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The relationship between Cd and soil phosphatase activity has been given some concerns due to serious soil Cd contamination. However, the effects of high-risk Cd pollution on the soil phosphorus mineralization process are still kept unclear in reclaimed coastal wetlands. Here, we investigated the impacts of Cd additions at three levels on phosphorus mineralization and phosphatase activities in reclaimed coastal wetland soils with different reclamation ages (e.g., 100-year, 40-year, and 10-year) in the Pearl River Estuary by a 40-day laboratory incubation experiment. The results showed that lower soil phosphatase activity was observed in the reclaimed wetlands with longer reclamation age, which led to the lower increase in cumulative net phosphorus mineralization and Occluded P. High Cd exposure facilitated the phosphatase activities and phosphorus mineralization through the promotion of Occluded P and Al/Fe-P contents in the 100-year and 10-year reclaimed wetland soils, respectively. The addition of the low-dose of Cd to the soil inhibited phosphorus mineralization in the middle of incubation in 40-year reclaimed wetland soils, while the high-dose Cd addition had little effect. The findings of this work indicate that the older reclaimed wetlands might have lower phosphorus mineralization potentials, while higher Cd pollution might lead to soil phosphorus loss by improving phosphorus mineralization in reclaimed coastal wetlands.
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Introduction

Phosphorus (P) is one of the most essential elements for plants (Bünemann, 2015). The organic P (Po) mineralization is a fundamental mechanism for regulating P release in soil/sediment and provides a potential mineral P supply for plant growth (Spohn and Kuzyakov, 2013; Bai et al., 2019). In wetland ecosystems, an in-depth understanding of the soil P mineralization process is critical to uncovering the relationships between P cycles and primary productivity, plant uptake, and potential P export to surface water (Fellman and D'Amore, 2007). Over the past few decades, coastal wetlands have been affected by the sea-level rise in the context of global climate change and human activities such as sewage discharge and reclamation (Sun et al., 2015), which will greatly affect the biogeochemical processes of P and further influence coastal wetland ecosystem health.

Over the past thousand years, coastal reclamation has been one of the important ways to replenish coastal arable lands and more than 10 million hectares of tidal flats have been reclaimed along the coast of China (Li et al., 2012). Coastal wetlands have been enclosed by thousands of kilometers of new “Great Wall” (Ma et al., 2014). Many previous studies have illustrated that coastal wetland reclamation could lead to significant changes in soil nutrients and heavy metals (Yin et al., 2017; Zhang et al., 2019; Lu et al., 2020). Yin et al. (2017) observed a significant decrease in P contained within primary minerals (DeP) and an increase in authigenic P contents after the reclamation. Moreover, the reclaimed wetlands always have a higher risk of heavy metal pollution due to intensified human activities such as leaching desalination and excessive agrochemical applications (Reddy and DeLaune, 2008). Cao et al. (2020) presented that the coastal reclamation led to a moderately polluted state of heavy metals compared to geochemical background values from the 1980s based on the multi-metal Nemerow pollution index. Especially, higher Cadmium (Cd) pollution risk has been widely reported in farmlands and coastal wetlands in China (Yuan et al., 2021; Li et al., 2022). Severe soil Cd pollution in coastal reclaimed wetlands has also been observed and attracted widespread attention (Lu et al., 2020; Chen et al., 2022). Generally, in coastal areas of eastern China, salt marsh reclamation increased Cd contents in soils that were 6.9 times higher than the background value, with highest pollution risk among all heavy metals studied (Chen et al., 2022). However, the effects of high-risk Cd pollution in reclaimed coastal wetland soils, on the soil phosphorus mineralization process are still kept unclear.

The soil P mineralization-immobilization dynamics are dominated by microbial activities and phosphatase secreted by microorganisms and plants (Oehl et al., 2001; Margalef et al., 2021). At present, there is no consistent conclusion about the effects of Cd on phosphatase (Cui et al., 2021). Quiquampoix and Mousain (2005) and Yang et al. (2016) reported Cd stimulates phosphatase activity, whereas some researchers observed the inhibiting effect of Cd (Pan and Yu, 2011; Xian et al., 2015). For microbial cells, Cd is capable of producing toxic effects (Aponte et al., 2020), while the mechanisms of Cd toxicity to microorganisms related to P cycling in reclaimed coastal wetlands are not clearly understood. However, little information is available on the effects of Cd on phosphatase activity and the relationship between the P mineralization process and phosphatase activity in coastal reclaimed wetland soils. Therefore, it is necessary to investigate the effects of Cd on the soil P mineralization process in coastal reclaimed wetlands in order to fill the knowledge gap.

