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Abstract

:

Large-scale vegetation restoration campaigns have been implemented on the Chinese Loess Plateau, which have resulted in higher soil moisture deficits in this region. This, in turn, has hampered the healthy growth of planted trees, leading to a decline and, in severe cases, mortality of trees. Therefore, the rational regulation and utilization of rainwater, the primary water source in this region, may alleviate drought stress, ensuring the sustainability of the ecosystem. In this study, we investigated the impact of in situ rainwater collection and infiltration systems (IRCISs) on soil water, fine-root distribution, xylem vascular, and hydraulic conductivity characteristics in declining Robinia pseudoacacia forests. The results demonstrated that the application of an IRCIS can effectively increase plant available moisture content (0–5.0 m) of declining Robinia pseudoacacia forests. In particular, IRCIS treatment significantly increased xylem conduit diameter and plant hydraulic conductivity while substantially reducing the percentage loss of hydraulic conductivity in both roots and branches. Furthermore, IRCIS treatment significantly reduced the root biomass and distribution depth of Robinia pseudoacacia during both wet and dry years. This implies that IRCISs are beneficial for plant growth and survival. The findings of this study are significant for devising strategic methodologies for the planning and management of rainwater resources.
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1. Introduction


Land degradation is one of the most pressing ecological issues in the world and a constraint to ecosystem services of terrestrial ecosystems [1]. In order to restore degraded land, planting trees is encouraged worldwide as forests are vital in averting desertification, and enhancing biodiversity and ecosystem services [2]. However, forest trees consume more water than other vegetation species, such as grasslands [3], and tend to deplete soil moisture in both shallow and deep layers post-tree planting [4]. This, in turn, will hamper normal plant growth, affecting fine-root traits and plant hydraulic conductivity characteristics, and may result in plant mortality and forest degradation [5]. Therefore, the balance between soil water supply and plant water uptake is fundamental for the healthy development and sustainability of forest ecosystems [6], especially in water-limiting regions.



Situated in the upper and middle reaches of the Yellow River basin, the semi-arid Loess Plateau of China spans an area of 64 × 104 km2, representing one of the most severely eroded regions throughout the world. The severe water loss and soil erosion in this region have increased the fragility of the ecosystem [7]. To mitigate these challenges and improve ecosystem services, larger-scale afforestation campaigns have been implemented by the Chinese government in the past few decades, including the Grain for Green Project, which has increased forest cover by 4.9% from 2000 to 2008 [8]. Robinia pseudoacacia L., recognized for its strong nitrogen-fixing ability and fast growth, is extensively cultivated, comprising 90% of afforestation trees within this area [9]. However, due to the imbalance between soil water supply and plant water consumption, the formation of dry soil layers has been documented across the majority of regions in the Loess Plateau [4,10]. This has led to the widespread early degradation of Robinia pseudoacacia trees, characterized by evenly dried shoots on the top of tree crowns—affected trees are commonly referred to as “dwarf-aged trees”—typically initiating around the age of 30 years [11]. Thus, the repaid development of larger scale Robinia pseudoacacia trees is sustainable only if there is sufficient soil moisture content. Inadequate management of soil water resources may lead to a severe soil water deficit, negatively impacting tree growth and survival rates, exacerbating land degradation [6,12].



Plants primarily depend on their fine roots and vascular structures to acquire and transport water and nutrient resources within forest ecosystems [13]. Therefore, understanding the characteristics of fine-root distribution and vascular features is essential for unraveling plant water-use patterns and plant survival strategies. Previous studies have indicated that fine-root distribution and water transport characteristics through xylem conduits are influenced by various factors, with drought stress being a significant one [14,15,16,17]. During drought periods, soil moisture is reduced severely, which may negatively affect fine-root distribution and xylem vascular structures. This potentially leads to plant hydraulic transfer failure and negatively impacts plant growth and photosynthesis, eventually causing plant mortality if drought persists [18]. Even though in the past few decades many studies have been conducted to explore the response of fine-root distribution or plant hydraulic conductivity to drought stress for different tree species, there remains a knowledge gap regarding how drought concurrently affects plant fine-root distribution, vascular structure, and the corresponding hydraulic conductivity. Knowledge of this will be helpful in deciphering plant water use patterns and survival strategies, and also pivotal in addressing critical issues in forests, especially in regions with limited water resources.



