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Abstract

:

The conservation and sustainable use of forests and forest genetic resources (FGR) is a challenging task for scientists and foresters. Forest management practices can affect diversity on various levels: genetic, species, and ecosystem. Understanding past natural disturbance dynamics and their level of dependence on human disturbances and management practices is essential for the conservation and management of FGR, especially in the light of climate change. In this review, forest management practices and their impact on genetic composition are reviewed, synthesized, and interpreted in the light of existing national and international forest monitoring schemes and concepts from various European projects. There is a clear need and mandate for forest genetic monitoring (FGM), while the requirements thereof lack complementarity with existing forest monitoring. Due to certain obstacles (e.g., the lack of unified FGM implementation procedures across the countries, high implementation costs, large number of indicators and verifiers for FGM proposed in the past), merging FGM with existing forest monitoring is complicated. Nevertheless, FGM is of paramount importance for forestry and the natural environment in the future, regardless of the presence or existence of other monitoring systems, as it provides information no other monitoring system can yield. FGM can provide information related to adaptive and neutral genetic diversity changes over time, on a species and/or on a population basis and can serve as an early warning system for the detection of potentially harmful changes of forest adaptability. In addition, FGM offers knowledge on the adaptive potential of forests under the changing environment, which is important for the long-term conservation of FGR.
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1. Introduction


Forest management (FM) practices affect diversity on various levels: genetic, individual, population, species, and ecosystem [1,2,3,4]. As management has largely shaped the current state of forests, the contribution of future management to the maintenance of genetic diversity and increased resilience of forests [5] must be taken into account. Currently, there are many different types of FM practices, determined by factors such as climatic zones, forest types, site conditions, and even by the traditions of local societies [5]. Since 2000, a number of studies have been carried out to evaluate the impact of forest management on the genetic composition of various stands (e.g., [6,7,8,9,10,11,12,13,14,15]), with most of them focusing on a certain species or on a certain silvicultural system/management operation. Although the results derived from these studies are contradictory, most of them have found a management-associated impact on genetic structure and variation. Some studies advocate enhanced genetic diversity due to different FM practices [16]. However, these studies record only a snapshot of changes caused by FM practices and not their long-term effect on the genetic processes occurring in a stand. A detailed understanding of past disturbance dynamics and their relationship to human disturbances and management practices is essential for monitoring forest ecosystems exclusively in the light of predicted climate change [17,18,19]. By itself, this detailed understanding can be achieved only through FGM that will capitalize on the knowledge regarding existing FM practices in Europe and their impact on genetic diversity.



Several forest monitoring programmes have been implemented on national and international levels in Europe. On the international level, in 1985, the United Nations Economic Commission for Europe (UNECE-CLRTAP) launched the International Co-operative Programme on Assessment and Monitoring of Air Pollution Effects on Forests with the aim of monitoring the spatial and temporal variation of forest conditions in relation to anthropogenic and natural stress factors [20]. On the national level, forest monitoring is based mostly on National Forest Inventory (NFI) programmes, which provide data on the tree species, growing stock, increment, and status of timber and non-timber forest resources [19,21]. Although forest monitoring (e.g., International Co-operative Programme on Assessment and Monitoring of Air Pollution Effects on Forests) (ICP Forest)) and NFI provide relevant data indispensable for forest management and the conservation of ecosystems, they do not share common targets with a genetic monitoring approach.



The main idea behind FGM as defined by Namkoong et al. [22,23], who led the FAO Group on FGR, being among the first to propose the need for FGM, was to track evolutionary processes in forest tree populations using genetic and demographic indicators and verifiers needed to observe the changes caused by forest management in tropical forests at the scale of the forest management unit. This idea of tracking evolutionary processes based on indicators and verifiers, simplified in accord with the possibilities for implementation, was supported by EUFORGEN (established in 1994, www.euforgen.org), and remains so to this day [24,25,26]. In Germany, the Expert Group on the “Conservation of forest genetic resources” formulated a “Concept on a genetic monitoring for forest tree species in the Federal Republic of Germany” [27]. This FGM concept was first tested in a pilot study for two model species: European beech (Fagus sylvatica L.) and wild cherry (Prunus avium L.) [28], followed by other projects developing, testing, and implementing FGM: the FP7 project “FORGER” was partly focused on the development of FGM protocols [29], the Working Group on Genetic Monitoring within “EUFORGEN” developed a simplified concept of genetic monitoring [26], the Horizon 2020 project “GenTree” is currently testing genetic monitoring in four species (Fagus sylvatica L., Populus nigra L., Pinus silvestris L., Taxus baccata L.) [30], and the LIFE+ project “LIFEGENMON” [31] is the first implementation project testing indicators and verifiers for FGM to find the optimal combination given the questions asked and the means available at an international scale. On the national level, in Germany, the project “GenMon” has been establishing a network of FGM plots for Norway spruce (Picea abies (L.) Karst) (10 FGM plots) and European beech (Fagus sylvatica L.) (14 FGM plots) since 2016 [32]. Furthermore, a number of other national target developmental projects and tasks have been dedicated to pave the way for FGM at the national scale [32,33,34,35,36,37]. This high number of ongoing initiatives confirms the importance of the topic and the need for the implementation of FGM, especially under climate change when monitoring the adaptiveness of trees, stands, and ecosystems is of paramount importance [38,39,40].



The aims of this review are to: (i) compile existing forest management practices in Europe, (ii) evaluate the effects of these practices on genetic variation of forest stands and subsequently the need for genetic monitoring under different forest management types, (iii) gather and collate the existing forest monitoring information in Europe, and (iv) discuss the compatibility of the existing forest monitoring systems with the requirements of forest genetic monitoring.




