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Biodegradation of dissolved organic matter (DOM) plays a key role in regulating both production of
greenhouse gases and accumulation and stabilisation of soil organic matter (SOM). However, the mecha-
nisms by which natural vegetation restoration affects the extent, rate, and temperature sensitivity of DOM
biodegradation are poorly understood. Elucidating these mechanisms is important for SOM management,
especially in light of future climate warming scenarios. In this study, a laboratory DOM solution incu-
bation experiment was conducted to comprehensively investigate the effects of temperature and natural
vegetation restoration spanning a period of 160 y on DOM biodegradation in the Loess Plateau, China. The
results indicated that dissolved organic C (DOC) biodegradation significantly decreased with vegetation
restoration after an incubation period of 60 d. Further, biodegradation of dissolved organic N (DON) and
dissolved organic P (DOP) significantly decreased after farmland abandonment. Specifically, the lowest
values were observed in pioneer (Populus davidiana) and mingled (Populus davidiana and Quercus liaotun-
gensis) forests. Generally, an increase in temperature significantly promoted the biodegradation of DOC,
DON, and DOP by enhancing the microbial utilisation efficiencies of recalcitrant humic substrates (i.e.,
low-molecular-weight humic materials). Our results suggest that DOM biodegradability and its tempera-
ture sensitivity were regulated by DOM substrate quality (i.e, recalcitrant humic materials), and microbial
properties (i.e., gram-negative bacterial and fungal PLFA, enzyme activities). Additionally, our results sug-
gest that climax forest communities (Quercus liaotungensis) played a vital role in reducing DOC and DOP

losses. This could be attributed to the low Q10 of the DOC and DOP biodegradation rates.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Although dissolved organic matter (DOM) is a minor fraction
of total organic matter in soils (<0.25%), it is the most mobile
and actively cycling organic matter. Additionally, it plays a key role
in carbon storage and cycling, provides plant-available nutrients,
and serves as an energy source for microorganisms (Kalbitz et al.,
2000; Marschner and Kalbitz, 2003; McDowell et al., 2006). More-

Abbreviations: AMF, arbuscular mycorrhizal fungi; AP, Alkaline phosphatase; BG,
B-glucosidase; DOM, dissolved organic matter; SOM, soil organic matter; DOC, dis-
solved organic carbon; DON, dissolved organic nitrogen; DOP, dissolved organic
phosphorus; EEM, three-dimensional excitation-emission matrix; MBC, microbial
biomass carbon; MBN, microbial biomass nitrogen; MBP, microbial biomass phos-
phorus; NAG, N-acetyl-S-glucosaminidases; PLFA, phospholipid fatty acid; Q10,
temperature sensitivity; SEM, structural equation model.
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over, DOM biodegradation significantly affects the soil organic mat-
ter (SOM) dynamics in soils. Further, it regulates the production of
greenhouse gases (i.e., CO,, CHy, and N,0) by providing electrons
and reducing the soil O, content required for methanogenesis and
denitrification (Lu et al., 2000; McDowell et al., 2006). Finally, it
helps indicate processes that control SOM accumulation and sta-
bilisation (Kaiser and Kalbitz, 2012). Therefore, understanding the
dynamics of DOM biodegradation is important for SOM manage-
ment and global climate change mitigation.

Natural vegetation restoration without anthropic interference is
considered as an efficient measure for recovering both soil fertility
and ecosystems with degraded soils (Prach and Walker, 2011). Re-
vegetation significantly affects the DOM dynamics by altering the
input of organic matter and influencing the rates, extent, and path-
ways of microbial degradation (Kalbitz et al., 2000; Liu et al., 2019).
Specifically, DOM biodegradation is affected by intrinsic DOM char-
acteristics (e.g., chemical structures of DOM compounds) and soil
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factors (e.g., nutrient availability, microbial community structures,
and microbial enzyme activities) (Marschner and Kalbitz, 2003).
The conversion of sloped croplands to grasslands, shrublands, and
woodlands has been shown to significantly increase the concen-
trations of dissolved organic C (DOC), dissolved organic N (DON),
and recalcitrant substances (e.g., humic-like materials and fulvic
acid) in DOM solutions and decrease DOC biodegradation in the
Loess Plateau, China (Huang et al, 2015; Kalbitz et al, 2003a;
Liu et al. 2019). Moreover, the succession rate of fungi has been
shown to be significantly higher than that of bacteria in the Ziwul-
ing forest region of Loess Plateau, China. Further, the relative abun-
dances of microbial genes responsible for C and N cycling have
been shown to decrease and increase with successional stages, re-
spectively (Wang et al.,, 2019; Zhong et al. 2018). However, the
effects of natural vegetation restoration on DOM biodegradation
are poorly understood. Further, the mechanisms underlying DOM
biodegradability are largely unknown.

Previous studies have concluded that microbial decomposi-
tion of soil organic matter and enzyme activities associated with
soil C, N, and P cycling increased with increasing temperature
(A’Bear et al, 2014; German et al., 2012; Min et al, 2019;
Nazaries et al., 2015; Pang et al., 2015). Ylla et al. (2012) reported
that labile organic matter (OM) was rapidly cycled irrespective of
the temperature while microbial degradation of recalcitrant sub-
stances increased with increasing temperatures. Recalcitrant or-
ganic carbon (OC) fractions comprise more biochemically com-
plex compounds than labile OC fractions; therefore, the decompo-
sition of recalcitrant substrates requires greater activation energy
(von Liitzow and Kogel-Knabner, 2009). The ‘carbon quality tem-
perature’ hypothesis states that temperature sensitivity increases
with the increasing biochemical recalcitrance of soil organic mat-
ter (Davidson et al., 2006). Specifically, the Arrhenius equation dic-
tates high temperature sensitivities for OC decomposition reac-
tions occurring at high activation energies (Conant et al., 2011).
Mao and Li (2018) concluded that the ‘carbon quality temperature’
hypothesis is applicable to DOC biodegradation. Further, DOC qual-
ity and pH are powerful predictors of the temperature sensitivity
of biodegradable DOC in subtropical rivers. It has been reported
that the temperature sensitivity of SOM decomposition is generally
affected by substrate quality (i.e., soil C to N ratio, soil lignin and
fatty acid content, and soil pH) and microbial properties (i.e., gram-
negative bacterial PLFA, fungal PLFA, and fungi to bacteria ratio)
(Liu et al., 2017a; Ma et al., 2019; Wang et al., 2018). Additionally,
the ‘carbon quality temperature’ hypothesis is applicable to N min-
eralisation because its activation energy is strongly correlated with
substrate quality (Miller and Geisseler, 2018; Schutt et al., 2014).
Previous studies have reported that the temperature sensitivity of
N mineralisation is affected by soil total nitrogen, soil C to N ratio,
and soil pH (Liu et al., 2016; Liu et al., 2017b; Miller and Geis-
seler, 2018). Although several studies have focused on mechanisms
regulating the temperature sensitivity of SOM decomposition, key
factors regulating the temperature sensitivity of DOM biodegrada-
tion are largely unknown. Further, the mechanism by which nat-
ural vegetation restoration affects the temperature sensitivity of
DOM biodegradation is poorly understood.

