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How do tree species with different successional stages affect soil organic nitrogen transformations?
Abstract
[bookmark: _Hlk84929611][bookmark: OLE_LINK19][bookmark: OLE_LINK18][bookmark: OLE_LINK24]Organic nitrogen (N) is the most important N component of soil organic matter. However, knowledge on how tree species with different successional stages affect organic N transformations in soils remains limited. To address this issue, we sampled mineral soils (0−10 cm) under monocultures composed of tree species from different successional stages, including early (black alder and silver birch), early to mid (sycamore and European ash), and late (sweet chestnut, pedunculate oak and European beech), and measured the potential protease activity, the microbial uptake and respiration of 14C-labeled organic N (L-alanine and L-trialanine), and the mineralization of L-alanine N. The activities of alanine aminopeptidase and leucine aminopeptidase (153.8−341.9 and 91.6−147.9 nmol/g/h, respectively), the half-life of the uptake of alanine and trialanine (26.7−39.6 and 60.8−78.6 min, respectively), the half-life of the mineralization of alanine and trialanine (1.98−2.45 and 2.98−4.13 h, respectively) by soil microbes were altered by tree species from different successional stages, systematically changing the transformation chain of soil organic N. Turnover rates of soil organic N under trees from early to late successional stage appeared to decrease and the half-life appeared to increase significantly. The C:N ratio of soil microbial biomass was positively related to the half-life of 14C-labeled alanine and trialanine mineralization, and was negatively related to the carbon (C) use efficiency of alanine, suggesting that microbial demand for C could partially drive the assimilation of soil organic N. These results suggest that the successional stage of tree species play an important role in regulating the turnover of soil organic N. An improved understanding of how tree species from different successional stages influence microbial function and soil organic N cycling is beneficial to future afforestation and forest management, alleviating the impacts of global change on the ecosystem.
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1. Introduction
Forest ecosystems are regarded as one of the most important carbon (C) sinks in the biosphere (Pan et al., 2011), and afforestation is recognized as a key method in alleviating the impact of a global increase of atmospheric carbon dioxide (CO2). Soil is the largest C stock in the terrestrial biosphere, and even slight fluctuations may cause significant changes in the concentration of atmospheric CO2 (Chen et al., 2015). The selection of tree species is thus very important for afforestation (IPCC, 2014; Bastin et al., 2019). Organic nitrogen (N) is an important intermediary that couples the cycling of C and N in soils, and it makes significant contributions to the soil N economy. Typically, more than 95% of N in soil is held in an organic form (Schulten and Schnitzer, 1997) and N availability often limits primary productivity in terrestrial ecosystems (LeBauer and Treseder, 2008). Soil organic N is present in a wide range of forms, e.g., amino acids (Näsholm et al., 1998; Näsholm et al., 2009; Gao et al., 2020b), oligopeptides (Hill et al., 2011a), quaternary ammonium compounds and protein (Paungfoo-Lonhienne et al., 2008: Warren, 2013; Warren, 2021). Compared with high molecular weight organic N, the low molecular weight organic N (e.g., amino acids and oligopeptides) can be more available to plant roots and soil microbes. However, knowledge on how different tree species that are used for afforestation affect transformations of soil organic N remains limited.
[bookmark: OLE_LINK20][bookmark: OLE_LINK21]Protein is the primary input of N into soils in natural ecosystems (Schimel and Bennett, 2004; Jan et al., 2009). Organic N transformations in soil involve a series of biochemical processes, primarily the depolymerization of protein and the uptake and mineralization of the breakdown products by soil microbes. These processes can be strongly regulated by the activities of enzymes and microbes in soil (Jan et al., 2009; Farrell et al., 2011; Hill et al., 2012) that determine the availability of soil N (Schimel and Bennett, 2004; Jan et al., 2009). Aminopeptidases such as alanine aminopeptidase (AAP) and leucine aminopeptidase (LAP), are frequently investigated to represent protease activity in soil. They can catalyze the proteolysis of hydrophobic amino acids from the N terminus of polypeptides, releasing free amino acids (Sinsabaugh et al., 2008; Štursová and Baldrian, 2011). When protein is decomposed into oligopeptides or amino acids, these simpler organic N molecules can be directly taken up and metabolized by soil microbes (Hill et al., 2012; Farrell et al., 2013). Although plant roots and their associated symbionts can also take up the released organic N, soil microbes generally take up a greater proportion (Kuzyakov and Xu, 2013; Hill and Jones, 2019). The half-life of organic N turnover in soil solutions estimated by microbial uptake can be as short as 2 min (Wilkinson et al., 2014; Gunina et al., 2017b). Even if estimated by the mineralization, the half-life can be still within 8 h (Jones et al., 2009). Therefore, the turnover rate of soil organic N can be significantly regulated by the metabolism of soil microbes, which can be mediated by the characteristics of soil microbial biomass C and N (Farrell et al., 2014; Mooshammer et al., 2014). 
[bookmark: OLE_LINK17][bookmark: OLE_LINK1]The species-specific functional traits of tree influence organic N transformations by soil microbes and enzymes. First, as an important source of soil organic N, litter quality can differ among tree species and is closely associated with their life-history traits. The litter of some species can be high-quality (e.g., low C:N ratio) and easy to be metabolized by soil microbes, while others can be rich in lignin and tannins and are more difficult to be decomposed (Clein and Schimel, 1995; Kraus et al., 2003). Second, the necessary carbohydrates required by soil microbes originate primarily from plants, and the abundance and structure of soil microbial community can be significantly affected by plant community. For example, Gunina et al. (2017a) reported how the soil microbial community structure changed during the transition from grassland to forestland after afforestation with broadleaved tree species. Plant roots exude many organic substances into the rhizosphere (Kuzyakov et al., 2007), including sugars (50–70% of total exudate), carboxylic acids (20–30%) and amino acids (10–20%). This can alter microbial community structure and stimulate microbial activity in the rhizosphere, leading to the decomposition of soil organic matter (SOM) and releasing organic or inorganic N (Meier et al., 2017; Moreau et al., 2019). Third, plant roots are a source of soil protease that are specific in plants (Vranova et al., 2013). Soil proteolytic activity is affected by plant abundance mediated through input of proteases from root systems of different density and architecture, organic matter inputs and turnover, mycorrhizal symbionts, and leaching of proteases from plant biomass by water (Vranova et al., 2013).