2. Forest Management and Monitoring


FM started in Neolithic times and intensified in the Middle Ages through forest exploitation and conversion to agricultural land [41]. Today, forests cover 33% (215 million ha) of Europe, with 79% of this being available for wood production. Gross value added by the forest sector amounts to €103 billion or 0.8% of the European GDP yearly. More than 25 million ha (11.8%) of forests are designated for the protection of water, soil, and biodiversity [42]. The current forest cover and wood production in Europe are largely connected to different types of FM practices determined by factors such as climate zone, forest type, and site conditions, as well as social factors like traditions and the aims of multipurpose forestry. While biogeographical and macro-climate conditions cannot be changed by forest management, silviculture can directly influence regeneration, species composition, stand density, age structure, and production, etc. [43], indirectly influencing genetic processes taking place in a stand [40].



One of the oldest FM practices is coppicing: trees are felled in a short rotation period (15–30 years) and sprouts are let to grow from the stumps. A coppice FM system can be even-aged (all trees within a specific area are logged at the same time) or uneven-aged (selected trees or small groups are harvested over a longer period). Forests are usually divided into blocks (compartments) which are harvested periodically, forming a continuous rotation. This kind of management protects the soil, while the uneven-aged coppice system favours shade-tolerant tree species [41]. Another FM type is coppice with standards; a two-story woodland management system where timber is produced from the overstory, and firewood from understory by following a short rotations system (15–30 years) [41]. High forests are forest stands that have originated from seeds or seedlings. These types of forests can be even-aged and uneven-aged. Even-aged forests are usually a result of clear-cutting, seed tree cuttings, or regular shelterwood. Uneven-aged forests are a result of irregular shelterwood or selective forest cutting [41]. The uneven-aged FM system is characterized by principles of perennation and the sustained yield of forest over small areas [6]. In the Mediterranean region, a transitional FM practice type is applied, namely the conversion of coppice to high forests [44]. To convert a coppice to high forest, gradual thinning of sprouts over a long span of time is usually required. Converting coppices into high forests with continuous cover has been used in recent decades as a management goal in hilly and mountainous Mediterranean areas for the mitigation of recurrent clear-cutting impacts on soil, landscape, and biodiversity conservation [44,45].



Many authors have tried to classify silvicultural systems based on economic or ecological methodologies [46,47,48], e.g., Duncker et al. [43] categorized the silvicultural systems according to their management intensity into five different categories, called forest management approaches (FMAs). All five FMAs vary in intensity, objectives, and silvicultural operations applied (Table 1). According to Duncker et al. [43], a positive feature of FMA classification is flexibility, as the FMA may change over time for a forest ecosystem, so that specific objectives and goals can be met.



Therefore, in Table 1, we highlight FMAs for which genetic monitoring, in our opinion, is considered necessary. As, for example, the genetic monitoring of unmanaged nature reserves (I) is necessary and can serve as baseline data for further FGM, additional monitoring of natural reserves will provide us with insight into the diversity of intact forest stands. In contrast, FGM is not needed in intensive even-aged (IV) and short rotation (V) forestry so long as the aim of those FMAs is wood or biomass production through intensive forest management (planting-cutting based FMAs). Despite the diverse aims of different FMAs, the genetic diversity of trees is important within each FMA as it can be directly linked with disease resistance or pest outbreaks [43]. Thus, the data and results obtained from genetic monitoring could be used in adaptive forest management to mitigate already existing and upcoming threats for managed forest resources [49].




3. Impact of Forest Management Decisions on the Genetic Composition of Stands


Forest management includes ecological, silvicultural, economic, landscape, wildlife, and recreational considerations. According to the management paradigm, managing tends to increase the number of forest ecosystem benefits and services in comparison with those obtained from unmanaged forests.



The so-called “close-to-nature” forest management approach [50] developed through decades of different sustainable forest management definitions and is a logical continuation of the ‘natural silviculture’ movement of the late 19th century that originated in central Europe. While the first forest management plans primarily perceived sustainability as an undisturbed system of constant wood production, the sustainability concept of close-to-nature management focused on multipurpose forestry with a high awareness of biodiversity, water resources, and climatic changes [51,52].



Forest management may influence the genetic composition of stands directly through the crop tree selection, different silvicultural systems, breeding, and seed transfer, and indirectly through changes in environmental conditions [2,4,16]. Hence, contemporary close-to-nature forest management should consider forest genetic diversity as a basis for successful forest biodiversity conservation. Below, a general overview is given on some of the critical factors that can affect genetic variation directly, e.g., different types of regeneration, seed source (quality, origin, etc.), wood harvesting types, and seed transfer.



Regeneration of a stand can be natural, natural combined with artificial by-planting (enrichment planting), or artificial regeneration by planting or sowing. The genetic structure of naturally regenerated stands depends on various factors: e.g., the number and spatial distribution of reproducing trees, pollen flow, seed dispersal, etc. [53]. According to Konnert and Hosius [8], in natural regeneration, generally no loss of genetic diversity should occur as long as the number of trees within the stand that effectively participate in the reproduction process is sufficiently large. However, natural regeneration can also differ from adult trees in genetic variability and structure when, for example, population sizes are drastically reduced through the severe felling of reproductive trees and only a low number of parents contribute to seed production for the next generation [54]. The same might happen when tree densities in rare or scattered species are low, which leads to less diverse parental combinations in the offspring generations. In terms of population genetics, such outcomes are collectively referred to as consequences of a low effective population size [55].



The consecutive removal of only a few old-growth trees from stands may have no essential impact on the genetic structure and variation of the natural regeneration, since the logging intensity is low and its spatial pattern across the stand varies each time it is applied. In this way, the progeny population consists of individuals of different age classes across the stand. The slow regeneration in small patches (shelterwood system) seems to allow for an unrestricted gene flow and thus for the dynamic conservation of genetic multiplicity [3,8,14,56,57]. In contrast, the seed tree regeneration method, which facilitates natural regeneration, can negatively influence the genetic diversity, heterozygosity, and multiplicity of the offspring generation if the number of remaining seed trees is small or isolated from neighboring pollen sources. Such conditions can build up genetic drift and loss of genetic variation and rare alleles [41,56].



