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Towards an interdisciplinary approach on ancient forests

Sylvain Burri

Forests provide numerous services today: carbon sequestration, soil erosion control, air and water purification, biodiversity refuge, raw materials and food reservoirs, and areas for recreation and relaxation (Galochet, 2006; Cesaro et al., 2008 Eds.; FAO, 2010; Pilli and Pase, 2018). Nevertheless, forests face serious combined natural and anthropogenic threats. The impacts of climate change are already being felt: increases in fire and storm frequency, local drying out of soils.[1] These effects are often exacerbated by intensive land-use practices (e.g., monoculture plantations of introduced species, over-grazing), unsustainable timber exploitation, deforestation for agriculture) and urbanization (Achard et al., 2009; Siedl et al., 2011; Lindner et al., 2014). Major consequences include the fragmentation of forest habitats and the loss of plant and animal biodiversity (Bakkenes et al., 2002; Petit et al., 2005; Mansourian et al., 2013; Haddad et al., 2015). Thus, the whole forest ecosystem is endangered.

International institutions, such as the United Nations[2] and the European Commission[3], have focused on forests and set out targets to preserve such ecosystems in the face of climate change. The challenge is to develop sustainable management of these multifunctional spaces that will combine their ecological, economic and social functions. This management must address the increasing deforestation of some world’s regions and desertification process in semi-arid areas; the need to expand forested areas for increasing carbon storage abilities and for supporting the energy transition (renewable energy resource); and the importance of protecting biodiversity and preserving a high environmental quality for local human communities.[4] Between conservation, productivity and local development, current forest policies are inevitably extremely complex.

Our current forests are inherited through centuries, even millennia, of interplay between human and nature – the past complexities of forest demand. They have been transformed, managed and shaped by past societies to meet their needs over the centuries (fuel, timber and other plant raw material supply for domestic, trade and industrial activities, as well as being sources of food, grazing areas, places to live and of wonder and magic). The influence of human-forest interactions on the environment varies from region to region according to their various historical trajectories. Wooded areas are more fragmented in the Mediterranean region, where the forest landscape has been deeply shaped by millennia of human influence, than in boreal or tropical environments. Nonetheless, one must be very cautious about the myth of ‘virgin forest’, whether tropical or semi-arid, supposedly devoid of any human disturbance: many of these in fact been shaped by sustainable traditional agroforestry practices (Michon, 2015; Michon et al., 2007; Ford and Nigh, 2015).

Some forests have been maintained over the centuries through the present day for different reasons (low human population, the need to preserve natural resources, hunting reserves, religious beliefs, limited accessibility, cost-benefit issues, etc.). These forests are characterized by their ancientness, reflected in a higher biodiversity value than recent forests. They may be named ‘mature forests’, ‘relict forests’, ‘wild forests’, ‘old-growth forests’, ‘natural forests’, ‘native forests’, ‘climax forests’, ‘primary forests’, ‘virgin forests’, ‘pristine forests’, ‘primeval forests’, ‘authentic forests’ etc. depending on countries, definitions and stakeholders (scientists/managers/politicians). These terms refer to two categories of forest, both characterized by a certain degree of ancientness: ‘ancient forests’ and ‘old-growth forests’. Protecting these precious ecosystems, both rare and endangered, especially in Europe, requires a clear definition of what constitutes an ‘ancient’ or an ‘old-growth’ forest, independent of the forest type (boreal, temperate, Mediterranean etc.), to be used in conservation policies. To solve the problem of terminology used to qualify such forest (e.g., FAO, 2002), the international community has put much effort into clarifying definitions over about the last thirty years.


