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A B S T R A C T   

Compost application is viewed as an eco-friendly and sustainable method to improve agricultural soil fertility. 
However, composts vary in lability and recalcitrance, which drives energy supply for microbial biomass for-
mation and microbial processes such as soil respiration, nitrogen mineralization, and enzyme production. To 
provide further insights into the issue, this study aimed to elucidate how microbial activities are affected by 
substrate quality, amendment volume, and frequency. We proposed three hypotheses: i) microbial biomass and 
microbial activities increase as soon as C substrate is amended compared to control soil; ii) microbe-mediated 
processes are affected by substrate lability as incubation progresses; iii) repeated amendment of smaller split 
C source sustains a more gradual increase of microbial activities as compared to a single input. To test these 
hypotheses, we incubated an agricultural soil at 25 ◦C, adding substrates of various assimilability (glucose, 
cellulose and lignin) once or in 2–3 split additions. Soil respiration was determined every 2–3 days throughout 
incubation, while microbial biomass (MBC, MBN), inorganic N (NO3-N and NH4-N) concentration, and potential 
enzyme activities were assayed at day 4, 32, 82, and 186 following substrate amendment. Regardless of C source 
amendments, soil respiration increased twofold in amended soils while microbial biomass C (MBC) was 1.5 times 
higher compared to control soil, indicating that microbial growth was C-limited in this agricultural soil. The 
association between high NO3-N concentration and low microbial biomass at the end of the incubation, 
regardless of amended substrate, suggested increased microbial C turnover due to C exhaustion. The addition of 
cellulose mostly enhanced enzyme activities of β-1,4-glucosidase (BG), β-1,4-N-acetyl glucosaminidase (NAG) 
and tyrosine amino peptidase (TAP) while the additions of glucose and lignin either reduced or did not affect 
enzyme activities compared to control at respective measuring time. Based on the result, we supposed that the 
selective synthesis of different enzymes by microbial community was C-source lability dependent. In conclusion, 
substrate quality rather than substrate amendment volume and timing had greater impacts on soil microbial 
activities, and hence indirectly influenced soil fertility.   

1. Introduction 

After decades of chemical fertilizer application, soil fertility has been 
severely degraded and now threatens food security and constrains ef-
forts toward sustainable development globally (Lal, 2009). Composting 
is often viewed as a reliable and eco-friendly method for disposing of 
crop residues and improving soil quality (Hubbe et al., 2010). 

Composted materials originating from various categories such as wood, 
plant residues or manures are diverse in chemical makeup. For in-
stances, crop residues and sludge contain high cellulosic matter content 
(Lalande et al., 2003) while lignin is a major component of wood (Brebu 
and Vasile, 2010). The most easily decomposed component, glucose, is 
regularly exuded from plant roots (Kuzyakov et al., 2007) and is a 
constituent of fresh crop residues (Shi and Marschner, 2017). Compost 
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application provides soil with organic substrates of various labilities 
arising from their quality, defined as the availability of their C and nu-
trients to microbial decomposition (Niklasch and Joergensen, 2001). 
However, the amount of substrate applied affects its decomposition rate 
because decomposition increases with greater contact between substrate 
particles and soil colloids (Joergensen et al., 1995). In terms of substrate 
components, low molecular weight compounds such as glucose are 
readily taken up by ubiquitous soil microbial groups (Baumann et al., 
2013) but the quantity of the added substance has a strong control over 
microbial biomass (Wu et al., 1993; Griffiths et al., 1998). Cellulose and 
lignin are primarily degraded by fungi (de Boer et al., 2005; Keiblinger 
et al., 2012; Schneider et al., 2012), but the decomposition rate also 
depends on microbial patterns of energy allocation (Tate, 1995) and the 
population dynamics of soil organic matter (SOM) degrading organisms 
(Fontaine et al., 2003). However, the relative influence of organic sub-
strate quality versus the timing and volume of substrate inputs, i.e., a 
single large addition vs. multiple smaller additions, on microbial activity 
and carbon (C) turnover have not been thoroughly investigated, espe-
cially in low-C soil. 

