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Abstract

:

Groundwater plays a significant role in influencing the growth and distribution of Robinia pseudoacacia L. plantations, with the largest planting area in the Yellow River Delta, by affecting the soil water–salt environment. This study aimed to clarify the mechanism of groundwater’s influence on the growth of R. pseudoacacia under different levels of groundwater mineralization (GWM) and groundwater depth (GWD). We simulated GWM of 0, 2 and 4 g L−1, and GWD of 0.8, 1.3 and 1.8 m. As GWM increased, soil relative water content (SRWC) and soil salt (dissolved salt) content (SSC) increased; sapling biomass (SB), stem mass (SM), leaf mass (LM), photosynthesis characteristics (maximum net photosynthetic rate (Pn), stomatal conductance (gs), intercellular CO2 concentration (Ci), transpiration rate (E) and water use efficiency (WUE)) decreased; root mass (RM), root mass ratio (RMR) and root–shoot ratio (RSR) first increased then decreased; stem mass ratio (SMR) first decreased then increased; and leaf mass ratio (LMR) increased. As GWD increased, SRWC decreased, but SSC first increased then decreased; SB, RM, RMR, RSR, and photosynthesis characteristics increased; SM and LM first increased then decreased; and SMR and LMR decreased. SRWC and SSC were negatively correlated with SB and photosynthesis characteristics. SRWC was negatively correlated with RMR and RSR, whereas it was positively correlated with LMR. SSC was negatively correlated with SMR, whereas it was positively correlated with LMR. The first principal component, including SB, RM, and photosynthesis characteristics, was related to sapling growth. The second principal component, including RMR, SMR, and RSR, was mainly related to biomass allocation. In conclusion, GWM and GWD affected the soil water and salt content, which were key factors influencing the photosynthesis and growth of R. pseudoacacia. Adjustments in biomass allocation and photosynthesis were the main adaptive strategies of R. pseudoacacia to salt, drought, and flooding stress.
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1. Introduction


Water stored underground in the saturated and subsurface zones below the soil is an important source of water for plants in water-limited ecosystems [1]. Through the connection between the saturation zone, the aeration zone and plants in the vertical direction, groundwater leads to significant eco-environmental changes [2,3]. Groundwater mineralization (GWM) and groundwater depth (GWD) play important roles in affecting the soil water and salt environment [4,5,6]. Increase of GWM could promote the upward migration of water and salt ions to the topsoil [7]. Numerous studies showed that the soil salt (dissolved salt) content (SSC) could increase with GWM, exponentially or linearly in the plow or topsoil layer [8,9]. However, another study showed that there was no significant relation between GWM and soil salt migration [10]. In arid inland or muddy coastal saline alkali land lacking freshwater resources, affected by leaching and melting, the strong affinity of salt itself to soil moisture, and meteorological factors, the variation of GWD is also closely correlated with the soil water–salt movement [11,12]. As GWD increases, the path of groundwater reaching the topsoil becomes longer, resulting in the decrease of the moisture and salinity of the soil profile [13,14]. In the Yellow River Delta (the typical muddy coastal saline alkali land), the area with lower GWD has higher soil water content and salt content [15]. With the variation of soil texture, vegetation type, micro topography, and climatic environment, the correlation between the soil water content, the salt content, and the GWD of different soil profiles is quite different. For example, the soil water and salt did not completely change synchronously with GWD, and there existed an obvious turning point with the change of GWD [16].



The results of large-scale investigations in recent years have shown that both GWM and GWD act as key ecological factors determining the distribution, the health status, and the water use strategies of vegetation by influencing the soil water–salt characteristics in the Yellow River Delta [17,18,19]. In the Yellow River Delta, the degree of mineralization of groundwater is generally high [20]; areas with shallow GWD tended to have higher soil salinity and were suitable for the distribution of salt-tolerant plants, including herbaceous species and shrub species, while areas with deeper GWD tended to have lower soil salinity and were suitable for the growth of tree species [21]. Through its effect on changes in soil water and salt, the groundwater influences the material transport and energy balance related to the photosynthetic productivity of plants [22,23], and it further exerts a profound impact on photosynthetic processes and the growth of plants [24,25]. However, there are few studies on how the GWM and GWD affect the plant growth in this area, and the related influence mechanism remains unclear.



The Robinia pseudoacacia L. plantations planted in the 1970s and 1980s are the largest arbor plantation in the Yellow River Delta but have shown extensive shoot dieback and even patchy mortality of trees, which seriously weakened the plantations’ ecological functions. To reveal the decline mechanism of R. pseudoacacia plantations, scholars have conducted a series of studies on the soil water and salt dynamics [26], stand structure and canopy health [27], stand nutrition [28], and photosynthetic physiology [29]. In the Yellow River Delta, the GWD of the areas with a serious decline of R. pseudoacacia is usually low [15], but the influence mechanism of groundwater on the growth of R. pseudoacacia is not clear. In this study, we simulated three GWM levels (0, 2, and 4 g L−1) and three GWDs (0.8, 1.3, and 1.8 m) and determined the effects of GWM and GWD on the soil relative water content (SRWC) and SSC and on the plant biomass, biomass allocation, and photosynthesis characteristics of R. pseudoacacia, explored the correlations between soil properties and R. pseudoacacia growth, and clarified the response mechanism of R. pseudoacacia to water and salt stress driven by groundwater, to provide a theoretical basis for the efficient cultivation and sustainable management of R. pseudoacacia plantations in the Yellow River Delta.




