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Abstract

:

Plantations are typically monocultures, which limits their sustainability. Therefore, understanding acclimatization strategies and resource use efficiencies in plant species and life forms aids the improvement of vegetation diversity and ecological functions. Here, 19 species from forest plantations in Fangshan, Beijing, China were studied. We determined their net photosynthetic (Pn), and transpiration rates (E), light response curve, stomatal conductance (gs), and leaf nitrogen (N) content. We analyzed the leaf N content (Nmass), specific leaf area (SLA), maximum net photosynthetic rate (Pnmax), water use (WUE), nitrogen use (NUE), and carbon use (CUE) efficiencies and connected them with both species and life forms. Pnmax, SLA, Nmass, WUE, NUE, and CUE significantly differed among species. Evergreen conifers had the lowest SLA and Nmass but the highest WUE and CUE. Evergreen coniferous trees had lower SLA, Nmass, Pnmax, and NUE but higher WUE than deciduous trees and shrubs. The SLA, Nmass, and Pnmax of nitrogen-fixing plants were the highest. A correlation analysis revealed that WUE was positively correlated with CUE and negatively correlated with NUE. Moreover, WUE was negatively correlated with Nmass and SLA. These insights into the adaptability differences of woody plant species and life forms provide a scientific basis for the selection of appropriate species for sustainable forest plantations.
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1. Introduction


Plant functional traits are a bridge that connects plants to the environment. These traits respond to changes in the living environment and impact ecosystem functions [1,2]. Plant functional traits reflect the adaptive strategies of plants. Concurrently, differences in functional traits between either individuals or species reflect the characteristics of their habitats, i.e., species traits differ with growth environments [3,4]. Ecological filtering and competitive exclusion result from plant traits [5,6,7], i.e., different species within the same environment have different growth strategies [6,8].



Leaf functional traits are both an important organizational structure for energy and material exchange between plants and the environment and a major organ for photosynthesis [9]. Thus, they are a focus of plant ecology research [10,11,12,13]. Leaf functional traits are closely related to plant resource acquisition and utilization [14] and clarify plant environmental adaptability [15]. For example, leaf nitrogen content (Nmass) and maximum net photosynthetic rate (Pnmax) directly determine the photosynthetic capacity of plants. Specific leaf area (SLA) better reflects the survival strategies adapted by plants to cope with environmental changes and maximize carbon harvest [16]. At the same time, SLA affects the transpiration water losses of the plants. Leaf functional traits differ with species, functional groups, and life patterns [17,18]. For example, evergreen plants have low SLA and Nmass, whereas annual plants have higher Pnmax than perennials. Therefore, it is important to understand and predict the growth strategies and resource utilization of an entire community. These aid the determination of differences and causes thereof in leaf traits between species and life forms in the same environment.



Plants must obtain carbon, nutrients, and water from the environment for photosynthetic growth. These resource constraints influence the evolution of plant functional strategies [19]. The concept of resource use efficiency originates from the analogies between microeconomics and plant functions. The cost of carbon capture is expressed in terms of the water, nutrients, and carbon used for such functions, i.e., water use efficiency (WUE) [20], nitrogen use efficiency (NUE), and carbon use efficiency (CUE). WUE is a physiological and ecological parameter that reflects the relationship between plant material accumulation and water consumption. It is also an index for photosynthesis and transpiration in plant leaves. WUE at the leaf level is defined as the ratio of net photosynthetic to transpiration rate. NUE is a measure of leaf photosynthetic capacity under a given leaf nitrogen content and is defined as the ratio of net photosynthetic rate to leaf nitrogen content. CUE is defined as the ratio of net primary productivity (NPP) to total primary productivity (GPP) [21], which represents the potential carbon sequestration capacity of plants. This is a key factor affecting carbon storage in ecosystems. WUE, NUE, and CUE not only represent the competitive strategies of different species, but they are also important parameters for understanding the relationship between carbon, nitrogen, and water [22,23]. Due to the different plant characteristics (e.g., morphology, life history, life form), the resource utilization strategies of plants differ. WUE, NUE, and CUE in plants have clear restriction relationships [24,25,26]. To achieve high utilization efficiencies of restricted resources, plants adjust their functional traits [27]. Only the diversification of functional traits leads to the complementarity between species [28,29], which maximizes the efficiency of resource utilization. To understand plant resource utilization strategies in extremely harsh environments, previous studies have mainly focused on trade-offs in plant resource utilization efficiency between arid and semi-arid regions [30,31,32]. Conversely, there exists a paucity of studies on the adaptation differences of plants in subhumid areas, which have better water conditions, and those examining how plants utilize these resources.



Artificial forests are an important forest resource component [33] that reduces atmospheric CO2 levels. However, the improper allocation of either single or community tree species during afforestation may decrease vegetation coverage and ecosystem function [34]. Therefore, interspecific comparative analyses of leaf functional traits and resource utilization are key to maintaining both species diversity and the sustainable development of plantation communities. The main aim of this study was to explore the resource utilization strategies among different species in the subhumid area and the relationships among carbon, nitrogen, and water in the plantation ecosystem. We hypothesized that (1) leaf functional traits and resource use efficiencies significantly differ among species and life forms in the plantation, and (2) significant correlations exist between leaf functional traits and resource use efficiencies in the plantation. Our findings provide insights into both the adaptive differences of different species in subhumid plantations and the rational allocation of plantation species.




2. Materials and Methods


2.1. Study Site


The study area was in Beijing Fangshan Qinglong Lake Artificial Forest Ecological Monitoring Station. The experimental station was in Fangshan Qinglong Lake Artificial Forest Park Wan Mu (39.78° N, 116.04° E), at an altitude of 93 m. The area had a typical semi-humid monsoon climate in the warm temperate zone. The average annual precipitation was about 595 mm, which was unevenly distributed between June and August. The annual average temperature was about 10 °C with highs and lows of 42 °C and −27.4 °C, respectively. The frost-free period was 190–210 days. The annual average wind speed was 2.3 m/s, and the wind direction changed considerably. The study area was dominated by plantation forests. The predominant tree species were Populus tomentosa, Rhus typhina, Malus spectabilis, Prunus davidiana and Ulmus pumila ‘Jinye’, Styphnolobium japonicum, Fraxinus chinensis, Crataegus pinnatifida, Prunus cerasifera ‘Atropurpurea’, Robinia pseudoacacia, Prunus armeniaca, Yulania denudata, Amorpha fruticosa, Cotinus Coggygria, Forsythia suspensa, Euonymus japonicus ‘Aureo-marginatus’, Pinus bungeana, Pinus tabuliformis, and Platycladus orientalis (Table 1).