This study selected vegetation converted from adjacent farm-
lands with ages of 30, 60, 100, 130, and 160 years. This long-term
and well-dated vegetation restoration chronosequence allowed
comprehensive investigation of mechanisms by which natural veg-
etation restoration and temperature regulated DOM biodegrada-
tion in the Ziwuling forest region of the Loess Plateau, China.
The DOM composition was investigated using three-dimensional
excitation-emission matrix (EEM) fluorescence spectroscopy, which
is a reagent-free, rapid, sensitive, and selective technique for fin-
gerprinting organic matter in terrestrial ecosystems (Chen et al,,
2003). This study aimed to elucidate the effects of natural vege-
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tation restoration and temperature on DOM biodegradation. Fur-
ther, the key factors driving DOM biodegradability were identified.
Finally, the roles of substance quality and microbial properties in
regulating the temperature sensitivity of DOM biodegradation were
elucidated. We hypothesised that (1) DOM biodegradation signifi-
cantly decreases after farmland abandonment. Further, variations
in the biodegradation of DOC, DON, and dissolved organic P (DOP)
could be attributed to mineralogical differences and different driv-
ing forces; (2) An increase in temperature significantly promotes
DOM biodegradation by enhancing the decomposition of chemi-
cally recalcitrant substances; (3) Natural vegetation restoration sig-
nificantly decreases the Q10 of DOM biodegradation, especially at
the forest stage. This could be attributed to increased labile organic
matter in DOM solutions and decreased Q10 of enzyme activities
(resulting from altered microbial communities).

2. Methods
2.1. Study sites and soil sampling

The study sites were established on the Lianjiabian Forest Farm
(35°03’-36°37'N, 108°10’-109°18’E, 1211-1453 m a.s.l.) in Heshui
County, Ganshu Province, China (Fig S1). The Lianjiabian Forest
Farm is located in the hinterland of the Ziwuling forest region of
the Chinese Loess Plateau and covers a total area of 23,000 km?.
The study area is characterised by mid-temperate continental mon-
soon climate with a mean annual temperature of 10 °C and an av-
erage annual rainfall of 587 mm. This area has landforms typical
of hilly-gully loess topography. The soils of this region developed
from primary and secondary loess parent materials and are classi-
fied as Inceptisols (USDA Soil Taxonomical System) or loesses. The
soils are evenly distributed above red earth (comprising calcare-
ous cinnamon soils) at depths ranging from 50 to 130 m. The soil
pH ranges from 7.92 to 8.31. Species-rich uniform forests cover this
area, and the canopy density ranges from 80 to 95%.

According to previous studies, local inhabitants emigrated from
the Ziwuling forest region due a national conflict (1842-1866). The
subsequent secondary succession allowed natural regeneration of
forests in the abandoned croplands. In particular, the complete se-
quence of natural vegetation succession following farmland aban-
donment can be observed in the study area. Chen (1954) inves-
tigated vegetation recovery in the Ziwuling forest region and re-
ported that P. davidiana constituted 70% of the vegetation cover af-
ter ~100 years. Zou et al. (2002) investigated vegetation succession
in this region at three temporal points (1962, 1982, and 2000) and
concluded that P. davidiana forests had been replaced by Q. liao-
tungensis forests after ~50 years. The ages of herbaceous and shrub
communities (<60 years of succession) were verified by consul-
tations with local elders and by assessing land contracts between
farmers and the government. The ages of forest communities with
>60 years of recovery were determined by evaluating tree rings
and examining relevant written sources. Five vegetation succes-
sion stages were selected as experimental sites: (1) grassland (~30
years, S30); (2) shrubland (~60 years, S60); (3) pioneer forest (~100
years, S100); (4) mingled forest (~130 years, S130); (5) climax for-
est (~160 years, S160). The dominant plant species for each veg-
etation succession stage is listed in Table S1. Notably, maize (Zea
mays L.) was the only crop cultivated in the study area. Therefore,
a maize farm with more than 200 years of cultivation history was
selected as the reference (0 year). The aboveground biomasses of
crops were harvested annually. Further, chemical fertilisers were
applied annually, although the rate of application varied across the
years. Study sites indicated similar elevations, gradients, and slopes
and had been previously farmed in similar manners (Zhong et al.,
2018). The detailed geographical and vegetation characteristics of
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the study sites are presented in Table S1. Additionally, the soil
chemical properties are listed in Table S2.

In this study, four sites each were established (at distances
ranging from 0.3 to 1 km) for the restoration stages in August 2017.
Further, a plot (20 x 20 m) was established at each site. Soil sam-
ples were collected from the top 20 cm using a stainless-steel corer
(diameter: 5 cm) after removing the litter horizons. All sampling
points were free of lichens, biological crusts, and any other vege-
tation within a radius of 0.75 m. Twenty soil cores were randomly
collected along an S-shaped pattern from each plot. A total of 24
samples (6 sites x 4 replicate plots per site) were collected. All
samples were sieved through a 2-mm screen to remove roots and
other debris. One subsample was stored at 4 °C for subsequent use
in the incubation experiment, and another subsample was air-dried
for physicochemical analysis.

2.2. Preparation of DOM solutions and inocula

A DOM solution was prepared for each sample (Kalbitz et al.,
2003b) with a dry soil to water ratio of 1:4 (w/w). All extracts
were centrifuged at 3000 x g for 10 min and filtered through pre-
washed 0.45 pum cellulose acetate filters (Schleicher and Schuell).
The inocula were prepared by rewetting the soil samples to field
capacity and incubating at 20 °C for 2 weeks to reactivate the mi-
croorganisms. Subsequently, 50 g of the incubated soil sample was
shaken with 100 mL of 4 mM CaCl, for 30 min followed by filtra-
tion through 5 pum filters (Millipore, SMWP 4700).

2.3. Incubation experiments

The inocula were added to the respective DOM solutions at a
ratio of 1:100 (Kalbitz et al., 2003b). Subsequently, the DOM solu-
tions were stored in closed 2-L glass bottles with five glass-fibre
filters to provide surface area for the establishment of biofilms
(Kalbitz et al., 2003b). These solutions were incubated in the dark
at 4, 20, and 35 °C for a duration of 60 days. Temperature is known
to stimulate microbial activity within the physiological range of 0-
35 °C (Paul and Clark, 1996). The solutions were gently shaken by
hand for 2 min daily to mix the samples. Further, the incubation
bottles were opened daily to aerate the DOM solutions. Subsam-
ples were collected after 0, 1, 3, 7, 14, 22, 30, and 60 days. Each
subsample was filtered through a 0.45 pum cellulose acetate mem-
brane to remove both particulate matter and microorganisms. A
total of 528 subsamples were collected and frozen prior to further
laboratory analysis. The unfiltered subsamples were utilised for en-
zyme activity analysis.

