species or genera may have been dominant at local scales or have wider
distributions, but at landscape scales, aside from the Lower Mississippi
River Valley, no species or genera were as competitive. For example,
although American chestnut (Castanea dentata) was considered domi-
nant, this species comprised 2% of all trees in the central eastern US and
8% of all trees in the central Appalachian Mountains; at maximum,
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chestnut was 18% of all trees in two ecological subsections where oaks
were 21% and 65% of all trees (Hanberry and Nowacki, 2016).

Based on these studies of composition, structure, and historical ac-
counts (above), open forests rather than closed forests once were the
most abundant ecosystem in eastern North America, but open forests
now are a rare excluded state due to management of forests and dis-
turbance regimes for other goals and objectives. In a literal sense, ex-
clusion of the frequent fire disturbance regime, due to fire risk, is a
challenge to continued existence of open forests (Noss et al., 1995).
Metaphorically, open forests were excluded (or rejected) as an option in
most contexts, likely because of their indeterminate state between
grasslands and forests, which moreover contained understocked
growing space rather than commercially valuable standing timber.
These combined exclusions have degraded the open forest ecosystem
state to such a degree that it is hardly recognizable outside of isolated
remnants. Additionally, different land uses replaced forests, resulting in
a smaller and fragmented forest base, and extensive clearing ac-
celerated turnover in forest composition and structure during refor-
estation under different drivers. Forests affected by clearing may have a
greater proportion of earlysuccessional fast-growing species than his-
torical forests under the filtering effect of frequent fire, whereas forests
specifically affected by forest management practices will favor certain
species disproportionately (Hanberry, 2019). Land use history also in-
fluences groundflora presence in seed and bud banks (Abrams and
Dickmann, 1982).

Loss of the historically widespread distribution of open forests
throughout the eastern United States has resulted in great conservation
costs. Old-growth open forest ecosystems, which contain an overstory
of long-lived canopy trees and a persistent herbaceous ground layer,
provide a range of light, moisture, structure, and forage favorable to
many wildlife species, which lasts the lifetime of the animals (e.g.,
Schlossberg, 2009). A recently published analysis of long-term esti-
mates of avian populations documented dramatic bird declines in
eastern North America during the last half-century (Rosenberg et al.,

2019; see also Askins et al., 2007; Hanberry and Thompson, 2019).
Although conservation challenges can arise from many different factors,
including agricultural intensification, habitat fragmentation, urbaniza-
tion, toxic chemicals, climate change, exotic diseases, insect pests, and
non-native species (e.g., domestic cats), loss of open forests also is a
major contributor to declines in herbaceous species (e.g., Leach and
Givnish, 1999; Van Lear et al., 2005; Rooney et al., 2008) and the
vertebrates (Jackson, 1988; Means, 2007; Harper et al. 2016; Haggerty
et al., 2019) and invertebrates dependent on open forests for foraging
and reproducing (Folkerts et al., 1993; Grundel et al., 2010; Henderson
et al., 2018; Lettow et al. 2018; Goulson, 2019; Odanaka et al., 2020).

To help address open habitat-related losses of flora and fauna,
Swanson et al. (2011) recommended increased creation of early suc-
cessional forests (i.e., the developmental stage between stand-replacing
disturbance and re-establishment of closed forests that is similar to
open forests, without the permanent tree and grass layers) in landscapes
where managers have emphasized closed forest conditions (Swanson
et al. 2011; Hanberry et al., 2018a). To provide a counterpart—or
counterpoint—to Swanson et al. (2011), we demonstrate that de-
gradation of the open forest spectrum in eastern North America may
have a more profound impact on ecosystem processes and associated
species than any lack of early successional forests. Here, we focus on
differentiating open forests from other ecosystems in terms of structure
and function, stability and disturbance, diversity and associated con-
servation costs of exclusion, and management. However, fire exclusion
as a process (Nowacki and Abrams, 2008) and open forest ecosystem
characteristics (Hanberry et al., 2018a) are necessarily part of ex-
tending discussion to the conservation costs of open forest exclusion. To
expand the value of open forests, our goals are to: (1) describe struc-
tural and functional attributes of open forests compared to grasslands
and closed canopy forests, (2) examine the stabilizing role of frequent
surface fires on open forests, (3) highlight the ecological importance of
open forests for biodiversity, (4) address conservation costs of open
forest exclusion, and (5) discuss consequences of current management
practices and benefits of management for open forests in eastern North
America. Widespread restoration of open forests as a viable alternative
state also deserves consideration by managers, researchers, and plan-
ners.

