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Abstract

:

Forest aboveground biomass (AGB) is not simply affected by a single factor or a few factors, but also by the interaction between them in complex ways across multiple spatial scales. Understanding the joint effect of stand structural characteristics and climate factors on AGB on large scales is critical for accurate forest carbon storage prediction and sustainable management. Despite numerous attempts to clarify the relationships between stand structural characteristics (tree density/TD, diameter at breast height/DBH, basal area/BA), climate factors (mean annual temperature/MAT, mean annual precipitation/MAP), and AGB, they remain contentious on a large scale. Therefore, we explored the relationships between stand structural characteristics, climate factors, and AGB at a biome level by meta-analyzing datasets contained in 40 articles from 25 countries, and then answered the questions of how stand structural characteristics influence AGB at the biome level and whether the relationships are regulated by climate on a large scale. Through using regression analysis and the establishment of a structural equation model, the results showed that the influence of basal area on AGB at the biome level was more substantial than that of tree density and DBH, and the significant relationship between basal area and AGB was relatively stable regardless of biome variation, but the effects of tree density and DBH was non-negligible within the biome. Climatic factors (e.g., temperature and precipitation), should be considered. Our meta-analysis illustrated the complicated interactions between climate factors, stand structural characteristics, and the AGB of forests, highlighting the importance of climate effects on regulating stand structural characteristics and AGB relationships. We suggest that basal area be preferred and considered in forest sustainable management practice to optimize stand structure for increasing carbon storage potential, with close attention to local climate conditions. Overall, our meta-analysis will crucially aid forest management and conservation in the context of global environmental changes, and provide novel insights and a scientific reference to lead to future carbon storage research on large scales.
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1. Introduction


Changes in carbon storage in terrestrial ecosystems have far-reaching implications for the carbon cycle of the global ecosystem and climate change [1,2]. Forest ecosystems play a vital role in the global carbon cycle. Furthermore, mitigation of the detrimental impact of global warming has great significance in ecosystem stability and function [3,4]. Thus, accurate forest biomass estimation is necessary and has been the main area of focus in climate change research, forest management, and sustainable development [5,6,7,8,9,10,11,12,13]. Forest degradation and deforestation caused by human activities and climate change pose a significant challenge to ecosystem function and sustainable development. An estimated 420 million ha of forest has been lost worldwide through deforestation since 1990, and the total carbon stock in forests decreased from 668 gigatonnes in 1990 to 662 gigatonnes in 2020 [14]. Thus, increasingly widespread concern about global climate change has led to an interest in reducing carbon emissions through quantifying carbon sequestration by forests [15]. Biomass is a valuable indicator in forest stand structure assessment and forest carbon stock estimation [16]. Aboveground biomass (AGB) and carbon storage are commonly derived from tree inventory data (diameter and height) [17,18]. In contrast, tree density, species diversity, and other forest structural attributes are interlinked with carbon storage in the forest ecosystem [19,20,21]. Along with variety, stand structure is equally critical in deciphering management implications [22].



It is widely accepted that current increases in forest biomass result partially from the positive effects of climate change and changes in forest management [23,24,25,26]. Additionally, numerous studies have suggested that mean annual temperature (MAT) and mean annual precipitation (MAP) are the main factors influencing forest biomass across broad geographic scales and climatic gradients, e.g., [27,28,29]. However, whether and to what extent climate influences forest biomass changes remain debatable [30]. For example, as carbon sinks, tropical forests are prone to carbon losses caused by variations in stand structure and species composition [31,32,33,34]. The positive effects of climate change on forest biomass may be offset by increasing climatic variability and extreme climate events, such as intense drought and extremely low temperatures [35]. Thus, temperature and precipitation can constrain AGB through seasonality and extended dry periods, such as by regulating the relationships between functional traits, including stand structure, and AGB at a community level through the length of the growing and the dry seasons [36,37,38]. Specifically, AGB is directly associated with stand structure as it is influenced by climate.