2. Materials and Methods


2.1. Study Area


The experiment was conducted in a greenhouse of the nursery in Kenli District, Dongying City, Shandong Province (118°15′–119°19′ E, 37°24′–38°10′ N). The experiment site is located in the temperate semi-humid monsoon climate zone, with significant temperature differences between the four seasons. It is dry and windy in spring, hot and humid in summer, cool in autumn, and dry and frozen in winter. The annual average temperature is 11.9 °C, the average daily temperature is 10.7 °C, the average precipitation is 592.2 mm, the annual average evaporation is 1908.2 mm, and the evaporation–precipitation ratio is 3.22.




2.2. Experimental Design


According to previous study conducted by Xia et al. [30] in the Yellow River Delta, groundwater salinity values higher than the level of saline water (8 g L−1) severely inhibited the growth and photosynthetic efficiency of Tamarix chinensis Lour. whose salt tolerance is much higher than that of R. pseudoacacia. Besides, after the pre-test, we found that R. pseudoacacia was severely stressed when the GWM was higher than 4 g L−1. The results of a large-scale field survey on R. pseudoacacia plantations in the Yellow River Delta showed that the soil moisture, salinity, and the degree of stand dieback increase with decreasing GWD [15]. The withered shoots and death of R. pseudoacacia plantations are more serious in the area where GWD (in the low-water-level period (December), the same below) is less than 1 m, while the good-growth R. pseudoacacia plantations are mostly located in the area where GWD is not less than 1.8 m [17,31]. Thus, after fully considering the actual situation of the R. pseudoacacia planting area in the Yellow River Delta, the indoor test conditions, and the survival rate of saplings, we set three groundwater mineralization levels (0, 2, and 4 g L−1) and three representative groundwater depths (0.8, 1.3, and 1.8 m), with a total of 9 treatments with 3 replications per treatment in this study.



Before the test, we built three 0.8-m-deep cement tanks in the greenhouse during the period 15–25 January 2020 and applied waterproof materials at the bottom of the cement tank to prevent water leakage. At the same time, PVC round pipes (inner diameter of 45 cm) with different heights were prepared to simulate different GWDs through control of the PVC pipe length. A 0.03 m interstitial layer was set at the upper part of the PVC pipe to facilitate water management, and a 0.8 m flooded depth was set at the bottom part of the PVC pipe. Three GWD treatments were simulated and set up, which included 0.8, 1.3, and 1.8 m, and the corresponding PVC pipe heights were 1.63, 2.13, and 2.63 m. In the range of simulated groundwater depth, four holes (2 cm in diameter) were drilled every 10 cm in the vertical direction around each PVC pipe as soil sampling holes and plugged tightly with plugs. In the flooded portion of the PVC pipe, 4 water inlet holes (1 cm in diameter) were drilled every 20 cm in the vertical direction. The bottom and the surrounding of the flooded part of the PVC pipe were wrapped with permeable felt to ensure that the simulated groundwater can enter the pipe from the surrounding water inlets to wet the soil and the soil in the pipe would not leak out. Nine PVC round pipes of three heights (with 3 replications) were placed into each pond, for a total of 27 PVC round pipes. All pipes were fixed with construction scaffolding.



During 1–5 February 2020, we took 20 cm as a soil layer, calculated the filling amount according to the soil bulk density, and filled the air-dried soil in the PVC pipe. The soil samples used in this study were original soil in the non-seedling area of the nursery. The soil particle size distribution was 10.13% coarse sand, 25.77% fine sand, and 64.10% silt and clay. The initial average soil salinity was 1‰, pH was 7.43, field capacity was 32.06%, and the bulk density was 1.38 g m−3. The soil field capacity was measured by the Wilcox method [32]. The groundwater in the Yellow River Delta is affected by sea salts, mainly NaCl, and the soil in the Yellow River Delta belongs to chloride saline soils. Thus, the groundwater of different mineralization for the experiment was prepared by dissolving NaCl in deionized water. After the soil was filled, 0 g L−1 (deionized water), 2 g L−1 (NaCl dissolved in deionized water), and 4 g L−1 (NaCl dissolved in deionized water) groundwater were respectively poured into three cement tanks to simulate three different GWM levels. The flooding depth was controlled to 0.8 m. After the soil column was balanced and stabilized for 7 days, three 1-year-old R. pseudoacacia saplings (9.51 mm ± 0.46 mm in ground diameter, 35 cm in height, 10 cm in root width) were planted in each PVC pipe, and 1 sapling was left after one month of normal planting management. During one month of normal planting management, for all treatments, fresh water was poured from the upper part of the PVC pipe once every 10 days, 4 L each time, a total of 12 L. After that, water supply to the aboveground part was not provided. The total dissolved solids (TDS) content of groundwater and the actual flooded level were monitored at 3-day intervals and then supplied with the corresponding groundwater throughout the experimental period to ensure the stability of GWM and flooding depth. During the experiment, there was no additional precipitation or irrigation, and the water in the concrete ponds was used as the water source. The whole experiment was finished on 21 September 2020. The simulated setup for the soil columns planted with R. pseudoacacia is shown in Figure 1.




