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Abstract

:

The coupling cycles of soil carbon (C), nitrogen (N), and phosphorus (P) have a significant impact on biogeochemical processes and ecosystem services. For centuries, large areas of floodplain wetlands in China have been extensively reclaimed for agricultural purposes due to population growth. However, little is known about the evolution of soil C:N:P stoichiometry along a reclamation chronosequence, particularly across different land uses. In this study, we investigated the variations in soil C:N:P ratios with land use and time gradients along a reclamation chronosequence comprising c. 0, 60, 100, 280, 2000, and 3000 years. Land reclamation induced nutrient decoupling, as it facilitated C and N accumulation from biological processes but restricted P supply controlled by geochemical processes. Soil C and N sequestration reached a stable state after 2000 years, while P declined steadily from 60 years. Soil C/P and N/P increased significantly and were controlled by organic carbon (OC) and total nitrogen (TN), respectively, indicating that an increase in C and N could also promote P uptake. Soil C/N declined in the first 60 years and stabilized at a threshold of 10:1. Different land use patterns following reclamation resulted in distinct soil nutrient structures. Paddies retained more OC and TN but exhibited lower adsorption of total phosphorus (TP) compared to adjacent dryland, leading to significant differences in C/P and N/P between land uses. Based on the redundancy analysis and random forest model, soil OC and TN were mainly affected by the abundance of bacteria metabolizing cellulose, while metal oxides, including Fe2O3 and CaO, could best predict TP. Soil C/P and N/P were mainly driven by soil texture and rose significantly with the increasing proportion of clay particles. Our study suggests that as reclamation proceeds, more anthropogenic management is required to regulate potential nutrient imbalances in order to prevent adverse effects on crop growth, soil quality, and ecosystem health. Additionally, any fertilization strategy should be developed based on dryland C and N deficiencies, and lack of P in paddies.
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1. Introduction


Carbon, nitrogen, and phosphorus are three fundamental elements with maximal accumulations in plants and soil [1], and their biogeochemical cycle is crucial for preserving soil quality and avoiding excessive nutrient build-up [2,3]. Soil nutrient stoichiometry is a well-established theory for examining the coupling relationship between various nutrients, identifying soil-limiting nutrients, and formulating optimal nutrient management strategies [1,4]. Among these, soil C:N, C:P, and N:P ratios are considered effective indicators for assessing organic matter quality [5,6], phosphorus mineralization capacity [4,7], and nutrient constraint status [8,9]. Although soil C-N-P stoichiometric ratios are generally stable [10], many have hypothesized that they will vary dramatically under a changing environment, as factors such as soil acidity, mineral weathering extent, and biological activity can undergo substantial changes during this process [11,12,13].



Globally, an increasing amount of natural wetland has been converted for agricultural production due to the conflict between limited land resources and a growing population [14,15]. Knowledge of soil temporal dynamics and pedogenic evolution is essential for the sustainable use of these valuable soil resources [16]. Generally, as the reclamation time increases, soil nutrients tend to improve. For example, Zhang et al. [14] observed that soil OC and TN increased significantly over time in a coastal reclaimed zone. However, within the same transect, Yin et al. [17] demonstrated that long-term cultivation had a negative effect on TP reserves and increased the risk of leaching. Therefore, soil evolution exhibited a joint result of both biological and geochemical processes, during which bio-elements (C and N) tend to accumulate [13], while mineral elements (P) derived from geochemical processes may gradually run off [18]. Whether this opposite process will lead to a decoupling of soil C, N, and P cycles and if this decoupling will become more significant with increasing reclamation time remains largely unknown.



In addition to the impacts of reclamation time on soil nutrients, land use could also exert a substantial effect on soil redox conditions, plant organisms, and weathering intensity, which indirectly affect the retention of soil colloids to different nutrients and eventually alter the soil C-N-P ratios [19,20]. Therefore, numerous studies have been conducted to determine the effects of land use patterns on soil nutrient variations [11]. For instance, natural vegetation land (such as woodland and grassland) typically has higher levels of C and N but lower P than long-term-cultivated land [1,21]; nevertheless, the opposite has also been noted [22]. Additionally, the impact of land use may vary during different reclamation stages. For example, Roth et al. [23] observed that paddies accumulated more nutrients than non-paddy soil in the initial period of reclamation, whereas this disparity became negligible as the soil matured. Similarly, Zhang et al. [14] discovered that in the reclamation area of Cixi, as the reclamation proceeded, the SOC content in paddy fields increased continuously, but there was no significant change in dryland. Thus, reclamation time and land use patterns may interactively affect soil nutrient structure. However, information on this interaction remains limited, particularly at time scales spanning from centuries to millennia.



In a changing environment, alterations in edaphic properties (i.e., physical, chemical, and biological properties) can have a significant impact on the soil nutrient cycle [24,25,26]. However, prior studies on the impact of soil properties on OC, TN, TP, and their stoichiometries have primarily focused on regular drivers, such as soil pH, moisture, and texture, and have rarely considered the effect of major elements and biological indicators [27,28]. Soil major elements, such as Ca-, Fe-, and Al- oxides, are indicative of the extent of soil weathering [29], while biological indicators, such as soil bacterial functional genes, can reveal the biological activity of the soil [30,31]. Therefore, from the eco-stoichiometric perspective, it is essential to comprehensively and systematically compare the effects of both geochemical processes and biological processes on the content and ratio of OC, TN, and TP.



