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Chapter 1
An Introduction to Climate-Smart 
Forestry in Mountain Regions

Roberto Tognetti, Melanie Smith, and Pietro Panzacchi

Abstract  The goal to limit the increase in global temperature below 2 °C requires 
reaching a balance between anthropogenic emissions and reductions (sinks) in the 
second half of this century. As carbon sinks, forests can potentially play an impor-
tant role in carbon capture. The Paris Agreement (2015) requires signatory countries 
to reduce deforestation, while conserving and enhancing carbon sinks. Innovative 
approaches may help foresters take up climate-smart management methods and 
identify measures for scaling purposes. The EU’s funding instrument COST has 
supported the Action CLIMO (Climate-Smart Forestry in Mountain Regions  – 
CA15226), with the aim of reorienting forestry in mountain areas to challenge the 
adverse impacts of climate change.

Funded by the EU’s Horizon 2020, CLIMO has brought together scientists and 
experts in continental and regional focus assessments through a cross-sectoral 
approach, facilitating the implementation of climate objectives. CLIMO has pro-
vided scientific analysis on issues including criteria and indicators, growth dynam-
ics, management prescriptions, long-term perspectives, monitoring technologies, 
economic impacts, and governance tools. This book addresses different combina-
tions of CLIMO’s driving/primary objectives and discusses smarter ways to develop 
forestry and monitor forests under current environmental changes, affecting forest 
ecosystems.
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1.1  �Forests and Climate Change

The recent report of IPCC on climate change, desertification, land degradation, sus-
tainable land management, food security, and greenhouse gas (GHG) fluxes in ter-
restrial ecosystems (IPCC 2019) highlights a considerable increase in mean land 
surface air temperature, since the preindustrial period, even in comparison with the 
global mean surface temperature. In parallel, an estimated 23% of total anthropo-
genic GHG emissions has occurred in the decade 2007–2016, due to agriculture, 
forestry, and other land uses, which affects more than 70% of the land surface (22% 
for managed and plantation forests). Curtis et  al. (2018) calculated that 27% of 
global forest loss in the 2001–2015 period was due to deforestation, through perma-
nent land use change for commodity production. In the remaining areas, which 
maintained the same land use, forest loss was attributed to forestry operations 
(26%), shifting agriculture (24%), forest fires (23%), and urban expansion (0.6%). 
Forest management strategies may interact with climate forces other than GHG 
(e.g., surface albedo, canopy roughness, biogenic emissions, stand evapotranspira-
tion). Indeed, changing forest species composition may affect the emissions of bio-
genic volatile organic compounds, and the formation of secondary organic aerosols, 
which, in turn, have warming and cooling effects, depending on time, location, and 
type of emission (Šimpraga et  al. 2019). Generally, deciduous trees have higher 
reflectivity (albedo), with consequent reduced warming effect, than conifer species. 
This is nuanced by different forest types and management intensities having differ-
ent albedos, depending on the degree of exposure of the forest floor toward the 
atmosphere, particularly when covered by snow.

Climate change has already caused many changes in forest ecosystems and nega-
tive effects prevail, including warming-induced shifts in species distribution 
(Lindner et al. 2010; Boisvert-Marsh et al. 2014) and drought-related increases in 
tree mortality (Allen et al. 2010; Cailleret et al. 2017). Impacts of climate change 
magnify local disturbances (Fig.  1.1), such as environmental pollution, nitrogen 
deposition, habitat fragmentation, forest fire, pest outbreak, and alien species, alter-
ing forest development trajectories and decreasing capacity for resistance (Millar 
and Stephenson 2015; Johnstone et al. 2016). The climate emergency challenges 
traditional silvicultural strategies that have evolved through hundreds of years of 
relative climate stability. This indicates the necessity of developing and adopting the 
adaptable management framework of climate-smart forestry (CSF).

Climate-smart forestry is forestry that sustainably raises timber productivity 
(production), increases resilience (adaptation), stores carbon (mitigation), and 
enhances the achievement of development goals. Climate-smart forestry involves 
monitoring forest functions and anticipating disturbance effects, while undertaking 
resilient actions to avoid the negative consequences on the provision of ecosystem 
services and forest productivity (Bowditch et al. 2020). Climate-smart forest struc-
ture and functions require flexible silvicultural approaches, which may address 
mitigation needs and adaptation circumstances at different spatial scales. Climate-
smart forestry, as defined in Chap. 2 of this book (Weatherall et al. 2021), can be 
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considered a toolbox for sustainable management of forests, where the goal is to 
increase the resilience to environmental disturbance, reduce the deviation from nat-
ural structure, and use the wood for carbon storage.

All the climate drivers and relevant sectors (including forestry, agriculture, 
energy, transportation, industry, construction) should be considered, when studying 
the contribution of land use and biomass systems in reducing the radiative forcing 
in the atmosphere over varying time scales. Yet, the interaction among climate 
change, human activities, and ecosystem processes (e.g., forest aging and natural 
disturbances), as well as the capacity of forests to sequester and store carbon over 
time, needs to be addressed for all biogeographic regions. In doing this, the climate 
impact of CSF, considering CO2 and other GHG, the effects of albedo and evapo-
transpiration, biogenic emissions, and the various aspects related to biodiversity and 
resilience, needs to be assessed and monitored (Fig. 1.1). Engaging forest managers, 
policy makers, and relevant stakeholders is central to ensure applicability of CSF at 
different levels (local to European), and to pursue the integration with forest inven-
tory data and decision support systems.

The Paris Agreement sets the global warming target to be “well below +2 °C 
compared to the preindustrial levels.” In order to achieve this, the Parties have given 
voluntary pledges to decrease their net emissions of GHG (the so-called Intended 
Nationally Determined Contributions – INDCs). The latter are clearly not enough to 

Fig. 1.1  Conceptual and empirical models that address the impacts of climate and land-use 
changes on forest vulnerability need to focus on landscape dynamics and vegetation processes, 
integrating disturbance strategies
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reach the +2 °C target, and extra efforts are required as soon as possible. Nevertheless, 
the Paris Agreement endorsed the role of forests as the most important carbon sink 
that can be managed to balance emissions and removals. Therefore, forest manage-
ment should aim to reduce CO2 concentration in the atmosphere (Articles 4 and 5), 
as well as the radiative imbalance at the top of the atmosphere (Article 2), without 
raising the air temperature or decreasing the precipitation amount (Article 7). While 
forests subject to prevailing natural drivers are regarded as representing the base-
line, most of the European forestland is the result of millennia of human activities, 
a dynamic mosaic of disturbance and recovery (Sabatini et al. 2018). Significant 
contribution for meeting the Paris Agreement goals may derive from silvicultural 
activities (e.g., reforestation, conservation, management) (Griscom et  al. 2017). 
Demand for forest goods and services is growing in the local, regional, and global 
context; at the same time, however, the negative impact of climate change on forests 
is increasing and alternative management approaches need to be employed to avoid 
the risk of exceeding thresholds for global chronic stress (Hartmann et al. 2018), 
stability of long-term ecological processes (Hanewinkel et al. 2013), and discrete 
disturbance events (Seidl et al. 2014). Fostering mixed-species and structural het-
erogeneous forests to preserve productivity (e.g., Hilmers et al. 2019; Torresan et al. 
2020) and/or a balanced mosaic forest landscape, combining intensification of sus-
tainable forest production with retention of high value habitats for biodiversity con-
servation (Ceddia et al. 2014), may provide an efficient solution in countries with 
high quality of governance, and a template exemplar for others.