2. Structural and functional attributes of open forest ecosystems

We define open forests as a fire-dependent bilayer ecosystem con-
sisting of a single overstory dominated by fire-tolerant tree species and
an herbaceous ground layer, with limited midstory shrub and tree cover
(Fig. 2; see also Hanberry et al., 2018a). The single tree layer con-
strained the complexity and dimensionality of internal stand structure;
however, open forests ecosystems varied from nearly treeless savannas
to closed woodlands that spanned the spectrum between grasslands and
well-stocked, closed canopy forests (Hanberry et al., 2018a). Tree
density of larger diameter trees (≥12.7 cm) ranged from>50 trees/ha
to< 250 trees/ha (basal area of 5–30 m2/ha), with a corresponding
range of canopy cover, generally from 40% to nearly continuous (90%;
Hanberry et al., 2014). In eastern North America,1 frequent surface
fires, which typically occurred every 2–25 years, removed most woody
understory stems in open forests, thereby limiting midstory

Fig. 1. Estimated historical extent of open forests in the eastern United States
(modified from Hanberry and Thompson 2019 using Hanberry et al., 2014;
Hanberry and Dey, 2019; Hanberry, 2020). Finer scale variation occurred due
to firebreaks or fire exposure, resulting in closed forests within open forests or
open forests within closed forests.

1 Although this paper focuses on the eastern U.S., open pine and oak forests
also occur in western North America (e.g., the still abundant ponderosa pine,
Pinus ponderosa, forests and some rare oak remnants; Hanberry et al., 2017).
Furthermore, similar to the alternatives of open and closed forest states in
temperate forests with moderate precipitation, depending on presence of fire
(Hanberry et al., 2018b), savanna and forest systems both co-occur in tropical
zones where precipitation and nutrient availability are great enough to support
trees with the open savanna state resulting from fire (Higgins et al., 2000;
Cardoso et al., 2018; Charles-Dominique et al., 2018). In other words, the open
state is distributed globally where frequent surface fires shape ecosystems.
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development (Wade et al., 2000; Hanberry et al., 2018a; Landfire,
2020). The resulting high light environment and frequent pyrogenic
perturbations allowed formation of a diverse, forb- and grass-domi-
nated understory, which further contributed to openness of the eco-
system by providing fine fuels to sustain surface fires (Hanberry et al.,
2018a). Continual presence of both large trees and a dense ground layer
helped to suppress woody regeneration; woody shrub biomass in open
forests usually was low, except for sclerophyllous shrubs (Hanberry
et al., 2018a).

The influence of overstory trees in an otherwise grass- or forb-
dominated ecosystems is critical to the open forest spectrum (Fig. 3).
Many ecological processes, including light and water availability;
carbon (C) partitioning, storage, and flux; nutrient dynamics; and en-
vironmental stability change markedly as tree cover changes along the
spectrum from grasslands to closed forests (Fig. 4). For example, the
overstory trees in open forests reduce sunlight, temperature, and wind
velocities, increase relative humidity, and contribute nutrient-rich
stemflow and leaf litter to underlying soils, often resulting in spatially
variable light, moisture, and nutrient environments when compared to
treeless grasslands (Brudvig and Asbjornsen, 2009; Hanberry et al.,
2018a). Contrasted with the closed canopy end of the spectrum, open
forests receive more sunlight and experience more extreme tempera-
tures and greater wind velocities (Hanberry et al., 2018a), but have
lower relative humidity and lower nutrient inputs via stemflow, and
generally slower decomposition and nutrient mineralization rates
(characteristics comparable to early successional forests; e.g., Swanson
et al., 2011).

Spatial patterns of woody plants also influence patterns of rainfall
distribution and water cycling along the open forest spectrum. Tree
canopies intercept and alter precipitation distribution, especially during

leaf-on and small rainfall events (Haworth and McPherson, 1995;
Siegert et al., 2019), which can impact soil water availability beneath
them (Levia and Frost, 2006; Levia et al., 2011). Under light pre-
cipitation, canopy interception may reduce underlying surface soil
moisture while during heavy rain events, tree leaves and branches
capture and redistribute water, which can drip from the surfaces onto
the soils below, thereby increasing underlying surface soil moisture (Ko
and Reich 1993; Haworth and McPherson 1995; Scholes and Archer
1997, Siegert et al., 2019). Trees also funnel rainwater down their
branches and stems, leading to high water inputs near the bole of the
tree and a zone of high surface soil moisture (Haworth and McPherson
1995) and increased nutrient inputs (Levia and Herwitz 2000). Thus, as
woody dominance increases, precipitation distribution will become
more heterogeneous with zones of increased water and nutrient inputs
near trees. Furthermore, tree cover influences the rate at which surface
soils dry following a rainfall event, with rates increasing with de-
creasing tree cover (Brudvig and Asbjornsen, 2009).

In general, aboveground net primary productivity (ANPP) increases
with increased woody plant dominance (Reich et al., 2001a,b; Norris
et al. 2001; Knapp et al., 2008), as trees invest heavily in aboveground
tissues to outgrow their competitors and maximize light capture,
leading to higher aboveground C pools as biomass accumulates over
time (Reich et al., 2001a,b; Knapp et al., 2008; McKinley and Blair,
2008). Belowground net primary productivity (BNPP) may either in-
crease (Reich et al., 2001a,b) or decrease (McCulley and Jackson, 2012)
with increased woody cover, depending on the fire regime, water
availability, and tree species composition. Fine root standing biomass
typically declines with increasing tree cover (Reich et al., 2001a,b;
McCulley and Jackson, 2012), and coarse root biomass increases
(McKinley and Blair, 2008). While trees have shallow, lateral roots
beneath their canopies in open forests, most fine root biomass in these
systems derives from grasses that dominate the interspaces between
tree canopies (Scholes and Archer 1997). Grasses tend to concentrate
their roots in the top 30 cm of soil (Schenk and Jackson 2002a; Nippert
et al., 2012) as a strategy to increase nutrient and water uptake (Schenk
and Jackson 2002b), especially following pulsed rainfall events in re-
latively dry environments (McNaughton et al. 1998). However, with
frequent fire, soil C pools in grasslands and open forest may be less than
in undisturbed closed forests (McKinley and Blair 2008).