2.4. Sample analysis

The DOC was determined using a TOC analyser (Liqui TOC II,
Elementar, Germany). The total dissolved nitrogen (TDN) and to-
tal dissolved phosphorus (TDP) were estimated using the alka-
line digestion/ultraviolet (UV) (Doyle et al., 2004) and ammonium
molybdate (Galhardo and Masini, 2000) spectrophotometric meth-
ods, respectively. Concentrations of NHy™ and NO3~ were mea-
sured by an AA3 continuous-flow autoanalyser (AutoAnalyzer3-
aa3, Bran + Luebbe, Germany). The concentration of soluble re-
active phosphorus (SRP) was determined using the phospho-
molybdenum blue method (Murphy and Riley, 1962). The DON and
DOP were calculated as TDN-(NH4™ + NO3~) and TDP-SRP, respec-
tively. If the DON or DOP is less than 20% of dissolved inorganic
N or SRP, respectively, then the measurement errors might have
negative influence on the precision of calculated results. In this
study, DON or DOP were at least at the same order of magnitude
compared to dissolved inorganic N or SRP, respectively, conforming
that the calculation process of DON and DOP was valid. Analytical
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methods for determining other soil chemical properties and micro-
bial parameters have been described in the materials and methods
section of the supplementary material.

The EEM spectrograms of the subsamples were obtained using
an LS-55 fluorescence spectrometer (PerKinElmer, USA). The slits
for both excitation and emission were 5 nm with a scanning speed
of 1200 nm min~!. The EEMs were recorded at 2 nm intervals for
excitation wavelengths (200-495 nm) and at 5 nm intervals for
emission wavelengths (250-500 nm). The wavelength-dependent
intensity of the light source and the light sensitivity of the detec-
tor were corrected before conducting the measurements. Correc-
tion factors supplied by the manufacturer were utilised to correct
the excitation and emission intensities for instrument-specific bi-
ases.

The unfiltered subsamples were prepared for enzyme anal-
ysis. Specifically, the activities of pB-glucosidase, N-acetyl-S-
glucosaminidase, and alkaline phosphatase were measured using
standard fluorimetric techniques described by DeForest (2009).
Briefly, 50 L (200 uM substrate) of the fluorimetric substrate so-
lution and 150 uL of the subsample were mixed in a microplate
and incubated for 2 h at the incubation temperature of the DOM
solutions. Subsequently, 10 L of 1.0 M NaOH was added to stop
the reaction. Fluorescence was measured using a microplate fluo-
rimeter (Molecular Devices SpectraMax M2 Multi-Mode Microplate
Reader, USA) with 365 nm excitation and 450 nm emission filters.
Each assay microplate contained two columns of blanks to correct
background fluorescence in the substrates. The MUB-linked model
substrates utilised for the enzyme analysis are presented in Ta-
ble S3. The activities of B-glucosidase, N-acetyl-B-glucosaminidase,
and alkaline phosphatase were expressed in pmol g~ soil h~1.

2.5. Parallel factor (PARAFAC) analysis

Each EEM was corrected for inner filtering effects by multiply-
ing with a correction matrix (calculated for each wavelength pair
from the sample absorbances). In this regard, the assumed excita-
tion (Ex) and emission (Em) pathlengths were 0.5 cm in a 1-cm
cuvette (Ohno, 2002). Data from the same vegetation communities
were combined to avoid the admixing of various sources or en-
vironmental samples. The EEM spectrogram data were combined
into six 3-dimensional arrays (88 samples x 51 excitations x 41
emissions). The Raman and Rayleigh scatter effects were removed
from the data according to Liu et al. (2019). In order to identify
the number of components in the model and to prove the valid-
ity of these components, four approaches including residual anal-
ysis, examine the spectral properties of each component, split half
analysis, and random initialization was used.

Figure S2 presents the fluorescent components and the pro-
portional distributions of soil DOM components. The Ex/Em wave-
length pairs of component 1 (C1) were centred at 250/500 nm.
This component was identified as a UVA humic-like component
related to fulvic acid (Cory and McKnight, 2005; Stedmon and
Markager, 2005). The Ex/Em wavelength pairs of component 2 (C2)
were centred at 245/340 nm. This component was associated with
protein-like materials (Murphy et al., 2006). A UVC humic-like flu-
orescent peak was observed for component 3 (C3) which was char-
acterised by Ex/Em wavelength pairs centred at 239/480 nm. This
component was associated with high-molecular-weight and aro-
matic humic materials (Cory and McKnight, 2005; Stedmon and
Markager, 2005; Stedmon et al., 2003). A humic-like fluorescent
peak was identified for component 4 (C4) which was characterised
by Ex/Em wavelength pairs centred at 236/460 nm. This compo-
nent was associated with low-molecular-weight materials and bio-
logical activity (Cory and McKnight, 2005; Murphy et al., 2006).
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2.6. Data analyses

The least-square optimisation method was utilised to obtain a
double-fitted exponential curve for elucidating the DOM biodegra-
dation dynamics. Total DOM comprises both labile and stable DOM
pools (Kalbitz et al., 2003b). This statistical analysis was performed
utilising Auto2Fit 5.5 (7D-Soft High Technology Inc., Beijing, China).

Subsequently, DOM biodegradation was calculated as:

(% of initial concentration) = (100 — a) x (1 — D)
+ax (l _ e(—k]xt))

where a is the proportion of labile DOM in total DOM (%), t is time
(d), k1 is the biodegradation rate constraint of the labile DOM pool
(d-1), and k2 is the biodegradation rate constraint of the stable
DOM pool (d-1).

The half-lives of labile and stable DOM pools were calculated
from loss-rate constraints as follows:

Half —life =In (2) x k7!

where K is the biodegradation rate constraint of the labile and sta-
ble DOM pools (d-1).

The Q10 values of the DOM biodegradation rate and enzyme
activity were calculated using the following equation:

K [10/(t2—t1)]
10=(:2
o= ()

where K is the DOM biodegradation rate or enzyme activity at
temperature t (°C).