[bookmark: OLE_LINK30][bookmark: OLE_LINK33]Plants are characterized by different successional stages, which may influence the transformations of soil organic N, even if not in a natural ecosystem. Vesterdal et al. (2012) reported that soil respiration and rates of soil C turnover tend to be higher in monocultures composed by trees of early succession than that of late. The traditional theory of succession, proposed by Odum (1969), suggested that plant communities are progressively replaced from pioneer species to late successional species, tending towards a climax community as succession proceeds. In natural ecosystems, the net primary productivity of an ecosystem changes with the shifting composition of the plant community. Meanwhile, soil biochemical cycles also change as nutrients, especially N, are tightly coupled to C cycling (Landsberg and Gower, 1997). As ecosystems move along the successional trajectory, the plant-soil system tends to transform from C to N limitation. The vegetation litter of late succession is often high in secondary compounds and low in N, making them difficult to decompose by soil microbes and leading to the net accumulation of SOM (Clein and Schimel, 1995; Landsberg and Gower, 1997). The accumulation of soil C can also promote the retention of ecosystem N in SOM (Lewis et al., 2014). With the development of succession, the cycling rate of nutrients tends to decrease, and it has been reported that the pool of soil amino acids in boreal forest ecosystem generally increase (Kielland et al., 2007; Werdin-Pfisterer et al., 2009). 
[bookmark: OLE_LINK28][bookmark: OLE_LINK36]Soil organic and inorganic N compounds are important for plants and microbes, an advantageous use for the early breakdown products of protein could even decide their fates (Hill et al., 2011a; Hill et al., 2019). However, soil N availability and the biodiversity of plants worldwide is increasingly impacted by atmospheric N deposition (Sala et al., 2000). Afforestation has been proposed as an important way of mitigating the impacts of global climate change, and the selection of tree species is especially important (IPCC, 2014; Bastin et al., 2019). Afforestation has been widely implemented since the 1990s and has increased the area of planted forests globally by about 1.05 × 108 ha (Hong et al., 2020). In this context, an improved understanding how tree species with different ecological strategies affect the turnover and availability of soil N is important. The aim of this research was to illustrate how tree species from different successional stages influence soil organic N transformations, i.e. early stage (black alder and silver birch; Savill, 2013; Gunina et al., 2017a; Dyderski et al., 2018), early to mid-stage (sycamore and European ash; Barigah et al., 2006; Savill, 2013), and late stage (sweet chestnut, pedunculate oak and European beech; Fu et al., 2014; Taudiere et al., 2015; Dyderski et al., 2018; Ramirez et al., 2019; Table 1). These tree species are common and widely used for afforestation in Europe (Savill, 2013). Specifically, we hypothesized that the turnover of soil N could be significantly influenced by the successional stage of these tree species in the context of afforestation, with the turnover rate of soil organic N being slower composed of trees in the late succession stage than that in early.
2. Materials and methods
2.1. Study site and soil sampling
This study utilized the BangorDIVERSE experimental site, which is within the temperate forest biome, is a part of the Global Tree Diversity Network (TreeDivNet), and is located at the Henfaes Research Centre, Abergwyngregyn, North Wales, United Kingdom (53°14′16″N, 4°1′1″W). BangorDIVERSE was established on two fields in March 2004, with a total area of 2.36 ha. It is comprised of 92 plots in a fully replicated (n = 4; 15 m × 15 m) randomized block planting design, with one, two and three species mixtures of black alder (Alnus glutinosa L.), silver birch (Betula pendula Roth), sycamore (Acer pseudoplatanus L.), European ash (Fraxinus excelsior L.), sweet chestnut (Castanea sativa Mill.), pedunculate oak (Quercus robur L.) and European beech (Fagus sylvatica L.). The use of the experimental site allowed many potential confounding factors to be effectively controlled, including: (1) historical land use. The study site was originally pasture; (2) soil type. The soils are fine loamy brown earth over gravel and classified as Fluventic Dystrochrept in the USDA system, and the water table is 1−6 m below the soil surface (Smith et al., 2013); (3) soil topography. The soil topography is characteristic of shallow slope of 1−2°, northwesterly aspect and 13−18 m a.s.l.; (4) climate. The climate is classified as Hyperoceanic; (5) stand age. The tree species were planted on the agricultural grassland in 2004; and (6) stand composition. We only studied the monocultures in the BangorDIVERSE experiment.
Soil pH ranges from 5.4 (surface) to 6.3 (1 m depth; Ahmed et al., 2016). The top soil (0−10 cm) has a sandy loam texture (48.2 ± 1.3% sand, 33.6 ± 0.9% silt and 18.2 ± 2.1% clay; determined by laser diffraction using a Coulter LS particle size analyzer). The mean annual temperature is 10.6 C and annual rainfall is 950 mm (Gunina et al., 2017b). Detailed information on the design of BangorDIVERSE is available in Ahmed et al. (2016).
The surface litter layer is ca. 1−3 cm, and soil samples (0−10 cm; mineral layer) were collected from the plots of the monocultures of seven tree species. Four samples were randomly taken within each plot with a trowel on 5th November 2019 and were combined into a composite sample. Composite soil samples were placed into plastic bags and immediately transported back to laboratory. The fresh samples were then sieved to pass 2 mm and stored at 4 C for further analysis.
[bookmark: OLE_LINK3][bookmark: OLE_LINK10]Soil moisture content was determined after drying at 105 C for 24 h. Soil pH and electrical conductivity (EC) were measured by standard electrodes in 1: 2.5 (w/v) soil: distilled water extracts (Smith and Doran, 1996). The contents of total soil C and N were determined using a CHN2000 analyzer (Leco Corp., St. Joseph, MI, USA). Soil dissolved organic carbon (DOC) and total soluble N (TSN) were determined using a multi N/C 2100S TOC-TN analyzer (Analytik Jena AG, Jena, Germany), with the extraction (1:5 w/v) of 0.5 M K2SO4 solution (Jones and Willett, 2006). Nitrate (NO3–) was determined colorimetrically by the Cu-Zn-hydrazine reduction method of Downes (1978) and ammonium (NH4+) by the salicylate-hypochlorite method of Mulvaney (1996). The content of total amino acids in the extracts was determined by the ﬂuorometric OPAME method, with the use of a 96-well plate fluorescence spectrophotometer (Varian Inc., Palo Alto, CA, USA; Jones et al., 2002). Soluble organic N was determined by the difference between TSN and inorganic N (NH4+ and NO3–). Microbial biomass was measured following the CHCl3 fumigation-extraction method of Vance et al. (1987). The calculations of soil microbial biomass C and N were revised by a conversion factor of 2.22 (Jenkinson et al., 2004).
The temporal dynamics and kinetics of protease activity, the uptake and mineralization of organic N (L-alanine and L-trialanine) by soil microbes were measured in the laboratory, with the application of 14C-tracers. The structures of alanine and trialanine are L-configuration throughout the paper.
2.2. Determination of protease activity in soils
[bookmark: _Hlk84930054]L-Alanine 7-amido-4-methylcoumarin trifluoroacetate salt and L-Leucine-7-amido-4-methylcoumarin hydrochloride were used to measure the potential activities of soil AAP and LAP, respectively (VepsäLäinen et al., 2001). To determine the kinetics of protease activity, eight substrate concentrations were applied: 0, 2, 4, 6, 8, 10, 20 and 40 μmol/g soil. The activities of soil AAP and LAP were measured after 0, 30, 60 and 120 min following the injection of the substrates, respectively, with the use of a 96-well plate fluorescence spectrophotometer (Varian Inc., Palo Alto, CA, USA). The Michaelis-Menten equation was used to fit the data:
                  (1)
where,  (nmol/g/h) refers to the activity of AAP or LAP,  (μmol/g) refers to the concentration of substrate,  (nmol/g/h) refers to the highest activity, and  (μmol/g) refers to the Michaelis constant and is numerically equal to the substrate concentration at which the reaction rate is half of .
2.3. Mineralization dynamics of alanine N