Here, we are presenting a study about the effects of Cd with different levels on the P mineralization process and phosphatase activity in coastal reclaimed wetland soils along a 100-year reclamation chronosequence in the Pearl River Estuary (PRE) of China. Due to economic and social development demands, reclamation activities have a long history of over 100 years in this region (Bai et al., 2015; Han et al., 2019), which led to the reclaimed tidal flat soils in the PRE being heavily contaminated by heavy metals (Li et al., 2012). An investigation in the PRE by Gu et al. (2014) found that Cd contents in 97% of soil samples exceeded the class II criteria and 31% of samples above the class III criteria according to the soil quality standards in China (GB 156181995), and Cd pollution appeared to be the most serious. The primary objectives of this work were (1) to compare the impacts of different Cd additions on soil cumulative net mineralization of P, net P mineralization rate, inorganic P (Pi) fractions, alkaline phosphatase (ALP) activity, and acid phosphatase (ACP) activity in reclaimed wetlands with different reclamation ages in the PRE, (2) to explore how reclamation age regulates the impacts of Cd on soil P mineralization process, and (3) to identify the relationships among the reclamation age, phosphatase activity and soil P-related indicators in reclaimed coastal wetlands.



Materials and methods


Study area and soil sampling

The PRE has a subtropical marine monsoon climate, with the annual average temperature and precipitation of 21.4 ~ 22.4°C and 1600 ~ 2300 mm, respectively (Han et al., 2019). There is a complex river network with an average annual runoff of 336 × 109 m3 in the PRE (Liu et al., 2017). According to the Soil Taxonomy (Iuss Working Group, 2006), the dominant soil types in the PRE are Mollic Fluvisol, Eutric Geysol, and Irragric Anthrosols (Han et al., 2019). Large-scale reclamation activities have happened in the Nansha District and approximately 554 km2 of tidal flats have been reclaimed as croplands (Xiao et al., 2015), which were mainly planted bananas, sugarcane, longan, pawpaw, etc. (Han et al., 2019). The reclaimed wetlands with different reclamation ages were selected as study areas in the Nansha District of Guangzhou, South China (Figure 1A).




Figure 1 | (A) Location map of sampling sites in the Pearl River Estuary. The percentages (B) and contents (C) of Pi fractions in 10-year, 40-year, and 100-year reclaimed soils under different Cd addition treatments. Data represent the mean ± SE (n = 3). ‘I’ and ‘F’ represent initial incubation on day 0 and final incubation on day 40, respectively. Different lowercase letters indicate significant differences among different Cd addition treatments (P < 0.05). Groups that are not marked with a letter mean no significant difference (P > 0.05).



According to the 100-year chronosequence of reclamation and the method of “space-for-time substitutions” (Walker et al., 2010), three study areas with the reclamation ages of 100 years (100-yr), 40 years (40-yr), and 10 years (10-yr) were selected (Figure 1A), with sugarcane, longan, and banana planted, respectively (Bai et al., 2015; Han et al., 2019). At each study area, approximately 20 kg of surface soils (0-10 cm) with three replicates were collected using a plastic shovel after the plant materials and organic residues were removed. Soil samples were brought back to the laboratory for chemical analysis and incubation experiments. The physicochemical properties of soil samples are described in Supplementary Table 1.



