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Abstract

:

Dissolved organic matter (DOM) is an important component in the biogeochemical cycles of elements like nitrogen (N) and carbon. The aim of this study was to elucidate the effect of long-term inorganic N addition on the quantity and quality of DOM in forest soils. A field study was conducted on three forms of inorganic N, namely (NH4)2SO4, NH4NO3, and NaNO3, applied at low (50 kg N ha−1) or high (150 kg N ha−1) annual doses from 2011 to 2019. The total dose was split into eight equal monthly doses applied during the growing season (from March to October). Both the form and the dose increased the content of dissolved organic carbon (DOC) in soil, the strongest effect being that of NaNO3. However, the higher dose had a weaker effect because of N enrichment. UV-visible (UV-vis) and excitation-emission matrix (EEM) spectroscopy showed that the addition of N made DOM more aromatic and increased the degree of humification. EEM-parallel factor analysis (PARAFAC) modelling suggested that DOM in the forest soils mainly contained a fulvic-like constituent (C1), humic-like substances (C2), and aromatic protein-like components (C3). The addition did not change the position of the DOM fluorophore in the soil but affected the proportions of the three PARAFAC-derived components (increasing those of C1 and C2 but decreasing that of C3), indicating that long-term addition of N may amplify the decrease in protein-like constituents of surface soil. Hence, N addition increased the complexity of the DOM structure.
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1. Introduction


Dissolved organic matter (DOM) comprises organic molecules with different dimensions and structures, operationally considered as the fraction that can pass through a membrane with a pore size of 0.45 μm [1]. Although DOM accounts for less than 5% of the soil organic matter by weight [2], it is the most movable and reactive fraction of carbon (C) in forest soils [3], and is a critical component of biogeochemical cycles in regulating soil respiration, plant nutrient absorption and microbial metabolism of receiving aquatic systems. Among the components of DOM, protein-like components are considered more biologically active than the humic- and fulvic-like components [4,5]. As the essential source of energy for forest ecosystems [6], DOM plays a significant role in the C and nutrient budgets of forest soils [7].



Deposition of nitrogen (N) is one of the main outcomes of global climate change [3]. Over the past 150 years, global annual anthropogenic emissions of reactive N have increased from 15 to 187 Tg [8] and are likely to double by 2050 [9]. The annual average rate of N deposition in China increased to 21.1 kg·ha−1 in the 2000s, making the country the third largest in the world in terms of N deposition [10]. The deposition has changed the biogeochemical cycles of terrestrial ecosystems and has affected plant productivity [11], structure of microbial communities [12,13], and soil respiration [8]. More important, long-term N deposition has also greatly altered the composition and structure of DOM in soils [2], inevitably changed many important biogeochemical processes in forest soil, and changed the quality and quantity of DOC input and metabolism in the downstream of aquatic ecosystem.



Nitrogen is a key component for microbial activity [14], and most DOM is of microbial origin [15]. Consequently, the liberation of DOC is believed to be affected by changes in the availability of N [16]. A global study indicated that the concentration of DOC was related to the C/N ratio and NH4+-N levels in soils [17]. For example, HyvÖnen et al. [18] reported that the addition of N increased the amount of soil organic carbon, resulting in higher contents of DOC in forest soils. Yuan et al. [2], on the other hand, suggested that the addition of N inhibits soil respiration and thus lowers the content of DOC. Yet other researchers maintain that the release of DOC in forest soils is connected neither to N conditions [19] nor to the application of N fertilisers [20,21]. Thus, the effect of N addition on the contents of DOM is still controversial.



In forest ecosystems, the addition of N may change the structure and the constituents of DOM by influencing the process of humification [16]. As mentioned above, experiments on the topic have given conflicting results. For example, Yuan et al. [2] suggested that addition of N enhances the degree of aromatic and macromolecular compounds, making their structure more complicated, whereas Xu et al. [22] reported that application of N fertilisers makes the structure of DOM simpler. It should be noted that the above studies were mostly concentrated in subtropical areas with different soil types but with only one form of N. To better understand and predict the effects of the deposition of atmospheric N on DOM in soils of temperate forests, we need long-term field experiments involving different doses and multiple forms of N.



Ultraviolet-visible (UV-vis) spectroscopy and excitation-emission matrices (EEM) spectroscopy are commonly used for identifying and quantifying the components of DOM [23], and combining parallel factor (PARAFAC) modelling with EEM spectroscopy can reduce the influence of overlapping peaks in the initial fluorescence spectra and thus reveal the composition of DOM in greater detail [24,25]. However, till date, few studies have explored the effect of adding N on DOM in forest soils using EEM-PARAFAC modelling—or, for that matter, using any other method [26]. It was to contribute to filling this gap in knowledge that we planned an eight-year field experiment comprising two doses and three forms of N added to the soil from a temperate forest to examine the effect of N on the quantity and quality of DOM by determining its chemical and structural properties using UV-vis and EEM-PARAFAC. We hypothesized that (1) N inputs to forest ecosystems may increase DOM content by increasing the decomposition of SOM and that this promotion effect likely increased with the N addition level; (2) long-term N addition may increase the complexity of the DOM structure and the degree of humification. The aims of the study were to provide insight into the characteristics of DOM responding to the case of applied N with different chemical forms and doses, which might give a better understanding of the effect of atmospheric N deposition on the C cycle in forest ecosystems.




2. Materials and Methods


2.1. Site and Experimental Design


The study was carried out in a temperate forest of the Xi Mountain Research Station (Figure 1a) of Beijing Forestry University (31°54′32″ N, 110°68′08″ E; elevation, 133 m), China. The site has a temperate semi-humid continental monsoon climate. July is the hottest and the rainiest month. The annual average temperature and rainfall over the past 20 years were 11.6 °C and 638.3 mm (Figure 1b) [27]. The predominant species is Quercus liaotungensis, with the following typical values: diameter at breast height, 9.7 cm; canopy density, 69%; average height, 8.4 m; and plant density, 2963 trees ha−1 [8]. According to the World Reference Base for Soil Resources soil classification, the soil in the study area is a Chromic Luvisol, consisting of 51% sand, 40% silt, and 9% clay [28]. More details of soil properties are given in Table 1. The experimental plots, laid out at random, did not differ significantly in their soil properties before the addition of N.