Alanine was chosen as the exemplar amino acid in this study. It is abundant in a wide range of proteins and in soils, and there is precedence for its use in the experiments of microbial uptake and mineralization (Hill et al., 2011b; Hill et al., 2012; Hill and Jones, 2019). 5 g (fresh weight) of sieved soil was added to 50 ml polypropylene centrifuge tubes. To estimate the potential rate at which amino acid N was mineralized to inorganic N, 0.5 ml of 10 mM alanine solution was then added to the centrifuge tubes and incubated at 20 °C. After periods of 0 (before adding solution), 0.5, 1, 2, 4, 8, 24 and 48 h, 25 ml of ice-cold (< 4 °C) 0.5 M K2SO4 solution was added to the tubes, shaken for 15 min (200 rev/min) and centrifuged for 5 min (12,000 g). Control groups used deionized water as described above. The resulting extracts were analyzed for NH4+, NO3−, total amino acids, soluble organic C and N (Hill and Jones, 2019) and were measured as above-mentioned. The net ammonification (or nitrification) was calculated as the difference between the peak concentration and background concentration of NH4+ (or NO3−) during incubation. The temporal dynamics of amino acid in soils were described by fitting first order single exponential decay curves:
                  (2)
where,  (μmol/g) is the total amino acids remaining in the soil solution,  (h−1) is the exponential coefficient describing depletion by soil microbes,  describes the size of the pool,  (h) is time and  (μmol/g) represents the asymptote which we ascribe to an equilibrium state (i.e., the production and consumption of amino acids balanced). This curve described the temporal dynamics of amino acids in soils well (R2 > 0.98). The half-life () of the amino acids pool () in soil solution was then calculated as:
                  (3)
2.4. Uptake dynamics of alanine and trialanine
The uptake of alanine and trialanine by soil microbes, including temporal dynamics and kinetics, were determined according to Hill et al. (2012). 1 g (fresh weight) of sieved soils was added into microcentrifuge tubes, which had a pierced hole in the bottom. To the soils in each tube were then added 0.3 ml of 1 mM 14C-labeled alanine or trialanine solution (0.7 kBq/ml). Each tube was put into another intact microcentrifuge tube and the pair was then centrifuged (4000 g, 1 min, 20 C) after 1, 5, 10, 20, 40 or 60 min, respectively. The centrifugation made the soil solution of the upper tube leach into the lower one. The 14C activity in the collected solution was determined using a Wallac 1404 scintillation counter (Perkin−Elmer Life Sciences, Boston, MA) after mixing with Scintisafe3 scintillation cocktail (Fisher Scientific, Loughborough, UK). To determine the uptake kinetics (Michaelis-Menten equation, see Equation (1)), the method described above was also used for 1, 10, 100, 250, 500, 1000, 2500, 5000 and 10000 mM 14C-labeled alanine or trialanine solutions. In this case, the microcentrifuge tubes were centrifuged after 3 min.
The temporal dynamics of the uptake of 14C-labeled alanine and trialanine by soil microbes were described by fitting first order single exponential decay curves to the experimental data:
                  (4)
where,  (%) is the 14C remaining in soil solution,  (%) is the size of pool,  (min−1) is the exponential coefficient describing its depletion, and  (min) is time. This equation fitted the uptake of 14C-labeled alanine and trialanine well (R2 > 0.93 and R2 > 0.79, respectively). The half-life of the 14C-labeled alanine and trialanine pool () in soil solution was then calculated as above (Equation (3)).
2.5. Mineralization dynamics of alanine and trialanine
The temporal dynamics of the mineralization of alanine and trialanine were determined at 20 °C over 14 days based on Jones et al. (2009), using 0.5 ml of 1 mM 14C-labeled alanine or trialanine solution (2.36 kBq/ml). The unlabeled compounds above-mentioned were obtained from Sigma−Aldrich (Gillingham, UK), and the labeled compounds were from American Radiolabeled Chemicals (St Louis, MA, USA). Briefly, 5 g (fresh weight) of sieved soils was added into the 50 ml centrifuge tubes. To the soils in each tube 0.5 ml of 14C-labeled alanine or trialanine solution was added. A vial containing 1 ml of 1 M NaOH solution trap was placed inside the tube to catch evolved 14CO2 and the centrifuge tube was then immediately capped. The NaOH trap was suspended above the soil to allow free diffusion of CO2 from the soil surface. To quantify the rates of evolution of respired 14CO2, the NaOH traps were removed at 0.5, 1, 2, 4, 8, 24, 48, 96, 144, 192, 240, 288 and 336 h after the addition of 14C-labeled solutions. The activity of 14CO2 trapped was determined by liquid scintillation counting as described above. 
A double first-order exponential kinetic decay was fitted to the inverse of the mineralization data, using a least squares optimization routine in SigmaPlot 12.5 (Systat Software Inc., San Jose, CA, USA):
                  (5)
where,  (%) is the amount of 14C remaining in the soils,  (h) is time,  (%) and  (%) represent the amount of 14C-labeled alanine or trialanine partitioned into microbial respiration and biomass production, respectively,  (h−1) and  (h−1) are the exponential coefficients for these two components (Jones et al., 2009), respectively. The experimental mineralization data of 14C-labeled alanine and trialanine were fitted well (R2 > 0.98). The half-life of the 14C-labeled soil solution pool can then be calculated as above (Equation (3)).
Microbial carbon use efficiency (CUE) was defined as /(. The concentrations of added organic N solutions in the study are not used to replicate the actual concentrations in soils, but to compare the differences in soil organic N transformations among tree species.
2.6. Statistics and analyses
[bookmark: OLE_LINK16][bookmark: OLE_LINK27][bookmark: OLE_LINK35]All the calculations in this study were conducted on the basis of dry weight soil. Generalized linear models (GLMs) were used to analyze the differences in soil characteristics and the parameters of soil organic N transformations among tree species, including the activities of AAP and LAP, the uptake and mineralization of alanine and trialanine by soil microbes, with block factor as the covariate. Principle component analysis (PCA) was conducted to show the variation pattern of soil organic N transformations among the tree functional groups of successional stage. The PCA was performed on 11 parameters (see Fig. 5) which reflect the characteristics of soil organic N transformations. Spearman’s correlation was conducted to examine the correlation between these parameters and soil biochemical properties. All statistical analyses were completed with SPSS v25.0 (IBM SPSS, Armonk, NY, USA). 
3. Results
3.1. Mineralization of alanine N
After the addition of the 10 mM alanine solution, it was consumed rapidly and fell to background concentrations within 24 h (Fig. 1a). NH4+ increased within 24 h but then decreased gradually (Fig. 1c), and NO3− increased progressively within 48 h (Fig. 1e). After the addition of deionized water, the variations in soil total amino acids, NH4+and NO3− were not significant (Fig. S1). The potential mineralization of alanine N in soils differed significantly among tree species. Except for sycamore, the half-life of alanine in soils was shorter under silver birch than that of other tree species, and it was shorter under black alder than under sweet chestnut, pedunculate oak and European beech (Fig. 1b). The potential net ammonification rate was highest in silver birch soils (Fig. 1d). The potential net nitrification rate was highest in black alder soils (Fig. 1f).
3.2. Activities of AAP and LAP in soils
The potential maximum activities of AAP and LAP in soils were 153.8341.9 and 91.6147.9 nmol/g/h, respectively, and they were significantly different among tree species (Fig. 2). The potential maximum activities of soil AAP and LAP were significantly higher under black alder and silver birch than under pedunculate oak and sweet chestnut. 
3.3. Uptake of alanine and trialanine by soil microbes