1.2  �A Climate-Smart Perspective: Becoming Climate Smart

Trees and forests are passively subject to climate, but are also able to dynamically 
modify it, providing important ecosystem services. Indeed, although 5–10 GtCO2e 
per year come from deforestation and forest degradation, forest protection and the 
reduction of forest degradation represent effective mitigation options, in terms of 
social and environmental benefits (0.4–5.8 Gt CO2e per year). Therefore, to maxi-
mize the climate benefits of forests, more forest landscapes should be maintained, 
and objectives set to restore those lost (Fig. 1.2). Overall, forest should be managed 
more sustainably. Managing forests to more closely recall the structure, function, 
and composition of natural forests, compared with traditional approaches, has been 
the goal of several silvicultural frameworks aimed to sustain the productivity of 
healthy forests and to maintain the provision of ecosystem services across succes-
sional stages (e.g., Seymour and Hunter 1999; Franklin et  al. 2007; Puettmann 
et al. 2015).

Traditionally, the main objective of forest management has been to harvest tim-
ber Puettmann et al. 2009), often converting uneven-aged mixed-species stands to 
even-aged homogeneous monocultures, mimicking an agricultural approach, 
increasing the standing volume, volume increment, and allowable cut. The transfor-
mation of ecological functions (e.g., watershed conservation, soil retention, 
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biodiversity protection, carbon sequestration) into environmental services occurs 
when people take benefits. Nevertheless, society has historically focused on timber 
commodity chains and nonwood forest products, neglecting most environmental 
services. Recently, a growing interest has emerged in achieving multiple Sustainable 
Development Goals (SDGs) through effective interactions or synergies among mea-
sures and policies (Rio + 20 conference in 2012). In particular, the urgent need of 
mitigating climate change has led to promote forest protection (SDG 15) in order to 
accumulate carbon in trees and soils, and, therefore, mitigate climate change (SDG 
13). Diversification and flexibility of production systems are considered crucial 
approaches for increasing resilience of forests to natural disturbances.

More forest area than ever since the Middle Ages, although tree cover cannot 
accurately assess the surface of forest ecosystems, poses high expectation on the 
European forest sector (Nabuurs et al. 2019). Large mitigation effects from forest in 
the European Union (EU) can be expected by increasing sequestration potentials 
and through substitution effects (Grassi et al. 2019). However, reducing temperature 
increase through forestry (mitigation) may have a limited effect on climate (Fig. 1.3), 
since trade-offs exist between options to meet climate objectives (Luyssaert et al. 
2018). Therefore, a question arises on whether shifting forest management from 
timber-oriented approaches to CSF should privilege adaptation (climate prospect) 
rather than mitigation (carbon view), particularly in the vulnerable mountain land-
scape (Fig. 1.3). Forest ecosystems and local circumstances of European mountains 

Fig. 1.2  Lago di Carezza (1534 m a.s.l.) and the Latemar forest, a typical multifunctional land-
scape of the Dolomites (Italy)
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are well suited to address questions associated with climate-smart potentials of the 
forest sector (European Environment Agency. 2016). Locally tailored CSF mea-
sures need to minimize trade-offs among bioeconomy, adaptation (biodiversity, dis-
turbance), and mitigation (carbon, substitution) options. In Europe, 41% of mountain 
areas are covered by forests providing diverse ecosystem services, with an impact 
both at local communities’ scale and at regional scale (Price et al. 2011).

Nabuurs et al. (2018), following the Climate-Smart Agriculture concept devel-
oped by FAO, proposed a CSF approach for European forests, suggesting safe-
guarding the mitigation potential of forests against climate change through an array 
of regionally tailored measures. Kauppi et  al. (2018), focusing on bioeconomy 
issues and policy instruments, stressed the need to tackle multiple policy goals with 
CSF, by reducing or removing GHG emissions, adapting and building forest resil-
ience, and sustainably increasing forest productivity and incomes. Verkerk et  al. 
(2020), trying to indicate possible synergies between the mitigation and adaptation 
pillars of CSF with other forest functions, considered the sustainable climate miti-
gation potential of the whole forest and wood product chain, including material and 
energy substitution and accounting for local circumstances. However, the imple-
mentation of CSF approaches and the establishment of disturbance-resilient forest 
systems have not yet become rooted in silvicultural practices and with forest opera-
tors that promote sustainable forest management, consequently some significant 
open questions remain:

•	 How to implement adaptation, mitigation, and production options in forestry 
systems, in synergy with the development of bioeconomy and the preservation of 
biodiversity?

Fig. 1.3  Forests store large amounts of carbon in tree biomass, understory vegetation, and soil 
compartments, but mitigation may have poor effect on climate
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•	 How to achieve multifunctional landscapes, through addressing the sustainable 
provision of environmental services to accomplish the tenure security of owner-
ship rights?

•	 How to interconnect local circumstances, opportunities, and challenges with 
governance goals to reap the potential of the forest sector in meeting the climate 
targets?

Forest managers that want to meet climate change issues through sustainable 
forest management practices will need to plan at multiple spatial and temporal 
scales and operate with multidisciplinary approaches and design flexibility (Innes 
2009). Threats to forest ecosystems can be reduced by increasing the adaptive 
capacity, resilience strength, and resource-use efficiency of forestry systems. 
Although forest managers have always dealt with patchiness in environmental con-
ditions, particularly in mountain areas, the escalation in climatic variation at the 
global level and the increase in uncertainty at the local scale call for more flexible 
and rapid response capacity.

A comprehensive definition of CSF and the process for selecting suitable indica-
tors of climate-smartness were proposed by Bowditch et al. (2020). Adaptation and 
mitigation issues, as well as the social dimension, were the core focus of this defini-
tion, which recognizes the need to integrate and avoid development of these aspects 
in isolation. The need for integration derives from the complementarity of the resil-
ience concepts in forestry, quantified as the recovery time after a disturbance 
(Nikinmaa et  al. 2020): engineering, ecological, and social-ecological resilience. 
The complexity of social-ecological and practical challenges, associated with 
changing climate, disturbance, and governance, results in difficulties for forest man-
agers in applying resilience concepts and CSF. The COST Action CLIMO (Climate-
Smart Forestry in Mountain Regions) started responding to these multifaceted needs 
by laying the foundations of long-term experimental forest sites in mountain areas, 
which aim to facilitate the exchange of knowledge and practice and build forest 
manager–scientist partnerships.

Climate-smart forestry fosters the integration of scientific knowledge, technical 
skill, and policy action toward smart prospects through learning, monitoring, plan-
ning, coordinating, supporting, and financing the road to resilient forest systems and 
flexible management strategies (Fig. 1.4). Involving local communities and admin-
istrations in participatory design of specific solutions has a key role in fostering 
successful policies and actions. Operating forestry systems to accomplish climate 
targets follows the three pillars of CSF:

	1.	 The development of mitigation opportunities for carbon sequestration in forests
	2.	 The advancement of adaptation strategies for resilience to climate change
	3.	 The intensification of socio-ecological sustainability for natural resource 

management

Although these three pillars of CSF require common consideration, the relative 
importance of each objective may vary locally, as much as trade-offs and synergies 
do (Lipper et al. 2014).