Ancient and old-growth forests: definitions and main conservation issues

Different kinds of forests fall under the umbrella term of ‘ancient forest’ according to two main criteria: (i) duration of forest cover continuity and (ii) maturity. The first category is called ‘ancient forest’. This concept has been clearly defined in the past thirty years first by British scholars (‘ancient woodlands’ – Rackham, 1976; 1980; Spencer and Kirby, 1992; Goldberg et al., 2007; 2011; Rotherdam, 2011) and by French academics (‘forêts anciennes’ – Dupouey et al., 2002a; 2002b; 2007; Vallauri et al., 2012; Cateau et al., 2015) scholars (mainly ecologists and geographers). The concept of ‘ancientness’ refers to the number of years of continuous forest cover in a specific area. The appreciation of this ancientness depends on time-based thresholds that in turn depend mostly on the sources available to help reconstruct their history. These time-based thresholds are extremely country/region dependent. They often reflect the differential availability of forest-related sources. In England, a scientific consensus set the limit at AD 1600, as there was thought to be little evidence for forest tree planting prior to this in written records. This date also coincides with the first maps produced or preserved. In Scotland, the threshold was brought forward to 1750 (Goldberg et al., 2011).

For reasons of ease of access and data processing, ancient maps are often the reference material used to define the threshold between ancient and recent forests, as in Belgium (1775 map – Hermy and Verheyen, 2007; De Keersmaeker et al., 2014) or the Netherlands (1850 map – Bijlsma et al., 2010). In other countries, it is the first non-cartographic cadastral data to be used to (e.g., 1780 Josephinian Cadastre for Polish Carpathians – Troll and Ostafin, 2016). French researchers emphasize the importance of the choice of the thresholds which must be based on specific local historical and ecological elements. After a decade of debate, they chose not to use the oldest map available for nearly the entire French territory as the threshold (Cassini map, second half of the 18th century), but instead the date for the minimum forest cover (mid-19th century). This is a reasonable choice as the forests that have been maintained during this period are likely to have existed in a more remote past. In addition, these forests may be accurately mapped using the État Major map and the Napoleonic Cadastre. It is then possible to turn the clock back using the Cassini map or other regional maps (Dupouey et al., 2007; Vallauri et al., 2012; Cateau et al., 2015; Panaiotis et al., 2017).

The use of different thresholds makes it difficult to compare the surface areas of ancient forests to be preserved or rates of fragmentation between various countries or regions. We do not have a clear and comprehensive evaluation of the ancient/recent forest cover ratio at the international scale. According to the different time-based thresholds considered by each country, ancient forest may represent 23% of current woodlands in United Kingdom but only 16% in Belgian Flanders, while 29% of current French forests already existed during the late 18th century (Goldberg et al., 2011; Hermy and Verheyen, 2007; De Keersmaeker et al., 2014; Cateau et al., 2015).

The question of how to define a woodland or a forest itself arises too. Because the composition, structure and maturity of forest cover is irrelevant to this definition, some of these ancient forests, being entirely shaped by centuries of human management and use, look very little like the picture of a ‘natural forest’. Coppicing for producing fuel for trades and industries supply or pollarding trees for producing leaves used as fodder and litter and fruits (acorns, chestnuts) to feed animals, has created very anthropogenic woodlands. Ancient coppice woodlands, for example, are characterized by the presence of aged coppice stools, multi-stemmed trees whose massive bases result from the centuries of felling and regrowth, and by a diverse range of tree forms shaped by human practices (culturally-modified trees). Despite this high level of anthropization and often a low tree species diversity, these woodlands are refuges for distinct forms of forest biodiversity. Furthermore, they are considered as key cultural landscapes inherited from endangered, or already vanished, practices and knowledge (Rackham, 1976; 1980; Belhoste, 1990; Rozas, 2005; Bürgi and Gimmi, 2007; Genin and Simenel, 2011; Genin et al., 2013; Barnes and Williamson, 2015; Maděra et al., 2017).