Woody plant influences on biogeochemistry also vary along the
open forest spectrum. For instance, throughfall and stemflow chemistry
can differ between pyrophytic tree species common to open forests and
fire-sensitive trees common to closed forests, thereby affecting bio-
geochemistry differently (Alexander and Arthur, 2010). Tree in-filling
into woodlands has been shown to reduce forest floor development, soil
C pools, and fuel mass if litter quality and decomposition rates of en-
croaching species are high, such as when fire-sensitive broadleaf tree
species invade oak woodlands (Alexander and Arthur, 2014) and
eastern redcedar (Juniperus virginiana) invades tallgrass prairie (Norris
et al., 2001; McCulley and Jackson, 2012). Nitrogen (N) cycling often
increases following woody plant encroachment. Differences in N cy-
cling between open and closed forests can be pronounced if open forests
are frequently burned and closed forests are not. While fire often causes
a temporary (< 1 year) increase in plant available NH4

+ and NO3
-

(Wan et al., 2001), frequent (i.e., annual) surface fires in grassland
systems have been shown to suppress N availability by reducing the
quality and amount of soil organic N (Ojima et al., 1994). N pools in
aboveground biomass increase with increased woodiness, along with
greater transfer of N to the forest floor via litterfall (Reich et al.,
2001a,b; Norris et al., 2007; McKinley and Blair, 2008). Annual net N
mineralization rates in soils often increase with higher levels of woody
cover, due to higher lability of tree leaf litter compared to that of
grasses (Reich et al., 2001a,b; McKinley and Blair, 2008; McCulley and
Jackson, 2012). For example, bunchgrass leaf litter often decomposes
more slowly than that of oaks (Osono et al. 2014). This is more ap-
parent when litter quality (e.g., C:N ratio or lignin content) differences

Fig. 2. Open forests with a bilayer of trees and herbaceous grasslands in
southern pines (a) and central oaks (b) of the eastern United States.
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Fig. 3. The open forest spectrum (adapted from Hanberry et al., 2018a), including pathways of internal transition (between varying degrees of openness) and the
development of closed canopy forests following traditional successional trajectories with the loss of effective surface fires. Relative surface fire frequency is in
reference to how site conditions influence the necessary frequency of surface fires to maintain open conditions (lower productivity sites typically require fewer fires
per time period). Transition mechanisms between various states of openness include 1: no major disturbance(s), individual tree mortality, shade tolerance-driven
succession; 2: intermediate disturbance(s), small gaps insufficient to support early successional (ES) tree species; 3: stand-replacing disturbance, return of ES species,
possible retention (biological legacies) of mid (MS) and late successional (LS) tree species; 4: resumption of frequent surface fire, opening of closed canopy.

Fig. 4. Generalized changes (increases toward arrowhead) in fire and fuels, vegetation characteristics, abiotic conditions, and soils across the spectrum from treeless
grasslands to open forests (i.e., savannas and woodlands) to closed forests (ANPP = aboveground net primary productivity; RH = relative humidity; OM = organic
matter).
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exist between trees previously associated with open forests and en-
croaching fire-sensitive species (Alexander and Arthur, 2014; Finzi
et al., 1998).

3. Fire as a stabilizing disturbance in open forests

Frequent surface fire is the primary process that maintains open
forest structure, composition, functionality, and stability (see also
Peterson and Reich, 2008) by inhibiting dense, multiple tree layers that
block light transmittance to the forest floor and out-compete herbac-
eous plants for growing space (Higgins et al., 2000; Peterson and Reich,
2008; Hanberry et al., 2018a). Recognition of this vegetative response
led to fire’s adoption as a tool for habitat manipulation by Native
Americans, who used it to modify vegetation patterns in eastern North
America to sustain their foodways and other cultural practices
(Denevan, 1992; Denevan, 2011). Later Euro-American settlers adopted
the use of fire and even expanded it as a labor-saving tool that sup-
ported their pastoralism and desire to clear forests (amongst other
reasons; e.g., Hickman 1962), only to later see a remarkably thorough
reversal of fire use to fire exclusion as it became considered a liability to
human life, health, property, and timber resources (Read, 1943;
Johnson and Hale, 2002; Cohen, 2008).