Linear mixed models (LMMs) were used to analyse the in-
dividual and interactive effects of restoration stage, temperature,
and incubation time on soil chemical properties, characteristics
of DOM biodegradation, and enzyme activities. The models in-
cluded ‘restoration stage’, ‘temperature’, and ‘incubation time’ as
fixed effects and ‘sampling site’ as a random effect. All residues
were checked for normality and homogeneity of variance. Fur-
ther, Tukey's test (P < 0.05) was performed for multiple com-
parisons. A backward stepwise regression model was constructed
to detect the effects of DOM composition, enzyme activities, and
soil microbial properties on DOM biodegradation. The above men-
tioned statistical analyses were conducted using SPSS 21.0 (SPSS
Inc., Chicago, IL, United States). Structural equation models (SEMs)
were constructed to investigate the potential direct and indirect ef-
fects of DOM composition and microbial properties on the temper-
ature sensitivities of DOM biodegradation and enzyme activities.
The model was constructed and run in IBM SPSS + AMOS 21.0. The
graphs were drawn using SigmaPlot 10.0 (Systat Software, San Jose,
CA, United States). MATLAB 2014a (MathWorks Inc., USA) was used
to analyse the EEM data. The fluorescence EEMs were analysed
through PARAFAC modelling using the DOMFluor toolbox of MAT-
LAB (Stedmon and Bro, 2008) following the procedures described
by Stedmon and Bro (2008).

3. Results
3.1. DOM biodegradation at different successional stages

DOC biodegradation significantly decreased with natural vege-
tation restoration after the 60-day incubation period (P < 0.05,
Fig. 1). The proportion of the labile DOC pool significantly de-
creased with succession, and the decrease rate was the highest
during the first 30 years of vegetation restoration (Fig. 2 and
Table 1). Farmland abandonment significantly decreased both DON
biodegradation (after the 60-day incubation period) and the pro-
portion of labile DON, which was the lowest at S30 and S100 fol-
lowed by S60, S130, and S160 (P < 0.05, Fig. S3, Table S4). Ad-
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ditionally, NO3~ concentrations in the DOM solutions slightly in-
creased with the incubation duration and significantly decreased
after farmland abandonment, especially within the first 100 years
of vegetation restoration (P < 0.05, Fig. S3). However, NH4" con-
centrations in the DOM solutions significantly increased within the
first 100 years of vegetation restoration. Farmland abandonment
significantly decreased both DOP biodegradation (after the 60-day
incubation period) and the proportion of labile DOP (P < 0.05,
Fig. S4, Table S5). Specifically, farmland abandonment decreased
the biodegradation rates of both labile and stable DOPs (Table S5).
Soluble reactive P (SRP) concentration in the DOM solution was
low and remained relatively stable during the incubation period.
Further, no significant differences in SRP concentrations were ob-
served among the different stages of natural vegetation restoration.

3.2. DOM biodegradation at different temperatures

DOC biodegradation significantly increased with increasing
temperature after the 60-day incubation period (Fig. 1). However,
$160 indicated the highest DOC biodegradation at 20 °C (Fig. 1b).
The biodegradation rate constant of labile DOC pool (K1) during 30
to 130 years of vegetation restoration was lowest at 35 °C, while
highest biodegradation rate constant of stable DOC pool (K2) dur-
ing the first 100 years of vegetation restoration was observed at
35 °C (Fig. 2). In contrast to the farmland, natural restoration sig-
nificantly increased the Q10 of the DOC biodegradation rate be-
tween days 1 and 7 (Fig. 3a). Further, the Q10 was the highest at
S130, followed by S100, S60, and S30, and the lowest at S160.

Elevated temperatures significantly promoted DON biodegrada-
tion after the 60-day incubation period (Fig. S3). However, the Q10
values of DON biodegradation rates at S30, S60, S100, and S130
were significantly lower than those of DOC biodegradation rates
(Fig. 3b). Additionally, no significant differences in the Q10 values
of the DON biodegradation rates were observed among the dif-
ferent vegetation restoration stages. Temperature exerted a negli-
gible effect on the NO3;~ dynamics during the incubation period
(P > 0.05). However, NH4* concentrations in the DOM solutions
were the lowest at 20 °C (Fig. S3). DOP biodegradation significantly
increased with increasing temperature after the 60-day incubation
period (Fig. S4). In contrast to the farmland, vegetation restoration
significantly increased the Q10 of the DOP biodegradation rate be-
tween days 1 and 7. Further, the Q10 was the highest at S100 and
$130, followed by S30 and S60, and the lowest at S160 (Fig. 3c).
The SRP concentrations in the DOM solutions were the lowest at
4 °C (Fig. S4).

3.3. Changes in DOM composition during incubation

Natural vegetation restoration significantly affected the initial
DOM composition and its dynamics during the incubation period
(P < 0.05, Fig. 4). The initial concentrations of C1, C2, and C3 in
DOM solutions from S130 and of C4 in DOM solutions from S30
and S130 were significantly higher than those from SO. However,
the initial concentrations of C1 and C2 in DOM solutions from S60,
$100, and S160 and of C3 in DOM solutions from S100 were sig-
nificantly lower than those from SO (Fig. 4). Notably, the effects of
temperature on DOM composition varied with the different vege-
tation restoration stages. Specifically, elevated temperatures signif-
icantly increased the concentrations of C1 from SO and S30 and of
C2, C3, and C4 from S30. However, elevated temperatures signifi-
cantly decreased the concentrations of C1 and C2 from S160 and
of C3 and C4 from S130 and S160. Additionally, the concentrations
of C1, C2, and C4 from S60 and S100 were the lowest at 20 °C and
the highest at 35 °C.
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deviation (n = 4).
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Table 1
Quantitative measures of the DOC biodegradation after 60 days incubation.
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DOM solution  Biodegraded DOC  Labile DOC*  Stable DOC®  K1¢ (day~') K29 (day~')  Half-life 1¢ (day)  Half-life 2f (year)  r?
% of total DOC
DOM solutions incubated at 4 °C
SO 44.35 41.42 58.58 0.342 0.001 2.01 1.62 0.992
S30 28.75 21.79 78.21 0.338 0.002 2.05 1.09 0.991
S60 26.87 19.70 80.30 0.435 0.002 1.61 1.11 0.994
S100 24.50 22.55 77.45 0.298 0.001 2.30 3.45 0.991
S130 22.88 15.52 84.48 0.389 0.002 1.78 1.09 0.988
S160 17.96 13.87 86.13 0.343 0.001 2.05 2.11 0.991
DOM solutions incubated at 20 °C
SO 53.07 48.65 51.35 0.662 0.001 1.04 2.75 0.997
S30 40.18 37.76 62.24 0.413 0.001 1.69 243 0.999
S60 35.21 27.59 72.41 0.330 0.002 2.10 0.94 0.998
S100 29.59 25.52 74.48 0.358 0.001 1.95 1.76 0.995
S130 27.25 23.99 76.01 0.284 0.001 2.44 243 0.999
S160 24.41 19.22 80.78 0.350 0.001 1.98 1.42 0.987
DOM solutions incubated at 35 °C
SO 63.64 53.77 46.23 1.455 0.006 0.48 0.34 0.989
S30 44.03 30.85 69.15 0.259 0.004 2.68 0.47 0.985
S60 37.74 30.97 69.03 0.363 0.002 1.91 0.87 0.982
S100 32.85 26.37 73.63 0.179 0.002 3.88 1.09 0.978
S130 28.85 24.44 75.56 0.232 0.001 2.99 1.81 0.998
S160 20.48 16.03 83.98 0.847 0.001 0.82 1.90 0.990
r2: r-square (coefficient of determination) of the double exponential model.
a: rapidly biodegradable DOC.
b: slowly biodegradable DOC.
c: biodegradation rate constant of the labile DOC pool.
d: biodegradation rate constant of the stable DOC pool.
e: half-life of the labile pool.
f: half-life of the stable pool.
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3.4. Changes in enzyme activities during incubation

