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Abstract

:

Including biodiversity assessments in forest management planning is becoming increasingly important due to the importance of biodiversity for forest ecosystem resilience provision and sustainable functioning. Here we investigated the potential to include biodiversity indicators into forest management planning in Europe. In particular, we aimed to (i) identify biodiversity indicators and data collection methods for biodiversity assessments at the stand and landscape levels, and (ii) evaluate the practicality of those indicators for forest management planning. We performed a literature review in which we screened 188 research studies published between 1990 and 2020. We selected 94 studies that fulfilled the inclusion criteria and examined in more detail. We considered three aspects of biodiversity: structure, composition, and function, and four forest management categories: unmanaged, managed, plantation, and silvopastoral. We used three criteria to evaluate the practicality of forest biodiversity indicators: cost-effectiveness, ease of application, and time-effectiveness. We identified differences in the practicality of biodiversity indicators for their incorporation into management plans. Stand-level indicators are more practical than landscape-level indicators. Moreover, structural biodiversity indicators (e.g., large trees, canopy openness, and old forest stands) are more useful in management plans than compositional indicators, as these are easily observable by non-professionals and can be obtained by forest inventories. Compositional indicators such are vascular plants, fungi, bryophyte, lichens, and invertebrate species are hard to identify by non-professionals and thus are impractical. Functional indicators (e.g., nutrient cycling) are not sufficiently addressed in the literature. Using recently updated existing databases (e.g., national forest inventories and bird atlases) is very time and cost-efficient. Remote sensing and other technology (e.g., smartphone applications) are promising for efficient data collection in the future. However, more research is needed to make these tools more accurate and applicable to a variety of ecological conditions and scales. Until then, forest stand structural variables derived from inventories can help improve management plans to prepare European forests towards an uncertain future.
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1. Introduction


Forests host much of the world’s biodiversity [1,2] and most terrestrial species inhabit these ecosystems [3,4]. Biodiversity is “the variety of life on Earth and the natural patterns it forms” [5]. Forest biodiversity is the variety of all forms of life and its organization within the forest area [6,7]. The world’s terrestrial ecosystems encompass a forest area of 30.6%, with a declining trend [8]. In contrast, Europe’s forest cover of currently 33% (215 million ha) is increasing [9]. The leading threat to biodiversity is the loss and the extreme alteration of ‘once naturally dynamic forests’ mainly due to competitive land use [10,11,12]. Even though there is limited proof of the current effect of climate change on biodiversity, researchers propose that climate change could outperform habitat destruction by land use and become the leading threat to biodiversity in the future [13,14].



Biodiversity is critical for forest ecosystem resilience as it determines the adaptive capacity of a community and sustainable provisioning of ecosystem services [15,16]. Therefore, to prepare forests for an uncertain future, biodiversity conservation became one of the most important aspects of forest management planning. Biodiversity includes a scope of spatial scales and has components related to the forest structure, (e.g., tree dimensions, canopy complexity, deadwood, and understory), composition (e.g., diversity within and between species, or species communities), and function (e.g., succession, decomposition, nutrient cycling) [17,18,19,20]. Due to the complexity of biodiversity across multiple components and scales, extensive evaluations of biodiversity are arduous and costly to embrace, even for stands of generally basic structure and organization [18,19,20,21]. Therefore, it is necessary to develop indicators to facilitate its assessment and integration into forest management plans [22]. Such indicators are ‘surrogate measures of other components of forest biodiversity’ that are used for the assessment of temporal and spatial changes of biodiversity [4,23]. Indicators need to be practical for the use of scientists and forest managers with different backgrounds. Practical indicators ideally are simple to evaluate, repeatable, economic, and ecologically important [24,25]. While numerous studies thoroughly addressed the importance of biodiversity indicators for biodiversity assessment [21,26,27], the practical usefulness of those indicators in sustainable forestry is still affected by perplexity and misconception [28,29,30]. Some of the leading problems that might cause the confusion about which indicator to choose from are (a) different spatial scales (i.e., the same indicator might not work for stand and landscape scale), (b) forest managers with different educational backgrounds (i.e., some managers might not understand why and where to use specific indicators), (c) unclear definition of the indicator and target levels (i.e., it is often unclear which biodiversity value is measured and according to what target level action needs to be undertaken) [30], and (d) facility to measure indicators repeatedly. Another challenge is to make a compromise between comprehensive biodiversity assessments and the cost-effectiveness of tools that can be used by forest managers to derive biodiversity indicators [12]. There are several reviews related to the use of biodiversity indicators in forest management planning in Europe [31,32,33]. However, no study has summarized yet the practicality of forest biodiversity indicators and methods for data collection. In particular, open questions are (i) what is the state of the art of the practicality of forest biodiversity assessment, and (ii) which biodiversity aspects are more and which are less amenable for forest managers, and why?