Fire shaped composition through selective filtering of species pools
(Hanberry, 2019). The oak and pine genera in particular contain species
that are competitive under low severity fire regimes, based on historical
abundance (Hanberry and Nowacki, 2016). The fire-tolerant tree spe-
cies characteristic of open forests are well-adapted to frequent fire, with
traits such as hotter burning and/or more flammable litter (Williamson
and Black, 1981; Kreye et al., 2013, 2018), protected buds (e.g., long-
leaf pine; Heyward, 1939), thick, fire-resistant bark (southern pines;
Hare, 1965), and ability to resprout from the stump or roots if top-killed
by fire when small (e.g., shortleaf pine (Mattoon, 1915) and many
hardwoods, including oaks (e.g., Clark and Hallgren, 2003). In open
oak forests, usually a few oak species were dominant in an area, al-
though white oak (Q. alba) was most abundant (Hanberry and Nowacki,
2016). Much of the central eastern US consisted of black (Q. velutina),
bur (Q. macrocarpa), chestnut (Q. montana), post (Q. stellata), and/or
white oak woodlands (Schnur, 1937; Fralish, 2004). In the Cross Tim-
bers ecoregion, which covers millions of hectares from southern Kansas
through Oklahoma into Texas and even extreme western Arkansas, a
complex of post oak and blackjack oak (Q. marilandica) woodlands,
savannas, and prairies occurred, with only minor components of other
hardwoods and conifers (Dyksterhuis, 1948). Across the southern US,
longleaf pine (Pinus palustris) once dominated tens of millions of hec-
tares of savannas and woodlands across the Lower Coastal Plain (Smith
et al., 2000; Hanberry et al., 2018c). Similarly, a few upland oaks mixed
with shortleaf pine (Pinus echinata) covered similarly vast areas of open
forests in the Upper Coastal Plain and Interior Highland regions
(Hanberry and Nowacki, 2016; Hanberry et al., 2019). Woodland
composition may be affected by seasonality of burn as well as fre-
quency, as oaks appear to be more vulnerable than pines to growing
season burns (Glitzenstein et al., 1995).

Most tree species are sensitive to frequent fire, although they may
have adaptations to establish after severe fires, such as reproduction by
wind-dispersed seeds (e.g., sweetgum, Liquidambar styraciflua) or rapid
growth (e.g., loblolly pine, Pinus taeda; Hanberry, 2019). Persistence of
less fire-tolerant species in frequently burned landscapes occurred pri-
marily in sheltered environments such as isolated wetlands, riparian
corridors, talus slopes, or bluffs where fire was less frequent (Gleason,
1922; Hanberry et al., 2012; Hanberry, 2020). Scattered individuals of
fire-intolerant trees and shrubs also can originate due to dispersal from
closed canopy forests in these fire-protected areas of the landscape
(Gleason, 1922; Hanberry et al., 2012).

Prior to onset of effective fire exclusion, fire return intervals in the
open oak and pine forests of eastern North America in general ranged
between 2 and 25 years, depending on the suite of species present,

ecology of fuels, and the nature of the ignitions (Glitzenstein et al.,
1995; Wade et al., 2000; Fralish and McArdle, 2009; Glitzenstein et al.,
2012). Historical fire return intervals typically were about 5–25 years in
oak open forests (Landfire, 2020). Historical fire return intervals typi-
cally were about 2 to 5 years in longleaf pine open forests and up to
7 years in shortleaf pine open forests (Frost, 1998; Wade et al., 2000;
Glitzenstein et al., 2012; Guyette et al., 2012; Landfire, 2020). Very
frequent fire return intervals (those from 1 to 4 years) prevent estab-
lishment of all but the most fire-tolerant tree species with adaptations
that allow vulnerable seedlings to persist, such as longleaf pine tree
seedlings that have long needles to protect large buds (Wade et al.,
2000). Variable, but periodically extended, fire return intervals allow
occasional overstory recruitment needed under otherwise frequent
surface fire regimes (Hanberry et al., 2018a).

Resilient internal feedbacks emerged between fire, vegetation, and
environmental conditions (Hanberry et al., 2012). Open forests allow
transmission of light and wind, which help in either producing fuels,
drying fuels for ignition, or spreading fire. That is, high light allows
development of a continuous herbaceous layer, which dries readily in
the sun and wind, to fuel frequent surface fires that remove small
diameter trees and maintain open forests (Hanberry et al., 2014;
Hanberry et al., 2018a). Trees interspersed in open forests also con-
tribute fuels (from fine to coarse), and their distribution and impacts on
flammability and burning patterns contribute to observed variation in
fire effects. For example, fuel ecology research on longleaf pine-domi-
nated open forests has shown the role that “perched” pine needles
(those draped over grasses and other vegetation) play in helping to
carry hotter surface fires across sites rapidly, while cones and coarse
woody debris provide longer burning, hotter, smoldering fuels that
create different microsites for plant germination (Williamson and Black,
1981; Hiers et al., 2009; Mitchell et al., 2009). The fire-tolerant tree
species characteristic of open forests are well-adapted to frequent fire,
with traits such as hotter burning and/or more flammable litter (e.g.,
longleaf pine needles; Williamson and Black, 1981; Kreye et al., 2013,
2018), which facilitates return of fire (Beckage et al., 2009). Variation
in fire regimes is amplified by environmental gradients of soil moisture
and site topography that alter exposure to fire (Hanberry et al., 2018a).
All fire regimes have elements of stochasticity in their frequency, in-
tensity, and extent that are influenced by available fuel characteristics,
environmental amendments by vegetation (e.g., sun and wind breaks,
water concentration or removal), soils, climate, weather fluctuations,
water bodies, rock, and topographic firebreaks (Swanson, 1981;
Hanberry, 2020).

