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Abstract: In this review and synthesis paper, we review the resilience of secondary forests to
climate change through the lenses of ecosystem legacies and landscape diversity. Ecosystem legacy
of secondary forests was categorized as continuous forest, non-continuous forest, reassembled
after conversion to other land uses, and novel reassembled forests of non-native species.
Landscape diversity, including landforms that create varied local climatic and soil conditions,
can buffer changing climate to some extent by allowing species from warmer climates to exist on warm
microsites, while also providing refugial locations for species that grow in cool climates. We present
five frames that allow forest managers to visualize a trajectory of change in the context of projected
regional climate change, which are: Frame 1 (persistence), keep the same dominant tree species
with little change; Frame 2 (moderate change), keep the same tree species with large changes in
relative abundance; Frame 3 (forest biome change), major turnover in dominant tree species to a
different forest biome; Frame 4 (forest loss), change from a forest to a non-forest biome; and Frame 5
(planted novel ecosystem), establish a novel ecosystem to maintain forest. These frames interact with
ecosystem legacies and landscape diversity to determine levels of ecosystem resilience in a changing
climate. Although forest readiness to adapt to Frame 1 and 2 scenarios, which would occur with
reduced greenhouse gas emissions, is high, a business as usual climate change scenario would likely
overwhelm the capacity of ecosystem legacies to buffer forest response, so that many forests would
change to warmer forest biomes or non-forested biomes. Furthermore, the interactions among frames,
legacies, and landscape diversity influence the transient dynamics of forest change; only Frame 1
leads to stable endpoints, while the other frames would have transient dynamics of change for the
remainder of the 21st century.

Keywords: boreal forest; climate adaptation; ecosystem legacy; landscape diversity; temperate forest;
transient dynamics

1. Introduction

Potentially major impacts of climate change pose significant issues for adaptation of forests and
appropriate management responses. While land management can be adapted to any foreseeable
change—even transitions to a different forest type or from forest to grassland—adaptation of the forest
via management has a complex set of limitations that varies greatly among climate change scenarios,
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landscape contexts, and ecosystem legacy status for a given forest. Forest adaptation via management
may be feasible or not, depending principally on the interactions between ecosystem legacies lending
natural adaptability to forests, which may be enhanced or reduced by management actions, and the
magnitude of climate change expected on a given landscape.

To understand the interaction between management and forest adaptation to climate change,
a brief review is needed of resilience [1], resilience debt [2], and ecosystem legacy and related
concepts, including information and material legacies, ecological memory, and legacy syndrome [3,4].
For purposes of this paper, these concepts are broadened to include not only pulse disturbances like
wind storms and fires, but also temperature and other continuous changes associated with climate
change (press disturbances) that will also impact sustainability in terms of regeneration and growth of
trees and competition among tree species.

Three strategies of adaptation to climate change—incremental, anticipatory, and transformational
—have been conceptualized for future climate scenarios [5]. These correspond roughly with the
resistance (forestall impacts and protect valuable resources), resilience (improve the capacity of
ecosystems to return to desired conditions after disturbance), and facilitation (actively facilitate
transition of ecosystems from current to new conditions) approaches of Millar et al. [6]. Additionally,
the anticipatory/resistance strategy incorporates the non-management or passive response (e.g., [7]).
Briefly, the choice of appropriate management response depends on anticipated change: low, medium,
and high magnitude [8]. For cases of low magnitudes of climate change, sufficient levels of ecosystem
legacies and high ecological resilience, minimal management may be needed to allow forests to
resist change (i.e., resistance). For increasing magnitudes of climate change where innate ecological
resilience is not high enough to resist change, management may be directed at increasing the ecological
resilience of the forest. At some magnitude of change, no adaptation of the existing forest is possible
(e.g., a transition to a completely different forest type or forest to non-forest). In such cases, managing for
facilitation of the change and a graceful transition may be the best course of action.

The overall objective of this paper is to illuminate the responses and resilience of forests to different
magnitudes of climate change and their interactions with ecosystem legacies, and landscape diversity.
We present a framework for managers to evaluate the potential response of a given forest to changing
but uncertain future conditions, focusing on secondary forests and the development of novel conditions
under climate change. We use the southern boreal forest ecotone with temperate forests, savannas and
grasslands as an illustrative example, although the concepts developed can be applied to other forest
types. First, however, we clarify our usage of several concepts and terms in widespread use.