Our study sheds light into those questions. Based on a literature review, we discuss the practicality of biodiversity indicators and tools to collect biodiversity information in European forests. We distinguish between stand and landscape level as both are important in forest management planning. Moreover, we account for different forest management categories, including unmanaged forests, managed forests, plantations, and silvopastoral systems. The review includes four sections:




	(1)

	
Biodiversity indicators in European forest research




	(2)

	
Integrating biodiversity indicators into forest management




	(3)

	
Practical data collection




	(4)

	
Literature gaps and implications with forest management planning










2. Materials and Methods


2.1. Literature Review


We searched for scientific papers on forest biodiversity indicators used in forest management planning in Europe. We followed the PRISMA (Preferred Reporting Items for Systematic reviews and Meta-Analyses) statement in designing our review protocol [34,35]. The cutoff date for the inclusion of publications was February 16th, 2020. We used three combinations of search terms in Google Scholar and Web of Science: forest AND management AND planning AND biodiversity AND indicators; “forest management planning” AND biodiversity AND indicators; “forest management planning” AND “biodiversity indicators”. The studies we found were published between 1990 and 2020. Additionally, we screened references cited by identified papers (‘snowballing’). We evaluated the relevance of each study based on title and abstract first, and if necessary, we read the introduction and methods of the remaining studies to determine whether to include it in our review.



The inclusion criteria for the literature were:




	
The research study was performed in Europe;



	
Published in a peer-reviewed scientific journal;



	
Written in English;



	
The scale of research was stand or/and landscape;



	
The focus was on forest biodiversity assessment;



	
Biodiversity indicators and methods for data collection were clearly reported and extractable.








We selected 188 papers for further investigation, from which 94 papers were finally analyzed for the review (Figure 1). More details on the search strategy and the selection of the papers are listed as supporting information in supplementary material in Table S1.




2.2. Data Extraction


From each study we extracted (a) the country/countries in which the study was conducted; (b) the type of biodiversity indicators (compositional, structural or functional); (c) the methods for data collection relevant for those indicators; (d) the scale at which the indicator was used; (e) type of forest where indicators were tested; (f) practicality of the indicator for management.




2.3. Evaluation of Practicality


We evaluated the practicality of biodiversity indicators and techniques for forest biodiversity data collection according to:




	
Cost-effectiveness, i.e., what were the costs per hectare in Euros? How much workforce is required?



	
Ease (simplicity) of application, i.e., are these indicators simple to use by forest managers with different backgrounds and can they identify the indicators (e.g., recognize the plant, animal species, or forest structural variables), and collect the data?



	
Time-effectiveness, i.e., what is the time required for data gathering and assessment?








Ecological meaningfulness is another important aspect of practical indicators (apart from cost-effectiveness, ease, and time-effectiveness). However, we did not assess it here as different indicators may have multiple impacts on ecosystem functioning and services outcomes. For instance, saproxylic beetles and other decomposers are important for nutrient cycling and thus the productivity of forests [36], whereas structural complexity provides niches for several species with different life traits and thus structurally complex ecosystems exhibit a high resilience towards environmental change [36,37,38,39].





3. Biodiversity Indicators in European Forest Research


3.1. Geographic Distribution of Case Studies


The case studies were not evenly distributed across Europe. The majority of case studies were distributed around the Baltic Sea rim (Figure 2). The greatest number of case studies was from Italy (13 studies), Poland (12), Sweden (12), Germany (9), and Finland (8).



The practicality of forest biodiversity indicators and data collection methods was addressed in 57 studies (out of 94) (Figure 3). Out of the 57, 34 studies addressed practical data collection methods, 22 addressed practicality of indicators, and one addressed both. Six studies explicitly clearly stated that they have chosen indicators practical for forest managers or non-professionals and explained why [12,25,40,41,42,43].



We did not identify any studies in the first decade of the study period (Figure 4). In the second decade, all the studies we selected were addressing practicality, while in the third decade approximately 60% of studies did not address practicality.




3.2. Forest Biodiversity Indicators Used in Studies


The most represented biodiversity attributes related to forest structure were forest inventory variables (Figure 5 and Table S2 in supporting material) and deadwood (DW). Regarding forest composition, taxa were the most represented where birds, bryophytes, and fungi dominated in the literature. Valuable flora and fauna were least covered. Generally, functional indicators (e.g., nitrogen, phosphorus, and other nutrients availabilities) were underrepresented in comparison to structural and compositional indicators. Studies were mainly addressing composition (39.6%), structure and composition (26.4%), structure (18.7%), structure, composition, and function (9.9%), structure and function (3.3%), composition and function (1.1%), and function (1.1%).



Regarding the scale, the studies at the stand scale were dominant (55.3%) over the studies at the landscape scale (31.9%) in the 94 articles revised. Additionally, there were studies addressing stand and landscape levels simultaneously (12.8%). The greatest number of studies at the stand scale addressed managed conifer forests (18), followed by managed broadleaved (16) and managed mixed forests (15). At the landscape scale, managed conifer forests dominate the number of studies (12), followed by broadleaved managed forests (10) and mixed managed forests (9). Managed forests are fairly covered at both scales. The least number of studies are on silvopastoral systems at stand (1) and landscape scales (1) and broadleaved plantations at both scales (one each). We found no studies covering mixed plantations at the stand and landscape scale. Some studies did not clearly state the scale of analysis (6.4%) as well as type of forest (e.g., managed, unmanaged, plantation) (11.7%) being addressed.