2.2. Methods


2.2.1. Measurement of the Light Response Curves


Nineteen afforestation species were studied in the 10,000 mu plantation park of Qinglong Lake in Fangshan (Table 1). During the selection of sample plots, since the local species were all artificially cultivated, the distance between trees was the same, and the plot was regular. Therefore, we selected 19 flat plots near the flux tower as the study area. In nineteen 20 m × 20 m pure forest plots, three healthy trees of uniform growth and devoid of pests and diseases were sampled for each species. From each sample plant, three leaves with good light exposure, healthy growth, and no pests and diseases were selected. The fluorescence leaf chamber of a portable photosynthesizing apparatus (LI-6800, Li-Cor Inc., Lincoln, NE, USA) was used to measure the light response curve on a typical sunny day of the 2021 growing season. The measuring time was from 8:30 a.m. to 11:30 a.m. An open gas path was used, the relative humidity was set to 50%, the CO2 concentration was set to 400 μmol·mol−1, the leaf chamber temperature was set to 25 °C, and the light intensity gradient consisted of 12 points. They were 1800, 1500, 1200, 900, 600, 300, 200, 150, 100, 70, 30, and 0 μmol·m2·s−1. The leaves were spread out and then stacked to fill the whole leaf chamber. After 2–3 min of adaptation under each photosynthetically active radiation level, the net photosynthetic rate (Pn) was measured to one decimal place. The transpiration rate (E), stomatal conductance (gs), photosynthetically active radiation (I), and intercellular CO2 concentration (Ci) were also measured. After measuring the gas exchange parameters, if the measured plant leaf area was less than the leaf chamber area (6 cm2), leaves were taken to the laboratory for photography to calculate leaf areas and the gas exchange values by MATLAB (R2020b, MathWorks, USA). The photosynthetic parameters (maximum net photosynthetic rate, dark respiration rate, and apparent quantum efficiency) were obtained by model fitting.




2.2.2. Determination of Leaf Traits


The sampled plants were assessed for light response measurements. For each plant, 10–20 fully extended leaves of similar size, under good light exposure and with typical healthy growth, were selected. In the laboratory, the leaf area was measured with a portable leaf area instrument (LI-3000C, Li-Cor Inc., Lincoln, NE, USA). For each leaf, three values were calculated, which were then averaged. Concurrently, the fresh weight of the plant leaves was determined, and the leaves were dried at 108 °C for 15 min, and then dried at 75 °C for 48 h to a constant mass. The dry weight was determined. The specific leaf area (SLA) was the ratio of leaf area to dry weight. The dried leaves were ground and stored in zip-lock bags. The species information and sampling date were marked on the sample bags. The samples were assessed by the Beijing Academy of Agriculture and Forestry Sciences for the nitrogen content (Nmass) of leaves by the Kjeldahl nitrogen determination method. Subsequently, the nitrogen content per unit area (Narea) was calculated.





2.3. Data Processing


2.3.1. Calculation of Leaf Functional Traits and Resource Utilization Efficiency


A mechanistic model was used, which was based on the maximum net photosynthetic rate of plant leaves based on the response of plant photosynthesis to light (modified rectangular hyperbola model) [35,36]. Use the following formula to calculate the result (Table 2). The model equation was:


   P n  = α   1 − β I   1 + γ I   I −  R d   



(1)




where α is the initial slope of the light response curve and represents apparent quantum efficiency, β and γ are correction coefficients (unit: m2·s·μmol−1), I is photosynthetically active radiation, and Rd is dark respiration rate. The saturated light intensity (Isat) and maximum net photosynthetic rate (Pnmax) of the plants were calculated according to the following formula:


   I  s a t   =       β + γ   ∕ β   − 1  γ   



(2)






   p  n m a x   = α         β + γ   −  β   γ     2  −  R d   



(3)







According to the definition of WUE, Formula (3) can be used to obtain the WUE of plant leaves:


  WUE =  P  n m a x   / E  



(4)




where E is the transpiration rate corresponding to the maximum net photosynthetic rate of plants.



Nitrogen content per unit leaf area:


Narea=Nmass/SLA



(5)







The calculation formula for nitrogen utilization efficiency is:


  NUE =  P  n m a x   /  N  a r e a    



(6)







The calculation formula for carbon utilization efficiency is:


  CUE =    P  n m a x      P  n m a x   +  R d     



(7)








2.3.2. Data Analysis


The experimental data for the measured light response curves were analyzed in Microsoft Excel (2021, Microsoft, Redmond, WA, USA), whereas the correction model of the rectangular hyperbola was created in MATLAB 2021. The statistical significance of differences in Pnmax, SLA, Nmass, WUE, NUE, and CUE among species was analyzed by a one-way ANOVA (one-way ANOVA, p = 0.05). Least squares difference (LSD) post hoc tests were conducted to identify significant differences between means. Correlations between leaf functional traits and resource utilization efficiency were determined by a simple linear model. All the drawings were made in Origin 2021 software.






3. Results


3.1. Interspecific Differences in Leaf Functional Traits and Resource Use Efficiency


3.1.1. Interspecific Differences of Leaf Functional Traits


The Pnmax of 19 species was between 6 and 29 μmol·m2·s−1, and significantly differed with species (p < 0.05, Table 3). The highest Pnmax (28.92 ± 1.6 μmol·m2·s−1) was of a nitrogen-fixing legume, whereas the lowest was of a southern species, Yulania denudate (6.72 ± 0.14 μmol·m2·s−1). Fourteen out of nineteen (73.7%) species had Pnmax values above 15 μmol·m2·s−1 (Figure 1A).



