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In the face of dramatic climate change and human pressure acting on remaining

forest areas across tropical, temperate and boreal biomes, there has emerged a

coordinated effort to identify and protect forests that are currently considered “intact”.

These forests are hypothesized to be more resilient to future abiotic perturbations

than fragmented or degraded forests, and therefore, will provide more reliable carbon

storage and/or biodiversity services into an uncertain future. Research in the fields of

contemporary and paleoecology can offer valuable insights to enhance our ability to

assess resilience of forests and whether these would be comparable across forest

biomes. Contemporary ecological monitoring has been able to capture processes acting

over the short-to-medium term, while paleoecological methods allow us to derive insights

of the long-term processes affecting forest dynamics. Recent efforts to both identify

intact forests, based on area definitions, and assess vegetation climate sensitivity globally

have relied on satellite imagery analysis for the time period 2000–2013. In this paper, we

compare these published datasets and do find that on average intact forests in boreal

and tropical biomes are less sensitive to temperature and water availability, respectively;

however, the patterns are less clear within biomes (e.g., across continents). By taking

a longer perspective, through paleoecology, we present several studies that show a

range of forest responses to past climatic and human disturbance, suggesting that

short-term trends may not be reliable predictors of long-term resilience. We highlight

that few contemporary and paleoecology studies have considered forest area when

assessing resilience and those that have did find that smaller forest areas exhibited

greater dynamism in species composition, which could be a proxy for declining resilience.

Climatic conditions in the Anthropocene will be pushing forest systems across biomes

into novel climates very rapidly and with current knowledge it is difficult to predict how

forests will react in the immediate term, which is the most relevant timeframe for global

efforts to reduce carbon emissions.
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INTRODUCTION

Intact forests (i.e., that have not experienced large-scale
anthropogenic disturbance) have been highlighted as being
particularly valuable for conservation due to a number of unique
attributes and services, such as climate change mitigation, local
to regional weather regulation, invaluable biodiversity habitat,
clean water provision, support of dependent indigenous cultures
as well as wider benefits for human health (Watson et al., 2018).
Further, particularly large, contiguous areas of intact ecosystems
are posited to be more resilient to changing climate conditions
due to their harboring species with higher functional diversity,
and therefore, redundancy. A larger, contiguous area allows
for greater species dispersal potential as well as greater genetic
diversity within extant species (Thompson et al., 2009; Baho
et al., 2017). There is already considerable literature showing
the negative effects of even moderate levels of disturbance on
forest functioning and biodiversity (Gibson et al., 2011; Barlow
et al., 2016; Betts et al., 2017), particularly reduced carbon
sequestration and loss of species’ habitat due to increases in forest
edges (Haddad et al., 2015; Qie et al., 2017). At the same time,
the impact of disturbance on forest resilience, particularly over
larger time scales such as centuries and millennia, is less clear
(see Froyd and Willis, 2008; Cole et al., 2014). For example, are
there particular types of disturbance that might make a forest
ecosystem more resilient over time and is the impact of early
Neolithic cultures relevant for the designation of intact forest
areas today (Barlow et al., 2012; Willis et al., 2018)? The overall
aim of this paper is to discuss and provide a selection of spatial
and temporal metrics to inform efforts to assess forest resilience.
In particular, we will discuss these methodologies in the context
of the intact forest landscape (IFL)metric (Potapov et al., 2017) to
explore: (i) how are intact forests responding to disturbance and
climate change, (ii) is it possible to distinguish natural variability
of a forest ecosystem from increasing variability due to reduced
resilience, (iii) are there common mechanisms underpinning
resilience across biomes, and (iv) do larger forest patch areas
confer resilience?

With increasing anthropogenic pressure, better
understanding the dynamics of intact forests is necessary
for human development to remain within planetary boundaries
(Steffen et al., 2018). Current efforts to identify forest without
evidence of contemporary disturbance and that are sufficiently
large to maintain the above listed services have relied on remote
sensing methods (Potapov et al., 2017). The IFL metric has
identified intact forests across all terrestrial biomes (i.e., tropical,
temperate, and boreal ecosystems) using a minimum area
definition of 500 km2 with a minimum width of 10 km and a
minimum corridor width of 2 km, which have not shown any
sign of human disturbance since 2000 (Potapov et al., 2017).
However, these systems have historically experienced very
different levels of human disturbance as well as evolved under
very different natural disturbance regimes (Thompson et al.,
2009). In theory, intactness is considered to be a core aspect
of resilience (Parrish et al., 2003), whereby current conditions
can be compared to historical baselines to assess the scale of
past disturbance or level of “ecological integrity” (see section

on “Baselines”). In practice, the assumption that the same area-
based definition of intactness would necessarily correlate with
resilience across all forests should be examined. Outlining clear
baselines for initial anthropogenic disturbance have proved to
be challenging (e.g., Nogué et al., 2017). Paleoecological records
have already provided evidence of a long presence of human
impacts on forest around the world. For example, evidence of
agricultural activity has been dated in New Guinea to 7,000
years ago (e.g., Willis and Birks, 2006) and more examples of
early anthropogenic impacts have been found in Amazonia
(e.g., McMichael et al., 2012), lowland Central Africa (Tovar
et al., 2014) and the Canary Islands (de Nascimento et al., 2009).
Therefore, the integration of spatial and temporal methodologies
is essential to advance our understanding of the resilience of
intact forests.

Competing Frameworks for Resilience
Defining forest resilience has its own challenges. First, it is
necessary to decide whether resilience is considered to be a
return to an equilibrium state (e.g., engineering resilience)
or as a dynamic system that maintains certain functions
following a disturbance (e.g., ecological resilience) (Holling,
1973). Carpenter et al. (2001) posited the question “resilience of
what, to what?” Are intact forest areas largely valued for their
carbon storage and sequestration services, which are supported
by highly diverse plant and animal communities, or are they
primarily more reliable areas of habitat for endangered and
rare species, including refugia for poorly dispersed species, that
have the added benefit of being a carbon storage facility? The
distinction may seem academic, but the metrics for assessing
forest resilience in either scenario could be quite different
as well as, potentially, policy approaches for achieving each
outcome (Newton, 2016). Existing theory to assess resilience
suggest a variety of metrics for predicting whether conditions are
approaching a tipping point, and by extension, a likely shift in
regime. This requires careful consideration of the temporal scale
of analysis, which some have argued should be based on the life-
cycle of the slowest relevant variable (e.g., at the century-scale for
capturing forest dynamics) (Folke, 2006). However, this shift in
temporal scale can lead to a mismatch between the extent of our
ecological knowledge and current management policies (Willis
et al., 2005).

