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Abstract: Clarifying the soil nutrient dynamics caused by forest type variations in the coastal region helps scientifically to apply fertilizer to forest plantations and enhance the carbon (C) sink capacity. Pure forests of Ligustrum and Metasequoia, as well as their mixed forests, in a coastal region of China were investigated by collecting 0–20 and 20–40 cm soil samples and analyzing their differences in bulk density, water content, pH, soil organic matter (SOM), ammonium (NH4+–N), nitrate (NO3––N) and total nitrogen (TN), available phosphorus (AP) and potassium (AK), microbial biomass C (MBC) and N (MBN), and enzyme activity. The results demonstrated that different forest types had no significant (p ≥ 0.05) effect on 0–20 cm soil bulk density, water content, pH, NH4+–N, and SOM. However, the surface soil NO3––N, TN, AP, and AK contents as well as enzyme activity changed significantly (p < 0.05), in which the soil AK content of the ligustrum × metasequoia mixed forest was 47.5% and 65.5% higher than that of the ligustrum and metasequoia pure forest, respectively. The mixed forest soil had the highest MBN content, which was significantly (p < 0.05) 25.1% higher than that in the pure metasequoia forest. Meanwhile, soil phosphatase activities in ligustrum and metasequoia pure forests were significantly (p < 0.05) lower than those in the mixed forests by 17.4% and 43.1%, respectively. However, soil NO3––N and AP contents in the metasequoia pure forest were significantly (p < 0.05) higher than those in the ligustrum pure forest and mixed forests. Soil MBC content and reductase NO3––N activity were significantly (p < 0.05) higher in ligustrum pure forest than in metasequoia pure forest and mixed forests. In addition, the results of two-way ANOVA showed that there were no significant (p ≥ 0.05) differences in nutrient contents (e.g., NH4+–N, AP, AK, and SOM) in different soil layers (0–20 and 20–40 cm) within the same forest type, except for NO3––N. However, forest types had a significant (p < 0.05) impact on NO3––N and AP contents in 20–40 cm soil layer. Combining the two factors of forest stand and soil layer, there was a significant (p < 0.05) interaction effect for their soil NH4+–N, NO3––N, AP, and AK contents. In conclusion, significant (p < 0.05) differences were observed in nutrient contents in 0–20 cm soil layer from different forest types, with soil fertility indices inmixed forests generally higher than in pure forests. Therefore, establishing mixed forests in coastal saline region is recommended to retain soil fertility and to enhance the C sink capacity of forestry.
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1  Introduction

Soil salinization greatly impedes the sustainable development of saline-alkaline ecological environments and agroforestry production [1]. There are approximately 9.9 × 107 hm2 of saline-alkaline land in China, and there are more than 6.8 × 105 hm2 of silty coastal saline-alkaline land in the coastal area of northern Jiangsu, which are important potential resources for artificial afforestation [2,3]. Therefore, enhancing and utilizing coastal saline–alkaline land resources for alleviating the current situation of land resource utilization, ensuring national economic development and food security, and safeguarding the ecological environment [4]. Over the past decades, saline-alkaline land has been improved through traditional engineering methods, such as swidden and ditching, and developed and utilized saline-alkaline land by using mulching, tillage, straw return, and the cultivation of salt-tolerant plants [5]. Moreover, large-scale ecological protection and reserve forests are frequently established in coastal areas to enhance the ecological environment [5,6]. The primary afforestation species include Ulmus pumila, Ligustrum, Metasequoia, Zelkova, Taxodium, and Apocarya, all of which exhibit a degree of salt and moisture tolerance, thrive in coastal saline and alkaline soils, and offer significant economic and aesthetic value [7,8].