The SLA for the 19 species was between 39 and 238 cm2·g−1 and significantly differed with species (p < 0.05, Table 3). The SLA for four species was less than 100 cm2·g−1: Pinus bungeana (39 cm2·g−1), Pinus tabuliformis (41 cm2·g−1), Platycladus orientalis (79 cm2·g−1), and Crataegus pinnatifida (94.2 cm2·g−1). Thirteen species had an SLA between 100 and 200 cm2·g−1, while two species had an SLA greater than 200 cm2·g−1: Ulmus pumila ‘Jinye’ (202.2 cm2·g−1) and Prunus cerasifera ‘Atropurpurea’ (237.6 cm2·g−1) (Figure 1B).



The distribution of Nmass in the leaves of the 19 species ranged from 11 to 40 g/kg. The Nmass of Rhus typhina, Ulmus pumila ‘Jinye’, and Amorpha denudated was higher (>30 g/kg). The Nmass of Pinus bungeana, Platycladus orientalis, and Pinus tabuliformis was low (<15 g/kg) (Figure 1C).




3.1.2. Interspecific Differences in Leaf Resource Utilization Efficiency


The WUE of the leaves of the 19 species ranged from 2.54 to 9.11 mmol·mol−1 and significantly differed with species (p < 0.05, Table 3). Three species had a WUE below 2 mmol·mol−1, and 14/19 species (73.7%) had a WUE between 3 and 6 mmol·mol−1. Only two species had a WUE above 7 mmol·mol−1. The WUE of Euonymus japonicus ‘Aureo-marginatus’ was the lowest at 2.54 mmol·mol−1, whereas that of a member of the WUE of Pinaceae was 7.84 and 9.11 mmol·mol−1, and Pinus tabulaeformis had the highest values (Figure 1D).



The NUE ranged from 5.3 to 16.97 μmol·g−1·s−1 and significantly differed with species (p < 0.05, Table 3). The NUE of Yulania denudate, Pinus bungeana, Pinus tabuliformis, and Euonymus japonicus ‘Aureo-marginatus’ was lower than 7 μmol·g−1·s−1. The NUEs of Rhus typhina, Malus spectabilis, Prunus davidiana, Ulmus pumila ‘Jinye’, Prunus cerasifera ‘Atropurpurea’, Robinia pseudoacacia, Amorpha fruticose, and Forsythia suspensa were above 10 μmol·g−1·s−1, accounting for 42% of the total number of species (Figure 1E). The NUE of Yulania denudate was the lowest (5.3 μmol·g−1·s−1), and that of Prunus cerasifera ‘Atropurpurea’ was the highest (16.97 μmol·g−1·s−1), which was nearly three times that of Yulania denudate.



The CUE of different species ranged from 71.9% to 94.8%. The highest CUE was Pinus tabulaeformis (94.8%), and the lowest was Platyclus orientalis (71.9%). The CUE of other plants was between 80% and 89%, accounting for 89.5% of the total number of species (Figure 1F).



Abscissa species: 1, Rhus typhina; 2, Malus spectabilis; 3, Prunus davidiana; 4, Ulmus pumila ‘Jinye’; 5, Styphnolobium japonicum; 6, Fraxinus chinensis; 7, Crataegus pinnatifida; 8, Prunus cerasifera ‘Atropurpurea’; 9, Robinia pseudoacacia; 10, Populus tomentosa; 11, Prunus armeniaca; 12, Yulania denudata; 13, Pinus bungeana; 14, Pinus tabuliformis; 15, Platycladus orientalis; 16, Amorpha fruticosa; 17, Cotinus coggygria; 18, Forsythia suspensa; 19, Euonymus japonicus ‘Aureo-marginatus’. Species 1–15 are trees and 16–19 are shrubs.





3.2. Differences in Life Forms


Leaf functional traits and resource use efficiency at the life form level significantly differed. Among the four life forms, the functional traits (SLA, Pnmax, Nmass) of evergreen conifers were significantly lower than those of deciduous trees and shrubs, and nitrogen fixing plants (p < 0.05, Figure 2). The WUE of evergreen conifers was significantly higher than that of other life forms (p < 0.05, Figure 3). The SLA, Pnmax, and Nmass of nitrogen-fixing plants were significantly higher than those of other life forms (p < 0.05, Figure 2). There was no significant difference in functional traits between deciduous trees and deciduous shrubs. Moreover, their values were both between those of evergreen conifers and nitrogen-fixing plants.



The WUE of evergreen conifers (7.24 mmol·mol−1) was significantly higher than that of deciduous shrubs (p < 0.01, Figure 3). The WUE of deciduous trees was 3.87 mmol·mol−1 and that of deciduous shrubs was 3.74 mmol·mol−1. The CUE of evergreen conifers and deciduous shrubs did not significantly differ (p > 0.05; Figure 3). The NUE of deciduous trees and deciduous shrubs were significantly higher than that of evergreen conifers (p < 0.01, Figure 3). The NUE of both species of deciduous trees was above 10 μmol·g−1·s−1, whereas that of the latter was below 7 μmol·g−1·s−1.




3.3. Correlations between Resource Use Efficiency and Leaf Functional Traits


At the species level, WUE was significantly correlated with CUE (Figure 4, p < 0.01), and significantly negatively correlated with NUE (Figure 4, p < 0.001); CUE and NUE were not significantly correlated. For leaf functional traits, WUE was significantly correlated with SLA and Nmass (Figure 5, p < 0.01). An increase in SLA and Nmass resulted in a decrease in WUE. The response of WUE to Pnmax was not clear. CUE and NUE were positively correlated with Pnmax (Figure 5, p < 0.01). The R2 value between NUE and Pnmax was larger than that between CUE and Pnmax, indicating a stronger correlation. In this study, Pnmax was significantly positively correlated with Rd in different plants (Figure 6, p < 0.01), and the greater the Pnmax, the greater the Rd. Moreover, there was a significant negative correlation between CUE and Rd (Figure 6, p < 0.05).