2.3. Measurement Methods of Indices


2.3.1. Collection and Measurement of Soil Samples


During May and September 2020, soil samples were collected every 20 cm in the vertical direction from the main distribution range of the roots (0–80 cm soil layer) every two months. Three replicate samples were obtained from each soil layer. The gravitational soil water content was measured by the drying method (105 °C, 8 h). Soil relative water content (SRWC, %) was calculated as the ratio between the mass water content and the field capacity. Soil salt (dissolved salt in this study) content (SSC, ‰) was measured by the mass method (water/soil ratio of 5:1).




2.3.2. Measurement of Photosynthetic Parameters


From 18 to 20 September 2020, photosynthetic parameters were measured during 9:00–10:00 a.m., when it was sunny. The maximum net photosynthetic rate (Pn, μmol m−2 s−1), stomatal conductance (gs, mmol m−2 s−1), intercellular CO2 concentration (Ci, μmol m−2 s−1), and transpiration rate (E, mmol m−2 s−1) were measured with a Li-6800 photosynthetic measurement system (Li-COR, Lincoln, NE, USA). Before the measurement, we selected three saplings and measured three photosynthesis-light curves. When measuring light response curve, the leaves were induced for 30 min under the saturated light intensity. The photosynthetically active radiation was set as 2000, 1800, 1600, 1400, 1200, 1000, 800, 600, 400, 200, 100, 75, 50, 25, and 0 μmol m−2 s−1 for 120 s at each light intensity. According to the light response curve, the maximum light saturation light intensity of R. pseudoacacia saplings was 1200 μmol m−2 s−1, at which intensity, we measured the photosynthetic parameters. During the measurement of photosynthetic parameters, three healthy and mature pinnate compound leaves were selected from the middle of the crown of each sapling, and three leaflets were selected from each compound leaf. Water use efficiency (WUE, μmol mmol−1) was calculated as the ratio between the maximum net photosynthetic rate and transpiration rate.




2.3.3. Collection of Plant Samples and Measurement of Biomass


From 20 to 21 September 2020, the whole plants were collected for determining the biomass characteristics of R. pseudoacacia saplings. Three plants were measured for each treatment, and a total of 27 were harvested. Each sapling was divided into 3 parts: roots, stems, and leaves. Each part of the sapling was desiccated at 105 °C for 30 min and followed by 65 °C drying for constant weight for sapling biomass (SB, g), root mass (RM, g), stem mass (SM, g), and leaf mass (LM, g). The root mass ratio (RMR, g g−1) was calculated as the ratio between root mass and sapling biomass. The stem mass ratio (SMR, g g−1) was determined as the ratio between stem mass and sapling biomass. The leaf mass ratio (LMR, g g−1) was measured as the ratio between leaf mass and sapling biomass. The root–shoot ratio (RSR, g g−1) was calculated as the ratio between root mass and the sum of stem biomass and leaf biomass.





2.4. Data Analysis


Two-way ANOVA was used to test the effects of GWM, GWD, and their interactive effects on soil properties (including SRWC and SSC) and sapling characteristics (including biomass, biomass allocation, and photosynthetic characteristics of R. pseudoacacia). When ANOVA indicated a significant overall treatment effect, a multiple comparison test (Tukey post hoc test) was carried out to compare the parameter means. Pearson correlation coefficient was used to evaluate the correlation between SRWC and SSC and sapling characteristics of R. pseudoacacia. All sapling characteristics were determined by Kaiser–Meyer–Olkin test of sampling adequacy (KMO) and Bartlett’s test of sphericity and analyzed by principal component analysis (PCA). SPSS 20.0 software (SPSS Inc., Chicago, IL, USA) was used for ANOVA, correlation, and PCA analysis.





3. Results


3.1. Soil Water and Salt Parameters


3.1.1. Soil Relative Water Content


The results of variance analysis showed that GWM (F = 79.60, p < 0.001) and GWD (F = 955.54, p < 0.001) had significant influence on SRWC. With the increase of GWM, SRWC increased (Figure 2). As GWD increased, SRWC decreased, and the SRWC at 1.3 and 1.8 m GWD was 68.76% and 28.63% of that under 0.8 m, respectively (Figure 2). The interactions between GWM and GWD had significant effects on SRWC (F = 5.63, p = 0.004), manifested as follows: the effect of GWM on SRWC decreased as GWD increased (Figure 2).




3.1.2. Soil Salt Content


According to the results of variance analysis, GWM (F = 1580.53, p < 0.001) and GWD (F = 480.83, p < 0.001) had significant influence on SSC. As GWM increased, SSC increased (Figure 3). Among different GWDs, the order of SSC was 1.3 > 0.8 > 1.8 m. The interactions between GWM and GWD had significant effects on SSC (F = 136.99, p < 0.001). With the increase of GWD, the effect of GWM on SSC decreased (Figure 3).





3.2. Sapling Characteristics of R. pseudoacacia


3.2.1. Biomass Characteristics


The results of two-way ANOVA showed that GWM and GWD had significant effects on SB, RM, SM, and LM (Table 1). There was no significant difference in SB when the GWM was 0 and 2 g L−1 (Table A1), which was significantly larger than that at 4 g L−1. With the increase of GWM, RM first increased then decreased, and the order was 2 > 0 > 4 g L−1. SM reached the maximum at 0 g L−1, and there was no significant difference between SM when the GWM was 2 and 4 g L−1; LM significantly decreased (Figure 4). With the increase in GWD, SB and RM increased; SM reached the maximum at 1.3 m, and there was no significant difference between SM when the GWD was 0.8 and 1.8 m; LM first increased then decreased, and the order was 1.3 > 1.8 > 0.8 m (Figure 4).




