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Abstract

:

Forest preservation and management are paramount for sustainable mitigation of climate change, timber production, and the economy. However, the potential of trees and forests to provide these benefits to the ecosystem is hampered by natural phenomena such as windthrow and anthropogenic activities. The aim of the current research was to undertake a critical thematic review (from 1983 to 2023) informed by a bibliometric analysis of existing literature on tree stability. The results revealed an increase in tree stability research between 2019 and 2022, with the USA, France, and Italy leading in research output, while Scotland and England notably demonstrated high research influence despite fewer publications. A keyword analysis showed that tree stability can be divided into four themes: tree species, architecture, anchorage, and environmental factors. Prominent studies on tree stability have focused on root anchorage. However, more recently, there has been a growing emphasis on urban forestry and disease-induced tree damage, underscoring a shift towards climate change and diversity research. It was concluded that considerable knowledge gaps still exist; that greater geographic diversification of research is needed and should include tropical and sub-tropical regions; that research relating to a wider range of soil types (and textures) should be conducted; and that a greater emphasis on large-scale physical modelling is required. Data and knowledge produced from these areas will improve our collective understanding of tree stability and therefore help decision makers and practitioners manage forestry resources in a more sustainable way into the future.
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1. Introduction


Trees contribute positively to the environment by reducing air pollution [1], soil conservation and protection against erosion [2], water regulation [3], and carbon (C) sequestration [4]. With respect to C sequestration, between 1990 and 2005, European forests annually absorbed ~100 tera-grams of C, which is equivalent to ~10% of the European fossil-fuel emissions during this period [5]. Hence, forest preservation and management are paramount for sustainable mitigation of climate change, timber production, and the economy. However, the potential of trees and forests to provide these benefits to the ecosystem is hampered by natural phenomena (e.g., windthrow, debris flow, and soil liquefaction) and anthropogenic activities (e.g., deforestation and poor forest management). For instance, over 50% of all forest damage in Europe is caused by extreme wind events [6] that are classified as catastrophic or endemic [7]. Catastrophic windthrow occurs due to storms of extreme intensity (e.g., maximum gust speeds > 22 m s−1) [8], while endemic windthrow tends to be observed in some countries every year [7]. Savill [9] noted that endemic windthrow has the tendency to spread rapidly, which can limit the management options available to foresters and ultimately result in the clearcutting of the affected area. The failure of trees due to catastrophic winds can lead to considerable financial losses, infrastructure damage, major injuries, and fatalities in a small number of cases. Figure 1A shows the volume of timber damaged due to some selected major windstorms that occurred across Europe from 1990 to 2018. The Lothar and Martin storm which impacted Europe in 1999 resulted in the largest timber losses (240 million m3) [8], equivalent to 95.4% and 43.0% of the annual harvest of the most affected countries and Europe, respectively (Figure 1B,C), and the death of ~137 people [10]. From 1995 to 2007, there were a total of 407 fatalities attributed to wind-related tree failure in the United States of America (USA) [11].



Globally, due to the heightened importance of trees to the global ecosystem especially with a changing climate, studies on the stability of trees are beginning to gain more relevance [17,18,19]. Although the tree failure mechanism has been widely researched, predicting tree failure is challenging due to the variability in tree characteristics, which depend on factors such as species [20], tree architecture and biomechanics [21,22], age [23], climate [24], soil characteristics [25,26], pests or diseases, and silvicultural practices [27]. These different factors make it a challenge to precisely predict when, and under what circumstances, trees blow over. To address knowledge gaps related to the determination of tree stability, several research approaches have been developed. These include tree-pulling tests [28,29], real-time monitoring of trees using advanced sensor technologies, and the use of advanced mechanistic [30] and statistical models [31]. Biomechanical testing of trees is mainly destructive and is challenging due to measurement precision and species variability [28]. Hence, there is no universally applicable testing protocol. Also, real-time monitoring requires a substantial investment, and most of the models are largely sensitive to geographical locations [31]. Hence, to enhance our understanding of tree stability and prediction accuracy, a holistic interdisciplinary approach may be more appropriate.



Forests are a key part of national climate mitigation strategies, and tree planting is a major part of government strategies to reduce carbon; as such, there has been an increase in the incentive to encourage tree planting across the globe. For example, the European Union biodiversity strategy includes planting three billion trees by 2030 [32], whilst the USA plans to plant over a billion trees in the next decade [33]. To effectively increase forest coverage, it is imperative to ensure that these forests are managed sustainably and safeguarded against heightened disturbances. Protection of forests from windblow necessitates a comprehensive understanding of the factors influencing tree stability and information that can be used to assess the level of risk to existing forests, which can be assisted by the development of predictive models that can be used to minimise the risk of windthrow or understand the factors that may influence its occurrence. Many studies have examined the factors associated with windthrow and tree stability [25,34,35,36]; however, an up-to-date bibliometric analysis on the subject is lacking. Global climate change projections indicate a probable rise in the frequency of winter storms, which is expected to lead to increased occurrences of wind-induced tree failure in forest plantations. Considering the importance of forest expansion and its contribution to climate change goals, it is an appropriate time to undertake a systematic review of the literature on the subject. To obtain an unbiased view (or at least to ensure that the degree of bias is minimised), a bibliometric analysis has been used to inform this review.



A bibliometric analysis is a quantitative and qualitative assessment of various aspects of scholarly publications in which to assess their citation frequencies, quality and impact, authors/institutional collaborations [37], and the degree of interaction between different elements of research questions. The visual presentation of this information is key for the rapid assessment and identification of the strength, present state, and research gaps in different research domains [38]. Recently, bibliometric analysis has been used to review forest C sequestration [39], and forest genetics [40] within the forestry research area.



The aim of the current research was to undertake a critical thematic review of tree stability informed by a bibliometric analysis of existing literature. Related to this aim were four objectives: (i) to provide a comprehensive understanding of the existing state of knowledge on tree stability, (ii) to identify the most influential articles, authors, and journals in this field, (iii) to examine thematic evolution of literature over time, and (iv) to identify the emerging trends and probable directions for future studies. This paper is organised as follows: Section 2 outlines the approach used to obtain the relevant data and briefly discusses the software used in the bibliometric analysis, whilst Section 3 contains the results and visualisation of the bibliometric analysis including the identification of the key themes. Section 4 presents a critical discussion of the emerging themes. Finally, Section 5 summarises the main findings and restates the areas where additional research is required.




2. Method


2.1. Data Collection


A structured literature review and bibliometric analysis were performed following the stepwise approach shown in Figure 2 as recommended by Zupic and Cater [41]. The Web of Science Core Collection (WoSCC) database was initially used to obtain articles/research papers relevant to the study. The WoSCC database was chosen due to its comprehensive coverage, meticulous indexing, and inclusion of high-quality, peer reviewed scholarly publications. It is noted that this particular database has been used successfully for other aspects of forestry research [39].



