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Abstract

Forest ecosystems with long-lasting human imprints can emerge worldwide as outcome
of land-use cessation. However, the interaction of these anthropogenic legacies with
climate change impacts on forests is not well understood. Here, we set out how
anthropogenic land-use legacies that persist in forest properties following alterations in
forest distribution, structure, and composition can interact with climate change stressors.
We propose a risk-based framework to identify anthropogenic legacies of land-uses in
forest ecosystems and quantify the impact of their interaction with climate-related stress
on forest responses. Considering anthropogenic land-use legacies alongside
environmental drivers of forest ecosystem dynamics will improve our predictive capacity
of climate-related risks to forests and our ability to promote ecosystem resilience to

climate change.

Anthropogenic land-use legacies can exacerbate the impacts of climate change on
forest ecosystems

Humans have exploited forest ecosystems for millennia [1-3]. Given the magnitude of
land-cover changes, forest management practices and plantation establishment over the
last few centuries, recent humanity’s footprint today shapes more than 70% of the world’s
forests [4]. While high-intensity anthropogenic land-uses (see glossary) prevail in
tropical and boreal regions [5,6], land-use cessation also spreads unevenly worldwide
since the post-1950°s great acceleration [7], from large areas and longer time periods in
the Global North to scattered less-extensive patches and shorter time periods in the Global
South [8]. As a consequence, forest ecosystems with long-lasting human impacts (Fig. 1)
can emerge across multiple biomes [9,10]. Although broadly recognised to influence
forest dynamics [11], there is still a lack of understanding on how these human imprints
may exacerbate the vulnerability of forest ecosystems to climate change [12-14].
However, such understanding is essential to better predict impacts of climate change on

forests and define mitigation and adaptation priorities.

The response of forest ecosystems to climate change strongly depends on historical
factors [15]. Anthropogenic land-uses can affect the stability of forest dynamics to climate
by altering forest main patterns in forest distribution [16], structure [12], and composition
[17] (Fig. 1). These alterations may result in persistent impacts of land-uses on forest

properties at different levels (genetic, population, community, and ecosystem). Despite
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their relevance, the effects of anthropogenic land-uses are rarely considered alongside
environmental drivers, often hindering our ability to predict climate change impacts on
forests [18]. Given that climate change stressors and other anthropogenic perturbations
interact and today strongly impact biological communities [19], quantifying the long-
lasting influence of anthropogenic land-uses is essential to better predict forest ecosystem
responses to climate change [12,18]. This understanding might thus support the
anticipation of climate-related disturbance impacts on forests, such as the occurrence of
large-scale forest die-off events, mega-fires and forest degradation [12,20-22].
Consequently, a research agenda focused on identifying hotspots of increased
vulnerability in areas dominated by human-modified forests is of critical importance if
we are to develop and adopt mitigation and adaptation strategies to improve forest
resilience to climate change [10,23,24]. A risk-based framework using the concept of

anthropogenic land-use legacy could provide such an approach.

Disturbance legacies are ecological properties that persist in biological communities
following disturbance, shaping the response capacity of ecosystems to subsequent
disturbance [25,26]. Disturbance legacies may become detrimental and increase
ecosystem vulnerability to environmental stressors, particularly when legacies result from
anthropogenic disturbance. For example, historical management can facilitate tree
biomass development such that forest stands might become structurally mismatched to
water availability. During periods of increased drought stress, this process can lead to
episodes of forest dieback [12]. Therefore, the effective study of anthropogenic land-use
legacies depends on a deep knowledge of the history, ecological dynamics, and
environmental factors that will ultimately determine forest ecosystem responses to
climate change [11]. However, the lack of guidelines to quantify how anthropogenic land-
use legacies increase climate change-related risks to forests makes it difficult to anticipate

the outcomes of this interaction.