By contrast the second category of ancient forest is defined by a high degree of both naturalness and maturity: ‘old-growth forests’, sometimes called, ‘(sub-)natural forests’. Three decades of research on ‘natural’ forest ecosystems have led to a generally accepted definition of typical old-growth forest features. These include the diversity of trees, species and habitats; species endemism; forest stand structure (multi-layered canopies and canopy gaps); tree-related microhabitats; maturity of living trees and diversity of age classes; presence of deadwood; forest dynamics (range of successional stages and phases); minimum signs of human disturbance; the continuity in time of forest cover (i.e., ancientness); and intangible aspects such as the ‘feeling’ of nature/naturalness. None of these features are exclusive or compulsory. The balance between the different qualities may range from one forest type to another. The thresholds of each feature may be set for different forest types and climatic conditions (Franklin and Spies, 1991; White and Lloyd, 1994; Peterken, 1996; Frelich and Reich, 2003; Mosseler et al., 2003; Alexander and Butler, 2004; Gilg, 2005; Hilbert and Wiensczyk, 2007; Vallauri, 2007; Bauhus et al., 2009;Vallauri et al., 2010 Eds.; Gutiérrez et al., 2010; Le Quéau et al., 2010; Dudley, 2011; Mansourian et al., 2013; Rossi et al., 2013).

Ancientness is only one quality of an old-growth forest. According to the above definitions, all old-growth forests are ancient forests, but not all ancient forests show old-growth features. The lack of systematic survey prevents us from accurately assessing the proportion of old-growth forests worldwide. Data and their quality are highly country dependent. In industrialized countries, extended human activity has almost completely eradicated old-growth forests (Wirth et al., 2009b). They represent less than 3% of European forests (Kirby and Watkins, 2015). This rate ranges widely according to the countries. Indeed, of the total forest area in central Europe, only 0.2% of old-growth forests have survived, mainly in remote mountainous areas or within nature reserves (Frank et al., 2009; Schulze et al., 2009). The same is true in France (Gilg, 2005; Cateau et al., 2015). This rate may be higher as reported in Romania (4% according to Giurgu et al., 2001). Old-growth forests in the Mediterranean ecoregion have been estimated to be about only 1% (Mansourian et al., 2013). A major bias is that the evaluation of old-growth forest rate depends on the various definitions adopted by national institutions.

Whatever their maturity and biodiversity value, ancient forests constitute highly endangered relict ecosystems. They are vanishing at an alarming rate around the globe (Achard et al., 2009; Wirth et al., 2009b; Knorn et al., 2013). Old-growth forests represent a key element in preserving biodiversity (Vallauri, 2007; Gibson et al., 2009; Wirth et al., 2009 Eds., Thompson et al., 2009). They provide important habitats for wildlife, particularly for vulnerable or range-restricted species that cannot colonize newly opened areas. They contain deadwood and tree-related microhabitats, which are home to a rich variety of species, notably saproxylic species, fungi, small mammals, birds and butterflies (Mansourian et al., 2013). The considerable vertical (multi-storeyed forests) and horizontal (sylvatic mosaic) structural diversity of old-growth forests explain their larger specific richness and the greater long-term stability of their animal communities (Gilg, 2005). Additionally, ancient forests as carbon sinks may also play an important role in the response to climate change. Contrary to the long-standing view that they are carbon neutral, even old-growth forests continue to sequester carbon for long periods of time (Luyssaert et al., 2008; Wirth et al., 2009 Eds.). In addition to ecosystem services, ancient forests may provide incomes to local communities through sustainable timber production and non-timber forest product (e.g., medicinal plants, fruits, edible mushrooms, cork and leaves for tanning or dyeing, resins) through sustainable ecotourism or markets. Such activities must be carried out with due respect to environmental issues and local economic development, which can be challenging in fragile environments (e.g., the exploitation of ancient Argan tree forests in south-western Morocco for oil extraction mainly used in cosmetics – Simenel et al., 2011; Faouzi and Martin, 2014). The study of traditional close-to-nature forestry may also improve current silvicultural methods and yield greater economic benefits (Bürgi, 2015; Mansourian et al., 2013), but do not necessarily increase biodiversity (Gossner et al., 2013). Ancient forests (old-growth or not) should also be more resistant and resilient to climate change (Vallauri, 2007; Thompson et al. 2009). Thus, to better design conservation and restoration strategies to address current and future threats, it is useful to understand how ancient forests have adapted over time and through different climate regimes and other natural and anthropogenic stressors, and to draw lessons from the past (Blasi, 2010; Mansourian et al., 2013).