3.2.2. Biomass Allocation


Both GWM and GWD had significant effects on RMR, SMR, LMR, and RSR (Table 1). With the increase of GWM, RMR and RSR first increased and then decreased, and their orders were 2 > 4 > 0 g L−1; while SMR first decreased and then increased, and LMR increased (Figure 5). Among different GWDs, there was no significant difference between RMR (p = 0.125), SMR (p = 0.205), LMR (p = 0.170), and RSR (p = 0.599) when the GWDs were 0.8 and 1.3 m, RMR and RSR reached a maximum at 1.8 m GWD, SMR and LMR were minimum at 1.8 m GWD (Figure 5).




3.2.3. Photosynthetic Characteristics


In this study, GWM and GWD had significant effects on Pn, gs, Ci, E, and WUE (Table 1). Pn, gs, Ci, E, and WUE decreased with increasing GWM but increased with increasing GWD (Figure 6). The interaction between GWM and GWD had significant effects on gs and E (Table 1).





3.3. Correlation Analysis between Soil Water and Salt, and R. pseudoacacia Characteristics


According to Table 2, SRWC and SSC were negatively correlated with SB, Pn, gs, Ci, E, and WUE. SRWC was negatively correlated with RMR and RSR, whereas it was positively correlated with LMR. SSC was negatively correlated with SMR, whereas it was positively correlated with LMR. SB was positively correlated with RM, SM, LM, Pn, gs, Ci, E, and WUE, whereas it was negatively correlated with LMR.




3.4. Principal Component Analysis of R. pseudoacacia Characteristics


According to the results of PCA (Table 3), the first principal component (52.58%) included SB, Pn, E, RM, Ci, and gs, which were related to sapling growth. The second principal component (36.38%) included SMR, RMR, and RSR, which were mainly related to biomass allocation. The cumulative variance contribution rate of the two principal components was 88.96%.





4. Discussion


4.1. Effects of Groundwater Mineralization and Groundwater Depth on Soil Water and Salt Parameters


In this experiment, we found that both SRWC and SSC increased with GWM, which indicated that the increase of GWM could promote the upward migration of soil water through capillary action, thus driving the upward migration of soil salt [30]. High groundwater mineralization is the premise of realizing soil salt accumulation, and the positive correlation between groundwater mineralization and soil salt content has been confirmed in many studies [33,34]. In this study, we also found that SSC increased with the increase of GWM. However, some studies found that the relationship between groundwater mineralization and soil salt transport is not significant [10,35], which may be caused by the differences between the physical and chemical properties of the soil itself and the external microclimate conditions.



As GWD increased, SRWC decreased, which was similar to previous results [13]. The GWD can affect the SWC by affecting the speed and amount of groundwater rising to the soil surface under the influence of capillarity and gravity [36]. Under the condition of high groundwater level, the salt in groundwater easily accumulates on the surface through capillary action and results in soil salinization. When the GWD increases to larger than the critical depth of evaporation, it is difficult for salt to reach the surface. Through field investigation conducted in the Yellow River Delta, Ma et al. [21] also found that when the GWD was less than 2.5 m, groundwater was involved in the process of soil salt accumulation and the salinization of surface soil decreased as the GWD increased. However, in our study, SSC reached the maximum at 1.3 m, which meant that there appeared a turning point of soil salt accumulation when the GWD was 1.3 m, which was similar to the result of 1.2 m in the simulated experiment conducted by Xia et al. [37]. This may be because when the GWD is too low (0.8 m GWD in this study), the soil salt accumulates rapidly on the surface, similar to forming a protective layer with a crust property, reducing water evaporation, resulting in a decreasing trend of soil salinity. Besides, GWM and GWM jointly affected SSC in this paper. Based on the spatial model, Fan et al. [38] also found that the intensification of soil salinization in the Yellow River Delta was related to the decrease of GWD and the increase of GWM.




4.2. Effects of Groundwater Mineralization and Groundwater Depth on Biomass and Biomass Allocation Characteristics of R. pseudoacacia


Biomass is the most intuitive index to reflect the growth status and stress tolerance of trees. Generally, with the increase of groundwater mineralization, plant growth is inhibited more seriously [39]. In this study, the SB and LM decreased with the increase of GWM, which was related to the increasing SSC driven by increasing GWM. Differently, Xia et al. [30] found that the sapling biomass of T. chinensis increased first and then decreased as GWM increased. This difference may be caused by the higher salt tolerance of T. chinensis than that of R. pseudoacacia. However, there was no significant difference in SB between 0 and 2 g L−1 in our study, which was partly related to the significant increase of RM at 2 g L−1, indicating that the aboveground part of R. pseudoacacia was more sensitive to salt stress than the root system. The plasticity of the biomass allocation pattern is an important morphological response strategy for trees to cope with stressful environments [40]. With the increase in GWM, the RMR and RSR first increased and then decreased, and the order was 2 > 4 > 0 g L−1. The increase of RSR is a common response of plants under salt stress, which is conducive to limit the accumulation of toxic ions in the aboveground part [41]. Moreover, increasing the biomass allocation to roots under salt stress helps plants obtain more water and nutrients so as to dilute the salt in cells and enhance stress resistance, as well as to promote growth. The above results showed that R. pseudoacacia had salt tolerance to some extent, which was consistent with the research results of Mao et al. [29].