Here, we set out how anthropogenic land-use legacies that persist in forest properties
following the alteration in forest distribution, structure, and composition can heighten the
impact of climatic stressors on forest ecosystems. Based on existing literature, we first
summarise hypotheses on how anthropogenic land-use legacies in forest ecosystems can
interact with climate-related stress and lead to detrimental impacts on forests. We then
introduce a risk-based framework to first identify anthropogenic land-use legacies and

then quantify their impacts on forests and their interaction with climate change. Finally,
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we apply the framework in an example to show that detrimental anthropogenic land-use
legacies contribute to large-scale risk of tree mortality at the driest distribution edge of
Scots pine (Pinus sylvestris L.). We focus on detrimental anthropogenic land-use legacies
given the urgency of reducing climate change-related risks to forests. However, the
proposed framework is flexible and general enough to not only anticipate detrimental
impacts of anthropogenic land-use legacies on forests in any given context, but also
accommodate and assess potential beneficial legacy effects. Therefore, we provide
scientists, managers, and policymakers with an approach to identify risk and promote

ecosystem resilience to climate change in regions dominated by human-modified forests.

Processes underlying detrimental effects of anthropogenic land-use legacies in forest
ecosystems

To identify processes leading to legacy effects of anthropogenic land-uses that can
exacerbate climate change impacts on forests, we surveyed scientific studies that reported
detrimental effects of land-uses on current forest ecosystem responses to climate change.
Across studies, we identified processes driven by anthropogenic land-uses that, following
the cessation of the land-use, shape the current forest distribution, structure, and
composition, leading to persistent legacies in forest properties. Hypotheses on detrimental
effects of anthropogenic land-use legacies are framed considering the outcomes of their
interaction with climatic stressors (Table 1).

Forest distribution: Tree species re-expansion towards increased climatic stress

Although the emergence of secondary forests contributes to the recovery of ecosystem
functionality to some extent [10,27], ongoing re-expansion of tree species distributions is
occurring under a changing climate relative to past conditions. If anthropogenic land-uses
(i.e., deforestation) are clustered in areas where species are climatically stressed,
subsequent secondary forest regrowth may occur at the limit of species climatic
tolerances. An increased climatic stress relative to species climatic niches can thus
constrain forest recovery and heighten the impact of climatic stressors on forests (Table
1) [16,28-32]. Similar responses may occur when management practices lead to partial
tree canopy loss. Following the cessation of management practices, species can have re-
established at the limit of their climatic tolerances [31,33] (Table 1). Shifts in canopy
cover can also exacerbate the climatic stress experienced by understory trees [34] (Table
1). Anthropogenic land-use legacies may emerge through the establishment of tree

plantations, which can result in a broadening of tree species distributions where planting
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has occurred beyond the species’ natural range. Planted tree populations growing at the
limit or outside of the range of species climatic tolerances may be particularly vulnerable
to increased environmental stress (Table 1) [24,35-38].

Forest structure: Exacerbated conspecific negative density-dependence and increased
disturbance impact

Altered forest structure is characteristic of human-modified forests. Such changes can
derive from the establishment of high-density, structurally homogeneous tree plantations,
forest management practices, or the regrowth of secondary forests. Structural alterations
may persist over time once land-use cessation has occurred (Fig. 1). Alteration of tree
size distribution may result in exacerbated conspecific negative density-dependence
and, therefore, increased impacts of climate change on forests (e.g., higher tree mortality
under drought stress) (Table 1) [12,32,36,37,39,40]. Similar forest structural shifts may
increase the impact of climate-related wildfires on forest ecosystems (Table 1)
[20,21,24,41].

Forest composition: Shifts in functional traits, genetics, and interspecific interactions
mediate reduced population and community resilience

Human-induced alterations in forest composition may lead to persistent anthropogenic
land-use legacies in population- and community-level functional traits, genetic
composition, and interspecific interactions, in such a way that forest resilience to climate
change can be compromised. Following the cessation of forest management practices
(e.g., clearcutting, thinning, pruning, pollarding), their imprint may persist over time,
becoming a source of intraspecific functional variation (Fig. 1). These human-modified
forests may hold trees with functional traits that display reduced resilience to cope with
climate change stressors (Table 1) [12,39,41-47]. Such phenotypic constraints may also
arise in forests growing on altered soils by former agriculture and pasture (e.g., altered
soil fertility) (Table 1) [48,49]. Anthropogenic land use-derived shifts in forest
composition may generate forest populations with altered genetic composition [50,51]
that may decrease their ability to cope with environmental stressors (Table 1) [24,52-60].
Land use-driven species replacements may result in human-modified forests holding
novel communities that display altered ability to respond to climate change due to altered
functional trait composition (Table 1) [33,39,61]. Loss of forest resilience to climatic
stressors may also occur if anthropogenic land-use legacies affect interspecific

interactions such as mutualisms (Table 1) [48,62-64]. Species replacements may also
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lead to increased performance of antagonists under changing climatic conditions,
including tree heterospecific competitors, invasive species, herbivores, and pathogens
(Table 1) [42,54,65-73].

