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Abstract

:

Biomass and net primary productivity (NPP) are important factors for studying terrestrial carbon storage and the carbon cycle. Using data from existing literature, this study synthesized and analyzed a comprehensive database of direct field observations of forest biomass and NPP for Southwestern China. The biomass of mature natural forests and mature planted forests range from 81.2 Mg·ha−1 to 692.6 Mg·ha−1 (mean = 288.1 Mg·ha−1) and from 76.8 Mg·ha−1 to 670.1 Mg·ha−1 (mean = 181.5 Mg·ha−1), respectively. Mature natural forests have higher biomass than mature planted ones. The NPP values of natural and planted forests range from 1.4 Mg·ha−1·year−1 to 29.6 Mg·ha−1·year−1 (mean = 13.6 Mg·ha−1·year−1) and from 0.6 Mg·ha−1·year−1 to 26.5 Mg·ha−1·year−1 (mean = 9.9 Mg·ha−1·year−1), respectively. Correlations among biomass, NPP, and environmental factors show that NPP significantly decreases with latitude and increases with mean annual temperature, mean annual precipitation, growing degree-days on a 0 °C base, and mean annual drought index, whereas biomass positively correlates with stand age and leaf area index strongly. Karst forests exhibit almost the same NPP as non-karst forests, but the former have significantly lower biomass compared to the latter. Comprehensive regional data synthesis and analysis based on direct field observations of forest biomass and NPP are important for benchmarking global and regional vegetation and carbon models, estimating regional carbon content, restoring vegetation, and mitigating climate change.
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1. Introduction


Analysis of biomass and net primary productivity (NPP) is crucial to comprehensively understand carbon storage and the carbon cycle in terrestrial ecosystems at local, regional, and global scales. Site-based biomass and NPP observations were conducted by the International Biological Program from the 1960s to the 1970s, followed by subsequent regional as well as global carbon budget estimations, especially under global warming conditions in the Anthropocene. Since then, other methodologies, such as forest inventory, remote sensing, and vegetation and carbon modeling have been successfully utilized to adequately estimate vegetation biomass and NPP [1,2,3,4,5,6]. However, insufficiency of direct field biomass and NPP observations has severely limited the parameterization, validation, and uncertainty analysis of vegetation model-based and remote sensing-based carbon estimations [4,7,8]. These standardly and comprehensively synthesized observational data [9,10] not only provide accurate means to measure local, regional, and global carbon, but also serve as a basis for benchmarking land surface models [11,12,13].



From boreal forests to tropical rain forests, the majority of forest types worldwide can be found in China. They cover approximately half of China’s land area. The forest biomass in China influences both regional and global carbon budgets [14,15,16]. Therefore, large-scale biomass data syntheses based on field observations and forest inventories are needed to estimate carbon storage and understand the spatial processes in forest ecosystems. The biomass and NPP of China’s forests (natural and planted) have been measured and calculated in the field since the 1980s. Luo [17] was the first to perform country-level collection and synthesis of forest biomass and NPP data on the basis of field observations. However, the report was not officially published. Ni et al. [3] synthesized the key biomass features of major forest types in China on the basis of Luo’s digitized data (yet to be publically accessible). Ni [4] later numerically compared the observed NPP data with the simulated data from the Lund-Potsdam-Jena dynamic global vegetation model. Direct field observations of biomass and NPP in various forest zones [18,19] and their allocations [20] have also been summarized. However, these data are inaccessible and rarely updated. Forest classifications have sometimes been coarse because they focus on national-level syntheses. For example, Li and Ren [19] only studied five forest types. Regional synthesis of forest biomass data focused mostly on individual tree species, especially plantations such as Pinus massoniana [21] and Cunninghamia lanceolata [22]. There is an urgent need for national and regional biomass and NPP databases to be updated, as well as for other forest types in China to be included.