The biomass of the saplings and organs of R. pseudoacacia was the lowest under 0.8 m GWD, which was related to the highest SRWC and SSC. Waterlogging stress caused by low GWD and its corresponding salt stress inhibit the growth of trees by inhibiting the growth of roots [42]. In terms of the biomass allocation, the RMR and RSR also reached minimum when the GWD was 0.8 m. Under waterlogging stress, trees would increase the proportion of aboveground parts by reducing RMR and RSR [43] so as to ensure the normal progress of photosynthesis and provide a basis for transporting O2 from the air to the flooded part. With the increase of GWD, the decrease of SRWC and its promotion of root growth were the important reasons for the significant increase of SB. The RMR and RSR were the largest at 1.8 m. It is found that under drought stress, the photosynthetic products of trees will preferentially transfer to the underground part and promote the increase of the root–shoot ratio [44], which helps trees improve water absorption and survive droughts. Therefore, R. pseudoacacia has strong drought tolerance but poor adaptability to waterlogging. According to the results of large-scaled investigations, the broken top rate, dead shoot rate, and mortality of R. pseudoacacia plantations in the Yellow River Delta total 41.4%, and the survival rate of the declining R. pseudoacacia plantations in the whole Yellow River Delta is less than 70 % [45]. The combination of waterlogging and salt stress caused by low GWD may be a significant cause for the severe decline, such as widespread shoot dieback and tree mortality, of R. pseudoacacia plantations in the Yellow River Delta.




4.3. Effects of Groundwater Mineralization and Groundwater Depth on Photosynthetic Characteristics of R. pseudoacacia


Photosynthesis is the basic metabolic process of plants. Plant photosynthetic efficiency can characterize the health status and photosynthetic production capacity of plants in a certain environment and can be used to predict and characterize the adaptability and plasticity of plants to stress [46,47]. With the increase of GWM, the Pn, gs, Ci, E, and WUE of R. pseudoacacia decreased. Correlation analysis showed that SSC was negatively correlated with the Pn, gs, Ci, E, and WUE, which indicated that the photosynthetic characteristics of R. pseudoacacia were sensitive to salt stress. The inhibition of photosynthetic process by stress can be classified into two types: stomatal restriction and non-stomatal restriction [48,49]. In this study, the gs and Ci decreased with the increasing GWM, indicating that the decline of photosynthetic capacity of R. pseudoacacia may be inhibited by stomatal limitation.



In this study, with the increase of GWD, the Pn, gs, Ci, E, and WUE increased. Correlation analysis showed that SRWC was negatively correlated with the Pn, gs, Ci, and RM. When the GWD was 0.8 m, the Pn decreased under waterlogging stress, which was closely related to the closure of the leaf stomata. At the same time, there was a significant positive correlation between the RM and the Pn. This may because, as the main absorption organ, the root system provided water and nutrients for leaf photosynthesis, thus the decline of RM had a significant inhibitory effect on leaf photosynthesis. With the increase of GWD, SRWC decreased, and the waterlogging stress was relieved, which increased gs, Ci, and RM and thus the photosynthetic efficiency of leaves. According to previous studies, trees can adapt to drought stress by improving water use efficiency [50]. In this study, the WUE of R. pseudoacacia leaves increased with the increasing GWD, which reflected the drought resistance of R. pseudoacacia to a certain extent.




4.4. Eco-Physiological Adaptation of R. pseudoacacia Saplings to Groundwater Mineralization and Groundwater Depth


In this study, the GWM and GWD significantly affect the SRWC and SSC. SRWC and SSC were negatively correlated with the SB and photosynthetic characteristics of R. pseudoacacia and had significant roles in limiting the growth of R. pseudoacacia. The SB was positively correlated with photosynthetic characteristics, indicating that photosynthesis was the important physiological process affecting R. pseudoacacia growth. Furthermore, there existed a significant negative correlation between LMR and photosynthetic characteristics, indicating that there was a trade-off between leaf biomass distribution and photosynthesis. The first principal component (including SB, RM, and photosynthetic characteristics) mainly reflected the growth of R. pseudoacacia saplings. The regulation of photosynthesis was closely related to the biomass accumulation of R. pseudoacacia.



We also found that under the influence of the GWM and GWD, the biomass distribution of R. pseudoacacia changed significantly, especially the regulation of RM was a common process to adapt to stresses. With the increase of GWM, the increasing RMR and RSR is an important way for trees to adapt to salt stress. However, the RMR and RSR were the largest at 2 g L−1, which was related to the inhibition of root growth at 4 g L−1. Under different GWDs, the RMR and RSR were the largest at 1.8 m, which acted as the response to drought stress. The second principal component (including RMR, SMR, and RSR) mainly reflected the biomass allocation characteristics of R. pseudoacacia. The regulation of the root system was favorable for R. pseudoacacia to adapt to the variation of the GWM and GWD.





5. Conclusions


GWM and GWD affected soil water and salt content. With the increase of GWM, SRWC and SSC increased. With the increase of GWD, the SRWC increased, and the SSC first increased and then decreased. The GWD of 1.3 m was the turning-point GWD with the largest accumulation of soil salts. With the increase of GWM, the SB decreased significantly; however, with the increase of GWD, SB increased significantly. Photosynthetic activity was a critical physiological process affecting the increase of SB. SRWC and SSC were negatively correlated with biomass and photosynthesis and were the key factors limiting sapling growth. The regulation of biomass allocation was the important strategy for R. pseudoacacia adapting to the water–salt stress driven by the variations of GWM and GWD. The conclusions drawn from this study would provide essential guidelines for the transformation and sustainable management of large-scale declining R. pseudoacacia plantations in the Yellow River Delta.
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Table A1. Effects of groundwater mineralization and groundwater depth on soil relative water content, soil salt content, and Robinia pseudoacacia characteristics.