Eastern China is uniquely suited for wetland reclamation due to the presence of the Yangtze River, which continually transports sediment to its banks [14]. The Yangtze River, with a total length of approximately 6300 km, is the longest river in China. It flows from west to east, spanning 11 provinces including Qinghai, Hubei, and Anhui [32]. Since the 1950s, over 22,000 km2 of land has been reclaimed in this region [33]. Considering that more than 40% of the Chinese population live there but only 9% of the land is currently being cultivated [34], the trend in wetland utilization will continue into the foreseeable future. Our study is unique, as we constructed a soil chronosequence under fairly consistent climate, parent material, and terrain conditions and then collected samples from different land uses in each reclamation stage. This isolates time and land use variables from other soil impact factors, thereby identifying whether variations in soil nutrients result from reclamation time or land use pattern. Our purpose was to investigate the variation of soil C:N:P ratio over a reclamation chronosequence of c. 0, 60, 100, 280, 2000, and 3000 years under different land uses. Specially, we addressed the following questions: (i) Compared to soil C and N, does P show a different evolution along the reclamation time series? (ii) How do different land uses and human management practices influence the effects of reclamation years on soil nutrients? (iii) Which edaphic variables play a leading role on nutrients variation? We hypothesized that (i) prolonged reclamation time is expected to increase the content of OC and TN but reduce the TP reserve; (ii) at identical reclamation years, soil nutrients could be restructured across different land uses; and (iii) geochemical variables are correlated with the content of TP, while biological variables dominate the variations of OC and TN.




2. Materials and Methods


2.1. Study Sites


The current study was conducted on a scroll plain located in a meandering section of the Yangtze River, situated in eastern China’s Anhui Province (31.08°–31.27° N, 117.90°–118.01° E) (Figure 1). Over centuries, southward lateral accretion of point bars has constantly created fertile new land in the area. In order to render the new land suitable for agricultural purposes, a dozen levees were successively built during point bar expansion to contain Yangtze River floods. The levees built at different stages have divided the area into land tracts with distinct cultivation histories.



The newly formed point bar outside the latest-built levee, which is still receiving recent sediment deposition from the Yangtze River, represents the original soil parent material (time zero). The time of reclamation for various tracts of land was estimated using two different methods. For the particularly young land (i.e., 60, 160, and 280 years), the reclamation time was estimated based on the historical records of levee construction and the Yangtze River channel displacement [35,36]. For the two oldest sites (i.e., 2000 and 3000 years), optically stimulated luminescence (OSL) dating was used to determine the reclamation duration. This technique can accurately date fossils in geological sediments through ionized radiation [37]. Samples were collected from a depth of 60 cm and strictly shielded from light until analyzed. The OSL measurement procedure is detailed in Figure S1. All analyses were carried out at the Luminescence Dating Laboratory of Geomorphic Process team at the School of Geography and Ocean Science, Nanjing University.



Covering an area of about 160 km2, the flat terrain of the study area is suitable for farming. The climate is characterized as subtropical monsoon, with an average annual temperature of 15.8 °C and annual precipitation of around 1170 mm. Normally, newly reclaimed land is used for wood plantations (poplar, Populus euramevicana) and grassland (Eleusine indica). Dryland farming (wheat, Triticum aestivum; rape, Brassica campestris) was initial introduced in the 60-year reclaimed area and subsequently cultivated in later stages. Over time, with the expansion of cultivation and substantial improvement in the water-holding capacity of the subsoil layers, paddy–dryland rotation (rice–wheat and rice–rape) has become increasingly popular. On land older than 280 years, samples were only collected from dryland and paddies, as the reclaimed field beyond this stage had already been fully utilized for agricultural production and lacked continuous natural vegetation.



The levels of fertilization remain nearly identical across different reclamation stages within the same land use, as verified by local farmers and our field observations. This enables us to study the impact of reclamation duration on soil properties after eliminating the interference caused by fertilization. Specifically, until the 1970s, chemical fertilizers were rarely applied in the study area, as for the whole country. Instead, various organic fertilizers such as compost, cooking ash, as well as animal and human waste, were recycled into farmland to address nutrient deficiencies. Since then, chemical fertilizers have been increasingly consumed. Presently, the majority of nutrient inputs come from mineral sources, typically, 156 kg N ha−1, 90 kg P2O5 ha−1, and 146 kg K2O ha−1, respectively, in the wheat/rapeseed season, and 156 kg N ha−1, 60 kg P2O5 ha−1, and 146 kg K2O ha−1, respectively, in the rice season.




2.2. Field Sampling and Laboratory Analyses


A total of 90 soil samples were collected in January 2021, and the location of each site was recorded using a global positioning system (GPS: Trex Venture, Garmin, Olathe, Kansas, USA). At each sampling location, five surface subsamples (0–20 cm) within a 10 m radius were collected and bulked into a representative sample. The composite samples were air-dried at room temperature (20–25 °C) for 30 days and subsequently sieved using 2 and 0.2 mm meshes, respectively, before undergoing physical and chemical analysis.