Experimental design

Fresh soil samples for incubation were passed through a 5mm sieve to remove coarse plant debris and stones, and then thoroughly mixed to make a homogenous mixture. Microcosm experiments were set up in 500 ml opening jars, with approximately 100 g (fresh weight) of soil sample pressed down into the bottom of each incubation jar. The jars were put in the incubator at 25°C in the dark, pre-incubating for 3 days. We set three treatments for each type of soil (CK: control; C1: low dose of Cd addition, 1.5 mg·kg-1; C2: high dose of Cd addition, 10 mg·kg-1) with three replicates. Exposure concentrations are based on the ISQV-low value and ISQV-high value in the interim sediment quality values (ISQVs) of Hong Kong (Chapman et al., 1999). After the pre-incubation, Cd was added evenly to the microcosms by adding salt solutions (CdCl2), and the CK group added an equal amount of deionized water. The change in soil moisture due to the addition of salt solutions is the same and can be negligible. Jars were put back in the incubator with ventilated cling film covered and incubated for 40 days. The soil samples were collected on days 0, 3, 6, 9, 15, 25, and 40. The destructive sampling strategy was used in our study, which included 189 jars for incubation. Each soil sample was divided into two parts, one part was stored at 4°C to measure the enzyme activity, and the remained was air-dried, ground, and passed through a 100-mesh sieve for measuring P-related chemical indicators. Soil moisture was maintained by weighing the jars continuously and replenishing the lost water.



Sample processing and analyzing

Soil pH was measured by a pH meter (Hach Company, Loveland, CO, USA) in a 1:5 fresh soil to deionized water slurry. The soil moisture content was obtained by drying soils at 105°C for 48 h in an oven. Soil organic matter (SOM) was determined using the dichromate oxidation-colorimetric method (Nelson and Sommers, 1983). Total carbon (TC) contents were analyzed on an elemental analyzer (CHOS, Vario EL, Germany). Total P (Pt) and Cd were measured by acid digestion and the Inductively Coupled Plasma-Atomic Emission Spectrometry (ICP-AES; Zhang et al., 2017). Blanks and certified reference materials (GBW07401) were run periodically to assess the precision and accuracy of this method. The recovery rates of the spiked samples of P and Cd ranged from 97.5%-106.2% and 95%-105%, and the detection limit of the methods is 6.07 mg/kg and 0.02 mg/kg, respectively. Po was determined by the burning method (500°C for 1 h) and extracted with 1.0 mol/L H2SO4 solution (Aspila et al., 1976), while the Pi content of each sample was estimated by the difference between Pt and Po. The Pi fractions were measured by a modified sequential extraction method (Pierzynski, 2000; Bai et al., 2017). Soluble and loosely bound P (S/L-P), Al and Fe-bound P (Fe/Al-P), occluded P (Oc-P), and Ca-bound or apatite P (Ca-P) were extracted by different extractants in sequence. The acid phosphatase and alkaline phosphatase activities were measured through p-nitrophenyl phosphate assays according to the method described by (Dick et al., 2000).



Cumulative net P mineralization and net P mineralization rate

The specific calculation formulas of cumulative net P mineralization (CNPM, mg·kg-1) and net P mineralization rate (RNPM, mg·kg-1·d-1) are given as follows (Achat et al., 2010; Bai et al., 2019):

	

	

where i refers to the sampling batch, Pi and Pi-1 refer to the inorganic P content in soil at the ith day and (i-1)th day, respectively; P0 refers to the initial inorganic P content in soil. ti and ti-1 are the incubation of i days and i-1 days, respectively. P mineralization and immobilization is a dynamic process (Arenberg and Arai, 2019; Arenberg and Arai, 2021). If the RNPM is positive and the CNPM increases after a period of incubation, which indicates that the P mineralization is greater than the immobilization, otherwise it’s the opposite.



Statistical analysis

Data processing and statistical analysis were carried out using Excel 2019 and SPSS 20.0 software packages. One-way ANOVA analysis was performed to identify the differences in RNPM, ACP, and ALP activities among different treatments of Cd addition and sampling time. The statistical significance (P < 0.05) of the mean differences among different treatments ;and sampling times were identified by using the Fisher LSD test. Spearman correlation analysis was carried out to reveal the relationship among Cd concentration, reclamation age, phosphatase activity, RNPM, and CNPM. All figures were created using the Origin 2021 and ArcGIS 10.2 software packages.




Results


Initial and final Pi fractions in three reclaimed soils under different Cd addition treatments

At the initial stage of incubation, Oc-P showed the highest percentage, with no significant difference in all treatment groups (P > 0.05), while S/L-P content was the lowest (Figure 1B). The relative percentage of Al/Fe-P in Pi followed the order 40-yr reclaimed soils > 10-yr reclaimed soils > 100-yr reclaimed soils, while Ca-P was the opposite. Moreover, higher percentages of Al/Fe-P were observed in the reclaimed soils with lower pH values, which is opposite to Ca-P (Supplementary Table 1).