2. Definition of Secondary Forests

The simplest definition of “forest” is a large area dominated by trees. Many other definitions
are used globally for different purposes that add precision by incorporating tree density, tree height,
land use, legal standing, ecological function, and disturbances that may render an area temporarily
treeless [9,10], as well as including woodlands and trees outside forests [11,12]. Tropical deforestation,
and more generally the past and continued destruction of primary forests worldwide, have given rise
to the concept of secondary forests that describe much of the world’s forest cover. Despite widespread
usage, the term “secondary forest” in practice is ambiguous [13]. The main points of contention have
been about naturalness (resulting from human or natural disturbance of primary forest), the intensity
and extent of disturbance, and nature of the vegetation that develops. Here we consider second
growth to be any forest which was clearcut, or converted to other land uses (most commonly
agriculture), and reforested or afforested with natural or planted regeneration. This definition excludes
some common types of forests including primary forests subject to low-intensity selective logging,
low-intensity, small-scale extractive activities (e.g., for non-timber forest products), or affected by
small-scale natural disturbance. Regardless of these nuances, all types of forests may have the condition
of intactness—continuous overstory or cover over time. Over a large enough area, continuous forests
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create their own interior conditions of generally somewhat cooler temperatures and higher humidity
than in open areas outside of the forest.

3. Forest Resilience and Legacy Concepts as Related to Secondary Forests

Resilience is another widely used term with different underlying concepts and assumptions [1].
As borrowed from engineering, resilience refers to the ability of a system to return to the same
state after a perturbation. Engineering resilience assumes the existence of a single equilibrium
state. Holling’s definition of ecological resilience [14] provides for the possibility of multiple
equilibria. Socio-ecological resilience considers that natural and social systems are strongly coupled [15]
and remains within the same regime, essentially maintaining its structure and functions following
disturbance. Socio-ecological resilience assumes a system is capable of self-organization, learning,
and adaptation [16].

Differences among the definitions were summarized by [1]: engineering resilience focuses on
recovery of the system to a pre-disturbance state [17]; ecological resilience includes both resistance and
recovery of the system, such that several quasi-equilibria are possible within the historical range of
variability in composition and structure [4,18]; and social-ecological resilience adds adaptive capacity
and transformational ability [19]. Nikinmaa et al. [1] posit that the three resilience conceptualizations
are hierarchical: socio-ecological resilience subsumes ecological, which in turn subsumes engineering
resilience. Recovery after disturbances such as fires, logging, and windstorms have often been
studied, as have resilience after conversion to agriculture and reforestation. Most studies focused on
relatively short-term conditions, employing the engineering resilience concept. Engineering resilience,
however, is ill-suited to changing conditions under climate change, which better applies the ecological
resilience framework [1]. Thus, we use the ecological resilience concept, which also has widely varied
implications for disturbance under future climate [2].

The meaning of resilience changes depending on the spatial scale being examined. At stand and
landscape scales, resilience is understood as the likelihood of return to the same stand composition,
or for landscapes composed of many stands, after disturbance. In contrast, at the regional scale,
the issues of concern are whether changing climate will cause change to a different forested biome or
from a forested to non-forested biome (i.e., less concern over dominant tree species). Here we posit
that ecological resilience depends on the interactions between climate change and ecosystem legacies
of secondary forests and landscape diversity.

3.1. Ecosystem Legacies and Memory

Forest resilience to climate change is shaped by ecological memory of past ecological states,
as transmitted by ecosystem legacies [4]. Ecosystem memory is the totality of post-disturbance
ecosystem legacies [4,20]. Ecosystem legacies persist through change (disturbance) and shape the
future responses to climate change and disturbances. Various disciplines have used the concept of
legacies to describe conditions that persist after disturbance; these include disturbance, biological,
soil, land-use, and silvicultural legacies that overlap in complex ways [4]. Ecosystem legacies are
further classified as information legacies (species adaptations) and material legacies (individuals, seeds,
woody material, and nutrient pools). Ecosystem legacies are stated in positive terms, rather than
the mixture of positive (e.g., biological) and negative (e.g., land-use) legacies [2]. Ecosystem legacies
describe what passes through the disturbance filter, rather than what was lost [4]. Thus we avoid terms
such as “bad ecological memories’ [21].

The stronger the ecological memory, the greater the resilience to changing climate. Wilderness
areas, primary forests (i.e., never logged), and some secondary forests (intact, continuously forested
areas that have been relatively undisturbed for at least the last two centuries), are better positioned
to maintain resilience and ecosystem services in a changing climate than other, younger secondary
forests [22]. Even for these latter forests, resilience in a changing climate has major dependencies on
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the factors discussed below that are fixed for a given landscape, such as landscape diversity. However,
at least when all other factors are equal, continuous forests are more resilient [23].