Fire frequency also depends on fuel availability and continuity.
Consistent surface fires require both a wet period to produce sufficient
herbaceous vegetation to provide much of the fine fuels needed to carry
fire over the landscape and a dry period to allow their ignition (Shuman
et al., 2016; Hanberry et al. 2018b). Less productive sites (e.g., those
with xeric and/or nutrient poor soils) by definition produce less vege-
tation during the same time interval as more productive sites and thus,
may burn less frequently than more productive locations because of a
slower return of the fine fuels needed to carry fire. These sites also tend
to be less prone to woody plant reestablishment. On xeric and/or nu-
trient poor sites, tree leaf litter can also help provide fuel continuity
when a fairly continuous herbaceous groundcover fails to develop
under open woodlands.

Spatial variation of tree arrangement, density, and canopy closure
also is complex across gradients of fire exposure (e.g., Higgins et al.,
2000; Hanberry and Dey, 2019). Trees in open forests may display a
range of spatial patterns from random to clustered to uniform, inter-
spersed in a mosaic of densities ranging from very sparsely stocked
savannas to open woodlands to relatively closed forests (Hanberry
et al., 2018a). This variation influences nature of fine fuel loading, type,
and distribution, due to the replacement of fine fuels from the her-
baceous component by fine fuels from trees and an increase in fuel
moisture (Kane et al., 2008; Kreye et al., 2018).
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The historical stability of open oak and pine forests in eastern North
America, which resisted transition to closed forests for thousands of
years under varying fire regimes and climate (Delcourt and Delcourt,
1987; Van Lear and Harlow, 2002), is a testament to positive feedbacks
between vegetation and frequent surface fire regimes cultured over
millennia. Open forests can exist in a relatively stable (non-succes-
sional) state through several generations of long-lived tree species with
only minor compositional and structural changes over time (Hanberry
et al., 2018a). Hence, old-growth open forests usually have an uneven-
aged tree component that is stable and dominated by fire-tolerant
species heretofore considered to be early seral because of their relative
intolerance of shade (Hanberry et al., 2018a). This contrasts with
conventional precepts of old-growth forests in eastern North America of
late seral stands dominated by shade-tolerant canopy species.

Exclusion of frequent surface fires is a destabilizing force for open
forests (Hanberry et al., 2018b). Fire exclusion is an active process via
fire suppression and containment of human-caused ignitions, and fur-
thermore, highly fragmented modern landscapes are dominated by land
uses and fuel load discontinuities that passively suppress surface fires
and limit fire spread (e.g., Guyette et al. 2002; Schertzer et al. 2015).
Closed forests likewise act as firebreaks by moderating environmental
conditions and further disrupting continuity of fine fuels needed to
allow fire ignition and spread (Beckage et al., 2009; Odion et al., 2010).
Extended fire-free periods allow for establishment of less fire-tolerant
woody plants and development of closed forests (Peterson and Reich,
2001; Cardoso et al., 2018; Charles-Dominique et al., 2018; Hanberry
et al., 2018b). Tree density in closed forests is sufficient to suppress
grasses, forbs, and other herbaceous understory plants (Maynard and
Brewer, 2013; Brewer et al., 2015; Charles-Dominique et al., 2018).
Closed conifer forests, such as those found across the southern pine
region, produce large amounts of highly flammable fine fuels (e.g.,
pinestraw, cones, bark, twigs), but with fire exclusion, these fine fuels
accumulate and inhibit herbaceous vegetation. The litter of fire-sensi-
tive tree species often is not flammable (Kreye et al 2013, 2018; Babl
et al., 2020) and decomposes quickly (Alexander and Arthur 2014).
Tree influences on water inputs and drying rates will contribute to
wetter fuels in closed forests, further suppressing fire. As enough fire-

sensitive species establish in an open forest, the transformed commu-
nity is able to resist reversion to its original open state by facilitating
increasingly favorable conditions for fire-sensitive species, producing a
feedback mechanism (i.e., mesophication) that further alters fuel be-
havior and ecology (Nowacki and Abrams, 2008; Hiers et al., 2009).

4. Biological diversity of open forests

Diversity largely arises from the herbaceous component and af-
filiated fauna and fungi of these complex ecosystems. Open forests of
eastern North America do not have great arboreal richness or diversity,
as only a few tree genera tend to dominate these ecosystems (Hanberry
et al. 2018a). The simple overstory structure of open forests allows light
to the forest floor, while fire removes mechanical barriers of trees and
vegetation debris, providing favorable conditions for many different
types of grasses and forbs (Maginel et al., 2019). Although dominant
herbaceous taxa may be wiregrass (Aristida spp.) and saw palmetto
(Serenoa repens) in the eastern region of longleaf pine savannas and
bluestem (Andropogon spp., Schizachyrium spp.) in other pine and/or
oak woodlands, the largest, most intact examples of uncultivated sa-
vannas and woodlands contain thousands of grasses and forb species,
and even small, isolated, disturbed remnants may contain hundreds of
species (Walker, 1993; Leach and Givnish, 1999; Bader, 2001). Nu-
merous species associated with open forests have been compiled into
indicator plant lists (e.g., Packard, 1988; Walker, 1993; Leach and
Givnish, 1999; Bader, 2001). In contrast, closed forests may lack most
of these herbaceous species, particularly ones that increase after
burning because of requirements for fire (i.e., heat or smoke or reduced
competition) to germinate, such as geraniums and lupines, which are
used by butterflies (Martin et al., 1975; Abrams and Dickmann, 1982;
Dunwiddie, 1998).