Soil OC content was measured by the Walkley–Black wet oxidation method [38], TN was determined with the Kjeldahl method after digestion with H2SO4 [39], and TP was digested by HClO4-H2SO4 mixture and measured by the molybdenum blue colorimetry method [40]. C, N, and P content units were recorded as g/kg, and their ratios were mass-based. To determine soil moisture, part of the fresh soil was dried for 24 h at 105 °C [41]. Soil pH was measured with a glass electrode pH meter at a ratio of 1:2.5 soil to water. Electrical conductivity (EC) was determined with a conductivity meter (ddsj-308, Shanghai, China) at a soil-to-water ratio of 1:5. Soil texture was divided into three fractions (sand, >0.02 mm; silt, 0.002–0.02 mm; clay, <0.002 mm) according to the international standard of soil particle-size fractionation. Specifically, 5% Na hexametaphosphate solution was used as dispersant and determined by the sedimentation method. The elemental contents of CaO, Fe2O3, and Al2O3 were measured using X-ray fluorescence spectrometry (XFS) after grinding 5 g of each air-dried sample to <200-mesh in an agate mortar and compressing it into a disk [42].



Bacteria were the most abundant soil microbiota, and therefore, we took the abundance of bacterial functional genes as the soil biological indicator. To obtain bacterial OTUs, we first extracted DNA, amplified it, and sequenced the 16S rRNA gene, following the detailed procedure described in Tian et al. [43] and Jiang et al. [44]. Next, we matched the bacterial OTUs with the FAPROTAX dataset (script version 1.1) to identify putative function groups. The FAPROTAX dataset is a database specifically developed to predict nutrient cycling (i.e., C, N, P, and S) and pathogenic genes in soil [44]. After obtaining all of the functional groups, we refined our selection to three groups that are relevant to nutrient cycling and also have the highest abundance, namely chemoheterotrophy, nitrogen fixation, and cellulolysis. For more information about the experimental design and sample properties, please refer to Tables S1 and S2.




2.3. Statistical Analysis


The effects of reclamation duration and land use on soil properties were analyzed using analysis of variance (ANOVA). A two-way ANOVA was conducted to assess the impact of reclamation duration, land use, and their interaction. To determine the differences among reclamation stages and land use patterns, one-way ANOVA was employed with a least significant difference (LSD) test at the p < 0.05 level of significance. The correlation between soil C, N, and P contents, as well as their ratios, was analyzed using ordinary least squares (OLS) regression analysis.



The multicollinearity between environmental factors was assessed using the variance inflation factor (VIF), and parameters with high levels of multicollinearity were eliminated for further analysis. The redundancy analysis (RDA) and random forest (RF) model were combined to investigate the impact of environmental factors on soil OC, TN, TP, and their ratios. RDA provides an intuitive representation of the directional relationship between soil properties and nutrients, while RF allows for the quantitative assessment of the impact of specific indicators. RDA was conducted using CANOCO 5.0 (Microcomputer Power, Ithaca, NY, USA) software [45] with forward selection of explanatory variables. RF is an ensemble machine-learning method based on decision trees [46]. Three hyperparameters are chosen during the forest-building process: the number of trees (ntree), variables tried at each split (mtry), and the minimal terminal node size (node size). Hyperparameter tuning is a crucial step in RF, where different combinations of hyperparameters are tested and evaluated using cross-validation. Cross-validation involves dividing the data into multiple folds, where one part is for training and another part for testing. The performance of the model is then evaluated, and the hyperparameters with the best performance are selected [46,47,48]. For this study, the hyperparameters were set to 500, 3, and 5, respectively. The forest-building process was conducted using the R package Random Forest (R Development Core Team 2019, Vienna, Austria).





3. Results


3.1. Dynamics of Soil Environmental Factors for Different Land Uses along the Chronosequence


The two-way ANOVA showed reclamation duration and land use patterns had a significant effect on the investigated environmental factors (p < 0.05) (Table S3), and their interactions could also exert significant effect (p < 0.05). Therefore, we further analyzed the variations of soil properties by controlling reclamation duration or land use.



The reclamation duration primarily affects the following soil properties: pH, EC, texture, biological indicators, and CaO. Without the influence of land use, soil pH, EC, and CaO generally exhibited a gradual decline with increasing reclamation time (excluding y60) (Figure 2). A significant increase of clay content in dryland and paddies began after an initial slight decrease over the first 60 years, which was in contrast to the trend of sand particles. All of the biological indicators in woodland showed a continuous increase, while those in dryland and paddies exhibited a slight decrease after 2000 years.



Land use practices had a significant impact on all types of soil properties (p < 0.05). Grassland and woodland showed a higher level of finer particles (clay and silt), functional genes (chemoheterotrophy, nitrogen fixation, and cellulolysis), and Fe- and Al-oxides but lower pH, sand, and CaO when compared to the sediment. At each stage, dryland had a higher level of sand, nitrogen fixation (excluding y280), cellulolysis, and all the oxides. However, it displayed lower pH (excluding y160), EC, moisture, and clay particles when compared to paddies.