In recent years, a novel rainwater-saving method, referred to as the in situ rainwater collection and infiltration system (IRICIS), has been developed and implemented in apple and Chinese jujube orchards across the Loess Plateau region [19]. The primary objective of this rainwater-saving system is to improve the infiltration of rainfall into root zones, thereby increasing soil moisture content to meet the water demands of trees during dry periods. The theoretical framework and advantages of this system, compared to traditional management practices, have been extensively documented in previous studies [20]. However, research is limited regarding the influence of IRICISs on soil moisture content, fine-root distribution traits, xylem vascular properties, and associated plant hydraulic conductivity characteristics for common afforested trees, such as Robinia pseudoacacia trees. Additionally, the impact of IRICISs on the physiological and water transport characteristics of declining Robinia pseudoacacia trees remains unexplored. Knowledge of this holds significant importance in developing rational plantation management strategies and in fostering the healthy and sustainable development of these forests. Leveraging this background, we measured soil water content, fine-root distribution, xylem anatomical properties, and corresponding plant hydraulic conductivity of six declining Robinia pseudoacacia forest stands (35 years old) in the semi-arid Loess Plateau for two successive years, in 2015 (a wet year with above-average precipitation) and 2016 (a drought year with below-average precipitation). We hypothesized that the construction of the in situ rainwater collection and infiltration system (IRICIS) would positively influence plant available moisture content, fine-root distribution, xylem vascular characteristics, and plant hydraulic conductivity in declining Robinia pseudoacacia forests during drought conditions. We also expected that the IRICIS system, designed to enhance rainfall infiltration and soil moisture retention, would mitigate the adverse effects of drought on the physiological and water transport characteristics of the declining Robinia pseudoacacia trees, ultimately mitigating the processes of tree degradation.




2. Materials and Methods


2.1. Site Area


The study was conducted from 2015 to 2016 in the Yeheshan catchment, Fufeng County (34°33′ N, 107°54′ E, 1090 m a.s.l, Figure 1) in Shaanxi Province on the southern Chinese Loess Plateau. The average annual precipitation of the area is 580 mm with significant seasonal variations. Approximately 80% of the precipitation falls between May and October. The annual mean air temperature is 12.7 °C. The soil is silt loam according to the USDA (United States Department of Agriculture) classification, with average values of sand, 5.8%, silt, 73.4%, and clay, 20.9%.



Vegetation restoration has been extensively implemented since the late of 1980s, when Robinia pseudoacacia was widely planted. The forest coverage of the Yeheshan catchment is approximately 90%, and the Robinia pseudoacacia spans an area of ~87 km2. The main understory vegetation species in this area include Stipa bungeana and A. codonocephala.




2.2. Experiment Design


In this study, six declining Robinia pseudoacacia (35 years) experimental plots, each 20 × 20 m2 in size and with a density of 1200 trees/ha, were chosen. The mean height and diameter at breast height of these trees were 9.0 m and 15.5 cm, respectively. The ratio of leaf area index to sapwood area for these trees was 0.05 m2 cm−2. The mean crown length (m), the mean crown height (m), leaf area index (m2 m−2), and cumulative sapwood area (m2/ha) values of these selected trees were 4.2 m, 5.8 m, 1.96 m2 m−2, and 3.3 m2/ha, respectively. These sites were strategically constructed on sun-facing middle slopes (5–10°), where rain-fed agriculture was formerly conducted.