Previous studies have indicated that lower TD and BA affected forest biomass in tropical forests [31,39,40]. Furthermore, in subtropical or pantropical forests, community composition and stand structure (mainly as it relates to tree height) significantly impact AGB [41,42]. In temperate forests, TD, DBH, and BA tend to determine biomass allocation and AGB [43,44]. Future forest carbon sinks could be affected by large-scale changes in mortality and growth rate due to climate, stand structure, and their interactions [45,46]. In addition, these drivers, which are used to predict climate change’s effects on forest biomass, can also interact in complex ways across various spatial scales [47]. These studies on small scales contribute to our understanding of how climate change impacts forest dynamics and ecosystem services, which are crucial for managing forests and conserving biodiversity in the context of global environmental changes. However, the present relationships between the factors mentioned above (e.g., stand structural characteristics, climate factors, and aboveground biomass) remain contentious at a large scale. Therefore, an enhanced understanding of how stand structural characteristics and climate factors influence AGB in forests at large scales is essential for estimating future potentials in forest carbon storage. In particular, for sustainable forest management, the deeper comprehension is needed because the optimized stand structure will affect seedling regeneration in forests, and the regeneration will ultimately determine tree species composition of forest stands and, hence, the AGB. Here, the objective of our meta-analysis was to examine the relationships between stand structural characteristics and AGB, and further make it clear how climate (e.g., temperature, precipitation) affects this relationship. More specifically, we sought to answer the following scientific questions:



(1) What effect do stand structural characteristics have on AGB, and how do such trait effects compare?



(2) How do climate factors affect the relationships between stand structural characteristics and AGB?



We hypothesized that temperature and precipitation would affect the stand structural characteristics–AGB relationships. To test the hypothesis, we conducted a meta-analysis on the effect of MAT and MAP on the relationships between TD, DBH, BA, and AGB through a systematic literature review. We firstly evaluated the relationship variation between stand structural characteristics and AGB in each biome (e.g., boreal forest, temperate seasonal forest, tropical rain forest, and tropical seasonal forest). We then explored the joint influence of stand structural characteristics and climate factors on AGB across all biomes. Finally, we investigated the multiple relationships between stand structural characteristics, climate factors, biome, and AGB.




2. Materials and Methods


2.1. Literature Search and Data Compilation


A systematic literature search was conducted using the subject headings “forest structure” AND “stand structure” AND “aboveground biomass” AND “forest biomass” to search published articles in the Web of Science, Google Scholar, Open Access Library, and CNKI, while Google Scholar and the Open Access Library were used to download articles that are not accessible in the Web of Science. The articles that were shortlisted for analysis had to be published in English and exclusively focused on stand structure–AGB relationships. Hence, the relevant literature up to December 2022 were identified and filtered on the basis of the following strict criteria: (1) each experiment must cover one or more sample plots; (2) studies must present stand structural characteristics, including DBH, TD, and BA in each site; (3) studies must be based on stand-level field research, not greenhouse or growth chamber pot experiments; and (4) the forest stands must cover either managed or non-managed natural and secondary forest. Following the criteria for the literature selection, 40 articles from 25 countries (Supplementary Figure S1) were ultimately included in our meta-analysis. With regard to data compilation, most data were directly obtained from the original articles, whereas a small portion of data were extracted from figures and tables using GetData Graph Digitizer 2.2 (Free Software Foundation, Boston, MA, USA). Finally, 227 entries of DBH, BA, TD, and AGB data (Supplementary Table S1) were included in our datasets for analysis. Here, these values of stand structural characteristics and AGB refer to a stand level. To analyze the interactive effects of climate factors (MAT, MAP) on AGB, MAT and MAP data of the sampling points in our datasets were extracted directly from the 40 articles. Meanwhile, the sampling points from the literature were classified into four biomes (e.g., boreal forest, temperate seasonal forest, tropical rainforest, and tropical seasonal forest) based on the MAP and MAT of each point using Whittaker’s biome diagram [48].