3.2. Soil Nutrient Contents and Ratio Dynamics for Different Land Uses along the Chronosequence


Soil OC, TN, TP, C/N, C/P, and N/P in reclaimed land showed obvious differences with sediment and changed significantly over time (Figure 3). Specifically, OC and TN increased from 11.0 g kg−1 and 0.85 g kg−1 (sediment) to 20.1 g kg−1 and 1.74 g kg−1 (y2000) and then decreased to 16.3 g kg−1 and 1.51 g kg−1 (y3000), respectively. After reclamation, the content of TP in sediment increased from 0.70 g kg−1 to 0.99 g kg−1 (y60) and then constantly decreased to 0.75 g kg−1 (y3000). Soil C/N decreased rapidly from 12.1 (sediment) to 10.2 (y60) and then fluctuated slightly over time. When the land was reclaimed for around 60 years, soil C/P decreased rapidly from 15.8 to 13.0 but gradually increased to 24.1 (y2000) and fluctuated slightly thereafter. Soil N/P showed a significant increase with reclamation time (p < 0.05), rising from 1.21 (sediment) to 2.10 (y2000), but subsequently, it showed no significant difference compared to 2.06 (y3000) (p > 0.05).



Compared to sediment, woodland and grassland have significantly higher levels of OC and TN (p < 0.05), with increases ranging from 60.98 to 67.24% and 77.37 to 102.46%, respectively (Figure 4). Additionally, the OC and TN contents in paddies and woodland were significantly higher than that in dryland at each reclamation stage (p < 0.05) (except for a slightly lower OC in y3000). The TP content in woodland and grassland also increased by 18.03–22.18% when compared to sediment. In contrast to OC and TN, the TP content was found to be in the order of dryland > paddies > woodland.



The C/N in woodland and grassland decreased slightly from 13.41 (sediment) to 10.69 and 11.7, respectively. However, there was no significant change in soil C/N with increasing reclamation time in different land uses (p > 0.05). The impact of land use on soil C/P and N/P remained consistent across different stages. When sediment was converted into woodland and grassland, soil C/P increased by 36.62–36.83%, and N/P increased by 51.07–66.39%. C/P and N/P in paddies and woodland were significantly higher than in dryland at the same reclamation stage (p < 0.05) (excluding y3000).



The correlation between soil nutrient content and ratios, as well as various nutrients, was presented in Figure 5. The results indicated a significant negative correlation between soil C/N and TN (p < 0.05), while no significant correlation was observed between soil C/N and OC (p > 0.05). In addition, soil C/P and N/P were significantly and positively correlated with OC and TN (p < 0.01), respectively, with stronger correlations observed than with TP. Furthermore, a significant positive correlation was found between OC and TN (p < 0.01), while no significant correlation was observed between either OC or TN with TP (p > 0.05).




3.3. Identification of Primary Environmental Drivers Affecting Soil C:N:P Stoichiometry


Nine soil variables, namely reclamation duration (RD), pH, EC, clay, silt, Fe2O3, CaO, cellulolysis, and nitrogen fixation were selected based on VIF and Monte Carlo permutations (Table S4). Additionally, land use was also considered as a variable for subsequent calculation. The effects of soil properties on the structures of soil nutrients were evaluated using RDA ordination plots across different land uses, with the first two axes accounting for approximately 54% of the total variation (Figure 6). According to the vectors, the variation of OC and TN was found to be correlated with the abundance of microbial functional groups, including cellulolysis and nitrogen fixation, whereas TP was primarily determined by the presence of metal oxides (i.e., Fe2O3 and CaO) within the soil. The nutrient ratios, excluding C/N, were predominantly influenced by soil texture and showed a positive association with the percentage of fine particles, including clay and silt. Additionally, land use types strongly altered the composition of soil nutrients and formed distinct groups. The replicated samples collected from each reclaimed land were closely grouped and were distinctly separated from the sediment samples. The soil nutrients structure of paddies and dryland were clearly distinguished along the first axis, with paddies showing higher levels of OC, TN, C/P, and N/P, while dryland had higher TP. Notably, with increasing reclamation years, paddies potentially showed an increasing distinction from other groups.



The RF model indicated that the abundance of the cellulolysis gene was the primary factor influencing both OC and TN (Figure 7). The contents of Fe2O3 and CaO were most significantly correlated with the soil TP. The proportion of clay particles was the primary factor explaining the variation in C/P and N/P. Although EC was identified as the most important factor influencing C/N, none of the investigated variables (including EC) had a significant impact on C/N.