Within 1 h of addition to soils, the uptake of 14C-labeled alanine and trialanine from 1 mM solution by soil microbes was fast, with 60.9−74.0% and 37.4−47.2% of the 14C being removed from soil solution, respectively (Figs. 3a and d). The half-life of 14C-labeled alanine and trialanine was 26.7−39.6 and 60.8−78.6 min, respectively (Figs. 3b and e). The half-life of 14C-labeled alanine in soil solutions of silver birch, European ash and sweet chestnut was shorter than that of European beech (Fig. 3b). The half-life of 14C-labeled trialanine in soil solution of silver birch was the shortest (Fig. 3e). Based on the uptake kinetics of 14C-labeled alanine and trialanine by soil microbes (Michaelis-Menten equation), the potential maximum uptake rates of alanine and trialanine were 20.7−36.4 and 14.5−27.7 nmol/g/min, respectively (Figs. 3c and f). The potential maximum uptake rate of alanine was faster under silver birch and European ash than under the other tree species, and it was the slowest under sweet chestnut (Fig. 3c). The potential maximum uptake rate of trialanine was faster under silver birch, black alder and European ash than under the other tree species (Fig. 3f). 
3.4. Mineralization of alanine and trialanine by soil microbes
[bookmark: OLE_LINK13]The mineralization of 14C-labeled alanine and trialanine by soil microbes was rapid and showed similar profiles, with an initial rapid phase followed by a secondary slower phase of 14CO2 evolution (Figs. 4a and d). The half-life of 14C-labeled alanine and trialanine in soils was 1.98−2.45 and 2.98−4.13 h (Figs. 4b and e), respectively, and the microbial CUE was 69.9−72.8% and 38.2−46.5% (Figs. 4c and f), respectively. Whether for the half-life of 14C-labeled alanine or trialanine, it was significantly shorter under silver birch than under European beech, pedunculate oak and sweet chestnut (P < 0.05; Figs. 4b and e). The half-life of 14C-labeled trialanine was significantly shorter under black alder than under European beech, pedunculate oak and sweet chestnut (Fig. 4e). The CUE of 14C-labeled alanine and trialanine by soil microbes was significantly higher under silver birch and black alder than under European beech (Figs. 4c and f).
3.5. Variation in soil organic N transformations among tree functional groups
[bookmark: OLE_LINK8][bookmark: OLE_LINK9][bookmark: OLE_LINK11][bookmark: OLE_LINK14]Multivariate correlations among the activities of AAP and LAP, uptake and mineralization of 14C-labeled alanine and trialanine by soil microbes were analyzed by PCA, and the two main components explained 69.16% and 14.41% of the variation, respectively (Fig. 5). Based on the turnover rate and half-life of soil organic N, the seven tree species were classified into three functional groups, i.e., early, early-mid and late succession (Fig. 5). From early to late succession: 1) the activities of AAP and LAP, the rates of net ammonification and nitrification, the uptake rates of 14C-labeled alanine and trialanine by soil microbes decreased significantly (Figs. 5 and 6a, b, d, e, g and i); 2) the half-life of soil N transformations by soil microbes, including alanine N mineralization, the uptake of 14C-labeled alanine and trialanine, the mineralization of 14C-labeled alanine and trialanine (to CO2), increased significantly (Figs. 5 and 6c, f, h, j and k).
The turnover of organic N was closely related to soil biochemical properties (Fig. 7). Except for soil total C and C:N ratio, the C:N ratio of soil microbial biomass was the most prominent factor that showed correlations with the turnover of soil organic N (Fig. 7). For example, the C:N ratio of soil microbial biomass was positively related to the half-life of the N mineralization of amino acids, the uptake of 14C-labeled alanine and the mineralization of 14C-labeled alanine and trialanine, and was negatively related to the activity of AAP and the CUE of alanine (Fig. 7).4. Discussion
4.1. Transformation chain of soil organic N
Proteolysis is fundamental to soil N turnover, and it has been suggested that protein depolymerization can represent a major bottleneck in soil N cycling (Jan et al., 2009; Simpson et al., 2017). The potential maximum activities of soil AAP and LAP in the monocultures are within the range reported from other grassland and forest ecosystems (Sinsabaugh et al., 2008; A'Bear et al., 2014). Although the activities of soil AAP and LAP were affected by different soil properties (Fig. 7), the variation patterns of their activities were similar among monocultures (Fig. 2). This indicates that tree species has a stronger role in regulating the soil protease activity. In a global-scale meta-analysis, Sinsabaugh et al. (2008) reported that the activity of soil LAP was positively related to soil pH. This was not reflected in the present study, which may be partially caused by the narrow soil pH range at the experimental site (Table 1).
Soil microbes have a strong ability to rapidly take up and mineralize low molecular weight organic N (Jones et al., 2009; Farrell et al., 2011; Hill et al., 2012), and the half-life of alanine and trialanine in the temperate forest ecosystems was also short (Fig. 3). The C:N ratio of soil microbial biomass was positively related to the half-life of alanine and trialnine and was negatively related to the CUE of alanine (Fig. 7). This further supports the theory that the use of organic N by soil microbes was partially driven by demand for C, rather than for N (Farrell et al., 2014). The metabolic processes of alanine and trialanine in soils could be  divergent, which was reflected by: 1) a longer half-life of trialanine (Figs. 3b and e); 2) different correlations with soil properties (Fig. 7); and 3) a higher CUE of alanine (Figs. 4c and f). The internal C partitioning of organic N sources into catabolic and anabolic processes by soil microbes appeared to be variable among tree species (Figs. 4c and f). This is in agreement with previous research across terrestrial ecosystems (Jones et al., 2009; Farrell et al., 2011). The half-life of alanine estimated by its N mineralization was longer than that estimated by the uptake of 14C-labeled alanine (Figs. 1 and 3), which could be ascribed to differences in the concentration of alanine solution (10 mM versus 1 mM). Generally, the C:N ratio of soil microbial biomass significantly influenced the potential activity of soil protease, the uptake and mineralization rates of organic N by soil microbes. These transformation processes of soil organic N in the temperate forest ecosystems were closely coupled, and composed a transformation chain of organic N. High soil protease activity was usually accompanied by a fast uptake rate of organic N, a rapid mineralization rate and a short half-life by soil microbes, and vice versa (Figs. 5 and 8).
[bookmark: OLE_LINK5][bookmark: OLE_LINK4]4.2. Influence of successional stage of trees on soil organic N transformations