Southwestern China has diverse morphology consisting of mountains, hills, and plains, in addition to the peculiar feature of having large, continuous distributions of limestone and dolomite. Southwestern China is the largest of the three regions worldwide with extensively distributed continuous karst terrains. Its seven typical areas have been listed as Natural Heritages of the United Nations Educational, Scientific, and Cultural Organization since 2007. This whole region lies in the subtropical and northern tropical climate zones controlled by the East Asian monsoon system in the east and influenced by the Indian summer monsoon system in the west. Two types of morphologies set this region apart in terms of water use, soil, and vegetation. Zonal vegetation and its dominant soils [23,24] comprise tropical rain forests and seasonal forests (“laterite soil” in the soil classification system of China, and “Rhodic Ferralsol” in the FAO soil classification system), subtropical evergreen broadleaved forests (latosolic red soil/Haplic Ferralsol, Eurtic Vertisol, Humic Acrisol and Haplic Acrisol, red soil/Haplic Acrisol, and yellow soil/Haplic Alisol and Haplic Acrisol), and northern subtropical mixed evergreen-deciduous broadleaved forests (yellow-brown soil/Haplic Luvisol). However, azonal vegetation, instead of zonal forest types controlled by climates, dominates karst regions. Such vegetation covers mixed evergreen-deciduous forests and thorn shrubland (a degraded special vegetation dominated by shrubs with thorn branches) determined by the local calcareous soil [23,24]. Karst forests often grow on rocks or in fissures, thereby complicating biomass sampling, especially for roots. As a result, biomass research on karst forests trails far behind that of non-karst forests. Human disturbance has strongly influenced regional environments for ages, limiting natural forests only to natural reserves and remote mountains. Rocky desertification (a desert-like landscape with exposed rock) often occurs after deforestation or land degradation because of intensive anthropogenic disturbances [25]. Protecting these forests is very necessary and biomass and NPP features of these forests must be studied in Southwestern China.



Regional syntheses of forest biomass and NPP data were reported on the basis of Luo’s data [26] and other updates [27]. However, only some administrative divisions in Southwestern China were included in these studies. In the present study, an extended search was conducted to identify forest biomass and NPP observations in Southwestern China in publications up to 2013. It aims to (1) explore spatial patterns of forest biomass and NPP, and then to average biomass densities to generate further estimates of regional carbon budget; and (2) investigate their relationships with driving ecological (climate factors and stand characteristics) and geological factors (morphology) to quantify their differences in terms of vegetation types, stand features, bioclimate zones, and morphologies. Natural and planted forests were separately analyzed. These data will be included in the global database for model validation and will contribute to the improvement of regional forest management.




2. Materials and Methods


2.1. Data Collection and Treatments


Direct field observational data of forest biomass and NPP were extracted from papers in 62 peer-reviewed journals published from 1982 to early 2013. Forests from the Southwestern China including Guangdong, Guangxi, Guizhou, Hunan, Sichuan, Yunnan, Hubei, Jiangxi, and Chongqing (Figure 1) were classified into seven types (Table 1). All available forest samples were initially collected, but only samples with observations of total forest biomass or NPP, including all components and, with clear documentation, were used for further analyses (see Table S1 for details). The stand age and leaf area index (LAI) were occasionally recorded. In total, data from 411 plots were adopted, including 14 SEDBFs, 117 SEBFs, 53 SDBFs, 13 SSEBFs, 154 SECFs, 28 SCBFs, and 32 TRSFs. Data measured and calculated from natural forests (with no anthropogenic disturbances such as harvest and fertilization, but with some grazing cows and goats) and plantations, as well as from karst and non-karst forests, were separated in accordance with the original literature.



Each sampling site had one or multiple sampling plots. The original data and not the further averaged data across the multiple sampling plots at a given sampling site were used in this study. The database was sorted by forest type with records of latitude, longitude, elevation, species composition, and measured biomass, and/or calculated NPP of each component (e.g., leaf, branch, stem, and root). In general, the aboveground biomass (AGB) of trees was measured using allometric functions, or by the average standard tree method using the stand density multiplied by biomass of average standard trees which could represent the stand. The belowground biomass (BGB) was measured using various techniques such as allometric functions, average standard tree, soil column, and AGB–BGB ratio. For estimating biomass by the allometric function method, tree height and diameter at breast height are commonly used to determine their relationships with AGB and BGB. The biomass of lianas, saplings, shrubs and herbs (both AGB and BGB) were measured using the direct harvest method. Forest NPP was the sum of annual net increments of lianas, saplings, shrubs, herbs, and tree stem, branch, leaf, and root. The re-census periods varied across different studies, typically from two to seven years. Methods for measuring LAI are mentioned only sparingly in the literature. Here, the weighing method, which considers the specific leaf area and dry leaf weight of standard trees, shrubs, and herbs, was used to calculate LAI.



