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A B S T R A C T

Alterations in plant resource inputs to soil affect soil organic matter (OM) dynamics. However, it remains unclear 
how to alter soil dissolved OM (DOM) composition. Here, we used UV/fluorescence spectroscopy and Fourier 
transform ion cyclotron resonance mass spectrometry to analyze soil DOM’s optical and molecular characteristics 
after eight months of detritus input and removal in an old-growth tropical forest. Changes in plant inputs 
significantly altered soil DOM’s optical properties, and the most pronounced changes were observed in the 
humification index and fluorescent components. In litterfall removal and no-input plots, molecular characteristic 
values increased greatly, such as O/C, double-bond equivalent, aromaticity index, and proportion of carboxyl- 
rich alicyclic molecules, while biolabile compounds decreased. The abundance of lignin-like and tannin-like 
compounds was more than 20 % higher in litter removal plots than in no-input plots. Our findings indicate 
that changes in plant resource inputs can lead to rapid alterations in soil DOM composition.

Dissolved organic matter (DOM), the most active and bioavailable 
fraction of soil organic matter (SOM), plays a key role in microbial 
transformations and the stabilization and accumulation of SOM (Ding 
et al., 2020; Freeman et al., 2024). Soil DOM comprises various com
pounds differing in size, aromaticity, and stability derived from different 
sources (e.g., litter, root exudates, and microbial turnover processes) 
(Kalbitz et al., 2000; Piazza et al., 2024). However, our understanding of 
soil DOM composition in terrestrial ecosystems remains limited. This 
stems in part from the fact that characterizing the composition of soil 
DOM via traditional analytical methods remains difficult due to the 
complexity of soil DOM. In addition, the composition and trans
formation of DOM have been studied less extensively in terrestrial 
ecosystems than in aquatic ecosystems (Guo et al., 2020; McDowell, 
2022; Zhu et al., 2023).

Forests cover 31 % of the total land area, and 56 % of the world’s 
forests are located in tropical and subtropical regions (FAO, 2020). 

These tropical (referred to as tropical and subtropical regions hereafter) 
forests play a major role in global C cycles because they store large 
amounts of C (Pan et al., 2011). Given the importance of plant-derived 
OM inputs, manipulative Detritus Input and Removal Treatment (DIRT) 
experiments have been conducted to clarify how changes in plant inputs 
affect SOM cycles (Lajtha et al., 2018; Roth et al., 2019; Sayer et al., 
2021). DIRT also affects soil DOM dynamics given that both litter 
accumulation on the soil surface and root exudates are major sources of 
soil DOM in forests (Kaiser and Kalbitz, 2012; Evans et al., 2020; Piazza 
et al., 2024). A previous meta-analysis has shown that litter addition 
promotes increases in soil DOM and SOM pools, whereas the removal of 
litter, roots, or both decreases soil DOM and SOM in forest ecosystems 
(Feng et al., 2022). Notably, analysis of only bulk soil dissolved organic 
carbon (DOC) and total N (DTN) provides limited insights into the re
lationships between soil DOM and SOM, as it overlooks the composition 
of OM (McDowell, 2022). Studies of the composition of DOM are thus 
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necessary for clarifying the direct links between soil DOM and SOM.
Here we hypothesized that short-term (eight months) plant input 