An edited pattern of ecosystem legacies, a legacy syndrome, contains complex relationships that
allow many aspects of disturbance regime and traits of dominant tree species to interact in mutualistic
fashion to facilitate ecological function on a given landscape [4]. A mismatch is likely to occur when
either environmental tolerance of the foundational tree species or safe space for disturbance regime
is exceeded, leading to a loss of ecological memory and transition to different vegetation types [2].
Two possible trajectories are to a novel ecosystem or to a degraded state, with a permanent decline in
productivity and capacity to regulate environmental processes [18]. In either direction, there is less
ecological memory, and new relationships among species that confer resilience are not necessarily
well established. Ecological functions (productivity, retention of nutrients) and ecosystem services
(maintaining biodiversity, timber production and CO2 sequestration) are likely to be at lower levels
than in forests with strong ecological memory.

3.2. Resilience Debt

Resilience debt [2] or memory debt [18] represents a loss of resilience due to misalignment of
information legacies and climate change-related disturbances which is only apparent after disturbance
and climate change have occurred. Thus, if the same disturbance (type and severity) as historically
occurred should occur again, the forest could drastically change when the resilience debt comes due.
In other words, disturbances that formerly perpetuated the forest now lead to change, in which case the
forest is outside of the safe operating space for the disturbance or climate regime. Ecosystem memories
can facilitate change in a direction away from the historical natural condition, away from desired
management outcomes, for example that favor invasive species [21]. To tie concepts of ecosystem
legacies, resilience, and resilience debt together, we can say that high resilience scenarios (with high
ecosystem legacies and low resilience debt) maintain existing conditions, while moderate resilience
scenarios allow some stands to remain the same, and most or all stands change in low resilience
scenarios (with low ecosystem legacies and high resilience debt, Figure 1). Furthermore, the level
of resilience for a given forest in a changing climate comes about due to the relative magnitudes of
ecological resilience and climate change opposing one another.
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Figure 1. Landscape shifts for southern boreal forest for future scenarios with low and high magnitudes
of climate warming. A. Low magnitude of warming allows some boreal stands to persist while other
stands convert to temperate forest or savanna; this is a moderate resilience scenario. B. High magnitude
of warming causes loss of all boreal stands and their replacement by either savanna or artificial planted
forest; this is a low resilience scenario.
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3.3. Landscape Diversity and Forest Resilience

As climate changes, ecosystem legacies will interact with another important factor that can confer
more orderly ecosystem responses, namely landscape diversity—variation in landforms, soil texture,
and substrate chemistry (pH and nutrient levels) at scales from 10 s of m to 10 s of km. In particular,
diversity of land forms and soil textures allows coexistence in close proximity of vegetation types
adapted to varied temperature and moisture regimes. In essence, a diverse landscape with many
different legacy syndromes in operation can allow some of them to expand while others contract,
with relatively short distances for foundational species to move while the climate changes [24]. Thus,
we have a landscape-scale, spatial version of the biodiversity insurance hypothesis [25].

Landscape diversity plays a major role in allowing for natural adaptation to climate change to
take place [24]. Temperature lies upon the landscape like a quilt, with patches of different temperatures
due to solar radiation differences according to aspect and slope steepness. Furthermore, temperature
variation combined with variation in albedo, wind patterns, evaporation, and soil texture, also leads
to similar variation in soil moisture [26]. For a given landscape, there can be landforms harboring
species in unique places that could become a dominant cover type over large spatial extents in a
warmer climate. Steep equatorward slopes, for example, or sandy soils could represent future warmer
temperatures and drought stress. Similarly, there may currently be places of potential refuge for species
that may be displaced on most of the landscape in the future. For example, areas with deep silty soils
with high water holding capacity, low areas that receive cold air pooling at night, or poleward-facing
slopes may be wetter, cooler refugia for species otherwise ill-adapted to drier, warmer climate, allowing,
for example, boreal stands to persist on the landscape as temperate forests develop in warmer parts of
the landscape [26], (Figure 2A).Forests 2020, 11, x FOR PEER REVIEW 6 of 16 
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Figure 2. Impacts of landscape diversity on forest change in a warming climate at the trailing (southern)
edge of the boreal forest and leading (northern) edge of temperate deciduous forest. (A) High landscape
diversity scenario has preexisting maple on a south facing aspect (facing right in this figure) which
expands by year 50 and maintains boreal forests in lowlands receiving cold-air pooling and on north
facing aspects (facing left in this figure). (B) Low landscape diversity scenario experiences larger
changes in composition and loses diversity as the climate warms.