3.4. Principal Component Analyses


The results of the principal component analysis showed that the interpretation rates of principal component 1 and principal component 2 were 47.16% and 25.9%, respectively, with a total of 73.06%. Principal component 1 had a high correlation with SLA, Nmass, and NUE, which all had a positive correlation. Principal component 2 was highly correlated with WUE, CUE, and Pnmax, which all had a positive correlation (Figure 7, Table 4). As shown in Figure 7, evergreen coniferous trees are located in the negative area of the first principal component axis and the second principal component axis, with higher WUE and CUE. Nitrogen fixing plants are mainly located in the positive part of the first principal component axis, with higher Nmass, NUE, and SLA. Deciduous trees and deciduous shrubs are partly distributed in the positive area of the main axis and partly in the negative area.





4. Discussion


4.1. Differences in Leaf Functional Traits and Resource Utilization Efficiency of Different Species


There are considerable intraspecific and interspecific differences in leaf functional traits (such as SLA, Pn, and Nmass) even for plants in very similar environments [11,13]. This is hypothesized to result from long-term natural selection [37]. From the analysis of three leaf functional traits of 19 species in Fangshan, Beijing, Pnmax, SLA, and Nmass significantly differed among plants in the same habitat, indicating that plants adapted differently to the same environment.



Specific leaf area is a key indicator of leaf functional traits, which reflects the trade-offs of the carbon acquisition, growth, and adaptation strategies of plants under different resource environments [38]. Plants with high SLA have high productivity and adapt easily to resource-rich environments; however, plants with low SLA are well-adapted to resource-poor environments [38,39]. Among the 19 species investigated, the average SLA was 163.32 cm2·g−1, among which the smallest were for Pinus bungeana (39 cm2·g−1) and Pinus tabulaeformis (41 cm2·g−1), and the largest was for the Prunus cerasifera ‘Atropurpurea’ (237.6 cm2·g−1). Accordingly, plants with low SLA, such as Pinus tabulaeformis and Pinus bungeana, should dominate in relatively dry areas, whereas plants with high SLA, such as Prunus cerasifera ‘Atropurpurea’, should dominate in the relatively humid areas, which supports the restoration of the regional ecosystem and increase in ecosystem biomass. Qinglonghu Plantation Park in Beijing is in a semi-humid area at circa 100 m above sea level. It is characterized by a warm temperate semi-humid monsoon climate in summer and cold dry winters. Such climatic characteristics shaped the specificity of plant functional traits in this area. For example, in this study, SLA—the central characteristic of leaf morphology—fully reflected the climatic characteristics. The SLA (23.54 cm2·g−1 and 25.15 cm2·g−1) of Pinus tabulaeformis and Platycladus orientalis in the Huoshan area of Shanxi Province [40] was significantly lower than that of Pinus tabulaeformis and Platycladus orientalis in similar subhumid areas but at altitudes above 2000 m. Species here had high water and nutrient element contents. SLA significantly differed between the semi-arid (158.1 cm2·g−1) and humid areas (close to 400 cm2·g−1) [8,41]. The SLA of Amorpha fruticosa in this study area was in between the two, and SLA increased with precipitation. Thus, different climatic conditions certainly affected the SLA.



Yet, SLA is sensitive to light adaptation. An increase in SLA increases the light contact area of leaves, enhancing the light-catching ability, which in turn, improves both the utilization of light [42] and the photosynthetic capacity of plants. In this study, the SLA of different species was significantly correlated with apparent quantum efficiency (AQY) (Figure 6). The AQY index reflects the ability of plants to absorb, convert, and utilize light energy under low light conditions. The higher the value, the higher the light energy conversion efficiency of leaves. Among the 19 species, Prunus cerasifera ‘Atropurpurea’ was the most adaptable to light, whereas Pinus tabulaeformis was the least.



In general, SLA varied greatly with species (50–390 cm2·g−1). At the regional scale, the distribution range of the SLA of plants in the Beijing Yeya Lake Wetland area was 110–470 cm2·g−1, and more than half of the plants had a relatively large SLA [43]. This is possibly related to environmental factors. Wetlands have sufficient hydrothermal conditions, and the plant productivity is, thus, relatively high in this habitat. Seventeen species at the Sand Control Station of Shazhuyu in the arid area of Qinghai Province [44] had low SLA, with an average value of 98 cm2·g−1. The plants in this arid area had a high water conservation ability, which may be a strategic adaptation to water scarcity. The SLA distribution range of the 19 species in this study was 39–238 cm2·g−1, and for 68.4% of the species it was between 100 and 200 cm2·g−1. A comparative SLA analysis of plants in different regions and under different natural conditions showed that species in this study area allocated more biomass per unit leaf area and better utilized and preserved environmental and obtained resources, respectively.



The maximum net photosynthetic rate of plants determines their potential photosynthetic capacity. The higher the Pnmax value, the higher the carbon sequestration rate, which is beneficial for the accumulation of organic matter [45,46]. In this study, the highest Pnmax was of Amorpha fruticosa (28.92 μmol·m2·s−1), whereas the lowest was of Yulania denudata (6.72 μmol·m2·s−1). This means that Amorpha fruticosa had the highest potential photosynthetic capacity and was most able to accumulate organic matter, whereas Yulania denudata had the least. Overall, the average Pnmax of the 19 species was 17.63 μmol·m2·s−1, which differed from the maximum net photosynthetic rate of plants in other regions. The average Pnmax of seven species of curcuma in Guangxi was 6.38 μmol·m2·s−1 [47]. In a study of the net photosynthetic rates of 51 species in an alpine marsh meadow [18], the Pn range was 4.25–19.23 μmol·m2·s−1, with an average of 9.97 μmol·m2·s−1. These results indicate that the growth strategies of these plants differ from those of the Qinglong Lake plantation in Fangshan, which may be related to the semi-humid climate of the latter. However, the Pnmax of half of the 97 plant species in Hunshandake Sandy Land, Inner Mongolia was between 10 and 20 μmol·m2·s−1 [48]. For 16 seasonal plants of early spring in the Junggar Desert [49], the Pnmax range was 8.07–35.96 μmol·m2·s−1, and the average Pnmax was 18.62 μmol·m2·s−1. These results indicate that, although the plant species in Qinglong Lake of Fangshan are in an area with relatively sufficient hydrothermal conditions, their potential photosynthetic capacity is similar to that of plant species in sandy and desert areas. This may be because these species have convergently evolved a similar average Pnmax through adaptation to the local environment.