changes would minimally affect the DOM pool (DOC and DTN contents) 
but would rapidly alter its composition. To test this hypothesis, we 
conducted a DIRT experiment in an evergreen broadleaf forest in 
southern China with a tropical monsoon climate. The experiment 
comprised four blocks under the forest canopy, and each block 
comprised six 2 m × 2 m plots randomly assigned to the following 
treatments: control (no changes in both litter and root inputs), no 
aboveground litter (R + NL), double aboveground litter (R + DL), no 
roots (NR + L), no roots and no aboveground litter (NR + NL), and no 
roots and double aboveground litter (NR + DL) (Table S1; see more 
Materials and Methods in the Supplementary information). Surface soils 
(0–10 cm depth) were sampled. We employed Fourier transform ion 
cyclotron resonance mass spectrometry (FT-ICR MS) to characterize the 
molecular characteristics of soil DOM and a spectrophotometer (Aqua
lab®, Kyoto, Horiba) to analyze the ultraviolet absorbance (UV–Vis) and 
fluorescence excitation-emission matrix spectra (Murphy et al., 2013; 
Wang et al., 2020; Niu et al., 2022). Detailed information on the ma
terials and methods is provided in the supporting information. Briefly, 
DOM from air-dried soil was extracted in Milli-Q water at a soil-to-water 
ratio of 1:40. The mixture was shaken for 2 h and filtered through a 0.45 
μm membrane, and the concentrations of soil DOC and DTN were 
measured. The filtrate was also used to measure the optical properties 
and molecular signatures of soil DOM. Prior to measurements of mo
lecular signatures, all soil DOM samples were acidified, solid phase- 
extracted (SPE), and injected into the negative electrospray source one 
by one (Bruker Daltonics, Billerica, MA, USA).

All optical data were converted into Raman units (R.U.). The specific 
ultraviolet absorbance at 254 nm (SUVA254) was used as a proxy of DOM 
aromaticity, and the E2/E3 ratio, β/α ratio, and humification index 
(HIX) indicate changes in the average molecular size, freshness, and 
humification degree of soil DOM, respectively. The absolute abundances 
of three fluorescent DOM components were identified, including FmaxC1 
(i.e., the maximum fluorescence signal of the terrestrial-humic-like-I 
component); FmaxC2 (the maximum fluorescence signal of the 
terrestrial-humic-like-II component); and FmaxC3 (the maximum fluo
rescence signal of the protein-like component). The modified aroma
ticity index (AImod), average molecular weight, and double-bond 
equivalent (DBE) were used to evaluate the aromaticity and unsatura
tion degree of each compound. We also calculated the percentage of 
labile compounds above the molecular lability boundary (%MLBL) and 
carboxyl-rich alicyclic molecule-like (%CRAM) components. DOM 

degradability was evaluated via measurements of related compounds 
containing less C and more H (C16H24O8, C15H22O8, C15H22O7, 
C14H20O7, and C13H18O7). Several biochemical groups were also further 
defined. Detailed definitions of related indexes are provided in Table S2.

Detrital treatments generally did not have a significant effect on soil 
pH, electrical conductivity (EC), DTN, and ratios of DOC to SOC (DOC/ 
SOC), DTN to soil total nitrogen (DTC/STN), and SOC to soil total ni
trogen (SOC/STN) (Table S3). The soil DOC content was significantly 
higher in the R + DL and NR + L treatments than in the control plots, and 
the DOC/DTN ratio was significantly lower in the NR + NL treatment 
than in the control plots (Table S3). Consistent with the results of the 
previous DIRT experiments, the soil DOC content generally increased in 
the litter input treatments because of increases in plant C inputs, and the 
increase in the DOC content in the NR + L treatment might have been 
mainly caused by anthropogenic activities (i.e., trenching) over the 
short duration of the experiment (Liu et al., 2019; Evans et al., 2020; 
Feng et al., 2022).