Assuming a stable state theory, Baho et al. (2017) developed
a quantitative framework of resilience, consisting of quantifying
measures of resistance, persistence, variability, and recovery that
can be estimated using ecosystem-level measures of structural
and functional attributes following a disturbance. Resistance
relates to the amount of change observed in a chosen metric due
to a disturbance. Persistence refers to the length of time species
co-exist before going extinct. Variability is expected to be low
during a state of stability and increasing as a system approaches a
tipping point. While recovery relates to the engineering resilience
perspective of returning to a known or desired equilibrium state.
Conversely, if considering the resilience of a forest as a dynamic
adaptive system, it is unlikely it will “recover” to its original
state, but could undergo “renewal” or “regeneration” to a new
but similarly functioning system (O‘Neill, 1998). Evidence for
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taking a more complex view of ecosystem resilience relates to
the likelihood an ecosystem in a specific location could have
multiple-stable states, due to climate-lags in species response
rates, which can also exhibit hysteresis or path dependence
(Blonder et al., 2017). Finally, there is a spatial element to
resilience, which relates to how connectivity, gradients, ecological
lags, and asymmetries contribute to or feedback on a system’s
response to a disturbance (Cumming, 2011; Allen et al., 2016).

Spatial and Temporal Metrics for
Assessing Resilience
Several studies have attempted to estimate the resilience of
remaining forest areas using a wide range of metrics; although,
largely reliant on a stability-based understanding of resilience,
and to our knowledge, none considering the total size of forest
area. For instance, relative variability in a response variable has
been used as a proxy for forest resilience, such as variability in
latent heat fluxes from eddy covariancemeasures as a predictor of
drought vulnerability (Anderegg et al., 2018), climate sensitivity
of vegetation using spectral time series of moderate-resolution
satellite imagery (Seddon et al., 2016), or establishing a historical
range of variation (HRV) to describe a “basin of attraction”
for comparison with contemporary responses to disturbance
(Seidl et al., 2016). Through establishing an HRV, Seidl et al.
(2016) reinforce the understanding that with climate change the
range of variability, disturbance regime and rates of recovery
will change, thereby defining resilience as a dynamic property
of an ecosystem that is important to quantify for informing
forest management. Trends in ecosystem responses have been
used to assess whether a system is approaching a threshold, such
as comparing regional trends in minimum water-use efficiency
(WUE) during dry and wet years (Ponce-Campos et al., 2013)
or tree-ring growth and isotope signatures to assess changes in
community-level productivity (Sangüesa-Barreda et al., 2015; van
der Sleen et al., 2015; Brienen et al., 2016).

Beyond temporal trends, spatial patterns may also be
indicative of an approaching shift to an alternative state whereby
spatial correlation as well as spatial variability may increase.
Although, this has mostly been applied in dry environments
(Dakos et al., 2011). Other approaches have focused on functional
and structural measures of communities to estimate underlying
dynamics, which may consider overall species diversity (Hisano
et al., 2018), functional redundancy in species presence and
their relative abundance (Baho et al., 2017), functional trait
composition of the dominant species in a community (Bartlett
et al., 2019), whether combinations of functional traits in species
are supported by high phylogenetic diversity (Díaz et al., 2013),
or discontinuities in the distribution of measures (e.g., animal
body mass) that are expected to relate to overall ecological health
and resource availability (Nash et al., 2014; Angeler et al., 2016).
There are a limited number of metrics that incorporate both
spatial and temporal perspectives, although the climate sensitivity
metric developed by Seddon et al. (2016) does produce a globally
consistent decadal estimate, they do not consider neighborhood
effects or contiguousness of vegetation.

All of the metrics listed above, at best, estimate the probability
of an ecosystem shifting to an alternative regime, such as a shift
in species composition or in life-forms (e.g., to grassland or
savannah). Considering both the temporal and spatial scale over
which these kinds of shifts could occur, it becomes invaluable
to consider a longer temporal scale that paleoecological data
can provide. Paleoecological datasets such as fossil pollen and
charcoal coupled with statistical modeling are already producing
important insights about how forest ecosystem processes vary in
time and if observable variability is predictive of an ecosystem
approaching a threshold. For example, previous studies, based
on a metanalysis of over 200 pollen-records (covering ∼20,000
years) have estimated the recovery time between periods of forest
cover in the tropics to assess regional forest resilience, offering
a binary measure of forest or non-forest (Cole et al., 2014).
Other paleoecological resilience metrics have entailed innovative
analysis of Holocene pollen, charcoal records, functional traits
(e.g., bark thickness, plant height), and also diatoms to explore
observable forest responses to past biotic and abiotic drivers (e.g.,
Seddon et al., 2014; Brussel et al., 2018; van der Sande et al., 2019).

Baselines: Providing Trajectories of Intact
Forest to Assess Resilience
The approaches listed above allow the range of observed
ecosystem responses to be compared to an ecosystem’s ecological
history. Ecological history is important for determining the
degree of change that has occurred from baseline reference
conditions (Willis et al., 2005, 2010; Gillson et al., 2011).
Moreover, ecological history has been highlighted as crucial
to determine the level of intervention required to restore
an ecosystem that has been modified by human impacts to
a more “naturally functioning state” (Jackson and Hobbs,
2009). Assessing ecological history was undertaken to inform
management of island ecosystems, which included consideration
of multiple baselines (Nogué et al., 2017). There are also some
examples in the policy literature that have highlighted the
importance of identifying baselines. For example, the IUCN’s
“global standard for the identification of Key Biodiversity Areas”
have introduced the concept of ecological integrity (criterion c)
(IUCN, 2016), which has been defined as “when [an ecosystem’s
or species’] dominant ecological characteristics (e.g., elements
of composition, structure, function, and ecological processes)
occur within their natural ranges of variation and can withstand
and recover from most perturbations imposed by natural
environmental dynamics or human disruptions” (Parrish et al.,
2003, p. 852). This definition essentially combines the concepts
of intactness and resilience into one. Operationally, the term
involves considering both ecological integrity and intactness of
the ecological community, which combined refer to the baseline
(or historical benchmark) conditions that support intact species
assemblages and ecological processes (IUCN, 2016). Baselines
therefore, are relevant to identify in intact forest landscapes.
Calder and Shuman (2019) introduced an interesting approach
to measure resilience by considering the amount and duration of
change from a baseline and the potential to measure the rate of
recovery. Using paleoecological datasets from Connecticut and
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Colorado (USA) the authors suggested that identifying baselines
are important to determine recovery, an intrinsic feature of
resilience. Trends in recovery rate can also be considered,
whereby the ability of a system to recover following disturbances
slows before approaching a critical threshold (Veraart et al.,
2011). However, the challenge of identifying the accurate baseline
applies to nearly any time period (e.g., millennia to decades) and
disturbance (e.g., temperature increase, wildfire, and land-use
change) (Hansen et al., 2016).