2.2. Data Analysis


In the meta-analysis, we aimed to evaluate the relationship between stand structural characteristics and AGB within biomes and, further, the impact of climate on these relationships. To analyze the relationship of stand structural characteristics and AGB, the log transformation was first undertaken for each variable to ensure that they conformed to a normal distribution [49]. Then, the regression relationship between stand structural characteristics and AGB were described by the following allometric growth equation (Equation (1)):


lg y = α (lg x) + β



(1)




where y and x represent the AGB values and different structural characteristics in the stand, α is the allometric exponent (the slope of this equation), and β is the allometric constant (the intercept of this equation); the slope is compared against α = 1, representing the isometric relationship between two variables when the slope is exactly α = 1, and the allometric relationship when it does not (α < 1 or α > 1) [50,51,52]. Then, the approach of standard major axis regression analysis (SMA) was used to assess the parameters α and β, and the allometric relationship between structural characteristics and AGB was tested through a comparison to 1.0; if the slope α is significantly different from 1.0, this indicates an allometric relationship between stand structural characteristics and AGB; otherwise, they are isometric [49,53]. To explore the joint effects of MAP, MAT, and stand structural characteristics on AGB across all biomes, multiple linear regression analysis (MLR) was carried out, and the variance inflation factor (VIF > 10) was used to estimate the collinearity between variables in the analysis [54,55]; meanwhile, a Pearson correlation analysis was conducted to analyze the correlation between stand structural characteristics and climate factors.



Structural equation modeling (SEM) was used to assess the multiple effects of MAT, MAP, TD, DBH, BA, and the biome on AGB, and, furthermore, the relationships in the multivariate data and the complex relationships and causality between variables were identified. For the evaluation of the most effective SEM, several statistical parameters including the chi-square (χ2) test, goodness-of-fit index (GFI), comparative fit index (CFI), and standardized root mean square residual (SRMR) were used in the model. Here, we used the χ2 test to critically evaluate the model fit and selection of SEM. These indicators for a strong model fit to the data contained an insignificant (p > 0.05) χ2 test statistic, SRMR < 0.05, and GFI and CFI > 0.90, and the lowest AIC was selected as our final model among all acceptable models [19,56]. The SEM explained that a combination of factors, namely MAT, MAP, TD, DBH, BA, and the biome, would result in direct and indirect effects on AGB. All data processing, statistical analysis, and graphing were conducted using MS Excel, R 4.2.3 (https://www.r-project.org/, accessed on 20 March 2023), Amos 26.0 (https://www.ibm.com/spss, accessed on 24 December 2022), Origin 9.4 (OriginLab, Northampton, MA, USA), and ArcGIS 10.7.





3. Results and Analysis


3.1. Allometric Relationship of Stand Structural Characteristics and AGB


An SMA was performed to determine the allometric relationship between variables (Figure 1). The results showed that the allometric relationships were different across all biomes. Firstly, significant allometric associations of TD (α = −0.417; CI = −0.640, −0.272; p < 0.001) and DBH (α = 0.575, CI = 0.389, 0.851; p < 0.05), respectively, with AGB were observed, indicating that the growth rate in AGB exceeded TD and DBH in boreal forest (Figure 1a). In terms of temperate seasonal forest, the relationship of TD and AGB was significantly allometric (α = −0.76, CI = −0.908, −0.637; p < 0.05), whereas the relationships were not found for DBH nor BA (p > 0.05), indicating an isometric growth of DBH and BA, respectively, and AGB in this biome (Figure 1b). Moreover, significant allometric relationships of BA (α = 1.309, CI = 1.135, 1.510; p < 0.001) and DBH (α = 1.524, CI = 1.122, 2.069; p < 0.05), respectively, with AGB were observed in tropical rainforest (Figure 1c), whereas those of TD and AGB non-significant (p > 0.05). Meanwhile, significant allometric relationships of BA (α = 1.145, CI= 1.026, 1.279; p < 0.05) and TD (α = 0.608, CI = 0.471, 0.785; p < 0.001), respectively, with AGB were further found in tropical seasonal forest, whereas there was an isometric relationship between DBH and AGB here (p > 0.05) (Figure 1d).