4. Integrating Biodiversity Indicators into Forest Management


Only four studies reported costs and time effectiveness of biodiversity assessment [12,40,41,44]. Most of the studies reported practicality of indicators if these are ‘easy to evaluate’ but frequently without explaining why precisely. Additionally, the definition of ‘easy to evaluate’ varied among studies, where some linked it with ease to recognize the species [25,45] and others with the efforts to collect the data [4,46]. It can be concluded that the definition is fuzzy. However, it is challenging to improve clarity as practical features are rarely strictly independent, but rather correlated (e.g., easy to evaluate saves time and money).



4.1. The Practicality of Forest Biodiversity Indicators


4.1.1. Forest Species Composition


Tree species composition is easy to use (Table 1) and data is available from national (NFI) and local forest inventories [4]. Some studies have revealed that plant species diversity is a good proxy for overall biodiversity [4,47,48,49]. However, there were also studies reporting that assessing understory plant species composition is impractical, albeit without explaining why [50,51,52]. Possibly, identifying herbaceous or even shrub plant species may require specific and additional training as that is required for identifying tree species [43,53]. Some authors found plant species diversity and particularly understory vegetation (Table 2) less useful since it is often not included in NFIs or is not collected in a standardized way across countries [4,54]. We also found some authors reported vascular plants as more cost-effective indicators than other taxa [55,56]. In contrast, other authors found vascular plants and lichens hard to recognize by non-specialists [57,58]. Angelstam and Dönz-Breuss [12], for example, conducted studies in Austria, Poland, Russia, Italy, and Scotland and found that pendulous lichen is not a practical indicator at large scales, due to variable frequency of occurrence. Additionally, fungi are costly and time-consuming for the assessment due to seasonal variation and demand for professional knowledge for identification [59]. Moreover, fungi’s fruiting bodies have a short life and are hard to detect [60,61]. Fungi monitoring typically requires many surveys within a year, but see Ambrosio et al. [61]. Nevertheless, species recognition by non-specialists may be possible in the future through molecular ecology method called DNA metabarcoding [62]. Barsoum et al. [62] applied this technique for assessing arthropod biodiversity and compared it with surrogate measures of biodiversity, with a high degree of correspondence.



Carabidae (ground beetles) that feed on arthropods can be used as indicators of arthropod diversity [52,69]. Carabidae may have many advantages as indicators such as wide distribution across a range of terrestrial habitats, ecologically and taxonomically are a well-known group, and relatively easy to capture by trapping techniques [46,70,71,72]. Syrphidae (hoverflies) have also been suggested as indicators of a diversity of habitat conditions [52]. However, invertebrate species are challenging to identify by non-specialists, and time-consuming and expensive to sample [25].



Birds are frequently reported as the most practical biodiversity indicators, namely at larger scales [25,57,58] and are particularly relevant to assess habitat fragmentation [73,74,75,76]. However, birds are more suitable indicators of habitat structure than habitat species composition [77], since its abundance and richness is mainly correlated with forest structure and less with tree species composition [78,79,80].



Habitat requirements of birds are most commonly reported in comparison to all other taxa [58,81] which makes birds more practical than other taxa [55,56]. Nevertheless, for this reason, birds are so frequently used as surrogates of biodiversity, and not due to their ‘unique intrinsic value’ as biodiversity indicators [73,82]. However, some authors find birds and other large vertebrates unsuitable as indicators for overall biodiversity, as these are ‘highly mobile generalists that lack established tolerance levels and correlations with ecosystem change’ [46,83].




4.1.2. Forest Structure


Deadwood is an easily observable and thus practical indicator [2,20,64]. Pesonen et al. [41] compared the efficiency of various methods for the data collection on deadwood in Central Finland. The assessment of one type of deadwood material on a 400 m2 area took on average 3.4 min, and the time required for the walk between plots was estimated at approximately 2 km h−1.



Vertical structural diversity is often analyzed in forest management planning, and thus it is well known to forest managers [20,50,51]. Canopy cover, stand age, and the proximity of old woodlands are easily recognizable by non-specialists, ecologically meaningful, and suitable for various types of forests [2]. Large trees are also used as biodiversity indicators in some studies [12,63]. Further, these attributes are typically easily extractable from NFIs [4].




4.1.3. Forest Ecosystem Functioning


Practical functional forest biodiversity indicators at the stand scale, reported in the literature, are stand age, thinning frequency, wet microhabitats, elevation, and available phosphorus [25]. Stand age and thinning frequency can be extracted from stand registers or NFIs. However, the authors did not explain why they selected phosphorus as a potential indicator and how practical it is to assess. Additionally, while it is understandable that stand age reflects tree growth, it is not clear what is the contribution of thinning frequency, wet microhabitats, and elevation for forest ecosystem functioning. Uprooting, wood-decaying bracket fungi and ungulate browsing were used as practical indicators in a study of [12]. The authors indicated that the first two indicators are found together in most cases. However, fungi demand professional knowledge for the identification and are time-consuming and costly to monitor [59], which decreases the feasibility of this indicator for decaying processes. The authors did not explain why they selected browsing as a biodiversity indicator and why it is practical to use it.