Open forests possess multiple and complex environmental gradients
other than surface fire effects, such as differences in moisture and light
availability, soil nutrients, nutrient cycling, and herbivores, which
favor a different suite of herbaceous species than grasslands and par-
ticularly closed forests. Open forest conditions including increased
shade under trees (which increases water availability), a reduced
growing season, water seasonality, and perhaps cold winter stress ap-
pear to increase representation of C3 grasses, sedges, and shrubs relative
to open grasslands (Leach and Givnish, 1999; Peterson et al., 2007).
Herbivores of open forests but not closed forests may have influenced
species composition and abundance (Meagher, 1986; Anderson, 2006).
For example, American bison (Bison bison), which were extirpated from
the eastern US by the early 1800s (Fig. 5; Farrand, 1904; Meagher,
1986), were almost exclusively grazing mammals, with a strong pre-
ference for grasses, sedges, and only occasionally forbs and rarely
woody plants (Meagher, 1986; Anderson, 2006).

Larger scale community patterns resulting from the influence of fire
patterns and site conditions also are incorporated in open forests but
typically absent from the current matrix of closed forests. For instance,
other now greatly reduced herbaceous-dominated treeless ecosystems,
such as cane (primarily Arundinaria gigantea) “brakes”, wetlands,
blackland prairies, glades, barrens, balds, and other kinds of grassland
communities often were interspersed and blended into open forests
(Kirkman et al., 2001; Bragg, 2003; Estes et al., 2016; Hanberry, 2020).
These embedded ecosystems provided additional spatial heterogeneity
and taxonomic richness, and are but one of numerous gradients sup-
porting high biodiversity.

Open forests further support community diversity through their
influence on food webs, or food resources for consumers, and habitat
requirements. Light, open structure, and herbaceous plants are im-
portant for many species of insects, birds, and small mammals (Johnson
and Hale, 2002; Campbell et al., 2007; Wood et al., 2011), which
provide critical ecosystem services, such as pollination and control of
forest pests. Herbaceous foliage, fruits and seeds (including mast from
oak and pine trees), and associated insects feed many types of birds,

Fig. 5. Historical distribution of American bison (Bison bison) in the eastern US
(shaded region), with estimated years of extirpation adapted from map and
dates in Farrand (1904, p. 63).
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amphibians and reptiles, invertebrates, and mammals (Hunter et al.,
2001; McShea et al., 2007; Hanberry and Thompson 2019), while the
lack of a midstory additionally allows maneuverability for some bird
species to prey on insects and small mammals. Unique fungi and lichen
also are present in open forests and grasslands (Foltz et al., 2013; Morse
and Sheard, 2020). Some fungi, primarily ascomycetes, may require fire
to germinate, similar to some herbaceous plants (Claridge et al., 2009).
Post-fire fungi stabilize soil and capture nitrogen, assisting re-estab-
lishment of herbaceous cover after fire (Claridge et al., 2009).

5. Conservation costs of an excluded state

Loss and degradation of open forests has contributed to widespread
and often irreversible declines in the biodiversity in eastern North
America, with some species and subspecies closely associated with and
likely influential on open forests now extinct. While the loss of char-
ismatic megafauna (such as eastern wood bison, Bison bison pennsylva-
nicus; eastern cougar, Puma concolor couguar; and eastern elk, Cervus
canadensis canadensis) is the most apparent result of decline of open
forests, the greatest extinction rates have probably occurred in rich
herbaceous layers of many open forests (Leach and Givnish, 1999;
Gilliam, 2007). Many historically uncomplicated open forests are ex-
periencing dramatic increases in arboreal richness and decreases in
herbaceous richness as less fire-tolerant tree species invade (e.g., Hoff
et al., 2018). For instance, Rogers et al. (2008) found about a 25% plant
species density decline in remnant oak savannas since the 1950s,
without offsetting increases in native shade-adapted species. Plant en-
demism in longleaf pine savannas may reach 40%, resulting in hun-
dreds of species of conservation concern including a number of threa-
tened orchid species (Van Lear et al., 2005). Specific examples of
threatened, endangered, or rare plant species associated with open
habitats are too numerous to list in this synthesis paper, but include
tinytim (Geocarpon minimum), rough-leaved loosestrife (Lysimachia as-
perulaefolia), American chaffseed (Schwalbea americana), smooth cone-
flower (Echinacea laevigata), Michaux’s sumac (Rhus michauxii), and
sandplain gerardia (Agalinis acuta; Norquist, 1987; Harper et al., 1997).