3.2. Interrelation of Stand Structural Characteristics and Climate Factors


As shown in Table 1, correlation analysis indicated the significant correlation (p < 0.05) between stand structural characteristics and climate factors in boreal forest, which stated that the considerable influence of BA on AGB was related to climate factors. In addition, BA was negatively correlated with TD (r = −0.450, p < 0.05), whereas it was positively correlated with DBH (r = 0.743, p < 0.01), indicating that the increase in DBH rather than TD was suitable for BA in boreal forest. Significant correlations of TD and climate factors, such as MAT (r = 0.262, p < 0.01) and MAP (r = 0.231, p < 0.05), were observed in temperate seasonal forest; meanwhile, a negative correlation of TD with DBH (r = −0.205, p < 0.05) and positive correlation with BA (r = 0.246, p < 0.05) were also found, indicating that the relationship of TD and AGB was not simply affected by climate factors, but associated with DBH. This further revealed that increasing TD will promote BA in temperate seasonal forest. Moreover, MAP was positively correlated with BA (r = 0.499, p < 0.01) in tropical rainforest, indicating the reciprocal effect of MAP and BA on AGB. However, BA was not significantly correlated with any stand or climate factors in tropical seasonal forest (p > 0.05), whereas TD (p < 0.05) and DBH (p < 0.01), respectively, were associated with climate factors.




3.3. Joint Influences of Stand Structural Characteristics and Climate Factors on AGB


Multiple regression analysis indicated that AGB was jointly influenced by stand structural characteristics and climate factors (Figure 2). In terms of boreal forest, stand factors jointly influenced AGB, and a significant effect of BA on AGB was observed (r = 0.803, p < 0.05) (Figure 2a). However, BA (r = 0.647, p < 0.001) and TD (r = −0.387, p < 0.001) significantly affected AGB (r = 1.041, p < 0.05) in temperate seasonal forest, and the influence of BA was stronger than TD; meanwhile, a significant effect of MAT on AGB was found (r = −0.226, p < 0.01), showing a joint influence of a stand structural characteristic and climate factor on AGB (Figure 2b). Similarly, BA significantly affected AGB in tropical rainforest (r = 0.665, p < 0.001); meanwhile, a significant effect of DBH (r = 0.216, p < 0.05) and MAP (r = 0.226, p < 0.05) on AGB was observed here (Figure 2c). In addition, a significant effect of BA on AGB was found in tropical seasonal forest (r = 0.804, p < 0.001) (Figure 2d). According to the relative contribution of stand structural characteristics and climate factors to AGB across all biomes, the results revealed that TD, DBH, and BA explained 37.8% of the variation in AGB in boreal forest. Concerning the temperate seasonal forest, the contribution of stand structural characteristics and climate factors to AGB totaled 51%. A higher contribution of stand and climate factors was found in tropical rainforest (78.6%) and seasonal forest (64.9%), indicating a more substantial influence of stand structural characteristics and climate factors on AGB in tropical forest than in temperate and boreal forest (Figure 3).




3.4. The Establishment of SEM among Observed Variables


Our results (Figure 4) revealed that the final selected and best-fit SEM with the different paths for the interrelationships between climate factors, stand structural characteristics, and biome explained 43% of the variation in AGB. Meanwhile, the climate factors explained 3%, 7%, and 2% of the variation, respectively, in TD, DBH, and BA. An important role of climate factors was found when stand structural characteristics influenced AGB. However, at this point, the effects of climate factors were indirect. The SEM showed that BA had a significant impact on AGB (p < 0.001), which was promoted directly by MAT and MAP. TD had a non-significant impact on AGB, but MAP significantly and directly affected TD (p < 0.05). Meanwhile, DBH significantly affected AGB (p < 0.05), which was related to the direct effects of MAT (p < 0.001) and MAP (p < 0.01). Despite climate factors being associated with biome (p < 0.001), it was shown that the biome did not have a direct or indirect effect on stand structure. However, the biome significantly and directly affected AGB (p < 0.05). Furthermore, a significant influence of climate factors on AGB was observed in the SEM (p < 0.001), which was related to the biome (p < 0.001).