With high landscape diversity, species already present may expand without having to move very
far, or contract their spatial extent but still persist, as the climate changes—thus a diverse forested
landscape as a whole could be more resilient to climate change than a low-diversity, flat landscape that
has low species diversity (Figure 2B). In essence, diverse landscapes lead to strong ecosystem legacies



Forests 2020, 11, 965 6 of 15

and ecological memory at the landscape scale, despite the fact that patches of some forest types present
may have weak ecosystem memory.

In highly diverse landscapes, a forest type or tree species that currently has a small spatial extent
may become the dominant cover type in a changing climate. The whole suite of species needed for
future ecosystem function may be present and do not need to disperse far. Importantly, the more small
inclusions there are of a currently minor, but future dominant type, the faster it can expand as the
climate warms [27].

Magnitudes of climate change and landscape position within a given region (leading edge versus
trailing edge with respect to warming climate) will interact with ecosystem legacies and landscape
diversity to influence the ultimate outcome for change in a given forest landscape, and determine the
potential for management actions to enhance forest ecosystem services. Leading edges of the range for
tree species, forest types, or biomes are defined as edges towards a cooler climate, generally poleward
or higher elevation edges (there are local or regional exceptions due to cold air pooling in basins with
certain shapes and lake or ocean effects), while trailing edges are defined as usually equatorward or
lower elevation edges.

Although low-magnitude climate change may not challenge the abilities of ecosystem legacies,
landscape diversity, and management to work together to mitigate effects of climate change, the higher
climate change scenarios are likely to overwhelm all ecosystem legacies of the currently dominant
forest type everywhere on the landscape (Figure 1B), perhaps even the strongest legacy syndromes
in primary forests. Information legacies can become useless for adaptation to large magnitudes of
warming, leading to large resilience debt when formerly routine disturbances occur, mismatch of
disturbance regime and species traits in the legacy syndrome, and status outside of safe operating
space [2]. Furthermore, large magnitudes of warming climate may overwhelm landscape and structural
diversity, exceeding the ability of even the vegetation type on the warmest parts of a diverse landscape
to thrive, leading to a period of chaotic reorganization.

4. Secondary and Planted Forest Legacies

Depending on the origin of secondary forests, the level (or strength) of ecosystem memory and
maintained legacies can be quite variable. Over sufficient time, some planted forests can develop
characteristics similar to secondary forests, including legacies. Continuity of forest cover is an
over-arching characteristic.

4.1. Continuous Forest, Second Growth Legacy

These forests originated following harvesting without an intervening period of conversion to other
land uses [4,23]. Often these were harvested during winter in high latitudes, perhaps by clearcutting,
but without soil tillage. They have a strong memory in terms of legacies—species composition of the
tree layer and soil. However, early successional species could dominate due to high light availability
at the time of tree establishment, or in some cases dominants could be late successional species because
shade-tolerant species in the understory were released post-harvest or retained from the previous
stand. These could be even-aged or uneven-aged at this time.

4.2. Non-Continuous Forest with Reassembled Native Legacies

Forests can develop on land abandoned after human conversion for other uses, often from
abandoned agriculture or pasture [23]. A forest legacy is reassembled via natural processes,
in which species composition (information legacy) is similar to that of continuous secondary forest.
Structural legacies, however, such as large trees, gaps, and coarse woody debris likely will be absent.
This occurs in situations where many native species are present in scattered locations (for example
along minor water courses or windbreaks), but can still spontaneously assemble former communities
when human activity ceases. These are for the most part post-agricultural lands that had scattered
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continuous forests on the landscape nearby (e.g., farm woodlots) and few or no invasive species
were present.

4.3. Non-Continuous Forest with Novel Reassembled Legacies

A novel community of species can assemble on abandoned land, including mostly non-native
species that can move easily across long distances, or that were purposely planted. These tend to be
on land more recently abandoned by other uses than reassembled legacy sites, so that propagules of
invasive species were present in many nearby locations. These could be completely novel in species
composition with all species put there by people. Legacies reassemble, but develop an ecosystem
memory that tends to drive succession in an undesired direction.

4.4. Planted Forest Legacies

Currently existing planted forests, including plantations, can be any of the three forest legacy types
described above: continuous forest planted with native tree species; reassembled forest planted with
native tree species combined with species that arrived on their own [28]; or novel reassembled forests
planted with non-native tree species [29]. Soils could have been plowed or not, and planting could
have been performed on open soil or into an intact understory. However, the first two types are most
common and, over sufficiently long time, may develop legacies similar to secondary forests. Plantations,
especially if intensively managed on relatively short rotation, can develop ecosystem memories with a
legacy syndrome miss-matched to the disturbance regime resulting in high resilience debt.