[bookmark: OLE_LINK34][bookmark: OLE_LINK6][bookmark: OLE_LINK23][bookmark: OLE_LINK22]The soils analyzed in the present study were collected from the monocultures of seven tree species. The tree species are common at different stages of forest succession, and they are found in different positions along the sequence. Pedunculate oak has traits of both early and late stages of successional sequence. For instance, its seeds are dispersed widely by birds and mammals, and its large reserves make seedlings competitive with most grasses (Savill, 2013). However, pedunculate oak can outlive most competitors, grow on a wide range of soils, and show good seed dispersal (Savill, 2013). It is widely recognized as a late successional tree species (Fu et al., 2014; Dyderski et al., 2018). Furthermore, the classification of functional group to the seven tree species by PCA is in agreement with their actual successional stages (see Introduction). Although the soils did not develop due to ecological succession, the successional stage of the trees influenced the soil biochemical processes. From trees of early successional stage to that of late, the turnover rate of soil organic N decreased significantly, including the soil AAP/LAP activity, the uptake rates of alanine/trialanine, and the mineralization rates of alanine/trialanine by soil microbes (Figs. 5 and 6). This indicates that the variation pattern in soil organic N transformations was not limited by a particular N cycling process, but probably concerned a series of organic N cycling processes. As a result, the half-life of soil organic N turnover increased significantly (Figs. 5 and 6). This is in agreement with our hypothesis and supports the theory of ecological succession (Odum, 1969). Traditionally ecological succession describes the composition of plant communities following a predictable trajectory with time since disturbance, which is a foundation of ecological theory. Odum (1969) summarized a series of trends of ecosystem attribute with the development of succession, e.g., the community structure and nutrient cycles. Plant communities will be comprised of species that possess functional traits that facilitate access to available resources, and will be replaced by other species as their competitiveness is reduced (C-S-R theory; Grime, 1988). For example, as plant communities change along a successional trajectory, K-strategists (slow growth rate, low turnover rate and large body size) could increase, and r-strategists (fast growth rate, high turnover rate and small body size) could decrease. Although these trends were proposed on the basis of plant communities, belowground microbial communities may also exhibit a parallel pattern of variation. For example, the ratio of soil fungi-to-bacteria may increase with the development of succession (Zhou et al., 2017). Therefore, similar to the trends of aboveground and belowground communities, the functional trait of succession stage with which tree species are characterized could also produce a parallel influence on soil organic N cycling processes (Figs. 6 and 8).
[bookmark: OLE_LINK41]The research indicates that the successional stage of the tree species could significantly influence soil N cycling in the context of afforestation (Fig. 8). The soil properties in this study were similar as the tree species were planted in pasture, but the turnover of soil organic N varied significantly among trees of different successional stages after 15 years since afforestation (Figs. 5 and 6). This could result from differences in the quality of plant litter. It has been well recognized that, compared with early successional tree species, late successional tree species generally are richer in secondary compounds and show a higher C:N ratio, which can lead to a slower decomposition rate of the litter (Clein and Schimel, 1995; Landsberg and Gower, 1997). However, the late successional tree species possess a higher C:N ratio of litter (Gunina et al., 2017a) and higher contents of polyphenolics and lignin, and the decomposition of the leaf litter is slower (Ahmed et al., 2016). Polyphenolics are the secondary compounds of plants, and they can repress the activities of protease and N mineralization in soils (Kraus et al., 2003). This could be an important mechanism of variation pattern of soil organic N turnover among trees of different successional stages, which warrants further research.
4.3. Implications for soil N cycling and forest management
One of the significant advantages in this study is that many potential interfering factors were controlled, including soil parent material, soil topography, climate, historical land use, stand age and stand composition. This is beneficial to highlight the potential influence of tree species on the turnover of soil organic N. It has been well proven that low molecular weight organic N (Näsholm et al., 1998; Hill et al., 2011a; Warren, 2013; Gao et al., 2020a) and inorganic N, can be easily taken up by plants, but high molecular weight organic N is probably not taken up directly at significant rates. From trees of early succession to that of late, the rate of soil organic N cycling decreased significantly (Figs. 5 and 6), which could lead to more high molecular weight organic N immobilized in the soils, and less organic N could be decomposed to provide plant available N. This could partially contribute to the higher C:N ratio of litter for tree species of late succession (Pedunculate oak and European beech; Gunina et al., 2017a). In addition, tree species of early succession, i.e., black alder, can provide additional N for its soil N pool through N2 fixation (Frouz et al., 2015), which could further contribute to the lower C:N ratio of the litter (Gunina et al., 2017a). This study indicates that the turnover of organic N in mineral soils (0−10 cm) has been significantly affected by the presence of tree species with different successional stages. This has been accomplished by the changes of soil protease activity, the uptake and metabolism of organic N by soil microbes. With the continued growth and development of these trees, the biochemical cycling processes of soil organic N will likely be more deeply influenced, and we predict that these differences could become stronger among trees of different successional stages.
5. Conclusions
The successional stage of the tree species significantly influenced the soil N cycling in the context of afforestation, and the soil protease activity, the uptake and mineralization rates of organic N by soil microbes decreased and the half-life increased significantly from trees of early succession to that of late. Successional stage is a key functional trait of tree species, which can systematically influence the potential turnover rate of soil organic N. This is parallel to the variation trends of aboveground and belowground communities with the development of succession in natural ecosystem. The turnover of soil organic N was closely associated with the C:N ratio of the soil microbial biomass, and its demand for C could partially drive the assimilation of organic N. The turnover rate of soil organic N can be significantly influenced by the change of tree species, and understanding the regulatory mechanism is ecologically significant. The research will be also beneficial to the selection of tree species, afforestation and forest management in the future, alleviating the impacts of global climate change on the biosphere.
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Fig. 1 Temporal dynamics of amino acids (they were mainly alanine; a), NH4+ (c), NO3− (e), the half-life (T1/2) of amino acids N mineralization (b), the net ammonification rate (d) and the net nitrification rate (f) following the addition of a 10 mM alanine solution, under monocultures of black alder, silver birch, sycamore, European ash, sweet chestnut, pedunculate oak and European beech. Data are mean ± SEM (n = 4), and the lowercase letters denote statistically significant differences between tree species at the P < 0.05 level.
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Fig. 2 Maximum activity (Vmax; Michaelis-Menten kinetics) of alanine aminopeptidase (AAP) and leucine aminopeptidase (LAP) in soils under monocultures of black alder, silver birch, sycamore, European ash, sweet chestnut, pedunculate oak and European beech. Data are mean ± SEM (n = 4), and the lowercase letters denote statistically significant differences between tree species at the P < 0.05 level.
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Fig. 3 Temporal dynamics of the uptake of 14C-labeled alanine (a) and trialanine (d), the half-life (T1/2; b and e, respectively), the maximum activity (Vmax; c and f, respectively) from soil solution by soil microbes, under monocultures of black alder, silver birch, sycamore, European ash, sweet chestnut, pedunculate oak and European beech. Data are mean ± SEM (n = 4), and the lowercase letters denote statistically significant differences between tree species at the P < 0.05 level.