Table A1. Effects of groundwater mineralization and groundwater depth on soil relative water content, soil salt content, and Robinia pseudoacacia characteristics.





	
Indices and Units

	
GWD = 0.8 m

	
GWD = 1.3 m

	
GWD = 1.8 m




	
0 g L−1

	
2 g L−1

	
4 g L−1

	
0 g L−1

	
2 g L−1

	
4 g L−1

	
0 g L−1

	
2 g L−1

	
4 g L−1






	
SRWC (%)

	
62.72 ± 1.22 cA

	
71.31 ± 1.50 bA

	
83.12 ± 1.50 aA

	
41.21 ± 2.26 bB

	
49.79 ± 1.59 abB

	
58.31 ± 6.38 aB

	
17.15 ± 0.91 cC

	
20.58 ± 1.02 bC

	
24.45 ± 0.83 aC




	
SSC (‰)

	
0.82 ± 0.02 cB

	
2.49 ± 0.03 bA

	
2.76 ± 0.13 aA

	
0.87 ± 0.02 cA

	
2.50 ± 0.03 bA

	
2.91 ± 0.11 aA

	
0.89 ± 0.02 cA

	
1.41 ± 0.01 bB

	
1.53 ± 0.05 aB




	
SB (g)

	
171.15 ± 6.56 aC

	
156.75 ± 9.61 aC

	
104.28 ± 18.78 bB

	
224.08 ± 8.99 aB

	
203.81 ± 8.23 abB

	
176.53 ± 18.03 bA

	
245.88 ± 4.59 aA

	
240.12 ± 6.81 aA

	
186.76 ± 26.87 bA




	
RM (g)

	
89.45 ± 6.48 abC

	
112.83 ± 12.29 aC

	
67.73 ± 15.77 bB

	
129.70 ± 7.84 aB

	
146.69 ± 8.26 aB

	
120.63 ± 18.66 aA

	
165.57 ± 9.23 aA

	
187.38 ± 9.48 aA

	
145.02 ± 27.06 aA




	
SM (g)

	
62.73 ± 1.32 aA

	
27.24 ± 3.52 bA

	
23.24 ± 4.02 bB

	
71.17 ± 6.87 aA

	
35.13 ± 2.07 bA

	
36.90 ± 3.29 bA

	
59.73 ± 4.00 aA

	
33.45 ± 6.56 bA

	
24.58 ± 3.46 bB




	
LM (g)

	
18.97 ± 0.70 aB

	
16.68 ± 0.74 bB

	
13.32 ± 1.23 cB

	
23.20 ± 0.94 aA

	
21.99 ± 1.46 abA

	
19.00 ± 1.55 bA

	
20.58 ± 0.95 aB

	
19.29 ± 1.23 abB

	
17.17 ± 0.76 bA




	
RMR (g g−1)

	
0.52 ± 0.02 bC

	
0.72 ± 0.03 aA

	
0.65 ± 0.05 aB

	
0.58 ± 0.03 bB

	
0.72 ± 0.01 aA

	
0.68 ± 0.04 aAB

	
0.67 ± 0.03 bA

	
0.78 ± 0.03 aA

	
0.77 ± 0.03 aA




	
SMR (g g−1)

	
0.37 ± 0.02 aA

	
0.18 ± 0.03 bA

	
0.22 ± 0.03 bA

	
0.32 ± 0.02 aB

	
0.17 ± 0.01 bA

	
0.21 ± 0.03 bAB

	
0.24 ± 0.02 aC

	
0.14 ± 0.03 bA

	
0.13 ± 0.03 bB




	
LMR (g g−1)

	
0.11 ± 0.00 aA

	
0.11 ± 0.00 aA

	
0.13 ± 0.02 aA

	
0.10 ± 0.01 aA

	
0.11 ± 0.01 aA

	
0.11 ± 0.01 aAB

	
0.08 ± 0.01 aB

	
0.08± 0.01 aB

	
0.09 ± 0.01 aB




	
RSR (g g−1)

	
1.10 ± 0.08 bB

	
2.59 ± 0.46 aA

	
1.86 ± 0.42 abB

	
1.38 ± 0.14 bB

	
2.57 ± 0.16 aA

	
2.16 ± 0.38 aB

	
2.07 ± 0.24 bA

	
3.60 ± 0.58 aA

	
3.49 ± 0.73 aA




	
Pn (μmol m−2 s−1)

	
6.35 ± 0.39 aB

	
6.10 ± 0.23 aB

	
3.48 ± 0.30 bC

	
7.80 ± 0.33 aA

	
6.63 ± 0.43 bAB

	
4.73± 0.11 cB

	
8.25 ± 0.57 aA

	
7.30 ± 0.26 bA

	
5.47 ± 0.14 cA




	
gs (mmol m−2 s−1)

	
0.20 ± 0.01 aB

	
0.17± 0.01 bC

	
0.14 ± 0.02 bB

	
0.22 ± 0.01 aB

	
0.18 ± 0.00 bB

	
0.19 ± 0.01 bA

	
0.25 ± 0.01 aA

	
0.19 ± 0.01 cA

	
0.22 ± 0.02 bA




	
Ci (μmol m−2 s−1)

