
Referee 1 

 

General Comments 

 

This manuscript investigates the content, molecular composition, and biodegradability of 

water-soluble organic carbon (WSOC) across a 7.4 m soil profile at the southern boundary of 

the boreal forest. The authors employ a combination of spectroscopic analyses and laboratory 

incubations to evaluate depth-resolved changes in WSOC properties and their relation to 

biodegradability. The study is timely and relevant given the sensitivity of boreal carbon stocks 

to climate change and permafrost degradation. It contributes valuable data on deep soil carbon 

dynamics, particularly from a region (southern margin of the boreal forest in Northeast China) 

that is underrepresented in current literature. 

 

The manuscript is generally well-structured and clearly written, with a sound experimental 

design and appropriate data analysis. However, a few aspects require clarification or 

improvement to enhance the manuscript's scientific rigor and presentation. These include a 

better contextualization of the study’s novelty, clearer methodological justifications, and 

refinement of certain interpretations to avoid potential overgeneralization. 

 

Response: We sincerely thank the reviewer for their positive evaluation of our work and their 

constructive suggestions. We appreciate the recognition of our study’s relevance and 

contribution to soil organic carbon research, especially in the underrepresented region of the 

southern boreal forest margin in Northeast China. We have carefully considered all comments 

and have revised the manuscript accordingly to improve its clarity, rigor, and presentation. 

Below, we provide point-by-point responses to the specific comments. 

  

Specific Comments 

 

Novelty and Contribution:  

 



The manuscript would benefit from a clearer articulation of how this study advances current 

understanding beyond existing work (e.g., studies from Alaska, Siberia). The novelty lies in 

deep-profile in situ WSOC characterization at the southern boreal margin—this should be 

emphasized more explicitly in both the abstract and introduction. 

 

Response: We appreciate the valuable comments and fully agree on the need to further highlight 

the novelty of this study. We added the following text in the revised version: 

 

Abstract: In the abstract, we now emphasize that our innovation lies in the deep-profile in-situ 

WSOC characterization at the southern boreal margin. The revised sentence reads: 

 

“Water-soluble organic carbon (WSOC) is an important component of the soil organic carbon 

pool. While the biodegradability and its compositional changes of WSOC in deep soils in boreal 

forests remain unknown. Here, based on spectroscopic techniques, we conducted a 28-day 

laboratory incubation to analyze the molecular composition, biodegradability, and 

compositional changes of WSOC during a laboratory incubation for deep soils at the southern 

boreal margin. The results showed that in the upper 2 m soils, the average content of 

biodegradable WSOC was 0.228 g/kg with an average proportion of 86.41% in the total WSOC. 

In the soil layer between 2.0-7.4 m, the average biodegradable WSOC content was 0.144 g/kg, 

accounting for 80.79% of the total WSOC. Spectroscopic analysis indicates that the WSOC in 

the upper soils is primarily composed of highly aromatic humic acid-like matter with larger 

molecular weights than those in deep soils. Both the aromaticity and molecular weight decrease 

with depth, and the WSOC is mainly composed of fulvic acid-like matter in the deep soils, 

suggesting high biodegradability of WSOC in the deep soils. Overall, our results suggest that 

the water-soluble organic carbon in the boreal forests exhibits high biodegradability both in the 

shallow layer and deep soils.” 

 

Introduction: We added a section explaining how this study advances current understanding 

beyond existing work (e.g., studies from Alaska and Siberia). The revised text is as follows:  

 



Previous studies in permafrost regions showed that several factors can significantly influence 

the concentration, aromaticity, molecular weight, and optical characteristics of dissolved 

organic matter (DOM) (Kurashev et al., 2024). For instance, a freeze–thaw manipulation in a 

continuous permafrost region of northern Sweden showed that WSOC biodegradability 

increased as the freezing front deepened, largely because protein-like compounds accumulated 

at this depth (Panneer Selvam et al., 2016). The chemical nature of WEOM can be an important 

factor affecting the decomposition of SOM (Paré and Bedard‐Haughn, 2013). In addition, 

hydrological-redox status can jointly control the stability of SOM (Pengerud et al., 2013). The 

tabular ground ice contains a high proportion of labile DOC that may accelerate the 

decomposition of permafrost SOM during melting (Semenov et al., 2024). These studies 

improved our understandings of DOM in permafrost regions, while few studies have been 

conducted in the southern boundary area of boreal forest, which may represent the future 

conditions of vast boreal forests due to the climate warming.  

 

Many studies have been conducted to reveal the SOM characteristics within 3 m soils. In a 0–

3 m permafrost profile in the Kolyma River Basin in Siberia, it was found that SOM in 

permafrost contain more water-soluble substrates and, after thaw, can be rapidly degraded by 

active microbes (Uhlířová et al., 2007). In a Northeast Siberia area, the active layer in around 

60 cm, and it was found that the SOM from permafrost within 1 m depth was more sensitive to 

temperature changes than that of active layer (Walz et al., 2017). Since soil deep than 3 m in 

permafrost regions constitute a large proportion of permafrost carbon pools, and this carbon 

pool may also contribute to the future soil organic carbon cycle (Schuur et al., 2022), it is 

necessary to understand the SOM dynamics deeper than 3 m depth. 

 

Microorganisms play a key role in the carbon cycle and strongly influence the biodegradability 

of WSOC (Marschner and Kalbitz, 2003; Kalbitz et al., 2003; Neff and Asner, 2001; Yano et 

al., 2000). Microbial biomass is more abundant in surface horizons, where soil-organic-carbon 

mineralization proceeds rapidly (Henneron et al., 2022; Pei et al., 2025), whereas thaw-

activated bacteria in deeper layers can rapidly mineralize WSOC after permafrost thaws (Drake 

et al., 2015). Microbial use of WSOC is modulated by environmental factors such as soil 



moisture (Zhang et al., 2024; Li et al., 2020) and soil physicochemical properties (Lv et al., 

2024; Shao et al., 2022a). Therefore, detailed knowledge of the content, chemical composition, 

and biodegradability of WSOC along deep soil profiles is critical for clarifying how subsurface 

carbon is mobilized, transformed, and ultimately influences carbon cycling in boreal forests. 

The objective of this study is to quantify WSOC of soil profile that deeper than 3 m in a southern 

boreal margin. We conducted laboratory incubation experiments to determine differences in 

biodegradable water-soluble organic carbon (BWSOC) and employed spectroscopic techniques 

to reveal its compositional characteristics (Kothawala et al., 2014; Chavez-Vergara et al., 2014; 

Sun et al., 2022; Murphy et al., 2008; He et al., 2023). The results can improve our 

understandings of SOC in boreal forests under a warming climate. 

 

Methodological Justification: 

 

The use of nutrient amendments (NH₄NO₃ and K₂HPO₄) in biodegradability assays should be 

more critically discussed in the Methods and Discussion sections. While this standardizes 

microbial activity, it may inflate BWSOC estimates compared to natural field conditions. 

 

Response: We appreciate the reviewer’s insight. Although nutrient amendments are often used 

to standardize microbial activity, they may indeed lead to higher BWSOC estimates under 

laboratory conditions relative to natural conditions. We therefore expanded both the Methods 

and Discussion sections to provide a more critical account of this limitation.  

 

Additions to the Methods section: 

 

To minimize nutrient limitations on microbial activity, standardized amounts of ammonium 

nitrate (NH4NO3) and dipotassium hydrogen phosphate (K2HPO4) were added to each sample. 

Specifically, a 0.02674 mol/L NH4NO3 stock solution was prepared by dissolving 2.14 g of 

NH4NO3 in 1 L of deionized water. Then, 100 µL of this stock solution was added to each 33 

mL sample, resulting in final concentrations of approximately 80 µmol/L for NH4
+ and NO3

-. 