The database used in this study rejected data with only partial components (e.g., AGB) to ensure high data quality. The total forest biomass and NPP adopted in the present study are aimed at living green vascular plants. Ground layer biomass, which includes lichens, bryophytes, litter, and woody debris, was not always included. Measurements of loss due to mortality and grazing in NPP estimation were not included in these studies, either. However, these are imperfections that exist in current biomass and NPP studies, and should not influence the quality of our database or analyses. Nevertheless, a more complete database that includes all possible components, especially belowground parts, as well as accurate biomass measurements and NPP calculations must be considered in future studies of vegetation ecology and global change science.




2.2. Climate Factors


Many of the biomass/NPP study sites are located far from meteorological stations and have different sampling intervals. Therefore, spatially-interpolated climate data within the same observational period was used. The monthly temperature, precipitation, and percentage of sunshine hours used in this study were averaged over long-term records from 1971 to 2000 at 1814 meteorological stations across China (China Meteorological Administration, unpublished data from 2003). Data were interpolated into 1 km grid cells using a thin plate smoothing spline surface fitting technique [28] that considers the impact of elevation on the basis of the SRTM digital elevation model [29]. Mean annual temperature (MAT), mean annual precipitation (MAP), growing degree-days on a 0 °C base (GDD0), and mean annual drought index (DI) (the D-value of potential and actual evaporation divided by potential evaporation) were calculated as described by Prentice et al. [30] and Gallego-Sala et al. [31] to analyze relationships between biomass/NPP and climates.




2.3. Biomass and NPP of Karst and Non-Karst Forests


Since the number of karst forests is very limited, we cannot focus on every forest type and on each latitudinal belt. Therefore, only a certain forest type and a certain latitudinal belt were selected. Two methods were used to analyze the biomass and NPP discrepancies between karst and non-karst forests. One involved analyzing discrepancies within a certain forest type, which was resolved by excluding the influence of forest type. The non-karst zonal SEDBF and the karst azonal SEDBF are examples of this scenario. The other involved analyzing discrepancies between karst and non-karst forests within a small latitude interval of 25° to 27°, where most karst forests are distributed. In such cases, the influence of climate was excluded as much as possible.




2.4. Data Analyses


Deficiencies in the database with more than 50% of missing data for some variables make us not to be able to use the multiple regression [32] or structural equation modelling [33] to analyze patterns of biomass and NPP data related to environments, multivariate analyses are therefore used here. One-Way analysis of variance (ANOVA) was used to analyze differences in biomass among various forest types. Independent samples t-test was conducted to determine differences in biomass and NPP between natural and planted forests, between karst and non-karst forests, and to show differences in climates (MAT and MAP) between karst and non-karst forests. Pearson’s correlation analysis and redundancy analysis (RDA) were further used to explore the relationships among forest biomass, NPP and environmental driving factors. All statistical analyses were performed using SPSS version 19 and CANOCO 5.





3. Results


3.1. Biomass and NPP


The biomass of mature natural forests ranged from 81.2 Mg·ha−1 to 692.6 Mg·ha−1 (mean = 288.1 Mg·ha−1), whereas those of mature planted forests ranged from 76.8 Mg·ha−1 to 670.1 Mg·ha−1 (mean = 181.5 Mg·ha−1) (Figure 2a). Biomass differs in terms of forest type (Figure 3). TRSFs have the highest biomass in both natural and planted forests. However, the biomass order of other forest types is inconsistent between natural and planted forests (Figure 3). Mature natural forests have higher biomass than mature planted ones (p < 0.01). As for different forest types, all natural forest types have relatively higher biomass than their planted counterparts (Figure 3). This is especially true (p < 0.01) for SEBFs and SDBFs, wherein the biomass of natural forest types are approximately twice those of planted ones. The NPP values of natural and planted forests range from 1.4 Mg·ha−1·year−1 to 29.6 Mg·ha−1·year−1 (mean = 13.6 Mg·ha−1·year−1) and from 0.6 Mg·ha−1·year−1 to 26.5 Mg·ha−1·year−1 (mean = 9.9 Mg·ha−1·year−1), respectively (Figure 2b). Both NPP and biomass show no clear relationships with longitude (correlation coefficients are between −0.165 and 0.087) but negatively correlate with latitude (between −0.069 and −0.648). In particular, NPP (p < 0.01) and biomass of natural forests (p < 0.05) significantly increase from north to south (Figure 2a,b and Figure 4). The elevation of natural forest biomass study sites ranges from 5 m to 4003 m (mean = 1425.2 m), whereas that of natural forest NPP study sites ranges from 200 m to 3660 m (mean = 1557.5 m) (Figure 2c,d). However, the elevation spans of planted forest biomass and NPP study sites are much smaller, only ranging from 28 m to 2950 m (mean = 649.3 m) and from 50 m to 2950 m (mean = 688.3 m), respectively (Figure 2c,d), because of data availability.