4.1.4. Indicator and Umbrella Species


As it is mostly impossible to measure all aspects of biodiversity in practice, indicator species are often used as proxies for biodiversity [84,85,86,87]. Woodpeckers (Dendrocopos sp.) were used as an indicator species for biodiversity aspects at the landscape scale such as naturalness [88] and avian diversity [65]. Suitability of woodpeckers as an indicator species lies in the fact that this species depends on critical forest resources that are rarely found in managed forests (e.g., deadwood, large trees) and therefore it is expected that other taxa of conservation value (also dependent on these resources) could be found within the area of a woodpecker as well [89]. Treecreepers (Certhia brachydactyla) were used as an indicator of the effect of fragmentation on habitat suitability and abundance of local species. Among invertebrates, hoverflies were applied as an indicator species of the role of open spaces in maintaining biodiversity [90]. However, some authors argue that indicators should embrace different species, with diverging mobility and habitat preferences [30,91,92,93]. Therefore, Vangansbeke et al. [93] used a group of indicator species: crested tit (Lophophanes cristatus), coal tit (Periparus ater), nightjar (Caprimulgus europaeus), and common lizard (Zootica vivipara) to estimate biodiversity at stand-scale. The results demonstrated a significant relationship between biodiversity and occurrence probability of these species, except for the common lizard.



A similar aspect to indicator species is umbrella species. Conservation of umbrella species contributes to an array of other species depending on the same resources [89,94,95]. Typically, capercaillie (Tetrao urogallus) is tested for this role and particularly for avian biodiversity in temperate forests [96] or forests with rich diversity [97]. However, indicator and umbrella species should be taken cautiously, and the relationship between the indicator and indicandum needs to be tested and validated rigorously before using them [87,98,99,100,101].




4.1.5. Correlation and Surrogacy


Testing a correlation between different biodiversity aspects and therefore estimating if one aspect can be used as a surrogate for another may facilitate biodiversity assessment. The most used surrogates for biodiversity are bird species richness, and micro-habitat diversity as these are easy to sample and to quantify [45]. Stand structure parameters, soil class, and plant species composition are reported as positively correlated in a study by Gao et al. [4]. Landscape structural metrics such are patch shape, proximity, texture (e.g., land cover classes), diversity, and size, proved good indicators of overall species richness, woody plants, orthopterans, and reptiles in a study by Schindler et al. [67]. For further information on the results of correlation used in studies, see supplementary materials, Table S3.



To decrease the odds of creating erroneous or biased surrogates of biodiversity, some authors suggested the use of several taxonomic groups, instead of a single taxon [62,102,103]. It is also important to note that using many highly correlated indices creates a problem with the interpretation of the results and does not provide new information [104,105].






5. Practical Data Collection


Data collection was the most time-consuming part of biodiversity assessment (ca 70% of the time), while planning (ca 9%), data management (ca 15%), and analysis (ca 6%), required less time in studies from Scotland, Austria, Poland, Italy, and Russia [12]. The study also found that daily workforce of 23–43 person-days was needed for biodiversity assessment, where 23 were required in the case studies with lowland areas and 43 with hilly areas. The number of person-days also depended on the complexity of forests, weather conditions, and accessibility [12].



5.1. Sampling Methods


Sampling is a practical method for data collection since only a sub-set of interest (e.g., trees) and their spatial relationship is measured if the area is large [106]. However, some sampling methods are more practical than others. Namely, line-intersect sampling for deadwood volume estimation is less time consuming than other sampling methods such as circular sample plots [107] or systematically distributed sample plots [65,108,109]. However, Fridman and Walheim [65] stressed that ‘the use of line intersect sampling would have caused problems with the determination of all variables needed for breaking down the DW-results on, e.g., stand age, forest type, and forest management operations performed’. Medium size plots (ca 25 m) proved to be more efficient than large plots (50 m) for deadwood volume estimation [41]. Further, Motz et al. [106] tested the efficiency of angle count and fix radius methods for tree diversity measures sampling. Fixed-radius plots were superior in measuring most indicators (e.g., stems per hectare and all spatially explicit diversity indices), and the effectiveness of this method increased with higher diameter variation. The results of this study refer to most representative Central European forests and apply to various scales.




5.2. National Forest Inventories (NFIs)


Using existing datasets, such as NFIs, saves time and money [4,68]. The data on forest structure from NFIs can be used for the development of ecological indicators for the assessment of valuable habitats and forest protection zones at the landscape level [68,110,111]. Martín-Queller et al. [66] used the data for gamma tree, and shrub species richness assessment in silvopastoral systems from the Third Spanish NFI (Table 3). Similarly, Torras and Saura [63] also used NFI data for the estimation of snags (stems/ha), large-diameter trees, shrub species abundance, shrub species richness, tree species richness, and tree species diversity in managed and unmanaged conifer, mixed, and broadleaved forests. However, the information related to the herb layer was not available in the NFI.