Coastal saline area exhibits adverse conditions, such as high soil salinity and low nutrient content, therefore, soil fertility is a critical factor in establishing basal forest belts and supporting forest tree growth. Research indicates planting Tamarisk on saline soils alters soil salinity and moisture [9], while planting Suaeda glauca facilitates salt desalination of coastal soils and alters soil physicochemical and microbial properties as well as enzyme activities [10]. Understory soil microbial communities and enzyme activities considerable variation among different forest types, attributable to differences in tree species growth patterns or site conditions. Previous research has demonstrated that forest type significantly influences soil carbon (C), nitrogen (N) and phosphorus (P) contents as well as their stoichiometric ratios [11]. For instance, a study of mixed Picea abies × Fagus sylvatica forests revealed that nutrient levels in leaves and soils were higher in the mixed coniferous forests than the pure conifer forests [12]. Numerous studies have demonstrated that mixed forests help to enhance soil fertility, improve the forest floor nutrient status, and increase forest stability and productivity [13]. Specifically, the soil total N (TN), available P (AP), and organic C (SOC) concentrations were increased by 58%, 17%, and 66%, respectively, in mixed stands compared to monoculture types [14]. Moreover, even under identical site conditions, variations in soil nutrients persist among different forest types. For instance, in plantation forests, the rapid growth of trees during the young forest period results in high fertilizer demand, and fertilizer application can significantly change the spatial heterogeneity of soil nutrients. Zheng et al. [15] found that P fertilization may be an effective measure to increase both forest soil C and P effectiveness in the young forests. Song et al. [16] applied N fertilization to plantation forests of varying ages along the coastal area of China to increase the N resorption efficiency of leaf and decrease soil P accumulation factor of root in young forests. Therefore, plantation forests of different types require targeted fertilization to maximize the promotion of forest growth, increase soil C sequestration, and promote the C sink capacity of plantation forests.

The extensive and complex root systems of forests stabilize the soil, thereby influencing the spatial distribution of soil nutrients. Different vegetation types can spatially influence soil fertility, including soil nutrients such as total P (TP), TN, AP and available N [17]. Moreover, variations in apoplastic litter and root systems among tree species, leading to significant differences in the fertility status of the understory soil [18]. Variations in the type and amount of litter across different forest types, leading to differences in the nutrients returned, as most of the litter exists in the 0–20 cm topsoil under the forest, which is known as the surface polymerization. Surface litter has a high content and rapid decomposition rate, resulting in distinct nutrient characteristics in the surface soil compared to the subsurface soil, with most available nutrients decrease with the depth of the soil profile [19]. For instance, research indicates that the C/P in the soil surface layer of mixed forests with Masson pine and Erythrophloeum ferdii is higher than that of the pure Masson pine forests, and soil N/P was also higher than at both the surface and subsurface layers of mixed forests [20]. Thus, investigating the vertical profile distributions of selected soil nutrients under forest is essential.

The impact of forest type on soil nutrients, the underlying causes of nutrient differences between mixed and pure types, and the effects on deep soil nutrients are worth exploring. We hypothesized that surface soil nutrients would differ significantly among forest types, with mixed forests exhibiting the highest nutrient content. This study examined the soil nutrient status under three forest types in a typical coastal area to elucidate differences in understory soil fertility among these forest types. Additionally, comparisons were made between the 0–20 cm and 20–40 cm soil layers to assess the influence of profile depth and forest type on coastal forest soil fertility. The results of our study offer valuable insights for scientific fertilization, tree species selection, and the enhancement of C sink capacity in plantation forests located in coastal saline regions.