At the end of the incubation, the contents of Ca-P and S/L-P had no significant difference in all treatment groups (Figure 1C; P > 0.05). Compared with the initial level, the contents of Al/Fe-P at the end of incubation did not change significantly (P > 0.05) except for the C2 group in 10-yr reclaimed soils (P < 0.05). The contents and relative percentages of Oc-P in all treatment groups were increased, leading to an increase in Pi, but no statistically significant difference was observed in some groups (P > 0.05). And in the CK treatments without Cd addition, Oc-P increased less in reclaimed soils with longer reclamation age. In 100-yr reclaimed soils, Oc-P contents showed a significant increase in high-dose Cd addition treatments compared to low-dose Cd addition (P < 0.05) and took the dominant responsibility for the increase in Pi. Comparatively, in 40-yr reclaimed soils, no significant changes were observed between initial and final levels of P fractions under different treatments. Unlike 100-yr and 40-yr reclaimed soils, Al/Fe-P content in 10-yr reclaimed soils was increased by 46.2% (P < 0.05) under high-dose Cd addition treatments, resulting in an increase in soil Pi.



Changes of phosphatase activity in three reclaimed soils under different Cd addition treatments

The differences in ALP and ACP activities at different incubation times are shown in Figures 2A, B. Over the whole incubation period, ACP and ALP activities in three reclaimed soils had the same trend for all treatment groups, showing a fluctuation from 0 to 15 days and a more stable tendency from 15 to 40 days. ALP activity peaked on day 6 in almost all treatment groups and decreased to a minimum on day 9, except for 10-yr reclaimed soils in the high-dose Cd treatment. While the ACP activity exhibited a relatively smaller fluctuation and peaked on day 9. Notably, ACP and ALP activities in the 10-yr reclaimed soils were significantly higher (P < 0.05) in the C2 treatment group than those in C1 and CK treatments on day 9.




Figure 2 | Heatmaps indicate differences in ALP (A) and ACP (B) activities in 10-year, 40-year, and 100-year reclaimed soils under different Cd addition treatments during 40 days of incubation. Violin plots show ALP (C) and ACP (D) activities in three reclaimed soils under different Cd addition treatments. Different capital letters and lowercase letters indicate the significant differences among sampling time and Cd addition treatments, respectively (P < 0.05).



Figures 2C, D showed no significant difference in ACP and ALP activities in three reclaimed soils between CK, low-dose, and high-dose Cd addition treatments (P > 0.05). The 10-yr reclaimed soils exhibited an increase in the average ACP and ALP activities in high-dose Cd addition treatments compared to CK, but there was no statistical significance.



Changes of CNPM and RNPM in three reclaimed soils under different Cd addition treatments

The CNPM values in all reclaimed wetland soils showed similar overall trends under different treatments in a 40-day incubation period (Figure 3A), displaying a fluctuation from 0 to 15 days and a stable increase after 15 days of incubation. The CNPM values in these reclaimed soils rapidly reached a peak after the incubation of 3-9 days of incubation, then dropped sharply to a minimum on day 15, and then gradually increased with the increasing incubation time. The CNPM values in 100-yr reclaimed wetland soils kept a steady change under the Cd addition treatments followed the order C2>C1>CK, while low CNPM values were observed over the incubation period.




Figure 3 | CNPM (A) and RNPM (B) in 100-year, 40-year, and 10-year reclaimed soils under the CK, low-dose Cd, and high-dose Cd treatments during 40 days of incubation. Lowercase letters indicate the significant differences among treatments of different Cd addition (P < 0.05). Data are means ± standard errors (mean ± SE).