In March 2011, seven plots, each measuring 10 × 10 m and dominated by Q. liaotungensis, were chosen for the experiment. Each set of the seven plots formed one block, and the entire experiment comprised three such blocks, each corresponding to one replication. Within each block, the seven treatments were assigned at random. A 1.5 m wide buffer zone separated each plot from the next to avoid any interference from the adjacent treatment. The seven treatments comprised a control with no addition of N and two doses of N, low or high (50 kg or 150 kg of N given annually per hectare), given either as (NH4)2SO4, NH4NO3, or NaNO3. The two doses were meant to simulate approximately two times and five times the actual annual deposition of N in the study region (30.6 kg N ha−1). The actual bulk deposition of NH4+-N was, on average, 2.1 times the NO3−-N deposition through atmospheric deposition in the study area. Based on local actual N forms of atmosphere deposition and experiments conducted by peer researchers, the above three N forms were used [8]. Each year from March 2011 to July 2019, the annual dose of N was split into eight equal doses applied monthly during the growing period (from March to October) 1 day after sampling the soil. The required quantity of N was dissolved in distilled water and the solution was sprayed on the soil surface. For the control, only distilled water was sprayed, the total volume of water being the same for the control and for all the treatments.




2.2. Sampling and Analysis


Soil samples, 0–15 cm in depth, were collected from 12 random points using 3.5 cm diameter cores in July 2019, 8 years after initiating the experiment [8]. The soil cores were brought back to the laboratory immediately, stored at 4 °C, and the soil was analysed within 48 h. The air-dried soil samples were mixed, ground, and passed through a 2 mm sieve for removing roots and other residues. Dissolved organic matter from the samples was extracted from the fresh soil samples (equivalent to 5 g oven-dried) with 1:5 soil/water ratio by shaking the soil suspension for 24 h. After centrifugation at 4000 rpm for 20 min, the supernatants were filtered through a 0.45 μm membrane (Whatman, Clifton, NJ, USA). The filtrate was stored in glass bottles at 4 °C, and DOC was measured using a TOC analyser (multi N/C 3100, Analytik Jena, Jena, Germany).




2.3. Characterizations


2.3.1. UV-Visible Spectroscopy


The filtrate was subjected to UV-visible (UV-vis) spectroscopy (240–400 nm) using a spectrophotometer (U-3900, Hitachi, Ibarakiken, Japan) and quartz cells with a 1 cm path length and Milli-Q water as a blank. To reduce the effect of internal filters, samples with high UV-vis absorbance values (as high as 1.50–3.00) were diluted with Milli-Q water to the point at which the absorbance at 300 nm was 0.02 [29,30]. To acquire more details of the DOM from forest soils from the spectra, three indicators were calculated, namely spectral slope coefficient (S275–295, μm−1), UV absorbance at 254 nm (SUVA254, L mg C−1 m−1), and the ratio of UV absorbance at 253 nm to that at 203 nm (A253/A203).



It is known that S275–295 is negatively correlated with the molecular weight of organic material [31] and can be computed from the non-linear least-square regression of the absorption coefficients α(λ) and the wavelength (from 275 nm to 295 nm) (Equations (1) and (2)) [29]:


αλ = 2.303Aλ/l



(1)






αλ = αλ0 e S(λ0 − λ) + K



(2)




where λ (nm) is the chosen wavelength (from 275 nm to 295 nm); αλ (m−1) is the absorption coefficient; Aλ is the absorbance; l is the optical path length (0.01 m); λ0 is the reference wavelength (300 nm); S is the spectral slope coefficient (μm−1); and K is a background parameter.



The second indicator, SUVA254, is widely used for assessing the aromaticity of DOM: the higher values of SUVA254 indicate that aromatic substances are present in larger numbers in the soil [25]. The value of SUVA254 was calculated by dividing the UV absorbance at 254 nm by the content of DOC (Equation (3)) [32]:


SUVA254 = (A254/CDOC) × 100



(3)




where A254 is the absorbance at the wavelength of 254 nm and CDOC is the content of DOC (mg·L−1).



The third indicator, A253/A203, reflected the extent to which aromatic rings in organic compounds had been replaced [33] and was calculated by dividing UV absorbance at 253 nm by that at 203 nm.




2.3.2. Excitation-Emission Matrix Fluorescence Spectroscopy


The fluorescence characteristics of DOM were determined using a spectrophotometer (F-7000, Hitachi, Ibarakiken, Japan). The excitation and emission slits were both set as 5 nm and the scanning range for both excitation and emission were 200–550 nm. Fluorescence intensities were collected at intervals of 5 nm along the excitation and emission wavelengths at a scanning speed of 1200 nm min−1. Milli-Q water was applied as a blank to remove the water Raman scatter peaks [29].



The humification index (HIX) is a ratio of two specific spectral region areas (H and L) of the emission spectrum scanned at an excitation wavelength of 254 nm (Equation (4)) [34]:


HIX = H/L



(4)




where H is the spectral region with emission wavelengths between 300 nm and 345 nm and L is the spectral region with emission wavelengths between 435 nm and 480 nm.