2  Materials and Methods

2.1 Overview of Experimental Forest

The sampling sites were situated in a typical coastal forest at Dafeng District, Yancheng City, Jiangsu Province (120°78′ E, 33°06′ N), China, at an altitude of 0–10 m. The forest was reclaimed in 1991, and the southern portion of the site adjoins the Dafeng Elk Nature Reserve, a significant coastal protection forest in Jiangsu Province, China. The forest farm is a state-owned. After 40 years of tidal inundation, the tide was blocked by the construction of the seawall, leading to the complete reclamation of the land and its conversion to Poplar or metasequoia protection forest. The climate of the study area is characterized as transitional, maritime, and monsoonal. The average annual precipitation is 1042 mm, which is considerable; however, it is unevenly distributed, with the rainy season primarily occurring from June to August. The average annual temperature and evaporation are 14.1°C and 1417 mm, respectively. The frost–free period lasts approximately 230 days [21]. The soil is representative of silt alluvial saline soil, derived from marine sediments, with parent material consisting of modern sediment that has been accumulating for approximately 60 years. Through long–term natural action and anthropogenic improvement, most of the heavy saline soils have gradually evolved into medium and light saline soils and have been reclaimed for agricultural and forestry use. The soils at the experimental site are homogeneous throughout the profile, with the following properties: pH 8.1–9.0, electric conductivity 128.8~205 μs/cm, salt content 1.3%–1.5%, soil bulk density 1.3–1.6 g/cm3, and porosity 40%–50%.

The forest types investigated included pure forests of ligustrum (Ligustrum lucidum Ait.) and metasequoia (Metasequoia glyptostroboides) as well as their mixed forests, which were afforested in Mar 2019. The proportion of mixed forest was approximately 50%. Prior to afforestation, the land was grassland, resulting in uniform initial soil conditions (Table 1). During afforestation, each tree received 0.25 kg P fertilizer and 1.5 kg of organic fertilizer. Additionally, management practices, including fertilization and weeding, adhered to local forest management protocols.
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2.2 Soil Sample Collection and Nutrient Determination

Sample plots measuring 5.0 m × 5.0 m were established in each forest type, with three replicates per type. Soil samples from 0–20 and 20–40 cm depths in ligustrum, metasequoia pure, and their mixed forests, as well as samples from 0–20 cm in the cutting ring, were collected on 26 February, 2023, using a five–point method. Soil samples that collected from the same site and depth profile were thoroughly mixed after removing impurities such as fallen leaves, roots, and stones, and were subsequently transported to the laboratory in self–sealing bags. Approximately 500 g of fresh soil was seriously air–dried and thereafter ground to pass through 2 and 0.149 mm nylon sieves for the analysis of forest soil nutrients contents and enzyme activities, respectively. The remaining fresh soil was stored at 4°C for the determinations of available N, microbial biomass C and N.

Soil bulk density was measured using the cutting ring method. Gravimetric water content (GWC) was determined by drying at 105°C for 48 h. Soil pH was measured with air-dried samples at a soil: water ratio of 1:5 using a potentiometric method. Soil organic matter (SOM) was determined by oxidation–external heating method with potassium dichromate (K2Cr2O7). Approximate 1.0 g of air-dried soil sample (0.15 mm) was prepared, adding with 2 g of accelerator and purified water. Subsequently, 5 mL of H2SO4 was added to the mixture, which was then transferred to a digestion tube for digestion. Soil TN content was determined by the Kjeldahl N determination after digestion. Inorganic N including NH4+–N and NO3––N were extracted from moist soil with 2 mol/L KCl solution and then determined by indophenol blue colorimetry and UV spectrophotometry. Soil AP was determined using the 0.5 mol/L NaHCO3 extraction–molybdenum antimony colorimetric method. Soil available potassium (AK) was determined using the 1 mol/L NH4OAc extraction–flame photometric method. Microbial biomass C (MBC) and N (MBN) were measured using the chloroform fumigation–K2SO4 extraction method [22,23]. Urease (URE) activity was assessed using the colorimetric method with phenol-sodium hypochlorite and a multifunctional enzyme marker; alkaline phosphatase (ACP) activity was determined by diphenyl disodium phosphate colorimetry. Approximately 0.2 g of fresh soil was weighed, ground with liquid N, and extracted with 25 mmol/l PBS, the mixture was centrifuge for 10 min, and the supernatant was used to measure nitrate reductase (NR) activity using the sulfonamide colorimetric method. All the above methods were referred as Soil Agrochemical Analysis [24].