In order to undertake the bibliometric analysis, keywords were required to define the search. The keywords chosen for the current purpose were assembled in the following search string: (“Tree Stability” OR “Tree Failure” AND Tree Architecture) OR (“Tree Stability” OR “Tree Failure” AND Soil Characteristics) OR (“Tree Stability” OR “Tree Failure” AND Silvicultural Practices) OR (Modelling “Tree Stability”) OR (“Tree Stability” OR “Tree Failure” AND Winds) OR (“Tree Stability” OR “Tree Failure” AND Forestry) OR (“Tree Stability” AND Windthrow).



To refine the search results, the document type was set to “reviews” and “articles”, and the language was limited to English to ensure the comprehensibility of the retrieved articles. However, there was no restriction on the date of the publication, as the search included articles from the inception of WoSCC (1900) to 25 September 2023. It is acknowledged that a degree of bias is introduced when specifying the search string and refining the results. Whilst this is inevitable, the above search string was considered to be sufficiently broad to capture a variety of outputs across several research fields, whilst also sufficiently focused to fulfil the aim of the research. Put simply, had these steps not been undertaken, then it would have proved impossible to effectively use bibliometric analysis.



The initial search yielded 317 publications. However, only articles that discussed tree stability (irrespective of the methods or scope) were included in the study. Hence, after a detailed review of the title and abstracts, 2 duplicates and 59 publications were removed because they were not related to the field of study. Following a detailed review of all the papers, a further 22 articles were removed because they were not related to tree stability and, hence, were deemed to be inappropriate for the current study. Thus, 234 articles published between 1983 and 2023 formed the basis of the current research and were exported in plain text format to enable a detailed bibliometric analysis.




2.2. Analysis and Visualisation


A bibliometric analysis primarily relies on two factors, i.e., the number of scientific productions (which serves as an indicator of research productivity) and their received citations (which is used as a proxy for their scientific significance) [42]. Whilst these two factors form a core approach, it is appreciated that the quality of a publication cannot be simply reduced to a handful of metrics. Thus, the current research adopted a comprehensive approach, encompassing both bibliometric analysis and an in-depth exploration of thematic trends.



The bibliometric analysis was performed using the Biblioshiny app in Rstudio (Version 4.3.1, Posit PBC, Naples, Italy) [43] and VOSviewer (Version 1.6.18, Leiden, The Netherlands) [44]. VOSviewer and Biblioshiny are both web-based applications and easily accessible. They visualise and analyse bibliometric data, facilitating the exploration of research networks, identifying key trends, and gaining insights into the relationships between authors, keywords, and publications in any given field of study [44]. Previous studies have shown that network plots can examine collaborative relationships among researchers [45,46]. Consequently, in this study, the VOSviewer application was used to generate the visual representation of networks depicting the interconnections between authors, keywords, and citations. The nodes in these networks represent authors, keywords, or publications, while the links signify collaborative ties, co-occurrences of the keywords, or citation relationships [44].



To gain a holistic understanding of both the impact and distribution of research in this field, we used Biblioshiny to conduct an in-depth analysis of the influence of leading research journals through a combination of source impact assessment and Bradford’s law [47]. The source impact was evaluated using various indices, including the h-index (which considers the number of publications and citations), the g-index (emphasising highly cited publications), total citations (for overall impact assessment), number of publications (for productivity evaluation), and publication starting year (for assessing longevity in the field) [48]. These indices collectively provide a comprehensive evaluation of a source’s impact, considering both the quality and quantity of their work overtime. As noted, Bradford’s law was used to elucidate the distribution pattern of the articles across the journals [47]. This law emphasises that a small number of sources in a particular field are responsible for the majority of published literature, while the rest of the published literature is distributed across numerous sources, each contributing only a few articles. Here, the journals are classified into three zones in the following proportion 1:n:n2, where ‘n’ is the number of publications. Zone 1 represents the sources with the most significant contributions to the field, Zone 2 comprises a broader set of journals with moderate impact, and Zone 3 encompasses the majority of journals with relatively fewer published articles [47]. Biblioshiny was also used to obtain the general statistical data and perform a thematic evolution analysis and three-field analysis, which show the interconnection between the journals, keywords, and countries [43]. The key themes obtained from the bibliometric analysis are discussed below, and research gaps are identified.





3. Results


3.1. Descriptive Statistics


Figure 3 shows the variations in annual publications and total citations between 1983 and 2023. Whilst the number of annual publications does not appear to follow a defined pattern, it is observed that there is a gradual increase in the annual citations. A notable increase in both metrics occurred between 2019 and 2022, indicating a period of heightened research activity and impact.



Table 1 highlights the top 10 countries with the most research output and citations. The USA, France, and Italy are the top three contributors in terms of research output with 43, 23, and 21 publications, respectively. However, the number of publications alone does not necessarily indicate the quality or influence of the research. Citations play a crucial role in assessing the impact and significance of research [48]. For example, France and Scotland demonstrated that even with fewer publications, their work can have a substantial influence on the academic community. In terms of citations, Europe accounted for more than 70% of the research (Table 1). Aside from the presence of renowned research institutions across Europe, there have been several windstorms (up to 130) in Europe since 1950 which may have affected the number of publications [49].



Table 2 shows the organisations with the highest research output in tree stability. In contrast to Table 1, institutions from Scotland, England, Canada, and Germany do not make the list, suggesting that none of the institutions from these countries had up to six publications in this area. The list is dominated by institutions in the USA (the University of Massachusetts and the University of Florida), France (INRAE and the University of Bordeaux), and Singapore (Nanyang Technology University and National PK Board). Interestingly, despite Finland and Latvia not ranking among the top 10 countries, their institutions have secured spots in the top 10 for tree stability research. The leading 10 affiliations contributed 90 articles, which constituted ~38% of the entire publication count (234) and ~62% of the overall citations (9177).




3.2. Most Influential Sources


Table 3 illustrates the journals where most of the related research has been published and illustrates the large range of journals that publish research on this topic. However, Table 4 shows that most of the articles appear in four journals, namely, Forest Ecology and Management (EISSN: 1872-7042), Forests (EISSN 1999-4907), Urban Forest & Urban Greening (EISSN 1618-8667), and Forestry (EISSN 1464-3626), which emerge as core sources (Zone 1; Table 4). These journals represent less than 5% of the total journals based on WOS but contain over 34% of the published articles in this field (Table 4). In contrast, journals in Zone 2 and Zone 3 represent 21% and 75%, respectively, of the total journals, but each contain 33% of the articles. This observation underscores the impact of the aforementioned journals in shaping research discourse within this domain.