When artificial regeneration is applied, the genetic composition of the newly established stand will depend on the origin of seeds (e.g., seed stand, seed orchards, single trees, etc.). The number of trees from which the seed is collected is of vital importance to ensure genetic diversity in artificially regenerated stands or stands where enrichment planting is used [8,58]. It is generally accepted that genetic diversity is higher in the seed crop of seed orchards than in the seed collected from wild populations if the seed orchard consists of a high number of clones [2]. Apart from the origin of the forest reproductive material (FRM), seed harvesting procedures as well as the number of seedlings planted per unit area are very important factors for afforestation and reforestation. Seed treatment, stratification, and nursery procedures have only a minimal or less pronounced effect on the genetic structure of FRM [8]. When FRM is transferred from geographically, environmentally distant locations, intraspecific introgression followed by outbreeding depression may emerge, and offspring might possess genotypes and phenotypes that are not suited for the new environment [59,60]. To avoid the gene flow from maladapted planted genetic material which can have an impact on the genetic structure of neighbouring forests [3,4,8] many counties have delineated provenance regions and implemented regulation for FRM transfer and trading at national and international levels (e.g., through EU marketing requirements for FRM [61,62]).



Natural regeneration can also be combined with artificial reforestation (enrichment planting). Enrichment planting can be used when the objective of management is to introduce or favour valuable species or to increase the number of species, or to supplement the stocking of the trees in areas where natural regeneration is insufficient or unevenly distributed [63]. Appropriately large species diversity and genetic diversity within species can guarantee adaptive potential and self-sustainability of tree populations at various site conditions [64,65]. Enrichment planting may ensure or enlarge the genetic diversity of natural regeneration if planted material (saplings) originates from seed orchards or seed stands with a high number of reproducing non-related clones/trees. By enrichment planting, the existing genetic variation of natural regeneration can be increased through the planting of FRM well adapted to the site (adaptiveness to the site ensures higher saplings survival and better growth) [8,66,67].



Wood harvesting has a direct impact on the genetic diversity of populations through changes in population size, age distribution, density, spatial distribution of trees and genotypes, etc. Non-commercial forest species may also be affected by logging, as it causes alterations in environmental conditions for animals and plants [23]. Numerous studies, focusing on a one-time snapshot of the effect of logging (thinning, selective logging, etc.) on genetic diversity, have reported diverse findings; below, we describe a few different types of thinning for which genetic studies were available.



Thinning is a silvicultural operation aiming to reduce the density of trees in a stand in order to improve the quality and growth of the remaining trees and produce a saleable product. Objectives of thinning can also include altering of the species composition in a stand, improving the health of the remaining trees, or disturbing an established ground flora to promote natural regeneration [56,68]. In young stands, different thinning regimes (selective thinning, e.g., future-tree oriented thinning, thinning from above and thinning from below with varying intensities; systematic thinning, e.g., row thinning, strip thinning) resulted in small effects on genetic structure when thinning intensities were low to moderate [3,9,15,69,70,71,72]. Future-tree oriented thinning (aims to enhance the number of early-selected trees, whose growth is favored by applying thinning in their neighborhood [73]) appears to be beneficial for the conservation of FGR; if a high number of future trees are selected, the influence is only slightly different from natural selection [8]. Only a severe decrease in the number of trees in a stand (e.g., often during thinning from below with higher intensity) will lead to a loss of rare alleles, which results in a decrease of genetic multiplicity [8]. Selective thinning in older stands (e.g., thinning from above) may change the genetic structure of the next generation if the inferior phenotypes (e.g., trees with low stem quality, double top or suppressed trees because of slower growth) which were removed systematically were related to particular genotypes [56]. In particular, too early target diameter felling may have negative genetic consequences if fast-growing trees are removed before their reproductive maturation [3].



The number of reproductively mature trees in the unit of area also has an impact on the spatial genetic structure of the next generation when population density is lower than 25 reproductively mature trees ha−1 if seeds disperse over a short distance [74] or when the density of adult reproductive trees is only a few individuals per population, which occurs when species recolonize deforested areas [75]. Spatial genetic structure is a key factor determining the short-term evolutionary potential of a population [76]. The number of crop trees (trees selected to be kept in the stand after thinning) in the stand is species dependent and varies according to national tending models (e.g., German, Swiss, German–French, etc.). Contemporary models focus on lower numbers of crop trees than older ones. Having said that, tending recommendations for the number of crop trees in species like Fagus sylvatica L. vary by more than 100% and propose thinning in different developmental stages of trees [77]. Such differences in models influence the genetic structure of forest stands, since the stand density and spatial structure of adult trees affect the spatial genetic structure of natural regeneration [78].



Logging (commercial logging) for the production and trade of timber or biomass is performed on mature stands and is generally categorized into two groups: selective (planter forest) and clear-cutting. Selective forest logging—which can also be described as selective forest thinning in older forest stands—is applied when different age classes and mixtures of tree species occur in single stands, and as a result, continuous wood production over a long time is expected, and only improvement-tending, selective cuts, or thinning to support natural regeneration are applied annually or over short periods (e.g., five to seven years [57]). This type of FM relies on the occurrence of shade tolerant species such as silver fir and common beech [41,52,57]. Because of the continuous renewal of the trees, as the forest is never completely cut down and always contains a variety of trees of different sizes, ages, and species, over time, it is generally assumed that this type of management is advantageous for maintaining genetic diversity and adaptability [6]. Konnert and Hussendörfer [6] compared genetic multiplicity and diversity of silver fir (Abies alba Mill.) in two contrasting management systems—the uneven-aged (“Plenterwald”) and the even-aged forest in Germany. They concluded that from a genetic standpoint, uneven-aged forests are advantageous for genetic diversity when dealing with very small stands and/or with stands with a low percentage of silver fir, while even-aged stands can be advantageous if the stand area is large, the number of reproducing silver fir trees is high, and the regeneration occurs over a long time in small patches [6]. Wernsdörfer et al. [9] modelled the impact of selective cutting on genetic factors (e.g., genetic diversity, selfing, number and location of fathers, mating success, population size versus genetic diversity, etc.) and demography (juvenile mortality) in tropical forests. Simulations revealed that the mortality of natural regeneration had the highest impact on the number of alleles and genotypes, and on the genetic distance between the parental and offspring populations. Selfing had the highest effect on the fixation index and observed heterozygosity, but in general, selective cuttings had a greater impact on population size than on genetic variation. They concluded that forest management should primarily consider the regeneration capabilities of the tree species to be harvested [9].



