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Abstract: Applying an interaction framework, we examined whether climate change and combined
land use and disturbance changes were synergistic, antagonistic, or neutral for forest issues of
wildfires, tree growth, tree species distributions, species invasions and outbreaks, and deer herbivory,
focused on the eastern United States generally since the 1800s and the development of instrumental
records (1895). Climate largely has not warmed during 1981–2020 compared to 1895–1980, but
precipitation has increased. Increased precipitation and land use (encompassing fire exclusion
and forestation, with coarse fuel accumulation due to increased tree densities) have interacted
synergistically to dampen wildfire frequency in the humid eastern U.S. For overall tree growth,
increased precipitation, carbon fertilization, and land use (i.e., young, fast-growing dense stands)
likely have been positive, generating a synergistic interaction. Human activities created conditions
for expanding native tree species distributions, non-native species invasions, and damaging native
species outbreaks. No strong evidence appears to exist for recent climate change or land use influences
on deer populations and associated herbivory levels. In the future, a warmer and effectively drier
climate may reverse synergistic and neutral interactions with land use, although effects of climate
interactions with land use will vary by species. Management can help correct non-climate stressors
due to land use and support resilient structures and species against climate change.
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1. Introduction to Climate Change and Land Use

Ecosystem dynamics are governed by a variety of interacting factors that operate over
time and space, including climate change and the combination of land use and disturbance
factors, which, whether natural or human-mediated, produce differential impacts on the
overall composition, structure, and function of ecosystems [1]. During the past 50 years,
habitat loss due to agricultural conversion and intensification, urbanization, and resource
extraction had the greatest direct influence on loss of biodiversity, ecosystem functions, and
ecosystem services from local to regional scales in all biomes [2]. Nonetheless, published
work has documented that recent climate change forced by human use of fossil fuels has
altered a suite of ecosystem processes worldwide [3].

Although climate has been variable during the Holocene (about 12,000 years BP), atmo-
spheric CO2 concentration has increased from 280 ppm prior to the Industrial Revolution
(about year 1750) to 420 ppm present day, chiefly as the result of fossil fuel consumption [3].
The average temperature has increased about 1 ◦C in the northern hemisphere since 1900,
with most of the warming concentrated during the last 40 years [3]. Even though anthropo-
morphically driven, recent temperature increases are within the range of historical variation
during the Holocene, albeit on a trajectory to be exceeded in the foreseeable future [3].

Long-term global warming is accompanied by regional variability in both rate and
magnitude of change. Specifically, the eastern U.S. displays an overall lack of warming
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along with increased precipitation during the last forty years of climate relative to climate
earlier during the 1900s, albeit with complex spatiotemporal dynamics (Figure 1; [4,5]).
Exceptions to neutral temperature change include the Northeast and mid-Atlantic regions
that have experienced mild warming of about 0.25–0.75 ◦C, whereas portions of the Central
Plains and Southeast have cooled 0.25–0.75 ◦C (Figure 1A). Most of the eastern U.S. has
experienced an increase in annual precipitation of 2–25 cm (Figure 1B), which combined
with stable temperatures, results in reduced evapotranspiration (Figure 1C,D). Conversely,
a large extent in the Southeast has received 2–10 cm less precipitation relative to 1895–1980.
Lack of warming in the eastern U.S. extends into the Atlantic Ocean, with additional cooling
in the North Atlantic Ocean, and remains under investigation [5,6]. While the future is
unknown, general circulation models as a group predict continued precipitation gains in
the eastern U.S. with temperatures warming by 3 to 6 ◦C [7].
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Figure 1. Changes in the mean annual temperature (A), precipitation (B), temperature-precipitation
change class ratios (C), and Palmer Modified Drought Index (D) between 1895–1980 and 1981–2020
for the United States. The temperature-precipitation change class ratios were calculated by applying
a simple classification to mean temperature and precipitation maps but presented similar changes of
stable or decreased evapotranspiration in the eastern U.S. as the Palmer Modified Drought Index, which
applied tree-ring reconstructions of available water and instrumental data. Data are modified [4,8].

Vegetation dynamics are intricately tied to human history, through the influences
of hunting, agriculture, and land management in the form of fire [9–11]. Humans have
been an agent of change since their permanent establishment across the North American
continent about 15 thousand years ago; for example, numerous megaherbivores became
extinct after human establishment [12]. Human populations and their role as disturbance
agents on vegetation have changed appreciably during the Holocene, particularly since
Euro-American settlement at the expense of Indigenous populations [10,13–15]. A suite of
changes occurred at a rapid rate in the type, extent, and magnitude of land-use practices by
timber harvest and agricultural conversion: abrupt shifts in fire regimes to eventual fire
exclusion; overexploitation of native species; introduction and spread of non-native plants,
animals, and diseases; and climate change due to fossil fuel extraction and use [11,16–19].
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For example, prior to Euro-American settlement, vast areas of the U.S. were savannas and
woodlands, which were dominated by warm-adapted, pyrogenic tree species, such as oak
(Quercus) and pine (Pinus), that provided foodways in the form of plants and wildlife [11,20].
Under fire exclusion, these ecosystems have transitioned to closed forests, which are composed
of diverse fire-sensitive tree species, that supply forest products [20–22].

Land use since Euro-American settlement is long-standing, whereas climate change is
developing in the eastern U.S., with trends of increasing precipitation and overall stable
temperatures during the past 40 years that are not yet outside of the range of historical
variation. Nonetheless, climate change acts as another axis of disturbance on species
and ecosystems that works within an interactive framework with land use and distur-
bance (hereafter, land use). Depending on the scenario, land use and climate change can
(1) amplify or facilitate effects through synergistic interactions, (2) simply add effects with
no (neutral) interactions, or (3) have antagonistic interactions, which can have a cancel-
ing effect (where factor strength is similar) or overriding effect (where factor strength is
imbalanced and one factor diminishes the other). A range of outcomes are possible but
the interactive framework between land use and climate change is not clearly specified
by evidence from realized outcomes of the past, for guiding predictions to the future as
warming increases beyond historical temperatures. Comprehensive studies typically are
not available, research shows variation within regions due to different contexts and species,
and publication bias for significant findings exists. Additionally for published research,
while a driver may be associated with study results, typically both climate and land use
are not examined simultaneously in studies, and climate and land use may be confounded,
that is, the effects of one ascribed to the other [23]. Kane et al. [24] thoroughly examined fire
interactions with drought, bark beetles, and pathogens in the western U.S. Seidl et al. [25]
partitioned direct, indirect, and interaction effects of climate change on fire, drought, wind,
snow and ice, insects, and pathogens in an analysis of reported pathways globally.