Investigating past forest management legacies of current ancient forests

Ancientness is at the core of the ancient forest concept and a key component of naturalness. Even the largest old-growth forest tracts in Europe need to be interpreted with caution due to their histories of human interaction, including the Białowieża forest in Poland (Niklasson et al., 2010; Latałowa et al., 2015) and the remote forests of Fennoscandia (Uotila et al., 2002; Josefsson et al., 2009). Nevertheless, the history of human-forest interactions is still only rarely considered in conservation-related research and policies (Willis and Birks, 2006; Dupouey et al., 2007). Being aware of the past trajectory of current forests is critical for their classification and conservation. Indeed, continuity or discontinuity in forest cover influences the soils and vegetation composition, diversity and structure over the long term. While some human disturbance may be ‘absorbed’, i.e., erased after a century of regeneration, other elements may have impacts on the forest ecosystems over centuries or even millennia (Dambrine et al., 2007).

The effects of human disturbance, mostly 19th century agro-pastoral land use, on modern species composition, structure and distribution of forests are now well identified. Persistent compositional differences were documented between the vegetation of continuous forests and post-agricultural secondary forests. This indicates that distribution patterns for many plant species still reflect the former open, agricultural or pastoral environment, despite the current predominance of forest cover (Hermy et al., 1999; Compton and Boone, 2000; Bellemare et al., 2002; Dupouey et al., 2002; Verheyen et al., 1999; 2003; Cateau et al., 2015; Dambrine et al., 2007; Sciama et al., 2009; Baeten et al., 2011). Clearings and the conversion of wooded lands for pasturing or farming modify the chemical and microbial balance of soils. Post-agricultural secondary forest soils are characterized by a lower carbon rate, higher phosphorus and nitrogen rates and a decreased C/N ratio. These impacts on soil composition may be visible after 2,000 years of forest dynamics (Dambrine et al., 2007). Changes in soil composition logically lead to changes in forest plant diversity and global biodiversity (flora, fauna and fungi). Slow colonizing ancient forest vascular plant species can be negatively affected, as they depend on long and continuous forest land use and they suffer from habitat loss and fragmentation at a rate that exceeds their slow colonization capacities. They are maladapted for rapid population recovery and recolonization following severe disturbance, such as from clearing and agricultural conversion (Bellemare et al., 2002; Dupouey et al., 2002; De Keersmaeker et al., 2014; Cateau et al., 2015). Soil composition changes also impact seed banks in the soils leading to long-lasting changes in vegetation (Plue et al., 2008).