COMPARISON OF STUDIES AND METRICS
FOR MEASURING RESILIENCE IN INTACT
FORESTS

While it is clear the question of forest resilience is incredibly
complex, locally driven, likely path dependent, and therefore,
difficult to assess at a global level; there are international policy
prerogatives to prioritize forest areas for conservation that can
help us achieve meaningful climate mitigation and adaptation.
Hence, there is a societal need to understand the conditions
required to allow for the unhindered persistence of forests
across biomes as we enter an uncertain climate regime, the
Anthropocene (Malhi et al., 2014). Early efforts may be overly
simplistic, namely identifying arbitrarily-sized patches of forest
globally and hypothesizing that their size and contiguousness
necessarily confers a level of resilience (Potapov et al., 2017),
but it is an interesting assumption to explore. Fragmentation of
previously large patches of forest have likely resulted in higher
carbon emissions already (Maxwell et al., accepted) and the
processes by which they would be further disturbed are likely
to make them more prone to further degradation (Putz and
Romero, 2014).

To explore the robustness of the IFL assumption that area
confers resilience, we assess published global contemporary
and local paleoecological studies across forest biomes for
evidence. We were interested whether IFL areas exhibited
lower contemporary climate sensitivity than non-intact forest
and whether this metric varied by biome and continent. Then
we illustrate different metrics for understanding resilience
from paleoecological studies across these biomes. Although,
the studies chosen were not intended to be exhaustive,
they are helpful in informing the range of responses
intact forest landscapes have exhibited over paleoecological
time to disturbance and how they compare to ecological
or engineering resilience approaches for understanding
resilience today.

Analysis of Contemporary Datasets
The analysis we present is based on a contemporary measure of
climate sensitivity developed by Seddon et al. (2016) partitioned
into intact and non-intact forest areas using the intact forest
landscapes (IFL) dataset generated by Potapov et al. (2017) and
forest cover dataset produced by Hansen et al. (2013). The IFL
dataset also uses the Hansen et al. (2013) forest cover dataset to
identify contiguous forest areas, as previously described. They
have produced a series of analyses, estimating IFL coverage
and loss between 2000 and 2013 and 2013–2016. We used the

analysis by Seddon et al. (2016) to explore whether there is
evidence that the area-based metric for IFLs are less sensitive
to climate anomalies, and therefore, potentially more resilient
than non-IFL forest areas. Although with the caveat that Seddon
et al. (2016) are quantifying “sensitivity” and not resilience
directly. Their approach uses Moderate Resolution Imaging
Spectroradiometer (MODIS) Enhanced Vegetation Index (EVI)
time series from 2000 to 2013 (Solano et al., 2010) and various
climate variables to asses “variability,” under the assumption
that greater variability indicates higher sensitivity, potentially
lower resilience, and therefore, a higher probability of crossing a
threshold to an alternative state. To assess ecosystem sensitivity to
short-term climate variability, they developed a new metric, the
vegetation sensitivity index (VSI), which compares the relative
variance of vegetation productivity (EVI) with three ecologically
important MODIS-derived climate variables (air temperature,
water availability and cloud-cover) for the months in which EVI
and climate are found to be related. They used an autoregressive
(AR1) multiple linear regression approach, taking the three
climate variables and 1-month lagged vegetation anomalies to
identify areas with strong vegetation-climate coupling. Their
global VSI is generated from aggregating the EVI sensitivities
to each climate variable, weighted by the coefficients from
the linear regression modeling. The VSI provides a useful
dataset to explore contemporary responses to recent climate
anomalies; although, with a monthly canopy response interval,
this metric would not be capturing longer term responses.
Also, the resolution of the data is 5 km, which would be
aggregating the climate response over several landcovers in
more fragmented landscapes. While they were assessing the
sensitivity of all vegetation, not specifically forest, they found
that boreal forest and the wet tropical forests of South America,
Southeast Asia and Western Africa were among the most
“sensitive.” When they parsed the abiotic drivers, tropical forests
were more cloud limited and northern latitudes were more
temperature sensitive.

For our comparison we focused on the IFL layers for 2000–
2013 as that overlapped with the time period of study for
Seddon et al. (2016) and non-intact forest pixels for 2013 from
Hansen et al. (2013). The details of our analysis are described
in Supplementary Materials. We found that across the tropical
biome, IFL areas were less sensitive to water availability than
non-IFL areas. Southeast Asian (SEA) IFLs were more sensitive
than non-IFLs for all climate sensitivity variables (Figure 1),
which according to Potapov et al. (2017) represented 6% of
IFL area in 2000 but experienced an almost 15% reduction
in IFL area. We also found that this region has considerably
less forest area considered intact than non-intact as depicted in
the map and histograms in Figure 1. South American (SAM)
IFLs exhibited lower sensitivity to water availability and African
(AFR) IFLs exhibited lower overall climate sensitivity as well
as cloud and water sensitivity than non-IFLs (Figure 1). When
comparing intact forests within biomes across sub-regions, we
found that SEA IFLs were significantly more sensitive than both
SAM and AFR IFLs for overall climate sensitivity, water and
cloud sensitivity (Figure S1). SEA and SAM IFLs were similarly
sensitive to temperature and both were more sensitive than IFLs
in Africa.
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FIGURE 1 | (Top row) Distribution of intact and non-intact pixels for each analyzed continent across the tropics. (Middle row) Histograms of four climate sensitivity

metrics for intact (solid) and non-intact (dashed) forests for each continent. (Bottom row) TukeyHSD values, with confidence intervals, comparing climate sensitivity of

intact and non-intact forests for each climate sensitivity metric for all (“All”) forest pixels across the tropics and for each continent (“Region”). Negative values indicate

intact forest pixels exhibited lower sensitivity for each variable and positive values indicate non-intact forest pixels exhibited lower sensitivity.