The principal component analysis (PCA) results showed that detrital 
treatments induced significant changes in eight optical properties of soil 
DOM (p = 0.037) (Fig. 1a; Table S3, S4). The first principal component 
(PC1) explained 64.4 % of the variation in the data, and significant 
negative relationships of PC1 with the E2/E3 ratio and fluorescence 
index (FI) were observed. The second principal component explained 
18.2 % of the variation in the data. No significant differences were 
observed in the SUVA254, E2/E3 ratio, β/α ratio, and FI among treat
ments; however, detrital treatments had a significant effect on HIX and 
three fluorescent DOM components (p < 0.05). The consistent increase 
in SUVA254, FmaxC1, and FmaxC2 observed in the R + NL, R + DL, and NR 
+ L treatments indicated that aromatic carbon and terrestrial-humic-like 
components were enriched in soil DOM, which was in contrast to pat
terns observed in the NR + NL and NR + DL treatments (Table S3). The 
consistent decrease in the E2/E3 ratio and HIX and consistent increase in 
FmaxC3 in all the detrital treatments suggested that the degree of hu
mification was lower and the content of low-molecular-weight products 
was higher in soil DOM after human disturbance (Cai et al., 2020). These 
eight soil properties collectively explained 56 % of the total variation in 
soil DOM optical properties, and soil EC, DOC, DTN, and DOC/DTN ratio 
were the most important variables (p < 0.1 in all cases; Fig. 1b; Fig. S1, 
Table S3). Contrary to expectation, we did not observe opposite re
sponses of soil DOM optical properties in opposing treatments (e.g., NL 
and DL treatments). This might be explained by the fact that small 
changes in DOM over a short treatment duration are difficult to detect 
using UV/fluorescence spectroscopy because this method is not 

Fig. 1. Changes in the eight spectroscopic characteristics of SOM (left panel) and their relationships with soil properties (right panel) under different treatments. 
Notes, PCA summarizes each treatment as a single point (n = 4) in the left panel; the results of a PERMANOVA test are shown in the upper right corner of the figure. 
Red arrows denote soil properties in the right panel, and blue arrows indicate soil spectroscopic characteristics. * and ** indicate significant effects of these variables 
at p ≤ 0.1 and 0.05, respectively; values indicate the relative importance of each variable.
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sufficiently sensitive for detecting minor changes in optical properties 
(Zhu et al., 2023; Yin et al., 2024). In addition, changes in DOM 
composition were affected by both root and litter inputs, and the 
opposing effects of roots and litter might neutralize each other. For 
example, in the root removal plots, dead root residues could accumulate 
over a short period due to trenching, and the carbon inputs from the 
decomposing dead roots might offset expected decreases in some 
indices. (Pierson et al., 2021; Feng et al., 2022).

The FT-ICR MS analysis revealed considerable differences (greater 
than 20 %) in the molecular characteristics of soil DOM between control 
and detrital treatments (Table 1, Fig. 1). The use of both FT-ICR MS and 

spectroscopic techniques was effective for characterizing changes in soil 
DOM composition, as parameters from both methods were highly 
correlated. (Lv et al., 2022). The number of formulae with higher 
average molecular weight was higher in the R + NL, NR + L, and NR +
DL treatments than in control plots, indicating that smaller molecules 
around 300 Da were rapidly consumed after disturbance (Table 1). 
Generally, such selective removal processes of small molecules in soil 
DOM are likely associated with their uptake by microbes and plants, as 
smaller molecules more easily cross the outer membranes of microbes (e. 
g., Gram-negative bacteria) and plant roots (Roth et al., 2019). The 
consistent responses of most variables (e.g., assigned formulate and 
DOM degradability) between the NR + L and NR + DL treatments sug
gest that root inputs affect these indices more than aboveground litter 
addition in root removal plots. This finding is consistent with the results 
of Liu et al. (2019) showing that root exclusion had a stronger effect on 
soil C cycling than litter addition in a 3-year experiment in a forest 
ecosystem. This finding is also consistent with decreased DOM degrad
ability in the NR + L and NR + DL treatments (Table 1). Nevertheless, R 
+ NL and NR + NL treatments induced decreases in the content of uti
lizable C, as well as increases in the degree of oxygenation and unsa
turation, as indicated by decreases in %MLBL and increases in average 
O/C and DBE, respectively (Table 1). Furthermore, aromatic compounds 
were enriched in soil DOM in the R + NL and NR + NL treatments, and 
this was supported by increases in AImod and %CRAM (Table 1).