In addition, many rare and declining vertebrates depend on open
forests, or fare best under the “early successional” conditions of un-
derstocked forests with a significant herbaceous understory. For ex-
ample, frequently burned open conditions supply the heat exposure and
ground layer generally required by reptiles, such as the federally
threatened gopher tortoise (Gopherus polyphemus). About 17 amphibian
species are longleaf pine specialists, including the federally threatened
flatwoods salamander (Ambystoma cingulatum; Means et al., 2004).
Open conditions also are suitable for the near-extinct red wolf (Canis
rufus) and small mammals of species concern such as Sherman’s fox
squirrel (Sciurus niger shermani; Van Lear et al., 2005; McShea et al.,
2007).

Of the vertebrates, few are more reliant on open forests than birds.
Birds have evolved specific habitat criteria to survive and reproduce
successfully, even though constraints may vary during different semi-
seasonal activities, such as nesting and migration (Hunter et al., 2001).
Some bird species occupy open conditions during the breeding season,
while other species may take advantage of resources in open conditions
after fledging. Most bird species that nest in open areas, about 130
species in eastern North America, have been declining (Hunter et al.,
2001), and taxa associated with grasslands, especially those along the
Mississippi River flyway, have declined precipitously since 1970
(Rosenberg et al., 2019). These species commonly are termed early
successional; however, they may be more properly termed disturbance-
dependent or open forest (Askins, 2001; Hunter et al., 2001; Hanberry
and Thompson, 2019). Indeed, early successional bird species may have
relied more on the once extensive and previously stable open forest
ecosystems than transient early successional forests or gaps in late
successional forests.

Numerous species of invertebrates are also highly dependent on

open forests. Xeric longleaf pine savannas alone contain at a minimum
4000 terrestrial arthropod species, of which 10% are endemic (Folkerts
et al., 1993). For example, many invertebrates, including the federally
endangered Karner blue butterfly (Lycaeides melissa samuelis) and multi-
state listed frosted elfin (Callophrys irus) and regal fritillary (Speyeria
idalia) butterflies, rely on flowers of herbaceous plants abundant in
open forests (Henderson et al., 2018). However, high rates of endemism
and loss of open forests and floral resources are not the only challenge
facing open forest species. Rapid declines in many insect populations
(globally) have signaled a crisis, perhaps due to a substantial extinction
debt accruing from cumulative resource use and many other human
impacts rather than a single responsible factor, including habitat loss
and degradation, loss of floral resources and poor nutritional quality of
available flowers; these factors occur with loss of open forests (Tilman
et al., 1994; Winfree et al., 2009; Potts et al., 2010; Koh et al., 2016).

6. Managing for open forests

Conventionally managed closed forests are dominated by valuable
trees, as compared to an undesirable underutilization of (tree) growing
space by an herbaceous ground layer in open forests. A different set of
drivers and responses control closed forests because disturbances, pri-
marily logging, impact the overstory without restraining tree re-
generation, resulting in tree domination rather than coexistence with an
herbaceous layer (Hanberry et al., 2018a; see also Fig. 3). Hence, fre-
quent overstory tree removal by harvesting (Pan et al., 2011) has be-
come the predominant driver of eastern forests, resulting in continual
successional cycles, sometimes with biological legacies of mid- or late
successional species remaining.

Management for early successional ecosystems can produce “highly
desirable” attributes, specifically a rich herb layer, which are limited in
many landscapes (Hansen et al. 1991; Swanson et al., 2011, p. 123;
Hanberry et al., 2018a). Today, early successional forests represent
about 10–15% of timberlands in the eastern U.S. (down from over 50%
less than a century ago but likely still greater than historical re-
presentation), not including additional sources of early successional
vegetation resulting from various land uses or agricultural conversion
and abandonment (Trani et al., 2001; Lorimer and White, 2003; Pan
et al., 2011; Hanberry and Thompson, 2019). While conversion of
mature closed forest to more open early successional forest condition
may offer some respite to declining species, early successional forests by
their definition are fleeting and besides, result from frequent harvest
and perpetuate closed forest cycles. As trees capture growing space
from herbaceous vegetation, relocation is not possible for established
plants and unstable conditions potentially reduce animal survival and
reproduction (Schlossberg, 2009). Early successional habitats that arise
following some forms of timber harvesting have been suggested as
sufficient replacements for the conservation costs imposed by closed
forests (e.g., Swanson et al., 2011), but evidence (described above)
suggests that this is not likely the case as plants, animals, and other taxa
did not evolve under contemporary forest management and land use
practices. While early successional forests provide conditions similar to
open forests, the environmental stability and persistence of open forests
is a key difference.