Across the boreal biome, IFLs were less sensitive for overall
climate and temperature metrics (Figure 2). IFLs in Northern
European and Asia (NEA) were less sensitive for all climate
metrics than non-IFLs, while the opposite was true for North
American (NAM) IFLs. However, NAM IFLs were somewhat less
sensitive thanNEA IFLs for temperature and cloudmetrics, while
NEA IFLs were less sensitive to temperature (Figure S1). Potapov

et al. (2017) reported that NAM boreal IFL consisted of 24% of
global IFL, suffering a 3.3% loss between 2000 and 2013, while
NEA boreal IFLs were only 12% of global IFLs and experienced
a loss of 4.4%. When contrasting the area of forest in IFLs and
non-IFLs across both continents (Figure 2) it is clear that the
NEA boreal zone is significantly more fragmented compared to
the NAM boreal zone, which exhibits more similar levels of intact
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FIGURE 2 | (Top row) Distribution of intact and non-intact pixels for each analyzed continent across the boreal biome. (Middle row) Histograms of four climate

sensitivity metrics for intact (solid) and non-intact (dashed) forests for each continent. (Bottom row) TukeyHSD values, with confidence intervals, comparing climate

sensitivity of intact and non-intact forests for each climate sensitivity metric for all (“All”) forest pixels across the tropics and for each continent (“Region”). Negative

values indicate intact forest pixels exhibited lower sensitivity for each variable and positive values indicate non-intact forest pixels exhibited lower sensitivity.
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and non-intact forest area. We performed the same analysis for
temperate and southern boreal forests, although across these
biomes very small areas of IFL relative to total forest area remain
(Figure S2). Overall, temperate IFLs were more sensitive than
non-IFLs with only NEA IFLs being less sensitive to temperature
and Oceania (OCE) IFLs being less sensitive to water (Figure S2).
Comparisons across biomes are also presented; however the
signal was quite complicated.

Identified Paleoecological Studies
Figure 3 presents an overlay of global IFL and non-IFL
pixels with the location of several paleoecological studies
we discuss as illustrative examples, which are also listed
in Table 1. These examples were chosen to highlight the
complexity and opportunities that paleoecological approaches
can provide in terms of measuring resilience in different
landscape configurations and forest systems. These studies use
a variety of methods: fossil pollen, charcoal, soil erosion and
climate proxies, tree rings, and functional traits. The analysis
of these long-term datasets involves statistical analysis from
population modeling to rates of change. Studies A and G-I,
occurred in a currently fragmented agroforestry landscape that
revealed the persistence of forest species over the past 6,000 years
(Bhagwat et al., 2012; Nogué et al., 2018). Study B implements
paleoecological measures of functional traits and how they may
be selected for through changes in disturbance (Brussel et al.,
2018). Study C combines lake-sediment charcoal record with fire
scars on living spruce trees (Picea) to assess response of this forest
system to increasing human pressure since the gold rush (c. 1902)
(Gaglioti et al., 2016). Study D presents a study of Nothofagus
that revealed a long and stable persistence of this forest system
over time (Iglesias et al., 2018). Study E shows a 90,000 year
pollen record from an Afromontane site in Cameroon, indicating
highly unstable species composition with past climate changes
(Lézine et al., 2019). Study F explored the impacts of past human
activity on the floristic composition and carbon sequestration of a
peatland forest as well as identified “resilience friendly” activities
that could effectively conserve and restore this carbon-rich forest
system (Hapsari et al., 2018). Finally, study J used population
modeling of Symphonia, a Madagascan endemic tree, which
revealed rapid oscillations in their metric just before a threshold
shift in species composition of the community (Virah-Sawmy
et al., 2009).

DISCUSSION

How Are Intact Forests Responding
Currently?
Increasing concentrations of CO2 in the atmosphere combined
with changes in temperature, are impacting net ecosystem
productivity (NEP) and water use efficiency (WUE) of forests,
although the direction of the effect varies by biome. For
instance, NEP in northern latitudes appear to be increasing with
temperature and the tropics are exhibiting greater sensitivity
to CO2 (Fernández-Martínez et al., 2019). There is already
contemporary evidence that species composition of forest
communities are shifting in response to drying conditions

(Fauset et al., 2012) and even with CO2 fertilization, increases in
NEP are in areas that are less water limited (Fernández-Martínez
et al., 2019). The carbon sink across the tropical forest biome has
been relatively neutral since the 1990s, with sequestration rates
roughly equaling emissions from deforestation and degradation
(Mitchard, 2018). However, there have been spikes in this signal,
where the tropics became a net source of carbon during climate
extremes (Liu et al., 2017). Trends in carbon uptake of tropical
forests in the Amazon are showing signs of slowing as well as
enhanced carbon emissions from slowly decaying necromass,
which is modeled to be twice the magnitude of the decline
in carbon sequestration (Brienen et al., 2016). In addition,
there remains considerable uncertainty around the scale of
necromass and its vulnerability to increasing fire incidence
(Withey et al., 2018). Trends in carbon uptake can vary within the
tropics, whereby forests in Africa are more resource limited and
smaller, sub-canopy trees can be responsible for 20% of carbon
sequestration even though they may only store 11% of stand
biomass (Hubau et al., 2019).

Boreal forests are known to be experiencing warming twice the
rate of the global average during the twentieth century (Wolken
et al., 2011). However, the impact of temperature increase across
its range remains unclear (Frégeau et al., 2015; Girardin et al.,
2016). Warming is causing increases in the frequency, size and
severity of many natural disturbances, including pest outbreaks
that are known boreal forest stressors (Millar and Stephenson,
2015) as well as likely increasing rates of soil respiration
(German et al., 2012). Although multi-decadal soil warming
experiments suggest that increased respiration of microbes may
be short-lived with the dominant impact being enhanced root
production (Lim et al., 2019). Increasing temperature has been
identified as the most likely factor driving increased mortality
across North American forests, which has been outpacing the
rate of recruitment over the last few decades (van Mantgem
et al., 2009). The hotter, and therefore, drier conditions are
believed to be interacting with pathogen and insect incidence
to create this “novel forest decline” (Wong and Daniels, 2017).
Worryingly, suitable climate zones for the boreal biome have
been modeled to be moving to higher latitudes one order of
magnitude faster than species are expected to be able to migrate
(McKenney et al., 2007).