1  An Introduction to Climate-Smart Forestry in Mountain Regions



8

Through effective knowledge exchange with forest managers and the entire sec-
tor, forestry research has the potential to reorient management practices and utiliza-
tion approaches, as well as to develop evidence-based policy for CSF. In this context, 
CSF builds on well-established sustainable forest management approaches, for 
example, close-to-nature forestry (Bauhus et  al. 2013), continuous-cover forestry 
(Pommerening and Murphy 2004), ecological forestry (Franklin et al. 2007), adap-
tive silviculture (Nagel et al. 2017), and systemic silviculture (Ciancio and Nocentini 
2011). Combinative approaches have been developed to coordinate diverse manage-
ment objectives on the same land, aimed at satisfying multiple societal demands 
(Aggestam et  al. 2020); conversely, segregative approaches to land use target the 
maximization of specific objectives in separate spatial contexts (Phalan et al. 2011). 
To meet the increasing demand for ecosystem services, forestry needs to consider 
territorial-specific potentialities and limitations, and land-allocation procedures 
(Messier et al. 2019). Climate-smart forestry may also encompass sustainable inten-
sification on abandoned agricultural land, for mitigation purposes (e.g., short-rotation 
forestry), and the establishment or strengthening of protected forest areas to com-
pensate for the loss or degradation of biodiversity. Indeed, rapidly changing climatic 
conditions and land uses call for continuous updating of forestry practice through 
innovation, knowledge exchange, and learning. Whether land sharing or land sparing 
may better limit environmental impacts, ensuring the supply of goods, is still a 

Fig. 1.4  Linking values to sustainability with climate smartness of the forestry system
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matter of debate. Some agricultural studies argue that more intensive and efficient 
farming would increase farm productivity on reduced farmed hectarage, this would 
reduce the total land required for agriculture, and release land for other ecosystem 
services, for example, biodiversity, flood mitigation, and carbon capture. (Phalan 
et al. 2016). In contrast, other studies claim that low-intensity agriculture can satisfy 
the increased demand for food, while promoting biodiversity and other ecosystem 
services (Tscharntke et al. 2012). The latter approach has been traditionally imple-
mented in the EU’s agricultural schemes to compensate potential loss of income by 
farmers who mitigate detrimental effects of intensification on biodiversity. As forests 
are planted on agricultural land for carbon capture and nature conservation, there is 
a need to understand and plan how these forests integrate into emerging dynamic 
landscapes. Recently, Messier et  al. (2019) have proposed to integrate functional 
diversity and redundancy concepts into complex spatial network approaches, as an 
adaptable strategy to manage forest systems at multiple scales. This strategy can be 
further informed through reference to true long-term ecological data.

1.3  �Referencing True Long-Term Ecological Data for CSF

Key to achieving the goals of climate-smart forestry is an understanding of how 
species assemblages respond to environmental change. Accessing comprehensive 
long-term ecological data is an important part of building this understanding 
(Pretzsch et al. 2017; del Río et al. 2021), but until recently, “long term” generally 
referred to data sets of decadal records. However, true long-term ecological (tLTE) 
data encompasses millennial scale information (Willis et  al. 2010; Rull 2014), 
drawing upon transdisciplinary sources including paleoecology, archeology, and 
history (Fig. 1.5). The epochal scale of the climate change now underway demands 
consideration of the last time such changes occurred, for example, at the end of the 

Fig. 1.5  Shared window of temporal evidence sources. (Adapted from Rull 2014)
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last ice age. It also demands conceptual tools for analyzing how plant species 
assemble into communities.

Messier et al. (2019) describe one set of tools based on the notions of functional 
diversity and functional redundancy. High diversity in functional traits (e.g., 
between gymnosperms and angiosperms) can be achieved through the presence of 
just two species within a forest stand, but in such a stand, the functional redun-
dancy is potentially low, because the functional traits are only represented by each 
of the two species. If one species disappears, the entire representation of those 
functional traits also disappears. High functional diversity and redundancy can be 
achieved where several different species in the same stand display the same func-
tional traits. By viewing tLTE evidence through the lens of functional trait analy-
ses, it may be possible to infer how species and populations responded to past 
climatically induced disturbances. Hamilton et  al. (2018) discuss and identify 
some of the challenges to furthering the field of functional paleoecology and resil-
ience, primarily the need to identify traits that are ecologically meaningful and 
quantifiable in the sediment record. However, considerable advances in techniques 
to improve taxonomic resolution are now ready to address some of these chal-
lenges. For example, Bálint et al. (2018) describe the application of environmental 
DNA, (eDNA) from sediments to create continuous time series to resolve ecologi-
cal dynamics and move toward the harmonization of multidisciplinary data 
(Fig. 1.5).

Davies et al. (2017) show the response of vegetation over long-time series to 
microclimatic variations between upland and lowland sites, with local site condi-
tions variously influencing the degree and trajectory of vegetation response to 
climate shifts. Analysis of the palynological record shows that where high func-
tional diversity and redundancy are evident, the forest has greater capacity to 
change composition, maintenance of continuous canopy cover, and thus resil-
ience. This suggests that tLTE can indicate the temporal and spatial scales at 
which complex adaptive forest systems can most effectively deal with changing 
conditions and unpredicted disturbances. Bonsall et al. (2020) attempt to assess 
ecosystem resilience measured by the role of mycorrhizal association in a plant-
nitrogen dynamic model in a long-time series palaeoecological record. This dem-
onstrates the potential of synthesizing plant nutrient modelling and palaeoecological 
data, but also highlights the significant challenges and questions that still need to 
be addressed.

tLTE information can be used to enhance understanding of forests as complex 
adaptive systems, informing close to nature forestry (Bauhus et al. 2013; Nocentini 
2015), as well as becoming a standard in the toolkit for CSF. The functional com-
plex network approach (Messier et al. 2019) is a useful framework for focusing the 
techniques for synthesis and analysis of tLTE data, and with the addition of new 
techniques, such as eDNA, there is the opportunity to more effectively inform CSF 
practice.

R. Tognetti et al.
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1.4  �Integrating Forest Disturbance and Ecological Stability

Forests are increasingly challenged by changing environmental conditions and 
growing societal demands. Forest managers and authorities, responsible for for-
estry operation and decision making, are required to address multiple, sometimes 
conflicting, objectives, such as the provision of forest products, the conservation 
of biodiversity, and the sequestration of carbon. To tackle these issues, novel man-
agement strategies, planning guidance, and policy recommendations are needed, 
at stand and regional scales. However, stakeholders and decision makers lack sim-
ple indicators to assess the suitability of forest ecosystems to achieve the vast 
array of objectives facing global change. This shortcoming hinders the adoption of 
appropriate strategies and may cause forest policy and management to be inade-
quate for addressing multiple future challenges. The strength of CLIMO is the 
network of long-term experimental plots, with detailed structural data, which gen-
erate operational examples of management options for merging silvicultural strat-
egies with environmental changes and the social dimension (Fig.  1.6). In this 
context, engaging stakeholders will be central in developing, testing, and refining 
local-level indicators of “smartness,” and producing a practical toolkit to help 
implement CSF.

Forest dynamics are changing globally, because of the interplay between the 
increasing anthropogenic impact on the environment and the changing course of 
natural disturbances. In Europe, during the twentieth century, tree growth and forest 
area have been enhanced by the fertilization effect of CO2 and the cessation of 
deforestation, though there are signs of carbon sink saturation in forest biomass 
(Nabuurs et al. 2013). Legacies of past silvicultural practices have resulted in altered 
forest composition, often favoring species more vulnerable to drought (e.g., 

Fig. 1.6  Important recommendations for decision makers, who need to consider the major contri-
bution of emission reductions per produced unit and the consequences of carbon sink saturation of 
mountain forests, when sustaining the mitigation potential of forests in mountain landscapes
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European beech, Norway spruce), which adds to increase in warming-induced evap-
orative demand. Accelerating processes of increased tree mortality, indeed, are 
apparently forcing forests to become both younger and shorter (McDowell et al. 
2020). Climate-smart forestry warrants to address the consequences of the shifts in 
forest dynamics related to these changes, considering multiple plant traits associ-
ated with drought resilience and additional stress agents (Coble et al. 2017).