2.3.3. PARAFAC Modelling


A PARAFAC model can methodically decompose and extract individual components of DOM from any EEM fluorescent data set and shows the relative contents of different organic components in every sample [25]. All the EEM spectral data are composed of a three-way array of X with S × I × J, where S, I, and J define the number of samples, emission wavelength, and excitation wavelength, respectively. The model (216 samples × 55 emissions × 55 excitations) can be described using Equation (5):


   x  s i j   =   ∑   f = 1  F   a  s f    b  i f    c  j f   +  e  s i j      for    s = 1 … S ,   i = 1 … I , j = 1 … J  



(5)




where F represents the number of fluorophores;    x  s i j     is the fluorescent peak of the    s  t h     sample at specific emission  i  or excitation  j  wavelength;    a  s f     is proportional to the concentration of the    f  t h     organic component in the    s  t h     sample;    b  i f     and    c  j f     are judgements of the emission and excitation spectrum, respectively, for the    f  t h     organic component; and    e  s i j     is the residual matrix applied to minimise the sum of squared residuals by transforming the least-squares algorithm [35].





2.4. Statistical Analyses


Data analysis was conducted mainly using Origin 2018 and SPSS ver. 26.0. Before one-way analysis of variance (ANOVA), data were checked for normality using the Levene and Mauchly’s test. One-way ANOVA and the least significant difference test were applied to confirm the influences of the form and the dose of N and their possible interplay on the concentration of DOC. EEM-PARAFAC analysis was accomplished applying the DOMFluor toolbox in MATLAB R2010a. Split-half analysis was applied to confirm the accuracy of the decomposed data from PARAFAC modelling, and data on the constituents of DOM were exported using MATLAB.





3. Results and Discussion


3.1. Effect of N Addition on Soil Available Nitrogen and Dissolved Organic Carbon


Soil available N was significantly affected by N form, N level, and their interaction (Table 2). The overall effect of N addition on soil NH4+-N and NO3-N was positive, with an average increase of 41.89% and 110.18%, respectively. Soil NH4+-N and NO3-N content reached the maximum value of 4.59 and 26.47 mg·kg−1 under (NH4)2SO4 and NaNO3 treatment, respectively, in 2019 (Table 2). Both low- and high-level N addition significantly stimulated available N content, and high level of N addition exerted significantly stronger effects on NO3-N content than that of low level (Table 2).



Nitrogen in all the three forms and both the doses raised the content of DOC in the samples substantially (Figure 2), from 110.00 mg·kg−1 in the control to 129.25–235.07 mg·kg−1 in the treatments. These results were consistent with those from many earlier studies [36,37,38,39]. In the present study, the amounts of above-ground and below-ground biomass C following the addition of N increased significantly, by 29.00% and 16.11% on average, respectively, compared to the control (unpublished data). Tipping et al. [40] suggested that higher productivity of forests supplied with N increases the amount of DOC stored, its source being the diverse organic materials. The addition of N also alters the production of microbial DOM by promoting or inhibiting the activities of specific microorganisms [41]. Wang et al. [6] showed that the addition of N led to a moderate degradation of organic matter and the accumulation of tissue softened by rotting, the contents of which are more easily soluble in water. In the present study, adding N lowered the soil pH from 7.13 to 6.71–5.44. Macalady et al. [21] suggested that adding N changes the solute chemistry in many ways, including increasing ion strength and acidity, thereby reducing the amount of DOC lost through leaching; the same result is achieved also by the more acidic conditions [21,42], thereby leading to accumulation of DOC in larger quantities [6].



Compared to the control, the lower dose of N increased DOC content by approximately 55% on average, whereas the corresponding figure for the higher dose was a little above 13% (Table 3). This difference was probably due to N enrichment at different stages. In the study region, N was the limiting factor in the initial years and its supply increased the tree biomass [8,43]. The effects of N addition on the priming effect could be well explained by the “N mining” mechanism: The removal of energy limitation of microorganisms after fresh litter input enabled them to produce energetically expensive and N demanding extracellular enzymes to decompose soil organic matter for nutrient acquisition (such as N) [44]. However, as the experiment continued, the priming effect declined gradually when the soil was relieved from N limitation. Fresh litter and N addition supplied not only C and energy but also other nutrients (such as N) for microorganisms, the amounts of which could meet microbial demands and impeded their need to mine N from soil organic matter. Therefore, “stoichiometric theory” might be applicable when the litter input contained not only C but also N [45]. The accumulation of N weakened the N-induced priming effect [46], which meant that smaller quantities of DOC were released, leading to the accumulation of refractory substances [47]. We believe that the accumulation of N in ever increasing amounts will lower the content of DOC in soil in the future.



The content of DOC varied with the form of N, the average of the two doses being 133.00 ± 9.30 mg·kg−1 for (NH4)2SO4, 154.68 ± 11.60 mg·kg−1 for NH4NO3, and 182.16 ± 9.11 mg·kg−1 for NaNO3, with the corresponding increase in DOC being approximately 21%, 40%, and 66% (Table 3). When the dose was low (50 kg N ha−1), the form of N exerted a significant effect on soil DOC content (Table 4). A recent global meta-analysis indicated that nitrification is suppressed as the ratio of NH4+ to NO3− increases following the deposition of N deposition, with NH4+ being the dominant form. More important, the content of DOC was found to be strongly controlled by the form of N, with NO3−-N exerting a greater effect than NH4+-N [39,48], a finding consistent with our result.




3.2. Characterization of Parameters Using UV-Visible Spectroscopy and Excitation-Emission Matrix Fluorescence Spectroscopy


No prominent absorption peaks were found in the UV-vis spectra, although the different treatments resulted in a marked red-shift (Figure 3), which shows that the addition of N can increase the soil DOM chromophore, thereby increasing its light absorption capacity, and that the conjugate structure of soil DOM and the degree of humification are also increased [49]. As illustrated in Table 5, the value of S275–295 for the control was 14.59 μm−1 whereas that in the treatments was 11.60–13.95 μm−1. The increase points to the greater molecular weight of the DOM, which may be because it contained more double bonds and became more aromatic [6]. Substituted aromatic ring structures generally result in higher values of A253/A203, which suggests that the organic components contain a greater number of polar functional groups (i.e., carboxylic, carbonyl, hydroxyl, and ester groups) on aromatic rings [50]. The values of A253/A203 in the treatments ranged from 0.22 to 0.37; the higher values imply that the DOM in soils to which N had been added contained a greater number of substitute functional groups and aliphatic chain structures, probably because of the increased contents of reactive groups (carboxyl, hydroxyl, carbonyl, ester, etc.) in the aromatic ring substituents of the weakly acidic environment [50].