Microbial decomposers mineralize organic matter to acquire energy 
and nutrients, synthesize biomass, and maintain growth. Therefore, 
measurements of microbial biomass, C:N ratio (MBC/N) (Powlson et al., 
1987; Liu et al., 2009), and potential enzyme activities (Hoang et al., 
2016) show early trends in changes of nutrient availability and C solu-
bility resulting from agricultural practices. The variations in C pools are 
also reflected in basal respiration (Fang et al., 2005), which indicates C 
turnover and the actual mineralization rate of SOM (Borken et al., 
2002). To obtain resources from complex compounds, microorganisms 
can synthesize extracellular enzymes with different specific functions. 
β-1,4-glucosidase (BG) is a cellulolytic enzyme that completes the last 
step of cellulose hydrolysis into glucose (German et al. 2011); β-1,4-N- 
acetyl glucosaminidase (NAG) is produced by fungi to cleave N-con-
taining amino sugars from chitin (Olander and Vitousek, 2000); acid 
phosphatase (PHOS) can be produced by fungi and bacteria to hydrolyze 
organic phosphorus (P) to inorganic phosphate (Nannipieri et al., 2011; 
Hoang et al., 2020); and tyrosine amino peptidase (TAP) is responsible 
for tyrosine hydrolysis from protein and peptide substrates (Rawlings 
et al., 2006). The microbial strategy governing enzyme synthesis is 
controlled by cost:benefit ratios designed to optimally fulfill energy and 
nutrient demands, and is dependent on soil physical properties, nutrient 
availability, and competitive interactions between microbes (Allison 
et al., 2011). 

Enzyme activities are correlated with molecular structures of the 
substrate (Orwin et al., 2006) or SOM turnover (Zak and Kling, 2006). 
Therefore, the synthesis of specific enzymes and enzyme activities are 
controlled by resource stoichiometry, which also mediates microbial 
growth and terrestrial nutrient dynamics (Zechmeister-Boltenstern 
et al., 2015). The ratios of C:N, C:P and N:P are determinants of 
ecological processes, nutrient availability, and decomposition rate of 
soil organic matter. However, glucose is a labile C source that can be 
directly taken up by soil microorganisms without the necessity of 
enzyme synthesis (Joergensen and Wichern, 2018). A supply of C-rich 
sources such as glucose, cellulose, or lignin may satisfy microbial energy 
demand but create unfulfilled nutrient requirements (N, P) (Hungate 
et al., 1997; Hamilton and Frank, 2001). As a result, microbes are 
induced to take up N from soil (Cheshire et al., 1999; Scheller and 
Joergensen, 2008), and microbes prefer to immobilize NH4-N over NO3- 
N (Bjarnason, 1987). However, the mechanisms regulating the impacts 
of quality and quantity of C sources on microbe mediated processes 
remain ambiguous. 

We conducted an experiment to elucidate the interaction between 
the lability of C inputs, application quantity and timing (single large or 
split amendments) and microbial response over time. We hypothesized 
that i) the amendment of C compounds with various assimilabilities – 
fast (glucose), moderate (cellulose), and slow (lignin) – would increase 
soil respiration, microbial biomass, and enzyme activities compared to a 

control soil without substrate amendment; ii) as incubation progressed, 
the microbe mediated process of labile C decomposition would decline 
while recalcitrant substance decomposition would accelerate; iii) 
repeated additions of C sources to soil would sustain a more gradual 
increase in microbial activities as compared to a single addition. Topsoil 
from a potato field was incubated in the laboratory for 186 days and 
amended with glucose, cellulose, or lignin applied either once or split 
over two or three applications to provide the same total C input to all 
samples. Beginning at three days following C amendment, assays were 
conducted to quantify soil respiration, microbial biomass C and N, 
inorganic N (NH4-N, NO3-N), and potential enzyme activities. 

2. Materials and methods 

2.1. Experimental design 

A loamy sand topsoil (0–15 cm depth, pH: 6.1) of a potato trial field 
was sampled in Montcalm Research Farm, Michigan, USA (43◦21′13′′ N 
and 85 ◦10′33′′ W). The soil comprises of 75.1% sand, 20.9% silt, 4% 
clay and 1.46% organic matter (Cole et al., 2020). The soil was sieved 
through 2 mm mesh, dried at room temperature, and homogenized. 
Prior to the experiment, sterilized water was added to soil to bring it to 
60% of water holding capacity (WHC). Fifty grams of soil (oven-dry 
equivalent) was placed in each 140 mL-plastic jar to make 10 treatments 
and 5 replicates (Table 1). One set of soils was unamended and served as 
a control (“Ctrl”). Remaining soils were amended with an amount of 
substrate equivalent to 9 tons C ha− 1 or 4.6 g C kg− 1 soil, added at three 
different frequencies: 1) in a single addition on the first day of incuba-
tion; 2) split evenly between two applications on day 1 and 32 of in-
cubation; and 3) split evenly between three applications on day 1, 32 
and 80 of incubation. Each jar received one substrate: either glucose 
(powder, 40% C), cellulose (fiber, 44.4% C), or lignin (powder, 50% C; 
substrates obtained from Sigma-Aldrich, Germany). Soils were mixed 
thoroughly with substrate upon addition. This resulted in ten total 
treatments differing in amendment substrate and application schedule: 
glucose-amended soil (G1, G2, G3), cellulose amended soil (C1, C2, C3), 
lignin amended soil (L1, L2, L3), and one unamended control soil (Ctrl). 
Four sets of five replicate samples were established for each treatment, 
resulting in a total of 200 sample jars. Three sets of jars were allocated to 
destructive harvest on day 4, 34 and 82 to determine microbial biomass 
and activity, while the fourth set of jars was capped with rubber septa 
and used for determining CO2 respiration throughout the incubation and 
destructive harvest on day 186. All the samples were incubated in the 
dark to eliminate C addition from autotrophic growth (Hernández and 
Hobbie, 2010) at 25 ◦C for 186 days. 