Uncertain climatic conditions and erratic extreme events warrant careful consid-
eration of synergies and trade-offs among mitigation, adaptation, biodiversity con-
servation, and provisioning of ecosystem services. Accordingly, CSF management 
strategies need to be customized to match the different ecological and social con-
texts, assessing the interconnected implications. The complex dynamics of forest 
ecosystems and rapidly accelerating environmental changes increase the uncer-
tainty of historical knowledge and require novel management approaches and silvi-
cultural operations to maintain forest integrity and halt the loss of resilience 
(Pretzsch et al. 2020). Yet, the shift in societal expectations and growing socioeco-
nomic disparity, on one hand, add to the simplification of forest structures and 
increasing forest fragmentation, on the other, making long-term landscape planning 
difficult (Messier et al. 2019). Managing forests for uncertainty calls for approaches 
able to adapt promptly and flexibly, and that change in accordance with unexpected 
(even extreme) events (Millar et al. 2007).

Flexible forest management approaches have been proposed to address acceler-
ating environmental and societal challenges, including disturbance-based manage-
ment (Franklin et  al. 2007), complexity-related management (Puettmann et  al. 
2009), and mixed-forest management (Bravo-Oviedo et al. 2018). These approaches 
try to incorporate principles of natural forest dynamics, including the role of distur-
bances in generating the landscape mosaics, applying silvicultural practices and 
operations that limit the impact of forest management on environmental functions 
and services. Managing forests as natural infrastructures, within a matrix of diverse 
land cover types, may provide appropriate “nature-based solutions” for balancing 
integration and segregation processes in the landscape mosaics, with respect to dif-
ferent ecological and social contexts. Facing climate change requires, however, a 
rethinking of current forest management challenges that promote adaptive (resis-
tance, resilience, and response options) and mitigation strategies, while maintaining 
current goals (e.g., wood production, biodiversity conservation, carbon sequestra-
tion, water provision, social value) under uncertain climate scenarios (Nagel et al. 
2017; Kauppi et  al. 2018; Bowditch et  al. 2020). In a few words, management 
should assure the stability and sustainability of forest ecosystems (Larsen 1995) 
(Fig. 1.7). Mimicking disturbance regimes with forestry practices needs trend anal-
ysis to extract an underlying pattern or time series analysis to deal with data col-
lected over time.

Trend detection helps determine whether there has been a departure from the 
background or historical conditions (see Chap. 6: Pretzsch et al. 2021b), whereas 
trend estimation is useful to quantify the nature of the change and investigate mod-
els that provide the interpretation of the triggering process. To assess short- and 
long-term impacts of climate change on forest resilience and implement indicators 
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of climate-smart forest management and utilization, as well as decision support 
tools, for adapting forest systems to changing environmental conditions (Santopuoli 
et al. 2020), quality monitoring of permanent plots is mandatory (see Chaps. 3 and 
4: del Río et al. 2021; Temperli et al. 2021). Yet, to identify major drivers of forest 
change and improve the quality of data, time series and forest inventory analyses 
can be integrated with enhanced long-term controlled experiments (see Chap. 10: 
Tognetti et al. 2021) and further scaled geographically (see Chap. 11: Torresan et al. 
2021). Comparing historical versus current performance, a network of plots for 
major forest species (monocultures vs. admixtures) established along adaptation 
gradients may allow accommodate a range of potential tree growth trajectories, 
across a variety of ecosystem types and geographic regions, for being used at an 
operational spatial scale (see Chaps. 5 and 6: Pretzsch et al. 2021a, b). Data col-
lected in permanent plots, designed as long-term studies, together with tLTE data 
(see Sect. 1.3), can be used to parametrize growth models to facilitate testing spe-
cies responses to climate change and CSF patterns (see Chap. 7: Bosela et al. 2021). 
Forest managers and landscape planners facing climate-related uncertainty and 
unknown forest dynamics require operational examples to inform decision-making 
processes and prepare forest ecosystems and silvicultural recommendations for 
climate-driven and socially driven challenges (see Chaps. 8 and 9: Pach et al. 2021; 
Picchi et al. 2021).

Fig. 1.7  A climate-smart perspective considers the ecological stability of forests, which compre-
hends resistance and resilience, and therefore, synergies between climate and other benefits, and 
between adaptation and mitigation. The interlinkages between the three dimensions of CSF (stabil-
ity, productivity, flexibility) need to be taken into consideration for a holistic approach to any 
management transformation
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To inform climate-smart decision making in forest management and utilization, 
valuable demonstrations are needed, integrating multiscale indicators to compare 
and shape proactive strategies, testing alternative management approaches, convey-
ing the silvicultural implications of climate change, and identifying locally to 
regionally appropriate planning processes (see Chap. 13: Bottaro and Pettenella 
2021). For generating policy instruments that foster climate-smart responses to 
uncertain environmental prospects, interaction between scientists and stakeholders 
(forest owners, managers, practitioners, etc.) is compulsory (see Chap. 14: Dubova 
et al. 2021). The science-policy partnerships may advance communication on CSF 
at the continental to global scale, across countries, weighing the cobenefits and side 
effects between climate regulation and other ecosystem services (see Chaps. 15, 16, 
17: Vizzarri et al. 2021; Pappas et al. 2021; Giongo Alves et al. 2021). Examples of 
climate-smart measures include managing forest disturbances and extreme events, 
selecting resilient trees, implementing forest reserves (high-nature value, HNV), 
combining carbon storage, sequestration, and substitution, using forest bioenergy 
and wood in the construction sector, and valuing ecosystems and their services with 
the objective that help halt land degradation. Payment for environmental services 
and other forms of monetary incentives may support long-term ecologic, economic, 
and social perspectives of CSF, particularly when involving local communities, and 
aligning social norms with personal values (see Chaps. 12 and 13: Gežík et al. 2021; 
Bottaro and Pettenella 2021).

1.5  �The Climate-Smart Forestry Framework

Climate is a dynamic system that is in equilibrium, driven by the amount of energy. 
However, if the amount of energy kept by the atmosphere from sunlight increases, 
then climate changes. The exchange of energy, water, and CO2 within forests influ-
ences climate, interacting with the atmosphere. Anthropogenic impact on forests 
(land cover) alters biogeochemical (carbon cycle) and biogeophysical (albedo and 
evapotranspiration) cycles, in turn changing the global climate (Bonan 2008). 
Forest–atmosphere–human interactions cause complex climate forcing, feedback, 
and response (IPCC 2019). Since rapid changes in external factors (e.g., land cover, 
GHG concentration) may push the climate system into a new mode, the resulting 
augmented level of uncertainty requires urgent actions to increase the resilience of 
forests (Vose et  al. 2018). Increasing frequency and magnitude of forest distur-
bances, as well as long-term changes in vegetation dynamics, add concern for forest 
productivity, health, and biodiversity and, consequently, for the provision of ecosys-
tem services. Mostly, the knowledge of forest–climate interactions comes from 
models that strive to simulate complex physical, chemical, and biological processes. 
Nevertheless, understanding of forest functioning needs to be gained from site-
specific permanent sample plots, and management solutions for resilience tested 
across biogeographic regions (Fig. 1.8).
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Technological advances in manufacturing miniaturized machine tools and 
Internet network connecting systems have prompted the development of cyberinfra-
structures to address ecological questions (Rundel et al. 2009; Torresan et al. 2021). 
The use of satellite imagery and statistical modelling has recently allowed the gen-
eration of a spatially continuous map of forest tree density at a global scale (Crowther 
et al. 2015). Being able to count the global sum of trees, a question emerges: can we 
monitor a representative number of individual trees as biogeo-physical-chemical 
units of major forest types and/or biogeographic areas?