3.3. Most Influential Articles


The most influential articles on tree stability were identified through citation analysis. The citation index is an indicator of the impact of a research paper within a domain [50]. It helps track the evolution of key ideas and technologies, which ultimately drives advancements in the field. The five most cited articles in the tree stability-related literature are presented in Table 5 and shown visually in Figure 4. Four out of five of the most cited publications belong to a single cluster (i.e., Coutts [28], Gardiner et al. [35], Nicoll and Ray [51], and Coutts [52]) and all align with the red cluster in Figure 4. These studies mainly evaluated the impact of anchorage on tree stability. The review by Gardiner et al. [35] has the largest number of citations per year compared to the other studies. This could be attributed to its comprehensive synthesis of existing knowledge in the field (at the time of publication), serving as a valuable reference for researchers and thus continually contributing to the discourse on tree stability. Cluster 2 (Green) contains articles that mainly focused on wind damage in forest ecosystems. Research within this cluster includes the resistance of trees to overturning in various conditions [53], the effects of species and size on stability [54], and the dynamics of tree failure during wind events. Cluster 3 (Blue) contains papers that centred around tree stability and risk assessment. Articles in this cluster are associated with assessing and predicting tree stability within forest stands. Topics include modelling windthrow risk [55,56], the impact of silvicultural practices on tree stability [27] and the use of machine learning and decision support systems to evaluate and manage tree hazards in both forested and urban environments [57]. Finally, Cluster 4 (Yellow) contains articles that focus on the dynamic behaviour and mechanical properties of trees. It includes studies on tree swaying and dynamic amplification [58,59], natural frequencies of trees [60], and the effect of various factors, such as pruning and splits, on tree behaviour. Research in this cluster aims to understand the physical characteristics that contribute to tree stability and resilience to wind and other dynamic loads.





 





Table 5. Top five most cited articles in tree stability research. Abbreviation used: TC = total citations, C/Y = citations per year.






Table 5. Top five most cited articles in tree stability research. Abbreviation used: TC = total citations, C/Y = citations per year.





	Author(s)
	Title
	Source
	Year
	TC
	C/Y





	Coutts [28]
	Root architecture and tree stability
	Plant and Soil
	1983
	275
	6.9



	Gardiner et al. [35]
	Review: Wind impact on plant growth, mechanics, and damage
	Plant Science
	2016
	256
	36.4



	Nicoll and Ray [51]
	Adaptive growth of tree root systems in response to wind action and site conditions
	Tree Physiology
	1996
	240
	8.9



	Coutts [52]
	Components of tree stability in Sitka
	Forestry
	1986
	201
	5.4



	Gardiner et al. [61]
	Field and wind tunnel assessments of the implications of respacing and thinning for tree stability
	Forestry
	1997
	189
	7.3









3.4. Co-Authorship Analysis—Country


Figure 5 highlights the international collaborations among authors. The nodes show the strength of the links each country has with the others. The clusters represent countries with more collaborations among themselves. Overall, the USA, China, England, Spain, and France are the top five countries with international co-authors. Only authors from 10 out of the 52 countries represented in this study had no co-authors from other countries. These countries are mostly classified as developing countries (Brunei, Costa Rica, Indonesia, Malaysia, Thailand, and Turkey) [100], apart from Hungary, Russia, Poland, and Slovakia. The low international collaboration could be attributed to low funding, language barriers, and low research outputs.




3.5. Co-Citations Analysis


Co-citation is a bibliometric concept that refers to the occurrence of two or more publications being cited together by a third document [101]. Co-citation analysis of references is a valuable tool for understanding the structure and development of a research domain [102]. This shows the similarities between the research topics of different authors who may not be actively collaborating [103]. The nodes correspond to the strength of the co-citation connections, while the multiple lines extending from each node indicate how frequently the authors are co-cited. The co-citation analysis showed two distinct clusters (green and red) (Figure 6). The first cluster consisted of pioneering studies on tree anchorage (e.g., Coutts, [28,52], Crook and Ennos [29], and Fraser et al. [104]). To understand tree anchorage, most of these studies performed tree-pulling tests (e.g., Crook and Ennos [29] and Nicoll and Ray [51]), although a small number relate to numerical modelling (e.g., Dupuy et al. [105,106] and Fourcaud et al. [17]) to generate the empirical relationships between tree morphology, root anchorage, and tree stability. The second cluster (green) consisted of pioneering studies focused on wind risk modelling (e.g., Petty and Worrell [107], Petty and Swain [108], and Gardiner et al. [61]). While some of the studies performed wind tunnel experiments [61,107], others developed mechanistic models (e.g., GALES and HWIND) to predict tree failure using empirical data from tree-pulling experiments or climate data [109] or using a static approach [85].




3.6. Research Themes


Keyword co-occurrence analysis was conducted on selected papers to identify the most used terms, facilitating the identification of key themes (Figure 7). Only keywords which occurred at least five times were included in the network. The nodes represent the keywords, and their proximity reflects their relatedness [115]. To determine the key themes, resolution of the keyword clusters was set as a minimum of 10 words per cluster in VOSviewer, and the strength of the links was normalised using the fractionalisation method [44]. Following this, two distinct clusters were identified (Figure 7). The first cluster (red) contained 57 keywords that mainly focussed on factors controlling tree stability (e.g., root anchorage, tree morphology, soil properties, and wind), tree response to wind (growth pattern), and models for predicting tree stability. The first cluster also mainly focussed on rural trees, with Sitka spruce, Norway spruce, Scot pine, Picea sitchensis, lodgepole pine, and Douglas-fir being the common tree species in this cluster. However, the second cluster (green) containing 21 keywords mainly focussed on urban forestry with sub-themes such as tree damage (decay) due to disease and tree risk assessment. The chronology overlay of the co-occurrence highlights the evolution of the keywords (Figure 8). Figure 8 shows that recently, research efforts have been focused on urban forestry and tree failure due to decay (disease) [116]. Climate change and diversity are two sub-themes driving recent studies on the stability of rural forests [117,118].