2.2. Soil respiration 

To measure CO2 flux, incubation jars were opened for 30 min to 
release accumulated CO2, then capped, and a needle and syringe were 
used to withdraw 1 mL of headspace gas at 0, 30 and 60 min for injection 

Table 1 
Experimental treatment and the associated amount of carbon addition.   

Treatment Substrate addition on each jar, ton C ha− 1 

1st day 32 d 80 d 

1 Control    
2 Soil + glucose (G1) 9   
3 Soil + glucose (G2) 4.5 4.5  
4 Soil + glucose (G3) 3 3 3 
5 Soil + cellulose (C1) 9   
6 Soil + cellulose (C2) 4.5 4.5  
7 Soil + cellulose (C3) 3 3 3 
8 Soil + lignin (L1) 9   
9 Soil + lignin (L2) 4.5 4.5  
10 Soil + lignin (L3) 3 3 3  
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into an infrared gas analyzer (LICOR-820) for CO2 measurement. The 
respiration rate was calculated as the average difference between CO2 
concentration at the different sampling points divided by the elapsed 
time. The CO2 flux measurement was repeated every 2–5 days until the 
end of experiment. 

2.3. Inorganic N (NO3-N and NH4-N) 

For each sample, nitrate and ammonium were extracted from ten 
grams of fresh soil in 50 mL of KCl 1 M for 30 min on a shaker table. 
Extracts were filtered through 125 mm filter paper (Whatman #1) and 
stored at 4 ◦C to reduce ammonia volatilization and nitrate and 
ammonium analyses were carried out within one month after extraction. 
Nitrate nitrogen (NO3

–-N) concentration in the extracted solution was 
determined according to Doane and Horwath (2003). In the solution, 
vanadium reduced NO3

– to NO2
–, which reacted with sulfanilamide and 

N-1-naphthyl-ethylenediamine dihydrochloride to form a pink color 
that was analyzed by a spectrophotometer. Nitrate analysis was per-
formed in 96-well clear microplates (Fisher Scientific, USA) to provide 
KNO3 standard curves ranging from 0 to 10 ppm N. Four analytical 
replicates were run for each sample. Analytical plates were incubated at 
room temperature for 8–10 h before measuring nitrate concentration 
with a spectrophotometer at λ = 540 nm (Multiskan Ascent, Thermo 
Scientific, Hudson, NH). The working assay solution consisted of 25 mL 
of saturated vanadium solution (1 g VaCl3 in 150 mL of 1 M HCl), 200 
mL water, 1.65 mL of 2 % w/v sulfanilamide in 1 M HCl, and 1.65 mL of 
0.2 % w/v N-(1-naphthyl)-ethylenediamine dihydrochloride in DI 
water, and was purged with N2 gas to minimize vanadium oxidation 
during storage prior to use. 

Ammonium (NH4
+-N) was measured by the method described by 

Sinsabaugh et al. (2000) with some modifications in which salicylate 
(catalog no. 23952-66; 40 µL of dissolved reagent in deionized water) 
and cyanurate reagents (catalog no. 23954-66, 40 µL of dissolved re-
agent in deionized water) reacted with ammonium to form a green color 
that was measured with a spectrophotometer. Sample extracts and 
standard solutions were prepared as in the NO3

–-N assay. Wells con-
taining extracts or standards each received 40 µL salicylate and 40 µL 
cyanurate solution prepared according to the manufacturer’s 

instructions (Hach company, the USA). The samples were incubated in 
room temperature for 30 min before the NH4

+-N concentration was 
determined in a microplate spectrophotometer (Multiskan Ascent, 
Thermo Scientific, Hudson, NH) at λ = 630 nm. 