To cope with increasing societal demands on forests, a holistic view of the 
options is essential, including the provision of wood and nonwood products, as well 
as biodiversity and other ecosystem services. Therefore, suitable climate-smart 
indicators, for evaluating and monitoring forests and forestry in relation to their 
adaptation to changes in disturbance regime and intensity, require to be imple-
mented to assure a stable provision of forest products and ecosystem services 
(Bowditch et  al. 2020; Santopuoli et  al. 2020; see also Chap. 2 of this book, 
Weatherall et al. 2021). Indicators can be conveniently used to develop management 
tools and design novel forest systems, and continuously monitored to measure prog-
ress. European mountain systems are experiencing forest colonization and densifi-
cation due to land abandonment and, as such, represent good standards to identify 
restoration targets and segregative instruments, considering a range of opportuni-
ties, risks, and constraints of the forest value chain in the long run. In this context, 
the view that mountain forests provide services for lowland uses should be replaced 
with a perspective focused on forest health and resilience per se, and on strategies 
to reduce forest vulnerability to changing environment, in order to strengthen the 
protective functions of these forests.

Fig. 1.8  Stakeholder engagement and experimental input to develop adaptable CSF solutions in 
different biogeographic regions
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Promoting climate-smart governance of mountain forests requires testing: (i) 
whether local experiences on forest systems influence manager–environment inter-
actions to meet real goals (expert partnership), (ii) how research methods help 
understand the relationships between forests and stakeholders and the feasibility of 
silvicultural options (stakeholder dialogue), (iii) whether the monitoring of forests 
helps the understanding of past–present relations while envisioning future forest 
conditions (scientific contribution), (iv) how the learning process facilitates the gen-
eration of novel silvicultural approaches and the interpretation of existing knowl-
edge (manager training), and what trade-offs exist between mitigation of and 
adaptation to climate change, and between biodiversity conservation and forest pro-
duction (Ogden and Innes 2007). Disturbance impacts vary locally and need adapta-
tion and communication strategies at different levels (Lindner et  al. 2014), 
reconciling global issues and regional objectives, which requires an interdisciplin-
ary approach toward understanding forest systems, dissemination of quantitative 
evaluation to forest stakeholders, as well as planning and managing forests sustain-
ably for the long term.

Long-term effects and efficacy of designed smart-management strategies need to 
be addressed, considering current policy and future consequences on forests. A par-
ticipatory approach with forest managers, landowners, decision makers, local com-
munities, and the forest industry is, therefore, crucial to implement CSF practices at 
the stand and landscape scales. To this aim, simple indicators to assess the suitabil-
ity of forest ecosystems to achieve the multiple demands made on these systems and 
appropriate tools to quantify these challenges are needed to tailor local policies and 
incentives. A multiscale indicator approach may help integrate the research strands 
(long-term experimental plots, region-specific case studies), management options, 
silvicultural guidelines, and advanced modelling with stakeholder panels.

A CSF network needs to be integrated with that of protected areas (Natura 
2000, national schemes), particularly with segregated old-growth forests. 
Remaining primary forests are the richest terrestrial ecosystems in biodiversity, 
and keep removing carbon from the atmosphere, while storing significant carbon 
stocks in biomass and soils (Luyssaert et al. 2008). A trans-biogeographic network 
of climate-smart and old-growth forest nodes connected by ecological corridors 
may generate a green infrastructure of healthy terrestrial ecosystems at the 
European scale. This strategy requires an effort in the restoration of damaged land-
scapes (including afforestation and reforestation in support of ecosystem restora-
tion), ensuring the long-term productivity of forest capital and the ecological value 
of natural habitats. Promoting the health and diversity of forest ecosystems 
increases the sector’s resilience to climate change, disturbance risk and economic 
crisis, while creating green job opportunities, for example, in small fruit farming 
or in forest therapy activities.

In parallel with segregation of high nature value landscapes, sustainable intensi-
fication through scientific and technological innovations is important in landscape 
zoning that maximizes the efficiency of production and reduces the competition for 
land. In this sense, the sustainable use of forest biomass for energy production and 
the shift toward advanced biofuels based on residues, as well as the efficient use of 
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wood-based products for substitution purposes (the use of wood fuel in place of 
fossil fuels, for energy, and the use of wood fiber in place of cement, etc., whose 
production emits large amounts of CO2), have great potential for the long-term 
reduction of carbon emissions. An important challenge is represented by the need of 
integrating biomass production and nature conservation into forest management, as 
well as implementing European forest policy (Aggestam et al. 2020).

Changes in disturbance regimes (Seidl et  al. 2016), in a cascade effect, may 
affect tree growth, stand structure, species composition, and regeneration processes, 
that is, forest dynamics, potentially impairing the purposes of forest management. 
Consequently, habitat conservation, timber supply, carbon stock, nontimber prod-
ucts, recreation, infrastructure safety, and cultural values can also suffer the conse-
quences of multiple simultaneous changes. An integrated approach is, therefore, 
needed to reconcile critical trade-offs between the multiple goals of forest manage-
ment, and direct adaptation measures in regions with a long legacy of land uses and 
cover changes, such as Europe. Because of the uncertain scenarios, disturbance risk 
monitoring and early warning recommendations are an important means of improv-
ing the efficiency of decision-making process and climate-smart support (Millar 
et al. 2007).

1.6  �A European Way to Climate-Smart Forestry

Achieving food security and avoiding climate change are two major goals of our 
time (FAO 2013). Since deforestation and forest degradation account for about 12% 
of global anthropogenic carbon emissions, forests, forestry, and the whole forest-
based sector play an important role in providing sustainable solutions to halting 
climate change. Forests and other wooded land cover at least 43% of the surface of 
the EU (28 countries; 182 million hectares), and the forest sector employs at least 
half a million European citizens directly and 2.6 million indirectly. Forests, the 
forest-based sector, and the bioeconomy have a crucial role in meeting the goals of 
the European Green Deal and EU’s climate, energy, and environmental objectives. 
Yet, the EU’s international commitments, such as the UN SDGs, Kyoto Protocol, 
and Paris Agreement, are impossible to achieve without climate benefits of multi-
functional resilient forests, CSF, and ecosystem services provided by forests. 
Indeed, the EU Forest Strategy needs to address the continuous evolving policy 
options (e.g., referring to Bioeconomy Strategy, Deforestation Action Plan, 2030 
Climate and Energy Framework) (Fig. 1.9).

The EU Forest Strategy needs to deploy innovation in support of rural develop-
ment and scale up the role of the forest industry, while protecting the environment 
and ensuring circularity. Therefore, forest owners and local administrations, includ-
ing regional governments, have a key part to play in strengthening CSF. Through 
sustainable development plans and local bioeconomy strategies, regional govern-
ments may support the deployment of renewable energy and promote entrepreneur-
ship in the forest sector (Fig. 1.10). The EU regulation emphasizes the role of forests 
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and wood in reducing emissions and in carbon sequestration, further underpinning 
CSF. Yet, Member States have national or sectoral adaptation strategies to climate 
change. The European Forest Strategy also emphasizes the potential of forest man-
agement plans, or equivalent instruments, for a balanced delivery of ecosystem ser-
vices and forest products.