4. Discussion


4.1. Implications of Bibliometric Analysis


The results of the bibliometric analysis provide information on publication trends, influential sources, international collaborations, co-citations, and research themes. Such combined information gives a clearer picture of global research trends pertaining to tree anchorage over time. For example, a notable surge in both annual publications and citations occurred between 2019 and 2022 (Figure 1). This could be attributed to growing concerns about the impact of climate change and extreme weather events on tree stability. However, the overall number of publications remained relatively low, averaging less than 30 per year (with the proviso that the search was limited to papers published in English). Presently, about 20% of the countries with at least one publication in tree stability do not have international co-authors. The USA, China, England, Spain, and France are the top nations with international co-authors. Strengthening international partnerships can contribute to a more holistic and inclusive approach, accelerating advancements in tree stability research to address the challenges posed by climate change. The most influential articles were focused on root anchorage, while most of the prolific institutions in terms of research output and citations were from the USA, France, and Singapore. Forest Ecology and Management, Forests, Urban Forestry & Urban Greening, Forestry, and Plant and Soil are the top journals in the field, with over 36% of published articles. Recent research efforts have been directed towards urban forestry, tree failure due to decay, climate change, and biodiversity, indicating the evolving landscape of tree stability research. These results show the intellectual structure of tree stability research and can serve as valuable guidance for researchers in strategizing their future studies and collaborations.




4.2. Review on Tree Stability


This section reviews the established knowledge gaps influencing tree stability, as highlighted in Figure 8 (Cluster 1). To provide a structured understanding of these factors, the keywords (57) within Cluster 1 were grouped into five overarching themes: tree species, architecture, anchorage, models, and environmental factors (Figure 9). All the themes also appeared as keywords except for “tree species” and “environmental factors”. Each theme encompasses a set of keywords that shed light on the diverse elements contributing to tree stability. The number of times the keywords occur is represented in brackets (Figure 9). The first theme explores the role of tree species and how their distinct characteristics impact their resilience to windthrow. The theme ‘Architecture’ discusses how elements such as tree height, diameter at breast height (DBH), crown characteristics, and spacing affect tree stability. The ‘Anchorage’ theme discusses the significance of root systems and their architecture on the stability of trees. The theme ‘Model’ focuses on the various models (i.e., numerical, mechanistic, and advanced statistical) used to predict tree stability and their applicability in various environmental contexts. Finally, the ‘Environmental Factors’ theme discusses environmental factors controlling tree stability (e.g., windstorm, climate change, and soil properties). The identified themes (species, architecture, anchorage, models, and environmental factors) were further grouped into two key sections, namely, Factors Controlling Tree Stability, which contains species, architecture, anchorage, and environmental factors, and Predicting Tree Stability, which contains numerical, mechanistic, and statistical models.




4.3. Factors Controlling Tree Stability


4.3.1. Tree Species


The type of tree species can significantly influence their susceptibility to windthrow [119]. However, there is a dearth of studies that have compared the susceptibility of different tree species to windthrow. The keyword analysis (Figure 9) showed that most of the tree species examined are conifers, e.g., Norway spruce, Sitka spruce, Scots pine, Picea sitchensis, Pinus pinaster, Balsam fir, and Lodgepole pine. This suggests that conifers are less stable compared to broadleaves. The keyword Norway spruce appeared 43 times, suggesting that this species was studied more and is potentially less stable than other species. However, this may also be a reflection of the fact that Norway spruce is one of the most important species in European forests. Conifers (gymnosperms) are characterised by needle-like or scale-like leaves and bear cones, whereas broadleaves (hardwood), have broad, flat leaves, and typically have wider trunks and more extensive roots systems [120], which could make them less susceptible to windthrow. However, this is often complicated by other considerations such as the location where the trees are planted since specific species are typically chosen for planting in areas that are more exposed and have poorer soil conditions for root development [8]. Again, coniferous forests often has denser canopies and retain their foliage year-round, which increases the drag and likelihood of windthrow especially in winter when broadleaved species are leafless [121].




4.3.2. Architecture: Morphology, Tree Height, Diameter, and Crown Characteristics


The diameter at breast height (DBH) [122], crown characteristics [93], and spacing contribute significantly to tree stability. For example, mechanistic models for predicting tree stability have established that both resistance to stem breakage and tree uprooting are directly proportional to DBH3 [30,55,112]. This implies that the larger the tree is (the greater the value of DBH since this parameter is also related to tree age, which is in turn related to tree height), the greater the resistance to stem and root failure. However, taller trees tend to have a lower critical wind speed for windthrow compared to shorter trees [123]. This is because they have lower natural frequency compared to shorter trees [58,60]. Hence, the forest stand can become more prone to damage as the tree height increases [124]. Conversely, Landry et al. [125] reported that tree height did not significantly affect the prediction of damage in urban forests affected by tropical cyclones in Florida. Competition is a significant factor that affects the balance of allometric relationships between tree height and diameter [126]. Intense competition among neighbouring trees forces them to prioritise height over diameter growth to compete for sunlight, resulting in larger height-to-diameter ratios in more competitive stands. This has been confirmed for different species of Chinese fir, Engelmann spruce [126,127], Betula pendula Roth and B. pubescens Ehrh [128], Norway spruce [129], and Sitka spruce [21]. Aside from tree diameter and height, the crown characteristics are important, as they affect the projected area that the wind ‘sees’ [130] and the tree dynamic response, and therefore control the wind loading on the tree [86,113]. Specifically, the shape, density, and overall configuration of the tree crown affect how it interacts with wind, altering its resistance and susceptibility to wind-induced force, which is known as streamlining [124]. Hence, a tree with increased streamlining has less chance of windthrow. The streamlining effect is more pronounced in open-grown or urban trees than in forest trees because they face more steady wind flows compared to forest trees, which are loaded by canopy-scale gusts [131]. An understanding of the temporal variation of tree diameter and height due to management practices and forest structure is critical for ensuring tree stability.




4.3.3. Root Anchorage


Recent advancements in plant biomechanics have highlighted the significant role of plant geometry (i.e., both aerial and below ground) in determining its mechanical strength and stability. Some of the studies have contended that root architecture rather than the mechanical properties of the wood material has a greater influence on the response of a plant to wind [132,133]. Also, Yang et al. [134] noted that tree root morphology contributes more to tree stability during windstorms than soil properties and root biomechanics. A proper characterisation of plant roots is crucial because it can enable the prediction of potential variations in root architecture due to environmental conditions and determines root capability to anchor plants [135]. Plant roots can be classified based on their developmental origins (i.e., tap roots, lateral roots, basal roots, and short-borne roots) or diameter class (fine, medium, and large roots) [136]. Tap roots are defined as a central root that grows straight downward from the seed, while lateral roots are secondary roots that branch off from the primary root or another lateral root, growing horizontally and diagonally; the basal root proceeds from the hypocotyls, and the short-borne root proceeds from the stem [136]. Tree root architecture is classified based on the type of roots that dominate the tree. Here, tree root architecture can be divided into three systems, namely, the tap-root system (dominated by the taproot), the heart-root system (dominated by basal and lateral roots), and the plate-root system (dominated by lateral and vertical sinker roots) [137]. Research by Crook and Ennos [29] in waterlogged soils showed that larch trees have roots that are vertically orientated and thus have a more efficient anchorage system than Sitka spruce trees with a plate-root system. Generally, the heart-root system is assumed to provide greater resistance to wind loading followed by the tap-root system and the plate-root system [105]. The anchorage capacity of the plate-root system is decreased due to the lack of deep vertical roots [105]. Typically, young trees possess a dominant vertical tap root and several smaller lateral roots but, as the tree grows older, the lateral roots tend to grow larger, while the tap root may stop growing altogether [137]. The tap root therefore has a greater influence on the stability of younger trees than older trees, and its importance is controlled by its dimension in proportion to the size of the aerial part of the tree [23,29,134,138].