2.4. Microbial biomass C and N 

Microbial biomass C and N were measured according to the chloro-
form fumigation/extraction method (Brookes et al., 1985; Beck et al., 
1997; Robertson et al., 1999) at day five of incubation (Dilly, 2004). For 
each sample, fifteen g of soil at 60 % WHC was placed in a beaker in a 
desiccator, which also contained a beaker with 50 mL of ethanol-free 
chloroform and boiling chips. The desiccator was lined with wet paper 
towels to maintain humidity. Air in the desiccator was evacuated until 
the chloroform boiled for 3 min. Samples were subsequently kept in the 
dark at room temperature to fumigate for 24 h. The chloroform beaker 
was removed from the desiccator, the air was released, and a vacuum 
was applied six times to completely remove residual chloroform. 
Fumigated soil samples, as well as a set of non-fumigated control sam-
ples, were extracted with 60 mL of 0.5 M K2SO4 on a shaker table at 200 
rpm for 1 h, then filtered (Whatman #5, 125 mm). The extracts were 
stored at − 20 ◦C before analyzed for total dissolved organic C and total 
N with a TOC analyzer (Shimadzu, model TOC-VCPH with a TNM-1 
nitrogen module attached). Microbial biomass C (MBC) was calculated 
as EC/kEC where EC is the chloroform-labile C pool, determined as the 
difference between fumigated and non-fumigated samples, and kEC is a 
soil-specific extraction efficiency correction factor estimated as 0.45 by 
Beck et al. (1997). Microbial biomass N (MBN) was calculated using the 
same approach but with a correction factor of 0.54 (Brookes et al., 
1985). 

2.5. Enzyme activities 

Activities of β-1,4-glucosidase (BG), β-1,4-N-acetyl glucosaminidase 
(NAG), acid phosphatase (PHOS), and tyrosine amino peptidase (TAP) 
were determined within 24–48 h of soil sampling according to Saiya- 
Cork et al. (2002), Grandy et al. (2007). One g of soil and 125 mL of 50 
mM sodium acetate buffer, which was pH adjusted to the average soil pH 

Fig. 1. Soil cumulative respiration (mg CO2-C kg− 1 soil). Substrate amendment boosts soil respiration (*** significant different at p < 0.0001). Glucose-induced 
respiration attains higher rate compared to cellulose and lignin effects. The pulse amendment of glucose causes a surge in soil respiration in comparison with 
single amendment, especially at the amendment point (demonstrated with arrows). 
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(6.5) for all the samples, were homogenized for 30 s in a commercial 
blender. Then, 200 μL of each soil suspension was added to a well in a 
black 96-well microplate (Grenier Bio-One), followed by 50 μL of sub-
strate solution which consisted of 200 mM of 4- methylumbelliferone 
(MUB) conjugated to β-1,4-glucoside, β-1,4-N-acetyl glucosamine, or 
phosphate; or 7-amino-4-methylcoumarin (MC) conjugated to L-tyro-
sine (Sigma Aldrich, Germany). We included several types of control 
wells, each with eight replicates, to correct for background fluorescence, 
soil autofluorescence, and soil fluorescence quenching (Grandy et al., 
2007). To be more detailed, buffer substituted for substrate solution to 
measure soil autofluorescence, fluorescent standard (10 mM 4-methyl-
umbelliferone or 7-amino-4-methylcoumarin) substituted for substrate 
solution to measure soil fluorescence quenching, buffer substituted for 
soil slurry to determine background fluorescence and 50 μL of fluores-
cent standard, and 200 μL of buffer were used to determine the 
fluorescence-to-substrate-molarity conversion (Grandy et al., 2007). 
Plates were incubated for two hours at room temperature and reactions 
were terminated by adding 10 mL of 1.0 M NaOH to each well to raise 

the pH to 9, the optimal pH for the fluorescence of these substrates 
(Grandy et al., 2007). Fluorescence was quantified at 365 nm excitation 
with 460 nm emission filters (Fluoroskan Ascent, Thermo Scientific, 
Hudson, NH). 

2.6. Statistical analysis 

Statistical analysis was performed as a completely randomized 
design (RCD) analysis of variance (ANOVA) with 2 factors: 10 treat-
ments and 4 time-points using Proc Mixed in SAS (SAS version 9.2, SAS 
Institute 2008). Homogeneity of variance and normality of the values 
were tested by Levene’s test and Shapiro-Wilk’s W test. We applied log 
transformations for NH4

+-N and NO3
–-N data to meet assumptions of 

normality and equality of variance. The best model was chosen based on 
the AIC values for unequal variance structure models. The LSD test (α =
0.05) was used to compare treatments across dates. Results are pre-
sented with error bars representing standard error. 

Fig. 2. Microbial biomass C (mg C kg− 1 soil) and microbial biomass N (mg N kg− 1 soil). Microbial biomass C (a) was boosted at least 3 times in substrate-treated 
samples compared to control soil regardless of measuring points. Microbial biomass N (b) reached a similar peak at day 82 as MBC but the variation is not uniformed 
during the experiment. 
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3. Results 

3.1. Soil respiration 

Substrate amendment accelerated soil respiration relative to the 
control in glucose (7x), cellulose (6x) and lignin (2x) treatments by the 
end of the experiment (Fig. 1). Glucose amendment boosted CO2 respi-
ration rate by an order of magnitude at the initial measurement while 
the respiration rate induced by the other two substrates only increased a 
maximum of 6.2 times compared to the control (Appendix 1). While 
cumulative respiration in cellulose and lignin treatments increased lin-
early with time, respiration in glucose treatments followed a logistic 
curve (Fig. 1). Cumulative CO2 rapidly increased (p < 0.001, denoted as 
asterisks) at the time of each glucose addition (denoted as arrows; 
Fig. 1). Respiration rates approached zero after approximately 120 days 
of glucose incubation (Supplementary Fig. 1), and total cumulative 
respiration tended to be highest in the treatment that received the 

amendment over three time points. However, dividing cellulose or lignin 
amendments into two or three applications did not significantly affect 
cumulative CO2 production compared to a single application. 