Limitations in the current state of knowledge of anthropogenic land-use legacies in
forest ecosystems

Current studies suggest that anthropogenic land-use legacies can increase the
vulnerability of forest ecosystems to climate change, but anthropogenic land-use legacies
are rarely considered in experimental designs in research (see Table 1). This knowledge
limitation is probably triggered by the scarcity of reliable data on anthropogenic land-
uses, making it difficult to identify and predict detrimental legacy effects. Furthermore,
as the effects of anthropogenic land-use legacies and climatic stressors interact, the
detrimental outcomes may vary between different ecological and geographic contexts
(Table 1), making comparisons among systems (e.g., regions, species, legacy types, etc.)
difficult. However, risk-based approaches can support the predictive understanding of
interaction outcomes between global change stressors across contexts [74]. To advance
towards forest adaptation strategies and support forest resilience to climate change, we
need to better understand where and to what extent anthropogenic land-use legacies

increase climate change-related risks to forests.

A risk-based framework using the concept of anthropogenic land-use legacy

To overcome the limitations in knowledge of potential detrimental effects of
anthropogenic land-use legacies due to the lack of experimental designs, data, and
contexts, we incorporate three major knowledge needs to build up a risk-based framework
(Fig. 2, Key Figure). First, we point out the need to characterise forest properties
considering human land-use impact and to identify high-impact anthropogenic land-use
legacies (Fig. 2A). For instance, current data on forest distribution, structure, and
composition can be used as proxies of land use-driven alteration of forest properties
together with available information on anthropogenic land-uses (Box 1). Second, we
recommend that alterations of anthropogenic land-use legacies are explicitly incorporated
the into empirical study designs, so that they are considered alongside environmental
drivers of contemporary forest dynamics. Therefore, hypotheses on detrimental
anthropogenic land-use legacies (Table 1) can be tested in the context of a particular study
system (Fig. 2B; Box 1). Finally, the potential outcomes of interactions between

anthropogenic land-use legacies and climatic stressors can be better quantified and
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understood using the risk components and the main forest patterns that can be altered (i.e.,
distribution, structure, and composition), as this can improve our ability to identify and
anticipate detrimental ecological effects on current forest properties (Fig. 2B-C; Box 1).

To define the risk components summarised in Fig. 2 (Key Figure) we adapt the IPCC
framework [19] to forest ecosystems. When forest anthropogenic land-use legacies are
linked to the components of risk (exposure, sensitivity, and adaptive capacity), responses
of forest ecosystems to climatic stressors can be framed and understood through the
interaction between anthropogenic land use-driven changes in distribution, forest

structure, and composition.

A reduction in forest distribution followed by re-expansion of species ranges after land-
use cessation may result in increased climate-related exposure (Fig. 2C). For example,
secondary forests in the Brazilian Amazon are distributed more toward drier and more
seasonal climatic conditions than the biome average because past deforestation was
concentrated in these areas. Species re-expansions under dry climatic conditions are
constraining the potential contribution of secondary forests to carbon sequestration [28].
The alteration in forest structure may result in increased sensitivity to climatic stressors
(Fig. 2C). When management practices are ceased, their legacies can endure, for example
in the form of increased competition in overcrowded even-aged stands, which may
exacerbate processes of conspecific negative density-dependence and thus impacts of

climatic stressors on forests [12,41,43].