Three experimental sites were implemented with IRCISs at treated sites, while another three experimental sites were designated as control sites. In the treated sites, an IRCIS system was strategically installed upslope of individual trees. The IRCISs consisted of a semi-circular ridge, 1.0 m in radius and 0.2 m in height (Figure 2). During ridge construction, soil was excavated and repositioned to establish the main stem at the summit of the ridge, ensuring a mostly flat soil surface in the semicircle area. Inside the semicircular ridge, a soil pit measuring 0.8 m × 0.8 m × 0.8 m deep was excavated, and the downslope wall was positioned 1.0 m from the bole. A rainwater storage pit, covered with synthetic fiber fabric and containing grasses, leaves, and brushwood debris, was established. The pit, lined with polythene sheet, had a central hole measuring 3 cm in diameter, chaneling the rainwater accumulated from the fish-scale ridge into the pit. Rainwater collected in the pit could then infiltrate into the surrounding soil. This design effectively reduces runoff, leading to an increase in soil moisture content. In this study, the IRCISs were installed at the end of 2014 and the measurements were carried out in 2015–2016, and when constructing the rainfall harvesting system, the understory herbaceous plants around the IRCISs were cleared to eliminate the potential influence of understory vegetation on the experimental results.



Rainfall was measured utilizing a Geonor T-200B weighing precipitation gauge (Geonor, Eiksmarka, Norway). Based on rainfall data from 1958–2016, a curve depicting the distribution of rainfall frequencies was formulated. Every year was categorized as wet, normal, or dry, based on the percentage of total precipitation (<25% for dry, >75% for wet, and the remaining for normal years). The experimental sites treated in 2015 were designated as RC2015, and those treated in 2016 were labeled as RC2016, while the comparison experimental sites in 2015 were labeled as WT2015, and those in 2016 were designated as DT2016.




2.3. Soil Water Measurement


At each experimental site, three neutron probes (5.0 m) were randomly positioned between the tree and rainwater harvesting system in the treated plots and randomly in the control treatment. The volumetric soil moisture content was measured using a neutron probe. To minimize the influence of rainfall on soil water movement, a rain-free period of five successive days was designated as the measurement period. Sampling was conducted 12 times/year throughout the sampling period. Slow neutron counts were counted at 0.15 m intervals down to a depth of 0.8 m and then at 0.2 m intervals down to a soil depth of 5.0 m. The volumetric soil moisture content (θv) at each depth was determined by applying the calibration curve to the slow neutron count rate (CR):


   θ v  = 0.5891 × CR + 0.0089   (  R 2  = 0.93 ,   p < 0.001 )  



(1)







Plant available moisture storage (PAMS) denoted the maximum quantity of soil water accessible for plant use, and was determined by subtracting the soil moisture content (SWC) from the plant permanent wilting point (PWP):


  PAMS = ( SWC − PWP ) × Δ Z  



(2)




where ΔZ denotes the increment in soil depth. Based on measurement, the average value of PWP in this study was 0.072 cm3 cm−3.




2.4. Fine-Root Measurement


Fine-root distribution was examined employing the soil auger technique. Within every experimental site, soil samples (n = 10) were gathered using a cylindrical metal auger (0.09 m diameter and 0.1 m long). Soil cores were randomly selected between the tree and IRCIS pit in the treated plots and randomly in the control treatment areas. Moreover, soil cores were gathered at 0.2 m increments, extending to a depth of 5.0 m beyond which fine roots were not detected.



A two-stage process was employed to separate root samples from the soil. Firstly, soil samples were meticulously washed over a 5 mm sieve. Vegetation roots and other plant remnants were visually identified and removed. Secondly, Robinia pseudoacacia roots were categorized based on their size classes (diameter > 2 mm and diameter ≤ 2 mm) using a microscope with 10–40× magnification. Root samples underwent digital scanning using an Epson Perfection v700 photo scanner (Seiko Epson Corporation, Suwa, Nagano-ken, Japan) with a resolution of 600 dpi. The length of roots was determined utilizing WinRhizo Software version Pro 3.5 (Régent Instrument Inc., Quebec, QC, Canada, www.regent.qc.ca). The length density of fine roots (<2 mm), denoted as FRLD (cm dm−3), was estimated as


  FRLD =   RL   RVs    



(3)




where RL represents the length of fine root; RVs is the volume of soil samples. Additionally, the cumulative length density of fine roots (CFRLD) for each experimental site was calculated.