4. Discussion


4.1. Effects of Reclamation Duration on Soil C, N, and P Contents and Stoichiometric Ratios


Based on the chronosequence, soil nutrient structure underwent significant changes over the course of millennia of reclamation. We hypothesized (i) that soil OC and TN contents would increase significantly over time, which was confirmed by their dynamics during the first 2000 years (Figure 3). The coupling variation between soil C, N, and the time factor can be ascribed to increased agricultural intensity during this period. After reclamation, the application of organic and chemical fertilizers could either directly introduce C and N into agroecosystems or indirectly promote biomass production to provide soil fertility [49,50]. Additionally, continuously improved soil properties (e.g., dealkalization and improved drainage) boosted soil biological activity, which plays a key role in regulating the soil nutrient cycle [14]. However, the OC and TN content in y3000 were lower than those in the y2000 site, providing evidence of mature soil degradation; this is a pervasive problem for reclaimed wetlands worldwide [12]. For example, Huang et al. [12] and Roth et al. [23] reported that the soil OC and TN contents in the Cixi reclamation area increased continuously during the first 300 years, but both subsequently showed significant decreases. The primary reason for fertility degradation in the oldest soil is due to its high acidity, resulting from the long-term soil weathering and the accumulation of acidic fertilizers [29]. Strong soil acidity could diminish soil fertility through the following mechanisms: First, the most important effect is its hindrance of microbial activity (Figure 2), which slows down critical processes related to the turnover of C and N. This includes the decomposition of external organisms into humus, atmospheric N fixation, and nitrification [51]. Moreover, microorganisms can secrete adhesives, promote organic matter aggregation, and increase soil colloids, thereby reducing the decomposition rate of organic matter. Second, soil acidification could decrease the concentration of Ca2+ in soil (Table S5), which is essential for maintaining soil fertility [52]. Ca2+ can bind with negative charges borne by soil particles and diminish the electrostatic repulsion between organic matter and negative charges. As a result, this makes it easier for organic matter to bind with soil particles. To alleviate soil degradation caused by long-term cultivation, various management practices can be implemented. One effective method is to apply an appropriate amount of lime to older farmland. This approach can help to reduce soil acidity and provide much-needed Ca2+ supplementation. Additionally, other practices, such as fallowing, crop rotation, and increasing the application of organic fertilizers, can also be highly beneficial in restoring and maintaining soil health [53]. Overall, our observations of C and N dynamics support the long-held notion that soil development results jointly from progressive (improvement) and regressive (degradation) processes [54]. The relative strength of these two opposing processes will determine whether evolution is progressing, stable, or regressing [55].



The dynamics of TP following reclamation were partially consistent with our original hypothesis (i) that prolonging reclamation time will reduce the TP reserve, as it exhibited two distinct stages during the 3000 yr time sequence (Figure 3). In the first 60 years, there was an increasing trend. This could be attributed to our original hypothesis based on previous chronosequence experiments conducted in natural ecosystems [10]. However, in agricultural land, the early increase in TP could be a transient response resulting from the external addition of P fertilizer [14]. After 60 years, a steady reduction in TP was observed, which was consistent with Walker and Syer’s model [56], indicating that as soil matured, the reserve and availability of P decreased constantly. Given that cultivation management in the older land was nearly identical to the younger sites, the decline in P during the later stage may be attributed to leaching losses over long-term reclamation [57]. In China, it is estimated that P leaching through runoff is 1.57 × 106 t in 2012, which is equivalent to 0.63 g per m2 [14]. Due to higher temperature and precipitation in our study area than other regions in China, P leaching is likely to be greater than the average.



Soil C-N-P stoichiometry could characterize C-, N-, and P-coupled cycles and connect different aspects of ecosystem functionality [58]. C/N serves as an effective indicator reflecting soil organic matter decomposition and C loss [59]. In our study, sediment C/N was significantly higher than that of reclaimed soil (p < 0.05), which is due to the fact that labile SOM in sediment was largely removed by river transportation, leaving behind recalcitrant substrates that typically have a higher C/N. After reclamation, fresh organics (e.g., plant stubble and manure) were incorporated into the soil, thereby causing rapid microbe growth to decompose organisms and mineralize organic nutrients (e.g., N and P). Soil microorganisms generally require a diet with the C/N of 24:1 to survive, with eight parts of C used for body maintenance and sixteen for energy [60]. Obviously, microbial decomposition consumed more C resources, leading to a reduction in the C/N of the remaining humus. Therefore, the decrease in soil C/N after reclamation indicated an improvement in soil biological activity and SOM quality, which was considered an important feature of initial soil development [59]. After 60 years, soil C/N remained well-constrained at each stage and ultimately stabilized at 10:1, which was similar to the average chemical composition of microbial cells, indicating that microorganisms may play a dominate role in regulating soil nutrient cycles [61].



C/P can be used to evaluate mineralization potential and P availability (4). In this study, soil C/P increased by 85% from 60 to 2000 years (Figure 3). During the earlier stages of reclamation, a rapid prevalence of biological control on nutrient cycling indicated that C and N were made available; meanwhile, P was depleted by parent material weathering, leading to a disparity in the C, N, and P cycles [54]. N/P can be used as an indicator to investigate soil-limiting nutrients [8]. In our study, N/P increased steadily over time, up to 2000 years. This indicated that land reclamation caused a decoupling between soil N and P, and crop growth and microbial decomposition were increasingly limited by P. Overall, the observed changes in soil C/P and N/P indicated reclamation disrupted the C, N, and P cycles in a nonlinear manner and would have a negative impact on the biogeochemical reactions controlling key ecosystem functions (i.e., primary production and material cycling) and services (i.e., food production and carbon sequestration) [13].