Unlike tropical or temperate systems, old growth boreal
systems are not characterized by tall dense stands in equilibrium.
Disturbance is a core aspect of this ecosystem, with fire
being the dominant driver followed closely by pest incidence
and disease. Fire occurs randomly throughout the landscape
independent of stand age resulting in a patchy distribution
of forest condition. Therefore, it has been argued that this
system would be better understood, and therefore, managed
at the landscape-scale, whereby a representative distribution
of stand ages are conserved to allow for recovery between
disturbance events (Kneeshaw et al., 2018). Evidence seems to
be growing that management decisions based on the stand-
level could be making boreal regions more susceptible to fire
and pest damage regardless of biotic factors (Seidl et al., 2016).
Our results suggest IFLs in the boreal biome overall show lower
sensitivity to temperature anomalies than non-intact forests,
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FIGURE 3 | Intact forest landscape (IFL) and non-intact forest pixels with locations of selected paleoecological studies illustrating the range of forest responses to past

disturbance. Table 1 lists the details of each study.

suggesting contiguous forest areas could be more resilient for
this biome.

What Does the Paleoecological Record
Suggest?
Palaeoecology offers a longer temporal perspective that is
important for assessing past forest responses; particularly, being
able to assess whether a previous regime shift was driven by
a climatological (“extrinsic”) or ecological (“intrinsic”) event
(Williams et al., 2011; Seddon, 2017). Using examples around
the world, the aim of this section is to discuss: stability,
population, and fragment dynamics as well as forest responses
to disturbances.

The paleoecological literature reveals several records that have
displayed stability or persistence over time, even with changes in
environmental conditions (e.g., Urrego et al., 2013). Therefore,
caution needs to be taken when analyzing contemporary changes
in variability. Paleoecological methods for detecting stability or
variability can rely on the rate of change in a pollen time-series
(Iglesias et al., 2018) as well as turnover in pollen composition
(e.g., Birks and Birks, 2008). First, in Patagonia, the Nothofagus
(southern beeches) forest was found to have prevailed relatively
unchanged for the past 9,800 years until the twentieth century by
calculating the rate of change in pollen records, which was equal
to zero (Iglesias et al., 2018) (Figure 3, Study D). This stability
could be attributed to Nothofagus’ resistance to environmental

change, its ability to rapidly recover or trade-offs in the plasticity
within Nothofagus’ species traits. Stability has also been found
in the Afromontane forest in the Eastern Arc Mountains of
Tanzania for∼48,000 years (Finch et al., 2009) as well as in some
tepui mountains in Venezuela (Rull, 2005; Nogué et al., 2009).
However, we still do not understand the underlying drivers of
this dynamic.

In other regions of the world, paleoecological models have
found discernible changes in population dynamics that preceded
a tipping point. For instance, inMalagasy littoral forest remnants,
authors studied the population dynamics of an endemic tree
(Symphonia) (Figure 3, Study J). The results of this case study
showed steeper oscillations in the response variance (e.g., species
dominance) to a climatic change threshold (Virah-Sawmy et al.,
2009), suggesting in this system erratic oscillations provided
advance warning of a threshold being reached. At the same time,
population models showed that overall, there was coexistence
between Symphonia and another local species, Erica, unless the
community was located in a nutrient-rich substrate. In this case,
competition seems to have promoted a decline in Symphonia,
demonstrating that local factors may determine the survival of
certain species undergoing abiotic stresses like climate change.

The Western Ghats in India also provides an illustrative
example of dynamism in species composition over long-time
scales in a fragmented landscape. This region exhibits high
levels of forest fragmentation due to heavy pressure to support
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TABLE 1 | List of paleoecological studies from intact forests featured in Figure 1.

Code References Country Location Latitude Longitude Biome Forest status Metric

A Bhagwat et al.,

2012

India Asia 12.28 75.22 Tropical Fragmented Relationship between vegetation

cover and drivers of environmental

and anthropogenic disturbance.

Quantile regressions.

B Brussel et al.,

2018

USA North

America

44.77 −121.78 Boreal Intact Time-series of fire-adapted traits

Fire frequency.

C Gaglioti et al.,

2016

USA North

America

64.86 −47.93 Boreal Fragmented Charcoal analysis preserved in varved

lake sediments (annually layered) and

fire scars in living trees

Local fire return intervals (FRIs) and

regional fire activity

D Iglesias et al.,

2018

Chile South

America

−48.20 −73.00 Temperate Intact Rate of change

E Lézine et al., 2019 Cameroon Africa 5.94 10.24 Tropical Montane Pollen % converted to tree or grass

dominated biome categories and

changing dominance of biomes

F Hapsari et al.,

2018

Indonesia Asia −1.24 103.62 Tropical Peatland Trends in carbon accumulation rate

(CAR)

Fire frequency

PCA analysis of floristic composition

G Nogué et al., 2018 India Asia 12.18 75.82 Tropical Fragmented Trajectories of change (generalized

mixed models, GAMM)

H Nogué et al., 2018 India Asia 12.22 75.79 Tropical Fragmented Trajectories of change (GAMM)

I Nogué et al., 2018 India Asia 12.05 75.98 Tropical Fragmented Trajectories of change (GAMM)

J Virah-Sawmy

et al., 2009

Madagascar Africa −24.95 47.00 Tropical Fragmented Population modeling

agricultural activities (Giriraj et al., 2010), which is a common
reality across tropical forest regions (Karanth and DeFries, 2010).
Using paleoecological data obtained from four small forests
fragments (∼5 ha) in a coffee (Coffea arabica) agroforestry
landscape in Karnataka, India, it was possible to reconstruct
7,500 years of vegetation dynamics (Figure 3, Studies A and G-
I). Taking into account regional climatic changes over this same
time period (e.g., monsoon activity) and other environmental
variables (e.g., anthropogenic fire, and soil erosion), results
suggested that fire was responsible for maintaining low tree
cover in the landscape over the past 3,500 years. In addition, it
appeared that retaining tree cover in this fragmented landscape,
was key to maintaining its ecological resilience to subsequent
environmental and anthropogenic disturbance (Bhagwat et al.,
2012). In addition, by investigating the dynamics of vegetation
(tropical forest, cultivated, grasses, and herbaceous taxa) and
environmental variables (biomass burning, canopy closure, and
habitat specialist trees) over the past 900 years across four of
the Western Ghats’ fragments, it was found that agricultural
activity had not precipitated a collapse of the Western Ghats
forests, but instead had enhanced the dynamism of vegetation
within and between forest patches. Furthermore, these results
are also relevant for conservation as it suggests that small
and informally protected-forest patches (e.g., sacred groves) in
human-dominated agricultural landscape might sustain high
quality tropical forests, temporally and spatially (Bhagwat et al.,
2014; Nogué et al., 2018). Although, this heightened dynamism

could indicate lower resilience of these fragments to novel
climatic conditions.