2.5. Xylem Anatomical Measurements


At each site, six trees were randomly selected, and sapwood samples were gathered from the diameter at breast height (DBH) of stems. Two cores for both current year sapwood (south facing and north facing; only current year sapwood is able to conduct water), each 5 mm in diameter and spaced 30 mm apart, were extracted using a Suunto increment borer (SUUNTO, Vantaa, Finland). Each core was sectioned transversely (20 μm thick), and 12 samples were obtained using a sliding microtome (Leica RM2235; Leica Microsystems Nussloch GmbH, Nussloch, Germany). The sections were then treated with a 1% safranin solution to improve the contrast between wood and conduit void space. After staining, section samples were placed in glycerol and prepared for microscopic analysis. Depending on the size and abundance of conduits, 4–6 images of each section were taken through a CCD digital camera (Guangzhou Mingmei Technology Co., Ltd., Guangzhou, China) linked to an Olympus CX 31 microscope (×40 magnification, Olympus Corp., Tokyo, Japan). Subsequently, conduit abundance and conduit diameter were obtained with the ImageJ software (version 1.8.0, US National Institutes of Health, Stapleton, NY, USA).




2.6. Hydraulic Conductivity Characteristics


The hydraulic conductivity KTH (Kg m MPa−1 s−1) of plant xylem conduit was calculated following Hagen–Poiseuille’s law as:


   K TH  =    Dh 4  π   128 η   × 1000  



(4)




where η represents water viscosity (1.002 × 10−9 MPa s) and Dh represents the hydraulically weighted mean conduit diameter, estimated as follows:


  Dh =        ∑   D 4     N       1 4     



(5)




where D represents the equivalent conduit diameter, and N is the number of conduits.



During this study period, branches aged one year old, positioned in the mid-upper canopy on the sun-exposed side of the plant, and roots from shallow soil layers (0–1.0 m), were utilized to evaluate the percentage loss of hydraulic conductivity (PLC). The values of PLC for both branches and roots were examined using the method suggested by Sperry et al. [21]. During the period of fine-root sampling, branch and root samples (~0.3–0.4 m in length, ~1.0 cm in diameter) were gathered. To mitigate embolism caused by excision, all branch and root samples were excised underwater. Subsequently, the collected samples were carefully enclosed in polyethylene film and transported to the experimental platform for further analysis. The values of PLC at each site were determined by averaging measurements from three segments (each 4-cm long) across three biological replicates. More detailed information about the measurement processes of PLC can be found in Ma et al. [13].




2.7. Statistical Analysis


One-way ANOVA was performed to test the difference between treatments for PAMS, FRLD, Dh, KTH, and PLC. All statistical analyses were assessed using SPSS software (version 25.0; SPSS Inc., Chicago, IL, USA) and p < 0.05 was considered statistically significant.





3. Results


3.1. Plant Available Moisture Storage (PAMS)


The vertical distribution of PAMS in all experimental treatments is shown in Figure 3. Generally, PAMS followed similar trends with increasing soil depth in all treatments. With the increase of soil depth, PAMS exhibited a fluctuating increasing trend, with the fluctuation more prominent in the shallow soil layer (<2.0 m) and relatively less pronounced in the deep soil layer (>2.0 m). Specifically, PAMS was significantly affected by the IRCIS treatment. RC2015 and RC2016 had significantly higher PAMS than WT2015 and DT2016, respectively, being 12.2% in 2015 and 17.1% in 2016 (Figure 3B).