	
252.31 ± 20.74 aA

	
241.06 ± 20.99 abA

	
193.70 ± 23.05 bB

	
267.35 ± 19.90 aA

	
257.57 ± 23.59 aA

	
223.60 ± 11.06 aAB

	
280.18 ± 21.29 aA

	
262.41 ± 27.79 aA

	
243.63 ± 14.71 aA




	
E (mmol m−2 s−1)

	
1.94 ± 0.04 aB

	
1.87 ± 0.05 aB

	
1.39 ± 0.16 bB

	
2.26 ± 0.02 aA

	
1.96± 0.06 bAB

	
1.60 ± 0.03 cAB

	
2.27 ± 0.07 aA

	
2.08 ± 0.05 bA

	
1.78 ± 0.02 cA




	
WUE (μmol mmol−1)

	
3.27 ± 0.19 aA

	
3.26 ± 0.18 aA

	
2.51 ± 0.11 bB

	
3.46 ± 0.17 aA

	
3.39 ± 0.15 aA

	
2.96 ± 0.07 bA

	
3.63 ± 0.14 aA

	
3.52±0.13 aA

	
3.08 ± 0.10 bA








Different lower letters indicate that there is a significant difference between different groundwater mineralization levels under the same groundwater depth (p < 0.05), and different capital letters indicate that there is a significant difference between different groundwater depths under the same groundwater mineralization (p < 0.05). Data presented as mean ± SD.
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Figure 1. The simulated setup for the soil columns planted with R. pseudoacacia. 
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Figure 2. Effects of groundwater mineralization and groundwater depth on soil relative water content. Error bars indicate standard errors (SEs) of the mean. 






Figure 2. Effects of groundwater mineralization and groundwater depth on soil relative water content. Error bars indicate standard errors (SEs) of the mean.
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Figure 3. Effects of groundwater mineralization and groundwater depth on soil salt content. Error bars indicate standard errors (SEs) of the mean. 
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Figure 4. Effects of groundwater mineralization and groundwater depth on biomass characteristics of R. pseudoacacia. (a) Sapling biomass; (b) root mass; (c) stem mass; (d) leaf mass. Error bars indicate standard errors (SEs) of the mean. 
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Figure 5. Effects of groundwater mineralization and groundwater depth on biomass allocation characteristics of R. pseudoacacia. (a) Root mass ratio; (b) stem mass ratio; (c) leaf mass ratio; (d) root–shoot ratio. Error bars indicate standard errors (SEs) of the mean. 






Figure 5. Effects of groundwater mineralization and groundwater depth on biomass allocation characteristics of R. pseudoacacia. (a) Root mass ratio; (b) stem mass ratio; (c) leaf mass ratio; (d) root–shoot ratio. Error bars indicate standard errors (SEs) of the mean.
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Figure 6. Effects of groundwater mineralization and groundwater depth on the photosynthetic characteristics of R. pseudoacacia. (a) Maximum net photosynthetic rate; (b) stomatal conductance; (c) intercellular CO2 concentration; (d) transpiration rate; (e) water use efficiency. Error bars indicate standard errors (SEs) of the mean. 






Figure 6. Effects of groundwater mineralization and groundwater depth on the photosynthetic characteristics of R. pseudoacacia. (a) Maximum net photosynthetic rate; (b) stomatal conductance; (c) intercellular CO2 concentration; (d) transpiration rate; (e) water use efficiency. Error bars indicate standard errors (SEs) of the mean.
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Table 1. Two-way ANOVA analyses of the effects of GWM and GWD their interaction on biomass, biomass allocation, and photosynthetic characteristics of R. pseudoacacia saplings.






Table 1. Two-way ANOVA analyses of the effects of GWM and GWD their interaction on biomass, biomass allocation, and photosynthetic characteristics of R. pseudoacacia saplings.





	
Indices

	
GWM

	
GWD

	
GWM × GWD




	
F

	
p

	
F

	
p

	
F

	
p






	
SB

	
42.37

	
<0.001

	
79.01

	
<0.001

	
0.94

	
0.462




	
RM

	
15.92

	
<0.001

	
64.27

	
<0.001

	
0.41

	
0.800




	
SM

	
197.62

	
<0.001

	
14.37

	
<0.001

	
1.83

	
0.168




	
LM

	
37.02

	
<0.001

	
47.67

	
<0.001

	
0.85

	
0.515




	
RMR

	
54.27

	
<0.001

	
32.48

	
<0.001

	
1.74

	
0.186




	
SMR

	
74.99

	
<0.001

	
23.65

	
<0.001

	
2.60

	
0.071




	
LMR

	
3.85

	
0.041

	
22.19

	
<0.001

	
1.48

	
0.250




	
RSR

	
27.88

	
<0.001

	
22.43

	
<0.001

	
0.80

	
0.544




	
Pn

	
182.26

	
<0.001

	
59.44

	
<0.001

	
2.01

	
0.136




	
gs

	
39.74

	
<0.001

	
50.94

	
<0.001

	
5.41

	
0.005




	
Ci

	
11.80

	
0.001

	
5.75

	
0.012

	
0.40

	
0.805




	
E

	
162.08

	
<0.001

	
46.69

	
<0.001

	
3.14

	
0.040




	
WUE

	
49.50

	
<0.001

	
18.33

	
<0.001

	
1.39

	
0.277
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Table 2. Correlation coefficients between soil properties and R. pseudoacacia characteristics. SRWC: soil relative water content; SSC: soil salt content; SB: sapling biomass; RM: root mass; SM: stem mass; LM: leaf mass; RMR: root mass ratio; SMR: stem mass ratio; LMR: leaf mass ratio; RSR: root–shoot ratio; Pn: maximum net photosynthetic rate; gs: stomatal conductance; Ci: intercellular CO2 concentration; E: transpiration rate; WUE: water use efficiency. Significance code: ** p < 0.01, * p < 0.05.