2.3 Statistical Analysis

Data were organized and analyzed using the software of Excel 2010 and SPSS 26.0. Differences among different forest types were analyzed using one-way ANOVA, followed by multiple comparisons with Duncan’s method. The effects of forest type, soil depth, and their interactions on the soil properties were assessed using two-way ANOVA. Graphs were generated using Origin 2022.

3  Results

3.1 Soil Bulk Density, Gravimetric Water Content, and pH

There were no significant (p ≥ 0.05) differences in the soil bulk density, GWC, and pH among three forest types, which ranged from 1.15–1.23 g/cm3, 25.0%–28.0%, and 8.38–8.53, respectively (Fig. 1A–C). Of these, the metasequoia pure forest had the lowest soil bulk density. Compared with the pure forest, the soil pH in the ligustrum × metasequoia mixed forests decreased by 0.15 units.
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Figure 1: Differences in 0–20 cm soil bulk density (A), gravimetric water content (B), and pH (C) across forest types. The data in the figure are expressed as the mean ± standard deviation (n = 3). Different lowercase letters denote significant differences between treatments (p < 0.05). The absence of lowercase letters indicates that differences are not significant (p ≥ 0.05)

3.2 Nutrient Contents of 0–20 cm Soil

No significant (p ≥ 0.05) differences were observed in NH4+–N and SOM contents in 0–20 cm surface soil that sampled from three forest types, with only 0.34–0.42 mg/kg and 12.4–14.9 g/kg, respectively (Fig. 2A,D). For different forest types, there were significant (p < 0.05) differences in soil NO3––N, TN, AP, and AK contents. The soil NO3––N content in metasequoia pure forests was significantly (p < 0.05) 23 times higher than in both ligustrum pure forests and ligustrum × metasequoia mixed forests (Fig. 2B). In contrast, soil TN content in metasequoia pure forest was 42.8 mg/kg, which was 24.4% and 26.1% lower than that in ligustrum pure forest and mixtures, respectively (Fig. 2C). Soil AP content decreased in the following order: metasequoia pure forest > mixed forest > ligustrum pure forest, with the AP content in ligustrum pure forest was 40.9% lower than that in metasequoia pure forest (Fig. 2E). Conversely, AK content was 47.4% to 65.5% higher in mixed forests compared to the corresponding pure forests (Fig. 2F).
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Figure 2: (Continued)

3.3 Soil Microbial Biomass C, N

Significant (p < 0.05) differences were observed in the 0–20 cm soil MBC and MBN contents among the three forest types (Fig. 3A,B). The highest MBC content of 279.7 mg/kg was recorded in ligustrum pure forest, which was significantly (p < 0.05) higher by 5.0% and 15.1% compared to ligustrum × metasequoia mixed forests and metasequoia pure forests, respectively. However, the highest MBN content was found in the mixed forests, which was 25.1% significantly (p < 0.05) higher than that in the metasequoia pure forests.
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Figure 3: Differences in MBC (A) and MBN (B) contents of 0–20 cm topsoil from different forest types. The data in the figure are expressed as the mean ± standard deviation (n = 3). Different lowercase letters denote significant differences between treatments (p < 0.05)

3.4 Soil Enzyme Activity

There was no significant difference (p ≥ 0.05) in the 0–20 cm soil URE enzyme activity between different forest types, whereas significant (p < 0.05) differences were noted in both ACP and NR enzyme activities. ACP enzyme activities of soils from ligustrum × metasequoia mixed forests were significantly (p < 0.05) 17.4% and 43.1% higher than in ligustrum and metasequoia pure forests, respectively. Conversely, soil NR enzyme activity was highest in ligustrum pure forest at 0.19 mg/g ± 24 h, which was significantly (p < 0.05) higher by 18.9% compared to the mixed forest and 58.3% in the metasequoia pure forest (Table 2).
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3.5 Soil Properties across Different Forest Types and Soil Layers