3.2. Microbial biomass 

Microbial biomass C (MBC) increased at least 1.5 times in substrate- 
treated soil compared to control soil at every time point (Fig. 2a). 
Glucose and lignin-amended soils had up to 6 times of MBC higher than 
that of cellulose-amended soils at days 1 and 32. While MBC was rela-
tively stable throughout the incubation in cellulose treatments, glucose 
and lignin treatments had sharp decreases in MBC at days 82 and 186. 

MBN peaked in all treatments at day 82 (Fig. 2b), then dramatically 
declined in glucose and lignin treatments but remained high in cellulose 
treatments regardless of substrate addition timing. MBN was higher in 
lignin amended soils than in control soils in the measurement at days 4, 
82 and 186. MBN in the control treatment was not measured on day 34. 

Fig. 3. Inorganic N (NO3-N, mg kg− 1 soil; NH4-N, mg kg− 1 soil). Inorganic N varies depending on substrate quality. NO3-N in control soil is significantly higher than 
those in substrate-treated soil except for the last period of the experiment with the pulse application of glucose (a). NH4-N was not uniformly affected by substrate 
amendment but slightly increased compared to control soil (b). 
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Fig. 4. Activities of β-1,4-glucosidase (BG), β-1,4-N-Acetyl glucosaminidase (NAG), acid phosphatase (PHOS) and tyrosine amino peptidase (TAP) were determined 
at 4 respective times. Substrate amendment demonstrated impacts on most enzymes but cellulose released significantly higher impacts than other substrates. 
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3.3. Inorganic nitrogen 

NO3-N in control soil was significantly higher than in substrate- 
treated soils, except for the split application of glucose treatments at 
day 186 (Fig. 3a). Generally, the application of any substance raised 
NO3-N over time. Nitrate-N increased fifty-fold in split-application 
glucose treatments between days 4 and 186 and doubled or tripled the 
concentration found in cellulose or lignin treatments at the end of the 
experiment. Cellulose amendment only significantly increased NO3-N 
concentration at the final harvest point. 

NH4-N was not uniformly affected by substrate amendment. 
Ammonium-N concentrations exceeded that of control soil on day 34 in 
soils amended with glucose in single application, and on day 82 in soils 
with glucose amendments split over three time points (Fig. 3b). On day 
82, NH4-N concentrations rose modestly by 13% above the control that 
received three cellulose amendments, while on day 34 large single lignin 
application treatments greatly elevated concentrations of NH4-N up to 
141% that of control soils. 

3.4. Enzyme activity 

Compared to control soil, potential activity of BG was 53% lower in 
soils that received a single addition of glucose; only in split-amendment 
glucose treatments at the end of the experiment did potential BG activity 
exceed that of the control, and only by 14% (p < 0.05) (Fig. 4a). Lignin 
amendment resulted in similarly gradual increases in potential BG ac-
tivity over time but the significantly higher BG activity than control soil 
was only found in two and three single amendment of lignin. At all-time 
points, potential BG activity was greater in cellulose-treated than control 
soil. Over the course of the incubation, potential BG activity gradually 
declined in soils that received a single addition of cellulose, while the 
split-amendment cellulose treatments had greater potential BG activity 
at day 4 and 82 than at day 34 and 186. BG activities in glucose- and 
lignin- amended soils were negatively correlated with MBC (p < 0.05) 
while the correlation between MBC and BG was positive in cellulose- 
amended soils (p < 0.05) (Appendix 2). 

From day 34 through the end of the experiment, potential NAG ac-
tivity was higher with glucose and lignin amendment than in the con-
trol, but cellulose amendment boosted NAG activity beginning at day 4 
by up to 200% compared to control soil and 100% compared to glucose 
or lignin treatments. Soil amended with cellulose had a positive corre-
lation between MBN and NAG (r > 0.9, p < 0.05). 

Potential PHOS activities in control soils increased significantly over 
time in this incubation. Compared to the control, potential PHOS ac-
tivity was substantially lower in all lignin-amended soils, and signifi-
cantly lower in soils amended singly or in two applications of glucose 
and cellulose at respective measuring points. Glucose amendment split 
over three applications led to a gradual increase of PHOS with time, 
which was significantly higher than that of the control from day 34 
onward. 