High-biomass natural forests only occur in the TRSFs of the southernmost areas and in the old SECFs of remote mountain areas. However, high-biomass forests are more evenly distributed across all of the planted forests. In addition, TRSFs, SECFs, and SEBFs grown under conducive environmental conditions can be high-biomass forests. Some coniferous forests (e.g., Pinus massoniana and Cunninghamia lanceolata forests) and deciduous broadleaved forests (e.g., Betula alnoides forest) that grow under harsh environmental conditions are low-biomass forests (Table S1). High NPP occurs in TRSFs and subtropical broadleaved forests in southernmost areas, and low NPP occurs in very mature SCBFs and SECFs (Table S1).



The average biomass of karst SEDBFs is 176.2 Mg·ha−1, which is slightly (p > 0.05) lower than that of non-karst forests (209.9 Mg·ha−1) (Figure 5a). In the latitude interval of 25° to 27°, the average biomass of karst forests (176.2 Mg·ha−1) is significantly (p < 0.01) lower than that of non-karst forests (347.3 Mg·ha−1) (Figure 5a). However, karst forests and non-karst forests share almost the same NPP (Figure 5b).




3.2. Environmental Factors Controlling Biomass and NPP


The forest biomass in Southwestern China shows no clear relationships with MAT, MAP, and GDD0 (p > 0.05). Conversely, forest NPP is clearly related to temperature and precipitation; in particular, forest NPP significantly (p < 0.05) increases with increasing MAT, MAP, GDD0, and DI (Figure 4 and Figure 6a–d).



Before forests mature excessively, forest biomass remains significantly (p < 0.01) related to stand age (Figure 7a) and LAI (Figure 7b). Only planted forest biomass clearly (p < 0.01) correlates with NPP (Figure 7c). This result can be ascribed to the fact that the slow biomass accumulation in natural forests are more dependent on stand age and other stand characteristics than NPP. Forest NPP show slight negative correlation (p > 0.05) with stand age (Figure 7d) but shows no clear relationship with LAI (Figure 7e).





4. Discussion


4.1. Productivity vs. Forest Stand Origin


Biomass and NPP distribution patterns based on the current database are constantly changing. Such a phenomenon is likely to occur in the southeast forestry area of the study area, where planted forests have been well developed over the past several decades. Natural forests degenerate and new planted forests replace original ones. The biomass distribution pattern (Figure 2a,c) presented in this study resulted from biomass specific data extracted from data on mature forests. Current young forests or shrubland vegetation at these biomass sampling sites can be potentially cultivated into high-biomass forests. Thus, the findings of the present study are highly relevant and significant for forest management and vegetation restoration.



Although planted forests have the advantage of fast growth, early efficiency gain, high yield capacity, and more stable timber size and quality, natural forests have higher biomass (Figure 3) and can sequester more CO2 from the atmosphere. Moreover, natural forests have higher species diversity, higher water use efficiency, and stronger resistance to natural disasters or human disturbance than planted forests [34,35,36,37,38]. Therefore, natural forests are irreplaceable and greatly contribute to carbon sequestration and climate change mitigation.



Feng et al. [18] estimated the biomass and NPP of Chinese forests by synthesizing data published since 1960 but excluded some common forest types (e.g., SCBF and SDBF) in Southwestern China. In most cases, natural and planted forests were not carefully separated. Ni et al. [3] also estimated the biomass and NPP of natural and planted forests in China on the basis of Luo’s [17] data between 1989 and 1993. For each of the forest types except for SEBFs, the forest biomass in Southwestern China was found to be much higher in the present study than in those by Feng et al. [18] and Ni et al. [3] (Table 2). This result can be attributed to the fact that the biomass data used in the present study were derived from mature forests. The NPP values in the present study and in the study by Feng et al. [18] are lower than those in the study by Ni et al. [3], with the exception of SSEBFs (Table 2). This result may be attributed to the fact that Ni et al. [3] used two biomass data sources, namely, forest inventory and field observations [17].