Nmass is a key limiting factor of leaf photosynthetic capacity [50]. This is because nitrogen, as the main component of enzymes in plant photosynthesis, is both closely related to photosynthesis [51] and is sensitive to hydrothermal changes. Maximum net photosynthetic rate and Nmass were significantly positively correlated (Figure 6), which corroborates greater Nmass results in larger photosynthetic capacities of plants [13,40,52,53]. SLA was significantly positively correlated with Nmass (Figure 6), which corroborated previous studies [17,44,50]. The smaller the SLA, the smaller the Nmass, the smaller the photosynthetic capacity, and the stronger the resistance to stress. Nmass significantly differed with plants, and those of Rhus typhina, Ulmus pumila ‘Jinye’, and Amorpha fruticosa were high (>30 g/kg), resulting in large photosynthetic capacities. However, the Nmass of Pinus bungeana, Platycladus orientalis, and Pinus tabulaeformis were low (<15 g/kg), resulting in small photosynthetic capacities.



The average Nmass of 1215 plant species from 122 sites (from temperate to tropical, from desert and grassland, to woodland and forest) in the Chinese Plant Characteristics Database [54] was 19.58 g/kg. Globally, from 2883 records in the TRY database [55], the average Pn was 10.3 μmol·m2·s−1, which was lower than 18.62 μmol·m2·s−1 from this study. From 7122 species and 33,880 Nmass database records [55], the global average was 17.4 g/kg, which was lower than 21.36 g/kg from this study. The species in this study were more resource-acquiring in nature, and very able in the acquisition of environmental resources.



Plants respond to drought by maximizing the efficiency of their most limited resources, namely WUE, at the expense of NUE and CUE. Plants can also acclimatize to the seasonal occurrence of early spring drought and develop phenotypes with improved WUE [56,57]. Therefore, plant resource utilization efficiency is an indicator of the drought tolerance of a species [25]. High WUE is postulated as beneficial under water-limited conditions. This results in high WUE in drought-tolerant species and low WUE in fast-growing species [58,59]. In contrast, drought-tolerant species are postulated to have low WUE because high WUE is a conservative ecophysiological strategy at the cost of low photosynthetic rate [60]. However, both these opposing views support the conjecture that “differences in WUE between species directly affect their long-term growth and survival in unpredictable and fluctuating conditions in predictable ways” [58]. NUE is an important index of leaf physiology, morphology, and environmental adaptation mechanisms. High NUE denotes high productivity and fast growth rates. CUE is an indicator of leaf carbon balance, and leaves with low CUE have slow tree growth rates and small biomasses [61]. In this study, the conifers Pinus tabulaeformis and Pinus bungeana had the highest WUE (9.11 and 7.84 mmol·mol−1), the highest CUE (94.5% and 85.4%), and the lowest NUE (5.89 and 6.2 μmol·g−1·s−1). Euonymus japonicus ‘Aureo-marginatus’ and Prunus cerasifera ‘Atropurpurea’ had the lowest WUE (2.54 and 2.91 mmol·mol−1), Euonymus japonicus ‘Aureo-marginatus’ and Platycladus orientalis had the lowest CUE (71.5% and 76.2%), and Prunus cerasifera ‘Atropurpurea’ had the highest NUE (16.97 μmol·g−1·s−1). Thus, Pinus tabulaeformis and Pinus bungeana were highly drought tolerant and highly productive even under drought conditions. Prunus cerasifera ‘Atropurpurea’ had a high resource utilization capacity and fast growth rate. Its large-scale cultivation can improve the productivity of the ecosystem and benefit areas in urgent need of ecological restoration.




4.2. Differences in Leaf Functional Traits and Resource Utilization Efficiency among Life Forms


The richness of plant functional forms is considered a more important ecological indicator than species diversity [18,62,63]. Plants with the same life form are postulated to have either the same or similar leaf traits [64,65]. Therefore, the 19 species in Qinglong Lake in Fangshan were divided into two main categories: trees and shrubs. In general, leaf functional traits and resource utilization significantly differ with life forms. Indeed, conifers (Pinus tabulaeformis, Pinus bungeana, and Platycladus orientalis) and nitrogen-fixing (Amorpha fruticosa, Styphnolobium japonicum, Robinia pseudoacacia) gymnosperms significantly differed from other trees and shrubs (Figure 1). Such differences were reflected in plant life history, morphology, physiology, and other aspects, and were often interpreted as the result of either plant genetic characteristics or environmental adaptations [38]. Considering the vast differences between gymnosperms and nitrogen-fixing plants and other plants, we regrouped the 19 species into four: deciduous trees, deciduous shrubs, evergreen needles, and nitrogen-fixing plants. We found no significant difference between deciduous trees and shrubs. The SLA, Pnmax, Nmass, and NUE of evergreen conifers were significantly lower than those of deciduous trees and shrubs. The WUE of evergreen conifers was significantly higher than that of other life forms. The SLA, Pnmax, and Nmass of nitrogen-fixing plants were significantly higher than those of other life forms. Coniferous species had low SLA and tough leaf textures. As plants invest large resources into leaves, they require of them a long service life. Yet, leaf structures still need to ensure the normal physiological and biochemical reactions [66]. Relatedly, the different distribution ratio of leaf nitrogen content between cell wall and photosynthetic systems (Rubisco) affects the growth and survival of plants. The Nmass of conifer species was significantly lower than that of deciduous species. Under the influence of intense light and other adverse factors, more nitrogen is allocated to enhance the toughness of plant cell walls and increase the density and thickness of mesophyll cells [66]. Consequently, less nitrogen is allocated to the photosynthetic system [67]. Thus, the Pnmax of coniferous trees was significantly lower than that of deciduous trees at similar nutrient input levels. Conifer species are highly adaptable to and highly tolerant of arid environments. However, their low photosynthetic efficiency limits the yield efficiency of assimilated substances. Evergreen and deciduous species have different structural cost investments into unit leaves, such as palisade tissues and thick leaf cell walls [68]. There are four distinct seasons in Beijing, and evergreen plants thus experience environmental stresses such as hot summers, cold winters, intense sunlight, drought, and extreme weather. By increasing investment in leaf structure, plants can reduce SLA and extend the life of leaves to resist the harsh external environment. In this study, the functional traits of nitrogen-fixing plants and conifer species followed completely different adaptation strategies. Nitrogen-fixing plants had the highest SLA, Pnmax, and Nmass; great light-capturing abilities; high photosynthetic efficiencies; and the highest photosynthetic capacities when resources were abundant.