Similarly, a 0.0334 mol/L K2HPO4 solution was prepared by dissolving 5.8176 g of K2HPO4 in 



1 L of deionized water, which was subsequently diluted tenfold to obtain a 0.00334 mol/L 

working solution. We added 100 µL of the diluted K2HPO4 solution to each sample, achieving 

a final PO4
3- concentration of approximately 10 µmol/L (Mu et al., 2017; Vonk et al., 2015). 

Previous studies suggested that these additions are sufficient to prevent nutrient limitation and 

to standardize microbial activity (Mehring et al., 2013; Helton et al., 2015). By equalizing 

nutrient supply across soil layers, we attribute any differences in WSOC consumption to the 

intrinsic properties of the WSOC itself. Each sample was incubated in triplicate, along with two 

control blanks: one with deionized water and another with deionized water plus nutrients, for a 

total of five samples per depth interval. All samples were incubated at 20°C in the dark in a 

constant temperature incubator (Thermo, USA), with caps partially opened. The samples were 

shaken once daily to maintain aerobic conditions. 

 

Additions to the Discussion section: 

 

Our study highlights the differences in the biodegradability of WSOC at various soil depths in 

boreal forest ecosystems. However, it is important to note that the high values of biodegradable 

WSOC (BWSOC) and BWSOC (%) observed in this study may be influenced by several 

methodological factors (Dutta et al., 2006; Vonk et al., 2015; Abbott et al., 2014; Kaplan and 

Newbold, 1995; Frías et al., 1995). In our study, nutrient amendments were used, and the 

samples were incubated under aerobic conditions at a constant temperature of 20°C in the dark. 

Uniform nutrient supply could have induced nutrient-saturation effects in the 0–60 cm samples, 

where the C/N ratio is likely close to the Redfield ratio, thereby lowering BWSOC % (Aber, 

1992; Aber et al., 1997; Gress et al., 2007). Moreover, we used depth-matched inocula to 

preserve native microbe – substrate interactions, consistent with previous WSOC-

biodegradability studies (Bhattacharyya et al., 2022; Pei et al., 2025; Vonk et al., 2015), while 

we did not quantify microbial abundance or community composition. Therefore, the high 

BWSOC % values reflect potential rather than in-situ decomposition rates. Future work is 

required to examine in-situ nutrient status, microbial mass and microbial community structure 

to better understanding the depth-dependent WSOC dynamics. 

 



The use of extracted microbial inoculum per soil layer could introduce variability due to 

differential microbial biomass and viability. Were microbial abundance or composition 

controlled or measured? 

 

Response: We appreciate the reviewer’s concern that depth-specific inocula could introduce 

variability. In this study, each horizon received the same fixed volume of slurry inoculum, 

following procedures described in earlier work (Vonk et al., 2015). Our primary objective was 

to quantify depth-dependent differences in the in-situ biodegradability of WSOC rather than to 

characterize microbial communities; therefore, we did not measure microbial biomass or 

community composition at each depth. We recognize that undetected variation in microbial 

abundance or viability may still have influenced the results. This limitation is now noted in the 

revised Discussion, and future work will include direct assessments of microbial biomass (e.g., 

PLFA, qPCR) and community structure (amplicon sequencing) to better disentangle biological 

from chemical controls on WSOC degradation. The revised discussion is as follows: 

 

Moreover, we used depth-matched inocula to preserve native microbe–substrate interactions, 

consistent with previous WSOC-biodegradability studies (Bhattacharyya et al., 2022; Pei et al., 

2025; Vonk et al., 2015), while we did not quantify microbial abundance or community 

composition. Therefore, the high BWSOC % values reflect potential rather than in-situ 

decomposition rates. Future work including direct assessment of microbial mass and 

community structure is required to examine in-situ nutrient status, microbial mass and 

microbial community structure to better understanding the depth-dependent WSOC dynamics. 

 

 

 

Depth Resolution: 

 

The authors group certain depths for discussion (e.g., “upper 2 m” vs. “below 2 m”), but patterns 

are often non-linear across depths. Consider incorporating a more nuanced, depth-wise 

interpretation where appropriate (especially for Fig. 6 and Table 2). 



 

Response: We appreciate the reviewer’s comment. In the revised manuscript we have (1) 

elaborated the Results to give a finer-scale explanation of depth-related patterns in WSOC 

properties and (2) expanded the Discussion to address their more nuanced, non-linear 

variations—especially for Fig. 6 and Table 2. 

 

Revisions in the Results section: 

 

BWSOC content and degradation kinetics exhibited pronounced, non-linear depth patterns (Fig. 

6). Soils at 60-180 cm depth exhibited higher BWSOC content and degradability compared to 

other depths (Fig. 6). Significant variations in degradation rates were observed during the 

incubation process. The reaction kinetics constant (k values) indicated that WSOC degradation 

rates were lower in deeper soils (220-740 cm) (0.0681-0.0863 day-1) (Table 2), mainly recorded 

between days 14 and 28 of incubation. In contrast, the WSOC at 60-90 cm depth decomposed 

faster during the early stages of incubation, with a k value of 1.0952 (day-1). Although deeper 

soils (below 2m) also contain relatively high BWSOC content, decomposition in these layers 

occurred primarily during the later stages of incubation (days 14–28), whereas the WSOC in 

upper layers (0-180 cm) was rapidly decomposed at the beginning of the incubation period (Fig. 

7). 

 

Revisions in the Discussion section: 

 

Water-soluble organic carbon (WSOC) in boreal forest soils is highly biodegradable, with the 

largest proportion of biodegradable WSOC consistently occurring at depths of 60-160 cm. This 

depth-dependent pattern was reproduced in all replicates. In this study, the 60-160 cm interval 

has a buried organic horizon that contains high organic-matter concentrations (Werdin-Pfisterer 

et al., 2012). Spectroscopic results further confirm that the depth-related differences in 

BWSOC % arise from variations in the chemical composition of water-extractable organic 

matter. In Alaskan Kolyma River basin, WSOC concentrations decreased by about 50% 

following a seven-day incubation (Spencer et al., 2015); in deep soils, ancient low-molecular-



weight organic acids within WSOC are rapidly mineralized, leading to a ~53% decline in 

WSOC after 200 hours of incubation (Koven et al., 2015). The high biodegradability of WSOC 

is closely related to its chemical composition (Burd et al., 2020). In these regions, WSOC 

primarily consists of low-aromaticity, low-molecular-weight organic matter that is readily 

decomposed by microbes (Drake et al., 2015), making it easily accessible for microbial 

utilization (Ward and Cory, 2015). 

 

Despite the high biodegradability of WSOC, decomposition rates in the deeper soils (220-740 

cm) were slower than those in the upper layers (0-180 cm), particularly during the later stages 

of incubation. This pattern suggests that microbes rapidly consumed the most bioavailable 

compounds in the deeper layers at the beginning of the incubation (Wild et al., 2014). Over 

time, the WSOC became increasingly aromatic, indicating that microbes had preferentially 

utilized the more easily decomposable organic matter early on (Drake et al., 2015). At 60–90 

cm, WSOC had lower aromaticity and molecular weight than at 0–60 cm, contributing to faster 

degradation (Kalbitz et al., 2003), particularly during the first 48 hours (Roehm et al., 2009). 

However, degradation rates declined with depth, likely because microbial abundance and 

activity also were lower in deeper horizons (Marschner and Kalbitz, 2003; Neff and Asner, 

2001; Yano et al., 2000). 

 

Our study highlights the differences in the biodegradability of WSOC at various soil depths in 

boreal forest ecosystems. However, it is important to note that the high values of biodegradable 

WSOC (BWSOC) and BWSOC (%) observed in this study may be influenced by several 

methodological factors (Dutta et al., 2006; Vonk et al., 2015; Abbott et al., 2014; Kaplan and 

Newbold, 1995; Frías et al., 1995). In our study, nutrient amendments were used, and the 

samples were incubated under aerobic conditions at a constant temperature of 20°C in the dark. 