The increase in specific ultraviolet absorbance (SUVA) indicates the high concentration of aromatic compounds, because SUVA values are positively related to the aromatic carbon content of DOM [26]: SUVA254 values of soil samples from the treatments varied from 2.57 to 9.76 (Table 4), similar to those reported by Yuan et al. [2]. Ogawa et al. [51] demonstrated that microbial processes change the molecular structure of DOM. The increase in SUVA may have been due to the preferential use of non-aromatic groups by microorganisms or their ability to transform labile compounds to aromatic carbon structures, or a combination of both [26,52]; the increase may also have been due to the rapid transformation of perishable compounds by microorganisms, resulting in products containing more unsaturated carbon bonds that absorb UV light at 254 nm [53]. Qin et al. [54] reported significant negative correlations between S275–295 and SUVA values, an observation that matches the results of our study. The increase in HIX (from 4.51 to 8.28) in the treatments may be because the microbial activity changed the fluorescent components associated with longer wavelengths and/or structural modification [55].




3.3. PARAFAC Analysis of Temperate Forest Soil DOM


The three-dimensional fluorescence (or EEM) spectra combined with PARAFAC modelling were applied to identify different components of DOM in surface soil from the temperate forest. The model identified three organic components that differed between the samples from the control (Figure 4) and those from the treatments (Figure 5). Split-half analysis showed the selection of the factor number to be reasonable (Figure 6 and Figure 7). The three organic constituents found in samples from the control and treatments, referred to as model A and model B, respectively, comprised a fulvic-like constituent (C1), a humic-like constituent (C2), and a protein-like constituent (C3).



The fulvic-like constituent showed one peak at Ex/Em wavelengths of 245/420 nm, respectively. This spectral characteristic was identified as that of the fulvic-like fluorescence. The humic-like constituent showed a primary and a secondary peak, at 275/480 nm (Ex/Em) and 365/480 (Ex/Em), respectively, suggesting that the component was similar to humic acid fluorophores. The protein-like component was identified with two fluorescence peaks: the bottom peak (225/305 nm) stood for the tyrosine-like peak B components and the top peak (225/375 nm), for the tryptophan-like peak T components. Lee et al. [56] reported that organic components fluorescent at long wavelengths are related to high aromatic polycondensation structural organic matter, whereas fluorophores at short wavelengths indicate the presence of low aromatic organic components. Compared to C1 and C3, the peak position of C2 was shifted towards longer wavelengths. We speculate that the C2 organic components were related to the larger molecular weight and extremely condensed structures, indicating greater stability.



The addition of N did not affect the position of the DOM fluorescent group (Figure 6) but did change the proportions of the three PARAFAC-derived components (Figure 8). Specifically, the proportions of C1 and C2 tended to increase whereas those of C3 tended to decrease. These trends were probably the result of a greater number of polycondensation structures being formed by the utilization of unstable chemical compounds by microorganisms [52]. This change shows that the structure of DOM in soils to which N has been added tends to be more complicated and stable. In general, long-term addition of N probably increases the possibility of the loss protein-like constituents from surface soil and also increases the degree of soil humification. At the same time, the long-term accumulation of N might also lead to the massive accumulation of non-biodegradable substances, resulting in difficulty in the utilization of soil nutrients [2].





4. Conclusions


Deploying UV-vis spectroscopy and EEM-PARAFAC modelling to study DOM in soil reveals the influence of the long-term addition of N to forest soil on DOM in the form of changes in its properties and provides a reference for further ecosystem C storage research. The addition of N greatly increases the content of DOC in forest soils, and the magnitude of that increase depends on the form and the dose of N. The spectral characteristics of DOM revealed more detailed structural changes. Although the addition of N did not alter the fluorophore position in the DOM in forest soil, it did affect the proportions of the three PARAFAC-derived components in the DOM. The characterization parameters achieved through UV-vis and EEM spectroscopy showed that adding N makes DOM more aromatic and increases the degree of its humification. Our observation suggested that N addition made soil DOM a more complex microstructure and difficult to decompose and release, which might be beneficial for the maintenance of soil fertility and effective for soil organic carbon sequestration. Considering the amount (30.6 kg N ha−1 year−1) of local actual N deposition and the decrease in NH4+-N/NO3−-N in the composition of N deposition, we inferred that there might be many other ecological consequences of DOM in our study area in the future, which should attract the widespread attention of scientists and the public.







Author Contributions


Conceptualization, C.W., P.W. and M.S.; methodology, P.W. and C.W.; software, P.W. and M.S.; formal analysis, P.W. and M.S.; investigation, P.W.; resources, P.W.; data curation, P.W.; writing—original draft preparation, P.W. and M.S.; writing—review and editing, P.W., C.W. and M.S.; visualization, P.W.; supervision, C.W.; project administration, C.W.; funding acquisition, C.W. All authors have read and agreed to the published version of the manuscript.




Funding


This study is funded by the National Natural Science Foundation of China (No. 41971024 and 41373069).