Notably, C/P and N/P were significantly controlled by OC and TN, respectively (p < 0.01) (Figure 5b,c). Therefore, although there was a weak correlation between TP and OC or TN (Figure 5e,f), the positive effect of elevated C and N addition on plant growth could stimulate soil P uptake [62,63]. With the increasing use of N fertilizers after reclamation, soil acidity was induced, leading to a decrease in the rate of SOM decomposition and favoring soil C accumulation [54]. Moreover, N additions could promote organisms to produce more extracellular phosphatase enzymes that cleave ester-P bonds in soil organic matter, thereby increasing P availability for crop uptake [64,65]. Although farmers tend to apply chemical P fertilizers, these compounds are less mobile and are poorly utilized during the crop season (less than 30% of total fertilization) [9]. Consequently, compared to accessible C and N, a slower rate of P increase can eventually lead to undesirable increases in C/P and N/P and limit crop growth due to soil P deficiency [13,66]. Similarly, Vitousek et al. [65] proposed that transactional P limitation (one type of P limitation) occurs generally when other resources (especially N) are adequate; even though P exists in primary minerals, its supply via weathering cannot keep up.




4.2. Effects of Land Use Pattern on Soil C, N, and P Contents and Stoichiometric Ratios


Land use patterns have been shown to affect soil nutrient variability by directly altering soil properties and influencing biological processes in the rhizosphere [67]. In unreclaimed land (y0), soil nutrient contents in grassland and woodland were significantly higher than in sediment (p < 0.05) (Figure 4). This can be attributed to the fact that natural vegetation growth provides more organic residues (i.e., dead branches and leaves) to the surface soil [26], which activates soil microbial function (e.g., cellulolysis process and nitrogen fixation) and ultimately accelerates the transformation of nutrients from organic to inorganic forms [68].



Our hypothesis (ii) was that land use patterns would significantly impact nutrient content, and this was confirmed by the finding that dryland had significantly lower OC and TN content compared to paddies at the same reclamation stage (p < 0.05) (Figure 4). Several factors may contribute to the inferiority of dryland in terms of sequestering OC and TN. Firstly, paddies receive a higher input of SOM (approximately 60–70%) compared to dryland [69], as most of the biomass produced in dryland is removed, and only a small proportion is returned to the surface soil. The amount of plant residues returned to the soil is generally positively correlated with OC accumulation [14]. Secondly, OC in the surface soil is sensitive to agricultural tillage practices, and seasonal tillage in dryland tends to destabilize soil macroaggregates, disrupt topsoil structure, and thus accelerate OC and N loss [70,71]. Lastly, the relatively lower levels of OC and TN in dryland soil may be attributed to faster decomposition rates of organic matter in well-aerated soils compared to waterlogged soils [23].



At each stage, it was observed that dryland had a higher TP and lower C/P and N/P than paddies, possibly due to the special practice of applying P fertilizer in southern China [72]. Local farmers tend to apply P fertilizer during the dryland farming season, when there was abundant soil ferric ion (Fe3+), which has a strong adsorption capacity for P ions. During the summer season, the fields are rotated to paddies, where the Fe3+ is reduced to ferrous iron (Fe2+), and the adsorbed P is massively released to facilitate rice growth [73]. While this fertilization approach has the potential to improve fertilizer utilization and minimize nutrient loss, it may also lead to an uneven distribution of P among different land uses. Moreover, the frequent flooding and drainage process in paddies can wash away various soil substances, including metal oxides, clays, and CaCO3, which are crucial soil P sorbents [50]. Previous studies have consistently demonstrated that land use patterns can significantly impact soil C, N, and P contents and stoichiometric ratios. For example, as reported by Zhang et al. [14], in the tidal flat reclamation area of Dafeng, paddy fields were superior to drylands in enriching C and N. Similarly, Zheng et al. [1] conducted a continental-scale study comparing the effects of different land use patterns on soil C, N, and P stoichiometry and discovered that compared to the woodland and paddy fields, uplands are relatively limited by C and N but enriched with P. These findings are consistent with the results of the current study.




4.3. Evolution of Soil Properties and Their Regulation of C:N:P Stoichiometry


The investigated properties were significantly impacted by the reclamation time and land use pattern (p < 0.05) (Figure 2). Soil pH gradually decreased over time due to the leaching of base cations such as calcium (Ca2+), magnesium (Mg2+), and potassium (K+), which are weathered from minerals [74]. Decreasing soil pH could restrict the turnover rate of soil nutrients and reduce their availability. Additionally, it can hinder plant root growth and increase the occurrence of pests and diseases. The dramatic decline in EC following reclamation was primarily due to natural desalination and artificial irrigation practices [28].



At the identical stages, pH in paddy soil was significantly higher than that in dryland. Due to the significant correlation between CaCO3 and pH (r = 0.65) (Figure S2), a higher value in paddies was related to the large amounts of OH- generated from the hydrolysis of CaCO3 under flooded conditions. Additionally, the paddy soil had a higher EC compared to dryland soil. This was due to the rising groundwater level that occurs during long-term flooding and the accumulation of soluble salts in the topsoil after evaporation [75]. Long-term irrigation and improved water-holding capacity from higher fine particle content leads to a higher soil moisture in paddies. Conversely, frequent plowing and lower vegetation coverage in dryland accelerated moisture loss [14]. However, although these environmental factors were obviously altered by reclamation time or land use pattern, the variability in soil nutrient stoichiometry explained by these variables was rather lower than biological and weathering indicators and soil texture.