The shelterwood system includes several types of cuttings, e.g., regular shelterwood, strip shelterwood, wedge shelterwood, and irregular (group) shelterwood [41]. Regular shelterwood cuttings are based on the regular and gradual opening of the canopy to initiate natural regeneration. This type of management can maintain genetic diversity over time and space, as a slight opening of the stand usually enhances natural regeneration [54,79]. A disadvantage of the regular shelterwood management is that natural regeneration originates mainly from a single seed year, posing a risk that not all (or not the majority of) adult trees will have a parental contribution to the next generation. The irregular (group) shelterwood system is used mainly for mixed forests and results from group selection felling, while natural regeneration is initiated by irregular openings of the canopy. The initial openings are gradually enlarged by peripheral fellings, resulting in cohorts of regeneration [41]. In the scientific literature, descriptions of irregular shelterwood systems may vary, but the common objective is to establish, at each entry, a new cohort composed of desirable species, with a longer regeneration period than a regular system (>20% of rotation length) [80]. This system can consider the seeding dynamics of the tree species, while the long regeneration cycles ensure the similarity of genetic composition among the parental and the offspring populations [81]. In contrast, the strip shelterwood management system can be used in mixtures containing light-demanders (pine or larch), moderate shade-bearers (spruces or sycamore), and shade-bearers (beech or silver firs), and its main advantages are the sheltered regeneration of the sites and the control of micro-climate through the use of overhead and side shade [82]. Natural regeneration in this system can be composed of saplings produced in several seed years and with the contribution of seeds/pollen from various trees and ideally the whole number of progenitors [41].



Clear-cutting with standards or the seed-tree method removes most of the mature trees and only a few reproductively mature trees are maintained as a seed source. The number of remaining trees following this type of cutting is extremely low: 5–10 trees ha−1 [83]. Remaining trees have a scattered distribution and do not provide appropriate shelter to the emerging natural regeneration [41]. This management system provides the opportunity to influence the seed source and the genetic diversity of the next generation through the seed tree selection, but it is considered an inferior one from a genetic point of view due to the relatively small number of adult trees and the expected lower genetic diversity of the next generation [41].



Clear-cutting with artificial regeneration was generally used as a financially profitable type of FM. In this system, all trees are cut at once in a certain area, and at long time intervals. In the 18th and 19th centuries, most European forests were managed using clear-cuttings followed by artificial regeneration (seeding or planting). As a result, many broadleaf forests were converted to light-demanding, faster growing, coniferous ones in Central Europe [5,41]. Under this system, the genetic diversity of the next generation strongly depends on the genetic composition of the reproductive material used for afforestation (e.g., origin of seed used for artificial regeneration—collected from seed orchards, plus trees, or even from a single tree, etc.). From an ecological point of view, effects caused by clear-cuttings on water, microclimate, soil, nutrient cycling, and diversity and composition of plant and animal species are in most cases negative or even harmful [52,84].



Overall, the impact of FM on the genetic variation of forests depends on numerous factors such as the management system applied, stand structure, species biology, distribution, and demography [4]. Schalberg et al. [16] emphasized that not all FM scenarios have a neutral or negative impact on genetic variation. Depending on the management type, intensity, and selection criteria applied, genetic diversity can be maintained or even enhanced [4,16]. Table 2 summarizes the main forest management practices and presents their key features, together with the most recent studies (2000 onwards) relevant to the genetic effects resulting from the application of each forest management practice.



Reviewed studies (Table 2 and Table 3) revealed inconsistent results; different species responded differently to forest management operations, both demographically and genetically. A high number of studies (29 out of 50) found no evidence of management impact on genetic diversity, while 16 studies out of the remaining 21 found significant evidence of genetic variation decrease due to management. Eight studies observed changes in the mating system (gene flow, inbreeding), and eight studies found significant changes in the spatial genetic structure.



Part of the studies showed inconsistent results, e.g., Carneiro et al. [122] reported reduced genetic diversity because of selective logging, but an increased number of effective pollen donors, and was included two times in the Table 3. However, all the studies represent only a snapshot of and one-time insight into existing situations, and not long-term research. Subsequent management interventions, in the same stand, may lead to the gradual loss of genetic diversity in the offspring generations, which for tree species, may take decades [105,130]. Therefore, to detect the impact of natural and human disturbances (management impact) on the genetic variation of forest tree populations over time, data from several repeats of appropriately sampled research plots (e.g., managed vs. unmanaged) are needed [12]. Thus, in order to fully understand how management systems affect the sustainable use of forests and their conservation in the long term, FGM can serve as an appropriate tool. However, for an effective monitoring programme with respect to the detection of management impact, it is first necessary to assess the baseline data, i.e., the random fluctuations of a population’s genetic structure, in order to be able to detect genetic changes caused by anthropogenic factors later on [131].




4. Monitoring Systems


4.1. Long-Term Monitoring of the State/Condition of Forests


To detect interactive effects of anthropogenic and natural stress factors on the condition of forest ecosystems, various monitoring schemes were launched at the national (e.g., National Forest Inventories (NFI)) and international levels (e.g., ICP Level I and II sites) (e.g., [132]). Some existing monitoring schemes were established to monitor changes in site conditions and species diversity, caused by different environmental factors, but not by forest management (e.g., ICP Level I and II sites), while NFI can provide long-term information on the status of forest stands affected by forest management. Environmental monitoring can be described as a group of systematic studies that reveal the state of the environment in different time intervals. For example, the ICP Forest monitoring system regularly assesses the status of the environment (e.g., ecosystems, biodiversity, forests etc.) and helps to detect any changes occurring within those environments [20]. Below, we compile and describe the monitoring schemes NFI, ICP Forests, and Long-Term Growth and Yield plots, in view of their usefulness for the simultaneous implementation of FGM.