Table 3 reveals significant (p < 0.05) differences in soil properties between the two layers across different forest types. The contents of AP and SOM increasing soil depth, while pH decreased. In the 0–20 cm soil layer, NO3––N content in metasequoia pure forests was approximately 23 times higher than in ligustrum pure forests and ligustrum × metasequoia mixture forests. Additionally, AK content in the mixture forests was significantly (p < 0.05) higher than in both pure forests, and AP content of metasequoia pure forests was significantly (p < 0.05) higher than in ligustrum and the mixture forests. In contrast, NH4+–N content in the 20–40 cm layer soil of mixed forests was significantly (p < 0.05) 14.8% and 34.1% higher than that of ligustrum and metasequoia pure forests, respectively. Moreover, ligustrum pure forests and mixed forests were with 28.1%–35.3% significantly (p < 0.05) higher soil AP contents than that of metasequoia pure forests. No significant difference (p ≥ 0.05) was observed in pH, NO3––N, SOM, and AK contents in the 20–40 cm soil layer.
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Additionally, comparing of soil properties across different depth layers within the same forest type, revealed that the NH4+–N, NO3––N, and AP contents in the mixed forests were higher in the 20–40 cm soil layer compared to the 0–20 cm soil layer. In contrast, the AP content in the 20–40 cm soil layer of ligustrum pure forests was significantly (p < 0.05) higher than that in the 0–20 cm soil layer. Furthermore, AK content in the 20–40 cm soil layer of both ligustrum and metasequoia pure forests was higher than in the 0–20 cm soil layer. Two-way ANOVA results indicated a significant (p < 0.05) effect of forest type on NO3––N and AK content, and a significant (p < 0.05) effect of soil layer on pH, NO3––N and AP content. Moreover, forest type and soil layer exhibited a significant (p < 0.05) interaction effect on NH4+–N, NO3––N, AP and AK contents in forest soil.

4  Discussion

4.1 Effects of Different Forest Types on Soil Nutrients

Community biomass, species cover, and microbial decomposition of plant roots and litter within different forest types influence soil nutrient fixation, transformation, and cycling processes to varying degrees [25]. The study revealed significant (p < 0.05) differences in soil nutrients among various forest types in the coastal region. Soil nutrients in pure forests varied considerably among tree species, with metasequoia pure forests exhibiting higher soil NH4+–N, NO3––N, SOM, and AP contents. In contrast soil nutrients in the ligustrum × metasequoia mixed forest were generally more stable and balanced compared to the pure forests. Specifically, soil TN and AK contents were higher in the mixed forest compared to the two pure forests, suggesting that the mixed forest structure helps to balance soil fertility [26].