Uniform nutrient supply could have induced nutrient-saturation effects in the 0–60 cm samples, 

where the C/N ratio is likely close to the Redfield ratio, thereby lowering BWSOC % (Aber, 

1992; Aber et al., 1997; Gress et al., 2007). Moreover, we used depth-matched inocula to 

preserve native microbe – substrate interactions, consistent with previous WSOC-

biodegradability studies (Bhattacharyya et al., 2022; Pei et al., 2025; Vonk et al., 2015), while 



we did not quantify microbial abundance or community composition. Therefore, the high 

BWSOC % values reflect potential rather than in-situ decomposition rates. Future work is 

required to examine in-situ nutrient status, microbial mass and microbial community structure 

to better understanding the depth-dependent WSOC dynamics. 

 

The high BWSOC% at 60–180 cm is striking—please clarify if this is a consistent finding or 

potentially due to sampling or incubation artifacts. 

 

Response:  We have already clarified this in the Discussion:  

 

Water-soluble organic carbon (WSOC) in boreal forest soils is highly biodegradable, with the 

largest proportion of biodegradable WSOC consistently occurring at depths of 60-160 cm. This 

depth-dependent pattern was reproduced in all replicates and, to the best of our knowledge, 

cannot be attributed to incubation or sampling artefacts. The 60-160 cm interval often coincides 

with a buried organic horizon that contains elevated organic-matter concentrations (Werdin-

Pfisterer et al., 2012). Similar enrichments in readily mineralizable WSOC have been reported 

in Yedoma permafrost soils (Strauss et al., 2015) and have been linked to higher biodegradation 

rates during incubation experiments (Heslop et al., 2019). Spectroscopic results further confirm 

that the depth-related differences in BWSOC % arise from variations in the chemical 

composition of water-extractable organic matter. 

  

Spectroscopic Interpretation: 

 

The authors use SUVA254 and E250/E365 as proxies for aromaticity and molecular weight, 

respectively. This is acceptable, but readers would benefit from a brief discussion on their 

limitations and the role of fluorescence indices (e.g., FI, HIX) that were not used. 

 

Response: We appreciate the suggestion to include fluorescence indices such as the 

Fluorescence Index (FI) and Humification Index (HIX). Unfortunately, the spectro-fluorometer 

settings chosen for this study were designed for rapid, qualitative EEM screening and do not 



allow a reliable calculation of FI or HIX. Therefore, these indices are not reported here. We 

recognize their value for assessing WEOM sources and humification and will incorporate them 

in future work by adjusting the analytical protocol. 

 

In the revised Methods section we now added: 

 

The SUVA254 and the E250/E365 ratio are widely used but semi-quantitative indicators. 

SUVA254 can be inflated by non-aromatic UV-absorbers such as nitrate and dissolved Fe(III) 

and cannot distinguish among different aromatic moieties (Weishaar et al., 2003; Logozzo et 

al., 2022). The E250/E365 ratio provides only a coarse estimate of mean chromophore size; it 

is sensitive to baseline drift, light scattering, and becomes unreliable at low absorbance 

(Peuravuori and Pihlaja, 2004). 

 

Data Interpretation: 

 

The discussion of negative correlations between BWSOC and environmental factors like NH₄⁺, 

NO₃⁻, and EC is somewhat speculative. The proposed mechanism (e.g., nutrient suppression of 

microbial degradation) should be more cautiously framed unless further supported. 

 

Response: We agree with the reviewer that the discussion of potential nutrient inhibition of 

microbial degradation should be presented more cautiously. Accordingly, we have revised the 

relevant paragraph to acknowledge the speculative nature of this mechanism and to offer 

alternative explanations. The revised text is as follows:  

 

BWSOC in this study showed a negative correlation with physicochemical parameters. Similar 

negative EC–BWSOC patterns have been reported for coastal wetland soils, where rising 

salinity restrained microbial residue accumulation and SOC turnover (Qu et al., 2018; Shao et 

al., 2022b), and laboratory studies suggest that osmotic stress can curb microbial respiration of 

labile dissolved organic carbon (Yang et al., 2018). Nutrient effects are strongly context 

dependent; for instance, nitrogen enrichment reduced soil-carbon mineralization in incubation 



experiments with cropland and grassland soils (Perveen et al., 2019), whereas field fertilization 

in a boreal forest increased DOC concentrations under nitrate addition (Shi et al., 2019). These 

contrasting findings indicate that multiple, site-specific processes including osmotic stress, 

stoichiometric imbalance, shifts in microbial community composition, or sorption dynamics 

may underlie the correlations observed in this study. Further manipulation experiments are 

required to disentangle these mechanisms. 

 

Clarify whether BWSOC and degradation constants (k) are significantly correlated with 

SUVA254/E250:E365 using regression statistics. 

 

Response: We thank the reviewer for highlighting the importance of presenting regression 

statistics. The regression results examining whether BWSOC and the degradation constant (k) 

are significantly correlated with SUVA254 and E250/E365 are provided below. 

 

 

Fig S1. Simple linear regressions between the optical indices and the response variables 

requested by the reviewer. (a) BWSOC vs SUVA254; (b) BWSOC vs E250/E365; (c) k vs 

SUVA254; (d) k vs E250/E365. Grey bands are 95 % confidence intervals. Equations and 

coefficients of determination (R2) are printed inside each panel. 

 

Table S1. Simple linear-regression statistics for BWSOC and the degradation constant 

(k) versus the SUVA254 and E250/E365 



Outcome Predictor Slope β SE 95 % CI t p R2 

BWSOC SUVA254 -0.158 0.062 -0.295 – -0.020 -2.55 0.029 0.395 

BWSOC E250/E365 0.003 0.001 0.0003 – 0.006 2.44 0.035 0.374 

k SUVA254 0.014 0.262 -0.570 – 0.599 0.06 0.957 0.000 

k E250/E365 -0.006 0.005 -0.018 – 0.005 -1.25 0.240 0.135 

 

 

Fig S2. Observed-versus-predicted plots for the multiple-linear-regression models. (a) 

BWSOC; (b) degradation constant (k). 

 

Table S2. Model 1 – multiple linear regression predicting BWSOC (g kg-1) 

Predictor B SE β 95 % CI t p VIF 

Intercept 0.203 0.059 - 0.070 – 0.336 3.446 0.007 - 

E250/E365 0.002 0.002 0.354 -0.002 – 0.006 1.115 0.294 1.705 

SUAV254 -0.100 0.080 -0.401 -0.281 – 0.080 -1.262 0.239 1.705 

Model fit: n = 12; R = 0.684; R2 = 0.468; Adjusted R2 = 0.350; F = 3.963 

 

Table S3. Model 2 – multiple linear regression predicting k 

Predictor B SE β 95 % CI t p VIF 

Intercept 0.565 0.236 - 0.031 – 1.098 2.394 0.040 - 

E250/E365 -0.011 0.007 -0.607 -0.260 – 0.005 -1.577 0.149 1.705 

SUAV254 -0.309 0.319 -0.373 -1.032 – 0.413 -0.969 0.358 1.705 

Model fit: n = 12; R = 0.466; R2 = 0.217; Adjusted R2 = 0.043; F = 1.245 

 

Simple‐linear regressions showed that BWSOC declined with SUAV254 (β = -0.158 ± 0.062, p 

= 0.029, R2 = 0.395) and increased with E250/E365 (β = 0.003 ± 0.001, p = 0.035, R2 = 0.374), 



whereas the degradation constant k was not significantly related to either index (p ≥ 0.05). A 

multiple model including both optical variables accounted for 35 % of the variance in BWSOC 

(adjusted R2 = 0.350, p = 0.058) but remained non-significant for k (adjusted R2 = 0.043). 

 

Conclusions: 

 

The final statements about climate-driven SOC loss extrapolate from WSOC data. It would be 

more appropriate to caution that WSOC is a proxy for labile SOC, but not equivalent to total 

SOC vulnerability under field conditions. 