The abundance of soil bacterial functional genes, especially those involved in cellulolysis, has been identified as the primary regulator of OC and TN (Figure 7). In addition to organic fertilizers such as human and animal manure, crop residues also play a crucial role in the formation of soil organic matter in agricultural fields [76]. In the research area, it is customary to incorporate straw into both dryland and paddy fields once a year during the crop harvest season. Dryland fields are typically integrated between May and June, with an average amount of 9000 kg/hm2. As for paddy fields, the usual practice is to incorporate straw in September, with an average amount of 12,000 kg/hm2 [77]. This practice has been shown to be superior to traditional agricultural practices, as the decomposition of crop straw can not only enhance soil nutrient content but also promote soil aeration and water retention and reduce environmental pollution caused by pesticides and fertilizers [76]. Crop straw is rich in cellulose, with an average content of 30–40% in primary crops (e.g., rice, wheat, and maize), making it an ideal candidate for the cellulolysis process [76]. However, the transformation of straw to humus largely depends on microbial functional genes capable of breaking down cellulose. Additionally, the soil environmental status improves significantly after reclamation, which promotes the proliferation of soil microorganisms [28]. Together, the recovery of microbial activity and the addition of abundant substrate significantly improve soil C. Since over 90% of the N in the surface layer of most soils is in organic form [14], its concentrations and availability are closely related to soil organic matter and also affected by the cellulolysis process.



In contrast, the content of soil metal oxides, including CaO and Fe2O3, was the most predominant factor in explaining the variability of soil P (Figure 7). As a mineral element, P originates from mineral weathering; however, its storage after release mainly depends on the soil’s adsorption capacity. As the pedogenetic age extends and soil acidity increases, the adsorption of P shifts from Ca2+- to oxide-dominated; nevertheless, both of them were recognized as important P adsorbents in soil [54]. Ca ions could bond with P and cause P precipitation as insoluble Ca-P species, which directly retain P electrostatically through the exchange of HCO3− for H2PO4 [78]. The adsorption of Fe/Al oxides on P was mainly due to their large specific surface areas, which provided a large number of adsorption sites [79].



Soil texture is apt to change at landscape and regional scales with soil weathering, resulting in a complex interaction between soil particles and the C, N, and P cycles [80]. In our study, OC, TN, C/P, and N/P were all positively correlated with clay and silt content (Figure 6), which was consistent with the findings of Wang et al. [10]. Soils with higher amounts of finer particles typically contain more C and N, as these particles could chemically stabilize and physically protect organic matter [81]. However, the effect of soil texture on TP was not evident, which was unexpected, as finer particles in the soil were also listed as important P adsorbents [82]. This phenomenon may be related to the redistribution of TP content caused by land use patterns in this study. Although there was still a positive correlation between TP and clay content in natural soils (sediment and grassland) (r = 0.62), this correlation was greatly disrupted by anthropogenic management in agricultural land, where large amounts of P fertilizer were applied to dryland with lower clay content. Conversely, paddy fields with a higher proportion of clay were nearly unfertilized with P, which dramatically altered the relationship between soil texture and TP.




4.4. Imbalance Risk of Soil C, N, and P Induced by Land Reclamation and Land Use Patterns


Knowledge of the directions, rates, and thresholds of soil development after reclamation, as well as its influencing factors and mechanisms, are required for sustainable utilization of soil resources [56]. In the present study, it was observed that land reclamation decoupled the nutrient cycles, as it facilitated C and N accumulation associated with biological processes, but had an adverse impact on the reserves of P which was controlled by geochemical processes. It is worth noting that the content of C, N, and P all declined after 2000 years, indicating fertility degradation in ancient soil and nonlinear evolution of soil properties. Moreover, the study revealed a succession threshold of soil C/N (10:1) over the chronosequence, and this similar ratio to microbial cells may indicate the crucial role of microorganisms in mediating C and N cycles.



Dryland and paddy–dryland rotation are the two primary agricultural land uses in eastern China. However, our study has revealed distinct variations in the content of C, N, and P, as well as their stoichiometric ratios between these two land uses. In paddies, the elevated levels of C and N were likely attributed to the massive return of organisms and lower decomposition under submergence [14]. Nonetheless, inadequate application of P fertilizer and losses of P adsorbents together reduced its soil P reserves. Conversely, in dryland, the removal of plant residue and well-aerated conditions hindered C and N sequestration, but constant manuring and effective adsorption capacity tended to sustain a high level of P. The stark contrast in anthropogenic management and soil conditions between drylands and paddies results in significantly lower levels of C/P and N/P in the former. Thus, we deduced that soil C/P and N/P were likely the crucial factors in distinguishing between dryland and paddies in eastern China. Differences in soil nutrient structure between paddies and drylands could lead to different constraints on crop growth. For example, lower OC and TN in dryland might limit wheat chlorophyll and protein synthesis, while insufficient P supply in paddy fields could result in poor root growth and slow metabolism [83,84]. As the reclamation proceeded, the distribution of nutrients within farmland would become increasingly uneven, which would not only lead to a reduction of fertilizer utilization rates but also cause environmental pollution and damage to soil health [1,11].