Root architecture may evolve because of the plasticity genetics of the species [62]. Here, the morphology of the roots of the same species may differ as the tree tries to adapt to the environmental constraints such as the growth medium (i.e., the physical, chemical, and biological characteristics of the soil) [138,139] and anthropogenic action (e.g., soil compaction) [140]. For example, the proliferation of the primary taproot may cease if it encounters a hard soil layer or is unable to access water, leading to the formation of numerous secondary roots near the primary root [138]. These factors affect not only the morphology of the roots but their mechanical properties. According to Likitlersuang et al. [139], the tensile strength of roots grown in non-soil media (e.g., hydroponic, rice husk ash) differs significantly from that of roots grown in natural soil. Cucchi et al. [80] reported that P. pinaster trees at the forest edge had larger windward roots compared to trees in the middle. Hence, the windward roots have a greater contribution to tree anchorage than the leeward roots. [29,105,134] reported that for larch trees, the windward lateral and the taproot contributed 75% to its anchorage, whereas the leeward contributed 25%. However, the latter is known to break only after the maximum anchorage moment is exceeded [29], which potentially calls into question if the relative contributions from the windward and leeward roots are correct. During a windstorm, trees can fail by uprooting, trunk breakage, crown, or branch failure. There is a dearth of studies on the correlation between tree roots and trunk biomechanics (e.g., Young’s modulus and tensile strength), root age, root volume, varying wind intensities, and tree stability.



One challenge that can be identified in terms of determining tree anchorage is that the techniques involved tend to be destructive [105]. Given the variability that can exist between trees and their associated soil conditions, it is not possible (at present) to accurately evaluate how the stability of an individual tree (or groups of trees) can vary throughout its (their) life.




4.3.4. Environmental Factors


Windthrow: Wind, Climate Change, Snow


Windthrow occurs when the force of the wind on the canopy of a tree, leveraged against the stem, surpasses the tree’s resistance to bending or uprooting [141]. Recurrent extreme winds, the intensity of weather events, topography, climate change, and regional climate patterns are the major abiotic factors causing windthrow [142]. According to the Beaufort scale, extreme winds are categorised into three groups based on their intensities: gales (17–24 ms−1), storms (25–33 ms−1), and hurricanes (>33 ms−1) [141]. In mid-latitude temperate zones, extra-tropical cyclones, which develop over the oceans, are a major source of recurrent gale and storm force winds, causing substantial damage to forests, particularly in coastal regions [143]. These cyclones are associated with counter-clockwise rotation in the Northern Hemisphere and often bring strong winds accompanied by considerable rainfall [144]. Convective storms can develop on hot and humid days [145], creating intense localised updrafts and downdrafts, leading to strong winds and causing windthrow [146]. Derechos are fast-moving lines of severe thunderstorms that generate straight-line winds, damaging trees and forests over significant distances. Non-synoptic storms such as tornadoes and thunderstorm downbursts occur at different scales and can produce high wind speeds resulting in significant localised treefall [147].



The severity of forest damage during extreme wind events primarily depends on its exposure, duration of the wind, maximum sustained wind speed, gustiness (turbulence levels), and precipitation [97,148]. Klein et al. [97] found that across eight different hurricanes, the survivability of sixteen tree species declined as the wind speed increased. Irrespective of other factors (e.g., soil type), sustained wind speeds of 25–29 ms−1 are sufficient to cause considerable damage to the forest [149]. However, studies suggest that the gust speed is the most critical factor, as trees tend to fail under the influence of gusts rather than mean wind speeds [150]. The identification and prediction of tree failure patterns is complicated, since the local wind speed, influenced by factors such as engineered structures, surface cover and topography can deviate from the average wind speed recorded at the meteorological stations.




Soil Strength


The likelihood of tree failure due to abiotic factors especially windstorms depends on not only the tree species (Figure 9) or morphology but also the soil characteristics (e.g., soil shear strength, pore water pressure, particle size distribution, etc.) [19,25,26]. Rahardjo et al. [19] reported that the tree anchorage failure modes (e.g., shear or slippage) are controlled by the soil characteristics. In their numerical model, the stability of the trees improved when the granite chips were mixed with the topsoil, making the soil coarser. During windstorms, soil failure reduces the tree anchorage, which in turn reduces the maximum bending moment the tree can withstand. This may enhance the degree of tree sway [151], which has the potential to increase the applied loading if the tree is swaying at or close to its natural frequency [98].



To potentially complicate matters further, it has been observed that during dynamic tree-pulling tests, there can be a build-up of pore water pressure beneath the roots, which in turn can result in the liquefaction of the soil and subsequent collapse of the tree [151]. For instance, Li et al. [152] reported that the lean of Eugenia Grandis under wind drag increased by 0.7% and 16.5% due to the increase in the constant modulus of the soil from 5 MPa to 20 MPa, respectively, resulting from changes in the matric suction. Therefore, the anchorage failure can be associated purely with the soil and not the breakage of roots.



The resistance of the soil to shearing can vary considerably depending on its properties. For example, research has shown varying failure mechanisms in trees depending on whether they are grown in clay or sandy soils. In clay soils with consistent shear strength, the failure mechanism has been found to be symmetrical; however, the failure mechanism is asymmetrical in sandy soils because the shear strength depends mainly on the overburden pressure [105]. A numerical model by Rahardjo et al. [19] suggested that replacing 80% of topsoil with granite chips led to an increase in the shear strength of the soil and could increase the resistance of the tree to pulling out by 15%–20%. They opined that the improvement in soil properties is more significant if the tree fails due to the shear failure of the soil. There are no experimental data to validate the result by Rahardjo et al. [19]; also, replacing the topsoil may not be practicable for large forests.