Data Availability Statement


Data is available when it is requested.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Kalbitz, K.; Solinger, S.; Park, J.H.; Michalzik, B.; Matzner, E. Controls on the dynamics of dissolved organic matter in soils: A review. Soil Sci. 2000, 165, 277–304. [Google Scholar] [CrossRef]

	



Yuan, X.-C.; Si, Y.-T.; Lin, W.-S.; Wu, H.-H.; Xu, X.-K.; Cheng, W.-G.; Fu, P.-Q.; Li, F.-Y. Effects of short-term warming and nitrogen addition on the quantity and quality of dissolved organic matter in a subtropical Cunninghamia lanceolata plantation. PLoS ONE 2018, 13, e0191403. [Google Scholar] [CrossRef]

	



Wang, Q.-K.; Zhong, M.-C.; Wang, S.-L. A meta-analysis on the response of microbial biomass, dissolved organic matter, respiration, and N mineralization in mineral soil to fire in forest ecosystems. For. Ecol. Manag. 2012, 271, 91–97. [Google Scholar] [CrossRef]

	



Wu, H.-H.; Xu, X.-K.; Cheng, W.-G.; Fu, C.-S. Antecedent soil moisture prior to freezing can affect quantity, composition and stability of soil dissolved organic matter during thaw. Sci. Rep. 2017, 7, 6380. [Google Scholar] [CrossRef]

	



Wu, H.-H.; Xu, X.-K.; Fu, P.-Q.; Cheng, W.; Fu, C. Responses of soil WEOM quantity and quality to freeze-thaw and litter manipulation with contrasting soil water content: A laboratory experiment. Catena 2021, 198, 105058. [Google Scholar] [CrossRef]

	



Wang, J.-J.; Liu, Y.; Bowden, R.; Gielen, B.; Neirynck, J.; Luyssaert, S.; Janssens, I.A. Long-term nitrogen addition alters the composition of soil-derived dissolved organic matter. ACS Earth Space Chem. 2020, 4, 189–201. [Google Scholar] [CrossRef]

	



Gielen, B.; Neirynck, J.; Luyssaert, S.; Janssens, I.A. The importance of dissolved organic carbon fluxes for the carbon balance of a temperate Scots pine forest. Agric. For. Meteorol. 2011, 151, 270–278. [Google Scholar] [CrossRef]

	



Wang, C.-M.; Yang, X.-T.; Xu, K. Effect of chronic nitrogen fertilization on soil CO2 flux in a temperate forest in North China: A 5-year nitrogen addition experiment. J. Soils Sediments 2017, 18, 506–516. [Google Scholar] [CrossRef]

	



Galloway, J.N.; Townsend, A.R.; Erisman, J.W.; Bekunda, M.; Cai, Z.; Freney, J.R.; Martinelli, L.A.; Seitzingre, S.P.; Sutton, M.A. Transformation of the Nitrogen Cycle: Recent Trends, Questions, and Potential Solutions. Science 2008, 320, 889–892. [Google Scholar] [CrossRef]

	



Gu, F.; Zhang, Y.; Huang, M.; Tao, B.; Yan, H.M.; Guo, R.; Li, J. Nitrogen deposition and its effect on carbon storage in Chinese forests during 1981–2010. Atmos. Environ. 2015, 123, 171–179. [Google Scholar] [CrossRef]

	



Balducci, L.; Deslauriers, A.; Barba, D.D.; Rossi, S.; Houle, D.; Bergeron, Y.; Morin, H. Influence of soil warming and N-addition on sap flux density and stem radius variation in boreal stands in Quebec, Canada. Ecohydrology 2020, 14, e2261. [Google Scholar] [CrossRef]

	



Lv, F.-L.; Xue, S.; Wang, G.-L.; Zhang, C. Nitrogen addition shifts the microbial community in the rhizosphere of Pinus tabuliformis in Northwestern China. PLoS ONE 2017, 12, e0172382. [Google Scholar] [CrossRef]

	



Sun, S.-Q.; Wu, Y.-H.; Zhang, J.; Wang, G.-X.; DeLuca, T.-H.; Zhu, W.-Z.; Li, A.-D.; Duan, M.; He, L. Soil warming and nitrogen deposition alter soil respiration, microbial community structure and organic carbon composition in a coniferous forest on eastern Tibetan Plateau. Geoderma 2019, 353, 283–292. [Google Scholar] [CrossRef]

	



Qualls, R.G.; Haines, B.L. Biodegradability of Dissolved Organic Matter in Forest Throughfall, Soil Solution, and Stream Water. Soil Soil Sci. Soc. Am. J. 1992, 56, 578–586. [Google Scholar] [CrossRef]

	



Mcdowell, W.H.; Magill, A.H.; Aitkenhead-Peterson, J.A.; Aber, J.D.; Merriam, J.L.; Kaushal, S.S. Effects of chronic nitrogen amendment on dissolved organic matter and inorganic nitrogen in soil solution. For. Ecol. Manag. 2004, 196, 29–41. [Google Scholar] [CrossRef]

	



Michel, K.; Matzner, E.; Dignac, M.F.; Kögel-Knabner, I. Properties of dissolved organic matter related to soil organic matter quality and nitrogen additions in Norway spruce forest floors. Geoderma 2006, 130, 250–264. [Google Scholar] [CrossRef]

	



Camino-Serrano, M.; Gielen, B.; Luyssaert, S.; Ciais, P.; Vicca, S.; Guenet, B.; Vos, B.D.; Cools, N.; Ahrens, B.; Arain, M.A.; et al. Linking variability in soil solution dissolved organic carbon to climate, soil type, and vegetation type. Glob. Biogeochem. Cycle. 2014, 28, 497–509. [Google Scholar] [CrossRef]

	



HyvÖnen, R.; Persson, T.; Andersson, S.; Olsson, B.; Ågren, G.I.; Linder, S. Impact of long-term nitrogen addition on carbon stocks in trees and soils in northern Europe. Biogeochemistry 2008, 89, 121–137. [Google Scholar] [CrossRef]

	



Gundersen, P.; Emmett, B.A.; Kjnøaas, O.J.; Koopmans, C.J.; Tietema, A. Impact of nitrogen deposition on nitrogen cycling in forests: A synthesis of NITREX data. For. Ecol. Manag. 1998, 101, 37–55. [Google Scholar] [CrossRef]