Table 2. Correlation coefficients between soil properties and R. pseudoacacia characteristics. SRWC: soil relative water content; SSC: soil salt content; SB: sapling biomass; RM: root mass; SM: stem mass; LM: leaf mass; RMR: root mass ratio; SMR: stem mass ratio; LMR: leaf mass ratio; RSR: root–shoot ratio; Pn: maximum net photosynthetic rate; gs: stomatal conductance; Ci: intercellular CO2 concentration; E: transpiration rate; WUE: water use efficiency. Significance code: ** p < 0.01, * p < 0.05.





	Indices
	SB
	RM
	SM
	LM
	RMR
	SMR
	LMR
	RSR
	Pn
	gs
	Ci
	E
	WUE





	SRWC
	−0.86 **
	−0.86 **
	−0.25
	−0.50 **
	−0.40 *
	0.26
	0.80 **
	−0.45 *
	−0.68 **
	−0.79 **
	−0.62 **
	−0.67 **
	−0.64 **



	SSC
	−0.61 **
	−0.33
	−0.74 **
	−0.46 *
	0.34
	−0.47 *
	0.51 **
	0.19
	−0.72 **
	−0.71 **
	−0.60 **
	−0.75 **
	−0.61 **



	SB
	1
	0.90 **
	0.48 *
	0.76 **
	0.24
	−0.09
	−0.83 **
	0.29
	0.85 **
	0.68 **
	0.73 **
	0.83 **
	0.82 **



	RM
	0.90 **
	1
	0.05
	0.52 **
	0.64 **
	−0.51 **
	−0.87 **
	0.67 **
	0.64 **
	0.49 **
	0.57 **
	0.60 **
	0.67 **



	SM
	0.48 *
	0.05
	1
	0.64 **
	−0.72 **
	0.82 **
	−0.18
	−0.67 **
	0.65 **
	0.57 **
	0.51 **
	0.67 **
	0.53 **



	LM
	0.76 **
	0.52 **
	0.64 **
	1
	−0.15
	0.23
	−0.32
	−0.13
	0.76 **
	0.56 **
	0.59 **
	0.75 **
	0.74 **



	RMR
	0.24
	0.64 **
	−0.72 **
	−0.15
	1
	−0.98 **
	−0.48 *
	0.96 **
	−0.04
	−0.06
	0.02
	−0.08
	0.06



	SMR
	−0.09
	−0.51 **
	0.82 **
	0.23
	−0.98 **
	1
	0.31
	−0.92 **
	0.18
	0.18
	0.10
	0.22
	0.08



	LMR
	−0.83 **
	−0.87 **
	−0.18
	−0.32
	−0.48 *
	0.31
	1
	−0.55 **
	−0.61 **
	−0.56 **
	−0.58 **
	−0.59 **
	−0.63 **



	RSR
	0.29
	0.67 **
	−0.67 **
	−0.13
	0.96 **
	−0.92 **
	−0.55 **
	1
	0
	−0.03
	0.05
	−0.04
	0.10



	Pn
	0.85 **
	0.64 **
	0.65 **
	0.76 **
	−0.04
	0.18
	−0.61 **
	0
	1
	0.68 **
	0.73 **
	0.98 **
	0.95 **



	gs
	0.68 **
	0.49 **
	0.57 **
	0.56 **
	−0.06
	0.18
	−0.56 **
	−0.03
	0.68 **
	1
	0.65 **
	0.70 **
	0.60 **



	Ci
	0.73 **
	0.57 **
	0.51 **
	0.59 **
	0.02
	0.10
	−0.58 **
	0.05
	0.73 **
	0.65 **
	1
	0.81 **
	0.61 **



	E
	0.83 **
	0.60 **
	0.67 **
	0.75 **
	−0.08
	0.22
	−0.59 **
	−0.04
	0.98 **
	0.70 **
	0.81 **
	1
	0.88 **



	WUE
	0.82 **
	0.67 **
	0.53 **
	0.74 **
	0.06
	0.08
	−0.63 **
	0.10
	0.95 **
	0.60 **
	0.61 **
	0.88 **
	1
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Table 3. Principal component analysis of R. pseudoacacia characteristics. SB: sapling biomass; RM: root mass; RMR: root mass ratio; SMR: stem mass ratio; RSR: root–shoot ratio; Pn: maximum net photosynthetic rate; gs: stomatal conductance; Ci: intercellular CO2 concentration; E: transpiration rate.
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	Indices
	The First Principal Component
	The Second Principal Component





	SB
	0.96
	0.03



	Pn
	0.89
	0.33



	E
	0.89
	0.38



	RM
	0.88
	−0.41



	Ci
	0.82
	0.26



	gs
	0.75
	0.33



	SMR
	−0.15
	0.97



	RMR
	0.30
	−0.95



	RSR
	0.34
	−0.92



	Eigenvalue
	4.73
	3.27



	Variance contribution rate (%)
	52.58
	36.38



	Cumulative variance contribution rate (%)
	52.58
	88.96
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