As a first step to incorporate land use effects into an interactive framework with
climate change for a subset of forest issues, we explicitly (1) specified primary mechanisms
and realized evidence by which climate and land use may have been influential since
becoming operational (i.e., land use changes resulting from Euro-American settlement
mainly since the late 1800s and climate change of the past 40 years relative to instrumental
record networks since 1895), (2) synthesized interactions between climate and land use
to determine their type and strength of interactions, and (3) suggested how climate, land
use, and interactions may develop as warming progresses in the eastern U.S. (largely
defined as Minnesota, Iowa, Missouri, Arkansas, and Louisiana and all states eastward;
Figure 1A). Future work then could advance and test the conceptual framework through
comprehensive literature reviews, meta-analyses, and framing of hypotheses for empirical
studies with modeling and experimental approaches [25]. Defining land use, we mean
direct changes to ecosystems through land conversion from wildlands to intensively and
extensively human-controlled environments, associated with change from Indigenous to
European management, which leads to compositional and structural changes in ecosystems
and alterations in how disturbance regimes, such as fire and insects, operate. We also
included pollution such as nitrogen deposition, non-native species introductions, and
overexploitation of megaherbivores into the disturbance categories caused directly by
humans. Our questions, including some contrast with the western U.S., encompassed the
following forest topics:

1. What are the dynamics of wildfire in response to climate and land use?
2. What are the dynamics of tree growth and distributions in response to climate and

land use?
3. What are the dynamics of non-native species, damaging native insects and disease,

and white-tailed deer (Odocoileus virginianus, one of the last remaining widespread
large herbivores) in response to climate and land use?

4. How can ecological and adaptive management mitigate negative impacts of climate
change and land use to maintain forest resiliency?
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For this examination, we focused principally on direct effects, rather than slower
acting indirect effects that are less influential [25]. We did not include forest issues that have
not been detected to change in severity over recent time or are predicted to decrease, such
as wind events or snow and ice, or that are restricted in extent, such as sea level rise [26].
As for effects of land use on climate, although tree planting and new forestation have been
advocated to increase carbon storage and reduce climate change, this is an unreliable and
limited approach that may cause damage to intact ecosystems and Indigenous peoples,
while avoiding the solution to climate change, which is to reduce the amount of carbon
emissions [27].

2. Fire
2.1. Climate Change Effects

Drier and warmer climate increases the number of extreme wildfire weather days by
reducing fuel moisture and increasing the likelihood of ignition [24,25]. Greater precipi-
tation typically fosters vegetation production, generating fuel accumulation (see section
on tree growth). Most of the eastern U.S. has experienced climate change of increased
precipitation with stable temperatures, albeit with slight warming along the northern tier
and mid-Atlantic coast, which likely has reduced extreme wildfire weather days and the
chance of severe wildfires, while accumulating coarse woody fuels (i.e., trees; Figure 1).

2.2. Land Use Effects

Land use also influences fires, which in turn interact with weather, primarily by
affecting fuel type of fine herbaceous fuels or coarse woody fuels from trees. Land use
has trajectories to surface fires or severe forest fires, defined by mortality to overstory
trees, depending on the height of dominant vegetation. Historically, frequent surface fires
reduced tree density and promoted herbaceous vegetation. Herbaceous vegetation in turn
promoted surface fires that were limited in flame length by small-statured vegetation but
relatively frequent because fine herbaceous vegetation ignites more readily than coarse
fuels. Without surface fires, tree densities increase and accumulate, reducing probability of
ignition but creating fuels for severe fire behavior, with long flame lengths due to travel
up tree boles into canopies (green ladders) and then spread within continuous canopies.
Currently, due to widespread forestation in wildlands following Euro-American settlement,
land use resulted in less frequent but more severe fires in ecosystems, due to greater
tree densities [28]. Shifts in tree species composition from fire-tolerant to fire-sensitive
species and wetter microclimates also altered the leaf litter and fuel bed properties and
pyrogenicity tendencies of the understory, making most forest less conducive to burning
(i.e., mesophication; [21]). Moreover, fire is limited by fragmentation through land use
conversion. Agricultural areas of crops and grazing remove fuels, whereas suburban and
urban areas have sparse vegetation and abundant firebreaks (i.e., concrete and impervious
surfaces; [15]).

2.3. Interactions and Relative Factor Strength

A wetter climate due to climate change combined with continuous coarse fuels due
to land use change to forests will reduce the frequency of fires. A drier climate allows
coarse fuels to ignite more readily in closed forests, increasing the frequency of severe
fires. Conversely, a wetter climate with seasonal drying increases herbaceous fuel pro-
duction in open ecosystems and consequently encourages frequent surface fires. When
surface fires were frequent in grasslands, savannas, and woodlands before Euro-American
land use, drier climate likely suppressed fire frequency by limiting herbaceous growth,
which is the primary surface fire fuel [29]. Fine herbaceous fuel development requires
seasonal precipitation to grow vegetation followed by seasonal drying, which results in
tinder for easy ignition, as opposed to coarse fuels, which generally resist ignition without
extended drying.