4. Discussion


4.1. Differences between Stand Structural Characteristics in Terms of Their Influence on AGB within Biomes


As the main characteristics of stand structure, TD, DBH, and BA strongly influenced AGB. However, owing to different abiotic and biotic conditions, the influence of stand structural characteristics on AGB differed across all biomes [57,58]. Alexander’s finding [43] showed that DBH and BA significantly influenced AGB in boreal forest, and the significance of BA on AGB was also found on a large scale in our study. However, Wang et al. [59] revealed that TD significantly affected AGB in boreal forest (e.g., Korean pine forests). Our findings further showed that the relationship between TD and AGB was allometric in boreal forest, which may be associated with regeneration after a fire and human disturbance [60,61]. Previous results revealed that AGB in Larix gmelinii stands remained constant at decreasing TD due to fire and nutrient limitations triggered by competition [62], indicating the important effects of self-thinning on AGB at the biome level [63]. The relationships between TD and AGB in competitive environments were mediated by tree crowns, since TD significantly influenced crown structure, including branches and leaves, by regulating crown growth in order to obtain plenty of sunshine [64,65,66]. However, tree death from repeated ground fires and slow recovery due to nutrient limitations changed self-thinning trajectories [67]. Particularly in even-aged stands that regenerated after fire, since the relationship between competition and habitat conditions are more complicated, the association of TD and AGB might be affected by insect outbreak or windthrow [68]. TD significantly affected AGB in temperate forest, consistent with the findings of Yang et al. [69]; meanwhile, an allometric relationship of TD and AGB was found within this biome. Most likely, community type and species diversity should be considered, such as in broadleaf and conifer forests or mixed forests [70], since trees’ biological traits (e.g., leaf area, thickness) may regulate different nutrient uptake and partitioning. Moreover, due to the resource complementarity effect, inter-species interactions drive trees to make efficient use of light, water, and soil nutrients [71,72].



Our study revealed that DBH significantly influenced AGB in tropical rainforest, likely because dominant tree species regulated the aboveground resource allocation via luxuriant branches, which have a positive feedback on carbon storage [73]. The relationship may also be explained by increased light capture and light use efficiencies in association with complex tree-sized structures [74,75], showing different responses of different-sized trees to light efficiency. Several authors have confirmed that large trees increased AGB in the natural forests [76,77,78], since large trees could obtain and utilize more nutrients through a well-developed root system and crown structure, and govern carbon sequestration [79]. However, the effects of small trees in a stand should not be ignored, since in forests with dense small DBH trees in larger numbers, and many sparse large trees, AGB was stable [80]. Our finding also showed a strong correlation between TD and AGB in boreal and temperate forests. Most likely, there is a competitive exclusion mechanism in forests; for example, large trees lead to species competition in different ways, and, hence, directly lead to a reduction in TD and indirectly to AGB [81]. A significant allometric relationship of TD and DBH, respectively, with AGB was found in tropical forests, where it has been confirmed that the relationships were related to site condition, tree age, tree species diversities, and origin of the forest [15,82,83,84,85].



BA significantly influenced AGB across all biomes in our results. Conversely, Alexander et al. [43] and Taylor et al. [86] concluded that a non-significant relationship occurred in the boreal forest of interior Alaska and central Canada, indicating the significance of the geographical environment. However, in southern Finland, the significant association between BA and AGB resulted from forest management [87], such as felling [88], which indicated that harvesting may alter the influence of BA on AGB regardless of stand age and species diversity. In this study, we showed a correlation between TD, DBH, and BA in boreal forest, which means that if felling reduced TD, fewer trees may affect DBH and BA, and, hence, AGB. It is perhaps for this reason that DBH and AGB were allometric. Similar management may also influence the relationship between BA and AGB in tropical forests [89,90]. Nevertheless, in unmanaged forests, BA in the upper trees significantly affected AGB; therefore, the vital role of dominant trees should be noted [91]. Furthermore, numerous authors have suggested that the relationship of BA and AGB in the tropics was involved in tree species, elevation, tree age, and soil properties [17,92,93,94], which may explain the potential reason for the allometry between them. In temperate forest, it was found that the significant influence of BA on AGB was consistent with previous studies [43,95]; however, the influence was not absolute due to dominant species. Even if the BA of different sizes of trees was a strong driver of AGB, overstory trees dominated the relationship and played a more critical role than the understory trees [96]. Moreover, owing to the dominant species, the effect of BA on AGB was stable with the change in altitude [97]. In our results, we did not find a significant correlation between BA and DBH in spite of the substantial impact of BA on AGB in temperate forest. However, other findings showed that BA in medium–small DBH trees had the most important effect on AGB, whereas BA in large trees slightly affected AGB, which may be related to tree species diversity [98].