RNPM values in three reclaimed soils showed larger variation over the first 15 days of incubation under different Cd addition treatments (P < 0.05), while no significant difference (P > 0.05) was observed during 15-40 days except for 10-yr reclaimed soils (Figure 3B). Comparatively, some negative RNPM values were observed in some reclaimed soils in different Cd addition treatments during the period of 0-15 days, while the RNPM all exhibited positive values in three reclaimed soils during the period of 15-40 and 0-40 days. In the CK treatments without Cd addition, longer reclamation history caused a lower average RNPM value over 40 days of incubation, and the RNPM values were 1.26 ± 0.51 mg·kg-1·d-1 in 100-yr reclaimed soils, 2.00 ± 0.55 mg·kg-1·d-1 in 40-yr reclaimed soils, and 2.83 ± 0.60 mg·kg-1·d-1 in 10-yr reclaimed soils, respectively. The high-dose Cd addition in 100-yr and 10-yr reclaimed soils had significantly higher RNPM values compared with the CK and C1 groups (P < 0.05), whereas no significant effects were observed in the treatment of low-dose Cd addition.



Correlation analysis

Spearman correlation analysis results showed that soil phosphatase activity was tightly associated with the reclamation age (Figure 4). The longer reclamation age improved a significant decrease in ACP activity (Spearman’s rho = -0.73, P < 0.001) and ALP activity (Spearman’s rho = -0.69, P < 0.001). CNPM values also exhibited a poor negative correlation with reclamation ages (Spearman’s rho = -0.23, P > 0.05). As for Cd addition dose, no significant correlation was observed with phosphatase activity, RNPM, and CNPM. ALP and ACP activities had a significant positive correlation (Spearman’s rho = 0.38, P < 0.01), while both did not show significant correlation with RNPM (Spearman’s rho = -0.25, P > 0.05).




Figure 4 | Spearman correlation analysis among Cd concentration, reclamation ages, ACP activity, ALP activity, CNPM and RNPM. Notes: Ccd, Cd addition dose. ***Significant correlation at P < 0.001 level. **Significant correlation at P < 0.01 level.






Discussion

The relative percentages of Pi fractions in 10-year, 40-year, and 100-year reclaimed soils were different. It is widely established that Pi reacts with dissolved metals to form Al/Fe phosphate precipitates in acidic soil conditions and Ca phosphates in alkaline (Arenberg and Arai, 2019), which resulted in changes in the relative proportions of Ca-P and Al/Fe-P in three reclaimed soils. The reason why the relative percentage of Oc-P was the highest is that Oc-P will gradually increase and dominate eventually during the soil development (Yang and Post, 2011). The contribution of S/L-P content to the Pt pool is typically low (≈ 0.1%; Jones and Oburger, 2011), but it is vital as the pool for the P uptake by plants and microorganisms (Kruse et al., 2015). Po is mineralized to form soluble P, then soluble P is strongly absorbed onto Al/Fe (hydr)oxides or forms Al/Fe phosphate precipitates by reacting with dissolved metals, i.e. transformed into loosely bound P and Al and Fe-bound P. Over time precipitated P can become occluded progressively to resistant to further transformation through soil aggregation (Yang and Post, 2011). It is suspected that the increase in Al/Fe-P caused by the addition of high-dose of Cd in the 10-year reclaimed soils (Figure 1B) was due to the mineralization occurring after 25 days of incubation (Figure 3A), and Al/Fe-P does not have enough time to be fully converted to Oc-P.

This study mainly focused on the short-term P mineralization process. It is speculated that if the incubation is continued after 40 days of incubation, RNPM and phosphatase activity will decrease owing to the gradual decrease in carbon, which is similar to those of the results (Achat et al., 2010). Generally, three reclaimed soils had more P mineralized than P immobilized under all treatment groups and exhibited an overall increase in CNPM and Oc-P (Figure 3A and Figure 1C). Generally, the reclaimed soils with a longer reclamation history had lower soil phosphatase activity, which led to the lower rise in CNPM and Oc-P to some extent. This was not consistent with the prevailing view that phosphatase activity raised with the increasing reclamation age (Li et al., 2014), which might be associated with the different soil moisture contents in three reclaimed soils (Table S1). This may be due to the soil moisture is considered to be the dominant factor leading to the different phosphatase activity levels and is positively correlated with phosphatase activity (Arenberg and Arai, 2019).