Finding general patterns and responses to disturbances (e.g.,
temperature increase and fire) for the boreal forest in the
paleoecological record proved to be challenging. Most of the
studies are focused on long-term shifts, and the fire regime data
are spatially limited and generally of low resolution. Therefore,
we discuss major regional temperature-related changes together
with local fire responses. First, paleoecological studies of forest
responses to the increase of temperature across the Pleistocene-
Holocene boundary (Levesque et al., 1997; Hou et al., 2007)
suggest different patterns across the boreal biome worldwide
(Shuman et al., 2002a,b; Wolken et al., 2011). For example, in
Alaska, spruce (Picea) forests have been dominant since the early
Holocene; however, during the deglacial period into the early
Holocene the woody vegetation was deciduous (e.g., Betula, Salix,
and Populus). Second, in addition to changing temperatures,
wildfire frequency also seems to control the long-term dynamics
of species composition in boreal forests (Carcaillet et al., 2010).
However, there is good evidence that in Alaska, climate change
drove species composition which in turn drove changes in
the fire regime (e.g., Lynch et al., 2002; Higuera et al., 2009).
When looking at specific case studies this complexity arises
further. Brussel et al. (2018) (Figure 3, Study B) found that
fire frequency may have driven selection pressure for fire-
adapted traits. This finding is consistent with 14C dated and
botanically identified charcoal (Frégeau et al., 2015) together
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with sedimentary sequences (Carcaillet et al., 2010) showing the
maintenance of both fire-prone and less fire-prone tree species
over time. At a very local scale, Gaglioti et al. (2016) (Figure 3,
Study C) found that even with a 4-fold increase in regional
burning following the arrival of gold miners near to Fairbanks,
Alaska, the permafrost and watershed of Ace Lake stayed mainly
intact. However, these authors worry that the legacy of this
heightened fire activity may make this region more susceptible
to megafires in the future as temperatures continue to increase.
The dynamics described above may suggest the ability of the
boreal biome to maintain its structure and function following
fire-related disturbances, which could be interpreted as an overall
resilience to changes in fire regimes (Carcaillet et al., 2010;
Frégeau et al., 2015). However, Johnstone and Chapin (2006)
showed that toomany firesmight also push the composition from
evergreen to deciduous forest in the Yukon region.

Can We Distinguish Natural Variability
From Variability Approaching a Tipping
Point?
If we consider an engineering approach to resilience, how can
we discern the natural variability of a dynamic ecosystem from
increasing variability due to its approaching a threshold? The
danger of using an equilibrium/stable state model of resilience
for a complex adaptive system, like a forest ecosystem, is that
management to maintain stability may have the effect of reducing
resilience through dampening its natural variability (Holling and
Meffe, 1996). Also, without considering a comparable baseline
of responses to past disturbance, it is very difficult to establish
whether contemporarily observed variation is predicting the
approach of a system threshold. Being able to combine the
temporal-scale of paleoecological studies with short-term and
more spatially explicit contemporary ecological studies, is
difficult. For one, from the paleoecological record, it is still
challenging to analyse species interactions or how vegetation
dynamics may have varied spatially in a study landscape.
Therefore, being able to differentiate whether more biodiverse
vegetation is necessarily more sensitive to recent climate changes
(e.g., Willis et al., 2018), or if that “sensitivity” is actually a
function of vegetation dynamics within the normal historical
range of those ecosystems, remains a challenge.

Southeast Asia is home to more than half of tropical peatland
area and 77% of tropical peat volume, storing 68.5 Gt of
carbon (Page et al., 2011). Deforestation since 1990 on Southeast
Asian peatlands has been dramatic, with only 28% of original
peat swamp forest cover remaining (Miettinen et al., 2012).
Deforested peatland areas have also been more prone to fire
incidence, worsening carbon emissions as well as lower carbon
accumulation rates (CAR), which might suggest a shift in regime.
A paleoecological study by Hapsari et al. (2018) (Figure 3, Study
F) were able to discern a reduction in floristic composition and
CAR with human activities during the Malayu Empire 1,200
years ago in Central Sumatra (Indonesia); however, with reduced
pressure due to population migration they saw a rapid recovery
of both measures within 60–170 years of abandonment. From
their findings, they were able to suggest appropriate methods

for sustainable use of peatswamp forests as well as appropriate
species for reforestation. Unfortunately, CAR across tropical
peatlands are expected to slow with increasing temperatures and
to become a net source by the end of the century (Gallego-Sala
et al., 2018). It is unclear the extent to which restoring peatswamp
forest would have a dampening effect on those predictions;
however, as evidenced by Hapsari et al. (2018) these systems can
recover, and therefore, returning them to a more “intact” state
would be advisable.

Proposed Mechanisms for Resilience
There are known and hypothesized physiological limits to
abiotic drivers across forest species, such as temperature and
water availability. However, photosynthesis appears to be more
impacted by drought than by temperature (Cusack et al.,
2016). Some groups suggest that there are intrinsic system-
level sensitivities to water availability across biomes (Ponce-
Campos et al., 2013) with the majority of trees exhibiting
relatively narrow hydraulic safety margins (Choat et al., 2012).
This would indicate low adaptive capacity to rapid changes in
temperature and rainfall regimes, resulting in higher mortality
rates for trees more at risk of embolism (Trugman et al., 2018).
Predictions for the tropics are that species dominance will shift
to those with drought tolerant traits, with concomitant loss
of evergreen species, particularly in sites exhibiting increasing
drought duration (Aguirre-Gutiérrez et al., 2019; Bartlett et al.,
2019). This transition is likely to entail large-scale die-off of the
tallest trees in old-growth forest, resulting in a pulse in global
carbon emissions (McDowell and Allen, 2015). For instance,
heightened mortality has been observed for the largest trees
or those with the lowest wood density (Phillips et al., 2010),
a dynamic that has been echoed in experimental conditions
replicating long-term droughts via through-fall exclusion (TFE)
(da Costa et al., 2010). However, in Nothofagus dominated forest
in Patagonia, it was the trees exhibiting the most variable growth
patterns, not the largest or oldest, that were more likely to die
(Suarez et al., 2004). Studies in Latin America have found the
smallest and youngest trees exhibiting greater mortality, with
concomitant impacts on community composition (Enquist and
Enquist, 2011). In addition, a pan-tropical, tree-level study by
Johnson et al. (2018) found that climatic conditions, such as
mean annual temperature (MAT) and cumulative water deficits
(CWD), were better predictors of mortality across size classes,
suggesting that size alone was not a reliable predictor.