[image: 20220701 有机氮矿化CO2 14C]

Fig. 4 Temporal dynamics of 14CO2 production of 14C-labeled alanine (a) and trialanine (d), the half-life (T1/2; b and e, respectively) and the C use efficiency (CUE; c and f, respectively) by soil microbes, under monocultures of black alder, silver birch, sycamore, European ash, sweet chestnut, pedunculate oak and European beech. Data are mean ± SEM (n = 4), and the lowercase letters denote statistically significant differences between tree species at the P < 0.05 level.
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Fig. 5 Ordination diagram of the PCA performed on the parameters of soil organic N transformations under monocultures of black alder, silver birch, sycamore, European ash, sweet chestnut, pedunculate oak and European beech. Maximum activity of alanine aminopeptidase (AAP) and leucine aminopeptidase (LAP); half-life of amino acids N mineralization (T11/2); net rate of ammonification (VNH4) and nitrification (VNO3); half-life of 14C-labeled alanine (T21/2) and trialanine (T31/2) uptake; maximum uptake rate of 14C-labeled alanine (UAla) and trialanine (UTriala); half-life of 14C-labeled alanine (T41/2) and trialanine (T51/2) mineralization. The brown, blue and red ovals denote the functional groups of trees, i.e. early, early-mid and late successional stage, respectively.