The data on deadwood is usually not adequately provided in NFIs such as in boreal countries [12]. Only recently, the information on lying and standing deadwood is starting to be included in forest inventories in some regions. Another challenge is the accuracy of information regarding the amount of deadwood, generated by severe disturbances [112]. Not all NFIs have the same standards for deadwood assessment, which creates the problem for comparison of the results from different inventories [65].




5.3. Flora and Fauna Atlases


The data on bird populations of some studies investigated here were from National Ornithological Society [114,116], or Museums of Natural History [68]. Further, a National Bird Atlas was a source of information on bird composition and occupancy in some studies [87,89]. Data on bird composition were obtained from the National Forest Research Institute [97], and gamekeepers register [115]. Studies collecting fauna data harnessed atlases and registers for bird data only, while no data of other animal species were obtained from such sources. Most of the authors used bird maps and atlases as a baseline for the comparison with their own data. We have not found any study using vegetation maps or registers to investigate the flora of forests.




5.4. Remote Sensing


Collecting forest biodiversity data by remote sensing technology was applied in numerous studies and is considered broad-scale, accurate, and more cost-effective and faster than field sampling [40,41,45,59,68,113,117,118,119]. Ozdemir et al. [45] used satellite images to predict bird species richness and micro-habitat diversity in brutian pine (Pinus brutia) forest ecosystems in Turkey. They reported this approach as ‘potentially’ more efficient (faster and cost-efficient) than field measurements. Thers et al. [59] used the 2014–2015 Danish national airborne Light Detection and Ranging (LiDAR) scanning survey (Danmarks Højdemodel, DHM/Punktsky) for assessing fungal species richness. The results showed that it is ‘promising that LiDAR-based variables hold information suitable for detecting major gradients in fungal richness and composition’. Müller and Brand [40] also used LiDAR to estimate habitat variables, to model activity, richness, and composition of assemblages of forest-dwelling beetles, and compare it to ground-based measurements. The results demonstrated that remote sensing provides more cost-effective data on biodiversity, even in mountain forests, in comparison to ground-based assessment.



Airborne LiDAR data is an accurate and feasible source of information on forest structure, such as height and biomass-related aspects, even on large and complex areas [113]. Pesonen et al. [41] found that the assessment of laying and standing deadwood by the airborne LiDAR is successful in conservation areas in Finland. However, regarding managed forest, this method can only be used as an auxiliary source, since the dynamics of deadwood in managed forests is quite different. Instead, using LiDAR data together with aerial photographs or stand-register data adds to deadwood sampling efficiency, even more than using only LiDAR data [41].



Some authors reported remote sensing as ‘potentially’ more efficient than field data collection [45,59], which leads to the conclusion that precise estimation of efficiency is lacking. However, Müller and Brand [40] provided a precise report on the costs of biodiversity assessment by remote sensing technology. They used LiDAR to estimate habitat variables, to model activity, richness, and composition of assemblages of forest-dwelling beetles, and compare it to ground-based measurements. The price for LiDAR assessment was 16 €/ha, the price for field data for habitat variables was 100€/ha and the price for data on beetles was 260€/ha. An additional advantage of LiDAR assessment is that costs decrease with the extent of the study area due to some fixed costs [40]. Given that costs of LiDAR variables are 5%–10% of ground-based measurement costs and that the proportion of explained variance compared with field measurement is high, remote sensing data has great potential in forest biodiversity modelling [40,120].




5.5. Camera Traps


Güthlin et al. [44] compared two techniques of field measurements for the estimation of red fox (Vulpes vulpes) abundance: camera traps and feces counting. The comparison took costs and precision into account. They divided costs into categories: initial costs, running costs for the equipment, travelling costs, and person-days. The total costs of feces counting were 17,057€, while camera traps cost 16,323 €. However, the precision of the camera traps was lower than the precision of the feces counts.




5.6. Smartphone Applications


A participatory GIS application for smartphones has been developed in Finland to collect the data on cultural, recreational, and biodiversity aspects from local people [43]. The application contains a component with information on forest management, ecology, and history of the area. In the second component, the visitors are asked to leave general feedback on landscape, infrastructure, or application functioning, and attach the photo. The third component is a game that is developed to attract more participants to share their opinion on the aesthetical and ecological state of the forest. In the game, the visitors are asked to answer the questions regarding structural and compositional biodiversity such as: should there be more trees; should there be bigger trees; should it be more open; should there be more tree species. No training or age limit is required, as long as the individual is capable of using a smartphone.



A similar smartphone application for forest biodiversity data collection was developed in Hungary to complement existing forest and conservation data with missing aspects such are canopy composition and structure, deadwood, herbs, microhabitats, disturbances, shrubs, and regeneration [42]. The advantage is that this method is simple, fast, and requires less effort than forest inventory. The method provides more detailed and reproducible information that is comparable with existing databases. It requires relatively low workforce per plot and has user-friendly direct database recording (no special equipment is required). The users do not need to be professionals; however, the training is necessary. The application was developed for low-mountain forests in Hungary; nevertheless, it could be modified for other forests.