The primary underlying mechanisms inducing tree mortality
seems to be a combination of hydraulic failure and availability
of non-structural carbohydrates (NSCs) (Adams et al., 2017;
McDowell et al., 2018). How these dynamics manifest at
the community-level via competitive or facilitative plant-plant
interactions will also determine the resilience of a forest
ecosystem to changing climate (Ploughe et al., 2019). For
instance, in the Canadian boreal region, Luo and Chen (2015)
identified a significant increase in tree mortality over their three
decade study and found the dominant drivers appeared to be due
to resource competition between individual trees and stand age.
Allen et al. (2015) review how tree mortality might be impacted
by climate change and identify several worrying drought trends,
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namely: droughts will be hotter, they will occur everywhere,
mortality can be faster with hotter droughts, deaths can
outpace growth creating novel forest systems and vapor pressure
deficit increases non-linearly with temperature. Worryingly, it is
emerging that the compound effects of extreme vapor pressure
deficit (VPD) and low soil moisture are occurring with increasing
frequency due to reinforcing feedback mechanisms (Zhou et al.,
2019).

Another commonality across biomes would be a relationship
between forest resilience and biodiversity. Seminal work in
grasslands has shown the importance of diverse systems for
being able to maximize niche differentiation, thereby enhancing
productivity and stability (Tilman et al., 2014). However, this
assumes biodiversity measures relate to functional diversity
(Cadotte et al., 2011). This recognition has led to the
advancement of trait-based diversity assessments, which focus
on the functional attributes of individuals based on their
morphological, physiological and phenological attributes, how
those contribute to performance traits like productivity and
their ability to persist in a community through environmental
filters (Violle et al., 2007). This has been simulated for the
Amazon using a range of plant functional traits, which found
with greater biodiversity biomass recovery could be up to
95% of pre-shock levels, granted only after several centuries
(Sakschewski et al., 2016). Díaz et al. (2013) proposed a
framework assessing specific effect functions (SEF) and specific
response functions (SRF), where the former relates to the
outcome of a species’ functional traits on an ecosystem and
the latter relates to the ability of a species to maintain its
functions while undergoing environmental change. They add
a community-level risk assessment for an ecosystem service
by considering the phylogenetic diversity of the SEF, which if
high would suggest redundancy of the functional response to
environmental change. Much of these assessments are based
on community weighted means for each species, and therefore,
rely on their relative abundance to relate to a community-level
resilience. However with current understanding, it is difficult to
predict how important rare species may be for an ecosystem’s
resilience, as sometimes these species can have a unique
combination of functional traits that may disproportionately
impact a systems’ adaptive capacity during a time of disturbance
(Mouillot et al., 2013). Nevertheless, studies have found that
forest systems dominated by a small number of species can be
more vulnerable to rapid climate changes (Fensham et al., 2015).

Climate change impacts on biodiversity are predicted to be
significant, and particularly if species are not able to thermally
adapt to new conditions, their loss could be greater than
losses due to drought or deforestation (Feeley et al., 2012).
CO2 fertilization seems to be beneficial for fast-growing, light-
demanding pioneer species (Cusack et al., 2016), which as
highlighted above may be more vulnerable to hydraulic failure
during drought conditions. One method for assessing the
impact of climate change on community-level biodiversity is the
community temperature index (CTI), whereby species relative
abundance and their known thermal optima are combined to
produce an average temperature preference for the community
(Stuart-Smith et al., 2015; Gaüzère et al., 2018). With repeat

measures in the same site, it can be possible to assess whether
more thermophilic species are migrating into a community,
suggesting one mode of adaptation to climate change. This
dynamic has been found along an Andean transect since
1990, whereby plot-level CTI have been increasing with species
migration up-slope. However, these species movements have
been halted at the barrier between ecotones (e.g., montane forest
to cloud forest) (Fadrique et al., 2018), suggesting physically-
imposed limits to species migration. The 90,000 year pollen
record from the Afro-montane forest of Cameroon (Figure 3,
Study E) showed a highly variable upper limit to the forest
zone with a relatively stable lower forest zone (Lézine et al.,
2019), also indicating long-term, complex constraints on species
dispersal. This dynamic contrasts starkly with the stability the
Afromontane forests in Tanzania exhibited over a 48,000-years
record (Finch et al., 2009) and further complicates the question
of how spatially constrained “natural variability” or a “baseline”
for current forest dynamics can be compared.

Do Larger Forest Patch Areas Confer
Resilience?
By combining paleoecological and contemporary perspectives,
can we answer the question of whether size of forest is positively
correlated with resilience? We do know that tropical forests
across the world are threatened by fragmentation (e.g., the
conversion of large areas of forest into smaller patches) as a
result of rapid land use conversion from forest to agriculture
(Curtis et al., 2018; Taubert et al., 2018), with extreme predictions
resulting in severe fragmentation of half the Amazon Basin
(Gomes et al., 2019). We also know that the process of
fragmentation has been associated with large-scale biodiversity
loss (Laurance et al., 2011; Haddad et al., 2015) and reduction of
carbon sequestration (Qie et al., 2017), due to edge effects and
habitat loss. However, the debate as to whether several smaller
forest fragments vs. the equivalent forest area in one contiguous
patch, keeping total habitat area constant, have significantly
different biodiversity outcomes is ongoing (Fletcher et al., 2018;
Fahrig, 2019). It is not clear the extent to which this can be
said of carbon sequestration rates or forest resilience more
generally, whereby following habitat fragmentation, vegetation
dynamics of intact forests’ systems are altered. For example,
fragments might display an increase in the frequency and/or
amplitude of population, community, and landscape dynamics
initially, and then gradually stabilize and approximate the
pre-fragmentation conditions (Laurance et al., 2002, 2011).
Conversely, fragments may not gradually stabilize toward the
pre-fragmentation conditions, and potentially, undergo a regime
shift. Unfortunately, more evidence is needed before relying
on an area-based definition for predicting the resilience of
forest fragments.