4.5. Discontinuous Evolution of Soil Properties along the Soil Chronosequence


In an ideal scenario, soil properties would undergo a continuous and consistent evolution over time. However, this process is challenging to observe through empirical research and may be nonexistent [54]. In our study, we found notable variations in the properties of the y60 soil compared to the adjacent stages (y0 and y160). This discontinuous evolution along soil chronosequence has also been documented in previous studies [85], possibly attributable to the river sedimentation during a specific stage. The succession of soil particle observed in our study provided some degree of confirmation. Soil texture, an important indicator of depositional environment [86], was compositionally different in the y60 soil compared to other reclamation stages (Figure 2). Nevertheless, we observed that except for a slightly higher TP and lower C/P, soil nutrient dynamics in this stage still aligned with our hypothesis.





5. Conclusions


Our research has revealed an overall inverse succession between soil OC, TN, and TP during the process of land reclamation. Specifically, OC and TN increased from 11.0 g kg−1 and 0.85 g kg−1 to 20.1 g kg−1 and 1.74 g kg−1, respectively, while TP gradually decreased from 0.99 g kg−1 to 0.75 g kg−1. Soil C/P and N/P increased from 15.8 and 1.21 to 24.1 and 2.1, respectively. For the same stage, paddies stored more C and N but adsorbed less P than adjacent dryland, resulting in significant differences in soil C/P and N/P between land uses. Soil biological process mainly affected the content of C and N, while the concentration of Fe/Ca oxides dominated the reserve of P. The C/P and N/P exhibited a significant and positive correlation with the proportion of clay particles. Older soils have a significantly reduced adsorption capacity for P, which necessitates a moderate increase in the application of chemical P fertilizers to maintain a balance of soil C, N, and P, but it is crucial to avoid potential P loss and pollution risks. By analyzing the evolution of soil C:N:P stoichiometry, differences in nutrient structures between various reclamation stages and land use patterns could be revealed, providing a reference for dynamically adjusting farmland fertilization strategies and formulating land-use-oriented management practices. Although the present study found that reclamation duration and land use patterns could significantly drive the nutrient structure in soil, it remains unclear whether this will affect the overall nutrient characteristics within the ecosystem. Further analysis should comprehensively consider various sources of nutrients, such as plant tissues and microbial biomass. This study examines the evolutionary characteristics of soil nutrients along the reclamation gradients and the land use effect in the typical floodplain of the Yangtze River Basin. Its significant findings are expected to provide valuable guidance for the sustainable utilization of cultivated land resources and the preservation of agricultural productivity in comparable wetland reclamation areas.
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Figure 1. Geographic location of the study area and sampling sites. 
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Figure 2. Evolutionary trends in soil environmental factors along the chronosequence in different land uses. (a) pH; (b) electrical conductivity; (c) moisture; (d) clay; (e) silt; (f) sand; (g) chemoheterotrophy; (h) nitrogen fixation; (i) cellulolysis; (j) Fe2O3; (k) CaCO3; and (l) Al2O3. Different uppercase letters indicate that means are significantly different (p < 0.05) among land uses at the same reclamation stage. Different lowercase letters indicate means are significantly different (p < 0.05) among the same land use across reclamation stages. 
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Figure 3. OC, TN, and TP contents and ratios at different stages of land reclamation. (a) Organic carbon; (b) C/N ratio; (c) total nitrogen; (d) C/P ratio; (e) total phosphorus; (f) N/P ratio. Control: fresh sediment. Lines within the boxes give the median, boxes the 25th and 75th percentile, and whiskers the lowest and highest values excluding outliers. The dotted lines are the means (square symbols) connection of each reclamation stage. Different lowercase letters indicate means are different at p < 0.05 over different reclamation stages. The yellow-shaded arrows represent our interpretation on nutrient content changes and description of the primary dynamics of ratios. 
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Figure 4. OC, TN, and TP contents and ratios along the chronosequence over different land uses. (a) Organic carbon; (b) C/N ratio; (c) total nitrogen; (d) C/P ratio; (e) total phosphorus; and (f) N/P ratio. Different uppercase letters indicate that means are different at p < 0.05 among land uses at the same reclamation stage. Different lowercase letters indicate means are different among the same land use across reclamation stages. 
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Figure 5. Linear correlations between soil nutrients and eco-stoichiometric ratios (a–c) and interaction relationships of various nutrients (d–f). OC, organic carbon; TN, total nitrogen; TP, total phosphorus. 
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Figure 6. Redundancy analysis (RDA) of soil nutrients stoichiometry with environmental variables. The significance of the RDA analysis results was tested by a Monte Carlo permutation test. OC, organic carbon; TN, total nitrogen; TP, total phosphorus; EC, electrical conductivity; RD, reclamation duration. 
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Figure 7. Relative importance of each predictor calculated by the random forest model for each nutrient index: (a) organic carbon; (b) C/N ratio; (c) total nitrogen; (d) C/P ratio; (e) total phosphorus; and (f) N/P ratio. EC, Electrical conductivity; LU, land use; RD, reclamation duration; nitrogen, nitrogen fixation; % incMSE, increase in mean squared error. 
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