Alteration in forest distribution and structure can result in anthropogenic land-use
legacies that increase risk through exposure and sensitivity (Fig. 2C), such as in the case
of tree plantations. For example, in the Carpathians where pine plantations have been
established outside their natural distributions, pine species perform worse than the native
conifers in response to drought stress [35]. Decreased performance of plantations may
reduce the delivery of ecosystem services, especially in drier areas worldwide [38].
Anthropogenic land-use legacies derived from shifts in forest distribution and structure
can also result in increased megafire risk, as reported in Australian forests where past
logging generated extensive areas characterised by densely stocked forests that today

influence fire dynamics [21].
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Increased climate change-related risk to forests may occur by the reduction of adaptive
capacity through alterations in forest composition. At the population level, the cessation
of anthropogenic land-uses may result in the emergence of anthropogenic land-use
legacies toward more vulnerable tree phenotypes, such as in form of high abundance of
slow-growing weak trees [42] or increased canopy dominance of younger trees which
have root traits less able to cope with climatic stressors [47]. Legacy-driven population-
level functional shifts may also lead to increased structural and physiological constraints
that exacerbate hydraulic failure and fire impact [39,44-46]. For example, past high-
intensity management practices might underly increased drought-induced mortality of
larger canopy trees in temperate forests [46]. Anthropogenic land-use legacies in the
population genetic properties can also lead to decreased adaptive capacity to climate
change. For example, widespread tree planting within a species’ native range may result
in forest dieback if seed material is translocated among lineages with differing climatic
niches [58]. In addition, gene flow from planted non-local genotypes into native
populations can result in landscape-level genetic homogenisation [55]. Although still
highly uncertain, shifts in forest genetic properties have the potential of inducing long-

term effects on the adaptive capacity of forest ecosystems [52,59,60].

Anthropogenic land-use legacies affecting interspecific composition in functional traits
may increase risks to forests driven by shifts in their adaptive capacity. For instance, shifts
towards reduced bark thickness and wood density compromises trait-mediated capacity
of forests to withstand fire and drought in tropical and temperate regions [39,61].
Anthropogenic land-use legacies that affect interspecific interactions can also influence
the adaptive capacity of forests to climatic stressors. For example, secondary forests may
hold distinct and simpler ectomycorrhizal communities because of increased nitrogen and
phosphorous availability due to former arable and pasture activities. This alteration may
reduce the capacity of trees to cope with drought stress [48,63,64]. High occurrence of
tree stumps or increased stand density and structural homogeneity may alter interspecific
interactions and favour, for instance, the spread of pathogen and insect outbreaks
[65,70,73] that in interaction with climate-related stress may exacerbate negative impacts
on forests [42,72].

The proposed risk-based framework can improve our predictive understanding of forest
dynamics and climate-related risks to forests, thus supporting adaptation strategies to

foster long-term forest resilience to climate change in regions dominated by human-
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modified forests. As witnessed in Scots pine (Pinus sylvestris L.) in the Iberian Peninsula,
anthropogenic land-use legacies derived from altered forest distribution, structure, and
composition contribute to large-scale patterns of climate-driven tree mortality risk (Box
1).

Concluding remarks

Increased climate change-related risk to forest ecosystems can be intense and extensive
in areas dominated by human-modified forests, particularly if anthropogenic land-use
legacies interact with climatic stressors in such a way that their detrimental ecological
effects act synergistically. We recommend that future research explicitly incorporates the
impact of anthropogenic land-use legacies into experimental designs and investigates how
forest exposure, sensitivity, and adaptive capacity to climatic stressors are modified by
anthropogenic land-use legacies (Fig. 2, Key Figure). Such an approach can be of key
importance to identify forest areas at high risk from climate change, and understand and
anticipate climate change impacts on forest dynamics, biodiversity and ecosystem
functioning, providing an opportunity to reduce risks to forests and improve forest
resilience [10,23,24,75] (Box 1) (see Outstanding Questions). To apply the proposed
framework and better predict the impacts of climate change on forests, we propose using
current forest properties as proxies of anthropogenic land-use legacies using available
data such as forest inventories and forest historical information (Box 1), and emerging
high-resolution data as remote sensing technologies continue to develop [76]. In addition,
understanding how anthropogenic land-use legacies shape forest genetics, functional
traits, and interspecific interactions deserves urgent attention as these forest properties
ultimately underpin responses of forest ecosystems to changing climatic conditions.