	



Raastad, I.A.; Mulder, J. Dissolved Organic Matter (DOM) in Acid Forest Soils at Gådsjön (Sweden): Natural Variabilities and Effects of Increased Input of Nitrogen and of Reversal of Acidification. Water Air Soil Pollut. 1999, 114, 199–219. [Google Scholar] [CrossRef]

	



Macalady, J.L.; Jones, D.S.; Lyon, E.H. Nitrogen addition alters mineralization dynamics of 13C-depleted leaf and twig litter and reduces leaching of older DOC from mineral soil. Glob. Chang. Biol. 2012, 18, 1412–1427. [Google Scholar]

	



Xu, P.; Zhu, J.; Fu, Q.; Chen, J.Z.; Hu, H.Q.; Huang, Q.Y. Structure and biodegradability of dissolved organic matter from Ultisol treated with long-term fertilizations. J. Soils Sediments 2018, 18, 1865–1872. [Google Scholar] [CrossRef]

	



Cook, S.; Peacock, M.; Evans, C.D.; Page, S.E.; Whelan, M.J.; Gauci, V.; Kho, L.K. Quantifying tropical peatland dissolved organic carbon (DOC) using a UV-visible spectroscopy. Water Res. 2017, 115, 229–235. [Google Scholar] [CrossRef]

	



Zhao, C.; Wang, Z.-H.; Wang, C.-C.; Li, X.; Wang, C.-C. Photocatalytic degradation of DOM in urban stormwater runoff with TiO2 nanoparticles under UV light irradiation: EEM-PARAFAC analysis and influence of co-existing inorganic ions. Environ. Pollut. 2018, 243, 177–188. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, C.; Gao, S.-J.; Zhou, L.; Li, X.; Chen, X.; Wang, C.-C. Dissolved organic matter in urban forestland soil and its interactions with typical heavy metals: A case of Daxing District, Beijing. Environ. Sci. Pollut. Res. 2019, 26, 2960–2973. [Google Scholar] [CrossRef]

	



Nguyen, H.V.; Choi, J.H. Changes in the dissolved organic matter leaching from soil under severe temperature and N-deposition. Environ. Monit. Assess. 2015, 187, 323. [Google Scholar] [CrossRef]

	



Yang, X.-T.; Wang, C.-M.; Xu, K. Response of soil CH4 fluxes to stimulated nitrogen deposition in a temperate deciduous forest in northern China: A 5-year nitrogen addition experiment. Eur. J. Soil Biol. 2017, 82, 43–49. [Google Scholar] [CrossRef]

	



Xu, K.; Wang, C.; Yang, X. Five-year study of the effects of simulated nitrogen deposition levels and forms on soil nitrous oxide emissions from a temperate forest in northern China. PLoS ONE 2017, 12, e0189831. [Google Scholar] [CrossRef]

	



Zhao, C.; Wang, C.-C.; Li, J.-Q.; Wang, C.-Y.; Wang, P.; Pei, Z.-J. Dissolved organic matter in urban stormwater runoff at three typical regions in Beijing: Chemical composition, structural characterization and source identification. RSC Adv. 2015, 5, 73490–73500. [Google Scholar] [CrossRef]

	



Zhao, C.; Wang, C.-C.; Li, J.-Q.; Wang, P.; Ou, J.-Q.; Cui, J.-R. Interactions between copper (II) and DOM in the urban stormwater runoff: Modeling and characterizations. Environ. Technol. 2018, 39, 120–129. [Google Scholar] [CrossRef]

	



Helms, J.R.; Stubbins, A.; Ritchie, J.D.; Minor, E.C.; Kieber, D.J.; Mopper, K. Absorption spectral slopes and slope ratios as indicators of molecular weight, source, and photobleaching of chromophoric dissolved organic matter. Limnol. Oceanogr. 2008, 53, 955–969. [Google Scholar] [CrossRef]

	



Pifer, A.D.; Fairey, J.L. Improving on SUVA254 using fluorescence-PARAFAC analysis and asymmetric flow-field flow fractionation for assessing disinfection byproduct formation and control. Water Res. 2012, 46, 2927–2936. [Google Scholar] [CrossRef]

	



Fuentes, M.; González-Gaitano, G.; García-Mina, J.M. The usefulness of UV-visible and fluorescence spectroscopies to study the chemical nature of humic substances from soils and composts. Org. Geochem. 2006, 37, 1949–1959. [Google Scholar] [CrossRef]

	



Huguet, A.; Vacher, L.; Relexans, S.; Saubusse, S.; Froidefond, J.M.; Parlanti, E. Properties of fluorescent dissolved organic matter in the Gironde Estuary. Org. Geochem. 2009, 40, 706–719. [Google Scholar] [CrossRef]

	



Stedmon, C.A. Tracing dissolved organic matter in aquatic environments using a new approach to fluorescence spectroscopy. Mar. Chem. 2003, 82, 239–254. [Google Scholar] [CrossRef]

	



Bragazza, L.; Freeman, C.; Jones, T.; Rydin, H.; Limpens, J.; Fenner, N.; Ellis, T.; Gerdol, R.; Hájek, M.; Hájek, T. Atmospheric nitrogen deposition promotes carbon loss from peat bogs. Proc. Natl. Acad. Sci. USA 2006, 103, 19386–19389. [Google Scholar] [CrossRef] [PubMed]

	



Smemo, K.; Zak, D.; Pregitzer, K.; Burton, A. Characteristics of DOC exported from northern hardwood forests receiving chronic experimental NO3− deposition. Ecosystems. 2007, 10, 369–379. [Google Scholar] [CrossRef]

	