Long-term data sets are critical for detecting patterns in environmental distur-
bance and trends in forest resilience. Forest health and tree productivity in perma-
nent plots serve as benchmarks against which change in the response to natural and 
anthropic impacts on the landscape can be gauged. A network of biogeographically 
distributed permanent plots has the potential to serve as a long-term multisite 

Fig. 1.9  Driving questions and principles toward a green economy in European mountain regions

Fig. 1.10  Conceptual structure of smartness-related actions and flow chart of ecosystem service 
quantification
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platform for detection of environmental change over time, for forests of Europe. A 
strategy for implementing a multisensor platform, or modernizing existing infra-
structures in forest ecosystems, requires developing low-cost wireless technologies 
for the collection and transmittal of data at the local to continental scales. Permanent 
plots are also useful for monitoring biodiversity. The pandemic of 2020 (COVID-19) 
highlighted how forest degradation (biodiversity loss) and landscape fragmentation 
(habitat loss) might increase the risk of infectious diseases. Curbing interference 
with natural ecosystems and restoring functionality in resilient forests are factors in 
preventing the spread of infectious disease outbreaks. Changes in the opportunity 
space for pathogens may facilitate mixing of infectious agents and expand grouping 
of potential hosts.

The new growth strategy of the EU (The European Green Deal) has the ambition 
to transform the Union into a resource-efficient, green, and competitive low-carbon 
society. The bioeconomy approach, based on renewable biological resources and 
sustainable bio-based solutions, offers a unique opportunity to address these com-
plex and interconnected challenges. Appropriate indicators may help address pos-
sibilities and uncertainties related to the potential capacity of forest resources in 
contributing to the sustainable development of bioeconomy (Wolfslehner et  al. 
2016). Key indicators and monitoring tools need to consider differences in forest 
resources and management approaches among biogeographic regions and Member 
States. A continuous update of monitoring instruments and the adaptation of general 
principles to local circumstances are necessary to integrate decision-making pro-
cesses. Autonomous wireless sensor networks, connected and communicating with 
each other, may measure relevant parameters within an area at many sites simulta-
neously, for a detailed picture about the environmental conditions on site and the 
early stages of tree response (Bayne et al. 2017). Forest managers, in general, do not 
have access to low-cost and high-frequency measurements of productivity-related 
parameters and, therefore, they can hardly be able to monitor the changeable condi-
tions and complex interrelationships in forest stands. Combination of automated 
sensor networks of monitored trees, collecting key management data in real time, 
with UAV (Unmanned Aerial Vehicle) and multi-/hyperspectral remote sensing, 
will benefit transfer information wireless with LPWAN (low-power wide-area net-
work) – LoRa (Long Range) and satellite communication, as well as allow forest 
inventory based on single tree measurements.

Different regions in Europe can be classified for the purpose of drawing down 
structural incentives to establish and play CSF actions. This analysis can be based 
on detailed criteria specific to each site and defined to identify thresholds for future 
silvicultural actions (Table 1.1). In this sense, the establishment of qualified partner-
ships is essential to effectively design and implement permanent sample plots, con-
necting research staff, forest managers, policy makers to develop, test, and monitor 
climate-smart management approaches. Information on the impacts of climate 
change on forestry systems is also required to build on the present status of sustain-
able forest management and develop climate-smart measures. Partnership needs to 
be adaptable to local circumstances and able to share costs and benefits associated 
with research activities and development plans.
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Urban areas host already complex networks of digital infrastructures. The social-
political focus on emerging digital technologies and smart cities risks leaving rural 
territories behind, preventing forest managers from using e-services, particularly if 
operating in mountain environments. Environmental discrimination is an increas-
ingly growing phenomenon, poorly addressed in forestry research, posing urban 
dwellers and rural communities as dichotomous categories. Nevertheless, the prolif-
eration of technology-driven initiatives requires balancing the interests of elite play-
ers with the concerns of local stakeholders (Gabrys 2020). Many efforts, from local 
to global initiatives (e.g., Bonn Challenge, Initiative 20x20, AFR100 African Forest 
Landscape Restoration Initiative, and The United Nations General Assembly 
declared 2021–2030 the United Nations Decade on Ecosystem Restoration) are 

Table 1.1  Challenges and opportunities for CSF (and the wood industry) to align research 
activities with development plans at the local to European scales

Silvicultural traditions
Complement advanced tradition with local specificity, balancing 
supply and demand

Wood resources Consider forest structure, tree species, size distribution, forest 
fragmentation.

Certification bodies Develop the implementation of forest certification schemes.
Forest ownership Reduce fragmentation of forest ownership and incentivize 

entrepreneurship.
Data availability Harmonize forest inventories and monitor the results of alternative 

treatment.
Forest roads Improve the quality of road network and mobilization of forest 

products.
Forest industries Distribute costs and benefits between private and public bodies, 

and rise competitiveness.
Service networks Expand the utilization of innovations and the accessibility to digital 

platforms.
Support systems Adopt decision support systems for forestry performance.
Data digitization Increase the quality of data and their accessibility to small and 

medium enterprises.
Local communities Dialogue with associations, cooperatives, consortia, and other 

stakeholders.
Governance quality Ponder management agencies, institutional incentives, public 

policies.
Value-chain development Increase the degree of mechanization, capacity of investment, and 

multifunctional material.
Nongovernmental 
organizations

Balance landscape intensification vs. ecosystem services, nature 
conservation.

Technical skills Progress the formation of forest practitioners and education 
programs.

Communication tools Interpret public opinion and tackle administrative constraints.
Production value Challenge market requirements and support new and high-quality 

products.
Cross-sectoral cooperation Integration with agriculture and environment, and expansion of 

bioeconomy.
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underway to support the restoration of degraded forest landscapes and present 
Internet of Things (IoT) as necessary to meet global change targets. Therefore, com-
panies that provide technology relevant for precision forestry may try to get benefits 
from ecological restoration initiatives, though criticism raises owing to the possible 
disconnection between people and nature, as well as the requirements of intellec-
tual, financial, and material resources necessary for collecting, processing, and 
interpreting data.

1.7  �Pilot Forests

Long-term experiments and permanent plots, addressing consequences of changing 
environmental conditions and disturbance regimes to ensure sustainable forestry, 
have been generally planned for local targets and with specific designs (tree growth, 
stand productivity). Networks of complex research infrastructures, such as the 
ESFRI (European Strategy Forum on Research Infrastructures) infrastructure 
ICOS—Integrated Carbon Observing System (www.icos-ri.eu), may provide the 
basis for a deeper understanding of forest ecosystem functioning (Rebmann et al. 
2018). These infrastructures, designed for long-term monitoring of sources and 
sinks of GHG, have several disadvantages, including the relatively high personnel 
costs, installation difficulties, power requirements, managing skills, and mainte-
nance needs. At these experimental stations, the principal technique for measuring 
ecosystem–atmosphere exchange of CO2 and H2O at the stand scale (forest level) is 
the eddy covariance, which is an evolution of physiological measurements of gas 
exchange in individual leaves (organ level). Nevertheless, integrated measurements 
of CO2 and H2O fluxes at the tree level (stem enlargement, tree transpiration) are 
gaining new perspectives (Steppe et  al. 2015; Valentini et  al. 2019). Applying a 
modular approach would be extremely useful to combine various monitoring tools 
and contribute toward CSF.