Studies from the tropics suggest that forest patches experience
exceptionally large variability in vegetation dynamics especially
when disturbances associated with shifting cultivation are
frequent; yet these records are restricted to relatively short
temporal scales (<50 years). In a >30 year project in Amazonian
forest fragments, Laurance et al. (2011) found that different
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fragmented landscapes can diverge to a surprising degree in
species composition and dynamics. Understanding how and why
the dynamics of fragmented landscapes are altered will improve
our ability to predict and manage the consequences of intact
forest landscape fragmentation. Our comparison of IFL areas and
climate sensitivity suggest that larger contiguous forest patches
in the tropics are exhibiting lower sensitivity to water availability,
and therefore, may be more resilient in their response to CO2

fertilization. This would be consistent with canopy drought
responses, measured as anomalies in EVI, which found shorter
recovery times in dense forests compared to secondary and
degraded forests over the Amazon for a similar time period to
our analysis (Anderson et al., 2018). Additionally, our results
identified IFLs in Africa as being less sensitive than both South
American and Southeast Asian tropical forest. This seems to be
corroborated by analysis of canopy responses to drought over
West and Central Africa, using QuickSCAT canopy backscatter
data, which found significantly shorter recovery times for the
continent compared to similar climate shocks in South America.
The authors attributed this observed resilience to the protracted
drying trend West and Central Africa has been undergoing since
the 1970s (Asefi-Najafabady and Saatchi, 2013).

In boreal systems, the dynamic between fragmentation, fire
and timber harvesting are complex and it is difficult to discern
whether there are discernible changes with climate change. In
principle, due to the boreal region’s adaptation to disturbance it
is considered to be less impacted by fragmentation (Harper et al.,
2015). A 30-years Landsat based analysis of the Canadian boreal

region showed lower rates of fragmentation and higher rates
of recovery in forests being actively harvested than unmanaged
areas driven by fire. However, the authors posit this could
relate to harvesting occurring in more productive and less
fragmented forests, while more fragmented forest areas could
be more susceptible to fire (Hermosilla et al., 2019). Lehsten
et al. (2016) focused specifically on the boreal shield and
boreal plains to compare fire dynamics within managed and
unmanaged systems in a similar ecotone. They found that
managed forest areas, particularly fire suppression activity, not
only did not reduce the number of large fires but decreased
the natural phenomenon of fuel fragmentation, increasing the
probability of more severe fires. Finally, fragmentation in the
boreal region can also be driven by climate change itself,
whereby climate suitability of species may shift so dramatically
over the next several decades that populations of vegetation,
birds, and mammals could be physically bifurcated at the
continental-scale (Murray et al., 2017) or sporadic thawing of
permafrost may shift currently forested areas to treeless wetlands
(Carpino et al., 2018).

CONCLUSIONS

This paper was intended to summarize the range of observable
responses of intact forest to environmental change and a selection
of contemporary and paleoecological metrics used to assess
forest resilience to these changes (see Figure 4). Primarily,
resilience metrics seem to fall into three main categories, namely

FIGURE 4 | Summary figure of key drivers of change to forests, observable responses, and the existing contemporary and paleoecological metrics to assess the

resilience of forest ecosystems to these drivers of change.
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measures of variability, linear trends, and stability of observable
forest response such as carbon uptake, species composition, and
recovery rate. In general, these metrics do not describe the
underlying driver that may be reducing the overall resilience
of a forest system, which are included in Figure 4 and have
been reviewed at length by Malhi et al. (2014). However, they
are, or should be, intended to assess the ability of a forest
ecosystem to respond to climate changes, and therefore, will
be an aggregated measure at the community level. The analysis
we performed and presented was comparing the variability in
canopy response to climate anomalies for large, contiguous
intact forest areas with non-intact forests across and within
biomes. We do not assert that the dataset produced by Seddon
et al. (2016) necessarily captures the underlying mechanism that
may be causing an increase in discernible vegetation sensitivity
to climate anomalies, as there may be “intrinsic” ecosystem
dynamics contributing to climate responses of vegetation that
are not currently captured by coarse-resolution imagery (e.g.,
degradation or low adaptive capacity).

By comparing canopy responses within biomes rather than
between them, our results suggest that intact forest areas exhibit
lower sensitivity to climate drivers that a biome is known to be
susceptible to, namely temperature in the boreal region and water
availability in the tropics. However, this pattern varied across
continents within the same biome. For instance, African forests
in the tropics seem to exhibit the lowest canopy sensitivity to
climate anomalies and are known to have experienced significant
climate variability, which has perhaps selected for more drought
resilient traits. If we take exposure to past climate variability as a
predictor of future vulnerability, the tropical forests of Southeast
Asia, which are dominated by tall trees that have experienced
little seasonality historically and which our analysis shows to
be exhibiting the highest sensitivity to climate anomalies, would
be particularly important for understanding the mechanisms of
forest resilience.

Even by combining contemporary and paleoecological
perspectives, it remains up for debate how forest resilience will
manifest under rapidly accelerating climate change and whether
insights can be generalized for biomes or regions. Theory as
well as evidence from the literature reveals that resilience is an
emergent property of a complex system. Individual tree responses
to disturbance are influenced by life histories and functional
attributes, and therefore, the ecosystem-level response will, to
some extent, be path dependent. At the century to millennium-
scale, paleoecology tells us that many intact forests have persisted

and been able to adapt to new environmental conditions, which
may entail shifts in species, or vegetation structure. However,
it is over the short term that many in the forest research
community are looking to ensure resilience of forest systems, and
particularly, maintain forests as reliable storage of carbon and
habitat for threatened biodiversity. A precautionary approach
over this time frame, might be to prioritize conservation of
large forest areas as they have a higher probability of supporting
greater biodiversity and generally have lower opportunity costs
to protect. However, with the benefit of hindsight through long-
term studies, we can see that past disturbance does enhance
aspects of resilience (e.g., recovery rate) and even forest in
fragmented landscapes can persist for millennia. With the scale
and rapidity of precipitation and temperature changes expected,
the immediate future of carbon storage and sequestration services
of forest is hard to predict. However, the greater uncertainty
seems to be the degree to which the global community is able to
dramatically reduce carbon emissions, and by extension, at what
concentration of CO2 the atmosphere will eventually stabilize.
Ensuring carbon storage in forests cannot be achieved without
dramatic reductions in fossil fuel emissions.
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