While glucose and cellulose addition significantly raised potential 
TAP activity compared to control soil throughout the experiment (p <
0.05), soils amended with lignin had TAP activity similar to that of 
control soils at all harvest points except day 34, when potential TAP 
activity was greatly increased. 

4. Discussion 

Three hypotheses have been invoked that i) the amendment of C 
compounds at various assimilable capacities, fast (glucose), moderate 
(cellulose) and slow (lignin), induces soil respiration and microbial 
biomass and enhances enzyme activities compared to control soil 
(without substance amendment); ii) as the substrate incubation time 
prolongs, the microbially mediated processes of labile C decomposition 
decreases in contrast to an acceleration of recalcitrant substance 
decomposition; iii) the continuous multiple addition of C sources to soil 

sustains a steady increase of microbial activities compared to a single 
addition. 

4.1. Substrate labilities determine the volume of C turnover and microbial 
activities 

4.1.1. CO2 respiration induced by substrate amendment 
As we hypothesized, all C inputs, regardless of assimilability or 

application schedule, strongly stimulated respiration flux compared to 
controls (Fig. 1), implying that the microbial community is C-limited in 
this agriculture soil (Bowen & Rovira, 1991; Darrah, 1995; Bando-
padhyay et al., 2018). Most soil microorganisms are in a dormant state 
under field conditions of restricted C sources (Anderson and Domsch, 
1985; Joergensen and Wichern, 2018), so they quickly respond to C 
inputs, as illustrated by the elevation in CO2 at the day 3 of our exper-
iment (Appendix 1). Unfortunately, our experimental design did not 
allow us to partition the contributions of C inputs versus native SOM 
decomposition (priming effects) to elevated CO2. Of the three C sources 
we used as amendments, glucose is the most easily assimilable substance 
and thus induces faster and larger increases in soil respiration than 
cellulose or lignin does. Our results are in line with previous findings 
that sugar is a major substrate utilized by microorganisms in the early 
stages of composting (Xie et al., 2014). The low solubility of cellulose 
and lignin could result in the lower accessibility of microbes to these 
amended substrates (Schutter and Dick, 2001), consistent with our 
observation of retarded degradation of cellulose and lignin compared to 
glucose. Alternatively, slow-growing fungi responsible for cellulose and 
lignin decomposition could have been outcompeted by the fast-growing 
microbes that decompose sugar (Coûteaux et al., 1991). A lag time in the 
decomposition of cellulose and lignin could represent the additional 
time required for the soil microbial community to adapt to these more 
complex substrates (Schutter and Dick, 2001) as shown in the gradual 
mineralization of cellulose and lignin early in our incubation (Torres 
et al., 2014). Compared to cellulose, lignin has a more complex molec-
ular structure (Kӧgel Knabner, 2002) and is decomposed by a more 
limited number of specialized soil bacteria and fungi (Berg et al., 2008). 
The properties of lignin could explain why C turnover with lignin 
amendment was less than C turnover with cellulose amendment. 

The removal of C limitation from this agriculture soil is responsible 
for the prompt increase of CO2 respiration after substrate amendment. 
The stimulation of different microbial groups by different substrate la-
bilities plausibly explains the distinction in substrate decomposition rate 
expressed by C turnover. 

4.1.2. Short-term increase microbial biomass after substrate amendment 
In addition to increasing respiration, substrate amendment also 

enhanced microbial biomass. This implies that all amended substrates 
irrespective of their labilities provided relatively sufficient C to enable 
microbial growth in this experiment (Reischke et al., 2015). However, 
MBN fluctuations in amended soils compared to controls could 
demonstrate that N also constrains microbial utilization of added sub-
strates. For each type of substrate amendment, MBC peaked simulta-
neously with soil respiration rate (Supplementary 1). The finding aligns 
with previously observed correlations between microbial biomass and 
substrate respiration (Waldrop and Firestone, 2004; Brant et al., 2006). 
However, the fact that MBC peaked in lignin-amended soils later than in 
glucose- and cellulose-amended soils suggests that microorganisms need 
more time to adapt to lignin amendment than those of glucose or cel-
lulose. Soil MBC increased more slowly in cellulose than in glucose or 
lignin treatments during the first half of the incubation, perhaps because 
microbial assimilation of C from pure cellulose is inefficient. A low C use 
efficiency of cellulose is also illustrated by a relatively stable MBC 
throughout the experiment in this treatment. Our hypothesis is sup-
ported by Miao et al. (2021) who attributed higher abundance of fast- 
growing bacteria (Gram-negative, G-) in compost soil to lower carbon 
use efficiency in response to cellulose. The shift of microbial 
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communities with different substrate preference and growth strategies 
mediated the decomposition and accumulation of cellulose in soil 
(Herrmann et al., 2014; Riggs and Hobbie, 2016; Miao et al., 2021). 
Unlike cellulose, lignin is only decomposed by selective microbial 
groups with higher C assimilation efficiencies (DeAngelis et al., 2011; 
Torres et al., 2014). These specialized lignin-decomposers may be 
responsible for the large microbial biomass C pool observed in the lignin 
treatment during the initial incubation period. The microbial biomass C: 
N ratio (MBC/N) is significantly higher in lignin-amended soil than that 
of control soil in all but the last measurement (Appendix 3). The result 
further suggests that this C input shifted the microbial community 
composition since fungal taxa have higher biomass C:N ratios than 
bacteria (bacteria C:N ratio ~ 5:1, fungi C:N ratio ~ 15:1; Pichtel and 
Hayes, 1990; Joergensen et al., 1995; Sterner and Elser, 2002). 