 

Response: We appreciate the reviewer’s insight. We will revise the Conclusions to clarify that 

WSOC represents the labile portion of SOC and serves as a proxy for microbially accessible 

carbon, yet it does not fully capture the vulnerability of the entire SOC stock under field 

conditions. The revised wording more accurately conveys the scope and limitations of our 

findings. 

 

Revised Conclusions: 

 

This study quantitatively analyzed the biodegradability of water-soluble organic carbon 

(WSOC) at various depths in a boreal forest. Our results show that BWSOC content ranges 

from 0.089 g/kg to 0.321 g/kg, with the lowest observed biodegradable WSOC in surface soil 

WSOC reaching 68.08%. Three-dimensional fluorescence spectroscopy indicated that surface 

WEOM is dominated by highly aromatic, humic-acid-like matter. The proportion of fulvic-

acid-like compounds increased with depth, whereas WSOC aromaticity and molecular weight 

declined. As a result, biodegradable SOC in soils below 2 m reached 80.8%. Although WSOC 

in deep horizons had a lower degradation rate than in the upper profile, it remained highly 

biodegradable. Correlation analyses indicate that the molecular composition of WSOC is a key 

factor influencing its biodegradability. Overall, WSOC contents at the southern margin of the 

boreal forest were comparable to those in higher latitudes. Because WSOC represents the most 

labile fraction of the SOC pool, our results suggest that continued climate warming may 



accelerate losses of labile SOC throughout the soil profile in boreal forests. 

  

Technical Corrections 

 

Abstract: Define "BWSOC" at first use (L16).  

 

Response: Biodegradable WSOC (BWSOC) denotes the portion of water-soluble organic 

carbon that can be utilized and metabolized by microorganisms (Khan et al., 1998; Marschner 

and Kalbitz, 2003; Scaglia and Adani, 2009; Vonk et al., 2015). 

 

L60–61: "in situ conditions" – Specify if this refers to field conditions vs. extracted WSOC.  

 

Response: We appreciate this clarification request. In the revised manuscript we will make it 

explicit that, in our study, “in situ” refers to laboratory analyses of WSOC solutions extracted 

from the corresponding soil depths, rather than direct field measurements.  

 

L194: "formulas ... in Supporting Information" – Ensure these are provided. 

 

Response: We have verified that all formulas are already provided in the Supporting 

Information. 

 

Table 2: Units: "g/kg" should be "g kg⁻¹" for consistency; "%" should be "%. 

 

Response: Thank you for pointing this out. In accordance with the journal’s format, we have 

changed "g/kg" to "g kg⁻¹" and ensured that "%" is consistently presented as "%. 

 

Fig. 2: Axis labels are garbled (e.g., "8-10cm" vs. "0-10cm"). Correct depth labels and ensure 

variables are clearly defined in the caption. 

 

Response: We will correct the depth labels in Fig. 2 and ensure that all variables are clearly 



defined in the caption. 

  

Fig. 6: Y-axis label "BWSOC (g/kg)" → "BWSOC (g kg⁻¹)". 

 

Response: The Y-axis label in Fig. 6 has been changed from "BWSOC (g/kg)" to "BWSOC (g 

kg⁻¹)"。 

 

L263–264: Incomplete sentence ("resulted in very..."). 

 

Response:  The full, corrected sentence now reads: The WSOC content at depths of 60-120 

cm and the absorbance values at depths of 220-740 cm were extremely low by day 28, which 

likely resulted in very low SUVA254 and E250/E365 values on that day. As a result, we excluded 

these data from the analysis. 

 

Referee 2 

 

This manuscript provides a useful exploration of water soluble organic carbon from boreal 

forest soils; the extreme depths of the cores used for the incubation experiments are quite novel 

and offer a significant contribution to research on soil biochemistry, hydrology, and DOM 

dynamics overall. However, there are some potential methodological issues that need 

clarification to properly contextualize the findings. The difference in time between creating the 

WSOC mixtures for the incubations (4 hours) and the fluorescence intensity analysis (24 hours) 

creates a margin of error that requires constraining the interpretation of these results more 

strongly. Additionally, it is difficult to tell if the nutrient addition concentrations are appropriate 

for each layer given the data available in the manuscript. I believe this manuscript exhibits 

excellent scientific significance and good scientific and presentation quality. I recommend 

publication with minor revisions.  

 

Response: We sincerely thank Reviewer 2 for their encouraging evaluation and insightful 

suggestions. We appreciate the recognition of our deep-profile design and the potential 



contribution to the understanding of WSOC dynamics in boreal soils. In response, we have 

revised the manuscript to address all raised concerns regarding methodology, terminology, and 

data contextualization. Below we provide point-by-point responses. 

 

Line 71: typo? Believe “object” should be “objective” 

 

Response:  Thank you to the reviewer for noting this typographical error; we have corrected 

“object” to “objective.” 

 

Line 101: citation for the gravimetric soil moisture method if possible.  

 

Response: we will add the relevant reference for the gravimetric soil-moisture determination 

method (Reynolds, 1970) to the manuscript. 

 

Line 104-106: Was the soil oven dried before combustion?  

 

Response: Yes. We have clarified this in the revised manuscript as follows: the TC and SOC 

samples were first air-dried. Before SOC determination, approximately 100 mg of sample was 

weighed into a ceramic boat, an excess of 4 mol L-1 HCl was added until no bubbles evolved, 

the mixture was thoroughly homogenized and left to stand for 4 hours, and then dried at 65℃ 

for 16 hours prior to analysis (Nelson and Sommers, 1996). 

 

Lines 107-110, 139-144: Could you clarify the difference between WSOC and WEOM 

(incubation time of extractions) for readers? Why were EEMs the only analysis conducted on 

the WEOM? Are there any data available from the WEOM extractions on C/N or anything else? 

It’s quite possible the longer incubation time for these extractions would result in a different 

composition of leachate from the four hour incubated samples, and so the EEMs may not be 

wholly comparable to parameters collected in the WSOC samples. The justification for this is 

important for contextualizing results like those of lines 220-222. It is possible the fluorescence 

intensity of these areas may not translate to the availability of these classes of compounds in 



the experimental incubation solutions. The degradability of WSOC in layers 60-180 shown in 

table 2 is well supported by the results shown in figure 3. I suspect this is largely due to the 

results shown by the EEMs analysis (figure 5), which appear to show larger ratios of fulvic acid 

to humic acid, but this again needs to be further contextualized given the differences in 

preparation between the incubations and the samples used for the EEMs. I find these data to 

correlate well and be quite convincing despite the preparation discrepancy, so my suggestion is 

to provide justification for the difference and briefly discuss the possibility for error in the 

conclusions rather than to exclude data generated from the EEMs.  

 

Response: We thank the reviewer for these insightful and constructive comments. Below, we 

clarify in the Methods section why the extraction times for WSOC and WEOM differ. In 

addition, because our primary goal was to reveal how depth-dependent differences in WEOM 

chemical composition influence biodegradability, we believe the WEOM data remain highly 

valuable. We therefore retain the EEM results; however, we acknowledge that future work 

should supplement them with additional analyses. 

 

Added to the Methods section: 

 

Because solute concentrations are lower in deeper‐soil extracts, the extraction time for WEOM 

was extended relative to that for WSOC to obtain sufficient concentration and fluorescence 

signal (Zhou et al., 2023). Although a longer extraction can introduce minor compositional 

changes (Corvasce et al., 2006; Park and Snyder, 2018), EEM fluorescence nevertheless 

remains a robust method for assessing WSOC biodegradability (Vonk et al., 2015; Mu et al., 

2017; Zhou et al., 2023). 