Agro-pastoral use of forest land is not the only human activity to impact the composition and structure of current forests. Some ecological studies also revealed the short- to long-term effects of historic charcoal burning on forest soil properties, such as physical (e.g., saturated hydraulic conductivity, bulk density, total porosity, soil texture and colour, infiltration rates, surface albedo and soil-surface temperature) and chemical properties (e.g., soil enrichment with soil organic matter and pyrogenic organic matter consisting of diverse aromatic carbon compounds) (Oguntunde et al., 2008; Knicker, 2011; Hirsch et al., 2018). The effects on vegetation growing on charcoal burning sites are not widely known. Mikan and Abrams (1995; 1996) and Young et al. (1996) stressed that these sites developed very different forest cover following abandonment, characterized by a significantly lower overstorey tree cover and density on charcoal kiln platforms than for surrounding areas. The inhibition of regeneration appears to be a result of persistent differences in soil nutrient availability from more than a century ago (Mikan and Abrams, 1996). More recently Carrari et al. (2016a; 2016b) demonstrated a general positive influence of charcoal kiln platforms on woody species at their first stage of regeneration in three different forest types; however, they also showed a negative effect of modified soil and environmental conditions on the further growth and development of trees that prevent their access and establishment into the higher layers. This effect slows down the recolonization of charcoal burning sites. There has been some research on the effects of less visible forms of traditional forest management (e.g., coppicing, pollarding, plant harvesting and wood pasturing) on current forest composition and soils, as well as on the consequences of their recent abandonment on species richness decline (Rozas, 2005; Bartha et al., 2008; Van Calster et al., 2008; Baeten et al., 2009; Hartel and Plieninger, 2014 Eds.; Müllerova et al., 2015; Hartel et al., 2014 Eds.; Hartel et al., 2015; Šramek et al., 2015). Other studies question the long-lasting impacts of hunting on forest animal and plant communities (Fletcher, 2015). Finally, other factors external to woodland management may have long-term consequences on forest environments. For example, land ownership patterns and their evolution across time is an important but often underestimated factor that influences current woodland biodiversity (Schaich and Plieninger, 2013; Bergès et al., 2013; Mölder, 2016). These activities all have long-term legacies on current forests, so it is crucial to accurately investigate the history of past forest use and management to better understand the current state of our inherited forests.

Until now the distinction between ancient and recent forests was binary. Similarly, only the absence or presence of human action, mostly recent disturbances (from fifty years to two hundred years at most), are used to evaluate the intensity of past forest management and of naturalness for old-growth forests (Rossi et al., 2013; Schall and Ammer, 2013; Kahl and Bauhus, 2014). These studies are essentially based on ecological and biological factors (e.g., the presence of ancient forest fungi, plant and animal species, and maturity features), while historical, archaeological and palaeoecological data, when available, are used only marginally. The latter are often used just as a marker of presence/absence of past human impact or continuity/discontinuity in forest cover. In recognition of this weakness, some ecologists have suggested integrating additional thresholds to refine the analysis of past human legacies on forest soil and vegetation. Manegold et al. (2009) distinguish two categories of ancient forests: ‘old forests’ for forests established between 1772–1899 and ‘ancient forests’ for those with an ancientness of more than 300 years. Cateau et al. (2015) warn that these thresholds should be based on both relevant criteria about forest-human interaction history and on soil and vegetation resilience to human actions. For France, they suggest classifying ancient forests into three categories according to their ancientness, reflecting the four key moments of high anthropogenic pressure on forest environment: ‘millennia ancient forest’ dating back to the end of the last Ice Age (more than 8,000 years ago), ‘Celtic-Roman ancient forest’ (more than 2,000 years ago), ‘medieval ancient forest’ (more than 600 years ago) and finally ‘ancient forest’ dating back to the beginning of the Industrial Era (more than 150 years ago). These new thresholds are defined according to the discovery of dated archaeological features within the forests or to historical documents.