Importantly, although our approach here focusses on anthropogenic land-use legacies that
are predominantly detrimental, the proposed framework allows the incorporation of
(sometimes counteracting) beneficial legacy effects. For example, younger canopy-
dominant trees can show larger growth reductions during drought, but this response can
be counteracted by a quick recovery from impact [47]. As the proportion of younger trees
increases across many forested regions (as a legacy of anthropogenic land-uses), the
application of the framework has the potential to support adaptive management to reduce
short-term risk of forest loss and enhance long-term C stocks [47]. Improved forest
resilience can also be attained by considering the benefits of sustainable management

practices and local knowledge in the framework application, such as traditional fire use
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and forest management [52,77]. Finally, while this framework centres on an ecological
approach, emerging anthropogenic land-use legacies are inextricably dependent on
previous socio-economic contexts [8,78]. Therefore, a key step towards mitigation and
adaptation goals will involve the collaboration of natural and social scientists with local
stakeholders and policymakers in decision-making processes from local to global scales.
This cooperation will be pivotal for the success of the post-2020 UN Biodiversity
Framework and the UN Decade on Ecosystem Restoration.
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Box 1. Anthropogenic land-use legacies contribute to large-scale tree mortality risk
in Iberian Scots pine forests

Scots pine (Pinus sylvestris L.) is a widespread species that reaches its driest range edge
in the Iberian Peninsula. In this region, the distribution, structure, and composition of
Scots pine forests have been historically altered by management practices and tree
planting for wood extraction and erosion control. The cessation of these land-uses
occurred at fast rates over the 20" century [79]. Previous studies have shown how stand-
level structural characteristics influence current forest demography under drought stress
[36,80], but the prevalence of anthropogenic land-use legacies exacerbating drought-
related Scots pine mortality has not been explicitly assessed. We used large-scale datasets
on historical anthropogenic land-use and forest inventory to apply the proposed risk-
based framework (Fig. 2, Key Figure) in Scots pine-dominated forests. We first
characterised forest inventory plots according to their natural or planted origin (i.e., stand
origin, see Supplementary Information). We considered stand origin as an indicator of
anthropogenic land-use legacies derived from alterations in the species’ distribution and
stand composition. We then identified two main forest structural typologies across
natural- and planted-origin stands, one associated with high tree height diversity and
sapling abundance (‘C1’; Fig. S1-S2), and the other one associated with high tree density,
basal area, height, height-to-diameter ratio, and height homogeneity (‘C2’; Fig. S1-S2).
Tree diameter distribution was similar between both structural typologies (Fig. S2).
Within forest structural typologies, planted-origin stands (C1-planted and C2-planted)
displayed higher tree density, lower tree size, higher structural homogeneity, and greater
tree growth, but lower abundance of saplings than forests with natural origin (C1-natural,
C2-natural) (Fig. S3-S4), in accordance with previous studies [79,81]. We considered
these structural characteristics in plantations as indicator of anthropogenic land-use
legacies derived from alterations in forest structure and stand age reduction. We
hypothesised that anthropogenic land-use legacies in plantations, emerged following the
cessation of high-intensity land-uses (Fig. 2A, main text), would exacerbate drought-
related tree mortality risk (Fig. 2B-C, main text, Table 1). Tree mortality was overall
higher in planted- than in natural-origin stands, suggesting that persisting anthropogenic
land-use legacies following alterations in forest distribution, structure, and composition
can increase overall mortality risk to forests (Fig. I, Fig. 2B-C). This pattern remained
consistent within each forest structural typology (Fig. I). Under a climate change scenario