 

Revisions to the Discussion: 

 

Water-soluble organic carbon (WSOC) in boreal forest soils is highly biodegradable, with the 

largest proportion of biodegradable WSOC consistently occurring at depths of 60-160 cm. This 

depth-dependent pattern was reproduced in all replicates. In this study, the 60-160 cm interval 



has a buried organic horizon that contains high organic-matter concentrations (Werdin-Pfisterer 

et al., 2012). Spectroscopic results further confirm that the depth-related differences in 

BWSOC % arise from variations in the chemical composition of water-extractable organic 

matter. In Alaskan Kolyma River basin, WSOC concentrations decreased by about 50% 

following a seven-day incubation (Spencer et al., 2015); in deep soils, ancient low-molecular-

weight organic acids within WSOC are rapidly mineralized, leading to a ~53% decline in 

WSOC after 200 hours of incubation (Koven et al., 2015). The high biodegradability of WSOC 

is closely related to its chemical composition (Burd et al., 2020). In these regions, WSOC 

primarily consists of low-aromaticity, low-molecular-weight organic matter that is readily 

decomposed by microbes (Drake et al., 2015), making it easily accessible for microbial 

utilization (Ward and Cory, 2015). 

 

Revisions to the Conclusions: 

 

This study quantitatively analyzed the biodegradability of water-soluble organic carbon 

(WSOC) at various depths in a boreal forest. Our results show that BWSOC content ranges 

from 0.089 g/kg to 0.321 g/kg, with the lowest observed biodegradable WSOC in surface soil 

WSOC reaching 68.08%. Three-dimensional fluorescence spectroscopy indicated that surface 

WEOM is dominated by highly aromatic, humic-acid-like matter. The proportion of fulvic-

acid-like compounds increased with depth, whereas WSOC aromaticity and molecular weight 

declined. As a result, biodegradable SOC in soils below 2 m reached 80.8%. Although WSOC 

in deep horizons had a lower degradation rate than in the upper profile, it remained highly 

biodegradable. Correlation analyses indicate that the molecular composition of WSOC is a key 

factor influencing its biodegradability. Overall, WSOC contents at the southern margin of the 

boreal forest were comparable to those in higher latitudes. Because WSOC represents the most 

labile fraction of the SOC pool, our results suggest that continued climate warming may 

accelerate losses of labile SOC throughout the soil profile in boreal forests. 

 

 

Line 126, 225, 257, 274, 348 and figure 9: typo in SUVA254. Please check throughout.  



 

Response: All spelling errors have been corrected. 

  

The introduction section does not adequately connect to the methods section. What is the 

purpose of preparing microbial inocula (lines 159-168)? Was the inocula from a given soil layer 

simply returned to the same soil layer’s WSOC, or was there a cross-inoculated treatment? 

Could you please provide a stronger transition between the introduction and the purpose of 

these inocula (i.e.; the role of microbes in WSOC turnover and section 3.3 of the results). Given 

the interesting results presented in figure 9 between soil moisture and most of the measured 

variables, I think a background discussion on factors influencing microbial metabolism is 

warranted. 

 

Response: We thank the reviewer for pointing out the weak linkage between the Introduction 

and Methods sections, especially regarding the purpose and rationale for preparing the 

microbial inoculum. In the final paragraph of the Introduction we now emphasize the pivotal 

role of microbes in WSOC turnover and add the requested background discussion on factors 

that influence microbial metabolism. The revised text reads:  

 

Microorganisms play a key role in the carbon cycle and strongly influence the biodegradability 

of WSOC (Marschner and Kalbitz, 2003; Kalbitz et al., 2003; Neff and Asner, 2001; Yano et 

al., 2000). Microbial biomass is more abundant in surface horizons, where soil-organic-carbon 

mineralization proceeds rapidly (Henneron et al., 2022; Pei et al., 2025), whereas thaw-

activated bacteria in deeper layers can rapidly mineralize WSOC after permafrost thaws (Drake 

et al., 2015). Microbial use of WSOC is modulated by environmental factors such as soil 

moisture (Zhang et al., 2024; Li et al., 2020) and soil physicochemical properties (Lv et al., 

2024; Shao et al., 2022a). Therefore, detailed knowledge of the content, chemical composition, 

and biodegradability of WSOC along deep soil profiles is critical for clarifying how subsurface 

carbon is mobilized, transformed, and ultimately influences carbon cycling in boreal forests. 

The objective of this study is to quantify WSOC of soil profile that deeper than 3 m in a southern 

boreal margin. We conducted laboratory incubation experiments to determine differences in 



biodegradable water-soluble organic carbon (BWSOC) and employed spectroscopic techniques 

to reveal its compositional characteristics (Kothawala et al., 2014; Chavez-Vergara et al., 2014; 

Sun et al., 2022; Murphy et al., 2008; He et al., 2023). The results can improve our 

understandings of SOC in boreal forests under a warming climate. 

 

In the Methods section we now clarify that the microbial inoculum was prepared by gently 

extracting the microbial community from each soil layer and adding it to the WSOC solution 

extracted from the same layer (i.e., no cross-layer inoculation). The revised sentence is: 

 

Inocula and WSOC samples were always matched by depth, preserving the natural microbe–

substrate association that is critical for realistic assessments of WSOC bioavailability and 

degradation potential (Bhattacharyya et al., 2022; Pei et al., 2025). 

 

Lines 179-180: This method doesn’t necessarily standardize nutrient availability. The starting 

concentration of C:N:P in each layer could result in oversaturation in a given incubation; 

especially given the fairly high nutrient concentrations in the top 10 cm (Figure 1). In fact, at 

least for C:N ratios, it looks like the top 60 cm are all above redfield ratio. This makes sense 

given the manuscript’s findings in lines 216-219. Given that the concentrations of nutrient 

solutions in lines 169 and onwards are in molarity and the concentrations of C and N in the 

starting soils (Figure 1) are in mg/kg, it’s not easy to confirm if these amendment ratios are 

appropriate for the ambient C:N:P of each layer’s WSOC incubations. Given that these depths 

also exhibited relatively lower BWSOC % than other layers (figure 6), it raises the question of 

possible saturation. However, the optical data provide support for the conclusion that the 

findings are related to the soil OC and not a methodological issue. Thus, I suggest either 

demonstrating the amendments were in appropriate concentrations or further constraining the 

conclusions section to account for a margin of error.  

 

Response: Thank you for your suggestion. In response, we have further constrained the 

Conclusions section to acknowledge this margin of error. 

 



Additions to the Methods section:  

 

Previous studies suggested that these additions are sufficient to prevent nutrient limitation and 

to standardize microbial activity (Mehring et al., 2013; Helton et al., 2015). By equalizing 

nutrient supply across soil layers, we attribute any differences in WSOC consumption to the 

intrinsic properties of the WSOC itself. We caution, however, that the nutrient amendment may 

overestimate BWSOC relative to natural field conditions. 

 

Additions to the Discussion section: 

 

Uniform nutrient supply could have induced nutrient-saturation effects in the 0–60 cm samples, 

where the C/N ratio is likely close to the Redfield ratio, thereby lowering BWSOC % (Aber, 

1992; Aber et al., 1997; Gress et al., 2007). Moreover, we used depth-matched inocula to 

preserve native microbe – substrate interactions, consistent with previous WSOC-

biodegradability studies (Bhattacharyya et al., 2022; Pei et al., 2025; Vonk et al., 2015), while 

we did not quantify microbial abundance or community composition. Therefore, the high 

BWSOC % values reflect potential rather than in-situ decomposition rates. Future work is 

required to examine in-situ nutrient status, microbial mass and microbial community structure 

to better understanding the depth-dependent WSOC dynamics. 