In short, the amended substrates met an energy threshold that results 
in the short-term increase of MBC after substrate amendment. Selective 
stimulation of different microbial communities by respective substrate 
labilities explains the distinction in MBC peaks during the incubation. 

4.1.3. Long-term decrease of microbial biomass due to soil nutrient 
limitation 

Differential responses of microbial taxa to substrate lability corrob-
orate some of the MBC dynamics we observed. Early in the incubation, 
glucose amendment may have mainly activated fast-growing r-strate-
gists (Blagodatskaya et al., 2009) whose quick growth initiated the 
decomposition of SOM to fulfil their demand for N (Swift et al., 1979). A 
dramatic decrease in MBC after 34 days of incubation in glucose- 
amended soils can be explained by the return to dormancy of fast- 
growing r-strategists as glucose-C is exhausted (Wu et al., 1993). Mi-
crobial C assimilation requires the availability of additional nutrients to 
fulfill all stoichiometric requirements so the amendment of C sources 
without nutrient supplies would hamper microbial growth, as we 
observed in the drastic decline in microbial biomass after 30 days of 
lignin and glucose incubation. During the incubation, microbial biomass 
C production induced by cellulose was relatively stable (Fig. 2). This 
could be resulted from less efficient microbial community (Miao et al., 
2021) as we mentioned above. 

The supply of N-free substrates causes subsequent stress on N de-
mand for C assimilation that induces a dramatic reduction of MBC 
during the incubation. Apparently, the lack of N sources triggers C 
storage preference rather than microbial growth with prolonged incu-
bation time (Nguyen and Guckert, 2001; Torres et al., 2014). 

4.1.4. Stimulation of enzyme activities depend on substrate lability and 
microbial strategy for nutrient or energy acquisition 

The addition of cellulose induced a greater increase of BG and NAG 
activities than lignin or glucose amendments did (Fig. 4). The result 
again suggests that this soil was C-limited. β-1,4-glucosidase (BG) is 
responsible for cellobiose degradation to glucose, so glucose addition 
hampers the synthesis of BG due to “evolutionary-economic” principles 
(Allison et al., 2011). According to this principle, to favor microbial 
growth, microorganisms will minimize metabolic costs by reducing 
enzyme production whenever microbial demands can be met by avail-
able C and nutrients. Enzyme synthesis costs both energy and N (Allison 
and Vitousek, 2005), but due to the stable structure of cellulose, its 
amendment to soil may shift enzyme activity towards N-pool decom-
position due to cellulose’s relatively stable structure (Wutzler et al., 
2017). Glucose provides readily available C for assimilation so microbes 
can invest their energy to acquire other nutrients needed for efficient 
microbial growth. The increase of BG and NAG in glucose-amended soils 
toward the end of the experiment could have occurred as the labile C in 
glucose was exhausted and microbes were forced to produce enzymes 
for metabolism of alternate substrates. The addition of glucose and 
lignin leads to lower enzyme activities, but higher MBC production 
compared to cellulose, suggesting that C assimilated from glucose and 
lignin is invested more efficiently in biomass instead of enzyme 

production. A positive relationship between the activity of more labile 
C-acquiring enzymes and soil respiration was reported by Hernández 
and Hobbie (2010) but they assumed that total enzyme activities rather 
than specific enzyme activity are responsible for this correlation. 

Glucose and cellulose amendments did not significantly influence 
potential PHOS activity, but lignin additions significantly lowered the 
activity of PHOS (p < 0.05). These findings have shown that either i) 
lignin suppressed microbial synthesis of PHOS or ii) lignin induced a 
shift of microbial groups to those with demands for nutrients other than 
P. Tyrosine amino peptidase (TYR) is an enzyme catalyzing the 
decomposition of phenolic compounds originated from plants and mi-
croorganisms. Meanwhile, lignin is an aromatic component of humic 
substances (Gerke, 2018) so the increase of lignin may slightly inhibit 
TYR activity (Ruggiero and Radogna, 1988). However, we could not 
definitely confirm this hypothesis in this experiment. 