Possible implications in regard to the use of applications for biodiversity data collection are in the structuring questions for the application users [43]. Hence, the more the questions are non-structured and open-ended, the harder it is for forest managers to analyze it further. Therefore, it would be optimal for forest managers to receive mainly straightforward numerical information. The advantage is that smartphone applications, as a technique, are very popular and will be unmistakably progressively used in the future [43]. Most of the forest stakeholders own a smartphone, which makes the use of it more amenable [43,121]. However, the stakeholders who tested the app in the study from Finland were secondary school students and teachers [43]. The study from Hungary presented the protocol and, thus there was no testing. Though, they stated that the app is intended for forest management and nature conservation purposes.





6. Literature Gaps and Implications for Forest Management Planning


Our review revealed a lack of studies on biodiversity indicators for the Atlantic region, particularly France. Eastern Europe is poorly represented, in particular Boreal, Continental, Steppic and Anatolian regions. In Central Europe, the case studies are mainly concentrated on the Alpine region, while Continental regions are missing. The research on biodiversity in Europe is still ‘heavily biased toward countries with high gross domestic product’ [122,123]. Additionally, there is a bias in case studies areas, where the studies from Central Europe repeatedly use the same study areas (e.g., the Black Forest, the Carpathians, the Alps).



Another problem our study identified here is an inconsistency in the definition of biodiversity. Many scientists have defined composition as biodiversity aspect, while, e.g., nutrient cycling or soil pH, they defined as environmental variables. Even though these interpretations are not erroneous, there is a problem with comparing the results from different studies that did not define biodiversity aspects equally. Even worse, the biodiversity definition is often missing in studies. Therefore, Feest [77,124] suggests the development of a common measure of biodiversity consisting of indices such are species richness, evenness, population, biomass, and conservation value, to facilitate biodiversity assessments. Additionally, species interactions should assemble the list of biodiversity aspects [124,125].



Most authors focused more on data collection practical methods and less on indicators themselves. There is a need to test and report more information on time and cost-efficiency and amenability of indicators. Though, it is clear that data collection is the most time-consuming part of biodiversity assessment [12]. Most of the studies focused on the response of biodiversity on some pressure and very few on measuring the state of biodiversity per se. In such way, the indicators are mainly indirect [77] and only reflect the changes in biodiversity response to certain pressure over time.



We found that plant species diversity is often used as a surrogate for overall biodiversity [4,47,48,49]. However, herb species may be particularly hard to identify by non-specialists [57,58]. Data collection is expensive and mostly unavailable from NFIs [4]. Therefore, future research needs to focus on resolving which plant species or taxonomic groups may be easier to identify by non-specialists and from such species assess those working better as biodiversity indicators. Additionally, DNA metabarcoding is an innovative method for species recognizing and seems promising for non-specialist use [62]. Combining this method with smartphone applications for species identification, that are lately progressively developed, would be a more cost-efficient way for overcoming taxonomic impediment then investing in taxonomic training.



Further, we found only one study that reported functional indicators at the landscape scale, and in general, a few studies reported compositional biodiversity at the landscape scale. The practicality of landscape biodiversity indicators needs to be addressed in future research, particularly functional indicators which seems to be underrepresented and rarely estimated in European research studies. Since there are only a few studies that used functional biodiversity indicators, there is not enough evidence to discuss the practicality of this category of indicators. We assume that underlying reason is the fact that functional indicators are very complex and require expensive laboratory equipment for the assessment. No studies included nitrogen deposition as an indicator, even though that Nitrogen Critical Load Exceedance (NCLE) was projected to have greater consequences to European biodiversity than global change [77,124,126,127,128,129]. For instance, nitrogen deposition could create new interconnections between lichens and forest stand properties [130,131].



With a view on data collection, more research and investment into modern technologies (LiDAR and smartphone apps) is needed to improve the accuracy and applicability. Overall, future research should integrate forest structure, tree species composition, and ecosystem functionality to provide broader knowledge on habitat assessment and modelling [113].




7. Conclusions


Vascular plants and generally herb layer, fungi, bryophyte, lichens, and invertebrates are mostly reported as impractical biodiversity indicators as their identification is challenging for non-professionals, and the data is mainly unavailable in NFIs. This is problematic since plant species diversity is a key indicator of overall biodiversity [4,47,48,49,63]. Structural variables (e.g., old stands, large trees, and canopy cover) at stand scale [2,4,12,25] are easily observable by non-professionals and are available in NFIs, which makes them practical. Deadwood is easily observable at stand [2,20,63] and landscape scales [67,132,133], but often unavailable in NFIs. Generally, stand-level biodiversity indicators are more practical for forest managers than landscape-level indicators, because forest management is primarily acting on stand scale [25,134]. Even though there is great relevance in maintaining biodiversity in production forest stands [135], landscape level is also important and requires more attention in future research. Additionally, functional indicators are not sufficiently reported in the literature, and, thus, there is not enough evidence to discuss their practicality. Using the results from correlations and surrogacy relationships between indicators is a straightforward way to decrease the time and expenses for biodiversity assessments. However, surrogacy relationships can be spurious and must be tested under multifarious conditions [87,98,99,100,101].