[image: 20221005 演替周转]
Fig. 6 Variation pattern of maximum activity (Vmax) of alanine aminopeptidase (AAP; a) and leucine aminopeptidase (LAP; b), half-life (T1/2) of amino acids (alanine; Ala) N mineralization (c), net rate of ammonification (d) and nitrification (e), T1/2 of 14C-labeled Ala (f) and trialanine (Triala; h) uptake, maximum uptake rate (Umax) of 14C-labeled Ala (g) and Triala (i), T1/2 of 14C-labeled Ala (j) and Triala (k) mineralization in soils along successional functional group. Means and standard errors are shown (n = 8 for early and early-mid successional stage, n = 12 for late successional stage). The green lines denote the variation pattern. *, ** and *** indicates statistically significant differences among successional stages at the P < 0.05, 0.01 and 0.001 level, respectively. 
 (
47
)

[image: 20220701 相关性]
Fig. 7 Diagram of Spearman’s correlation. A narrower confidential ellipse (95%) denotes a stronger correlation. * denotes statistically significant correlation at the P < 0.05 level. Maximum activity of alanine aminopeptidase (AAP) and leucine aminopeptidase (LAP); half-life of amino acids N mineralization (T11/2); net rate of ammonification (VNH4) and nitrification (VNO3); half-life of 14C-labeled alanine (T21/2) and trialanine (T31/2) uptake; half-life of 14C-labeled alanine (T41/2) and trialanine (T51/2) mineralization; C use efficiency of alanine (CUEAla); soil soluble N (SON) and C (SOC); microbial biomass C (Cmic) and N (Nmic); electrical conductivity (EC); total C (TC) and N (TN).