4.2. Greater increase of microbial activities in split applications of C 
sources than single addition 

Our substrate additions, when divided over two to three applica-
tions, were equivalent to an intermediate amendment concentration 
(1.4–3.6 mg C g− 1 soil) as suggested by De Graaff et al. (2010). Although 
the study provided the same total substrate amendment as the single- 
amendment treatment, the divided amendments induced greater cu-
mulative respiration, particularly in the case of easily-assimilable 
glucose. This finding supports our third hypothesis that microbial ac-
tivity increases more with recurring, smaller additions of C sources than 
with a single large addition. It is possible that the first small amendment 
of glucose not only provided as C source for active microorganisms, but 
also activated dormant microbial groups, which would in turn increase 
overall microbial C requirements (Kuzyakov et al., 2007; De Graaff et al., 
2010). However, split inputs of glucose are quickly assimilated for 
biomass growth and can result in intermittent microbial growth and C 
exhaustion (Kuzyakov et al., 2007; De Graaff et al., 2010). 

Our observation shows that multiple smaller additions of glucose 
increased MBC more than a large single amendment. This result means 
that either i) divided substrate applications may have increased C use 
efficiency (Vinolas et al., 2001) or stimulated microbial species with 
higher growth efficiency and therefore increased biomass production 
(Xu et al., 2014; Bonner et al., 2018); or ii) single large substrate addi-
tions may have reduced C use efficiency. In contrast, cellulose and lignin 
are more recalcitrant substances, so microbial communities need much 
more time to adapt and degrade these two substrates regardless of 
whether additions are single or split. Therefore, substrate recalcitrance 
could eliminate the impact of split additions on substrate turnover and 
other microbial activities. Although the addition of C sources impacted 
soil N availability in this incubation, we did not observe a consistent 
effect of amendment timing treatment on N turnover. The increase in N 
availability following C amendment in our study may indicate that soil 
microbes had selective demand for N. 

There is no single explanation for the impacts of single or split C 
additions on enzyme activities (Hernández and Hobbie, 2010). В-1,4- 
glucosidase (BG) is a mediator of cellulose decomposition (Sinsabaugh 
and Linkins, 1988), so the increase of BG activity resulting from cellu-
lose amendment is correlated with soil carrying capacity in which mi-
crobial biomass and enzyme activities are maintained at steady state 
condition by microbial communities (Shackle et al., 2000). Although 
MBC remained low and stable after cellulose amendment, increased 
potential BG activity in this treatment suggests a low carbon efficiency 
of microbial decomposers. Other studies have noted a suppressive effect 
of lignin on enzyme activities and concluded that highly polyphenolic 
compounds bind with and inactivate enzymes. The findings support the 
reduction of most of enzyme activity in our lignin-amended soils 
compared to control soils (Kraus et al. 2003; Allison, 2006). A significant 
increase of NAG activities over time, especially in the cellulose treat-
ment, apparently explains the slight increase of NH4-N concentration 
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and, hence, MBN value. The acceleration or depression of enzyme syn-
thesis under different substrate amendments has been associated with 
nutrient availability (Chróst, 1991; Shackle, 2000) or energy demands of 
decomposer groups (Sinsabaugh et al., 1993). Therefore, the balance 
between C inputs and outputs via microbial respiration determines the 

SOM decomposition rate (De Graaff et al., 2010) but the volume and 
timing of substrate supply plays a pivotal role in driving microbial ac-
tivities and subsequent decomposition processes. 

Appendix 1. Glucose amendment boosted CO2 respiration rate 18 times at the initial measurement while the respiration rate induced by the other two substrates 
only increased maximum 6.2 times in comparison with control. The asterisk “*” indicated a significant difference from control soil. 

Appendix 2. Correlation between respiration vs. MBC, MBC vs, BG vs. MBC, inorganic N vs. MBN. The green numbers showed a positive correlation and the red 
numbers demonstrated a negative correlation (“*”: p < 0.05; “**”: p < 0.01). 
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5. Conclusion 

We found that the lability of amended substrates had greater effects 
on microbial activities than amendment amount and frequency. 
Regardless of their assimilability, supplying C sources triggered micro-
bial respiration in incubated soils, especially soon after amendment, 
which implied a lack of energy sources for the decomposer community. 
However, substrates of different labilities selectively triggered different 
microbial activities with important consequences for substrate miner-
alization and subsequent SOM decomposition. A short-term increase of 
microbial biomass after substrate amendment was followed by a long- 
term decrease mainly due to N limitation. Increases in respiration, mi-
crobial biomass, and enzyme activity with split compared to single 
amendment were only found with glucose, likely due to the greater 
recalcitrance of lignin and cellulose. This experiment sheds light on not 
only the importance of substrate lability but also on the amount and 
timing of substrate applications during soil amendment. The results 
should be considered when applying slower-release fertilizers like 
compost or organic manure to agricultural soil instead of immediately 
available chemical fertilizers to improve soil fertility. 
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