Land 2024, 13, 398 5 of 20

In terms of relative factor strength, land use of fire exclusion and subsequent coarse
fuel accumulation in high density forests has led to divergent wildfire pathways based
on humid or dry climates, with wildfire frequency dampened in the humid eastern U.S.
and wildfire frequency increasing in the dry western U.S. (Figure 2). While forestation and
fuel accumulation have occurred throughout the U.S., trends of area burned by wildfire,
excluding prescribed burns, over time are different when comparing the humid eastern U.S.
to the dry western U.S. Predominantly coniferous tree species common in the western U.S
may be more flammable relative to the greater proportion of mixed and broadleaf forests in
the eastern U.S. Nonetheless, based on historical records, the eastern U.S. demonstrates
that wildfires are rare after land use change resulting in forestation in a humid temperate
region with moderate, and indeed increasing, precipitation.
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Figure 2. Area (hectares) burned and trendlines by region based on fire records provided by the USDA
Forest Service, Washington Office, and Short [30]. The eastern region is composed of Minnesota,
Iowa, Missouri, Arkansas, and Louisiana and all states eastward. The western region is composed of
all states west of the eastern region states. In 1930, ten-fold more hectares burned in the east than
the west based on long-term USDA Forest Service fire records (19 million vs. 1.9 million hectares,
respectively; Figure 2). Some of this difference might be due to underreporting in the west associated
with lower human population densities, hence fewer fire detections due to remoteness. At any rate,
annual hectares burned held steady in the west until a noticeable drop occurred around 1950. In
contrast, annual hectares burned by wildfire dropped sharply in the east until the mid-1950s, with
slow decreases thereafter. The east and the west had similar total area burned by wildfire during
the 1960s to the early 1980s, after which trendlines crossed, with the west surpassing the east in the
extent of burning by wildfires. This upward trend separates two regions into the future, as the west
is currently burning by wildfires at a similar rate as during the 1930s.

2.4. Summary and Future Prediction

Increased precipitation in the humid eastern U.S. probably has interacted synergisti-
cally with land use to reduce the frequency of severe fires. Overall, land use resulting in
tree densification and forestation reduces frequency of fires but switches to severe forest
fires compared to land use leading to frequent surface fires in ecosystems with herbaceous
vegetation. When land use promotes forests, with a switch to severe forest fires, then a
wet climate decreases (severe) fire frequency relative to dry climate. In contrast, a drier
climate allows accumulated coarse fuels to ignite more readily, increasing the frequency of
severe fires and overcoming land use conversion to infrequent severe fires in ecosystems
with high tree density. Therefore, future warming in the eastern U.S., without concurrent
offsetting increased precipitation, may flip the direction of the interaction, with the climate
eventually canceling or reversing the dampening effects on (severe) fire frequency by
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land use in an increasingly antagonistic interaction, such that warming increases severe
wildfire frequency.

3. Tree Growth
3.1. Climate Change Effects

Climate change encompasses elevated temperature and carbon dioxide concentration
and shifts in precipitation patterns, which can affect tree reproduction (through both fe-
cundity and seedling establishment), growth, survival, and mortality, and overall forest
productivity. Direct effects of climate change on tree growth and mortality may be more
related to temperature in cold-limited forests and moisture in water-limited forests [31].
Boisvenue and Running [32] concluded that climate change has generally increased forest
productivity where water was not limiting, describing the ‘greening of the biosphere’. Way
and Oren (2010) reviewed the generally positive temperature effects on tree physiology
and growth, with greater growth by deciduous species than evergreen species and in
cold-limited temperate and boreal regions rather than tropical regions, where warming
may induce growth declines. The growing season has been extended by 10–20 days in
temperate regions [3,33]. Despite the lengthening growing season, temperature increases
become detrimental to tree regeneration, growth, and survival when compounded by
worsening drought conditions, particularly for vulnerable seedlings before root establish-
ment [34,35]. While temperature increases may appear beneficial for cold-limited forests,
maximum temperatures and exceeding an optimal temperature range can be particularly
impactful on tree regeneration, growth, and survival, especially for boreal species that are
sensitive to high temperatures [35]. Additionally, increased temperatures allow entry of
tree species from warmer regions, that is, expected poleward shifts in distributions that
disrupt existing ecosystems.

The effects of enriched atmospheric CO2 on tree growth have been investigated during
the last 50 years [36,37]. Elevated CO2 has positive effects, within limits, on tree growth
because CO2 uptake and fixation are the primary functions of photosynthesis [38,39].
Elevated CO2 and photosynthetic enhancement improve water-use efficiency in trees, as
stomata do not need to stay open as long to replenish CO2 inside the leaf, thus reducing
leaf transpiration [40,41]. Nevertheless, at some point photosynthesis will become CO2-
saturated, after which increased atmospheric CO2 will not augment photosynthesis and
growth [42,43].

Greater water availability, mild warming to date in cold-limited northern forests, and
carbon fertilization on photosynthesis overall may have accelerated tree growth in the
eastern U.S. [31,44–47]. Many portions of the eastern U.S. are now receiving more precipita-
tion (see Figure 1), hence falling into the “greening biosphere” category. Voelker et al. [44]
reported CO2 growth enhancement in oak and pine in the central U.S., but growth declined
with tree age. Data from 120 journal articles describing physiology and production in
the 12 large-scale free air CO2 enrichment experiments (FACE; 475–600 ppm) confirmed
increased light-saturated carbon uptake and assimilation, growth, and aboveground pro-
duction, whereas specific leaf area and stomatal conductance diminished under elevated
CO2 treatments [37]. In recent decades, net ecosystem productivity in hemlock-dominated
forests increased 93%, which was attributed in part to an increase in mean annual tempera-
ture and growing season length [48].

Some studies show either neutral or negative effects of climate change on tree growth,
with negative effects due to components of climate [49]. Canham and Murphy [50] reported
little or no statistical relationship between growth and precipitation for 40 of the 50 most
common tree species in the eastern U.S., but that tree species of colder environs experienced
reduced survival in warmer climates. In the Adirondack Mountains of New York, most
sugar maple (Acer saccharum) trees exhibited negative basal area growth trends in the
last several decades [51], which was inconsistent with increased moisture availability and
precipitation pH (less acidity) in the region [52]. Recent studies have shown that both
timing and intensity of drought, especially during early season, can affect growth [53,54].
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Increased forest mortality has occurred in some locations in the eastern U.S. related to
drought and high temperatures, reducing any gains in productivity [55,56].