Natural vegetation restoration and temperature significantly
affected the enzyme activities during the incubation period
(P < 0.05, Fig. 5). The activities of BG and AP were the highest at
$100, followed by S60 and S160. Further, no significant differences

were observed between S0, S30, and S130. The NAG activities were
the highest at S100 and S160, followed by S130. However, no sig-

nificant difference was observed for the first 60 years of natural
vegetation restoration. Additionally, the activities of BG, NAG, and
AP significantly increased with increasing temperature. The Q10 of
BG was the highest at S30, followed by SO, S160, S130, and S60,
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Fig. 4. Dynamics of Fmax values of the four components identified by PARAFAC in DOM solutions from different successional stages during incubation at different tempera-

tures. Error bars represent standard deviation (n = 4).

and the lowest at S100 (Fig. 3d). The Q10 of NAG was the high-
est at SO and S60, followed by S30, S130, and S160, and the lowest
at S100 (Fig. 3e). Finally, the Q10 of AP was the highest at SO, fol-
lowed by S60, and the lowest at S30, S100, S130, and S160 (Fig. 3f).

3.5. Factors affecting DOM biodegradation

The backward stepwise regression model indicated that fun-
gal PLFA, AMF, and the fungi to bacteria ratio significantly af-
fected DOC biodegradation at 4 °C while C3 and C4 exerted sig-
nificant effects at 20 and 35 °C (Table 3). BG activity significantly
affected the DOC biodegradation rate at 4 and 20 °C (Table 2). Mi-
crobial biomass carbon (MBC) affected both labile and stable DOC
biodegradation rates at 4 °C (Table 3). Further, the fungi to bacte-
ria ratio affected the labile DOC biodegradation rate at 4 °C. Both
labile and stable DOC biodegradation rates were affected by fungal
PLFA at 20 °C. Additionally, microbial biomass phosphorus (MBP)
and AMF positively affected the labile (at 30 °C) and stable DOC
biodegradation rates, respectively.

The backward stepwise regression model also indicated that
C1, C4, gram-positive and gram-negative bacterial PLFA, AMF, and
the fungi to bacteria ratio significantly affected DON biodegrada-
tion (Table 3). Further, BG, NAG, AP, and C1 significantly affected
the DON biodegradation rate during incubation (Table 2). Addi-
tionally, C3 concentrations in the DOM solutions affected the DON
biodegradation rate only at 4 °C (Table 3). Notably, C3, C4, gram-
positive and gram-negative bacterial PLFA, MBP, and the fungi to
bacteria ratio significantly affected DOP biodegradation (Table 3).
Further, NAG, AP, and C1 significantly affected the DOP biodegra-
dation rate during incubation (Table 2). Factors affecting DOP
biodegradation shifted from C2, gram-negative bacterial PLFA, MBP,
and the fungi to bacteria ratio at 4 °C to MBP at 20 °C, and micro-
bial biomass nitrogen (MBN) at 35 °C (Table 3).

3.6. Factors affecting the temperature sensitivity of DOM
biodegradation

The SEM 1 explained 60, 24, and 67% of the variance in the Q10
values of the DOC biodegradation rate, BG activity, and AP activity,
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Fig. 5. Dynamics of enzyme activities in DOM solutions from different successional stages during incubation at different temperatures. Error bars represent standard deviation

(n = 4).

Table 2

Summary of backward stepwise regression models to detect DOC biodegradation rate, DON biodegradation rate and DOP biodegradation rate as determined by enzyme

activities and DOM composition.

Equations 2 F P n
y1 =1.553 x 1 + 11.218 x 2-1.044 x 3 + 0.005 x 4-0.009 x 6 + 0.011 x 7-3.670 0.386 52.000 0.000** 504
All temperature y2 =0.325 x 1 +3.945 x 2-0.363 x 3 + 0.003 x 4-0.002 x 6-1.121 0.469 88.117 0.000** 504
y3 = 0.076 x 2-0.007 x 3 + 0.0000421 x 4-0.02 0.331 61.626 0.000** 504
y1 =3.124 x 1 + 8.466 x 2-1.301 x 3 + 0.008 x 4-0.013 x 6-2.305 0.349 17.361 0.000** 168
Incubations at 4 °C y2 =1.093 x 1+ 3.287 x 2-0.48 x 3 + 0.003 x 4-0.005 x 6-1.083 0.471 28.812 0.000** 168
y3 = 0.074 x 2-0.011 x 3 + 0.00004 x 4-0.013 0.227 16.097 0.000** 168
y1 =5.408 x 1 +9.997 x 2-1.433 x 3 + 0.007 x 4-0.008 x 5 + 0.012 x 7-5.833 0.471 23.925 0.000** 168
Incubations at 20 °C y2 =1.332 x 1 +3.827 x 2-0.472 x 3 + 0.002 x 4-1.667 0.496 40.102 0.000** 168
y3 =0.036 x 1 +0.064 x 2-0.01 x 3 + 0.00004 x 4-0.038 0.418 29.032 0.000** 168
y1 =11.599 x 2-0.852 x 3-0.015 x 5+ 0.016 x 7 + 0.011 x 4-3.035 0.475 29.273 0.000** 168
Incubations at 35 °C y2 =3.668 x 2-0.32 x 3 + 0.003 x 4-1.067 0.492 52.930 0.000** 168
y3 = 0.072 x 2-0.006 x 3 + 0.00005 x 4-0.019 0.372 32.351 0.000** 168

x1, B-glucosidase activity; x2, B-N-acetylglucosaminidase activity; x3, phosphatase activity; x4, fluorescent component 1; x5, fluorescent component 2; x6, fluorescent com-
ponent 3; x7, fluorescent component 4; y1, DOC mineralization rate; y2, DON mineralization rate; y3, DOP mineralization rate.

respectively (Fig. 6). The concentrations of C1 and C4 and the Q10
of BG and AP activities exerted direct negative effects on the Q10
of the DOC biodegradation rate while AMF exerted a direct positive
effect. Notably, the Q10 values of BG and AP activities were deter-
mined by MBC, MBN, MBP, and fungal PLFA. Further, MBN exerted
a significant negative effect on the Q10 of BG and AP activities,
AMF, and fungal PLFA.