4.2. Determinants of Co-Driving AGB among Climate, Stand Structural Characteristics, and Biome


Previous studies have proposed factors that govern forest AGB, highlighting several climatic variables, including MAT and MAP [28,99]. A consensus has yet to be reached on which climate variables are more important in terms of affecting the relationships on different spatial scales [86]. Our results revealed that both climate factors and stand structural characteristics jointly influenced AGB across all biomes, whereas there was a significant influence on AGB mainly in temperate and tropical rainforest. A possible explanation was that climate factors regulated stand structure in forests, and, hence, AGB. Specifically, temperature drives the trees’ utilization of light energy within the photosynthetic uptake processes to increase AGB [100]. In previous studies, the linear relationship between absorbed photosynthetic radiation and tree biomass has been confirmed for different tree species [101]. The temperature, which regulated the relationship of stand structure and AGB, could also have an adverse impact on AGB. For instance, the increasing temperature may lead to an increase in fire risk in the future [102], especially in boreal and temperate forests, since the risk of extreme fire events was expected to trigger great AGB loss [103]. Our results revealed that precipitation and BA together influenced AGB in tropical rainforest, and BA had a significant correlation with the precipitation, indicating that precipitation may influence BA and, thus, AGB. Similarly, the interrelations between stand structure characteristics and precipitation were also observed in tropical seasonal forest. Nevertheless, the climate factors and BA did not jointly affect AGB in this biome, which has been revealed in other studies due to influences of the topography [104,105,106], soil properties, management protocols, and species diversity [107,108,109,110]. Additionally, we found that the contribution of climate and stand factors to AGB in tropical and temperate forests was greater than that in boreal forest, but the potential ecological reasons remained unclear on a large scale.



Either a direct or indirect effect on AGB for climate, stand structure, and biome was further observed through the SEM. It was indicated that both temperature and precipitation had a direct effect on stand structure and AGB, which was not entirely consistent with the previous results showing the more important influence of temperature on AGB than other climatic variables [111]. This was likely associated with diverse biomes in our study on a large scale. Although our finding did not reveal any direct or indirect effects of biome on stand structure on a large scale, previous findings have confirmed that climate factors influenced stand structure due to biome on a local scale [112,113]. Most likely, the mutual effects of biome and climate factors reflected trees’ different growth strategies in adaptation to favorable climatic conditions [67,114,115]. This indicated that the effect of biome on the relationship between stand structure and AGB should be considered regardless of scales. Previous findings revealed that climate factors alone cannot explain the patterns of AGB on the regional scale [116], showing the interaction between temperature and precipitation in the influence on AGB, which was further confirmed in our findings. Moreover, we found that temperature and precipitation together had a direct effect on stand structural characteristics, especially on DBH and, thus, AGB; however, climate factors alone significantly and directly affected TD and BA and, hence, AGB, which means there were no fixed patterns in the effects of climate variables on the relationship between stand structure and AGB.