[image: 20221007 演替土壤有机氮转化 - 副本-01]

Fig. 8 Simplified model of variation pattern in soil organic N transformations with the change of trees that are used for afforestation. Early successional stage (EST); late successional stage (LST). 


18

Table 1 Soil characteristics under monocultures of black alder, silver birch, sycamore, European ash, sweet chestnut, pedunculate oak and European beech. Data are mean ± SEM (n = 4).
	
	Black alder 
	Silver birch 
	Sycamore 

	European ash 
	Sweet chestnut 
	Pedunculate oak 
	European beech 

	Species name
	Alnus glutinosa L.
	Betula pendula Roth
	Acer pseudoplatanus L.
	Fraxinus excelsior L.
	Castanea sativa Mill.
	Quercus robur L.
	Fagus sylvatica L.

	Successional stage
	Early
	Early
	Early to mid
	Early to mid
	Late
	Late
	Late

	AA (μmol/g)
	0.44 (0.02)
	0.52 (0.07)
	0.49 (0.06)
	0.48 (0.04)
	0.46 (0.02)
	0.56 (0.03)
	0.44 (0.04)

	NH4+ (μmol/g)
	0.16 (0.05)
	0.23 (0.06)
	0.11 (0.01)
	0.11 (0.02)
	0.14 (0.01)
	0.15 (0.02)
	0.16 (0.05)

	NO3− (μmol/g)
	0.11 (0.03)
	0.06 (0.01)
	0.10 (0.02)
	0.06 (0.02)
	0.09 (0.02)
	0.08 (0.01)
	0.06 (0.02)

	SON (μg N/g)
	33.0 (1.5)
	27.3 (2.5)
	26.9 (2.6)
	24.6 (2.6)
	25.5 (1.5)
	28.8 (3.4)
	26.0 (3.3)

	SOC (μg C/g)
	173.6 (5.4)
	154.1 (13.5)
	149.3 (16.2)
	149.1 (12.2)
	152.5 (8.3)
	157.8 (24.7)
	151.6 (16.9)

	Cmic (μg C/g)
	850.0 (63.8)
	928.0 (59.2)
	668.4 (32.12)
	450.9 (118.7)
	688.3 (49.6)
	666.0 (107.5)
	566.7 (60.2)

	Nmic (μg N/g)
	150.8 (12.8)
	172.5 (16.3)
	113.9 (8.9)
	78.6 (20.0)
	121.1 (10.8)
	115.4 (22.6)
	93.8 (14.7)

	H2O (%)
	26 (0.24)
	25 (0.48)
	26 (1.04)
	22 (0.66)
	23 (0.71)
	25 (1.08)
	24 (1.22)

	pH
	5.09 (0.08)
	5.34 (0.17)
	5.24 (0.12)
	5.47 (0.08)
	5.34 (0.04)
	5.17 (0.18)
	5.21 (0.19)

	EC (μS/cm)
	59.3 (7.4)
	64.8 (11.4)
	56.3 (9.2)
	46.4 (9.5)
	42.6 (1.5)
	45.3 (3.2)
	47.1 (5.8)

	TC (mg C/g)
	32.2 (0.8)
	34.4 (0.3)
	28.0 (1.7)
	25.7 (2.3)
	27.3 (1.2)
	27.1 (3.4)
	26.0 (2.5)

	TN (mg N/g)
	3.48 (0.14)
	3.34 (0.02)
	2.95 (0.16)
	3.00 (0.11)
	2.91 (0.04)
	3.00 (0.17)
	2.84 (0.09)














Notes: Amino acids (AA); soluble organic N (SON); soluble organic C (SOC); microbial biomass C (Cmic); microbial biomass N (Nmic); electrical conductivity (EC); total C (TC); total N (TN).
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