4.1.1. National Forest Inventories (NFI)


Forest inventory is a systematic survey to determine, in a given area, data for forest management or taxation, or serve as a basis for forest policies and programmes in a given country [133]. The data recorded by NFI include, inter alia, location, access, topography, soil condition, water course, flora and fauna elements, and composition and constitution of the forests. NFIs methodologies differ among countries, but the majority of them are designed as tracts located on a systematic grid with several concentric sampling plots [19]. The inventories provide information on forest health, increment, volume of growing stock per tree species, and condition of non-timber forest resources. Presently, NFIs are progressing towards multipurpose resource assessments and are expanding their scope to accommodate additional variables such as biodiversity assessment that are not directly related to timber harvesting [19].




4.1.2. ICP Forests


One of the aims of the ICP Level I monitoring system is to gain a better understanding of the cause-effect relationships between the condition of forest ecosystems and anthropogenic as well as natural stress factors (especially air pollution) by means of intensive monitoring on a number of selected permanent observation plots spread over Europe and to study the development of important forest ecosystems [20]. Therefore, the forest condition is observed annually based on a 16 × 16 km grid net covering around 7500 plots in Europe. For some plots, soil and foliar analyses are being additionally carried out [20]. The ICP Level II intensive monitoring sites [20] are dedicated to investigating in-depth the interactive effects of anthropogenic and natural stress factors on the condition and development of the forest ecosystems. As such, it requires data to cover a range of responses (from tree condition to growth and biodiversity), predictors (e.g., deposition, gaseous air pollutants, meteorology), and intermediate variables (having the role of both response and predictors, according to the analysis, e.g., soil, soil solution and foliar nutrition) [17]. In short, Level II envisages a large number of measurements on a limited number of plots installed in the main forest ecosystem types. However, ICP Forests sites are situated in 42 countries covering only a very small percentage of the European forests (e.g., ICP Level II covers only approximately 155 ha (618 active plots) and ICP Level I approx. 1500 ha (over 7500 active plots) [134]) and unfortunately not all types of ecosystems and environmental/climatic conditions are included in this monitoring system. Because of the low representation of specific areas/regions and the deficient ecological and genetic background data, Mátyás [135] emphasized that data from ICP Forests are only of limited use.




4.1.3. Long-Term Growth and Yield Observation and Experimental Plots (Forest Growth Plots under Different Management Systems in Pure and Mixed Forest Stands)


In the late 19th century the first long-term forest observation and experimental plots were established in Central Europe. In 1892, the Association of German Forest Research Stations reviewed the composition and aims of the Association and together with forestry research institutes of Germany, Austria, and Switzerland, established the International Union of Forest Research Organizations (IUFRO) to supervise this network. IUFRO’s aim was to ensure the continuity and standardization of long-term forest growth and yield experiments. Most of these monitoring plots were focused on the growth and yield of individual trees, stands, and provenances under different management types and intensities, in pure and mixed forest stands. Unthinned reference plots were established simultaneously. Many of those observation plots are still an important part of the forest observation network in Central Europe. Those plots provide data about diameter at breast height (DBH), height, basal area, and volume of trees. Long-term experimental plots have the advantage of providing historical information about the stand (all disturbances, management regimes etc. are recorded), their experimental setup is standardized, and they often include completely unmanaged plots. Since the beginning in 1870, most long-term observation plots have been re-measured more than 20 times up until now [136,137]. Data gained from monitoring systems like the one for long-term growth and yield plots give results and direct hints for forest management under climate change and can improve FGM with supplementary data.



Conservation of forest ecosystems, sustainable use of forest resources, and sustainable forest management are the main goals of monitoring programmes in forest ecosystems at the national and international levels [138,139]. However, the monitoring of genetic diversity, one of the main elements in the maintenance of biodiversity at all other levels (i.e., species, ecosystem, etc.), has been ignored in all forest monitoring programmes up to now, mainly because genetic diversity was expensive and difficult to measure directly [138,139,140]. Still, genetic monitoring has been recognized as a necessary part of biodiversity monitoring with the Convention on Biological Diversity [141] and has been discussed and under development as a concept for the last 20 years.





4.2. Monitoring the State of the Genetic System of Forests (FGM) and Its Development


Different theoretical concepts of FGM have been under development for the last two decades [22,23,24,26,27,140,142,143,144,145,146], while the first national initiative of its implementation started in Germany in 2004 [28]. The pilot implementation was based on the “Concept of a Genetic Monitoring for Forest Tree Species in the Federal Republic of Germany” [27] formulated by a working group of forest geneticists. Diverse results and practical experience gained from this study showed the necessity and urgency for developing and implementing a genetic monitoring system [28].



Following the first implementation of FGM in Germany, several European projects took up research on FGM and its implementation. The project “FORGER” (Towards the Sustainable Management of Forest Genetic Resources in Europe—completed in 2015) aimed inter alia to develop a common protocol for measuring and monitoring genetic diversity [29] and used it in a pilot study of four European forest tree species. In each plot, adults, seedlings, and seeds were sampled and genetically analysed using two types of molecular markers (SSR and SNP). Spatial geographic structure and demographic parameters were analysed together with genetic data. However, the project did not install long-term monitoring plots and rather relied on a standard population genetic study approach taking advantage of the presence of multiple age cohorts in a single stand.