Many secondary forests already have species (or provenances) adapted to warmer climate or drier
conditions, but do not have the resilience or ecosystem legacies of primary (old growth, primeval)
forests. This is especially important at leading/trailing edges. Although the level of adaptation of
tree species to local conditions varies, planted forests, on the contrary, are usually established with
locally adapted material and optimized for growth under current conditions. While diverse forests are
thought to be more resilient overall, mixed species plantations are rare. Nevertheless, sometimes other
species have spontaneously regenerated within gaps in plantations and are helping with resilience to
climate change.

5. Resilience Frames and Management Options

We recognize five resilience frames (Figure 3) through which to view forest change at the landscape
scale, from a management perspective. In each case these should be interpreted as related to climate
change scenarios by the late 21st century and frame the management options available under the
specified conditions.

Frame 1, persistence. Keep the current tree species as climate changes, with minor change in forest
type due to small shifts in relative abundance among them. This may happen in areas with high
landscape and tree species diversity, characterized by high ecosystem memory, continuous forest
legacy, and low magnitudes of climate change expected relative to ranges of foundational tree species.
Forests are dominated by leading edge or mid-range tree species. Resilience debt is small for the forest
as a whole. This is the incremental [5] or resistance [6] adaptation strategy that relies on the ability of
native species to adapt to modest changes in climate, via techniques such as stand thinning for drought
resistance, maintaining a diversity of tree species, managing to mitigate effects of invasive species that
add to stress on the ecosystem, and creating multi-aged stands resistant to wind storms [5,6,21].
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Figure 3. The frames of change in stand types and species composition—a trailing edge southern
boreal forest example with leading temperate deciduous forest and oak savanna just to the south.
Frame 1, persistence, the same tree species composition is sustained, perhaps with some minor shifts in
relative abundance. Frame 2, moderate change, there are substantial changes in relative abundance
of dominant tree species. Frame 3, forest biome change, major turnover of species composition,
e.g., transition from boreal to temperate species. Frame 4, forest loss, change from forest to non-forest
biome (e.g., savanna or grassland). Frame 5, novel ecosystems are established using exotic tree species
suited to the new climate.

Frame 2, moderate change. Keep a subset of current tree species, with moderate change in forest
type expected. Foundational tree species may include a mixture of leading edge and trailing edge tree
species; expected magnitude of climate change, given the level of landscape diversity, would cause
loss of the trailing edge species. Frame 2 is generally characterized by moderate levels of ecosystem
memory and perhaps some expression of novelty (such as invasive species that are favored by warmer
climate or disturbance). Moderate levels of resilience debt exist after disturbance, so that relative
dominance among species shifts without creating a novel forest type. Illustrative examples of Frame 2
include transition from dominance by conifers to birch-aspen, already observed in the boreal forest
of Alaska and northern Minnesota, as warming climate favors more frequent fires and compound
disturbances [2,30] and maple invading boreal conifer forest in northern Wisconsin (Figure 4A–C).
Depending on management objectives, the strategy may rely on incremental adaptation by relying on
increased dominance of heretofore minor species or anticipatory adaptation by introduction of other
species or provenances through assisted migration [31]. Resilience debt is addressed by anticipating
changing climate, favoring better adapted species or introducing adapted provenances of foundation
species, i.e., a resilience strategy [2,6].
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banksiana Lamb.) and black spruce after a windstorm-fire combination in 1999–2006. Photo by Dave 
Hansen. (C) Frame 2-3 change in progress. Sugar maple sapling growing in a boreal balsam fir (Abies 
balsamea (L.) Mill.) and white spruce (Picea glauca (Moench) Voss) forest in northern Wisconsin in 2017, 
where there were no maples 40 years prior; this is a Frame 2 setting now, but could become Frame 3 
in the future if maple continues to replace conifers. Photo by Lee Frelich. (D) Frame 3 example—
temperate sugar maple forest resulting from mid-Holocene transition of boreal forest in a warming 
climate in western Upper Michigan. Photo by Kalev Jõgiste. (E) Frame 4 example—prairie with 