4.3. Study Limitations and Weaknesses


Our review highlights an important issue related to carbon storage across all biomes in recent years. Unfortunately, there were still potential research shortcomings and biases due to there being fewer datasets from limited studies with fewer biome types and fewer countries included. Although temperature and precipitation directly affected stand structural characteristics and, hence, AGB on a large scale, the common effects of climate factors and other stand structural characteristics such as tree height and crown breadth rather than only TD, DBH, and BA may affect AGB at the biome level, particularly in tropical and temperate forests. In the process of carrying out the meta-analysis, we found that fewer original studies directly resulted in smaller datasets, and, hence, affected the research results. For instance, our meta-analysis indicated that basal area had a more substantial influence on AGB than that of tree density and DBH in the boreal, temperate seasonal, tropical rain, and tropical seasonal forests; however, the relationships may be changed with variation in tree age, regional scale, and biodiversity, which were not fully revealed due to inadequate data on tree age in the original articles. Owing to the fewer original studies on the relationship between stand structural characteristics and AGB, including an incomplete data set or fewer parameters on stand structure (e.g., only one or two indicators used in characterizing the stand structure) in the literature, a comprehensive and detailed explanation of the complicated relation between climate, stand structure, and AGB could not be presented in the meta-analysis. Furthermore, this may give rise to several large and mostly unexplained relationships between stand structural characteristics and AGB in different aged stands, especially in forests of the underrepresented regions, or in undiscovered and complex biomes. In addition, an ecological mechanism of stand structural characteristics–AGB relationships could not be understood in depth due to the limited datasets from fewer original studies. In fact, our initial idea was to explore the relationships between stand structural characteristics of different sized trees and AGB in different temperature and precipitation conditions through a comparison of plantation forests and natural or secondary forests, which, however, was replaced due to the low number of original studies on the relationship between stand structural characteristics and AGB in plantation forests. However, it is also possible that several original articles were not found due to the limited databases. Nevertheless, we agree that temperature and precipitation will likely be a major determinant in the environmental components of regulating stand structural characteristics and AGB relationships, and large datasets are essential for detailed meta-analysis research on a large scale.





5. Conclusions


Understanding the relationships of stand structural characteristics and AGB on a large scale is vital to both predicting the rate and potential of forest carbon storage and guiding future multifunctional forest management in the face of global environmental changes. The effects of climate factors and stand structural characteristics on AGB were discussed based on a comparative analysis of the datasets used in our meta-analysis. The results showed that the important effects of stand structural characteristics and climate factors in increasing AGB should be considered for sustainable forest management. Different stand structural characteristics had different impacts on AGB within biomes; through comparison between stand structural characteristics, the significant influences of basal area on AGB were found to be more substantial than those of tree density and DBH in the boreal, temperate seasonal, tropical rain, and seasonal forest. Therefore, the main stand structural characteristic affecting AGB was undoubtedly basal area; however, the influence of tree density and DBH should not be ignored at the biome level. This study sheds light on the complicated interactions between climate factors, stand structural characteristics, and AGB in forests, and highlights that both temperature and precipitation affect the relationship between stand structural characteristics and AGB on a large scale, hence supporting our hypothesis. Therefore, to increase AGB and forest carbon storage, we suggest that basal area be preferred and considered in forest management practice to optimize stand structure for promoting AGB growth, with close attention to local climate conditions. Moreover, in terms of a meta-analysis on the potential for forest carbon storage on a large scale, future research should concentrate on clarifying the relationship between other stand structural characteristics and AGB in natural forests under hydrothermal conditions, and could also attempt an extended study of plantation forests using an adequate dataset.
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Figure 1. Allometric relationships of stand structural characteristics and AGB in boreal forest (a), temperate seasonal forest (b), tropical rainforest (c), and tropical seasonal forest (d). The diamond’s position relative to the box indicates the slope, and the two short horizontal lines denote the confidence interval (CI). DBH: diameter at breast height; TD: tree density; BA: basal area. 
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Figure 2. Multiple regression relationships of stand structural characteristics, climate factors, and AGB in boreal forest (a), temperate seasonal forest (b), tropical rainforest (c), and tropical seasonal forest (d). The significant results are indicated with an asterisk (* p < 0.05; ** p < 0.01; *** p < 0.001). MAP: mean annual precipitation; MAT: mean annual temperature; DBH: diameter at breast height; TD: tree density; BA: basal area. 
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Figure 3. Total contribution of stand structural characteristics and climate factors to AGB. 
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Figure 4. The final best-fit structural equation model (SEM) for evaluating multiple influences of climate factors (MAT, MAP), stand structural characteristics (tree density, DBH, basal area), and biome on AGB. “−” are negative relationships while “+” are positive ones, and the dotted line indicates insignificant relationships (* p < 0.05; ** p < 0.01; *** p < 0.001). R2 indicates the total variation in a dependent variable that is explained by the combined independent variables. MAP: mean annual precipitation; MAT: mean annual temperature. 
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Table 1. Relationships of stand structural characteristics and climate factors.
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Biome