Nowadays, two ongoing European projects deal with FGM; the LIFE project LIFEGENMON (LIFE for European Forest GENetic MONitoring System [31]) and the Horizon 2020 research project “GenTree” (Optimising the management and sustainable use of forest genetic resources in Europe [30]). The LIFEGENMON project (www.lifegenmon.si) is the first implementation project aiming to establish and put into practice a long-term FGM system at an international scale from the south of Germany to Greece. LIFEGENMON has established six long-term FGM plots, three for Abies species (two for A. alba Mill. and one for A. borisii-regis Mattf.) and three for Fagus sylvatica L., and is currently developing optimal indicators and verifiers for FGM from the information and cost effectiveness standpoint. The LIFEGENMON project seeks to develop guidelines for FGM of seven selected tree species, and to provide guidance on how to implement an optimal FGM solution to all relevant stakeholders across different countries and regions [139]. The aim of GenTree as a research project is to provide the European forestry sector with better knowledge, methods, and tools for optimizing the management and sustainable use of FGR in Europe in the context of climate change. GenTree will also aim to meet the increasing demands for forest products and services through the development of FGM focusing on the network of in-situ dynamic genetic conservation units (DCUs) and ex-situ collections [30].



According to the Strategic Plan for Biodiversity 2011–2020, the biodiversity targets up until 2010 were not achieved and the diversity of genes, species, and ecosystems continues to decline, mainly as a result of human actions. Additionally, the lack of integration of biodiversity issues into broader policies, international strategies, and programmes was highlighted [147]. The aim of the Strategic Plan for Biodiversity 2011–2020 is to promote effective implementation of the Convention (CBD) through strategic goals and targets (e.g., “the Aichi Biodiversity Targets”). One of the Aichi Targets (Aichi Biodiversity Target No. 13) emphasizes the importance of genetic diversity and seeks by 2020 to minimize genetic erosion and to protect the genetic diversity of wild and cultivated plants, farmed and domesticated animals, and the wild relatives of all cultivated and domesticated species [148]. In addition, the European Commission approved the EU Biodiversity Strategy 2020 to halt the loss of biodiversity and improve the state of Europe’s species, habitats, ecosystems, and the services they provide. Therefore, actions 9B, 10, and 20 emphasize the protection and importance of genetic diversity and FGR [149]. In order to reach Aichi targets and implement EU Biodiversity Strategy actions, support mechanisms through policy and finances should be enhanced; accessibility, use, and sharing of knowledge must be supported, while access to other resources must be ensured. A good example is the EUFGIS database [150], implemented by the EUFORGEN network (www.euforgen.org [151]), an online information system for FGR in Europe. It was created to support the efforts of European countries to implement FGR conservation as part of sustainable forest management. The project focuses on improving the documentation and management of dynamic gene conservation units (GCU) of forest trees. GCUs have a designated status as conservation areas, a basic management plan that includes, among the major goals, the generation turnover and genetic conservation of forest trees, and a monitoring plan [25]. It is vital to further support and maintain the GCU network, as a basis for the further development and implementation of the FGM system at the pan-European level. In addition, similar programmes like the Conservation of Forest Genetic Resources in Canada (CONFORGEN) and the Asia Pacific Forest Genetic Resources Programme (APFORGEN) is following the work of EUFORGEN and seeks to protect and enhance the genetic diversity of FRM [152,153]. Dynamic conservation of genetic diversity emphasizes the maintenance of evolutionary processes in tree populations to safeguard their potential for continuous adaptation. In the face of climate change, this approach is essential for the long-term sustainability of forests and forestry in Europe [150].



The growing number of projects on FGM shows a clear mandate through the Convention on Biological Diversity (CBD) and its need, while the increased awareness of the importance of FGR provides an ideal environment for the wider implementation of FGM. The question whether such genetic monitoring could be combined or integrated into environmental and other forestry monitoring is addressed in the next section.




4.3. Environmental Monitoring Complementarity with FGM


Various existing monitoring programmes, striving to identify changes in ecosystem status over time, have different implementation designs and diverse aims. Environmental monitoring aims to regularly record the state of biological diversity over time. Genetic variation, as an integral part of biological diversity, needs special attention, and its monitoring can ensure its effective conservation [139]. For reasons of efficiency and economy, it might be beneficial to integrate genetic monitoring into existing environmental monitoring programmes. However, different goals and execution of the two make it necessary to consider the complementarity of environmental monitoring with FGM.



FGM is population level monitoring; it requires large enough plots to represent the entire population of a certain species. Currently, all active FGM plots focus on monitoring gene conservation units, following a recommendation by EUFORGEN [154]. Furthermore, the presence of several generations on the monitoring plot within the same population at the same time facilitates FGM. For example, changes of the genetic variation among the parental and the offspring generation can be indicative of ongoing genetic erosion [130]. According to Aravanopoulos et al. [26], considering a minimum area of four hectares is necessary for FGM with a minimum number of 150 adult trees of the target species. In contrast, NFI and ICP Forest Level I use small permanent monitoring plots with a limited number of trees (e.g., in Germany, seven trees at each permanent NFI plot were measured during the last NFI [155] and in Slovenia, the NFI in 2012 entailed measurements on 8.74 trees on average on a plot with a radius of 7.98 m, and 11.35 trees on average on a plot with a radius of 13.82 m) [156]. These monitoring plots are too small, i.e., not representative of a population for FGM. Another obstacle to the incorporation of FGM into NFIs is the location and ownership of NFI plots, as they are determined by the grid network and often fall in private forests, posing a risk for the long-term monitoring aims [26]. The same is true for ICP Level I plots. In contrast, ICP Level II plots are larger (0.25 ha) with broader research and monitoring targets. Therefore, FGM could be partly integrated into the ICP Level II monitoring scheme. This type of monitoring design (ICP Level II + FGM) can be advantageous because of additional information for both monitoring systems (environmental and genetic monitoring). For example, a European beech FGM plot, which included the ICP Level II plot, was established during the pilot study implementation in Germany [28]. FGM profited from the long-term ICP Level II data on stand health, soil conditions, phenology, climate/meteorology data, etc., which are all relevant for genetic monitoring. However, major methodological differences (e.g., phenology observation methods) can decrease the value and applicability of such data for FGM.