Soil properties across different forest types in this study varied considerably but generally exhibited a certain pattern. There were no significant (p ≥ 0.05) differences in soil bulk density, GWC, and pH among the three forest types. Soil bulk density was slightly lower in metasequoia pure forest and mixed forest compared to ligustrum pure forest, indicating that the root penetration ability of metasequoia and the mixed forest was greater than that of ligustrum, thereby reducing soil bulk density and increasing soil porosity. However, GWC in ligustrum pure and mixed forests was higher than in metasequoia pure forest, as ligustrum has a larger leaf area and higher coverage of the soil surface, which can retain water to a large extent, whereas metasequoia litter leaves have weaker water–holding capacity. Under saline conditions, surface soil pH was similar across forest types, explaining that the forest type had a weak influence on soil pH. In addition, the pH of soil in the mixed forest was slightly lower than in pure forests, suggesting that the mixed forest can slightly reduce soil pH in saline conditions and mitigate soil salinity. Previous studies have demonstrated that planting salt-tolerant plants on saline soils can alter soil properties and reduce soil pH [27], a finding that is corroborated by our results. Yang et al. [28] reported that planting salt–tolerant species or plants could reduce the salt content of coastal saline soils and increased nutrients availability. Consequently, reclamation and planting mixed forests in coastal saline areas can help regulate soil salinity and maintain soil fertility [29]. In this research, the contents of available N, AP and SOM in the surface soil of metasequoia pure forests were significantly (p < 0.05) higher than those in ligustrum pure forests and the mixed forests. This can be attributed to the fact that metasequoia litter decomposes rapidly due to its fine shredding, which is more conducive to microbial activity. Consequently, urease activity is relatively high, leading to greater accumulation of nutrients, including available N. Therefore, the content of NO3––N in the surface soil of metasequoia pure forest was significantly higher compared to the other two forest types. NO3––N serves as a form of available N fertilizer, converted from NH4+–N through nitrification. Since ligustrum is an evergreen broad–leaved species with less understory litter, it results in increased leaching of soil NO3––N [30], thus reducing the conversion of soil NO3––N into NH4+–N. In addition, metasequoia pure forests with high depression conditions promote the accumulation of soil C and N nutrients. Surface litter also reduces the rate of soil C and N nutrient loss by impeding surface runoff [31,32]. Compared with metasequoia pure forests, the AP content of surface soil in metasequoia pure forests was significantly (p < 0.05) higher than that in ligustrum pure forests and mixed forests, indicating that the roots of metasequoia pure forests could fix more AP. Soil organic matter is a crucial indicator of soil fertility, and SOM did not differ significantly (p < 0.05) among the different forest types, illustrating that SOM is a relatively stable measure of soil nutrients and is not easily influenced by forest type. However, the highest SOM content in the surface layer of metasequoia pure forests is attributable to the fact that coniferous species with low quality, high litter content decompose slowly, and most of the organic matter produced accumulates in the litter layer [33]. Therefore the SOM content in the soil of 0–20 cm layer is higher, which in turn increases the effective soil N and P nutrients [11]. Compared with pure forests, the spatial structure, root distribution, and litter quality of mixed forests are superior, and the combination of various litter types produces a synergistic effect that enhances soil microorganisms activity, accelerates litter decomposition, and improves nutrient cycling and utilization [34]. In this study, the surface soil TN and AK contents in the mixed forests were significantly (p < 0.05) higher than those in the pure forests, while other soil fertility indices remained relatively stable. The level of soil TN content is to evaluate the overall level of soil fertility, and the establishment of mixed forests helps maintain higher soil N content and improve soil fertility. Meanwhile, the soil AK content in mixed forests exceeded the medium level (100–150 mg/kg), indicating a higher K content. In contrast, AK content in ligustrum and metasequoia pure forests was lower, ranging from 50–100 mg/kg, indicating a deficiency [35]. Therefore, the camping pattern of mixed forests within the stand is superior to that of pure forests. In addition, the relatively high AK but low AP contents in the 0–20 cm soil across different forest types indicate that P the limiting factor for forest growth in the study area. From a practical perspective, the application of P fertilizer in the study area could improve forestry productivity.

4.2 Effects of Different Forest Types on Soil Microbial Biomass C and N

Soil MBC and MBN are crucial sources of soluble organic C and N [36]. Microbial biomass in various forest types is greatly influenced by soil properties, litter quality, and fine root inputs [37]. The effects of different tree species on soil properties through a variety of mechanisms, such as litter quality and nutrient return, root nutrient uptake, canopy sequestration, and alterations to the soil biome on topsoil microbial C and N are different [38] and are also an important reason for the differences in soil nutrients across different forest types in the coastal region. In this research, the MBN content in the topsoil layer was highest in the mixed forest, while the MBC content was highest in the ligustrum pure forest, consistent with Kooch et al.’s study [39]. This suggests that mixed forests benefit from nutrient restitution due to the diversity of litter species, root secretion and root turnover. This diversity influences soil MBC through root C input, promoting the synthesis of soil MBC and MBN, and effectively enhancing topsoil fertility [40,41]. Additionally, there was a positive correlation between soil MBC, MBN, and TN concentrations [42]. Soil TN was significantly higher in the mixed forest than in the pure forest. These findings suggest that mixed forests may promote microbial growth, enhance soil C pool utilization, and increase C sink capacity.