Figure 4. Pre-historic and contemporary transitions of boreal forest in Minnesota and Wisconsin, USA.
(A) Current boreal forest of black spruce (Picea mariana (Mill.) Britton, Sterns & Poggenb.) in the
Boundary Waters Canoe Area Wilderness, Minnesota. Photo, Elias Anoszko. (B) Frame 2 change in a
boreal forest. Young paper birch (Betula papyrifera Marshall) forest in the Boundary Waters Canoe Area
Wilderness. This birch regeneration replaced a coniferous, boreal forest of jack pine (Pinus banksiana
Lamb.) and black spruce after a windstorm-fire combination in 1999–2006. Photo by Dave Hansen.
(C) Frame 2–3 change in progress. Sugar maple sapling growing in a boreal balsam fir (Abies balsamea (L.)
Mill.) and white spruce (Picea glauca (Moench) Voss) forest in northern Wisconsin in 2017, where there
were no maples 40 years prior; this is a Frame 2 setting now, but could become Frame 3 in the
future if maple continues to replace conifers. Photo by Lee Frelich. (D) Frame 3 example—temperate
sugar maple forest resulting from mid-Holocene transition of boreal forest in a warming climate
in western Upper Michigan. Photo by Kalev Jõgiste. (E) Frame 4 example—prairie with scattered
oak woodland resulting from mid-Holocene transition from boreal forest due to increasing aridity in
western Minnesota. Photo by Dave Hansen.
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Frame 3, forest biome change. This fully anticipatory adaptation strategy maintains a forest of some
sort, but with largely different species composition. All foundational tree species are trailing edge,
but the landscape of interest is on or near the leading edge of a different forest biome with largely
different species composition. This frame is likely to occur near trailing edges for temperature and
moisture tolerance for all of the foundational tree species. Ecosystem legacies are overwhelmed in areas
with low landscape diversity and moderate magnitudes of climate change; or perhaps in the middle of
the biome or tree species ranges there is high magnitude climate change combined with low landscape
diversity. Continuous forest may still occur, but given the expected magnitude of climate change,
transition among forest types or biomes is likely; therefore resilience debt is high. Examples expected
to occur include boreal to temperate forest transition in the southern boreal forest [32], or mesic forest
to dry forest transition in mesophied oak forests of the northeastern U.S. [33]. Many examples of boreal
forests that underwent a Frame 3-type transition to temperate sugar maple (Acer saccharum Marshall)
forests as climate warmed during the Holocene exist in the western Great Lakes region of Minnesota,
Wisconsin, and Michigan, USA [34] (Figure 4 D). Major management strategies include facilitating
the expansion of leading edge species that are currently in low abundance, but likely to become the
new dominant species, and assisted migration of those tree species in equatorward locations that have
poor dispersal abilities [6,24]. In diverse landscapes it may also be possible to identify locations with
refugium characteristics and enhance resilience of stands of existing tree species in those locations [26].

Frame 4, forest loss. When climate change is of sufficient magnitude that a biome shift occurs,
there can be a transition from forest to non-forest biome. The landscape of interest is on the trailing
edges of a forest biome and all foundational tree species, although there may remain small refugial
locations for trees in landscapes with high diversity. This frame is likely to occur in areas near
the trailing edge of a biome under a scenario with low-to-moderate magnitude of climate change,
or perhaps mid-biome locations for high magnitudes of climate change. This would include boreal or
temperate forest transition to savannas or grasslands due to change in annual water balance—increasing
evaporation to precipitation ratio from a positive to negative balance [35,36], as has happened during
the mid-Holocene in areas currently dominated by prairie in western Minnesota [37] (Figure 4E).
Generally, water balance determines forest versus grassland and temperature determines boreal
versus temperate forest [32,35]. However, species diversity can also determine where biome lines
are—for example tree lines are at lower elevations on islands than mainlands, partly due to lower
tree species richness, so that it is less likely that a species will be present on a given island that can
tolerate cold conditions [38]. Resilience debt is extremely high, and ecosystem forest legacies are totally
overwhelmed by changing climate. Management options include facilitation of species from the new
biome, and considering whether maintaining forest cover is important enough to establish a Frame
5 scenario.

Frame 5, planted novel ecosystems. Novel ecosystems may be intentionally established to maintain
a forest biome, albeit of non-native or even bioengineered species adapted to the altered climate.
This transformational adaptation strategy introduces a high degree of novelty where ecosystem legacies
have been overwhelmed. By planting, regeneration constraints can be overcome as a novel forest
will develop as long as growing conditions are amenable. This facilitation strategy [6] provides a
gentle trajectory rather than an abrupt loss of ecosystem services from the forest. It may, however, be a
relatively short-term respite in areas expected to undergo even more change in climate [39,40].