Various European projects and networks have established permanent research plots for various aims, which could be combined with FGM. These plots could provide a large amount of data relevant to FGM. In Table 4, a few examples of projects and monitoring networks which could be beneficial for FGM are presented. Some projects and programmes overlap concerning recorded data, e.g., phenology (ICP Level II, FORGER, EvolTree ISS, LIFEGENMON). However, this does not necessarily mean that exactly the same data is assessed. Problems could arise when it comes to the level of details in the protocols; which exact traits are assessed, how many stages are included, and at what time interval. Ideally, harmonized protocols should be used in all programmes assessing the same traits.



In conclusion, FGM incorporation into the current European forest monitoring programmes and projects could provide knowledge on the adaptive potential of forests [159]. By introducing genetic monitoring into conservation programmes and sustainable forest management schemes, the assessment of information related to adaptive and neutral genetic diversity changes over time, on a species and/or on a population basis, is becoming a tangible goal. FGM can provide answers to many questions, but recording of the baseline data, as well as supplementary data (temperature, precipitation, growth, survival of trees, etc.), is of paramount importance for the successful tracking of genetic variation over time. Different stakeholders will profit from the data, such as forest owners, forest managers of protected areas, policy makers, and the scientific community.





5. Conclusions


High genetic variation and adaptive capacity of forests is influenced by many variables. Silviculture can have a significant impact on the genotypic and phenotypic variation per generation [40]. Depending on the species biology, ecology, forest management intensity, and other factors, the impact can be contradictory. Established forest monitoring systems such as long-term growth and yield observation and experimental plots give results and direct hints for forest management under climate change. Other monitoring systems such as ICP Forest regularly assess relationships between the state of forest ecosystems and anthropogenic as well as natural stress factors. However, there is a lack of complementarity between existing monitoring programmes and FGM. A particular result from the studies reviewed with a focus on forest management shows how contrarily management can affect the genetic and demographic structure of forest stands, calling for genetic monitoring in order to study the effects of all these different management systems. Therefore, development and implementation of the FGM system is of paramount importance for evaluating potential adaptability of forests in the light of forest management and changing climate. FGM can be used to detect the influence of forest management systems on genetic structure and diversity in areas where we can reasonably expect that there are no other strong forces (e.g., genetic drift because of stochastic events) that affect genetic variation over time [160]. In this way, FGM becomes a tool for forest managers that can provide recommendations for modifications in the stand management, by re-evaluating and adapting the existing management practices to maintain genetic diversity. Apart from mere monitoring of the state of the genetic system of forests, scientific results gained from FGM could be used by forest managers to maintain adaptability of future forests through adapted forest management. Results should also be communicated to policy makers in order to advance decisions supporting the sustainable use of FGR.



An example of such a transfer of scientific information to forest managers and policy is the LIFEGENMON project, which seeks to develop and test FGM protocols and discuss the possibilities to introduce genetic monitoring into conservation programmes and sustainable forest management schemes. Within this implementation project, the first steps of implementing a transnational FGM system have been taken. A considerable number of ongoing projects as well as legal documents point to the recognition of the importance of FGR. However, despite this recognition, FGM is still struggling with implementation. Common targets of ongoing environmental monitoring programmes/projects should be reconsidered so as to accommodate FGM as an essential part of regular monitoring. Integration of FGM as a component of the current pan-European forest monitoring programme would allow for a more accurate assessment of the status and adaptive potential of forest, benefiting forest management to ensure forest sustainability in the future. This review proves the necessity of FGM and provides a strong base for scientists, politicians, and foresters for further discussions on implementation FGM at a wider scale.
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Table 1. Overview of Forest Management Approaches (FMAs) by Duncker et al. [43] and silvicultural operations linked to the need for FGM.
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	Forest Management Approach (FMA)
	Forest Management Intensity
	Natural Processes/Silvicultural Operations within the FMA
	FGM Necessity (Yes/No/Limited)





	(I) unmanaged nature reserves
	No management intervention
	- natural regeneration

- natural selection
	Yes



	(II) close to nature forestry
	Management based on the natural processes
	- natural regeneration is preferred, but it can be combined with planting (enrichment planting)

- thinning (combined and crown)

- selective logging can be applied (e.g., single stem/tree selection, group selection, irregular shelterwood cuttings)
	Yes



	(III) combined objective forestry
	Various management activities in different zones
	- natural regeneration and artificial regeneration (planting and sowing)

- thinning

- strip shelterwood, group shelterwood, seed tree cutting, uniform shelterwood, target diameter felling etc.
	Yes



	(IV) intensive even-aged forestry
	Intensive management with aim to produce timber
	- natural regeneration and artificial regeneration (planting and sowing)

- thinning

- clear-cuts with long rotation and all other types of logging can be applied
	No/Limited *



	(V) short rotation forestry
	Intensive management with aim to produce biomass
	- only planting or sowing

- clear-cuts
	No *







* When short rotation forestry is modified (due to different reasons) it might turn into even-aged forestry, and in this case FGM would be possible and needed.













[image: Table] 





Table 2. Compilation of forest management practices and related studies focusing on the influence of FM practices on genetic variation of forest stands.
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Forest Management Practices

	
Key Features and Type of Cuttings/Silvicultural Operations Applied

	
Tree Species on which Each Forest Management Practices can be Applied

	
FM Practices Applied among “LIFEGENMON” Countries

	
References (since 2000)






	
Coppicing

	
- trees felled in a short rotation (15–30 years);

	
Species with sprouting capacity and mainly: oaks (Quercus spp.—Quercus pubescens Willd.; Quercus cerris L.), ash (Fraxinus spp.—Fraxinus ornus L.);), chestnut (Castanea sativa Mill.), common alder (Alnus glutinosa L.), hornbeam (Carpinus betulus L.); sweet chestnut (Castanea sativa Miller); beech (Fagus sylvatica L.); black locust (Robinia pseudoacacia L); European hop-hornbeam (Ostrya carpinifolia Scop.)