3.2. Land Use Effects

Regarding land use, young and fully stocked stands composed of fast-growing tree
species overall have greatest annual growth and production, resulting in the basis of
production forestry [47,49,57]. Widespread forest cutting has replaced old-growth forests
with younger, faster-growing forests [57,58]. Tree growth rates slow with age [57]. Indeed,
tree species that exhibit rapid early growth particularly may slow in growth after a few
decades, as they divert resources to reproduction, allowing some slow-growing long-lived
species to eventually surpass the overall growth of tree species with fast life strategies; that
is, the greatest annual rate of production may not yield the greatest long-term production,
or carbon storage, for a stand [57,59,60]. Overstory tree removal remains frequent at
25 to 80 years in the eastern U.S. [61]. Fire exclusion had increased tree densities (see fire
section above). Additionally, composition generally has shifted from a few relatively slow-
growing, long-lived tree species that are stress-tolerant to numerous early-seral species that
grow quickly in response to severe disturbance, reproduce young, and die within 100 years
in the eastern U.S. [62]. Perhaps in consequence, mortality is seven-fold greater in diverse
stands than monospecific stands [63]. Moreover, nitrogen deposition may enhance the
growth of some tree species [35,64].

3.3. Interactions and Relative Factor Strength

Both climate change and land use have mechanisms and evidence for increasing
annual growth in the eastern U.S. Land use trades maximizing total production in old-
growth stands for maximizing annual growth rates in young stands. Climate change of
increased precipitation, with warming in northern forests and carbon fertilization, has
encouraged overall growth. In terms of the relative factor strengths of climate change
and land use change, a study of forest responses to climate change for 38 eastern tree
species over a recent 6-to-18-year period concluded that the effect of competition on growth
and mortality risk exceeded the effects of climate variation in space or time for almost
all species [65]. Moreover, forest recovery from past human disturbance is predicted to
supersede climate change effects well into the future [66]. For trees located in Kentucky,
New York, Ohio, and Pennsylvania, tree mortality between 1959 and 1985 was more affected
by competition than climate factors [67]. Lines et al. [68] reported that tree diameter had
the greatest relationship with mortality rate across the eastern U.S., due to lower mortality
rates for trees of intermediate size than smaller or larger trees. Furthermore, Dietze and
Moorcroft [35] reported that atmospheric pollutants, specifically acid deposition and ozone,
and stand-level biotic dynamics, of moderate diameters, were the main drivers of tree
mortality in the eastern U.S.

3.4. Summary and Future Prediction

We have presented mechanisms and evidence by which climate change and land use
change may affect tree growth. In the eastern U.S., the overall direct effects of climate
change on tree growth have likely been at least slightly positive due to elevated CO2
and the predominance of available water, with warming in cold-limited northern forests,
while land use has likely increased growth rates through a change to productive young
forests composed of fast-growing tree species at high densities. Although climate and land
use interactions related to tree growth probably cover the full spectrum of synergistic to
antagonistic, both of these drivers are likely to have overall positive effects on tree growth
rates in the eastern U.S, with synergy in that climate conditions support the growth rate of
fast-growing trees in fully stocked stands. In terms of carbon, fast carbon sequestration in
young, small diameter trees that have short lifespans is not to be confused with long-term
carbon storage potential of old, large diameter trees [69]. In the future, it is possible that
the lack of stress tolerance in the fast-growing tree species of dense forests will result in
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increased die-offs due to flash droughts, heat waves, and insect outbreaks, as diverse stands
already exhibit greater mortality rates than less diverse stands in temperate regions [63].
These mortality events may eliminate any gains in productivity due to warm and wet
conditions and result in uncontrolled boom and bust cycles of growth and mortality.
Eventually, warming temperatures may exceed tolerances for tree species adapted to
current temperatures, producing disordered growth, survival, and reproduction, but with
replacement by southern tree species that may be more productive, due to allocation of
resources for growth rather than frost tolerance.

4. Tree Species Distributions
4.1. Climate Change Effects

Climate provides an outline of potential distributions. However, most species have
not achieved their full potential distributions based on climate, even across contiguous
space within the potential distribution [70]. Species are restricted in distributions due
to different barriers to migration, from physical (e.g., mountains, deserts) to biological
(e.g., interactions and metapopulation dynamics) to disturbance regimes (e.g., frequent fire).
Indeed, due to land use through fire exclusion that changed competition for growing space
in the eastern U.S., some historically dominant fire-tolerant tree species have contracted in
range (e.g., longleaf pine, Pinus palustris; shortleaf pine, Pinus echinata) while fire-sensitive
species have expanded, demonstrating examples of both reduced and increased filling
of climate space [15]. Moreover, species have naturalized outside of their native ranges,
leading to increases in the known suitable climate space [70].

Expectations are that most species will move poleward to higher, cooler latitudes
to maintain their ideal climate envelope in response to warming climate [71]. Many tree
species have expanded distributions in the U.S. (e.g., 15 studies located by Taheri et al. [72]).
Nonetheless, causation and whether species may be moving in multiple directions is not
determined in most studies [72]. Instead, expected patterns are interpreted as evidence
for species migration in response to climate change, despite an overall lack of warming
in the eastern U.S. The most definitive examples to date of climate change effects on
tree distributions are observed outside the eastern U.S., specifically at high latitudes and
altitudes [73] with tree line advancement [74], although land (pasture) abandonment may
also influence the latter [75]. Recent upward shifts in forest ecotones in mountainous
regions have been attributed to climate change in eastern forests [76]. Equally, phenological
changes have been equivocal in this region, given relatively stable temperatures, with
anomalous delayed start of season dates [77,78], but phenological changes may display the
first climate signal before tree species distribution shifts.