Over the incubation, RNPM, CNPM, and phosphatase activity in three reclaimed soils exhibited a similar trend in all treatment groups. They showed fluctuations in the early stage of incubation (0-15 days) and a stable and increasing tendency in the later stage of incubation (15-40 days), which is similar to the results in floodplain soils by Arenberg and Arai (2021). However, there was no significant correlation between soil RNPM and ACP or ALP activities (Figure 4). The possible explanation was that the measured phosphatase activity represents potential activity rather than true activity, not directly equivalent to RNPM (Bünemann, 2015), and RNPM represents the average net mineralization rate over the period prior to sampling. The main P-related processes in the microcosms include microbially-mediated enzymatic (biochemical) P mineralization, the weaker microbial (biological) P remineralization, and microbial P immobilization (Achat et al., 2010; Jones and Oburger, 2011). Phosphatases as the agents responsible for P mineralization in the microcosms are mainly secreted by microorganisms, and ALP is mainly excreted from bacteria while ACP is released from fungi (Nannipieri et al., 2011; Arenberg and Arai, 2021). In the early stage of incubation, microorganisms might be disturbed, and rapidly multiply accompanied with fast P mineralization and immobilization under the conditions of sufficient substrates, causing fluctuations in phosphatase activity and RNPM. After the microorganisms gradually adapted to the environment in the later stage of incubation, the phosphatase activity tended to stabilize. However, microbial P immobilization and remineralization gradually weakened due to reduced substrate levels (Bünemann et al., 2004). Therefore, a slightly increasing trend of P mineralization can be observed in the later stage of incubation.

High Cd exposure facilitated the P mineralization process through improving Oc-P and Al/Fe-P contents in 100-year and 10-year reclaimed soils, respectively (Figure 3A). High-dose Cd exposure stimulated ALP and ACP activities in the 10-year reclaimed soils, which supports the result by Yang et al. (2016) who reported that phosphatase is activated by Cd. This is because divalent cations (e.g. Ca, Mg, Zn, and Cd) have been found to act as phosphatase activators (Quiquampoix and Mousain, 2005). In the later period of incubation under the high-dose Cd addition treatments, a significant increase in RNPM owing to the increase in ACP and ALP activities on day 9 with a short-term time lag in 10-year reclaimed soils. And P immobilization might be significantly weakened with the emergence of microbial toxicity after day 15 (Aponte et al., 2020). A previous study has reported that extracellular stabilized enzyme activity was not affected by the composition, abundance, and activity of the soil microbiota and was more stable (Nannipieri et al., 2003). So, Cd might indirectly contribute to a significant increase in RNPM in the late stages of incubation of 10-year reclaimed soils (Figure 3B). In 100-year reclaimed soils, the increase in CNPM promoted by Cd addition was in the early stage of incubation, which is mainly associated with the increase in phosphatase activity and inhibition of microbial colonization and P immobilization. The advance in time compared to 10-year reclaimed soils may be due to the lower phosphatase activity and weaker microbial resilience in response to stresses in 100-year reclaimed soils (Huang et al., 2020). In addition, it is notable that the inhibition of the low dose of Cd on P mineralization was found in 40-year reclaimed soils, which may be related to the higher Pi contents and SOM, and lower soil pH values promoting microbial P immobilization (Seshadri et al., 2016; Wan et al., 2020). Nannipieri et al. (2011) mentioned that short-term laboratory incubations could not reflect the toxic effects in long-term heavy metal polluted soils. It is hypothesized that if the incubation time is prolonged, the toxicity of Cd will become apparent and RNPM and phosphatase activity will decrease in the presence of Cd addition.



Conclusion

This study highlights the effect of Cd pollution on the soil P mineralization process in coastal reclaimed wetlands along a 100-year reclamation chronosequence in the PRE. The reclamation age affected soil P fractions and phosphatase activities, which in turn led to different P mineralization dynamics. High Cd exposure promoted phosphatase activity and P mineralization at the end of the incubation in the 100-year and 10-year coastal reclaimed wetland soils, whereas low Cd addition had no significant effect. The older reclaimed coastal wetlands might have lower phosphorus mineralization potentials and higher Cd pollution might lead to P loss by contributing to soil P mineralization. These effects may be caused by the Cd stress on soil microorganisms, and thus the in-depth studies on microbial community structure and function, and functional genes related to P mineralization are needed to reveal the mechanisms of Cd affecting P mineralization. Though the findings of this study were related to the soil samples in the PRE, they can help to better understand the P transformation in reclaimed coastal wetland soils under Cd pollution stress and provide a scientific basis for soil P dynamics prediction and soil fertility management.
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