that assumed 20% reduction in water availability and 20% increase in drought severity,
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mortality risk increased in C1 forest structural typology, being this increase 44% higher
in plantations (Fig. I; SI). The higher mortality in plantations in C1 structural typology is
consistent with increased climate change-related overall risk to forests. Increased
exposure may derive from the altered species distribution towards the expansion of the
species range, which may result in a greater chance to encounter drought stress out of the
species’ climatic tolerance [36]. Higher sensitivity may derive from the altered forest
structure towards structurally homogeneous, denser, and younger stands, exacerbating
conspecific negative density-dependence in response to drought stress [37]. Decreased
adaptive capacity may derive from the alteration in composition towards increased
abundance of younger trees which have functional traits with lower capacity to deal with
drought stress [47]. On the contrary, climate change-type drought did not result in
increased tree mortality in C2 forest structural typology (Fig. I), suggesting that other
drivers than drought stress, such as long-term effects of altered stand genetic properties
[60] or warmer temperatures in combination with tree antagonist organisms (e.g.,
pathogens)[72], might explain the larger mortality trends observed in plantations in this
structural typology. This study case demonstrates that anthropogenic land-use legacies
persisting in plantations can elevate the risk of climate change-related stressors to forests.
At the same time, it also highlights that the proposed framework is a useful approach to
identify hotspot forest types at critical risk and its potential drivers, providing thus
opportunities to refine our predictive understanding of large-scale forest dynamics, and
develop and implement mitigation and adaptation strategies during coming decades.
Note: data and <code wused can be found in Zenodo repository
(https://doi.org/10.5281/zenodo.7120609). Data IS also available at

https://www.miteco.gob.es/es/biodiversidad/temas/inventarios-nacionales/inventario-

forestal-nacional/default.aspx.
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Figure I (Box 1). Planted-origin stands have higher tree mortality risk than natural-
origin stands in Iberian Scots pine forests. Quantile dotplot representing model-
predicted tree mortality (yellow) and model-predicted tree mortality under a climate
change scenario (green) assuming a 20% reduction in water availability (WAI) and 20%
increase in drought conditions (SPEI) for each forest type defined by stand origin (planted
or natural) and forest structural typology (C1 and C2). Note: Mortality was estimated in
terms of percentage of dead basal area at the plot level. Large dots represent the median
values and small dots represents approximately a 2% (1/50) chance. The climate change
scenario is based on the IPCC predictions for the Mediterranean basin [19].
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Glossary

Anthropogenic land-use: human-driven exploitation of land with impacts on forest
ecosystems, including complete tree cover loss due to land-cover changes, partial tree
cover loss due to forest management practices, and tree cover increase due to tree planting
(reforestation and afforestation).

Anthropogenic land-use legacy: persistent effect on forest properties following the
cessation of anthropogenic land-uses.

Impacts of climate change on forests: abrupt or progressive climate-related shifts in
forest dynamics and functioning, including forest die-off events, megafires, and forest
degradation.

Conspecific negative density-dependence: population-level processes that occur when
population growth is negatively influenced (e.g., tree mortality) by population density.
Forest properties: Genetic-, population-, community-, or ecosystem-level factors and
processes that underlie forest dynamics.

Great acceleration: continuous and exponential growth rate of human activities since
mid-20" century that are accompanied by substantial changes in ecosystems.
Human-modified forests: forest ecosystems shaped by past and current anthropogenic
land-uses.

Land-use cessation: temporary or permanent stopping of a given land-use.

Resilience to climate change: the ability of forest ecosystems to cope with- and adapt to
climate change stressors.

Secondary forests: forests that have re-established after the complete or partial loss of

the original tree cover.
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Table 1. Hypotheses regarding detrimental anthropogenic land-use legacies. Each specific hypothesis is framed considering the interaction

outcomes between climatic stressors and contemporary forest properties resulting from anthropogenic land use-driven alteration in forest

distribution, structure, and composition.

Altered forest

Affected forest

Hypotheses on detrimental anthropogenic land-use

Cause . Refs
pattern property legacies
Land-cover change Secoanry fores_,t expansion tovyards_ strgssful climatic [16,28-32]
conditions relative to species climatic niches
Distribution Spemeg range re- Management practice Forest recovery occurs _unde_r an unfavourable climatic [31,33,34]
expansion context relative to species niches
Plantation Forest plantations decll_ne and are highly impacted at the [24,35-38]
edge or out of the species natural range
Land-cover change,  Climatic stressors exacerbate conspecific negative density- [32,39]
Stand-level tree size  Management practice dependence processes and fire impact in secondary forests ’
Structure Lo
distribution o - ) )
Plantation Climatic stressors exacerbat_e c_onspecmc negative density- [20,24,36,37,40]
dependence processes and fire impact
Soil legacies result in within-species functional shifts
Land-cover change  towards tree phenotypes with reduced resilience capacity — [48,49]
Within-species to increased climatic stressors
henotypic, . . -
?uncti (%21 and Management Shifts toward tree phenotypes with reduced resilience [12,21,39,41-47]
genetic properties practice, plantation  capacity to increased climatic stressors
Composition