Soil Water Content


Previous studies have shown that the soil water content affects root anchorage in the soil [25,26,34,35,52,79,119,152,153]. Ray and Nicoll [79] investigated the effect of varying water tables on the development of the root plate and stability of Sitka spruce trees. The study results concluded that trees grown in soils with a shallow water table (0.3 m) had smaller and shallower root plates compared to those grown in soils with a deeper water table (0.6 m). They concluded that trees located in soils with a shallow water table have less resistance to being uprooted compared to trees growing in areas with a deeper water table. The result obtained by Ray and Nicoll [79] aligns with that of Kamimura et al. [26] who studied the stability of 30-year-old hinoki trees under typhoon-like soil conditions by subjecting them to different irrigation treatments. However, Kamimura et al. [26] noted that a decreased moisture content in the soil-root plate zone tends to increase tree stability, while increased moisture content of the soil below the root plate tends to decrease tree stability. The major limitation of both studies is that they did not provide robust statistical evidence or an empirical relationship between the soil mechanical strength and the stability of the trees. A recent study by Défossez et al. [25] suggested that the anchorage of Pinus pinaster does not decrease considerably with increasing moisture content in a sandy soil until the soil is fully saturated. Their result differs from that of Rahardjo et al. [19] and Rahardjo et al. [36] who reported that root resistance reduces significantly with wetting; however, while the study by Défossez et al. [25] was performed on a sandy soil, Rahardjo et al. [19] used a clay soil. The contrasting results highlight the need for nuanced laboratory and field assessments considering the interplay between soil type and moisture regime in affecting tree stability. A physical model where the different root architectures are represented with synthetic materials would be helpful in this regard.






4.4. Predicting Tree Stability


4.4.1. Numerical Models


Due to the advancements in plant architecture digitisation and numerical analysis techniques, several numerical simulations have been performed to improve the understanding of tree anchorage mechanisms without destructive testing of the tree [17,19,105,154,155,156,157]. The aforementioned researchers investigated the deformation of the root-soil composite due to the lateral loading of the tree using a finite element method. With the numerical approach, a comparison between the theoretical anchorage capabilities of various types of roots (e.g., tap, heart, plate-like, or herringbone root systems) can be assessed in different soil types (e.g., clay and sandy soils). However, only Dupuy et al. [17,19,105,154,155,156,157] performed the numerical simulation using a real root architecture, while the other studies simplified the root architecture as a root-soil plate [17,105,106,155]. By modelling the roots as a root-plate, most of the numerical models assume the diameter of the roots as uniform and the strength contribution of the roots is taken as summative even though the roots may break progressively during shear [19,155,156].



Some of the numerical models either neglect the friction between the root-soil system [19,156] or model the root-soil interaction as rigid [154]. The assumption of rigid root-soil interactions is based on the observation that roots are still embedded in a mass of soil even after uprooting [154]; however, this might not be always the case, especially for trees grown in less cohesive soils. Surface-to-surface interaction is important in numerical modelling because it could affect the accuracy and reliability of the simulations. For instance, in a pile foundation, 15%–50% variation in the resistance can result from the roughness of the interface between the pile and soil [158]. The results obtained by Dupuy et al. [154] show that soil cohesion is more critical for the tree uproot resistance than the mechanical properties of the roots. However, when a cohesive soil was used for the numerical simulation, Dupuy et al. [154] predicted an uproot resistance of the tree that overestimated field measurements by 70%, whereas with a frictional soil, the model underestimated the uproot resistance by 20%. This demonstrates that further studies are required to improve the accuracy of the numerical simulations for the prediction of tree stability.



Apart from the evaluation of the influence of the plant root architecture on tree stability, Rahardjo et al. [19] investigated the effect of improved soil properties on the stability of trees using SIGMA/W (Geo-Slope International Ltd., Calgary, AB, Canada), a finite element-based software, and static analysis (limit equilibrium method). The result from the numerical analysis suggested that the shear strength of the soil contributes more to the tree’s stability than the root architecture, although the outcome was not validated with a field or laboratory experiment. Conversely, a recent numerical study by Rahardjo et al. [156] argued that the stability of trees is not dependent on soil strength. Choosing appropriate elements for modelling is crucial in finite element analysis because it directly affects the accuracy and reliability of the analysis. Further investigation is required to ascertain the best element to be used in modelling plant roots and trunks. Most of the numerical models do not consider the contribution of the fine roots and the crown of the trees [17,154,155]. However, a study by Rahardjo et al. [156] showed that when the tree is pulled sideways, the crown has a higher lateral displacement as compared to the stem of the tree. Therefore, the crown can exert an additional overturning moment on the root system. Some of the numerical simulations have not been validated by experimental data [105] thus providing less confidence in the results.




4.4.2. Mechanistic Models


Most of the existing mechanistic models for predicting tree stability apart from Saunderson et al. [159] are based on either the HWIND or GALES models [30,55,109,113]. Saunderson et al. [159] developed a dynamic mathematical model to predict the stability of Sitka spruce in high winds. Their model features a vertical tapered cantilever representing the tree trunk with specified stiffness and mass distributions. The canopy is depicted as a cylindrical body with varying density at the top of the trunk. Wind loading is represented by a spatially constant distribution on the upper canopy with realistic spectral properties. Damping of the tree’s oscillations is exclusively due to aerodynamic factors. The complex fourth-order differential equations resulting from this model are solved using numerical methods. The model is then used to predict transfer functions that relate tree displacement spectra to wind spectra. The results from their study demonstrated good agreement with experimental spectra in predicting the natural frequency of trees.



The models based on the GALES or HWIND models calculate the probability of windthrow in the forests using the following steps: (i) determination of the above-canopy critical wind speed (CWS) that is needed to overturn trees or cause breakage of the trees and (ii) assessment of the local wind patterns and determining the likelihood of wind speeds at the level occurring at the specific geographic location where the trees are situated. For the GALES model, the CWS required to break or overturn the trees is calculated using Equations (1) and (2), respectively [109].


    C W S   b r e a k   =   1   k D         π M O R ×   D B H   3     32 ρ G   d − 1.3           1   2             f   k n o t       f   e d g e     f   C W           1   2       ln  ⁡      h − d     z   0          



(1)




where   k   is the Von Karman’s constant given as 0.4,   D   (m) is the mean spacing of the trees,   M O R   is the stem moment of resistance,   D B H   (m) is the diameter at breast height (typically measured 1.3 above ground level),   ρ   ( k g     m   − 3   )   is the air density,   d   (m) is the zero-plane displacement,   G   is a gust factor,     f   k n o t     accounts for the strength reduction due to knots,     f   e d g e     is the tree position concerning the forest edge,     f   C W     is the additional load due to crown weight,   h   (m) is the mean height of the trees, and     z   0     is the aero-dynamic roughness.