Lu, M.; Zhou, X.; Luo, Y.; Yang, Y.H.; Fang, C.M.; Chen, J.K.; Li, B. Minor stimulation of soil carbon storage by nitrogen addition: A meta-analysis. Agric. Ecosyst. Environ. 2011, 140, 234–244. [Google Scholar] [CrossRef]

	



Zia, A.; Berg, L.V.D.; Riaz, M.; Arif, M.; Zia, D.; Khan, S.J.; Ahmad, M.N.; Attaullah, A.M. Nitrogen induced DOC and heavy metals leaching: Effects of nitrogen forms, deposition loads and liming. Environ. Pollut. 2020, 265, 114981. [Google Scholar] [CrossRef]

	



Tipping, E.; Fröberg, M.; Berggren, D.; Mulder, J.; Bergkvist, B. DOC leaching from a coniferous forest floor: Modeling a manipulation experiment. J. Plant Nutr. Soil Sci. 2005, 168, 316–324. [Google Scholar] [CrossRef]

	



Zak, D.R.; Pregitzer, K.S.; Burton, A.J.; Edwards, I.P.; Kellner, H. Microbial responses to a changing environment: Implications for the future functioning of terrestrial ecosystems. Fungal Ecol. 2011, 4, 386–395. [Google Scholar] [CrossRef]

	



Lu, X.; Gilliam, F.S.; Yu, G.; Li, L.; Mao, Q.; Chen, H.; Mo, J. Long-term nitrogen addition decreases carbon leaching in a nitrogen-rich forest ecosystem. Biogeosciences 2013, 10, 3931–3941. [Google Scholar] [CrossRef]

	



Qiu, J.; Song, M.; Li, Y.; Wang, C. High level of ammonium nitrogen increases net ecosystem productivity in a Quercus liaotungensis forest in northern China. Atmosphere 2022, 13, 889. [Google Scholar] [CrossRef]

	



Gunina, A.; Kuzyakov, Y. From energy to (soil organic) matter. Glob. Chang. Biol. 2022, 28, 2169–2182. [Google Scholar] [CrossRef]

	



Averill, C.; Waring, B. Nitrogen limitation of decomposition and decay: How can it occur? Glob. Chang. Biol. 2017, 24, 1417–1427. [Google Scholar] [CrossRef]

	



Feng, J.; Tang, M.; Zhu, B. Soil priming effect and its responses to nutrient addition along a tropical forest elevation gradient. Glob. Chang. Biol. 2021, 27, 2793–2806. [Google Scholar] [CrossRef]

	



Frey, S.D.; Ollinger, S.; Nadelhoffer, K.; Bowden, R.; Brzostek, E.; Burton, A.; Caldwell, B.A.; Crow, S.; Goodale, C.L.; Grandy, A.S.; et al. Chronic nitrogen additions suppress decomposition and sequester soil carbon in temperate forests. Biogeochemistry 2014, 121, 305–316. [Google Scholar] [CrossRef]

	



Evans, C.D.; Goodale, C.L.; Caporn, S.J.M.; Dise, N.B.; Emmett, B.A.; Fernandez, I.J.; Field, C.D.; Findlay, S.E.G.; Lovett, G.M.; Meesenburg, H. Does Elevated Nitrogen Deposition or Ecosystem Recovery from Acidification Drive Increased Dissolved Organic Carbon Loss from Upland Soil? A Review of Evidence from Field Nitrogen Addition Experiments. Biogeochemistry 2008, 91, 13–35. [Google Scholar] [CrossRef]

	



Bricaud, A.; Morel, A.; Prieur, L. Absorption by dissolved organic matter of the sea (yellow substance) in the UV and visible domains. Limnol. Oceanogr. 1981, 26, 43–53. [Google Scholar] [CrossRef]

	



Korshin, G.V.; Benjamin, M.M.; Sletten, R.S. Adsorption of natural organic matter (NOM) on iron oxide: Effects on NOM composition and formation of organo-halide compounds during chlorination. Water Res. 1997, 31, 1643–1650. [Google Scholar] [CrossRef]

	



Ogawa, H. Production of Refractory Dissolved Organic Matter by Bacteria. Science 2001, 292, 917–920. [Google Scholar] [CrossRef] [PubMed]

	



Hur, J.; Park, M.H.; Schlautman, M.A. Microbial transformation of dissolved leaf litter organic matter and its effects on selected organic matter operational descriptors. Environ. Sci. Technol. 2009, 43, 2315–2321. [Google Scholar] [CrossRef] [PubMed]

	



Gruber, D.F.; Simjouw, J.P.; Seitzinger, S.P.; Taghon, G.L. Dynamics and Characterization of Refractory Dissolved Organic Matter Produced by a Pure Bacterial Culture in an Experimental Predator-Prey System. Appl. Environ. Microbiol. 2006, 72, 4184–4191. [Google Scholar] [CrossRef] [PubMed]

	



Qin, X.-Q.; Yao, B.; Jin, L.; Zheng, X.-Z.; Ma, J.; Benedetti, M.F.; Li, Y.-T.; Ren, Z.-L. Characterizing Soil Dissolved Organic Matter in Typical Soils from China Using Fluorescence EEM-PARAFAC and UV-Visible Absorption. Aquat. Geochem. 2020, 26, 71–88. [Google Scholar] [CrossRef]

	



Ishii, S.K.L.; Boyer, T.H. Behavior of Reoccurring PARAFAC Components in Fluorescent Dissolved Organic Matter in Natural and Engineered Systems: A Critical Review. Environ. Sci. Technol. 2012, 46, 2006–2017. [Google Scholar] [CrossRef]

	



Lee, B.M.; Seo, Y.S.; Hur, J. Investigation of adsorptive fractionation of humic acid on graphene oxide using fluorescence EEM-PARAFAC. Water Res. 2015, 73, 242–251. [Google Scholar] [CrossRef]








[image: Forests 14 00775 g001 550] 