4.2. Productivity vs. Topography and Parent Materials


At the macro-scale potential natural vegetation is mainly controlled by climate, but at landscape to regional scales, climatic factors are not the only components that affect vegetation patterns; other environmental components, such as topography, fire, soils, and parent materials, as well as human disturbances, also play important roles in vegetation distribution and function [10,39]. In the present study, the average MAT and MAP of karst forests included in the NPP comparison are 16.2 °C and 1415.8 mm, respectively, which are both superior (MAT: p > 0.05; MAP: p < 0.01) to those (only 9.9 °C and 1088.9 mm, respectively) of non-karst forests. This may be the main reason why karst forests have almost the same NPP with non-karst forests in our study (Figure 5b). Similarly, in the biomass comparison, karst forests have better (MAT: p > 0.05; MAP: p > 0.05) climate conditions than non-karst forests, but the former still have significantly lower biomass than the latter (Figure 5a). Topography alters local water balance and parent materials affect soil formation and dominate local nutrient cycling [10]. These two factors more particularly influence vegetation formation (karst azonal SEDBF rather than non-karst zonal TRSF, SEBF, and SEDBF) and function (low biomass) in karst regions than in non-karst regions.



Forests in karst terrain in Southwestern China have a unique topography and soil conditions. They are extremely fragile to anthropogenic activities and intensive land use. For instance, rocky desertification has been seen wherever forests had been destroyed previously [25]. Thus, natural, and even secondary, karst forests are only distributed in small areas (only limited data from karst forests are included in our database). Fortunately, reforestation and afforestation have been done extensively in Southwestern China. Furthermore, a large area of forest plantations in Southwestern China contain young forests [40], and the biomass and stand age relationship (Figure 7a) supposes that these young forests have great potential as carbon sinks for mitigating increased atmospheric CO2 concentration under the Kyoto Protocol of the United Nations Framework Convention on Climate Change [14,40,41].




4.3. Productivity vs. Latitude and Climates


Our findings suggest that temperature and precipitation do not primarily control forest biomass but closely relate to the spatial distribution of forest NPP in Southwestern China. Several forests located in the same area may share the same climate but differ in biomass and NPP. Globally, a clear relationship has been observed between NPP and latitude and climate variables [39,42,43], but such relationships can be weakened if the database includes chronosequences and sites that span large altitudinal ranges [10]. Our database also covers wide time and altitudinal spans, which may be why the biomass of mature forests shows no clear relationship with climates, and the relationships between NPP and climates are more scattered than would be expected for clear linear relationships (Figure 6). Data gaps in geographical space may be another reason for the scattered relationships. Forest stand characteristics such as age and forest origin, topography, and soils seem to be key reasons why biomass has no clear relationships with climates [44]. For example, the Abies fabri forest in the mountainous area of Western China has MAT of −12.2 °C and GDD0 of 0 °C, but its biomass can reach up to 351.8 Mg·ha−1 (Table S1), which is higher than that of most forests with superior climates in southeastern areas. This suggests that biomass and NPP are related not only to climate factors but also to other environmental factors, such as forest type, stand age, and tree species composition.



On the other hand, the shape of global productivity-climate relationship can change depending on forest type [10]. At local to regional scales, this shape is more changeable when looking at vegetation type-based individual relationships (Figure 6), implying that regional and global databases must include as many vegetation types as possible. This is especially true for the global relationship between forest productivity and biomass [9]. When sites from tropical forest type were added, the global aboveground NPP–biomass relationship acquired a quadratic shape, which differs fundamentally from the strongly positive, linear relationship reported in earlier analyses. A summary of biomass and NPP together with key climate variables in Southwestern China shows clear differences in terms of forest types (Table 3).