4.2. Land Use Effects

Attribution of climate change to movement of tree species is challenging, given that
tree distribution and density changes followed Euro-American settlement, regardless
of climate variation [20]. Historical accounts since the 1600s from across the U.S. have
consistently documented rapid tree growth and expansion following the wave of Euro-
American land use change [15,79,80]. Trees invaded the westernmost grasslands in the
eastern U.S. by 1800 and migrated since 1850 from eastern forests into the central Great
Plains grasslands. Fire-sensitive tree species expanded from fire-protected wetlands, rocky
outcrops and barren land cover, or high elevations. Inconsistent changes in moisture
availability, which are within the range of natural variation, have not provided correlations
with comprehensive tree expansion, but land use change has corresponded with tree
changes based on timing, magnitude and direction of change, and mechanism [15,22].
Native tree species have increased within U.S. forests and grasslands, arguably with much
greater effects, by replacing historical ecosystems, than non-native invasive species [62].
Shifts in tree species composition occurred due to land use change, from a regime of
frequent surface fires combined with infrequent overstory disturbance to a regime of fire
exclusion combined with chronic overstory disturbance.
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4.3. Interactions and Relative Factor Strength

Currently, limited evidence supports shifts to higher latitudes or elevations in tree
species distributions under increased precipitation with only slight warming in northern
forests, but strong evidence supports that tree species have expanded due to land use.
Expansion has been multi-directional, with prominent westward expansion into central
Great Plains grasslands. Therefore, no interaction currently occurs.

4.4. Summary and Future Prediction

In summary, no strong evidence appears to exist for recent climate driving changes in
species distributions because species began to shift following the front of Euro-American
settlement, generally with the timing of agricultural development. However, climate
does delineate overall potential distributions, with land use allowing trees to fill any
treeless growing space in wildlands within suitable climate space. In the future, warmer
temperature will facilitate poleward shifts in species distributions, producing compositional
changes from boreal to temperate species, temperate to subtropical species, and subtropical
to tropical species. Due to the strong yet varied influence by land use disturbance, this may
result in a range of interactions and divergent outcomes, including rapid movement, lags,
and direction reversals, varying by species. Land use pathways may guide species into
warmer or drier locations, such as North American grasslands, regardless of the expectation
that species will follow climate change.

5. Invasions and Outbreaks: Non-Native Plants and Non-Native and Native Insects
and Diseases
5.1. Non-Native Species

Species typically are most successful at survival, growth, and reproduction within
an ecological context or niche, including broad climate envelopes of temperature and
precipitation. Nevertheless, species are not distributed throughout their global climate
envelopes, due to dispersion barriers, competition, consumers (i.e., predators, herbivores,
humans), disease, disturbance regimes, and other abiotic and biotic factors. Equally,
because of constraining factors, species may have a broader climate tolerance than realized
by current occurrences, because the physiological range is unknown.

Non-native plant species richness is greatest in the northeastern U.S. and along west-
ern coastal states, whereas the southeastern and interior U.S. have fewer non-native plant
species [81]. Therefore, effects of non-native plants on forests may vary regionally and
proportionally to the number of invasive species. Norway maple (Acer platanoides), tree of
heaven (Ailanthus altissima), and Chinese tallow tree (Triadica sebifera) are examples of inva-
sive non-native tree species. Garlic mustard (Alliaria petiolata), Japanese barberry (Berberis
thunbergia), honeysuckles (Lonicera maackii and L. japonica), Japanese stilt grass (Microstegium
vimineum), multiflora rose (Rosa multiflora), cogongrass (Imperata cylindrica), Chinese privet
(Ligustrum sinense), and kudzu (Pueraria montana var. lobata) are some invasive non-native
upland plant species. Direct changes in temperature and water availability do not appear
overall to benefit invasive plant species [82].

Invasive forest insects in the eastern U.S. include the spongy moth (Lymantria dispar
dispar), hemlock woolly adelgid (Adelges tsugae), Asian longhorned beetle (Anoplophora
glabripennis), and emerald ash borer (Agrilus planipennis). Increased temperatures may
be most beneficial for non-native insects as a group because warming increases mobility,
growth, reproduction, and overwinter survival, albeit mortal thermal thresholds may oc-
cur [83–85]. Species such as the hemlock woolly adelgid and emerald ash borer are currently
limited by cold winter temperatures but predicted future warming likely will allow expan-
sion throughout the range of the host species in North America [86,87]. Frost-sensitive and
non-diapausing species experience increased survival during warm winters [83,85]. How-
ever, warming reduces the amount and duration of insulating snow cover, perhaps resulting
in greater over-winter mortality [85]. The decoupling of temperature and photoperiod cues
may be disruptive for both insects and host plants [85] and increased temperatures could
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disconnect synchrony with native host plants [83], which are tracking climate change less
closely than invasive plants [88,89]. Changes in plant defense chemistry due to climate
may produce variable effects in plant susceptibility to infection, depending on interacting
species and chemicals, while plant palatability and predators of insects also may be affected
by climate change [86,90].

Invasive diseases of trees include chestnut blight (Cryphonectria parasitica), beech bark
disease (Neonectria) that enters through wounds created by Cryptococcus fagisuga, Dutch elm
disease (Ascomycota), white pine blister rust (Cronartium ribicola), and oak wilt (Bretziella
fagacearum). Pathogens may be most sensitive to timing and quantity of precipitation,
relative humidity, and factors that influence moisture [86,91]. Fungi in particular are very
sensitive to factors that influence leaf-surface or soil moisture, and benefit from increased
precipitation [91]. Pathogens may become more or less virulent under changed precipitation
patterns, and disease epizootics generally will be unexpected, in part due to hybridization
and other genetic changes [86,92].

Non-native species introductions into new distributions arose through human agency,
not climate, by and large during the past centuries. Since Euro-American settlement,
humans have moved thousands of species beyond their native ranges and dispersion
barriers, including 2600 plants, 600 insects, and 100 diseases commonly observed in the
U.S. [93]. Most non-native plants have been introduced deliberately for ornamental or
agricultural purposes but imported nursery stock is a common pathway for non-native
disease and insect introductions [94].