6. Forest Readiness for Climate Change

The frame in which a given forest sits provides a vision for feasible management options during
the 21st century. By identifying the appropriate frame, we can begin to answer the questions of
“What change will we try to be ready for?” and “When should we begin?” These questions apply to both
ongoing forest management [41] and to restoration of degraded forests [5,42]. Forest managers need to
know what thresholds will trigger each of these frames. Getting to the appropriate frame for a given
forest landscape requires access to information including an understanding of scenarios for projected
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climate change from general circulation models (GCMs), how climate interacts with landscape features,
and how the tree species and forests will respond to the projected changes. While GCMs are improving
in skill and resolution, their spatial resolution is still inadequate for stand- and landscape-level
planning, and therefore most studies use a range of GCMs (including those which run relatively warm
and dry or cool and wet) to bracket the range of possibilities [43]. Models of tree species’ future
ranges, future responses of the forest landscape via models such as LANDIS, and studies of factors
that determine biome boundaries for a given climate scenario can help determine which frame is
appropriate for a given forest and climate scenario [29,32–34,43,44].

The key for assessing readiness is to examine the interactions of the appropriate frame with
ecological resilience and landscape diversity in a given forest (Table 1). Ecological resilience levels
are highest in the upper left cell of Table 1 (Frame 1, continuous second growth), and become lower
moving down the rows from Frame 1 to Frame 4 or across columns from continuous 2nd growth to
planted forests. Within each cell, resilience levels are as high or higher for high landscape diversity
(right side of each cell) as compared to low landscape diversity (left side of each cell). Note that
resilience debt has the opposite pattern; e.g., low levels in the upper left mean that it is unlikely
that routine disturbances will suddenly cause a large change in forest composition. Management for
resistance is feasible in the very high and high resilience cases of Table 1, while resilience management
strategies (incremental and anticipatory) are feasible in the medium cases. These two management
strategies are futile in low resilience cases, where facilitation of a novel ecosystem, possibly including
assisted migration of species from leading edges of the nearest equatorward forest type or biome may
be necessary, and in flat landscapes large geographical distances may be involved [31].

Table 1. Forest resilience levels by frame and forest legacy type. Each cell shows the two levels
of forest resilience to climate change: for high (left) and low (right) levels of landscape diversity.
Resilience depends on ecosystem legacy/memory and resilience debt as explained in the text. Frame 5
is not considered here, since such forest by definition would be planted in the future using non-native
species or bioengineered native species that do not fit within any of the legacy types shown here.

Resilience
Frame

Secondary Forest Legacy Type

Continuous 2nd Growth Non-Continuous Non-Continuous Novel Planted

Frame 1 Very high/Very high High/High High/Medium Variable 1

Frame 2 High/Medium Medium/Medium Medium/Medium Variable 1

Frame 3 Medium/Low Medium/Low Low/Low Variable 1

Frame 4 Low/Low Low/Low Low/Low Low/Low
1 Currently existing planted forests could have the levels of non-continuous or non-continuous novel legacy types,
depending on their species composition.

Future tree species richness will be a balance between loss of trailing edge and gain of leading
edge species, which will be unique at landscape and/or ecoregion scales, because of variations in
magnitude of climate change, landscape diversity and ecosystem legacies across forested biomes.
Managers need analyses of which foundational tree species in their forest will or will not have their
environmental tolerances exceeded in the most likely climate change scenario several decades into
the future. Such analyses may take into account the unique aspects of tree ranges and relationship
to climate—each species responds to a different set of variables [43], rather than simple climate
envelope models.

Studies of microclimatic differences across topographical features and how these relate to
persistence of individual tree species are lacking at this time. However, another perspective on tree
species comes from examining regional climate gradients in a space for time substitution, to see which
foundational tree species can tolerate the driest/warmest conditions likely to occur as the climate warms.
In other words, locating equatorward sites with summer climates analogous to future climates projected
for a given forest, followed by collecting data on tree species at the analog site and their relationships to
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landscape diversity. For example, for locations in the southern boreal forest, which boreal tree species
persist the farthest along a southwards climate gradient? For locations near the trailing edge of forests
near grassland boundaries, which tree species persist farthest along the climate gradient from forest
to grassland?

Management strategies are quite different for trailing edge versus leading edge species. We expect
species near the trailing edge of the range to contract to smaller spatial niches in the landscape, or to
disappear altogether from landscapes with low landscape diversity. Managers can look for occurrences
of and possibly facilitate expansion of outliers of species at the leading edges of their ranges.

Management can potentially create diversity of stand ages and tree species, even in landscapes with
low landscape diversity, thus manipulating the ecosystem legacies to reap some of the resilience benefits
of a landscape with high natural diversity [21]. A mixture of species with different levels of drought
and heat tolerance could lead to maximum productivity in a warming climate at landscape and stand
spatial scales, even with the expectation for more wind storms. Tolerance of more frequent high wind
occurrences depends not only on species, but also age/size class within species, with late-successional
species and smaller individuals more tolerant of high winds [45]. Small patches of tree species near the
leading edge of their range could be placed throughout the landscape so that they can expand on their
own as the climate warms.