The SEM 2 explained 43, 70, and 53% of the variance in the Q10
values of the DON biodegradation rate, NAG activity, and AP activ-
ity, respectively (Fig. S5a). The Q10 of NAG and AP activities ex-
erted direct positive effects on the Q10 of the DON biodegradation
rate. Further, AMF and MBP exerted significant negative effects on
the Q10 of NAG. Additionally, MBC exerted direct effects on AMF,
MBP, and the Q10 of NAG and AP activities. The SEM 3 explained
47, 70, and 83% of the variance in the Q10 of the DOP biodegrada-
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Table 3
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Summary of backward stepwise regression models to detect 60-day biodegradation and half-lives of labile and stable pools of DOC, DON, DOP as determined by DOM
composition and soil microbial properties.

Equations r2 F P n
y1 = 0.001 x 3-0.001 x 4 + 0.028 x 7-0.038 x 8 + 0.309 x 9-0.003 x 10 + 0.274 0.700 25.231 0.000** 72
y2 = —-0.007 x 4-0.005 x 6 + 0.179 x 8 + 2.357 0.117 4.563 0.014* 72
All temperature y3 =-0.002 x 1 +0.006 x 4 +0.193 x 8 + 1.046 0.298 29.779 0.000** 72
y4 = 0.055 x 1-0.169 x 4 + 0.319 x 5-0.179 x 6-2.002 x 8 + 19.201 x 9 + 34.561 0.517 11.579 0.000** 72
y5 = 0.002 x 3-0.004 x 4 + 0.002 x 5-0.002 x 6-0.002 x 12 + 0.706 0.395 8.628 0.000** 72
y1 =0.027 x 7-0.04 x 8 + 0.355 x 9-0.002 x 12 + 0.112 0.770 15.860 0.000** 24
y2 = —-0.003 x 1-0.014 x 4 + 0.028 x 5-0.021 x 6 + 3.155 x 9-0.002 x 10 + 0.209 x 7 + 2.677 0.868 15.048 0.000** 24
Incubations at 4 °C y3 = —0.005 x 3 + 0.007 x 6-0.005 x 10 + 0.012 x 11 + 2.284 0.567 6.223 0.000** 24
y4 = 0.053 x 1-0.202 x 4 + 0.427 x 5-0.284 x 6 + 19.237 x 9-1.09 x 8 + 33.166 0.778 9.917 0.000** 24
y5 = 0.001 x 2-0.004 x 4 + 0.005 x 5-0.004 x 6 + 0.196 x 9-0.003 x 12 + 0.595 0.727 7.560 0.000** 24
y1 =0.001 x 3-0.002 x 4-0.004 x 12 + 0.58 0.864 42.338 0.000** 24
y2 = 0.016 x 3-0.017 x 4-0.01 x 11 + 0.143 x 7 + 1.974 0.518 5.108 0.006** 24
Incubations at 20 °C y3 =0.006 x 7 + 0.003 x 10+0.311 0.639 18.579 0.000** 24
¥4 = 0.054 x 1-0.146 x 4 + 0.253 x 5-0.115 x 6 + 19.268 x 9-2.5 x 8 + 33.49 0.892 23.511 0.000** 24
y5 = —0.001 x 4-0.002 x 12 + 0.547 0.383 6.509 0.006** 24
y1 =0.001 x 3-0.002 x 4-0.005 x 12 + 0.706 0.864 42.338 0.000** 24
y2 = 0.007 x 1-0.019 x 3 + 0.015 x 5-0.01 x 6 + 0.021 x 12 + + 0.388 0.833 18.015 0.000** 24
Incubations at 35 °C y3 =-0.039 x 1 +0.044 x 2 +0.022 x 3-0.023 x 5 + 0.665 x 8 + 0.173 0.745 10.495 0.000** 24
y4 = 0.056 x 1-0.16 x 4 + 0.278 x 5-0.139 x 6-2.415 x 8 + 19.098 x 9 + 37.027 0.904 26.720 0.000** 24
y5 = —0.001 x 4-0.001 x 11 + 0.638 0.505 10.727 0.000** 24

x1, fluorescent component 1; x2, fluorescent component 2; x3, fluorescent component 3; x4, fluorescent component 4; x5, gram-positive bacteria; x6, gram-negative bacteria;
x7, fungi; x8, AMF; x9, fungi to bacteria ratio; x10, microbial biomass carbon; x11, microbial biomass nitrogen; x12, microbial biomass phosphorus; y1, 60-day decomposition
of DOC; y2, half-life of labile DOC; y3, half-life of stable DOC; y4, 60-day decomposition of DON; y5, 60-day decomposition of DOP.
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Fig. 6. Structural equation model of the effects of DOM composition, microbial
properties, and temperature sensitivity (Q10) of enzyme activity on Q10 of DOC.
Models a satisfactorily fitted to data based on x2 and RMSEA analyses [model a:
X2 = 32.002, df = 26, P = 0.193, GFI = 0.928, RMSEA = 0.033]. Solid and dashed
arrows represent the positive and negative effects in a fitted structural equation
model, respectively. Widths of the arrows indicate the strength of the casual rela-
tionship (the standardized path coefficients on arrows). Variances explained by the
model (R?) are shown next to each endogenous variable.

tion rate, AP activity, and NAG activity, respectively (Fig. S5b). The
Q10 of NAG and AP activities exerted direct negative effects on the
Q10 of the DOP biodegradation rate, while C4 concentration ex-
erted a direct positive effect. The Q10 of AP activity was negatively
affected by fungal PLFA and MBN. Fungal PLFA exerted direct neg-
ative effects on the Q10 of NAG and AP activities and were directly
and positively affected by MBC and MBN.

4. Discussion
4.1. Effects of natural vegetation restoration on DOM biodegradation

Previous studies conducted in the Ziwuling forest region indi-
cated that both litter and soil organic carbon decomposition rate
decreased during the succession from grasslands to climax forests,
with the highest rate observed for grasslands (Deng et al., 2016;
Zhong et al., 2018). In this study, consistent with our hypothesis 1,
DOC biodegradation significantly decreased in response to natural