	
* Germany <1%

	
[85,86,87,88,89,90,91,92]




	
- shoots let to grow from the base (stump);

	
** Slovenia 5%




	
- clear-cutting;

	
*** Greece 48%




	
- selective forest cutting;

	




	
Coppice with standards

	
- two-story woodland;

	
Species with sprouting capacity and mainly: oaks (Quercus spp.), sycamore (Acer spp.), birch (Betula spp.), elm (Ulmus spp.), common hazel (Corylus avellana L.), cherry (Prunus spp.)

	
* Germany <1%

	
[87]




	
- overstory to produce the timber;

	
** Slovenia <0.5%




	
- understory to produce firewood within short rotations (15–30 years);

	
*** Greece 17% (mixed stands with coniferous high forests and broadleaved coppice forests)




	
Transition from coppicing to a high forest

	
- gradual thinning of sprouts;

	
Applied on tree species with sprouting capacity: from coppice with inclusion of other native tree species for transition to high forests.

	
** Slovenia <2%

	
[89]




	
- selective forest cutting;




	
High forests

	
- stands originated from seeds or seedlings;

	
Applied on all tree species (sprouting and non-sprouting ones).

	
* Germany 98%

	
[6,7,10,11,12,13,14,15,67,70,71,72,87,91,92,93,94,95,96,97,98,99,100,101,102,103,104,105,106,107,108,109,110,111,112,113,114,115,116,117,118,119,120,121,122,123,124,125]




	
- thinning;

	
** Slovenia 93%




	
- selective forest cutting;

	
*** Greece 35%




	
- regular/irregular shelterwood;

	




	
- clear-cutting with artificial regeneration;

	




	
- seed-tree-silviculture method;

	




	
- etc.

	








* Data source: Hausler and Scherer-Lorenzen [126]; ** Data source: Slovenia Forest Service [127]; *** Data source: [128,129].
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Table 3. Summary of studies on genetic effects of forest management practices.
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Genetic Effects Caused by Forest Management

	
Type of Markers Used (Dominant/Co-Dominant)

	
References (since 2000)






	
No significant changes in genetic structure and diversity

	
Dominant

	
[11,97,98]




	
Co-dominant

	
[7,9,11,12,13,14,67,70,71,85,88,89,91,92,101,102,104,107,109,114,115,116,121,123,124,125]




	
Changes in spatial genetic structure

	
Dominant

	
-




	
Co-dominant

	
[12,71,92,94,111,112,117,124]




	
Changes in mating system

	
Dominant

	
[113]




	
Co-dominant

	
[10,90,96,99,103,120,122]




	
Changes in averaging genetic diversity parameters

	
Dominant

	
[97]




	
Co-dominant

	
[6,15,72,90,93,95,100,102,106,108,114,117,118,119,122]
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Table 4. Overview of long-term monitoring programmes and research projects.
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Long-Term Monitoring Programmes

	
Key Features of Monitoring, Number of Existing Study Sites or Area Covered

	
Activities/Aims Related to Genetic Monitoring Yes/No

	
References






	
ICP Level I

	
Monitoring of stand health (crown condition, defoliation, survival/mortality, etc.), foliar chemistry, soil condition. Over 7500 study sites (around 1500 ha covered).

	
No

	
[20]




	
ICP Level II

	
Monitoring of stand health (crown condition, defoliation, pests, diseases, survival/mortality etc.), foliar chemistry, soil condition, soil solution chemistry, tree growth, (increment etc.), phenology observations, air pollution/quality (ozone-induced injury etc.), litterfall, species diversity (ground vegetation diversity, etc.), soil water, deposition, climate/meteorology observations. 618 study sites (around 155 ha covered).

	
No




	
NFI

	
Monitoring of tree species composition, growing stock, increment, forest health conditions, state of timber and non-timber forest resources, etc. Number of study sites differs from country to country.

	
No

	
[19,133]




	
Long-term growth and yield observation and experimental plots

	
Monitoring of growth (mortality) and yield (DBH, height, increment) of individual trees, stands and provenances under different types and intensity of management in pure and mixed forest stands.

	
No (partly yes)

	
[136,137]




	
Projects

	

	

	




	
FORGER

	
Growth (DBH), phenology, health, survival, genetic variation, climate/meteorology observations. 16 study sites within project countries.

	
Yes

	
[29]




	
ManFor C.BD

	
Climate/meteorology observations; testing and verifying effectiveness of forest management options in meeting multiple objectives (production, protection, biodiversity, etc.). Stand health, tree growth, species diversity. Ten study sites within project countries.

	
No

	
[157]




	
EvolTree ISS

	
Tree growth (DBH, height, increment), soil water, stand health (mortality), phenology, species diversity (trees, other plants, vertebrates, insects, and microorganisms), climate/meteorology observations, genetic variation etc. Seven study sites within project countries.

	
Yes

	
[158]




	
EUFGIS

	
Collection of information on unit level e.g., monthly temperature (°C), total annual mean precipitation (mm), heat sum and/or length of the growing season (in days), accumulated moisture deficit, remarks on specific soil characteristics, etc.; on species level e.g., status of the target tree population, total number of reproducing trees per unit, sex ratio (if appropriate), estimated share of the total area within the unit in which the species is occurring (%). At the moment the EUFGIS database contains information on 3130 gene conservation units and 103 tree species in 34 countries.

	
Yes/Under development

	
[150,151]




	
GenTree

	
Stand health (crown condition, crown size, defoliation, pests, diseases etc.), soil condition, tree growth (DBH, height, increment etc.), species diversity (ground vegetation diversity), climate/meteorology observations, genetic variation. 219 study sites within project countries with focus on 12 tree species.

	
Yes

	
[30]




	
LIFEGENMON

	
Tree growth (DBH), phenology observations, climate/meteorology observations, genetic variation. Six study sites within project countries for two species.

	
Yes

	
[31]
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