Advances in sensor technology, wireless communications, and software applica-
tions have enabled the development of low-cost, low-power multifunctional envi-
ronmental sensors and sensor networks that can communicate forest conditions to 
researchers, managers, and the public in real time. These sensors generate informa-
tion at unprecedented temporal and spatial scales, and offer transformational oppor-
tunities to better understand the physical, chemical, and biological “pulse” of forest 
ecosystems. Ground data can be coupled with remote sensing. For example, multi-
temporal monitoring of forest growth patterns on a plot scale across phenological 
stages using light detection and ranging (LiDAR) data and the use of remotely 
sensed sun-induced chlorophyll fluorescence (SIF) for tracking forest photosynthe-
sis offer great potential to follow changes in gross primary productivity (GPP) of 
forests (Brocks et al. 2016). Wireless sensor nodes designed to provide interopera-
bility with space observations, inventory data, meteorological records, and forest 
operations might reduce uncertainties and increase reliability of CSF indicators (see 
Chaps. 9, 10 and 11 of this book: Picchi et al. 2021; Tognetti et al. 2021; Torresan 
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et al. 2021). These real-time “windows on mountain forests” also provide compel-
ling new ways to engage the public and provide novel tools for resource managers. 
They may influence the forestry sector to meet the scientific and technological chal-
lenges emerging in mountain environments, providing solutions for proactive silvi-
culture, while bringing trees closer to people (serba me, servabo te).

Traditional systems to collect basic information of forest functioning are labor 
intensive and the delivery of data to end users is slow, although reliable, data collec-
tion is of difficult expansion in time and space. In addition, traditional systems do 
not respond to environmental changes in real time. In this sense, IoT (Internet of 
Things) tools for data collection, processing, visualization, and device management 
provide an integrated technological platform for advanced monitoring of forests. A 
vision for a comprehensive redesign and standardization of environmental data col-
lection and delivery at experimental sites is critically needed. Deployment of cyber 
technology can be envisaged in selected experimental forests, in order to develop a 
network of sites in which trees are monitored intensively and over time. Collecting 
long-term data sets is critical for detecting patterns and trends in climate–productiv-
ity relationships in health forests and responding to tree mortality issues.

The establishment of a permanent network of coordinated and distributed 
climate-smart forests, in which to test pre- and postdisturbance data collection, 
requires a substantial organization capacity and a preliminary analysis of environ-
mental conditions and forest settings (Halbritter et  al. 2020). This helps develop 
future scenarios and hypothesizes alternative management options, which can be 
assessed in  local circumstances, following cost–benefit analysis. Continuously 
monitoring of forest functions and ecosystem services in long-term sampling plots 
is recommended. Climate-smart forestry and its placement into forest management 
decision processes need support for addressing trade-offs and synergies (Fig. 1.11).

Technological advances do not come without risks. Climate-smart sensor net-
works with wireless communication links are keys to monitor tree functions, forest 
conditions, and forestry operations. A CSF network should include a common suite 
of low-cost sensors for data collection, real-time data delivery to single web access 
points, and interactive data visualizations. However, wireless sensors deployed in 
forest stands still need improvements for data collection, transmission, control, and 
processing. Processors enabling continuous measurement and real-time storage of 
data are not always low-cost solutions for forest monitoring and forestry applica-
tions. Coordination and standardization of measuring methods and sampling proto-
cols across different sites for establishing CSF networks is also a difficult task. 
Large amounts of data generated in long-term monitoring studies and their acces-
sibility require property right analysis (Clarke et al. 2011), in order to make the best 
use of information related to the forestry sector. Ground-level data obtained from 
sensor nodes need to be related to stand structural complexity and scaled to forest 
management units by means of statistical modeling and remote sensing (e.g., UAV 
imagery), for being operative. However, environmental conditions near the ground 
(due to vegetation and topography) affect tree function and stand structure, and 
hardly represent a realistic picture of the tree–environment or stand–environment 
interface (Zellweger et al. 2019).
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Electronic data collection requires a continuous data flow from the sensor net-
work. Gaps may derive from instrument failures, power interruptions and bad 
weather, or instrument problems and maintenance stops (Rundel et  al. 2009). 
Therefore, gap-filling techniques are required to produce continuous data time 
series (Moffat et  al. 2007). Sensors and devices expose themselves to aspects of 
environmental conditions and material features that may degrade data integrity, 
making calibration an essential process. Poor calibration may also cause damage to 
hardware and the general infrastructure. Therefore, achieving good-quality data and 
maintaining error-free data collection in wireless sensor networks is challenging 
and calibration is essential to limit environmental noise and hardware failure 
(Barcelo-Ordinas et al. 2019). Energy consumption and sensor connectivity in wire-
less sensor networks are also crucial issues for the network effectiveness and effi-
ciency in terms of lifetime, cost, and operation. Finally, the deployment of devices 
in CSF sites will require experienced and well-trained forestry personnel, which 
may cause digital inequalities due to the shift of control from traditional actors to 
elite services.

Forest monitoring detects the impacts and trends of climate change, natural dis-
turbances, and human activities and is an essential element in CSF schemes. 
Legacies of natural disturbance and land use direct stand development and monitor-
ing and understanding their role are keys to implement management techniques that 
contribute to maintaining forest stability (Franklin et al. 2007). Disturbance legacies 
and ecosystem conditions comprise ecological memory (Johnstone et  al. 2016), 
which contributes to draw the trajectories of forest reorganization after disturbance 

Fig. 1.11  Key messages in support of CSF
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(Jõgiste et al. 2018). Forest monitoring must be flexible, adapting tools and method-
ologies to the targeted objectives and biogeographic regions, for effective reporting 
and harmonization. Because of the time lag between management actions and eco-
system responses, essential elements of forest monitoring are a common set of indi-
cators, a remote sensing system, a network of experimental plots, and a national 
forest inventory. To report policy makers on the implementation of CSF and provide 
forest managers with evidence on smart-adaptation strategies, a decision support 
tool is required for dealing with the challenges.

Protecting infrastructures, producing timber, safeguarding habitats, and allowing 
recreation are consolidated objectives in mountain forests in Europe, and establish-
ing climate-smart targets in response to projected impacts and vulnerabilities 
requires commitment to long-term, large-scale research collaboration and manager 
partnership. Highly instrumented sites and permanent sampling plots are both 
needed to identify silvicultural strategies tailored to the various biogeographic 
regions. Since new prescriptions may deviate from those practitioners traditionally 
use, an expert and stakeholder training dialogue approach needs to be searched in 
cooperation with local experts and key stakeholders, in order to encompass the need 
of balancing the different demands on forests through CSF (Tognetti et al. 2017). 
Discussion panels may seek to answer specific questions or build consensus about 
management objectives.

Although experimental sites (permanent plots, instrumented sites) exist at the 
national level, and can be sampled to gain data and test models, as well as provide 
insights on tree responses over time, there can be limitations, due to the original 
study target and design (Fig. 1.12).

Building on previous experience and knowledge, new studies may develop local 
approaches further, specifically addressing the response of trees and the resilience 
of forests to disturbance in the context of climate change. Indeed, while HNV for-
ests can be used as a benchmark for restoring managed forests, to some extent (Jandl 
et al. 2018), climate change may push ecosystems beyond historical limits (Millar 
et al. 2014; Dumroese et al. 2015). Novel information may contribute to and deliver 
a range of prescriptions according to experience and expertise in sustainable forest 
management, though durable commitments and consistent resources are required to 
ensure long-term operativity and development of management options.

Certainly, flexible forest management strategies are highly desirable to tackle 
spatially and temporally variable environmental conditions, with the aim of main-
taining species mixtures, complex structures, and multiple functions of forests, as a 
way of enhancing the resilience to natural disturbances (Franklin et  al. 2007; 
Puettmann et al. 2009; O’Hara and Ramage 2013), on a local basis over time. As an 
example, in locations where there are recurrent extreme events, for example, wind-
storms, a decrease in the growing stock can also be envisaged to reduce the vulner-
ability of the forest stands and support the potential of the forestry industries. 
Conversely, remote, HNV forests can be set aside to protect biodiversity. Yet, regen-
eration of drought-tolerant species may gradually replace that of co-occurring, more 
vulnerable species (e.g., Hilmers et al. 2019; Torresan et al. 2020). Genetic materi-
als more adapted to environmental modifications can also be tested and used.