Choosing the right sampling method and the right size of a plot can also contribute to efficient biodiversity assessments [41]. NFIs are a good source of data on indicators such as tree and shrub species diversity, and stand age [2,63,66]. Bird registers and atlases can be very useful and are mainly used as a baseline in bird biodiversity research. Remote sensing technique for data collection is more cost-effective and faster than field one at both stand and landscape scales, though more research is needed to provide a precise estimation of biodiversity. Another advantage is that remotely sensed data is easier to update in comparison to traditional ways of collecting data, which simplifies monitoring and reduces costs [123]. Smartphone applications are promising tools for biodiversity assessment by non-professionals, but future research needs to focus on increasing their accuracy for the assessment on all levels of biodiversity, at different scales and ecological conditions. A more accurate and precise estimation of biodiversity will help scientists and practitioners to design biodiversity-oriented management plans that ultimately increase the adaptive capacity of forests towards future environmental changes. Additionally, it will facilitate testing policy goal implementation and clarify setting new policy targets in biodiversity conservation.
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Figure 1. PRISMA (Preferred Reporting Items for Systematic reviews and Meta-Analyses) flow diagram of the literature review. 
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Figure 2. Distribution of case studies across biogeographic regions in Europe (note: nine studies had more than one case study area). 






Figure 2. Distribution of case studies across biogeographic regions in Europe (note: nine studies had more than one case study area).



[image: Forests 11 00343 g002]







[image: Forests 11 00343 g003 550] 





Figure 3. Ratio of the total number of case studies and the number of case studies that were addressing the practicality of the biodiversity indicators used. Analysis per country. 
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Figure 4. Temporal evolution of studies on biodiversity indicators, which address (blue) and do not address (red) practicability of the indicators and data collection methods applied. Note that our review includes studies until February 16 (i.e., the year 2020 is incomplete). 
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Figure 5. Number of biodiversity indicators used in reviewed studies. For details how indicators are explained and sorted by type of biodiversity (structure, composition, and function) see supporting material, Table S2. 






Figure 5. Number of biodiversity indicators used in reviewed studies. For details how indicators are explained and sorted by type of biodiversity (structure, composition, and function) see supporting material, Table S2.



[image: Forests 11 00343 g005]







[image: Table] 





Table 1. Practical indicators for various management categories at stand and landscape-level reported in the literature (* indicates the property; - indicates unknown).
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Practical Aspects of Indicator

	
Management Category




	
Scale

	
Type of Biodiversity

	
Practical Indicator

	
Cost-efficient to Sample

	
Easy to Recognize

	
Time-efficient to Sample

	
Unmanaged Forest

	
Managed Forests

	
Plantations

	
Silvopastoral System






	
Stand

	
Compos.

	
Vascular plants [55,56}

	
*

	

	

	
*

	

	

	




	
Stand

	
Compos.

	
Carabidae beetles [46]

	

	
*

	
*

	
*

	
*

	
*

	
*




	
Stand

	
Compos.

	
Spiders [25]

	

	
*

	

	

	

	
*

	




	
Stand

	
Compos.

	
Hoverflies [25]

	

	
*

	

	

	

	
*

	




	
Stand

	
Compos.

	
Tree species composition (richness, abundance, and diversity) [4,63]

	
*

	

	
*

	
*

	
*

	
*

	
*




	
Stand

	
Compos.

	
Shrub species composition (richness, abundance, and diversity) [63]

	
*

	

	
*

	
*

	
*

	
*

	
*




	
Stand

	
Struct.

	
Deadwood [2,12,20,63,64,65]

	
*

	
*

	
*

	
*

	
*

	

	




	
Stand

	
Struct.

	
Canopy cover [2,4]

	
*

	
*

	
*

	
*

	
*

	
*

	




	
Stand

	
Struct.

	
Special trees (occurrence of moss and lichen-covered, bent, damaged, hollow and forked trees) [12]

	

	
*

	

	
*

	
*

	
*

	




	
Stand

	
Struct.

	
Proximity to native forests [25]

	
*

	
*

	
*

	
*

	
*

	
*

	




	
Stand

	
Struct.

	
Large trees (mature trees) [12,63]

	

	
*

	

	
*

	
*

	

	
*




	
Stand

	
Struct.

	
Old forest stands [12]

	

	
*

	

	
*

	
*

	

	




	
Stand

	
Struct.

	
Deciduous trees [12]

	

	
*

	

	
*

	
*

	

	




	
Stand

	
Functi.

	
Stand age [2,12,25]

	
*

	
*

	
*

	

	

	
*

	




	
Stand

	
Functi.

	
Available phosphorus (P) [25]

	

	

	

	

	

	
*

	




	
Stand

	
Functi.

	
Elevation [25]

	
*

	
*

	
*

	

	

	
*

	




	
Stand

	
Functi.

	
Uprooted trees [12]

	

	
*

	

	

	

	

	




	
Stand

	
Functi.

	
Thinning frequency [25]

	
*

	
*

	
*

	

	

	
*

	




	
Stand

	
Functi.