Figure 1. Geographical location (a) and the temperature and precipitation (b) of the study site. 
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Figure 2. Content of dissolved organic carbon under different N addition. Vertical bars represent ±SE (n = 3). A, (NH4)2SO4; AN, NH4NO3; N, NaNO3. Means with different lowercase letters are significantly different at p < 0.05. 
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Figure 3. UV-vis spectra of DOM extracted from temperate forestry soil samples under different treatment. A, (NH4)2SO4; AN, NH4NO3; N, NaNO3. 50, 50 kg N ha−1 year−1; 150, 50 kg N ha−1 year−1. 
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Figure 4. PARAFAC model A. Spectral characteristic EEM images of fluorescent components identified using EEM-PARAFAC analysis of temperate forest soil sample. 
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Figure 5. PARAFAC model B. Spectral characteristic EEM images of fluorescent components identified using EEM-PARAFAC analysis of temperate forest soil sample with the addition of nitrogen. 
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Figure 6. Split half validation of PARAFAC model A. When the fits of the splits are similar to each other and the entire model, a high stability of the model and low randomness of the fluorophores are given. 
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Figure 7. Split half validation of PARAFAC model B. When the fits of the splits are similar to each other and the entire model, a high stability of the model and low randomness of the fluorophores are given. 
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Figure 8. The percentage of PARAFAC-derived components in three surface soil DOM from temperate forest. Model A, the control group; Model B, the group with N addition. C1, fulvic-like constituent; C2, humic-like constituents; C3, protein-like constituent. 
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Table 1. Physical-chemical properties in the upper 15 cm of soil before N addition (n = 3).
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	Soil Property
	Bulk Density

(g cm−3)
	pH
	Organic C

(g kg−1)
	Total N

(g kg−1)
	NH4+

(mg kg−1)
	NO3−

(mg kg−1)
	C/N





	Value
	1.21 ± 0.32
	7.13 ± 0.21
	29.78 ± 1.06
	2.42 ± 0.88
	2.48 ± 0.47
	12.95 ± 1.28
	12.25 ± 0.42
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Table 2. Average NH4+-N and NO3-N content in control and N addition plots.
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	Average NH4+-N

Content (mg·kg−1)
	Increase

from Control
	
	Average NO3−-N

Content (mg·kg−1)
	Increase

from Control





	Control
	2.97 ± 0.28 b
	—
	Control
	11.72 ± 1.29 c
	—



	Low
	4.31 ± 0.31 a
	45.12%
	Low
	21.55 ± 1.54 b
	83.87%



	High
	4.24 ± 0.35 a
	42.76%
	High
	28.72 ± 3.15 a
	145.05%



	Control
	2.97 ± 0.28 c
	
	Control
	11.72 ± 1.29 c
	



	NaNO3
	3.78 ± 0.02 b
	27.27%
	NaNO3
	26.47 ± 5.94 a
	125.85%



	(NH4)2SO4
	4.59 ± 0.08 a
	54.55%
	(NH4)2SO4
	21.29 ± 3.40 b
	81.66%



	NH4NO3
	4.15 ± 0.11 ab
	39.73%
	NH4NO3
	25.13 ± 3.58 a
	114.47%







Note: Different lowercase letters represent significant differences (p = 0.05).
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Table 3. Average DOC content in control and N addition plots.
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	Average DOC

Content (mg·kg−1)
	Increase

from Control
	
	Average DOC

Content (mg·kg−1)
	Increase

from Control





	Control
	110.00 ± 4.92 a
	—
	Control
	110.00 ± 4.92 a
	—



	Low
	184.82 ± 11.09 c
	54.99%
	(NH4)2SO4
	133.00 ± 9.30 b
	40.62%



	High
	135.07 ± 8.78 b
	13.27%
	NH4NO3
	154.68 ± 11.60 c
	20.91%



	
	
	
	NaNO3
	182.16 ± 9.11 d
	65.60%







(NH4)2SO4 = average DOC content in both low and high (NH4)2SO4 addition plots (NH4NO3 and NaNO3 were calculated in the same way). Low = average DOC content in L-(NH4)2SO4, L- NH4NO3 and L- NaNO3 plots (high was calculated in the same way). Means with different lowercase letters in the same column are significantly different at p < 0.05.
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Table 4. Results of one-way ANOVA and LSD test on the effects of time, N form and level, and their interactions on cumulative DOC content.
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	Subjects
	d.f.
	F
	p





	N form
	2
	10.267
	0.002



	N level
	1
	110.856
	0.000



	N form × N level
	2
	42.855
	0.000
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Table 5. The average values of characterization parameters calculated by UV-vis and EEM spectral data (n = 21).
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	Treatment
	S

(μm−1)
	SUVA254

(L mg C−1 m−1)
	A253/A203
	HIX





	CK
	14.59 (0.21)
	2.57 (0.15)
	0.22 (0.09)
	4.51 (0.18)



	A50
	11.60 (0.16)
	9.76 (0.21)
	0.37 (0.11)
	8.16 (0.23)



	A150
	12.81 (0.22)
	6.10 (0.26)
	0.32 (0.08)
	5.16 (0.21)



	AN50
	13.33 (0.15)
	4.98 (0.18)
	0.33 (0.13)
	6.69 (0.19)



	AN150
	13.95 (0.28)
	9.18 (0.14)
	0.34 (0.06)
	6.17 (0.22)



	N50
	13.89 (0.17)
	7.79 (0.16)
	0.34 (0.12)
	4.80 (0.17)



	N150
	13.32 (0.11)
	6.90 (0.13)
	0.30 (0.07)
	8.28 (0.28)







A, (NH4)2SO4; AN, NH4NO3; N, NaNO3. 50, 50 kg N ha−1 year−1; 150, 150 kg N ha−1 year−1. HIX, humification index. All values are reported as “mean (standard deviation)” based on measurement results for triplicated samples.
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