 

Revised, more cautious Conclusions:  

 

This study quantitatively analyzed the biodegradability of water-soluble organic carbon 

(WSOC) at various depths in a boreal forest. Our results show that BWSOC content ranges 

from 0.089 g/kg to 0.321 g/kg, with the lowest observed biodegradable WSOC in surface soil 

WSOC reaching 68.08%. Three-dimensional fluorescence spectroscopy indicated that surface 

WEOM is dominated by highly aromatic, humic-acid-like matter. The proportion of fulvic-

acid-like compounds increased with depth, whereas WSOC aromaticity and molecular weight 

declined. As a result, biodegradable SOC in soils below 2 m reached 80.8%. Although WSOC 

in deep horizons had a lower degradation rate than in the upper profile, it remained highly 



biodegradable. Correlation analyses indicate that the molecular composition of WSOC is a key 

factor influencing its biodegradability. Overall, WSOC contents at the southern margin of the 

boreal forest were comparable to those in higher latitudes. Because WSOC represents the most 

labile fraction of the SOC pool, our results suggest that continued climate warming may 

accelerate losses of labile SOC throughout the soil profile in boreal forests. 

 

Is there data available for the starting C, N, and P concentrations at Day 0, either in molarity or 

in mg/L? A table of these values might be an appropriate addition. A brief discussion of the data 

as potential rather than actual rates (lines 326-333) is presented but could be bolstered by a 

discussion of the above issue.  

 

Response: We thank the reviewer for raising this important point. We acknowledge that we did 

not directly measure the starting concentrations of C, N, and P in the WSOC incubation 

solutions and therefore cannot provide Day-0 values in mol L-1 or mg L-1. This limitation stems 

from our experimental design, which was intended to assess potential biodegradability under 

standardized, nutrient-replete conditions rather than to replicate ambient field stoichiometry. 

 

We have added an explicit note in the Discussion to draw attention to this limitation for future 

work, as follows:  

 

Therefore, the high BWSOC % values reflect potential rather than in-situ decomposition rates. 

Future work is required to examine in-situ nutrient status, microbial mass and microbial 

community structure to better understanding the depth-dependent WSOC dynamics. 

 

In section 3.3., could you please clarify terms like “deeper soils” and “upper layers.” “Deep 

soils” can refer to layers as shallow as 50 cm depending on the experimental application. Given 

the impressive core depths used in these incubations, defining terms like “deep” somewhere in 

the methods section could help clarify these results. Otherwise, perhaps change terms like 

“upper layers” to specific depth increments like 0-60 cm, where appropriate.  

 



Response: The revised text for section 3.3 is as follows:  

 

BWSOC content and degradation kinetics exhibited pronounced, non-linear depth patterns (Fig. 

6). Soils at 60-180 cm depth exhibited higher BWSOC content and degradability compared to 

other depths (Fig. 6). Significant variations in degradation rates were observed during the 

incubation process. The reaction kinetics constant (k values) indicated that WSOC degradation 

in deeper soils (220-740 cm) proceeded more slowly (0.0681-0.0863 day-1) (Table 2), occurring 

predominantly between days 14 and 28 of incubation. In contrast, the WSOC at 60-90 cm depth 

decomposed rapidly during the early stages of incubation, with a k value of 1.0952 (day-1). In 

summary, although deeper soils (below 2m) also contain relatively high BWSOC content, 

decomposition in these layers occurs primarily during the later stages of incubation (days 14–

28), whereas the WSOC in upper layers (0-180 cm) was rapidly decomposed at the beginning 

of the incubation period (Fig. 7). 

 

Line 277: I suggest changing “other environmental factors” to “other physicochemical 

parameters” or similar for clarity. “Environmental factors” traditionally invokes things like 

precipitation, land cover, etc., rather than soil nutrient concentrations or EC. Possibly suggest 

a similar change in lines 344-351. 

 

Response:  Thank you for pointing this out; we have made the correction. 

  



Reference 

Abbott, B. W., Larouche, J. R., Jones, J. B., Bowden, W. B., and Balser, A. W.: Elevated 

dissolved organic carbon biodegradability from thawing and collapsing permafrost, Journal of 

Geophysical Research: Biogeosciences, 119, 2049-2063, 10.1002/2014jg002678, 2014. 

Aber, J. D.: Nitrogen cycling and nitrogen saturation in temperate forest ecosystems, Trends 

in Ecology & Evolution, 7, 220-224, 10.1016/0169-5347(92)90048-G, 1992. 

Aber, J. D., Ollinger, S. V., and Driscoll, C. T.: Modeling nitrogen saturation in forest 

ecosystems in response to land use and atmospheric deposition, Ecological Modelling, 101, 

61-78, https://doi.org/10.1016/S0304-3800(97)01953-4, 1997. 

Bhattacharyya, S. S., Ros, G. H., Furtak, K., Iqbal, H. M. N., and Parra-Saldívar, R.: Soil 

carbon sequestration – An interplay between soil microbial community and soil organic 

matter dynamics, Science of The Total Environment, 815, 10.1016/j.scitotenv.2022.152928, 

2022. 

Burd, K., Estop-Aragonés, C., Tank, S. E., Olefeldt, D., and Naeth, M. A.: Lability of 

dissolved organic carbon from boreal peatlands: interactions between permafrost thaw, 

wildfire, and season, Canadian Journal of Soil Science, 100, 503-515, 10.1139/cjss-2019-

0154, 2020. 

Chavez-Vergara, B., Merino, A., Vázquez-Marrufo, G., and García-Oliva, F.: Organic matter 

dynamics and microbial activity during decomposition of forest floor under two native 

neotropical oak species in a temperate deciduous forest in Mexico, Geoderma, 235-236, 133-

145, 10.1016/j.geoderma.2014.07.005, 2014. 

Corvasce, M., Zsolnay, A., D’Orazio, V., Lopez, R., and Miano, T. M.: Characterization of 

water extractable organic matter in a deep soil profile, Chemosphere, 62, 1583-1590, 

https://doi.org/10.1016/j.chemosphere.2005.07.065, 2006. 

Drake, T. W., Wickland, K. P., Spencer, R. G. M., McKnight, D. M., and Striegl, R. G.: 

Ancient low–molecular-weight organic acids in permafrost fuel rapid carbon dioxide 

production upon thaw, Proceedings of the National Academy of Sciences, 112, 13946-13951, 

10.1073/pnas.1511705112, 2015. 

Dutta, K., Schuur, E. A. G., Neff, J. C., and Zimov, S. A.: Potential carbon release from 

permafrost soils of Northeastern Siberia, Global Change Biology, 12, 2336-2351, 

10.1111/j.1365-2486.2006.01259.x, 2006. 

Frías, J., Ribas, F., and Lucena, F.: Comparison of methods for the measurement of 

biodegradable organic carbon and assimilable organic carbon in water, Water Research, 29, 

2785-2788, https://doi.org/10.1016/0043-1354(95)00074-U, 1995. 

Gress, S. E., Nichols, T. D., Northcraft, C. C., and Peterjohn, W. T.: Nutrient Limitation in 

Soils Exhibiting Differing Nitrogen Availabilities: What Lies Beyond Nitrogen Saturation?, 

Ecology, 88, 119-130, 10.1890/0012-9658(2007)88[119:Nlised]2.0.Co;2, 2007. 

He, C., Chen, W.-M., Chen, C.-M., and Shi, Q.: Molecular transformation of dissolved 

organic matter in refinery wastewaters: Characterized by FT-ICR MS coupled with 

electrospray ionization and atmospheric pressure photoionization, Petroleum Science, 20, 

590-599, 10.1016/j.petsci.2022.09.035, 2023. 

Helton, A. M., Wright, M. S., Bernhardt, E. S., Poole, G. C., Cory, R. M., and Stanford, J. A.: 

Dissolved organic carbon lability increases with water residence time in the alluvial aquifer of 

a river floodplain ecosystem, Journal of Geophysical Research: Biogeosciences, 120, 693-

https://doi.org/10.1016/S0304-3800(97)01953-4
https://doi.org/10.1016/j.chemosphere.2005.07.065
https://doi.org/10.1016/0043-1354(95)00074-U


706, 2015. 

Henneron, L., Balesdent, J., Alvarez, G., Barré, P., Baudin, F., Basile-Doelsch, I., Cécillon, L., 

Fernandez-Martinez, A., Hatté, C., and Fontaine, S.: Bioenergetic control of soil carbon 

dynamics across depth, Nature Communications, 13, 10.1038/s41467-022-34951-w, 2022. 