R. Tognetti et al.



25

Permanent sampling forest plots are the basic unit of functional and structural 
indicator measurements. Their size may range, though experimental plots covering 
1 ha (100 × 100 m) can be considered suitable for simulating various forestry sce-
narios and their impacts on the provision of ecosystem services and/or the 

Fig. 1.12  “Aldo Pavari” permanent experimental plot of Pinus nigra ssp. laricio established in 
1919; Foresta Demaniale di Fiorentini, Sardinia, Italy)
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preservation of habitat diversity (Santopuoli et al. 2019). Within these plots, such as 
the Marteloscope (Bruciamacchie et  al. 2005), all trees are counted, numbered, 
marked, and mapped in the census. Circular sampling subplots, with radii ranging 
from 4  m up to 20  m, can then be considered to quantify specific indicators 
(Lombardi et al. 2015). Repeated measurements of differential forest traits, result-
ing from changes in governance or environment compared to a defined business-as-
usual scenario or normality mode, are needed to predict future forest ecosystem 
trajectories and new safe operating spaces (Johnstone et al. 2016). These measure-
ments require that modular instruments (soil–plant–atmosphere continuum devices 
and ancillary sensors) are in place and monitoring methods are well established 
(Chave et al. 2019). Therefore, changes in patterns of tree growth and health status, 
as well as successional development and anthropogenic impact, can be recorded. 
The information is useful for planning observational networks or storing model data 
at different temporal and spatial scales. Since disturbances may shape the structure 
of forest stands, boundaries and dimensions of ecological or operational units vary 
over time, depending on environmental circumstances or management objectives to 
follow the natural stand dynamics (O’Hara and Nagel 2013).

1.8  �Putting Climate-Smart Forestry into Practice

Climate-smart forestry integrates the overlaps, synergies, and trade-offs of global 
objectives and local needs into forest governance. Indeed, the vulnerability to cli-
mate change in the forest sector affects both rural communities and the international 
arena. Therefore, climate-smart forest strategies need to flow into policies on rural 
development, climate mitigation, and the bioeconomy. Climate-smart forestry may 
play an important role in strengthening the resilience of rural communities, by coor-
dinating risk assessment, planning efforts, management activities, support policies, 
and incentive strategies. Understanding the role of CSF requires targeting specific 
areas of vulnerability, while maintaining a broad vision of forest-related options and 
their potential impacts on adaptation to and mitigation of climate change.

While climate change, disturbance regime, and unsustainable exploitation jeop-
ardize natural ecosystems, nature-based solutions, including sustainable forest man-
agement, can be fundamental in combating climate and land-use changes (Seddon 
et al. 2019). Landowners, forest enterprises, and end users (in addition to decision 
makers, forest managers, and research scientists) are key actors in halting biodiver-
sity loss, while benefiting from healthy forests. Reconciling the sustainable supply 
of economic goods with a wise demand of ecosystem services is crucial to build 
forest resilience and prevent landscape degradation. Climate-smart forestry 
approach focuses directly on forest functions and silvicultural systems by assessing 
the vulnerability of forest sustainable management objectives, recognizing the need 
to balance the three dimensions of development goals, that is, the economic, social, 
and environmental. This requires appropriate technological capacity for applying 
the conceptual framework in practice, which may form the basis of decision support 
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tools that assist in the development and implementation of climate-smart options in 
response to system-related vulnerabilities (Fig. 1.13).

Because forests provide essential ecosystem services, the inclusion of payment 
schemes for ecosystem services in adaptation plans needs to be strengthened. These 
schemes increase the adaptive capacity of vulnerable communities (like those of 
mountain areas) and provide an incentive mechanism for long-term sustainability 
(adoption of specific support measures). Climate-smart forestry needs to incorpo-
rate emerging technology, identifying gaps in capacity building of the forest sector 
and changes in development objectives of modern society. Assessing the impact of 
climate change on the forest sector is prerequisite to implement management options 
that increase the resilience of forest ecosystems and decrease the vulnerability of 
rural communities. As an example, forest roads are required to transport timber and 
other forest products to markets, generating income to local enterprises, but also to 
fight forest fires, reducing risk of extreme events. These efforts need to be cross-
sectoral and require multilevel actions to prepare effective responses of the forest 
sector to climate change.

Forest coverage varies considerably among Member States of the EU. In Finland 
and Sweden, forests cover more than 60% of the country, while only 11% in the 
Netherlands and the United Kingdom. Although the forest landscape has been 
largely shaped by man, in the EU, the area of land covered by forests is growing, as 
a result of both natural growth and afforestation work. Only 4% of the forested area 
can be considered pristine. However, as the Treaties make no specific reference to 

Fig. 1.13  Feedback diagram of the CSF approach
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forests, the European Union does not have a common forestry policy. With the aims 
to ensure that Europe’s forests are managed sustainably and to strengthen the EU’s 
contribution to promoting sustainable forest management and tackling deforestation 
worldwide, the Commission set out a new EU Forest Strategy (beyond 2020). The 
new 2030 Biodiversity Strategy and the European Green Deal, developed by the 
Commission, are relevant opportunities to put the forest sector on the international 
agenda, provided that a common communication and collaboration plan is devel-
oped. Country-specific institutional context, in fact, may slow the implementation 
of new concepts, like CSF, aiming to assess climate change risks and implement 
forest adaptation strategies. A systematic approach to common monitoring and 
knowledge sharing across Europe is encouraged by COST (European Cooperation 
in Science and Technology), a funding organization for research and innovation 
networks enabling collaboration among researchers. Stronger coordination with 
institutional and operational levels is, however, essential for harmonizing assess-
ment protocols, managing field trials, and transferring research results at the conti-
nental scale.

Establishment of a multidisciplinary partnership approach and commitment to 
long-term experimental plot management are keys to the success of CSF that aim to 
develop and test large-scale silvicultural alternatives (Nagel et al. 2017). Differences 
across European countries in terms of forest industry, governance quality, manager 
experience, investment capacity, and training system are challenges that need to be 
harmonized by a shared strategy. Cross-site analysis of standardized monitoring 
plot networks and perceived ecosystem service benefits in multifunctional forest 
landscapes, with varying spatial and temporal resolution, may improve our under-
standing of forest responses to chronic stresses, extreme events, and successional 
processes. A European forest network approach may provide examples of adapta-
tion, mitigation, and production strategies, spanning a range of management and 
governance options. Evidence-informed management approach of threatened for-
ests is key to help data-driven gradual transition to more stable ecosystems, as well 
as to fine-tune the provision of ecosystem services.

The application of CSF strategies and the bottom-up approach of the Nationally 
Determined Contributions (NDCs) in the Paris Agreement may help comply with 
the target of reducing climate risks. Nevertheless, the benefits from enhancing car-
bon sequestration through forest management can be counterbalanced or amplified 
by concurrent management-induced changes in complex forest–atmosphere interac-
tions (Bravo et al. 2017). Therefore, managing forests for halting climate warming 
through mitigation may result only in compensating CO2 emissions. Carbon extrac-
tion and sequestration through bioenergy plantations, forest restoration, and urban 
forestry will not suffice alone to thin the atmospheric CO2 blanket and reduce the 
risk of CO2-induced global warming. Although these cost-effective land-based sink 
options may complement negative emission technologies, they are also vulnerable 
to both natural and anthropic disturbances. Should climate benefits from CSF 
remain important only on a local scale or in specific geographic circumstances (e.g., 
mountain environments), forest adaptation to changing climate will still be essential 
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to sustain the provision of goods and services, while avoiding positive climate feed-
back from disturbances.
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