3.2. Fine-Root Distribution Pattern


The distribution of FRLD within the 0–5 m soil layer of the six Robinia pseudoacacia forest stands is displayed in Figure 4. Generally, FRLD exhibited a declining trend with an increase in soil depth, particularly in the 0–1.0 m soil profile (Figure 4A). Fine roots were predominantly concentrated in the top 0–1.0 m of soil. WT2015 constituted 82.8% of the overall FRLD, whereas RC2015 comprised 92.97%. In 2016, DT2016 accounted for 61.9% of the total FRLD, and RC2016 made up 70.7%. The use of IRCISs markedly decreased the total FRLD. RC2015 showed 8.0% lower FRLD compared to WT2015, and RC2016 exhibited 12.1% lower FRLD compared to DT2016 (Figure 4B).



The cumulative fine-root length density (CFRLD) from surface down to a particular depth to the total CFRLD exhibited higher values in the shallow soil (<2.0 m) layer compared to the deeper soil layer (>2.0 m) in both study years (Figure 5). The implementation of the IRCIS treatment substantially influenced the distribution of CFRLD of Robinia pseudoacacia forest stands. With the increase of soil depth, CRFLD exhibited an increasing trend, with the increments being more prominent in the IRCIS treatments and being relatively less pronounced in control treatments. Forest stands treated with IRCIS showed shallower D95 (the depth above which 95% of the root mass is present) compared to the controlled sites. Overall, RC2015 had a value of 1.0 m, WT2015 had a value of 1.7 m, RC2016 had a value of 2.4 m, and DT2016 had a value of 2.9 m.




3.3. Xylem Conduit Diameter Distribution and Hydraulic Conductivity


The vessel diameter distribution and cumulative percentage of total theoretical hydraulic conductivity contributed by each conduit size class in stem sapwood for experimental forest trees is illustrated in Figure 6. Generally, IRCIS significantly affected the xylem conduit diameter and plant hydraulic conductivity of Robinia pseudoacacia trees in both study years. The conduit systems of Robinia pseudoacacia trees treated with IRCIS displayed a positive skewness, but exhibited a near normal distribution. In contrast, the control treatments for Robinia pseudoacacia developed a narrow conduit system with only a few wide conduit (μm) (largely positively skewed distribution) (Figure 6a). IRCIS treatments effectively reduced the skewness in conduit diameter distribution: with RC2015 and RC2016 displaying 78.8% and 57.0% lower skewness coefficients than WT2015 and DT2016. Furthermore, IRCIS treatments significantly influenced xylem conduit diameter. Specifically, RC2015 (164.4 μm) and RC2016 (146.4 μm) exhibited 7.5% and 9.4% greater xylem conduit diameters, respectively, compared to WT2015 (153.0 μm) and DT2016 (133.8 μm) (Figure 6a).



The differences in conduit diameter distribution among the four forest stands were statistically significant (p < 0.05), clearly illustrating the divergence in the cumulative theoretical hydraulic conductivity (KTH) for larger conduit classes (Figure 6b). The mean KTH for WT2015 and RC2015 in this study was 2.99 kg m MPa−1 s−1 and 3.79 kg m MPa−1 s−1, respectively, while values for DT2016 and RC2016 were 1.59 kg m MPa−1 s−1 and 2.52 kg m MPa−1 s−1, respectively.




3.4. The Percentage Loss of Hydraulic Conductivity


Generally, PLC was significantly influenced by IRCIS treatments. Throughout both study periods, the IRCISs consistently reduced the PLC at all experimental forest sites. In roots, RC2015 showed a 48.8% lower value of PLC compared to WT2015, and RC2016 exhibited a 35.7% lower value compared to DT2016 (Figure 7A). In branches, RC2015 displayed a 43.9% lower value of PLC compared to WT2015, and RC2016 demonstrated a 32.9% lower value compared to DT2016 (Figure 7B). Overall, the impact of IRCIS on PLC was more significant on roots than on branches. This observation implies that roots are more sensitive to external factors, such as drought stress and rainwater harvesting measures, compared to branches in terms of plant hydraulic conductivity.