However, these milestones, which prove the presence of a forest at a given moment in the past, should not be confused with continuity of forest cover; significant changes could have happened between two milestones. Demonstrating actual continuity or discontinuity of forest cover requires a historical, archaeological and palaeoecological investigation. Moreover, these data are often used as dated ‘presence/absence’ markers, regardless of the type, intensity and periodicity of human action. The presence/absence, even dated, is unsatisfactory because it ignores the historical depth and complexity of the socioeconomic history of forests. Current patterns and processes in nature have a historical trajectory that must be investigated in detail (Szabó, 2010a). Indeed, considering the forest history over the long term and its complexity is crucial to better interpret ecological observations. For example, improving our understanding of the mid- and long-term effects of agricultural conversion of forest land requires an understanding of past farming practices in their complexity and evolution. The type and intensity of changes observed in current soils and vegetation may depend on the type of agricultural or pastoral conversion: clearing processes (with or without certain standards; use of fire or not; ploughing or not; stone removal), the use of manure or not for fertilizing newly cultivated soils, the duration and cycle of cultivation and the duration and cycle of forest cover regeneration (permanent versus shifting cultivation), and its chronology. This requires detailed historical and palaeoecological investigation. Permanent farming during the Roman era (centuries of agricultural use) still has tangible effects on current forest vegetation (Dambrine et al., 2007), but what effect did shifting temporary cultivation within forest lands, a common agricultural practice during pre-industrial times (Sigaut, 1975; Viader and Rendu, 2014 Eds.) still practised in some parts of the world (Michon, 2015; Ducourtieux, 2015) have? Sustainability and the effects of current shifting cultivation on forest dynamics have been debated in scientific and institutional circles for the past thirty years, especially in tropical environments, with no consensus yet reached. Several studies aim to assess the nature of the impact, which depends both on the shifting cultivation system phase (conversion, cultivation, or fallow) and on the soil properties (physical, chemical, and biological) (Kathick et al., 2009; Ribeiro Filho et al., 2013; Mukul and Herbohn, 2016). The question of the mid- to long-term effect of past shifting cultivation deserves attention but new tools and interdisciplinary research will be necessary to shed light on this farming practice, for which very few traces on the current landscape and in written records remain (Beltrametti et al., 2014; Reinbold, 2014; Burri, 2016).

The same problems arise for the many other activities that took place in forests. Apart from timber supply for civil and religious construction and shipbuilding, forests were a large and key reservoir of plant fuel (firewood and charcoal) that supplied domestic needs but above all the development of trades and (proto-)industries, (e.g., mining, metallurgy, glass, ceramic, tiles and bricks, lime, dyeing etc.) and other plant resources (e.g., leaves and barks used for tanning and dyeing). They were often also common pasture areas (grass, fruits, leaves). The animal component of forest ecosystems and the related domestic and economic activities should not be forgotten, such as fishing, hunting, beekeeping, and cattle and pig grazing (Devèze, 1961; Birrel, 1969; Carmen Carlé, 1976; Rackham,1976; 1980; Bechmann, 1984; Andreolli and Montanari, 1988; Métailié, 1992 ed.; Cavaciocchi, 1996 ed.; Corvol, 2004 ed.; Szabó, 2005; Smout et al., 2005; Duceppe-Lamarre, 2006; Beck, 2008; Burri, 2012; 2014; Fletcher, 2015). All these activities should be studied as a social, productive and ecological system in a long-term perspective.




Investigating past forest trajectories: from pluridisciplinarity to interdisciplinarity

To improve the analysis of today’s legacies of past management, ecologists need detailed knowledge about the history of ancient forests. A wide range of methods and approaches such as palaeoenvironmental studies, historical ecology, archaeology and historical geography enable us to reconstruct forest histories at different time and space scales and with varying degrees of precision. While evaluating forest cover continuity over time is relatively easy, characterizing former composition, structure and disturbance regimes is more challenging. Palaeoenvironmentalists, using various proxies such as pollen, non-pollen palynomorphs, plant macrofossil (fruits, seeds, needles), charcoal, fossil insects and wood analyses mainly focus their research on the reconstruction of vegetation history and its evolution over long time periods. Using these data for palaeoecological issues requires a change in perspective and an emphasis on the ecological impacts of environmental change, i.e., the response of organisms in the past to environmental change, including human activity (Rull, 2010; Birks, 2012). In this way, palaeoecological records provide a valuable long-term perspective on the dynamics of contemporary ecosystems. During the last thirty years, palaeoecological data have not been widely used in conservation-related research because they were considered too imprecise, and therefore of little relevance to actual conservation challenges (Willis and Birks, 2006). Recent major advances in palaeoecological techniques have now made it possible to analyse forest landscapes at high-spatial resolution and based on high-resolution chronologies, which are better suited to conservation-related research.