4.4. Inspirations for the Development of Regional to Global Productivity Databases


Regional to continental and global ecosystem carbon counting require biomass and NPP databases at as many spatial scales and with as much detail as possible. Currently, information on vegetation biomass and NPP is available from a variety of sources, including in situ measurements, national forest inventories, administrative-level statistics, ecosystem model outputs, and remote sensing products. These data tend to be regional or national based on the methodologies and are not easily accessible [45]. There are only a few global forest biomass databases available for Earth science researchers. Forest inventory databases with large spatial coverage and continuous measurements, which have been successfully used in national and global forest carbon estimations [2,14,16], are a good example of this. Disadvantages of forest inventory, such as coarse vegetation survey and lack of understory and belowground biomass samplings, make plot-based biomass and NPP measurements necessary. Therefore, comprehensive regional data synthesis and analysis of direct field observations of forest biomass and NPP [9,10], together with data derived from remote sensing observatories and eddy covariance flux measurements [46,47], can provide more precise counting of regional and global carbon [10], and for benchmarking global and regional vegetation and carbon models [12,13]. Such data also serve as background data for the purposes of restoring vegetation and mitigating climate change. A database called the Biomass and Allometry Database (BAAD) for woody plants of the world has recently been established [48], and includes all details about size metrics, properties of individuals, and information of the growing environment. This kind of comprehensive database has the potential to improve our ability to understand plant growth, ecosystem dynamics, and carbon cycling worldwide.



Direct measurements of biomass have been attempted to obtain the main components of plant organisms as many as possible [10,49], but some components are often missing and have to be estimated based on standardization relationships or factors [9], especially root biomass, litter and its loss to decomposition, and biomass loss to herbivory. This makes productivity and carbon estimations incomplete and inaccurate. Current biomass and NPP databases for China [3,17,18,19] generally as well as those for Southeastern China [27], including this study, all face such problems. Measuring missing components of biomass and NPP in the field is therefore urgently needed. A five-year strategic priority research program called the “Climate Change: Carbon Budget and Relevant Issues” sponsored by the Chinese Academy of Sciences has recently been implemented [50]. Nationwide systematic field surveys have been conducted across more than 16,000 plots in forest, shrubland, grassland, and farmland ecosystems across China, emphasizing litter and root biomass in 1 m soils. This has the potential to generate a huge database that will aid in accurately evaluating carbon storage, sequestration rates, and potential capacity of all ecosystems at a national scale, and for developing and validating new ecosystem models.



Another major limitation of the existing regional and global productivity databases is that there is no quantitative estimate of observational uncertainties. The benchmarking approach, however, has shown that observational uncertainty is larger than differences in model performance with respect to site-based annual average NPP measurements, and these observational uncertainties are also greater than model biases in NPP [12]. The use of multiple databases may be one way of assessing uncertainty, but the only comprehensive solution to the problem is for measurement uncertainties to be routinely assessed for each site. Therefore, numerical judgment and assessment of site data is highly required, in addition to more detailed and complete in situ measurements. Long-term and multisite measurements are further necessary to demonstrate variability and uncertainty of productivity data from local to global scales. This is especially important for field measurements in karst regions. Extremely high heterogeneity of the karst rock-soil landscape results in large variation of morphological- and soil-based vegetation distribution, as well as great spatial variation in forest biomass pattern [51]. For example, in the Maolan National Natural Reserve of southern Guizhou province, different aboveground tree biomass was found in the karst funnel (147.74 Mg·ha−1), slope (164.07 Mg·ha−1) and mountain ridge (102.08 Mg·ha−1) [52]. This is also true in Puding county in central Guizhou province: three karst forest communities in this region have very different AGB for tree and shrub layers in the upper (85.6 Mg·ha−1) and middle slopes (65.3 Mg·ha−1 and 115.2 Mg·ha−1, respectively) [53].