4. Discussion


4.1. Soil Moisture Content


Land conservation, measured as the increase in vegetation cover, biodiversity, and decrease in soil loss and water erosion, has been achieved after nearly 70 years of sustainable vegetation restoration efforts on China’s Loess Plateau. With the implementation of a large-scale afforestation campaign, forest coverage has increased from 8.0% in 1982 to 18.9% in 2015 [22]. This has adversely affect soil moisture content in this region, as illustrated by the significant decline of soil water content and the development of a dry soil layer in most area of this region [23]. These conditions pose a severe threat to the health of forest ecosystems on the Loess Plateau, leading to a reduction in forest growth (declining trees) and, in severe cases, forest mortality [15,24]. Therefore, there is an urgent need for rainwater-saving and harvesting management strategies to increase soil moisture content in this region, as the limited rainfall serves as the sole source of soil moisture given that groundwater tables are typically >50 m below the land surface.



This study highlights the importance of on-site rainwater collection and infiltration systems for rainwater retention in afforestation ecosystems, as they notably increased plant-available soil moisture content (Figure 3). This finding supports the results of previous studies [25,26,27], highlighting the effectiveness of rainfall harvesting techniques in increasing soil moisture content. For instance, Ma et al. [27] observed a substantial increase in plant-available water content in afforested forest stands in the Loess Plateau region when employing IRCIS treatment. Furthermore, our investigation revealed that shallow soil water content (0–2 m) is more influenced by the implementation of IRCIS than deep soil water content (2–5 m) (Figure 3), aligning well with the findings of Song et al. [12]. Their research showed that the shallow soil layer (0–2 m) exhibited more significant variations in soil water content compared to the deeper soil (>2 m) during both wet and drought years when an IRCIS was implemented in orchard plants. This is because shallow soil water content is more susceptible to the influences of rainfall, vegetation utilization, and forest management practices [28,29]. As a result, it leads to greater variability in shallow soil water compared to deep soil water. This simultaneously indicates that rainwater collected by an IRCIS is mainly stored in the shallow soil layer in this study region, making it readily available for forest use. It should be noted that deep soil moisture is also an important source of water for plants in water-limited regions, as it usually functions as a soil reservoir and plays a vital role in plant productivity and ecosystem sustainability [30]. Therefore, further research on the content and variability of deep soil water is urgently needed. This is particularly essential for developing effective forest management strategies to enhance forest growth and health.




4.2. Root Distribution Pattern


Fine roots (≤2 mm) are critical for the acquisition of water and mineral nutrients from soil [31], thus playing a significant role in forest ecosystems. Given their sensitivity to environmental changes and remarkable plasticity, the distribution pattern of fine roots determines a plant’s potential capacity for water and nutrient uptake [32]. During drought periods, when shallow soil water is insufficient to meet plant transpiration demands, plant roots tend to grow deeper, extracting additional water from the deep soil [33]. In agreement with these findings, declining Robinia pseudoacacia trees increased both their fine-root biomass and distribution depth during drought periods (Figure 4). This implies that declining Robinia pseudoacacia trees also possess the capability to absorb and utilize substantial amounts of soil moisture and nutrients from deep soil layers during dry periods, similar to actively growing trees (without declining). This may enable them to transition between shallow and deep soil moisture resources, depending on the availability of soil water. It strengthens their resilience to drought stress, consequently decelerating the tree mortality process. When subjected to IRCIS treatment, Robinia pseudoacacia exhibited a significant reduction in both fine-root biomass and depth. This was evident in the lower content of FRLD, reduced maximum depth, and D95 in both study years (Figure 4 and Figure 5). This reduction can be attributed to the effective collection and storage of rainfall by the IRCISs within the shallow soil layer (0–2 m). As a result, Robinia pseudoacacia trees accessed shallow soil moisture readily without the need for additional energy and resources to develop a deeper root system. Instead, these resources could be allocated to the growth of other organs, such as leaves, vessels, and phloem, facilitating better water and nutrient transport and mitigating the progresses of tree mortality.