    C W S   o v e r   =   1   k D           C   r e g   S W   ρ G d         1   2           1     f   e d g e     f   C W           1   2       ln  ⁡      h − d     z   0          



(2)







    C   r e g     is a regression constant that accounts for the soil and rooting depth, and   S W   ( k g )   is the weight of the stem. The HWIND model calculates the total mean wind-induced force (  F ( z )  ) acting on a tree at height ‘  z  ’ using Equation (3):


    F   1     z   =   1   2     C   d   ρ u     z     2       z     2     A  ⁡    z      



(3)




where     C   d     is the drag coefficient,   u ( m   s   − 1   )   is the mean wind speed at height ‘  z  ’, and   A   is the streamlined projected area (m2) of the stem and crown. The next step in mechanistic modelling involves forecasting the likelihood of the CWS being surpassed using climate parameters [30]. This prediction relies on estimating the local wind climate, which varies depending on terrain complexity. Weibull parameters and the wind atlas analysis program (WAsP) and an airflow model are used to estimate the peak return period of the peak wind for flat and hilly terrains, respectively [160,161]. Alternatively, mechanistic models can be linked to empirically derived systems such as the Detailed Aspect Method of Scoring (DAMS) to accurately predict local Weibull parameters. For more complex terrain and wind climates, Weibull parameters can be determined through high-resolution numerical simulations based on weather forecast data. These parameters, combined with CWS information, are vital for building wind risk management tools for forestry assessments. More details on the mechanistic models can be found in the review by Gardiner et al. [30].




4.4.3. Advanced Statistical Models


Artificial Intelligence (AI) has emerged as an important tool in contemporary environmental science, with its applications increasingly evident in various research areas [162]. Since its introduction in forestry by Kourtz [163], AI has been applied in several aspects of forestry, including the prediction of forest fires [164], height of trees, forest classifications [165], and forest inventory [166]. However, the use of AI for modelling wind risk has received limited consideration [31,167,168,169,170]. Among several AI approaches, only artificial neural network (ANN), random forest (FR), and support vector machine (SVM) have been used for the investigation of tree susceptibility to failure. Hanewinkel et al. [168] and Jahani and Saffariha [170] employed a feed forward (multi-layer perception) neural network to predict wind risk. The multi-layer perception (MLP) neural network consists of multiple layers of interconnected nodes, or “neurons” [171]. MLP is a multi-layer version of feed-forward neural network with unidirectional input layers (i.e., without loops or cycles), traversing through hidden layers, and culminating in the output layer (Figure 10). Backpropagation is used to calculate the gradient of the loss function with respect to the weights. These gradients guide weight updates to minimise the error. The difference between the MLP and radial basis function neural network (RBFNN) is that the hidden neuron in the latter is activated using a Gaussian function [170]. Conversely, random forest is an ensemble machine learning method that combines multiple decision trees to make more robust and accurate predictions by averaging their outputs or using a voting mechanism.



Hart et al. [169] compared the effectiveness of artificial neural networks, a random forest (RF) analysis, and logistic regression (LOG) for predicting wind damage to individual trees within forested environments, with a specific focus on maritime pine forests. Their result shows that the RF model had a better accuracy (72.5%) compared to the ANN model (68.7%) and LOG (67%). This is similar to the accuracy range (71.9%–72.4%) obtained by Kamimura et al. [172] for LOG and NN models; however, it differed from Hanewinkel et al. [168] and Hanewinkel et al. [167], which showed that ANN predictions had greater accuracy compared to LOG models. Also, Jahani and Saffariha [170] reported that MLP (a type of ANN) achieved an accuracy of 97.7% in identifying wind-susceptible trees outperforming RBFNN (94%) and SVM (97%). However, Jahani and Saffariha [31] showed that the SVM model had a greater accuracy with 97.5% in predicting the stability of urban trees (Platanus orientalis) compared to RBFNN (87.9%) and MLP (94%). This heightens the impact of the geographical context on the ability of the models to predict the susceptibility of trees to windthrow. According to Hart et al. [169], the accuracies of the LOG and ANN models were found to be relatively sensitive to the exclusion of individual variables, particularly those related to site characteristics such as soil type, hydrological conditions, and ecological regions. In contrast, the RF model displayed remarkable insensitivity to the removal of individual variables and showed improved accuracy or discrimination when tree-specific parameters were removed [169]. This implies that the properties of the stand characteristics and vulnerable edges due to recently clear-felled trees had a greater contribution to the tree stability compared to the individual tree characteristics [169,172,173]. However, Jahani and Saffariha [170] demonstrated that both the tree and stand characteristics play the same role in the MLP model. Here, the stand characteristics (mean tree height and density) and tree properties (crown diameter and height) correlate negatively and positively with the trees susceptible to windthrow, respectively. One of the limitations of the study by Jahani and Saffariha [170] is that factors such as tree diversity, soil type, and forest edge were not included in the model. The applicability of these models to other forest types or regions may be limited due to the variations in environmental conditions, species composition, and forest management practices.



Finally, it is important to note the limitations of this study. This study focused solely on literature sourced from Web of Science-indexed journals, excluding grey literature and articles in non-indexed journals. Consequently, there could be an underestimation of journals from non-English-speaking countries, the number of citations, and collaborations. For future research, it would be valuable to consider a comparative analysis of articles published in different databases, including both indexed and non-indexed sources.






5. Conclusions


This study presents the first bibliometric analysis of tree stability-related literature. The key factors, research themes, and research gaps in the literature were identified and discussed. The analysis performed here serves to establish a baseline for the state of knowledge on the topic and, thus, identifies gaps in the knowledge, which serve to establish future research directions. The following conclusions can be drawn from this research:




	
The systematic literature review has provided interesting insights into research on tree windthrow and anchorage. It has demonstrated that most of the research published is constrained to a small number of countries in Europe or the USA with the majority published in four journals, i.e., Forest Ecology & Management, Forests, Urban Forestry & Urban Greening, and Forestry. Most of the research has been undertaken in temperate climates. Future studies could consider the effect of climate change factors such as severe windstorm on tree stability in other climates, e.g., tropical and sub-tropical climate regions.



	
The bibliometric analysis indicated that there are five themes (species, architecture, anchorage, models, and environmental factors) that reoccur in the publications. There is a noticeable increase in the use of artificial intelligence and machine learning since 2019, although it is reasonable to note that their application to windthrow is still in its infancy. Most of the models used are notably sensitive to the exclusion of specific variables, particularly those associated with site characteristics.



	
The most dominating factors influencing windthrow are the architecture of the tree and soil characteristics. The shape, density, and overall configuration of the tree crown affects how it interacts with wind, altering its resistance and susceptibility to wind-induced forces. Also, an understanding of the temporal variation of tree diameter and height due to management practices and forest structure is critical for ensuring tree stability.



	
Although the type and strength characteristics of the soil are recognised as a factor contributing to tree stability, there is a lack of robust data relating to the stability of different species of trees with respect to soil types and characteristics. Observations suggest that trees fail sometimes not as a result of root or stem damage but the failure of the soil. Further work is required in this area to gain a true understanding of windthrow.