There were significant differences in WUE and NUE among life forms. The WUE of conifers was significantly higher than that of deciduous trees and shrubs, whereas the NUE of conifers was significantly lower than that of deciduous trees. In this study, the habitat of all tree species was similar, and the differences in resource utilization efficiency were, thus, mainly influenced by genetics. Conifer species improve their competitive advantage under water deficit condition through high WUE. The low WUE and high NUE of deciduous tree species result in the complete absorption of water under adequate supply, resulting in rapid growth and reproduction. By sacrificing the ability to adapt to drought conditions, deciduous tree species improve their competitiveness in resource-rich environments.



The difference in leaf functional traits and resource use efficiency among life forms aid the complete utilization of environmental resources, thus, improving the stability of the entire ecosystem [69,70]. Due to differences in resource strategies, increased coniferous species abundance possibly leads to increased WUE, enhanced drought tolerance, and the decreased photosynthetic production capacity of the entire community. On the contrary, the increased abundance of deciduous plants may increase the Pnmax and NUE of the community, resulting in high photosynthetic efficiency that is conducive for biomass recovery.




4.3. Correlations between Leaf Functional Traits and Resource Use Efficiency


4.3.1. Correlations between Resource Utilization Efficiency


Plant maximization of carbon uptake or use efficiency theories depend on trade-offs of resource use efficiency. According to the eco-economic theory, plants maximize the utilization efficiency of the most limited resources by reducing the utilization efficiency of abundant resources [24]. The trade-off between WUE and NUE is known; plants cannot concurrently maximize both NUE and WUE [25,71,72,73], and this is mainly determined by the physiological characteristics of leaves. Nitrogen affects photosynthesis, water affects transpiration, and stomatal behavior controls both photosynthesis and transpiration [74,75]. Since the intercellular CO2 concentration (Ci) of leaves is usually not saturated for carbon assimilation, an increase in stomatal conductance increases Ci, leading to increased plant photosynthetic rates and NUE. Transpiration is also enhanced, resulting in increased water loss, and thus, decreased WUE [71,72]. In their studies on dominant plants in the arid steppe of Inner Mongolia, Gong et al. also pointed out that NUE decreased when plants maximized the WUE [27]. Relatedly, NUE was significantly negatively correlated with WUE in coniferous mixed forests [76], which is consistent with this theory. These findings were from arid and semi-arid areas, yet they were corroborated by our study of a subhumid plantation area where NUE was also significantly negatively correlated with WUE. WUE and CUE were significantly positively correlated, i.e., an increase in NUE resulted in a decrease in plant water and carbon use efficiency. This may be due to the subhumid climate of the study area, which results in abundant water supply, and thus, increased NUE. Therefore, to better understand the strategies of plant resource utilization in the subhumid plantation area, it is important to continually study changes in leaf nitrogen content and distribution ratio.




4.3.2. Correlations between Leaf Functional Traits and Resource Use Efficiency


In leaves, plant resource use efficiency changed with functional traits, especially Nmass, SLA, and Pnmax. The first two parameters predict the WUE [27]. In this study, WUE was significantly negatively correlated with Nmass and SLA, which corroborates previous studies. However, there was no significant relationship between WUE and Pnmax, possibly because changes in the allocated biomass by leaves per unit caused both corresponding changes in photosynthetic capacity and affected transpiration. CUE and NUE were positively correlated with Pnmax. Leaf CUE, as an important indicator of leaf carbon balance, results from the comprehensive effects of photosynthesis and respiration [61]. In this study, Pnmax was positively correlated with Rd, and CUE was negatively correlated with Rd. This indicated a large increase in Rd, probably because respiration is more susceptible to changes than photosynthesis [13,61]. The extremely significant positive correlation between NUE and Pnmax (p < 0.001) was consistent with a previous study [66] and confirmed that the greater the allocation of photosynthetic nitrogen to the Rubisco enzyme, the higher the photosynthetic rate and production capacity. These findings indicate that the functional traits of plants represent their utilization of and adaptation to environmental resources.






5. Conclusions


In this study, 19 plant species growing in the 10,000 mu plantation park of Qinglong Lake in Fangshan were investigated. First, leaf functional traits and resource utilization characteristics significantly differed among the plant species. This indicated that, to fully acquire and use environmental resources, different plants adapt to the same environment in different ways. Second, the significant differences in these indexes among life forms may be related to their life history and resource utilization strategies. Evergreen conifers and deciduous species each represented plant adaptive strategies. Such insights aid the selection of ideal restoration species for plantations in different regions and under different environmental conditions, according to the resource utilization characteristics of different life forms. Third, there was a strong correlation both between different plant resource use efficiencies and between leaf functional traits and resource use efficiency. This indicated synergistic changes between leaf functional traits and resource use efficiency in different species, suggesting that resource use changes can be predicted by leaf functional traits. In the future, we will deeply discuss the impact of these changes on the stability of the entire community and even the ecosystem.
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Figure 1. Comparison of mean value of maximum net photosynthetic rate (Pnmax, (A)), specific leaf area (SLA, (B)), leaf nitrogen content (Nmass, (C)), water use efficiency (WUE, (D)), nitrogen use efficiency (NUE, (E)), and carbon use efficiency (CUE, (F)) among different species (mean ± SE). Different small letters indicate significant difference between life forms for the same resource utilization efficiency (p < 0.05). 