4.3. Anatomical and Hydraulic Conductive Characteristics


Due to secondary growth, plants, especially trees, are able to adapt to low soil moisture conditions by modifying their xylem anatomical structures, including conduit size and distribution [34,35]. In previous studies, smaller vessel conduits were detected in stems of various tree species, such as Quercus robur and Robinia pseudoacacia, under drought conditions [13,36]. Therefore, smaller conduit vessels were less susceptible to drought-induced xylem embolism, contributing to water flow regulation during drought [37]. Supporting these findings, our results indicated that drought significantly reduced xylem conduit diameter at breast height in Robinia pseudoacacia, increased the number of smaller-diameter conduits, and significantly increased the skewness of conduit distribution, ultimately regulating hydraulic conductivity (Figure 6a and Figure 7).This adaptation is expected to better equip declining Robinia pseudoacacia to withstand drought stress, ensuring efficient water transport and slowing down the progress of tree mortality. When subjected to IRCIS treatments, the diameter of xylem conduits increased, and their distribution tended toward a more normal pattern (Figure 6b). This suggests that IRCIS treatments can effectively increase soil moisture content, modify xylem vascular structures (xylem conduit diameter and distribution) of declining Robinia pseudoacacia trees, facilitate water and nutrient transport to reproductive and productive organs, enhance plant vitality, and delay the mortality processes.



Previous studies indicated that there is a strong correlation between conduit diameter and resistance to cavitation at the individual conduit level [38]. Larger diameter xylem conduits possess greater hydraulic conductivity ability but are more vulnerable to cavitation, and vice versa [39]. This challenge arises from the structural characteristics of the xylem vascular network, as vegetation seeks to maximize water transport while minimizing drought-induced cavitation risk during water-limited time [40]. This held true in our study, where the decline in hydraulic conductivity was more pronounced in roots (with broader conduits) than in branches (with smaller conduits) during water-limited periods for all declining Robinia pseudoacacia trees. This adversely impacted plant growth processes such as plant cell enlargement, enzyme activity, plant photosynthesis, and plant transpiration, resulting in slowed plant growth and even mortality of plants. On the other hand, when subjected to IRCIS treatment, a decrease in roots and branches PLC was observed for both study years. This suggests that IRCIS treatment significantly improves plant resistance to drought and hydraulic transfer failure, particularly in water-limited situations.




4.4. Implications for Afforest Management


With the larger-scale implementation of afforestation campaigns, soil water deficits have become apparent in the Loess Plateau region, adversely affecting plant growth, leading to decreased plant growth rate and, in extreme cases, tree mortality [9,24]. This poses a threat to the health and services of the ecosystem. Therefore, maintaining a balance between soil water supply and plant water uptake is essential for the sustainable development of the ecosystem [6]. As rainfall serves as the only source of water essential for vegetation survival on the Loess Plateau, optimizing the utilization of rainwater resources is crucial for the health and sustainable growth of afforested trees. Recently, various afforestation management techniques, including engineering techniques such as the construction of fish-scale pits and agricultural management practices like covering soil with agricultural litter and the use of moisture-holding chemical and biological substances, have been extensively documented to effectively harness rainwater to enhance healthy and sustainable development of forest in the Loess Plateau region [12,20]. Our study confirms that implementing a rainwater harvesting system (IRCIS) can significantly increase plant-available soil moisture content. This, in turn, results in an enlargement of xylem conduit diameter and plant hydraulic conductivity, a reduction in water transmission losses, improved growth of declining Robinia pseudoacacia, and a slowing down of the decline and mortality processes. Moreover, over the two-year study period, IRCIS treatment resulted in an increase in tree height (m), DBH, mean crown length (m), mean crown height (m), leaf area index (m2 m−2), and cumulative sapwood area (m2/ha) by 4.4%, 5.8%, 14.3%, 12.1%, 29.6%, and 12.1%, respectively. IRCISs, therefore, can be promoted as a crucial forest management measure to increase soil moisture content, mitigate the decline of afforested trees, and achieve healthy and sustainable development of declining forests.