5. Conclusions


We established a new regional database of forest biomass and NPP for Southwestern China. This database includes 411 sampling plots from seven forest types. Mature natural forest types have higher biomass than their mature planted counterparts. Karst forests have similar NPP as non-karst forests, but significantly lower biomass than the latter. Biomass is positively related to stand age and leaf area index. NPP is negatively related to latitude, and positively related to mean annual temperature, mean annual precipitation, growing degree-days on a 0 °C base, and mean annual drought index.
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Figure 1. Locations of biomass and NPP sampling plots in the distribution map of karst terrain (the grey) in Southwestern China. 
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Figure 2. Distribution patterns of mature forest biomass and all forest NPP classes in relation to latitude, longitude (a,b), and elevation (c,d). Dots: biomass/NPP of natural forests; cycles: biomass/NPP of planted forests. 
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Figure 3. Average forest biomass in mature natural and mature planted forests. Biomass with different letters among forest types and between natural and planted forests are significantly different (one-way ANOVA and t-test, p < 0.05). 
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Figure 4. Biplots of biomass/NPP and environmental variables from redundancy analyses. (a) Natural forests; and (b) planted forests; MAT: mean annual temperature; MAP: mean annual precipitation; GDD0: growing degree-days on a 0 °C base; and DI: mean annual drought index. 
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Figure 5. Comparisons of biomass of mature forests (a) and NPP of all forests (b) in karst and non-karst regions. Method 1: biomass and NPP discrepancies between karst and non-karst subtropical mixed evergreen-deciduous broadleaved forests; method 2: biomass and NPP discrepancies between karst and non-karst forests within a latitude interval of 25° to 27°. Biomass and NPP values with different letters between karst and non-karst forests are significantly different (t-test, p > 0.05 or p < 0.01). 
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Figure 6. Relationships between NPP and climate factors. Solid symbols: NPP of natural forests; hollow symbols: NPP of planted forests. (a) MAT; (b) MAP; (c) GDD0; and (d) DI. 
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Figure 7. Relationships among biomass, NPP, and stand characteristics. Dots: biomass/NPP of natural forests; cycles: biomass/NPP of planted forests. (a) Biomass and stand age; (b) biomass and LAI; (c) biomass and NPP; (d) NPP and stand age; (e) NPP and LAI. 
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Table 1. Major forest types in Southwestern China.
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Forest Type

	
Abbreviation

	
Geographical Range

	
Elevation (m)

	
Dominant Taxa






	
subtropical evergreen broadleaved forest

	
SEBF

	
99–118° E, 23–32° N

	
5–2800

	
Castanopsis, Cyclobalanopsis, Lithocarpus, Machilus, Schima, Theaceae




	
subtropical sclerophyllous evergreen broadleaved forest

	
SSEBF

	
97–103° E, 25–32° N

	
2000–4300

	
Quercus




	
subtropical mixed evergreen-deciduous broadleaved forest

	
SEDBF, including northern zonal SEDBF and karst azonal SEDBF

	
97–118° E, 25–34° N

	
500–2000

	
Carpinus, Castanopsis, Cyclobalanopsis, Cinnamomum, Itea, Lithocarpus, Platycarya




	
subtropical evergreen coniferous forest

	
SECF

	
97–118° E, 24–34 °N

	
20–4000

	
Abies, Cunninghamia, Cryptomeria, Cupressus, Picea, Pinus, Taiwania, Tsuga




	
subtropical mixed coniferous broadleaved forest

	
SCBF

	
97–118° E, 23–34° N

	
5–3050

	
Abies, Acacia confusa, Alnus cremastogyne, Cupressus, Liquidambar formosana, Michelia macclurei, Picea, Pinus, Populus, Sassafras tzumu, Schima superba, Tsuga




	
subtropical deciduous broadleaved forest

	
SDBF

	
97–118° E, 24–34° N

	
50–2650

	
Alnus, Betula, Liquidambar formosana, Populus, Quercus, Robinia pseudoacacia




	
tropical rain forest and seasonal forest

	
TRSF

	
97–115° E, 20–23° N

	
150–1500

	
Baccaurea ramiflora, Dipterocarpus tonkinensis, Macaranga denticulata, Mallotus paniculatus, Parashorea chinensis, Pometia, Terminalia myriocarpa, Vatica astrotricha
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Table 2. Summary of forest biomass and NPP in Southwestern China. The present study and those of reference [18] obtained data from field observations; reference [3] obtained data from both forest inventory and field observations. N: natural forests; P: planted forests. All abbreviations of forest types can be found in Table 1.
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Forest Type

	
SEBF

	
SSEBF

	
SEDBF

	
SECF

	
SCBF

	
TRSF






	
Biomass (Mg·ha−1)

	
Reference [18]

	
N

	
292.3 ± 129.1

	
/

	
164.1 ± 45.2

	
158.8 ± 99.2

	
/

	
/




	
P

	
103.4 ± 86.6

	
/

	
/

	
/

	
/




	
Reference [3]

	

	
248.6 ± 111.7

	
247.9 ± 53.7

	
200.3 ± 90.4

	
147.6 ± 24.6

	
173.3 ± 82.4

	
440.0 ± 290.9




	
This study

	
N

	
361.6 ± 102.9

	
268.4 ± 68.0

	
188.8 ± 33.8

	
200.0 ± 86.8

	
289.4 ± 135.1

	
427.2 ± 141.6




	
P

	
188.8 ± 86.1

	
/

	
137.1 ± 0.3

	
198.3 ± 110.2

	
185.4 ± 41.1

	
390.4




	
NPP (Mg·ha−1·year−1)