	
Most research has been conducted on different species of the conifer family. These appear to be more susceptible to windthrow, as they do not shed their leaves during the winter when the most severe storms occur.



	
Existing windthrow models tend not to account for the temporal variation between the occurrence of stem and root damage during failure. As such, whether this is an important issue remains an unresolved question.



	
While physical tests have been undertaken (e.g., tree-pulling tests), recent advances in sensing technologies (e.g., optical fibres) potentially could provide enhanced insights into the root-soil behaviour.
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Figure 1. Volume of timber loss due to severe windstorms. (A): The timber loss from selected European windstorms [12,13,14,15]. (B): Comparison of the timber loss due to the 1999 Lothar and Martin windstorm with the 1998 annual timber removal in the countries most affected by the storm. (C): Comparison of the effects of the 1999 Lothar and Martin windstorm in the 8 most affected countries with the combined effect in Europe [8,16]. 
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Figure 2. Methodological framework used during the literature review and bibliometric analysis (WOSCC stands for Web of Science Core Collection; VOSVIEWER and RStudio are software packages used for visualisation of the bibliometric data). 
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Figure 3. The trend of annual publication and citations in tree stability research. 
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Figure 4. Citation analysis map showing the interrelationship between papers focused around four main themes. Articles with a minimum of 10 citations are included in the network. Also, the nodes are based on the strength of the citations, while the links represent the relationship between articles. (Red [19,21,23,28,35,51,52,62,63,64,65,66,67,68,69,70,71,72,73,74,75,76,77,78], Green [10,26,79,80,81,82,83,84], Blue [27,56,85,86,87,88,89,90,91,92], and Yellow [58,59,60,93,94,95,96,97,98,99] examined root systems and tree stability, wind damage and forest ecosystem, tree stability assessment and forest management, and tree dynamics and mechanical properties, respectively). 






Figure 4. Citation analysis map showing the interrelationship between papers focused around four main themes. Articles with a minimum of 10 citations are included in the network. Also, the nodes are based on the strength of the citations, while the links represent the relationship between articles. (Red [19,21,23,28,35,51,52,62,63,64,65,66,67,68,69,70,71,72,73,74,75,76,77,78], Green [10,26,79,80,81,82,83,84], Blue [27,56,85,86,87,88,89,90,91,92], and Yellow [58,59,60,93,94,95,96,97,98,99] examined root systems and tree stability, wind damage and forest ecosystem, tree stability assessment and forest management, and tree dynamics and mechanical properties, respectively).



[image: Forests 15 00513 g004]







[image: Forests 15 00513 g005] 





Figure 5. Co-authorship by country. Nodes represent the strength of links the countries have, while the green and red colours represent clusters of countries with more collaborations among themselves. Only countries with a minimum of 5 articles were included in the network. 
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Figure 6. Co-citation analysis network with 10+ keywords per cluster (keywords occur a minimum of 5 times). The distinct clusters were identified as follows: Cluster 1 (root anchorage) represented with red nodes and links [28,29,51,52,79,80,104,106,110,111] and Cluster 2 (wind risk model) represented with green nodes and links [30,61,108,109,112,113,114]. 
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Figure 7. Network illustrating keyword co-occurrences between 1983 and 2023. The red lines and nodes represent the first cluster, which focuses on tree stability/anchorage/morphology/wind/models, while the green lines and nodes represent the second cluster, which focuses on urban forestry/wood decay/tree risk assessment. 
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Figure 8. Clustering of publications using keyword co-occurrence by year of publication. The different colours and legend show the yearly evolution of the keywords. 
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Figure 9. Grouping of the keywords into themes with the occurrence count in brackets. The themes of species and environmental factors did not appear as keywords in the occurrence analysis but served as representative themes for the keywords. 
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Figure 10. Typical architecture of the multi-layer perception (MLP) neural network. 
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Table 1. Top 10 most prolific countries in tree stability research ranked by their publications. The number of citations and the ratio of citations to publications are included to aid in understanding the influence of the publications.
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	Country
	Publications
	Citations
	Citation/Publications





	USA
	43
	792
	18.4



	France
	23
	1474
	64.1



	Italy
	21
	260
	12.4



	China
	19
	236
	12.4



	Scotland
	17
	1273
	74.9



	Singapore
	14
	115
	8.2



	Canada
	13
	254
	19.5



	England
	11
	744
	67.6



	Czech Republic
	11
	40
	3.6



	Germany
	10
	165
	16.5










 





Table 2. Top 10 most prolific institutions in tree stability research ranked based on the number of publications, country, and number of citations.
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	Institutions
	Country
	Publications
	Citations





	University Massachusetts
	USA
	14
	181



	National Research Institute for Agriculture, Food, and the Environment (INRAE)
	France
	12
	1031



	Nanyang Technology University (NTU)
	Singapore
	12
	107



	National PK Board
	Singapore
	11
	99



	University Bordeaux 1
	France
	10
	623



	University Florida
	USA
	9
	63



	Mendel University Brno
	Czech Republic
	7
	16



	University Joensuu
	Finland
	7
	216



	Latvian State Forest Research Institute (SILAVA)
	Latvia
	6
	164



	University of Georgia
	USA
	5
	92










 





Table 3. Top 10 prolific journals in tree stability research ranked based on their number of publications (NP). The impact of the publications was assessed using the following factors: h-index, g-index, total citations (TC), and publication starting year (PY start).
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	Source
	NP
	h-Index
	g-Index
	TC
	Rank
	PY Start





	Forest Ecology and Management
	22
	14
	22
	610
	1
	1992



	Forests
	22
	6
	9
	109
	2
	2014



	Urban Forestry & Urban Greening
	21
	8
	13
	197
	3
	2009



	Forestry
	15
	11
	15
	819
	4
	1986



	Plant and Soil
	11
	11
	11
	884
	5
	1983



	Trees Structure and Function
	10
	8
	10
	256
	6
	1990



	Canadian Journal of Forest Research-Revue Canadienne De Recherche Forestiere
	8
	8
	8
	207
	7
	1993



	Journal of Experiment Botany
	6
	6
	6
	379
	8
	1991



	American Journal of Botany
	4
	4
	4
	373
	9
	2002



	Tree Physiology
	4
	4
	4
	405
	10
	1996










 





Table 4. Zone-wise categorisation of the journals following Bradford’s law.
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	Zone
	Number of Journals (92)
	Journal Percentage (%)
	Total Articles (234)
	Article Percentage (%)





	Zone 1
	4
	4.3
	80
	34.2



	Zone 2
	19
	20.7
	77
	32.9



	Zone 3
	69
	75
	77
	32.9
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