Within palaeoecological approaches, pollen analysis is the main method used to provide quantitative estimates of former tree species occurrence and to trace their evolution (establishment, expansion, decline) (Lindbladh et al., 2013). Pollen analysis was first used to analyse vegetation history at regional scale using data coming from large lake cores. The spatial interpretation of pollen data faces the challenging issue of assessing the representativeness of pollen due to the varying amount of pollen produced by trees and to the dispersal abilities of each pollen type. In the last decade, pollen analysis has been significantly improved (pollen taxonomical precision, automated pollen identification, definition of pollen assemblage). Spatial resolution has been refined by exploring small bogs and peat lands which contain a majority of pollen coming from within 100 to 1000 metres. Thanks to the development of modelling, researchers are better able to delineate pollen source areas and quantify local vegetation cover, even if could still be further refined. This very fine spatial resolution enables researchers to cross pollen data with vegetation information extracted from ancient maps and is more suitable for conservation-related considerations (Sugita, 2007a; 2007b; Hannon et al., 2000; 2010; Lindbladh et al., 2008; 2013; Etienne et al. 2013; Mazier et al., 2015; Abraham et al., 2016; Robert et al., 2018). Plant macrofossils, which are complementary to pollen assemblages, can provide information on taxa that produce fragile or small amounts of pollen and improve vegetation reconstruction at tree stand level (higher taxonomic precision) (Hannon et al., 2000; Lindbladh et al., 2013).

Dendrochronology applied to living trees also provides key insights into both current and former forest stand age structure (Kipfmuller and Swetnam, 2005; Speer and Hansen-Speer, 2007; Motta and Edouard, 2015). In a short-term history perspective, dendrochronology can be used to estimate the longevity and the date of death of surviving trees (Watkins et al., 2004; Lombardi et al., 2008). Although extensive dendrochronological data have been collected in palaeoclimatological perspectives (Amoroso et al., 2017 Eds.), they are usually underexploited and rarely reported in detail (Lindbladh et al., 2013). The same problem occurs for data collected on archaeological deadwood, preserved in dry or waterlogged conditions. Dendrochronology is mostly used for dating archaeological sites and cultural heritage, but archaeological timber and woods are seldom considered in a palaeoecological perspective (Haneca et al., 2009). Cross-dating and tree-ring analysis enable us to trace long-term forest history and to consider ancient woodland composition and structure as well as tree management (Haneca et al., 2005; Haneca et al., 2006; Girarclos and Petit, 2011; Bernard, 2012; Bobiec, 2012). Whether on living trees or on dead timber, tree-rings analysis is very useful for assessing the natural disturbance history of forests, mainly former fire events using fire-scars, but also outbreaks of defoliating insects, windstorms, landslides, avalanches (Splechtna et al., 2005; Fraver et al., 2007; Niklasson and Granström, 2000; Niklasson et al., 2010; Saez et al., 2011; Christopoulou et al., 2013; Corona et al., 2013). Beyond natural disturbances, tree-ring analysis can also document former woodland management, such as pollarding and coppicing (Rozas, 2005; Copini et al., 2009; Girardclos and Petit, 2011; Girardclos et al., 2012; Bernard et al., 2006; Bernard, 2012; Altman et al., 2013; Müllerova et al., 2016). When lichens and mosses are preserved on the bark of archaeological timber, they are relevant indicators of the ecological conditions in which trees occurred before cutting and of subsequent environmental change (Yarh et al., 2011; 2014).