Regarding interactions between non-native species introductions, climate, and the
future, plants introduced for ornamental or agricultural purposes are generally easy to
propagate, show rapid growth, and tolerate wide climatic conditions [82]. Colonizing
traits of rapid growth, less pressure from biotic constraints (e.g., release from parasites and
consumers), and pre-selection to wide climate conditions position non-native species at a
competitive advantage to increase and expand compared to native species, under many
climates. Non-native species overall may be limited to climate envelopes of their native
ranges, but as many as 15% of all non-native species are adapting to climate conditions
outside of native climate envelopes [95]. For changing climate, non-native species overall
appear to be tracking climate change phenologically more closely than native species [88,89].
Nevertheless, few non-native species are considered invasive, as measured by effects on
native species, communities, and ecosystems. Unlike introduced species, native popula-
tions contain the full array of genetic variation and phenotypic plasticity that will aid in
adaptation to changing climate conditions. Furthermore, given that climate change and
associated extreme weather events are stressors to survival and growth, it may be that
stress-tolerant traits, such as slower aboveground growth, may be more beneficial than
rapid growth, a trait of invasive species, under climate change [96].

5.2. Outbreaks of Native Insects and Fungi

Outbreaks of several species of native insects (e.g., southern pine beetle, Dendroctonus
frontalis; red oak borer, Enaphalodes rufulus) and fungi (e.g., fusiform rust, Cronartium
quercumm f.sp. fusiforme; oak wilt; Ceratocystis fagacearum) that attack trees consistently
occur in current forests with high densities and basal area [97], which typically are greater
than in historical forests that had low tree densities due to frequent fire. While increased
tree densities occur regardless of climate variation, greater water availability ameliorates
stress on trees, particularly in high density stands. Many predisposing long-term factors
influence insect and disease outbreaks and tree susceptibility, which are related to land
use and disturbance, such as previous disturbance, fire exclusion, stand structure, tree
age, and site location. Inciting factors are short-term conditions such as drought, related
to climate, that weakens trees, especially in high density stands. Outbreaks outside of
historical variation have occurred in the western U.S., due to a combination of land use
change, resulting in trees with reduced vigor in dense forests, and climate change of warm
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summers that accelerate insect growth and development and warm winters that allow
insect larvae to survive, along with, in some locations, drought-stressed trees [98].

5.3. Summary and Future Prediction

In summary, invasions by non-native species were facilitated mainly by human vectors
and native insect outbreaks likely are due to land use resulting in forests of greater basal area.
However, future climate change may interact with land use change to amplify outbreaks
outside the range of historical variation through drought-stressed trees, warm summers
that accelerate insect growth and development, warm winters that allow insect larvae to
survive, coupled with land use change that creates dense forest stands with reduced tree
vigor. Non-native species responses to future climate change may be quite variable, counter
to expectations, and complicated by land use disturbance, producing no general trends by
taxa [99]. Land use may cancel expected climate change effects given that some species are
able to be successful outside of climate envelopes. Therefore, climate interactions with land
use span the range from synergistic effects on invasions and outbreaks to canceling climate
change effects on invasions and outbreaks.

6. Deer, a Remaining Large Herbivore
6.1. Deer Herbivory as a Forest Health Issue

A diverse array of megaherbivores once roamed the North American continent, sur-
viving through all Pleistocene ice age cycles until the last one. Quite tellingly, their demise
occurred about 13,000 to 11,000 years ago, after human establishment [12]. Most of the
approximately 30 megaherbivores in the eastern U.S. truly were mega-sized, with 10 species
exceeding 1000 kg. In contrast, the only remaining widespread large herbivore in the east-
ern U.S. is the white-tailed deer at 45 kg, not qualifying as mega-sized by some thresholds.
The population of white-tailed deer is unknown during megaherbivore extinction, but
likely deer numbers increased after loss of competitors. Consequently, megaherbivore
extinction probably reduced overall herbivory on vegetation while benefiting extant her-
bivore species. The disturbance regime switch from megaherbivores to surface fire was
continuous in North America, with the importance of fire (as measured in charcoal) increas-
ing proportionally with megafauna decrease (measured in dung fungal spores; [100,101]).
Indeed, the changeover to fire as a disturbance likely lessened ecological changes expected
from loss of megaherbivores as a disturbance.

Although deer are considered an overabundant, invasive forest health problem, best
available evidence suggests that deer currently are within historical population limits
after recovering from overexploitation during Euro-American settlement [102,103]. The
influence of deer on trees is relatively minor compared to when megaherbivores were a
major disturbance agent; for example, deer herbivory at current populations have not been
able to shift ecosystem states from closed, dense forests back to open forests of savannas and
woodlands [104]. Deer remain a natural disturbance on young trees, albeit minor except
in localized areas, as demonstrated by problem areas of high densities even when deer
populations were recovering after overharvesting during Euro-American settlement [105].
Tree species (e.g., Thuja occidentalis) browsed heavily by deer at local scales have increased
at regional scales since Euro-American settlement, whereas historically dominant tree
species have decreased due to land use changes of frequent overstory disturbance and
limited understory disturbance [106].

6.2. Climate Change Effects

No distinct effect from climate is apparent on deer distributions, and deer populations
generally remain with historical levels, with fluctuations. Deer have a wide range and an
even larger climate envelope that remains unfilled for now. Climate change effects on deer
distributions appear minimal, both in the recent past and for the future, based on modeling
(Figure 3).
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Figure 3. Modeled species distributions of white-tailed deer that show observed range (outlined)
from occurrence records, the climate envelope (temperature and precipitation of occurrences) during
1981–2010 (green), and the likely future climate envelopes during 2071–2100, under three general
circulation models and high emissions (non-green colors; modeling followed [107]).

6.3. Land Use Effects

No distinct effect from land use is apparent on deer populations. After population
reduction due to historical overexploitation, subsequent deer populations have recovered
to within historical levels, with some fluctuation. Deer prefer forests to various land uses
and while forests have increased in tree density over time, in spite of deer herbivory, deer
are coping with current land use by browsing trees and using clearcuts and other forest
openings [108].

6.4. Interactions, Relative Factor Strength, and Summary

Despite dynamics, we found no permanent effects on deer populations, and herbivory
by extension, due to recent land use and climate change and, consequently, no interactions,
but future effects and interactions may develop.