	
Reference [18]

	
N

	
20.3 ± 4.7

	
/

	
4.6 ± 2.2

	
12.7 ± 7.6

	
/

	
/




	
P

	
25.8 ± 0.3

	
/

	
/

	
/

	
/




	
Reference [3]

	

	
21.9 ± 5.3

	
11.4 ± 1.6

	
15.2 ± 3.0

	
13.5 ± 3.0

	
9.9 ± 2.7

	
27.1 ± 9.2




	
This study

	
N

	
17.6 ± 7.2

	
19.4 ± 2.6

	
11.9 ± 2.4

	
12.1 ± 6.5

	
9.0 ± 5.0

	
20.9 ± 6.7




	
P

	
14.5 ± 6.9

	
/

	
9.2

	
8.3 ± 5.1

	
5.6

	
22.3








N: natural forests; P: planted forests. All abbreviations of forest types can be found in Table 1.
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Table 3. Summary of biomass and NPP together with key climate variables in Southwestern China.
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Forest Type

	
Biomass Mg·ha−1

	
NPP Mg·ha−1·year−1

	
MAP mm

	
MAT °C

	
GDD0 °C

	
DI






	
SEBF

	
N

	
361.6 ± 102.9

	
17.6 ± 7.2

	
1525.3 ± 288.9

	
17.3 ± 4.0

	
6331.0 ± 1451.8

	
0.069 ± 0.073




	
P

	
188.8 ± 86.1

	
14.5 ± 6.9

	
1432.0 ± 185.0

	
19.6 ± 2.6

	
7148.5 ± 942.3

	
0.017 ± 0.009




	
SSEBF

	
N

	
268.4 ± 68.0

	
19.4 ± 2.6

	
808.7 ± 94.5

	
8.9 ± 2.8

	
3325.4 ± 883.4

	
0.193 ± 0.045




	
P

	
/

	
/

	
/

	
/

	
/

	
/




	
SEDBF

	
N

	
188.8 ± 33.8

	
11.9 ± 2.4

	
1355.7 ± 170.1

	
11.7 ± 10.6

	
4972.7 ± 2217.1

	
0.016 ± 0.003




	
P

	
137.1 ± 0.3

	
9.2

	
1502.4 ± 0.0

	
19.8 ± 0.0

	
7244.9 ± 0.0

	
0.162 ± 0.000




	
SECF

	
N

	
200.0 ± 86.8

	
12.1 ± 6.5

	
1058.0 ± 375.3

	
8.8 ± 9.1

	
3685.9 ± 2646.7

	
0.085 ± 0.078




	
P

	
198.3 ± 110.2

	
8.3 ± 5.1

	
1291.4 ± 233.6

	
16.7 ± 4.1

	
6122.3 ± 1443.9

	
0.027 ± 0.044




	
SCBF

	
N

	
289.4 ± 135.1

	
9.0 ± 5.0

	
1515.4 ± 195.2

	
0.6 ± 16.2

	
2899.7 ± 3673.8

	
0.020 ± 0.005




	
P

	
185.4 ± 41.1

	
5.6

	
1677.4 ± 184.8

	
20.3 ± 1.9

	
7414.8 ± 696.0

	
0.015 ± 0.000




	
SDBF

	
N

	
294.5 ± 82.3

	
9.7 ± 4.7

	
1273.4 ± 256.6

	
12.8 ± 5.7

	
4795.8 ± 1852.8

	
0.017 ± 0.003




	
P

	
124.9 ± 44.0

	
9.5 ± 6.6

	
1343.1 ± 209.3

	
16.8 ± 3.0

	
6145.5 ± 1090.5

	
0.042 ± 0.055




	
TRSF

	
N

	
427.2 ± 141.6

	
20.9 ± 6.7

	
1392.2 ± 63.3

	
21.6 ± 0.7

	
7903.1 ± 260.8

	
0.166 ± 0.011




	
P

	
390.4

	
22.3

	
1419.9

	
21.8

	
7941.8

	
0.157








MAP: mean annual precipitation; MAT: mean annual temperature; GDD0: growing degree-days on a 0 °C base; DI: mean annual drought index; N: natural forests; P: planted forests. All abbreviations of forest types can be found in Table 1.
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