5. Conclusions


Due to the higher water demand of Robinia pseudoacacia trees, most Robinia pseudoacacia forest stands had significantly lower plant-available moisture content on the Loess Plateau, resulting in higher soil moisture deficits, especially in drought years. This, in turn, has hampered the healthy growth of Robinia pseudoacacia, leading to a decline and, in severe cases, mortality of trees. To minimize these negative effects, enhance the efficient use of soil water, and improve the resistance and resilience of forests to drought stress, diverse afforestation strategies, including engineering practices and rainfall harvesting measures, have been documented for sustainable artificial forest development. Our study demonstrates that the application of a rainfall harvesting system—the IRCIS—can effectively increase plant available moisture content of declining Robinia pseudoacacia forest stands. In particular, IRCIS treatment significantly increased xylem conduit diameter and plant hydraulic conductivity while substantially reducing the percentage loss of hydraulic conductivity in both roots and branches. Furthermore, IRCIS treatment significantly reduced the root biomass and distribution depth of Robinia pseudoacacia during different rainfall years. This implies that IRCISs are beneficial for plant growth and survival.



The response to rainwater harvesting may vary in different soil types due to variations in water retention, drainage, and other soil characteristics. The study’s findings may be specific to the soil conditions on the Loess Plateau. However, the results of this study can serve as a valuable reference for research on other soil types. The findings of this study are significant for devising strategic methodologies for the planning and management of rainwater resources. The adoption of these strategies, especially the incorporation of rainwater harvesting systems (IRCISs), offers a viable solution to counteract forest degradation induced by drought stress.
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Figure 1. Map of the study area. 
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Figure 2. Diagram of the rainwater harvesting system. 
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Figure 3. Vertical distribution of plant available moisture storage (PAMS) (A) and the cumulative plant available moisture storage (B) within the 0–5 m soil layer in 2015 and 2016 of the six Robinia pseudoacacia forest stands. Varied letters represent statistically significant differences (p < 0.05) among treatments, with whiskers depicting ±1 SD. 
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Figure 4. Distribution of Robinia pseudoacacia fine-root length density (FRLD, cm/dm3) in 2015 and 2016 within the 0–5 m soil layer (A) and the cumulative fine-root length density (CFRLD) (B) in Robinia pseudoacacia forest stands. Varied letters denote statistically significant differences at p < 0.05 between treatments, with error bars depicting ±1 SD. 
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Figure 5. Vertical distribution of cumulative fine-root length density (CFRLD) in Robinia pseudoacacia forest stands. Data points represent the mean values of fine-root length densities. The intersection of horizontal lines and vertical lines at D95 denotes soil depth above which 95% of fine-root length density occurred. 
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Figure 6. Xylem conduit distribution (a) and cumulative percentage of total theoretical hydraulic conductivity by conduit size class (b) in stem sapwood for experimental Robinia pseudoacacia forest stands. For WT2015 and RC2015, the conduit diameter distributions were slightly skewed (γ = +0.18 and +0.10 for WT2015 and RC2016, respectively) and approached a normal distribution; those of DT2016 and RC2016 were positively skewed (γ = +0.37 and +0.23 for DT2016 and RC2016, respectively). 
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Figure 7. The PLC values of roots (A) and branches (B) in Robinia pseudoacacia trees subjected to various treatments. Varied letters represent statistically significant differences (p < 0.05) among treatments, with whiskers depicting ±1 SD. 
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