4.3 Effects of Different Forest Types on Soil Enzyme Activity

Soil enzyme activity has long been recognized as an indicator of soil quality, as it regulates plant nutrient supply and microbial growth [43]. Additionally, soil enzymes, which possess specific catalytic abilities, reflect microbial activity and indicate soil nutrient capacity [44]. Among them, soil URE enzyme effectively promotes the conversion of organic N into available inorganic N. URE enzyme activity is generally higher in broad-leaved evergreen forests compared to coniferous forests and is also higher in mixed forests than in pure forests [45]. The results of the present study align with these findings. Specifically, URE enzyme activities were higher in ligustrum pure forest and mixed forest were higher, indicating that mixed forests significantly increased soil ACP enzyme activity [46]. The dense root system in the topsoil of mixed forest facilitates greater fixation of AP content. Meanwhile, a variety of root exudates promote the hydrolysis of soil organophosphorus, converting it into forms of P that can be directly absorbed and utilized by plants and microorganisms [47], thereby increased P uptake by forest trees. However, NR enzyme activity was significantly (p < 0.05) higher in ligustrum pure forests compared to metasequoia pure forests and mixed forests. Ligustrum pure forests and mixed forests exhibited very low NO3––N content but relatively higher NR enzyme activity. This is because NO3––N serves as the substrate for NR reduction, and NR is the primary enzyme in the NO3––N assimilation process [48]. Its activity directly impacts the utilization rate of inorganic N in the soil [49], suggesting that ligustrum pure forests and mixed forests can efficiently utilize soil NO3––N. Therefore, different forest types affect soil enzyme activity, and the establishment of mixed forests promotes improved soil enzyme activity.

4.4 Effects of Different Forest Types on Soil Fertility in Different Soil Layers

This study analyzed properties including pH, NH4+–N, NO3––N, available P, K, and SOM at different soil depth. Results indicated significant (p < 0.05) differences in NO3––N, AP, and AK contents among the three forest types in the 0–20 cm soil layer. While only NH4+–N and AP content reached significant (p < 0.05) differences in the 20–40 cm soil layer. This indicates that surface soil nutrients are strongly influenced by the type of forest, with differences in litter species and root system. Since the root system is primarily concentrated in the soil surface layer, decomposition of litter and humus layer leads to increased nutrient levels in the surface soil, whereas deeper layers receive comparatively fewer nutrients [50]. The contents of NH4+–N, NO3––N, and AP in the 20–40 cm soil layer of ligustrum × metasequoia mixed forest were higher than those in the 0–20 cm soil layer, indicating that nutrient levels increased with soil depth, and soil fertility remained elevated up to 40 cm. However, pH decreases with the increase of soil depth, reflecting a reduction in alkalinity in deeper soil layers, suggesting that tree roots may ameliorate saline-alkali conditions. Moreover, examining only the 0–40 cm soil layer is insufficient, deeper soil fertility properties require further investigated. Two-way ANOVA results indicated significant (p < 0.05) effects of forest type on NO3––N and AK contents, and significant effects of soil depth on NO3––N and AP contents, confirming that both forest type and soil depth influence partial soil nutrient content. Additionally, forest type and soil layers had significant (p < 0.05) interaction effects on soil NH4+–N, NO3––N, AP and AK contents. These results indicate a strong correlation between forest type and soil layer with respect to soil fertility.

5  Conclusion

(1) Significant (p < 0.05) differences in the available nutrient contents were observed among soils from different forest types, indicating that variations in forest types contribute to differences in soil nutrient levels.