Management
practice, plantation

Reduced genetic diversity and genetic-induced functional
changes reduce the resilience capacity of populations

[24,52-60]

Interspecific
functional traits and
interactions

Land-cover change,
management
practice, plantation

Novel tree functional assemblages with reduced resilience

capacity to increased climatic stressors

Increased forest vulnerability as a result of shifts in species
interactions involving mutualisms and antagonisms

[33,39,61]

[42,48,54,62—
73]

21



Figure 1. Examples of anthropogenic land-use legacies emerging from alterations in
forest distribution, structure, and composition in Iberian forests. Description of
photos: (A) Forest landscape with stands of reforested and afforested Stone pines (Pinus
pinea). Pines are today declining in response to drought and biotic stressors (photo: F.
Vila-Carbonell. Maresme, Catalonia, Spain). (B) Over-dense and structurally
homogeneous Scots pine (Pinus sylvestris) abandoned plantation in a drought stressed
area (photo: A. Vila-Cabrera. Parque Natural de la Sierra Norte de Guadalajara, Spain).
(C) Pollarded beech trees (Fagus sylvatica) today overgrown and with altered phenotype
because of the cessation of the traditional management practice (photo: J. Astigarraga.
Onati, Gipuzkoa, Spain). (D) Secondary beech (Fagus sylvatica) forest established
following the cessation of agricultural use (photo: J. Astigarraga, Ofati, Gipuzkoa,
Spain). (E) Pinus radiata plantation surrounding a native stand of sessile oak (Quercus
petraea; photo: J. Astigarraga. Ofiati, Gipuzkoa, Spain). (F) Abandoned plantation of
Eucalyptus nitens with regenerating native oaks (photo: J. Astigarraga. Ofati, Gipuzkoa,

Spain).
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Figure 2 (Key figure). Risk-based framework using the concept of anthropogenic
land-use legacy. We adapt the IPCC framework [19] to forest ecosystems considering
the impact risk to forests as the potential response to a climate-related hazard (e.g.,
increased drought-induced mortality [82]). Risks to forests from climate-related hazards
can be exacerbated by anthropogenic land-use legacies due to the interaction between
exposure (ecological settings that expose forests to hazards, e.g., drought stress at the
driest edge of species distributions [18]), sensitivity (the degree to which a forest
ecosystem is affected, e.g., increased tree mortality due to exacerbated conspecific
negative density-dependence [12]), and adaptive capacity (the capacity of forest trees,
populations, and communities to counteract and cope with climatic stressors due to
functional and genetic properties and interspecific interactions, e.g., where reduced
functional diversity reduces the capacity of forest ecosystems to cope with climate change
[83]). In this conceptual figure, a hypothetical region of pine-dominated forests is
represented. Four- (in A) and two forest types (in B and C) are represented for
simplification: intensively managed pine plantation, pine plantation following cessation
of intensive land-use, sustainable managed natural pine forest, natural forest following
sustainable land-use cessation. (A) Anthropogenic land-uses shape the main patterns in
forest distribution, structure, and composition (i.e., human-modified forested areas).
High-impact anthropogenic land-use legacies may derive after the cessation of high-
intensity land-uses, e.g., high-density, and structurally homogeneous pine plantations for
wood extraction. The characterisation, identification, and contextualisation of high
impact anthropogenic land-use legacies in regions dominated by human-modified forests
is of key urgency as these forests may be highly vulnerable to climatic stressors. (B)
Testing interaction effects between anthropogenic land-use legacies and climatic stressors
on forest ecosystem responses. The prevalence of increased detrimental anthropogenic
land-use legacies leads to increased climate-related impacts on forests. (C) Linking
detrimental anthropogenic land-use legacies in forest properties (derived from changes in
forest distribution, structure, and composition) with climate-related risk components can
support the predictive understanding of forest dynamics in regions dominated by human-

modified forests. Note: vector icons are from https://www.flaticon.com
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