7. Ecological Forestry to Mitigate Climate Change

General recommendations for ecological forestry to lessen impacts of climate change
include retaining genetic diversity and phenotypic plasticity and promoting warm-adapted
species with wide amplitudes of climate tolerance and good dispersal ability. Nonetheless,
differentiating the ability of species to survive, grow, disperse, and reproduce under climate
change compared to whether a species is competitive under climate change is critical.
That is, northern tree species may be able to complete their life cycles under warmer
temperatures but may not be able to compete against faster-growing southern species, as
no species can have the most competitive traits under all conditions [109]. Even so, spruce,
aspen, pine, and other boreal tree species may be desirable and possible to maintain with
active silviculture. Reducing additional stressors, such as risk of insect outbreaks, and
competition for limited resources will help trees survive and thrive under climate change.
This may be accomplished in part by restricting tree densities [96,97].

Assisted migration through management is an option to help tree species migrate,
given that species will not be able to migrate at the same rate as projected warming and
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also that land use and other factors may drive tree species to warmer or drier locations, a
conflicting or confounding outcome. Assisted migration and plantings may be desirable
for species of conservation concern with limited ranges and dispersal abilities. Assisted
migration is controversial, but species may be selected for tolerance of stresses, such as
fire, drought, and insects, and be compatible with restoration objectives. For example,
historically dominant oak species and longleaf and shortleaf pines are fire-tolerant, drought-
tolerant, and windfirm, complementing the structural characteristics of open forests [110].
Fire-tolerant species such as oaks and pines that commit to early root development are likely
to survive extreme weather events in early growth stages better than species committed to
rapid early growth (e.g., longleaf pine height eventually may exceed loblolly pine [Pinus
taeda] height, but after 25 to 30 years; [59]). Likewise, tolerant large diameter oaks and pines
within open forests are more probable to survive droughts, fires, hurricanes, and insect
outbreaks compared to fast-growing species in dense forests. Although oaks and pines are
wide-ranging, they are not good dispersers compared to fast-growing species that produce
abundant lightweight seeds. Therefore, oak and pine species are suitable candidates for
assisted migration and plantings.

Conversely, assisted migration and plantings may be undesirable for native invasive
species, such as red maple (Acer rubrum), that have been released by land use disturbance.
Currently, many native tree species are expanding, sometimes with assistance through
plantings such as for reforestation and tree initiatives. Indiscriminate planting of fast-
growing and stress-intolerant species, with traits of fast growth and little reserves for fire
and drought tolerance, at high densities, may foster forest vulnerability to climate change in
terms of greater tree die-offs during extreme weather events. Also, caution may be needed
in replanting after die-offs to not simply replace the same species with characteristics and
structures that are not resistant to fire, drought, insects, and wind damage.

The historical open forest structure of understocked savannas and woodlands is ideally
suited for tolerating climate change while restoring effects of Euro-American land use.
The lower density structure means that trees require fewer resources, including less water
requirement, resulting in greater ecosystem-level drought tolerance. Lower densities and
understocking below maximum potential forest growth reduce competition for moisture
and other resources, creating a “resource availability buffer” as a strategy for extreme
climatic conditions and outbreaks of insects and disease [96]. Larger diameter trees are
more fire-resistant and the lack of midstory and understory trees helps prevent fires from
ascending to severe flame lengths, while discontinuous canopies also prevent canopy
spread. The open structure is a firebreak and fuel treatment, which may prevent and reduce
high severity fire, unlike the successional forest structure, with ladder fuels and dense
canopies. The open structure is more windfirm to hurricanes and other severe wind events
than high contrast edges of successional forests [111]. Open forests also support native
species diversity, while providing a range of conditions that may supply refugia [112].
Additionally, for some damaging native species and a fire-sensitive subset of non-native
species, open forests to reduce basal area and fire treatments may prevent outbreaks [113].

Open forest management is an alternative to conventional silvicultural systems, which
concentrate on managing growth to optimize periodic yield and new overstory recruit-
ment [112]. Instead, open forest management focuses on prevention of regeneration with
rare recruitment of desired canopy dominants, maintenance of an understocked overstory,
and treatments to encourage a more extensive groundlayer dominated by herbs. Open
forest management involves multiple tools such as prescribed fire, herbicide use, and
periodic harvests or deadenings to control stocking, permit recruitment of new canopy
dominants, and financially support understory maintenance treatments [112]. Even with
silvicultural targets that emulate the historic disturbance regime, achieving historical forest
conditions is a challenge. Increased herbivory may be a necessary and missing compo-
nent for restoration, particularly as propagule pressure from fire-sensitive tree species
has increased. Thinning and burning treatments may be needed to reduce stand den-
sities and fuel loads to help avert large-scale catastrophic canopy fires. In the eastern
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U.S., warming temperatures that effectively result in a drying climate may facilitate the
success of prescribed burning to restore fire-tolerant communities by countering the influx
of fire-sensitive, fire-dampening competitors.

8. Summary of Interactions

Climate change interacts with land use and disturbance, influencing ecosystem dynam-
ics across time. Climate change and human practices have directly or indirectly impacted
nearly every ecosystem in the eastern United States since continental deglaciation began
approximately 15,000 years before present. When climate was cooler, boreal tree species
extended into the southeastern U.S., and tree species have shifted northward over time as
temperatures have warmed. The first humans to live on the continent affected ecosystems,
including maintenance of fire-adapted tree genera such as oak, pine, and hickory in open
forests that supply food resources. Due to European colonial expansion starting in the 16th
century, land use practices changed, and open forests transitioned to closed forests, which
are now used primarily for forest products. Despite these influences, some species such as
deer have recovered from past overexploitation in the eastern U.S.

This synthesis of climate interactions with human activities, encompassing land use
and anthropogenic disturbances, reveals a greater factor strength of land use than climate
change on ecosystems during the past century or two in the eastern U.S. (Table 1). These
findings concur with other studies that have determined land use disturbance plays a
major role in ecosystems over time, at times overriding climate, especially during the latter
portion of the Holocene, when human activities intensified [2,114–116]. Indeed, besides
influencing terrestrial ecosystems, humans directly affect climate because current climate
change is also an outcome of human activities. Specifying an interactive framework results
in a more thorough understanding of forest ecosystem responses to a changing environment
and ecosystem management for the future as warming increases beyond past temperatures.
Incorporating the framework into explicit testable hypotheses could guide future research
directions and inform management strategies aimed at mitigating the adverse effects of
climate change and land use on forest ecosystems.