	
Variables

	
MAT

	
MAP

	
TD

	
DBH




	
Boreal

forest

	
MAP

	
0.951 **

	

	

	




	
TD

	
−0.473 *

	
−0.599 **

	

	




	
DBH

	
0.781 **

	
0.841 **

	
−0.594 **

	




	
BA

	
0.816 **

	
0.803 **

	
−0.450 *

	
0.743 **




	
Temperate

seasonal forest

	
MAP

	
0.263 **

	

	

	




	
TD

	
0.262 **

	
0.231 *

	

	




	
DBH

	
0.12

	
−0.12

	
−0.205 *

	




	
BA

	
0.06

	
0.15

	
0.246 *

	
0.13




	
Tropical rainforest

	
MAP

	
0.09

	

	

	




	
TD

	
0.786 **

	
−0.08

	

	




	
DBH

	
−0.32

	
0.24

	
−0.31

	




	
BA

	
−0.12

	
0.449 **

	
−0.07

	
0.10




	
Tropical

seasonal forest

	
MAP

	
−0.302 *

	

	

	




	
TD

	
0.03

	
−0.311 *

	

	




	
DBH

	
−0.691 **

	
0.559 **

	
−0.25

	




	
BA

	
−0.24

	
−0.10

	
0.07

	
−0.07








* indicates a significant correlation at the 0.05 level, and ** represents significance at the 0.01 level. MAP: mean annual precipitation; MAT: mean annual temperature; DBH: diameter at breast height; TD: tree density; BA: basal area.



















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
(a)

|
-0.9 0.6 0.3 0.0

(c)

03 0.6 0.9
Beta coefficient
sk
*
*
| | | | | | |
—0.8 -0.6 -04 —0.2 0.0 0.2 0.6 0.8

Beta coefficient

(b)

& koK

ko

kK

-0.8

(d)

T T T 1 T T T 1
-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8

Beta coefficient

-0.9

-0.6 -0.3 0.0 03 0.6 0.9

Beta coefficient





nav.xhtml


  forests-14-00896


  
    		
      forests-14-00896
    


  




  





media/file2.png
(a)

(c)

0.0 H

—0.5 4

TD-AGB

|
DBH-AGB

BA-AGB

0.9 -

Slope

-0.9 <

_1_8_

|
TD-AGB

|
DBH-AGB

I
BA-AGB

0.7

0.0

CI

-14

0.7

0.0

CI

(b)

(d)

0.6

Slope

0.0 4

0.6

T
TD-AGB

|
DBH-AGB

|
BA-AGB

0.5 1

Slope

=0.5 -

_1_0_

-1.5 1

I
TD-AGB

I
DBH-AGB

I
BA-AGB

0.7

0.0

ClI

0.7

0.0

|





media/file5.jpg
Boreal forest

100%
0%
0%
Tropical / Temperate
seasonal forest o5 seasonal forest

Tropical rainforest





media/file3.jpg





media/file1.jpg





media/file7.jpg
049, GFI = 0.974, CFI = 0.974, A





media/file0.png





media/file8.png
0.32° aq G,

Fu
*a
*a
......
Fa
o
Fa
*a

.3.-:':: A J

_ 0.1 Abo;vegrmmd 0.19°
biomass <

r 3

&

-0.52 o

Q2 TG

0. 71

4l
|

-0.10
Model goodness fit: x?/df = 3.49, SRMR = 0.049, GFI=0.974, CFI1 = 0.974, AIC = 64.95.






media/file6.png
Boreal forest
100%

80%

60%

Tropical
seasonal forest

\ Temperate

seasonal forest

Tropical rainforest