	
Wood-decaying bracket fungi [12]

	

	

	

	
*

	
*

	
*

	




	
Lands.

	
Compos.

	
Birds [25,55,56,58]

	
*

	

	

	
*

	
*

	
*

	
*




	
Lands.

	
Compos.

	
Tree species richness [66]

	
*

	

	
*

	

	

	

	
*




	
Lands.

	
Compos.

	
Shrub species richness [66]

	
*

	

	
*

	

	

	

	
*




	
Lands.

	
Compos.

	
Valuable habitats [4]

	
*

	

	
*

	
*

	
*

	

	




	
Lands.

	
Struct.

	
Patch shape, proximity, texture, diversity, and size [67]

	
-

	
-

	
-

	
-

	
-

	
-

	
-
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Table 2. Impractical indicators for various management categories at stand scale reported in the literature (* indicates the property). Note that we did not identify impractical landscape scale indicators.
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Impractical Aspects of Indicator

	
Management Category




	
Scale

	
Type of Biodiversity

	
Impractical Indicator and Authors

	
Expensive to Sample

	
Hard to Recognize

	
Time-consuming to Sample

	
Unmanaged Forest

	
Managed Forest

	
Plantation

	
Silvopastoral System






	
Stand

	
Compos.

	
Vascular plants [57,58]

	

	
*

	
*

	
*

	
*

	
*

	
*




	
Stand

	
Compos.

	
Lichens [12,57,58]

	

	
*

	

	
*

	
*

	
*

	




	
Stand

	
Compos.

	
Fungi [59]

	
*

	
*

	
*

	
*

	
*

	

	




	
Stand

	
Compos.

	
Bryophyte [25]

	

	
*

	

	
*

	
*

	

	




	
Stand

	
Compos.

	
Invertebrate species [25]

	
*

	
*

	
*

	

	

	

	




	
Stand

	
Compos.

	
Plant species diversity [4,54]

	

	
*

	
*

	
*

	
*

	
*

	
*




	
Stand

	
Compos.

	
Herb layer [68]

	

	

	
*

	
*

	
*

	
*

	
*
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Table 3. Practical methods for data collection for different biodiversity attributes in three types of forests and types of biodiversity (structure, composition, and function) Note: not all the authors reported the types of forests clearly, and thus we put in the table information only about those which are clearly reported.
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	Scale and Type of Biodiversity
	Indicator (Attribute)
	Practical Data Collection Method for Managed Forests
	Practical Data Collection Method for Unmanaged Forests
	Practical Data Collection Method for Plantations
	Practical Data Collection for Silvopastoral Systems





	Stand

Structure
	Deadwood
	Smartphone app [42]; NFI [63]
	Smartphone app [42]; LiDAR [41]; NFI [63]; line-intersect sampling [107]
	-
	-



	Structure
	Big trees
	Smartphone app [43]; NFI [63]
	Smartphone app [43]; NFI [63]
	-
	-



	Structure
	Tree density
	Smartphone app [43]
	Smartphone app [43]
	-
	-



	Structure
	Micro-habitat diversity
	Satellite images [45]
	Satellite images [45]
	-
	-



	Structure
	Biomass
	LiDAR [113]
	LiDAR [113]
	LiDAR [113]
	-



	Structure
	Height
	LiDAR [113]
	LiDAR [113]
	LiDAR [113]
	-



	Composition
	Tree species diversity
	Smartphone app [43]; NFI [63]
	Smartphone app [43]; NFI [63]
	-
	-



	Composition
	Shrub species diversity
	NFI [63]
	NFI [63]
	-
	-



	Composition
	Herbs
	Smartphone app [42]
	Smartphone app [42]
	-
	-



	Composition
	Bird species richness
	Satellite images [45]; National Ornithological Society [114]; National bird atlas [89]; gamekeeper register [115]
	Satellite images [45]; National Ornithological Society [114]; gamekeeper register [115]
	-
	-



	Composition
	Fungal species richness
	LiDAR [59]
	
	-
	-



	Composition
	Composition of forest-dwelling beetles
	LiDAR [40]
	LiDAR [40]
	-
	-



	Function
	Disturbances
	Smartphone app [42]
	Smartphone app [42]
	-
	-



	
	Regeneration
	Smartphone app [42]
	Smartphone app [42]
	
	-



	Landscape

Structure
	Deadwood
	LiDAR + inventory data + aerial photographs [41]
	LiDAR [41]
	-
	-



	Structure
	Micro-habitat diversity
	Satellite images [45]
	Satellite images [45]
	-
	-



	Structure
	Height
	LiDAR [113]
	
	-
	-



	Structure
	Biomass
	LiDAR [113]
	
	-
	-



	Composition
	Tree species
	
	
	-
	NFI [66]



	Composition
	Shrub species
	
	
	-
	NFI [66]



	Composition
	Bird species richness
	Satellite images [45]; National Ornithological Society [114,116]; Museum of Natural History [68]; National bird atlas [87]
	Satellite images [45]; National Ornithological Society [116]; National bird atlas [87]
	-
	-
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