Unlike early successional forests, open forests are not ephemeral or
transitional. The longevity (established trees can live hundreds of years
while some herbaceous understory plants lived decades) and persis-
tence via self-replacement provides a constancy that grants open forest-
affiliated plant and animal species dependent on high light environ-
ments access to predictable resources throughout their lifetimes, rather
than a need to colonize ever-shifting early successional forests (e.g.,
Schlossberg, 2009). Indeed, the concept of “early successional species”
may need to be reframed as “open forest species” for management
purposes, given abundance of open forests and rarity of early succes-
sional forests in historical landscapes and other lines of evidence, with
consequent redirection of management and conservation of these birds
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from early successional forests to open forest ecosystems (Hanberry and
Thompson, 2019). Restoration of open forests, with their blended grass,
forb, and arboreal components, spatial variability, and long-term sta-
bility when properly maintained offers a more permanent solution for
conserving species than reliance on managing for early successional
closed forests. For example, restoration of open forests for the en-
dangered red-cockaded woodpecker (Picoides borealis) has provided
large areas of habitat suitable for the many other species (Stephens
et al., 2019).

A growing body of research and practice focuses on restoration of
open forests with a focus on groundflora management, continuity of the
overstory, and control of tree regeneration (McIntyre et al., 2010; Reid
et al., 2020; Bragg et al., this special issue). Tools include fire, thinning,
and herbicides, with recognition that the overstory and ground layer
also provide a powerful control (by capturing available resources) on
tree regeneration (Hanberry et al., 2017; Hanberry et al., 2018a).
Multiple cycles of burning and thinning may be necessary, as a single
prescribed burn or a burn of too low severity will not likely be suc-
cessful at controlling tree regeneration, even that of fire-sensitive spe-
cies, many of which are capable of resprouting following top-kill, given
feedbacks in closed forests (Brose et al., 1999; Albrecht and McCarthy,
2006; Alexander et al., 2008, Green et al., 2010). Nonetheless, silvi-
cultural interventions required to support open forest maintenance
should decrease over time as open conditions stabilize.

Although the economics are not as favorable as conventional sys-
tems, the Stoddard-Neel system maintains an open forest structure
using prescribed fire and occasional harvest of large longleaf pines (i.e.,
single tree selection), while timber prices are high, to generate modest
revenues and meet non-economic objectives (McIntyre et al., 2010)
while in the Missouri Ozarks, investment in pine-oak open forest
management resulted in $2.20 of local economic activity for every
dollar spent (Song and Aguilar, 2015). Variable retention forestry
practices or thinning produce a better approximation of historical open
forest ecosystems than clearcuts while fulfilling both ecological and
economic objectives. Variable retention leaves varying densities of re-
sidual overstory trees with the intention of permanent tree retention,
that is, overstory trees always remain in stands, whereas other partial
harvesting systems, such as shelterwood and multiple/deferment cut-
tings may leave high levels of tree retention, but eventually remove the
entire overstory.

Recognizing management for open forests as an alternative option
will require a general shift in our precepts of acceptable forest condi-
tions. The lucrative nature of forest management for timber harvest and
incentives to boost stand stocking and shorten rotation length, plus fire
exclusion and landscape fragmentation for agricultural, residential, and
industrial purposes to support a burgeoning population, make it highly
unlikely that large-scale restoration of historical fire regimes and open
forests will be possible. Nonetheless, restoration efforts may restore lost
processes, rare conditions, and declining species.

7. Conclusions

Open forest states of savannas and woodlands once dominated much
of eastern North America due to frequent, low to mixed severity surface
fires. From the earliest years of forestry in North America, fires were
viewed as impeding economic development and forest sustainability,
and hence retrogressive, contributing to current conservation chal-
lenges for open forest ecosystems (e.g., Bruner, 1930). Today, fires are
infrequent, rarely occurring more than once a decade, and open forests
now are as excluded from the region’s landscapes as the frequent burns
or thinnings required to maintain them. This exclusion has considerable
ecological costs, including altered ecological function and environ-
mental conditions with associated declines in abundance and richness
of herbaceous plants and animal populations. Early successional forests
offer only a partial solution because they are temporally fleeting and do
not supply sufficient and ecologically appropriate long-term conditions

to sustain natural processes inherent to open forests. Open forest
structure, in contrast, provides relative stable conditions for a diversity
of plant and animal species throughout their lifetimes.

Historical forests were ‘not just about the trees’ (Matonis and
Binkley, 2018). Excluding open forests with their herbaceous compo-
nent from the conversation in ecological science and management
practice limits our ability to understand and restore these important
ecosystems to eastern North America. Recognition of their historical
role and current absence is important, as open forests bridge the canopy
spectrum between grasslands and closed forests. Embracing open for-
ests also makes sense under anticipated future climatic conditions,
which are generally assumed to be warmer, with less predictable pre-
cipitation and potentially more extreme events across much of eastern
North America (USGCRP, 2018). After all, oak and pine forests have
stood the test of fluctuating and often extreme climates over thousands
of years (Delcourt and Delcourt, 1987). The growing influence of cli-
mate change makes open forest restoration more pressing because the
dominant oaks and pine trees of this ecosystem extend to the most
southern US and hence may represent the taxa expected to do best (e.g.,
Iverson et al., 2008). Given that increased temperature and precipita-
tion extremes fall within the habitat envelope of oaks and pines (along
with most of their associated species), restoring open forests comes with
inherent advantages. Rather than overlooking the open forest state as
an aberration, including this excluded state on the landscape and in our
management portfolios may prevent future forest degradation and ad-
ditional loss of species.
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