Spatial variability across scales, from ecoregion through landscape, stand, individual tree and
micro-topography, all contribute to ecosystem memory and forest resilience [2]. Within stand structural
diversity, standing and downed woody debris, and micro-topographical features such as tip-up mounds,
are important because microsites are important for germination of most species [21]. Very large material
legacies, in terms of coarse woody debris and snags, can be created by climate change as poorly
adapted tree species decline and die, but much of the information legacy would be rendered useless,
although what remains could be magnified as a management strategy.

Continuous secondary forests are in relatively good shape to adapt to low to moderate magnitudes
of climate change such as would occur with climate change scenarios with reduced greenhouse gas
emissions, while no forest type is likely to adapt to the ‘business as usual’ climate scenario, since the
magnitude of warming would exceed the temperature differences across the ranges of most tree species
and biomes [21]. In addition, the ability of high landscape diversity and strong environmental memory
to buffer forests is probably limited to Frames 1 and 2.

Examples of forests with large spatial extents that have the landscape and legacy characteristics
needed to adapt to Frames 1 and 2, but not 3 or 4, include sugar maple-dominated northern hardwoods
in the Great Lakes region of the U.S. and southern boreal forests in Canada and Scandinavia. Both would
undergo moderate changes in composition while retaining most of their current native tree species
(Frame 2) if the climate warmed by 1–2 ◦C, but are close enough to the prairie-forest border and
temperate deciduous forest, respectively, so that they will likely transition to prairie (Frame 4) or
temperate deciduous forests (Frame 3), respectively, for a business as usual climate change scenario
with 3–4 ◦C warming [32,33,46]. Research is underway in this area to determine what the best species
are for facilitating expansion of leading edge species for Frame 2 or 3 scenarios or establishing novel
forests for a Frame 5 scenario. In addition, planting species that could potentially persist on poleward
(north) slopes in areas with high landscape diversity is underway [44,47,48].

In contrast, plantations of Norway spruce (Picea abies (L.) H. Karst) and Scots pine (Pinus sylvestris L.)
in Europe, and red pine (Pinus resinosa Aiton) in eastern North America are not ready for climate change
for several reasons. The species were frequently placed in off-site locations, resulting in unstable stands
in the face of windstorms and periodic drought. Today many of these locations would be considered
trailing edges that are out of range given the incoming climates [43]. Species near dry range limits are
more affected by droughts than in the middle of species ranges [49], while fungal diseases and insect
outbreaks are increasingly common in areas with climates that are becoming warmer and wetter [50].
Other factors include lack of structural and species diversity in the understory.
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A final point regarding transient dynamics of the forest—note that only Frame 1 has a stable
endpoint similar to that which managers have been used to in the past, and it is only likely to occur
with dramatically reduced greenhouse gas emissions. In the other frames all management activities
will be directed at shepherding ecosystem change with transient dynamics for the duration of the
21st century. Given the expected non-equilibrium dynamics, management will be dominated by new
trajectories of successional dynamics and novel disturbance regimes in addition to traditional stand
growth and yield [51]. Furthermore, multiple factors are also chipping away at resilience of secondary
forests in many places, such as heavy ungulate browsing, earthworm invasions, and invasive tree pests
and diseases [46,52].

7. Conclusions

Interactions among magnitude of climate change, ecosystem legacies, and landscape diversity
may determine whether forests will change little, with small relative shifts in abundance among
species, have major shifts among species, shift to mostly new tree species, or shift to a non-forest
biome. These interactions are complex, however, we have attempted to provide a conceptual way for
forest managers to view future change in their area. A combination of downscaled climate models
and assessment of the legacy and landscape status of forests is needed to make use of the conceptual
scheme and types of changes that can be expected.

Paleoecological evidence shows that Frame 3 and Frame 4 shifts occurred in boreal and temperate
forests during the mid-Holocene in response to climate changes similar in magnitude to those projected
by the late 21st century for business as usual greenhouse gas emissions scenarios, while field studies
show that forests are beginning to experience Frame 2 and Frame 3 responses due to climate change
that has already occurred. Unless major reductions in carbon emissions occur soon, climate change
is likely to overwhelm the capacity of ecosystem legacies and landscape diversity to buffer forest
response—scenarios outlined by our Frames 3 and 4—setting forests on a course of transient dynamics
leading to vastly different vegetation, or forcing the establishment of novel planted forests as in Frame 5.
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