vegetation restoration after the 60-day incubation period (P < 0.05,
Fig. 1). This result is partly supported by a previous study con-
ducted in the Loess Plateau which concluded that the conversion
of sloped croplands to grasslands, shrublands, and woodlands sig-
nificantly decreased DOC biodegradation (Liu et al., 2019). Further,
it has been reported that arable lands and grasslands in north-
eastern Germany exhibit significantly high degradation of DOC in
contrast to natural forests, which is consistent with our results
(Kalbitz et al., 2003a). The backward stepwise regression analysis
indicated that DOC biodegradation and its rate were affected by
both DOM composition and microbial properties (Tables 2 and 3).
DOC biodegradation was positively affected by the initial concen-
tration of high-molecular-weight and aromatic humic component
(C3), fungi, and the fungi to bacteria ratio after the 60-day incu-
bation period, but negatively affected by the initial concentration
of low-molecular-weight humic component (C4), AMF, and MBC.
This could be attributed to the following: (1) C4 is more recalci-
trant than C3 because humic acids with high molecular weights
are readily degradable (Kisand et al., 2008); (2) The succession
rate of fungi was significantly higher than that of bacteria in the
Ziwuling forest region. Further, the relative abundances of C cy-
cle genes decreased with the successional stages (Wang et al.,
2019; Zhong et al.,, 2018). (3) Fungi exhibit a significant capacity
for utilising recalcitrant soil organic matter by producing a wide
range of extracellular enzymes that decompose recalcitrant struc-
tural compounds such as lignocelluloses and humus (Peay et al.,
2008). Further, the fungi to bacteria ratio is significantly correlated
with ecosystem processes such as decomposition and nutrient cy-
cling (Goberna et al., 2012); (4) Although AMF generally lack sapro-
trophic capability, they can compete with saprotrophic microbes
specific to OC degradation for N and P sources (Morrison et al.,
2017; Teutscherova et al., 2019; Zhang et al., 2016). This could di-
minish the microbial DOC decomposition activity in N and P defi-
cient soils. Therefore, the increased recalcitrant component of hu-
mic materials in DOM (Fig. 4) and AMF (Table S6) along with vege-
tation restoration exerted direct and indirect effects to inhibit DOC
biodegradation. This is important for reducing the loss of bioavail-
able C in the Loess Plateau. Additionally, the DOC biodegradation
rate during incubation was primarily affected by the enzyme ac-
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tivities involved in C, N, and P cycling. Soil microbes preferen-
tially use readily available substrates when available N is suffi-
cient, while soil microbes decompose SOM for mining N when N is
limiting (Blagodatskaya and Kuzyakov, 2008; Fontaine et al., 2003;
Luo et al. 2016). Contrarily, C2 (a protein-like material highly re-
lated to biodegradable DOC) played a negligible role in regulating
DOC biodegradation (Fellman et al., 2008).

Farmland abandonment significantly decreased DON biodegra-
dation (P < 0.05, Fig. S3), which supported our hypothesis
1. Specifically, pioneer forests (~100 y) and grasslands (~30 y)
indicated significantly lower DON biodegradation than shrubs
(~60 y), mingled forests (~130 y), and climax forests (~160 y).
Zhong et al. (2018) reported that S100 indicated the highest po-
tential for ammonia and nitrate assimilation. Further, unlike C cy-
cle genes, the relative abundances of N cycle genes increased from
S30 to S100. The backward stepwise regression analysis indicated
that fulvic acid played a key role in regulating DON biodegradation
and its biodegradation rate (van Hees et al., 2005). Notably, fulvic
acid is an important component of DOC which affects the biolog-
ical availability of organic chemicals. Additionally, DON biodegra-
dation was affected by bacteria, AMF, and the fungi to bacteria
ratio. It has been reported that vegetation restoration resulted in
the shift of bacterial communities from slow-growing oligotrophic
groups (Gemmatimonadetes and Chloroflexi) to fast-growing copi-
otrophic groups (Alpha- and Betaproteobacteria) (Wang et al., 2019).
The results of our study indicated that enzyme activities involved
in C and P cycling affected DON biodegradation, which is partly
supported by Schmidt et al. (2011), who reported that DON de-
composition was driven by the microbial C demand. In agreement
with Ghani et al. (2013), no decreases were observed in the con-
centrations of NO3~ and NH4* during incubation, thus conforming
that DON was the most microbial preferred source of N.

Consistent with our hypothesis 1, farmland abandonment signif-
icantly decreased DOP biodegradation (P < 0.05, Fig. S4), with the
lowest value observed for mingled forests (~130 y). This could be
attributed to the decreased turnover rates of both labile and stable
DOPs after vegetation restoration. DOP biodegradation was affected
by gram-positive bacteria, MBP, and the fungi to bacteria ratio. Fur-
ther, the DOP biodegradation rate was affected by enzyme activi-
ties involved in N and P cycling during incubation. In contrast to
gram-negative bacteria, gram-positive bacteria are known to utilise
a higher variety of substrates ranging from easily available to more
complex compounds (Ali et al., 2015; Miiller et al., 2016). The re-
sults of this study indicated that microbial phosphorus availability
and microbial phosphorus assimilation ability played a significant
role in regulating DOP biodegradation. Notably, N availability sig-
nificantly increased within the first 130 y of vegetation restoration
(Table S2). Consequently, N limitation for microbes was relieved
while P limitation for microbes increased during the later stages
of vegetation restoration (Ortiz-Alvarez et al., 2018; Schmidt et al.,
2011; Zhong et al., 2018).

4.2. Effects of natural vegetation restoration on the temperature
sensitivity of DOM biodegradation

Numerous studies have reported that an increase in tem-
perature increases both microbial decomposition of soil organic
matter and enzyme activities related to soil C, N, and P cy-
cling (A'Bear et al., 2014; German et al., 2012; Liu et al.,, 2017a;
Min et al, 2019; Nazaries et al., 2015; Pang et al., 2015). In the
present study, an increase in temperature significantly increased
DOC biodegradation (except at S160, which indicated the highest
DOC biodegradation at 20 °C), which supported our hypothesis
2. The backward stepwise regression analysis indicated that DOC
biodegradation at 4 °C was limited by microbial properties such
as fungal PLFA, AMF PLFA, and the fungi to bacteria ratio. Contrar-
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ily, DOC biodegradation at 20 and 35 °C was limited by humic-
like materials in the DOM solutions. The low concentrations of C3
and C4 at S160 restricted microbial degradation at high temper-
atures, thus resulting in low DOC biodegradation at 35 °C. The
DOC biodegradation rate was affected by high-molecular-weight
humic materials at 4 °C and low-molecular-weight humic mate-
rials at 20 and 35 °C. These results are in agreement with those
of Allison et al. (2010) and Frey et al. (2013) and confirm that in-
creasing temperatures promoted the microbial utilisation efficiency
of more recalcitrant humic substrates (von Liitzow and Kogel-
Knabner, 2009). This could be attributed to the higher activation
energy required for the decomposition of recalcitrant substrates.
Notably, BG activity, which significantly increased with increasing
temperature, did not limit the DOC biodegradation rate at 35 °C.
Furthermore, the microbial utilisation efficiency of labile carbon
(indicated by increased gram-negative bacterial PLFA and MBC)
was an important factor that limited the DOC turnover rate at low
temperatures. In contrast, recalcitrant C substrates (e.g., fulvic acid
and aromatic humic-like materials) and microorganisms respon-
sible for recalcitrant carbon decomposition (e.g., fungi and gram-
positive bacteria) determined the turnover rates of both labile and
stable DOCs with increasing temperature.