Heslop, J. K., Winkel, M., Walter Anthony, K. M., Spencer, R. G. M., Podgorski, D. C., Zito, 

P., Kholodov, A., Zhang, M., and Liebner, S.: Increasing Organic Carbon Biolability With 

Depth in Yedoma Permafrost: Ramifications for Future Climate Change, Journal of 

Geophysical Research: Biogeosciences, 124, 2021-2038, 10.1029/2018jg004712, 2019. 

Kalbitz, K., Schmerwitz, J., Schwesig, D., and Matzner, E.: Biodegradation of soil-derived 

dissolved organic matter as related to its properties, Geoderma, 113, 273-291, 10.1016/s0016-

7061(02)00365-8, 2003. 

Kaplan, L. A. and Newbold, J. D.: Measurement of streamwater biodegradable dissolved 

organic carbon with a plug-flow bioreactor, Water Research, 29, 2696-2706, 

https://doi.org/10.1016/0043-1354(95)00135-8, 1995. 

Khan, E., Babcock, R. W., Suffet, I. H., and Stenstrom, M. K.: Method development for 

measuring biodegradable organic carbon in reclaimed and treated wastewaters, Water 

Environment Research, 70, 1025-1032, 10.2175/106143098x123354, 1998. 

Kothawala, D. N., Stedmon, C. A., Muller, R. A., Weyhenmeyer, G. A., Kohler, S. J., and 

Tranvik, L. J.: Controls of dissolved organic matter quality: evidence from a large-scale 

boreal lake survey, Glob Chang Biol, 20, 1101-1114, 10.1111/gcb.12488, 2014. 

Koven, C. D., Lawrence, D. M., and Riley, W. J.: Permafrost carbon−climate feedback is 

sensitive to deep soil carbon decomposability but not deep soil nitrogen dynamics, 

Proceedings of the National Academy of Sciences, 112, 3752-3757, 

10.1073/pnas.1415123112, 2015. 

Kurashev, D. G., Manasypov, R. M., Raudina, T. V., Krickov, I. V., Lim, A. G., and 

Pokrovsky, O. S.: Dissolved organic matter quality in thermokarst lake water and sediments 

across a permafrost gradient, Western Siberia, Environmental Research, 252, 

10.1016/j.envres.2024.119115, 2024. 

Li, H., Van den Bulcke, J., Wang, X., Gebremikael, M. T., Hagan, J., De Neve, S., and Sleutel, 

S.: Soil texture strongly controls exogenous organic matter mineralization indirectly via 

moisture upon progressive drying — Evidence from incubation experiments, Soil Biology 

and Biochemistry, 151, 108051, https://doi.org/10.1016/j.soilbio.2020.108051, 2020. 

Logozzo, L. A., Martin, J. W., McArthur, J., and Raymond, P. A.: Contributions of Fe(III) to 

UV–Vis absorbance in river water: a case study on the Connecticut River and argument for 

the systematic tandem measurement of Fe(III) and CDOM, Biogeochemistry, 160, 17-33, 

10.1007/s10533-022-00937-5, 2022. 

Lv, S., Liu, R., Guo, Z., and Wang, S.: Characteristics of soil aggregate distribution and 

organic carbon mineralization in quinoa fields with different soil textures in the northern of 

the Yinshan Mountains in inner Mongolia, Frontiers in Environmental Science, Volume 12 - 

2024, 10.3389/fenvs.2024.1494983, 2024. 

Marschner, B. and Kalbitz, K.: Controls of bioavailability and biodegradability of dissolved 

organic matter in soils, Geoderma, 113, 211-235, 10.1016/s0016-7061(02)00362-2, 2003. 

Mehring, A., Lowrance, R., Helton, A., Pringle, C., Thompson, A., Bosch, D., and Vellidis, 

G.: Interannual drought length governs dissolved organic carbon dynamics in blackwater 

https://doi.org/10.1016/0043-1354(95)00135-8
https://doi.org/10.1016/j.soilbio.2020.108051


rivers of the western upper Suwannee River basin, Journal of Geophysical Research: 

Biogeosciences, 118, 1636-1645, 2013. 

Mu, C. C., Abbott, B. W., Wu, X. D., Zhao, Q., Wang, H. J., Su, H., Wang, S. F., Gao, T. G., 

Guo, H., Peng, X. Q., and Zhang, T. J.: Thaw Depth Determines Dissolved Organic Carbon 

Concentration and Biodegradability on the Northern Qinghai-Tibetan Plateau, Geophysical 

Research Letters, 44, 9389-9399, 10.1002/2017gl075067, 2017. 

Murphy, K. R., Stedmon, C. A., Waite, T. D., and Ruiz, G. M.: Distinguishing between 

terrestrial and autochthonous organic matter sources in marine environments using 

fluorescence spectroscopy, Marine Chemistry, 108, 40-58, 10.1016/j.marchem.2007.10.003, 

2008. 

Neff, J. C. and Asner, G. P.: Dissolved Organic Carbon in Terrestrial Ecosystems: Synthesis 

and a Model, Ecosystems, 4, 29-48, 10.1007/s100210000058, 2001. 

Nelson, D. W. and Sommers, L. E.: Total Carbon, Organic Carbon, and Organic Matter, in: 

Methods of Soil Analysis, 961-1010, https://doi.org/10.2136/sssabookser5.3.c34, 1996. 

Panneer Selvam, B., Laudon, H., Guillemette, F., and Berggren, M.: Influence of soil frost on 

the character and degradability of dissolved organic carbon in boreal forest soils, Journal of 

Geophysical Research: Biogeosciences, 121, 829-840, 10.1002/2015jg003228, 2016. 

Paré, M. C. and Bedard‐Haughn, A.: Soil organic matter quality influences mineralization and 

GHG emissions in cryosols: a field‐based study of sub‐ to high Arctic, Global Change 

Biology, 19, 1126-1140, 10.1111/gcb.12125, 2013. 

Park, M. and Snyder, S. A.: Sample handling and data processing for fluorescent excitation-

emission matrix (EEM) of dissolved organic matter (DOM), Chemosphere, 193, 530-537, 

https://doi.org/10.1016/j.chemosphere.2017.11.069, 2018. 

Pei, J., Li, J., Luo, Y., Rillig, M. C., Smith, P., Gao, W., Li, B., Fang, C., and Nie, M.: Patterns 

and drivers of soil microbial carbon use efficiency across soil depths in forest ecosystems, 

Nature Communications, 16, 10.1038/s41467-025-60594-8, 2025. 

Pengerud, A., Cécillon, L., Johnsen, L. K., Rasse, D. P., and Strand, L. T.: Permafrost 

Distribution Drives Soil Organic Matter Stability in a Subarctic Palsa Peatland, Ecosystems, 

16, 934-947, 10.1007/s10021-013-9652-5, 2013. 

Perveen, N., Ayub, M., Shahzad, T., Siddiq, M. R., Memon, M. S., Barot, S., Saeed, H., and 

Xu, M.: Soil carbon mineralization in response to nitrogen enrichment in surface and 

subsurface layers in two land use types, PeerJ, 7, e7130, 2019. 

Peuravuori, J. and Pihlaja, K.: Preliminary Study of Lake Dissolved Organic Matter in Light 

of Nanoscale Supramolecular Assembly, Environmental Science & Technology, 38, 5958-

5967, 10.1021/es040041l, 2004. 

Qu, W., Li, J., Han, G., Wu, H., Song, W., and Zhang, X.: Effect of salinity on the 

decomposition of soil organic carbon in a tidal wetland, Journal of Soils and Sediments, 19, 

609-617, 10.1007/s11368-018-2096-y, 2018. 

Reynolds, S.: The gravimetric method of soil moisture determination Part IA study of 

equipment, and methodological problems, Journal of Hydrology, 11, 258-273, 1970. 