Land use that causes an immediate reaction in terms of tree mortality or species
migration has been a stronger and more immediate force than climate change to date.
Climate change is a relatively slow, subtle process, with lag effects in combination with
phenotypic plasticity in tree species and genetic traits due to past adaptation to similar
temperature regimes [71]. The unusual aspect of climate change, due to human activities,
has been overall lack of warming in the eastern U.S. combined with increased precipitation,
albeit warming likely will occur in the future due to forcing by increased greenhouse gas
levels [3]. Climate change since 1980 has been subtle, including warming in the Northeast
and along the mid-Atlantic coast and a large dome of stable temperature over most of the
remaining region with an overall increase in precipitation, except for decreased precipitation
in the Southeast. Therefore, studies that attribute changes to warming temperatures in the
eastern U.S. may be located in an area of exception or may have a suspect attribution to
climate change.

Fire exclusion, resulting from changed land use and leading to continuous coarse fuel
accumulation due to high density forests, has divergent ecological pathways, with wildfire
dampened in the humid eastern U.S., along with increased precipitation. Fire has occurred
in the eastern U.S. throughout a range of precipitation, but wildfire has been rare since
land conversion to ecosystems with greater tree density, as fire regimes shifted in type from
frequent surface fires in ecosystems with a dominant herbaceous layer to infrequent severe
fires in closed forests. Conversely, climate change exerts a strong influence to enhance the
frequency of severe fires in the dry western U.S., where tree densities also have increased;
the western U.S. is currently burning with wildfire areas equivalent to those during the
1930s. If future warming generates effectively drier conditions in the eastern U.S., outside
of historical ranges, then it is likely that severe fire frequency will increase in an antagonistic
interaction between climate change and land use.
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Table 1. Mechanisms by which climate and land use may affect different forest issues, with the
realized outcome and current interaction in the eastern United States, and prediction of the future
interaction under warming climate.

Forest Issue Climate Land Use Realized Outcome in
the Eastern U.S.

Current
Interaction under

Increased
Precipitation

Future Interaction
under Warming

without Offsetting
Precipitation

Fire
Fuel moisture, ignition

probability, fuel
quantity

Switches fire severity
and frequency

through fuel type
(fine herbaceous or

coarse fuels with
mesophication of

conditions)

Increased precipitation
decreases fire frequency

because land use
(surface fire exclusion)

produces forests

Synergistic to
reduce fires Antagonistic

Tree growth

Growth, reproduction,
and mortality, and

overall forest
productivity

Species, age,
densities

Increased precipitation
and carbon fertilization

promote tree growth;
land use produces

young, dense stands of
fast-growing tree

species

Synergistic to
maximize annual

tree growth
Antagonistic

Tree distribution Shifts to stay within
climate envelope

Expansion to fire-free
areas

Expansion to fire-free
areas None Varies by species

Non-native plants,
insects, fungi

Survival, growth,
reproduction, mortality,

distribution shifts;
water availability for

trees; fire

Introduction, spread;
tree densities, basal

area, age; fire

Non-native species
introduction and

spread due to human
activities

None overall Varies by species

Native insects and
fungi

Survival, growth,
reproduction, mortality,

distribution shifts;
water availability for

trees; fire

Tree densities, basal
area, age; fire

Outbreaks in dense
forests from land use None overall Varies by species

Deer
Survival, growth,

reproduction, mortality,
distribution shifts

Overexploitation,
forest cover

Recovery after
overexploitation None None to slight

Climate and land use currently have a synergistic interaction for increasing tree
growth rates in eastern forests. Climate change through increased available water, carbon
fertilization, and slight warming in cold-limited northern forests generally is stimulatory
to growth in forests. Land use probably has increased growth rates through a change to
productive, fully stocked young forests composed of fast-growing tree species. In the future,
it is possible that the lack of stress tolerance in the fast-growing tree species of fully stocked
forests will result in increased die-offs due to flash droughts, heat waves, insect outbreaks,
or simply even-aged stands of short-lived tree species reaching the typical mortality age.

Attribution of climate change effects on tree species distributions is difficult in the
U.S. Rapid tree growth and expansion in multiple directions, but principally westwards
to the grasslands of central North America, followed the wave of Euro-American land
use change, regardless of climate variation. Inconsistent changes in moisture availability,
which are within the range of natural variation, have not provided correlations with
comprehensive tree increases, based on timing, magnitude and direction of change, and
mechanism. Nonetheless, warming likely will direct species northwards, which for some
species will be in the same direction as land use, but climate change and land use may be
antagonistic interactions for other species.

Conditions that produced non-native species invasions and damaging native species
outbreaks were created by human activities. No strong evidence appears to exist for
climate change causing changes in non-native species distributions, because species were
introduced through human vectors, with relative recency of information about non-native
species distributions. After climate warms, combined with the strong but varied influence
of land use disturbance, rapid movement and also lags and direction reversals by species
may ensue. Species responses to climate change may be quite variable; therefore, climate
interactions with land use disturbance span the range from synergistic to antagonistic
effects on invasions and outbreaks.
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Climate change is expected to become more influential in the future with warming
and perhaps effectively a drier climate due to evapotranspiration. Depending on the
characteristics of climate change and land use disturbance, synergistic interactions between
climate change and land use disturbance may accelerate appropriate, expected responses by
tree species to climate change, but these changes may not be desired, such as replacement
of boreal tree species by temperate tree species. Antagonistic interactions between land use
disturbance and climate change will generate surprising outcomes, which in some cases
may be damaging, by overriding the appropriate, optimal response, in terms of survival,
growth, reproduction, or productivity, to climate change. However, management may
reduce land use and climate stressors on ecosystems. A resilient range of forest structures,
with an abundant and diverse herbaceous component, and stress-tolerant tree species may
be more stable under climate change than fast-growing tree species with short lifespans
in high density forests. Future research and adaptive management can test the stipulated
conceptual framework as climate warming unfolds in the eastern United States.
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