The increased relative abundance of lignin-like, tannin-like, DBC- 
like, and amino sugar-like components in the R + NL treatment in
dicates that the decrease in available nutrients following the R + NL 
treatment can induce the death of microbes (Roth et al., 2019; Piazza 
et al., 2024). These changes were in contrast to those in the R + DL 
treatment (Fig. 2) and might also be associated with plant nutrient up
take and microbial activities (Feng et al., 2022). These results suggest 
that litter removal can lead to rapid changes in the structure of topsoil 
(0–10 cm) microbial communities through its effects on fungal com
munities, primarily due to increases in the soil NO3

− content (Chen et al., 
2023). These results suggest that the responses of the FT-ICR-MS indices 
differed in the R + NL and R + DL treatments, and the responses were 
more complex in the root removal plots. Litter removal or addition can 
lead to substantial changes in labile C in soils without extensive human 

Table 1 
Molecular characterization of SPE-isolated soil DOM indicated by FT-ICR MS.

Control R + NL R + DL NR +
L

NR +
NL

NR +
DL

No. assigned 
formulae

2926 4853* 2686 5026* 2631 3547*

Average 
molecular 
weight

361 392 342 391 382 377

Average H/C 1.31 1.16 1.38 1.24 1.14 1.23
Average O/C 0.40 0.47* 0.36 0.44 0.47* 0.37
Average N/C 0.012 0.020* 0.009* 0.013 0.012 0.023*
Average DBE 7.48 9.09* 6.74 8.44 9.05* 8.57
Average AImod 0.27 0.32* 0.25 0.29 0.33* 0.31
CHO(%) 0.81 0.76 0.83 0.65 0.80 0.48*
CHON (%) 0.15 0.24* 0.11* 0.16 0.13 0.19*
CRAM (%) 0.42 0.52* 0.37 0.45 0.53* 0.33*
Condensed 

aromatics (%)
0.07 0.09* 0.08 0.07 0.07 0.11*

DOM 
degradability 
(%)

0.25 0.24 0.27 0.21* 0.32* 0.11*

%MLBL 0.34 0.19* 0.42* 0.31 0.18* 0.34

Notes: *shows the ‘considerable significant’ differences between DIRT treat
ments and control treatments as their absolute difference value was more than 
20 %. H/C, O/C, and N/C, the ratios of H atom to C atom, O atom to C atom, and 
N atom to C atom; DBE, double bond equivalent; AImod, modified aromaticity 
index; %CRAM, carboxyl-rich alicyclic molecule-like compounds; and %MLBL 
fraction of biolabile compounds.

Fig. 2. Variation in seven biochemical components of SPE-isolated soil DOM indicated by FT-ICR MS. Notes: * indicates ‘considerably significant’ differences be
tween DIRT treatments and control treatments, which coincides with absolute difference values greater than 20 %.
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interference, and this affects the relative abundances of different 
biochemical components. However, in root removal plots, we suspect 
that trenching had a stronger effect on soil DOM than root-derived C and 
nutrient inputs over the short timeframe of the experiment.

Overall, we concluded that changes in plant inputs could lead to 
rapid alterations in the composition of soil DOM according to the DIRT 
experiment in an old-growth tropical forest, and no changes in most soil 
properties were observed. The results of both the UV/fluorescence and 
FT-ICR-MS analyses revealed that changes in plant resource inputs had a 
significant effect on the spectroscopic properties and molecular char
acteristics of soil DOM. The NR + NL treatments had pronounced effects 
on the molecular composition of DOM, and changes in most indices 
exceeded 20 %. However, we observed no major differences among 
treatments based on analysis of optical properties given that they 
changed little over short periods. Thus, both FT-ICR-MS and UV/fluo
rescence methods should be used to study soil DOM dynamics in forest 
ecosystems, as this would permit analysis of DOM to be integrated into 
full carbon cycle analyses.
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