Figure 1. Comparison of mean value of maximum net photosynthetic rate (Pnmax, (A)), specific leaf area (SLA, (B)), leaf nitrogen content (Nmass, (C)), water use efficiency (WUE, (D)), nitrogen use efficiency (NUE, (E)), and carbon use efficiency (CUE, (F)) among different species (mean ± SE). Different small letters indicate significant difference between life forms for the same resource utilization efficiency (p < 0.05).
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Figure 2. Comparison of mean value of maximum net photosynthetic rate (Pnmax), specific leaf area (SLA), and leaf nitrogen content (Nmass) between life forms (mean ± SE). Different small letters indicate significant difference between life forms for a given trait (p < 0.05). 
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Figure 3. Comparison of mean value of water use efficiency (WUE), nitrogen use efficiency (NUE), and carbon use efficiency (CUE) between life forms (mean ± SE). Different small letters indicate significant difference between life forms for the same resource utilization efficiency (p < 0.05). 
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Figure 4. Relationship between resource utilization efficiencies. 
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Figure 5. Relationship between specific leaf area (SLA), leaf nitrogen content (Nmass), maximum net photosynthetic rate (Pnmax), and resources utilization efficiencies. 
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Figure 6. Relationship between specific leaf area (SLA) and apparent quantum yield (AQY), leaf nitrogen content (Nmass) of different species. Relationship between leaf nitrogen content (Nmass) and maximum net photosynthetic rate (Pnmax) of different species. Relationship between dark respiratory rate (Rd) and maximum net photosynthetic rate (Pnmax), carbon use efficiency (CUE) of different species. 






Figure 6. Relationship between specific leaf area (SLA) and apparent quantum yield (AQY), leaf nitrogen content (Nmass) of different species. Relationship between leaf nitrogen content (Nmass) and maximum net photosynthetic rate (Pnmax) of different species. Relationship between dark respiratory rate (Rd) and maximum net photosynthetic rate (Pnmax), carbon use efficiency (CUE) of different species.



[image: Forests 14 00063 g006]







[image: Forests 14 00063 g007 550] 





Figure 7. Results of principle component (PC) analyses of leaf traits and resource utilization efficiencies. (A) Main trait loads. (B) Response of traits to different life forms. 
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Table 1. List of the 19 species in the plantation in Qinglonghu, Beijing.
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Life Form

	
Species

	
Family

	
Height

H/m

	
Breast

Diameter

B/cm

	
Stand Age

S/years

	
Central Latitude

and Longitude

	
Elevation/m






	
Tree

	
Deciduous trees

	
Rhus typhina

	
Anacardiaceae

	
5.16

	
12.01

	
8

	
116°2′5″ E, 39°46′29″ N

	
95




	
Deciduous trees

	
Malus spectabilis

	
Rosaceae

	
3.54

	
10.54

	
8

	
116°2′10″ E, 39°46′19″ N

	
100




	
Deciduous trees

	
Prunus davidiana

	
Rosaceae

	
5.94

	
8.76

	
8

	
116°2′25″ E, 39°46′8″ N

	
110




	
Deciduous trees

	
Ulmus pumila ‘Jinye’

	
Ulmaceae

	
4.63

	
11.81

	
8

	
116°2′27″ E, 39°46′46″ N

	
100




	
Deciduous trees

	
Fraxinus chinensis

	
Oleaceae

	
5.37

	
9.16

	
8

	
116°2′1″ E, 39°46′26″ N

	
100




	
Nitrogen fixing plant

	
Styphnolobium japonicum

	
Leguminosae

	
6.08

	
7.52

	
8

	
116°2′1″ E, 39°46′31″ N

	
100




	
Deciduous trees

	
Crataegus pinnatifida

	
Rosaceae

	
2.5

	
7.86

	
8

	
116°1′41″ E, 39°46′35″ N

	
100




	
Deciduous trees

	
Prunus cerasifera ‘Atropurpurea’

	
Rosaceae

	
4.68

	
11.28

	
8

	
116°2′2″ E, 39°46′41″ N

	
90




	
Nitrogen fixing plant

	
Robinia pseudoacacia

	
Leguminosae

	
6.24

	
9.69

	
8

	
116°1′46″ E, 39°46′26″ N

	
110




	
Deciduous trees

	
Populus tomentosa.

	
Salicaceae

	
6.93

	
12.3

	
8

	
116°2′16″ E, 39°46′44″ N

	
100




	
Deciduous trees

	
Prunus armeniaca

	
Rosaceae

	
5.52

	
18.25

	
8

	
116°2′10″ E, 39°46′19″ N

	
80




	
Deciduous trees

	
Yulania denudata

	
Magnoliaceae

	
3.24

	
25.7

	
8

	
116°2′10″ E, 39°46′19″ N

	
95




	
Evergreen conifer

	
Pinus bungeana

	
Pinaceae

	
3.65

	
16.56

	
8

	
116°2′13″ E, 39°46′18″ N

	
110




	
Evergreen conifer

	
Pinus tabuliformis

	
Pinaceae

	
3.07

	
8.07

	
8

	
116°2′13″ E, 39°46′18″ N

	
110




	
Evergreen conifer

	
Platycladus orientalis

	
Cupressaceae

	
4.62

	
9.55

	
8

	
116°2′26″ E, 39°46′40″ N

	
95




	
Shrub

	
Nitrogen fixing plant

	
Amorpha fruticosa

	
Leguminosae

	
2.04

	
4.25

	
8

	
116°2′26″ E, 39°46′44″ N

	
95




	
Deciduous shrub

	
Cotinus coggygria

	
Anacardiaceae

	
3.25

	
7.26

	
8

	
116°2′27″ E, 39°46′44″ N

	
95




	
Deciduous shrub

	
Forsythia suspensa

	
Oleaceae

	
0.74

	
2.55

	
8

	
116°2′13″ E, 39°46′18″ N

	
110




	
Deciduous shrub

	
Euonymus japonicus ‘Aureo-marginatus’

	
Celastraceae

	
0.65

	
2.12

	
8

	
116°2′10″ E, 39°46′19″ N

	
100
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Table 2. The maximum net photosynthetic rate (Pnmax), specific leaf area (SLA), leaf nitrogen content (Nmass), water use efficiency (WUE), nitrogen use efficiency (NUE), and carbon use efficiency (CUE) of 19 species from the mixed plantation in Qinglonghu, Beijing (mean ± SE).