Roehm, C. L., Giesler, R., and Karlsson, J.: Bioavailability of terrestrial organic carbon to 

lake bacteria: The case of a degrading subarctic permafrost mire complex, Journal of 

Geophysical Research, 114, 10.1029/2008jg000863, 2009. 

Scaglia, B. and Adani, F.: Biodegradability of soil water soluble organic carbon extracted 

https://doi.org/10.2136/sssabookser5.3.c34
https://doi.org/10.1016/j.chemosphere.2017.11.069


from seven different soils, Journal of Environmental Sciences, 21, 641-646, 10.1016/s1001-

0742(08)62319-0, 2009. 

Schuur, E. A. G., Abbott, B. W., Commane, R., Ernakovich, J., Euskirchen, E., Hugelius, G., 

Grosse, G., Jones, M., Koven, C., Leshyk, V., Lawrence, D., Loranty, M. M., Mauritz, M., 

Olefeldt, D., Natali, S., Rodenhizer, H., Salmon, V., Schädel, C., Strauss, J., Treat, C., and 

Turetsky, M.: Permafrost and climate change: Carbon cycle feedbacks from the warming 

Arctic, Annual Review of Environment and Resources, 47, 343-371, 10.1146/annurev-

environ-012220-011847, 2022. 

Semenov, P., Pismeniuk, A., Kil, A., Shatrova, E., Belova, N., Gromov, P., Malyshev, S., He, 

W., Lodochnikova, A., Tarasevich, I., Streletskaya, I., and Leibman, M.: Characterizing 

Dissolved Organic Matter and Other Water-Soluble Compounds in Ground Ice of the Russian 

Arctic: A Focus on Ground Ice Classification within the Carbon Cycle Context, Geosciences, 

14, 10.3390/geosciences14030077, 2024. 

Shao, M., Zhang, S., Niu, B., Pei, Y., Song, S., Lei, T., and Yun, H.: Soil texture influences 

soil bacterial biomass in the permafrost-affected alpine desert of the Tibetan plateau, Frontiers 

in Microbiology, Volume 13 - 2022, 10.3389/fmicb.2022.1007194, 2022a. 

Shao, P., Han, H., Sun, J., Yang, H., and Xie, H.: Salinity Effects on Microbial Derived-C of 

Coastal Wetland Soils in the Yellow River Delta, Frontiers in Ecology and Evolution, 10, 

10.3389/fevo.2022.872816, 2022b. 

Shi, L., Dech, J. P., Yao, H., Zhao, P., Shu, Y., and Zhou, M.: The effects of nitrogen addition 

on dissolved carbon in boreal forest soils of northeastern China, Scientific Reports, 9, 

10.1038/s41598-019-44796-x, 2019. 

Spencer, R. G. M., Mann, P. J., Dittmar, T., Eglinton, T. I., McIntyre, C., Holmes, R. M., 

Zimov, N., and Stubbins, A.: Detecting the signature of permafrost thaw in Arctic rivers, 

Geophysical Research Letters, 42, 2830-2835, 10.1002/2015gl063498, 2015. 

Strauss, J., Schirrmeister, L., Mangelsdorf, K., Eichhorn, L., Wetterich, S., and Herzschuh, U.: 

Organic-matter quality of deep permafrost carbon – a study from Arctic Siberia, 

Biogeosciences, 12, 2227-2245, 10.5194/bg-12-2227-2015, 2015. 

Sun, B., Li, Y., Song, M., Li, R., Li, Z., Zhuang, G., Bai, Z., and Zhuang, X.: Molecular 

characterization of the composition and transformation of dissolved organic matter during the 

semi-permeable membrane covered hyperthermophilic composting, Journal of Hazardous 

Materials, 425, 10.1016/j.jhazmat.2021.127496, 2022. 

Uhlířová, E., Šantrůčková, H., and Davidov, S. P.: Quality and potential biodegradability of 

soil organic matter preserved in permafrost of Siberian tussock tundra, Soil Biology and 

Biochemistry, 39, 1978-1989, 10.1016/j.soilbio.2007.02.018, 2007. 

Vonk, J. E., Tank, S. E., Mann, P. J., Spencer, R. G. M., Treat, C. C., Striegl, R. G., Abbott, B. 

W., and Wickland, K. P.: Biodegradability of dissolved organic carbon in permafrost soils and 

aquatic systems: a meta-analysis, Biogeosciences, 12, 6915-6930, 10.5194/bg-12-6915-2015, 

2015. 

Walz, J., Knoblauch, C., Böhme, L., and Pfeiffer, E.-M.: Regulation of soil organic matter 

decomposition in permafrost-affected Siberian tundra soils - Impact of oxygen availability, 

freezing and thawing, temperature, and labile organic matter, Soil Biology and Biochemistry, 

110, 34-43, 10.1016/j.soilbio.2017.03.001, 2017. 

Ward, C. P. and Cory, R. M.: Chemical composition of dissolved organic matter draining 



permafrost soils, Geochimica et Cosmochimica Acta, 167, 63-79, 10.1016/j.gca.2015.07.001, 

2015. 

Weishaar, J. L., Aiken, G. R., Bergamaschi, B. A., Fram, M. S., Fujii, R., and Mopper, K.: 

Evaluation of specific ultraviolet absorbance as an indicator of the chemical composition and 

reactivity of dissolved organic carbon, Environ Sci Technol, 37, 4702-4708, 

10.1021/es030360x, 2003. 

Werdin-Pfisterer, N. R., Kielland, K., and Boone, R. D.: Buried organic horizons represent 

amino acid reservoirs in boreal forest soils, Soil Biology and Biochemistry, 55, 122-131, 

https://doi.org/10.1016/j.soilbio.2012.06.012, 2012. 

Wild, B., Schnecker, J., Alves, R. J., Barsukov, P., Barta, J., Capek, P., Gentsch, N., Gittel, A., 

Guggenberger, G., Lashchinskiy, N., Mikutta, R., Rusalimova, O., Santruckova, H., 

Shibistova, O., Urich, T., Watzka, M., Zrazhevskaya, G., and Richter, A.: Input of easily 

available organic C and N stimulates microbial decomposition of soil organic matter in arctic 

permafrost soil, Soil Biology and Biochemistry, 75, 143-151, 10.1016/j.soilbio.2014.04.014, 

2014. 

Yang, J., Zhan, C., Li, Y., Zhou, D., Yu, Y., and Yu, J.: Effect of salinity on soil respiration in 

relation to dissolved organic carbon and microbial characteristics of a wetland in the Liaohe 

River estuary, Northeast China, Science of The Total Environment, 642, 946-953, 

10.1016/j.scitotenv.2018.06.121, 2018. 

Yano, Y., McDowell, W. H., and Aber, J. D.: Biodegradable dissolved organic carbon in forest 

soil solution and effects of chronic nitrogen deposition, Soil Biology and Biochemistry, 32, 

1743-1751, https://doi.org/10.1016/S0038-0717(00)00092-4, 2000. 

Zhang, Y., Liu, X., Li, P., Xiao, L., Zhou, S., Wang, X., and Wang, R.: Critical factors in soil 

organic carbon mineralization induced by drying, wetting and wet-dry cycles in a typical 

watershed of Loess Plateau, Journal of Environmental Management, 362, 121313, 

https://doi.org/10.1016/j.jenvman.2024.121313, 2024. 

Zhou, X., Ma, A., Chen, X., Zhang, Q., Guo, X., and Zhuang, G.: Climate Warming-Driven 

Changes in the Molecular Composition of Soil Dissolved Organic Matter Across Depth: A 

Case Study on the Tibetan Plateau, Environmental Science & Technology, 57, 16884-16894, 

10.1021/acs.est.3c04899, 2023. 

 

https://doi.org/10.1016/j.soilbio.2012.06.012
https://doi.org/10.1016/S0038-0717(00)00092-4
https://doi.org/10.1016/j.jenvman.2024.121313