(2) Surface soil TN and AK contents, MBN, MBC and ACP enzyme activities were significantly (p < 0.05) higher in ligustrum × metasequoia mixed forests compared to the corresponding pure forests, and other nutrients remained at elevated levels, which were beneficial to soil nutrient accumulation and C sink capacity.

(3) Differences were observed in certain properties of the 0–20 cm and 20–40 cm soil layers across different forest types. Meanwhile, significant (p < 0.05) interaction effects were found between forest type and soil layer on soil NH4+–N, NO3––N, AP and AK contents. Thus, further investigation into the relationship between deep soil layers and forest type is warranted.
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Table 1: General characteristics of three plantation plots

Forest type Eastern Northern ~ Planting Elevation Tree DBH  Canopy
longitude  latitude space (m) (m) height (m) (cm) density

Pure ligustrum 120°78'64" 33°06'78" 1.0 x 3.5 5.0-7.0 4.1 7.6 0.7

Pure metasequoia 120°78'72" 33°06'83" 2.0 x 5.0 5.0-8.0 7.0 10.2 0.6

Mixed forests 120°78'68" 33°06'80" 1.5 x4.0 6.0-9.0 4.2/6.9 7.5/10.4 0.8
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Table 3: Comparison of the properties of different soil layers under different forest types

Soil layer Forest type pH NH, N NO; -N AP (mg/kg) AK (mg/kg) SOM (g/kg)
(mg/kg) (mg/kg)
0-20 cm Pure ligustrum 8.53+£0.07 0.35+0.06 0.29 +£0.19 15.69 £2.79b 87.00+12.12b 13.28 = 1.11
Pure metasequoia 8.53+0.12 0.42+0.03 7.14 £3.63a 26.53 £5.39a 57.00+7.00c 14.85+2.39
Mixture 8.38£0.05 0.34+0.06 0.31+0.27b 20.20 +£5.58ab 16533 + 18.5a 12.43 +1.93
2040 cm Pure ligustrum 8.42+0.02 0.38 £ 0.04ab 7.70 + 3.05 33.81+2.29a 100.00+6.08 16.05+1.01
Pure metasequoia 8.39+£0.04 0.30+0.03b 8.28 +£0.42 21.89 £2.90b 8833 +15.82 13.21 +8.79
Mixture 8.40+0.02 045+0.11a 6.87 = 1.81 3075+ 1.42a 91.67+13.43 12.79+2.08
Two-way Forest type NS NS 0.009"? NS 0.000%* NS
ANOVA Soil layer 00222 NS 0.000%* 0.001%* NS NS
Forest type x Soil layer NS 0.021* 0.047%* 0.001** 0.000%* NS

Notes: The data in the table are expressed as the mean + standard deviation (n = 3); Different lowercase letters indicated in different forest types

significant differences between forest types within the same soil layer according to Duncan’s multiple range test (p < 0.05), while the absence of

letters indicated no significant differences (p > 0.05). The soil nutrient data for the 0-20 cm layer are shown in Fig. 2. (1) NS: p > 0.05,
indicating no significant difference; (2)*: p < 0.05, indicating a significant difference at the 0.05 level; (3)**: p < 0.01, indicating significant

difference at 0.01 level.
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Table 2: Differences in URE, ACP, and NR enzyme activities of 0—20 cm topsoil from different forest types

Forest type URE (mg/g + 24 h) ACP (mg/g + 24 h) NR (mg/g + 24 h)
Pure ligustrum 0.20 £ 0.04 0.30 £ 0.03b 0.19 £0.02a
Pure metasequoia 0.16 £ 0.02 0.21 £0.02¢ 0.08 = 0.00¢
Mixture 0.18 £0.01 0.37 £ 0.04a 0.15 £ 0.00b

Notes: The data in the table are expressed as the mean + standard deviation (n = 3); Different lowercase letters denote significant differences between
treatments (p < 0.05). The absence of lowercase letters indicates that differences are not significant (p > 0.05).
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