Table 2. The maximum net photosynthetic rate (Pnmax), specific leaf area (SLA), leaf nitrogen content (Nmass), water use efficiency (WUE), nitrogen use efficiency (NUE), and carbon use efficiency (CUE) of 19 species from the mixed plantation in Qinglonghu, Beijing (mean ± SE).





	Species
	Pnmax (μmol·m2·s−1)
	SLA

(cm2·g−1)
	Nmass

(g/kg)
	WUE

(mmol·mol−1)
	NUE

(μmol·g−1·s−1)
	CUE

(%)





	Rhus typhina
	26.09 ± 0.41
	146.6 ± 29.58
	35.88 ± 0.23
	4.64 ± 0.36
	10.66 ± 0.17
	88.6 ± 0.35



	Malus spectabilis
	22.6 ± 3.07
	129.5 ± 25.98
	21.06 ± 0.46
	3.58 ± 0.07
	13.9 ± 1.13
	84.2 ± 0.67



	Prunus davidiana
	20.64 ± 0.62
	135.3 ± 32.63
	24.12 ± 0.25
	3.63 ± 0.2
	11.58 ± 1.12
	86.8 ± 1.96



	Ulmus pumila ‘Jinye’
	21.95 ± 2.01
	202.2 ± 64.29
	32.64 ± 0.35
	4.01 ± 0.34
	13.6 ± 1.25
	85.2 ± 0.45



	Fraxinus chinensis
	18.31 ± 0.59
	143.4 ± 33.06
	21.16 ± 0.27
	2.78 ± 0.29
	9.66 ± 0.31
	81.1 ± 2.61



	Styphnolobium japonicum
	15.81 ± 0.3
	149.5 ± 48.43
	22.9 ± 0.25
	5.14 ± 0.64
	9.9 ± 0.16
	86.2 ± 3.99



	Crataegus pinnatifida
	17.34 ± 1.14
	94.2 ± 11.15
	18.33 ± 0.16
	3.52 ± 0.38
	8.91 ± 1.17
	87.6 ± 1.08



	Prunus cerasifera ‘Atropurpurea’
	15.4 ± 0.81
	237.6 ± 125.38
	21.56 ± 0.14
	2.91 ± 0.36
	16.97 ± 3.82
	85.5 ± 1.38



	Robinia pseudoacacia
	16.02 ± 2.09
	149.5 ± 31.28
	20.34 ± 0.22
	3.4 ± 0.68
	11.77 ± 2.27
	84.9 ± 1.94



	Populus tomentosa
	12.98 ± 0.62
	123.3 ± 26.24
	22.13 ± 0.07
	3.8 ± 0.71
	7.23 ± 1.32
	80.7 ± 1.05



	Prunus armeniaca
	11.32 ± 1.21
	162.3 ± 15.72
	22.17 ± 0.23
	4.89 ± 1.07
	8.29 ± 0.88
	85.4 ± 1.27



	Yulania denudata
	6.72 ± 0.14
	150 ± 22.58
	19.02 ± 0.2
	4.95 ± 1.46
	5.3 ± 2.08
	84.4 ± 0.36



	Pinus bungeana
	20.87 ± 2.3
	39 ± 4.04
	12.58 ± 0.35
	7.84 ± 2.4
	6.2 ± 0.69
	85.8 ± 2.09



	Pinus tabuliformis
	19.26 ± 0.46
	41 ± 8.05
	14.29 ± 2.95
	9.11 ± 1.35
	5.89 ± 0.14
	94.8 ± 1.67



	Platycladus orientalis
	10.6 ± 0.76
	79 ± 9.61
	11.11 ± 1.38
	5.38 ± 0.94
	7.14 ± 0.51
	71.9 ± 2.45



	Amorpha fruticosa
	28.92 ± 1.6
	217.4 ± 22.46
	38.8 ± 1.32
	3.21 ± 0.62
	12.9 ± 0.72
	83.6 ± 2.11



	Cotinus coggygria
	15.84 ± 2.79
	125.4 ± 15.28
	21.8 ± 1.0
	6 ± 1.1
	9.34 ± 1.65
	87.2 ± 1.54



	Forsythia suspensa
	23.67 ± 0.06
	135.9 ± 21.06
	15.8 ± 2.5
	3.2 ± 0.22
	15.58 ± 0.04
	82.4 ± 1.87



	Euonymus japonicus ‘Aureo-marginatus’
	10.6 ± 3.79
	122 ± 15.28
	25.8 ± 3.25
	2.54 ± 1.64
	6.86 ± 1.79
	76.5 ± 4.56
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Table 3. Analysis of variance of leaf functional traits and resource utilization efficiencies of different species.
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ANOVA




	
Variable

	
Sum of Squares

	
df

	
Mean Square

	
F






	
WUE

	
136.83

	
18

	
7.6

	
8.7 ***




	
CUE

	
1125

	
18

	
62.5

	
14.6 ***




	
NUE

	
530.13

	
18

	
29.45

	
15.26 ***




	
Pnmax

	
1657.38

	
18

	
92.08

	
20.79 ***




	
SLA

	
288,360.43

	
18

	
16,020.02

	
5.92 ***




	
Nmass

	
5637.81

	
18

	
313.21

	
55.32 ***








Note: *** indicate p < 0.001.
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Table 4. Loadings and interpreted variance of leaf traits and resource utilization efficiencies in principal components analyses.






Table 4. Loadings and interpreted variance of leaf traits and resource utilization efficiencies in principal components analyses.





	Traits
	Principal Component 1
	Principal Component 2





	Pnmax
	0.35
	0.49



	SLA
	0.51
	−0.14



	Nmass
	0.46
	0.1



	WUE
	−0.39
	0.49



	CUE
	0.02
	0.69



	NUE
	0.49
	0.07



	Variance ratio
	47.16%
	25.9%



	Cumulative variance ratio
	47.16%
	73.06%
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