The analysis of charcoal found in sediment provides insights into former tree species composition, age and structure over long time periods (Carcaillet et al., 2000; Talon, 2010; Touflan et al., 2010; Cunill et al., 2013; 2015; Saulnier et al., 2015). Charcoal is resistant to biological mineralization and microbial activity, so it can be found even where conditions are not suitable for pollen preservation. Because of the complexity of soil taphonomic processes, pedoanthracology must be based on robust radiocarbon dating chronologies, especially outside a well-stratified context (peat core). Charcoal is generally not suitable for quantitative reconstruction of past vegetation, but it does provide valuable qualitative data on the presence/absence of species. Charcoal is thereby used as a complement to pollen analysis for identifying tree species whose pollen is rarely found in sediments (Nelle et al., 2010; Lindbladh et al., 2013; Cunill et al., 2015). Charcoal analysis is, of course, also a very suitable proxy for reconstructing fire history, identifying undocumented fire events and the related burnt forest vegetation (Pitkanen et al., 2002; Tryterud, 2003; Robin et al., 2013; Robin and Nelle, 2015; Hawthorne and Mitchell, 2016).

Fossil beetles shed additional light on former forest composition and structures (Lindbladh et al., 2013). Indeed, some beetles may act as a marker of past vegetation when they depend only on specific tree genders and more rarely tree species (Whitehouse et al., 2010). Since many saproxylic beetle have particular requirements for specific wood size and/or age, their remains may indicate the presence of former aged or large trees (Whitehouse, 2006).

Recent advances in molecular genetic analysis of trees provide hitherto unknown understanding of the origin and movement of species over the last 20,000 years (Watkins, 2015; Puglisi et al., 2000; Gil et al., 2004; Wagner et al., 2018).

In addition to palaeoecological studies, archaeology may be useful for characterizing former human forest management and occupation. Since forests and wooded landscapes are relatively unaffected by gross disturbances, they may hold well-preserved evidence of past human-forest interactions. One can distinguish two types of archaeology: ‘archaeology in woodland’, which is the most widely practised, and the ‘archaeology of woodland’ (Rotherham and Ardron, 2006; Dupouey et al., 2007 Eds.; Barnes and Williamson, 2012). As noted by Rotherham and Ardron (2006): “[wooded] landscapes often hold the evidence of two main human influences: those related to the woodland and its utilization and those of non-wooded periods in the timeline of the site. The present-day woodland was formed and influenced by both, though not always in equal measure”. Archaeology in woodland provides insight into the long-term dynamics of human occupation of current woodlands, which were not necessarily continuously wooded and might have been cleared for agro-pastoral purposes at a given time with various cultural features: settlements, necropolises, military or religious buildings, quarries, former field systems etc. Archaeology of woodland investigates archaeological imprints related to past woodland management and use. It deals with forest-related economic activities which have left traces within the landscape, such as charcoal burning, tar making, mining and ore processing. Some features are also related to cattle and herd breeding (e.g., enclosures), hunting (e.g., deer parks and other hunting parks), fish farming and fishing in ponds and rivers. Former woodland structures such as woodland boundaries and paths are often fossilized within woods.

Whereas forest cover has protected archaeological features, it was long representative of the disadvantage of low visibility, which makes it difficult to survey. Moreover, because of their remote location, forests and woodlands are rarely affected by extensive archaeological excavation in advance of developments. Major advances in remote sensing surveying and spatial data processing (GIS) have revolutionized the archaeology in/of woodland. The LIDAR (light detection and ranging) surveying method is used to survey and analyse archaeological features within wooded cover and has led to very significant advances in terms of recognizing archaeological sites. Extensive and diachronic landscape archaeology can now allow researchers to reconstruct an unexpected long-term history of current wooded landscapes (Devereux et al., 2005; Crutchley, 2006; Risbøl et al., 2006; Doneus et al., 2008; Crow, 2008; Crutchley and Crow, 2010; Georges-Leroy, 2007;2009; 2012). The most studied forest-related activity is charcoal production, which was the main fuel supply for the development of metallurgical industry (ore processing and metalworking). It is also the most relevant activity in a palaeoecological perspective. Initiated...
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