The temperature sensitivity (Q10) of the DOC biodegrada-
tion significantly increased over the first 130 years of vegetation
restoration, but rapidly decreased between 130 y and 160 y, which
partly supported our hypothesis 3. Specifically, the value at S160
was as low as that at SO (Fig. 3). The ‘carbon quality temperature’
hypothesis states that temperature sensitivity increases with the
biochemical recalcitrance of soil organic matter (Davidson et al.,
2006). Previous studies have concluded that substrate quality (i.e.,
soil C:N ratio, soil lignin and fatty acid content, and soil pH)
and microbial properties (i.e., gram-negative bacterial PLFA, fungal
PLFA, fungi to bacteria ratio, and actinomycetes to bacteria ratio)
affect the temperature sensitivity of SOM decomposition (Liu et al.,
2017a; Ma et al, 2019; Wang et al., 2018). In this study, the re-
sults of SEM 1 highlighted that the temperature sensitivity of DOC
biodegradation was directly affected by the initial concentrations
of C1 and (4, the temperature sensitivity (Q10) of enzyme activi-
ties involved in C and P cycling, and AMF. A previous study con-
cluded that AMF increased the decomposition of soil organic car-
bon in response to elevated CO, levels by stimulating (i.e., prim-
ing) the saprotrophs in soils (Cheng et al., 2012). Further, the study
concluded that AMF-microbiome interactions via carbon and phos-
phorus exchange likely enhanced the mineralisation of organic P
(Zhang et al.,, 2018, Zhang et al., 2016). Therefore, the temperature
sensitivity of DOC biodegradation was affected by factors regulat-
ing C cycling (i.e., biochemical recalcitrant substances and Q10 of
BG and AMF) and the factors related to P cycling (Q10 of AP and
AMF). Significantly decreased initial concentrations of C1 and C4
from 130 to 160 y as well as decreased PLFA of gram-negative bac-
teria, fungi, and AMF from 100 to 160 y contributed to the low
temperature sensitivity of DOC biodegradation at the climax forest
stage.

As our hypothesis 2, an increase in temperature significantly
promoted DON biodegradation after the 60-day incubation period
(Fig. S3). Liu et al. (2016) reported a strong correlation between
the activation energy of nitrogen mineralisation and the substrate
quality index. Further, they highlighted the applicability of the
carbon-quality temperature hypothesis to N mineralisation. In this
study, concentrations of high-molecular-weight and aromatic hu-
mic materials (C3) negatively affected the DON biodegradation rate
at 4 °C, but had a negligible effect on DON biodegradation rate
at 20 and 35 °C, thus indicating that DON biodegradation at 4 °C
was limited by microbial C degradation, and microbial C3 degrada-
tion promoted DON biodegradation with increasing temperature.
However, the temperature sensitivity (Q10) of DON biodegradation
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was significantly lower than that of DOC biodegradation. These re-
sults are supported by Schutt et al. (2014), who concluded that
microorganisms prefer to mineralise N-rich organic substrates and
the temperature sensitivity of N mineralisation is lower than that
of C mineralisation. Additionally, natural vegetation restoration ex-
erted a negligible effect on the temperature sensitivity of DON
biodegradation, which was inconsistent with our hypothesis 3. The
SEM 2 results indicated that the temperature sensitivity of the
DON biodegradation was directly affected by the temperature sen-
sitivity of enzyme activities involved in N and P cycling. Further,
MBC played a vital role in regulating the temperature sensitivity of
the DON biodegradation. It has been reported that the temperature
sensitivity of N mineralisation is affected by soil total nitrogen, soil
C:N ratio, and soil pH (Liu et al., 2016; Liu et al., 2017b; Miller and
Geisseler, 2018). Our results indicated that the temperature sensi-
tivity of DON biodegradation was likely related to P cycling pro-
cesses and microbial carbon availability.

DOP biodegradation significantly increased with increasing tem-
perature after the 60-day incubation period (Fig. S4), which was in
agreement with our hypothesis 2. However, this is in contrast to
Andry et al. (2019) who reported that temperature exerted a neg-
ligible effect on the P-fixation process in Ferralsol due to high soil
P sorption capacity. Factors affecting DOP biodegradation shifted
from C2, gram-negative bacterial PLFA, MBP, and the fungi to bac-
teria ratio at 4 °C to MBP at 20 °C and MBN at 35 °C. There-
fore, it is likely that protein-like substrates and microbial phospho-
rus availability limited DOP biodegradation at low temperatures
while microbial nitrogen availability influenced DOP biodegrada-
tion at high temperatures. The temperature sensitivity of the DOP
biodegradation significantly increased within the first 130 years of
vegetation restoration, rapidly decreased between 130 and 160 y,
and finally was as low as that at SO (Fig. 4), which partly supported
our hypothesis 3. The SEM 3 results indicated that the tempera-
ture sensitivity of the DOP biodegradation was directly affected by
C4 concentrations, and the temperature sensitivity of enzyme ac-
tivities involved in N and P cycling which was directly affected by
soil fungi. Therefore, the low temperature sensitivity of the DOP
biodegradation rate at S160 was affected by the significantly de-
creased concentrations of C4 and soil fungi (130~160 y) and the
low temperature sensitivity of NAG and AP activities (S160).

5. Conclusions

This study comprehensively investigated the effects of natu-
ral vegetation restoration and temperature on DOM biodegrada-
tion in the Ziwuling forest region of the Loess Plateau, China.
DOC biodegradation significantly decreased in response to natu-
ral vegetation restoration. Further, farmland abandonment signifi-
cantly decreased the biodegradation of DON and DOP. Generally, an
increase in temperature significantly promoted the biodegradation
of DOC, DON, and DOP by enhancing the microbial utilisation effi-
ciencies of recalcitrant humic substrates (i.e., low-molecular-weight
humic materials). Significantly decreased concentrations of C1 and
C4 from 130 to 160 y, increased microbial PLFA (i.e., gram-negative
bacteria, fungi, and AMF) from 100 to 160 y, and low temperature
sensitivities of NAG and AP activities contributed to the low tem-
perature sensitivities of the DOC and DOP biodegradation rates at
the climax forest stage. However, natural vegetation restoration ex-
erted a negligible effect on the temperature sensitivity of the DON
biodegradation rate. Our results suggest that DOM biodegradability
and the temperature sensitivity of DOM biodegradation were regu-
lated by interactions between the biodegradation processes of DOC,
DON, and DOP. Natural vegetation restoration could prevent DOM
biodegradation, thus increasing the bioavailable organic matter in
the Loess Plateau soils. Specifically, pioneer (Populus davidiana) and
mingled (Populus davidiana and Quercus liaotungensis) forest stages
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were important for the recovery and accumulation of soil DON and
DOP, respectively. Further, the climax forest community (Quercus
liaotungensis) played a vital role in reducing DOC and DOP losses
due to reduced temperature sensitivity of biodegradation.
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