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Abstract: In drill-seeded, delay-flooded organic rice production, reliable predictions of N supply
from cover crop (CC) residues to subsequent rice are still a challenge. An incubation was conducted
to determine the effects of CC types (clover, ryegrass, clover and ryegrass mixtures, and fallow),
residue application rates (0, 0.6, 1.2, 1.8, and 2.4%) and incubation time on soil CO2 evolution and N
mineralization and availability. The cumulative CO2 evolution linearly increased with increasing
residue rate. Compared to the control, adding CCs residue significantly increased the cumulative
CO2 emission, which was greatest in soils with clover or mixtures of clover and ryegrass, followed
by fallow, and lowest in soils with ryegrass. The modeling results indicated clover had the greatest
initial C and N mineralization rates and the shortest half-lives. A temporary decrease in soil mineral
N caused by immobilization occurred at the initial incubation stage in all treatments. However,
the trend reversed progressively, with the clover treatment requiring the shortest time to meet the
crossover point. The results suggested clover was the optimal CC type, 0.6% was the optimal residue
rate, and a minimum of 27 days between CC termination and rice planting was required to maximize
mineral N supply for organic rice.

Keywords: organic farming; cover crop; N mineralization; N supply; soil incubation; microbial
decomposition

1. Introduction

The organic industry in the U.S. has expanded rapidly to keep pace with market de-
mand, and the planting acreage of organic rice in the U.S. has increased from 20,757 to more
than 79,000 acres since 1995 [1,2]. Improving nutrient management, especially nitrogen
(N) management, is a crucial battlefront for improving organic production and has drawn
rapidly increasing attention from researchers, decision-makers, and producers [3]. Cover
crops, especially leguminous cover crops, have been proposed as an effective N source
to increase soil fertility and crop productivity [4–6], minimize N losses through nitrate
leaching [7–9], suppress weeds through releasing of allelopathic exudates or competing for
light, water, and nutrients [10,11], and support other ecosystem services [12,13].

When cover crops are incorporated into soils, nitrogen in the tissues can be mineralized
to provide mineral N to the following cash crops [14,15]. Despite being an ideal N strategy
for organic farming, that currently relies heavily on natural soil amendments (e.g., manure)
instead of cover crops, one big challenge in adopting the cover crop approach is accurately
predicting when the nitrogen in cover crops will become available to the subsequent cash
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crops. Several studies reported that the incorporation of winter cover crops increased rice
yield 5–10% [16–18]. However, some studies reported no statistically significant difference
in rice grain yield between cover crop and non-cover crop treatments [19,20]. The varying
results indicated the complexity of the cover crop decomposition and N release processes
owing to multiple impact factors, including the types of cover crops [6,19], the C:N ratio
and lignin content of the cover crops [13,21–24], the application rate of cover crops [25], the
timing of cover crop incorporation [14,26], and soil and environmental conditions [27,28].
The varying results also underline the importance of selecting appropriate cover crop type,
application rate, and termination time to maximize soil N availability for rice growth and
present challenges to researchers.

To tackle the challenges, several studies focused on a modeling approach to
capture changes in N availability from microbial decomposition after cover crop
termination [25,29–31]. Based on the first-order kinetic models, clover needs 9–27 days
and ryegrass needs 58 days to degrade 50% or more of the N mineralization potential
(N0) from cover crop residues [29,30,32]. Although considerable effort has been put into
understanding the N dynamics after cover crop incorporation, N dynamics in organically
managed soils, especially in drill-seeded, delay-flooded organic rice production, remain
relatively unexplored, which prevents greater insight into the precise estimation of N
mineralization and availability in organic rice. In organic rice field trials, winter cover
crops are typically terminated from late March to early April and organic rice drill-seeded
from late April to early May depending on the weather [33,34]. The focus of this study
was to use an incubation trial to assess the dynamics of N mineralization after cover crop
incorporation but before organic rice planting to predict soil available mineral N contents
at planting and to improve soil N management in organic agriculture.

In microbial decomposition, the activities of microorganisms that decompose organic
compounds into mineral forms are manageable through the adjustment of the C:N ratio [35],
oxygen supply [36], moisture content [37], and temperature [37,38]. Laboratory incubations
under controlled conditions hold constant environmental factors and have proved valuable
in understanding C and N mineralization kinetics with inputs of diverse residue quality
and quantity [39]. In this study, a 31-day aerobic incubation experiment was conducted
using 1-L jars under controlled oxygen, moisture, and temperature conditions to determine
the effects of cover crop type, residue application rate, and incubation time on soil N
mineralization and mineral N availability. The observed data in the incubation experiment
were also used to build C and N mineralization simulation models to estimate the C and N
mineralization potentials (C0 and N0) and half-lives (t1/2).

Specifically, the objectives were to (1) determine the effects of cover crop mixtures
[control, white clover, annual ryegrass, 70% clover + 30% ryegrass (C7R3), 30% clover +
70% ryegrass (C3R7), and fallow (volunteer weeds)], residue application rates (0, 0.6, 1.2,
1.8, and 2.4%), and incubation time on organically managed soil CO2 evolution, C and
N mineralization potentials and half-lives, microbial biomass C and N, organic C and N
contents, and mineral N availability, and (2) estimate the optimal cover crop type, residue
replication rate, and termination time to maximize N availability at planting for organic
rice growth.

2. Materials and Methods
2.1. Soil and Cover Crops Collection and Properties

Cover crops used in this incubation experiment were collected from a certified organic
rice field in 2014. The organic rice yields were 7443, 7292, and 7312 kg ha−1 for the fields
with clover (Trifolium repens), annual ryegrass (Lolium multiflorum), and fallow (volunteer
weeds), respectively in 2012–2014 [33,34]. A total of 150 kg of surface soil (0–15 cm) was
collected from a multiple-year fallow area of the certified organic field using a backhoe.
Five cores of soil samples were mixed thoroughly, air-dried, ground, passed a 2-mm sieve,
and stored in several large plastic cans for use in this study and other experiments in the
organic project. The soil was a Morey loam (fine-silty, siliceous, superactive, hyperthermic
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Oxyaquic Argiudolls) with sand 47%, silt 36%, and clay 17%, and other properties were
shown in Table 1. Soil pH and EC were determined in a 1:2 (w/v) soil: deionized water
extractant using a VWR Symphony B20PI Benchtop pH meter (VWR International, LLC.,
Radnor, PA, USA) and Mettler Toledo EC meter (Mettler-Toledo, LLC, Columbus, OH,
USA) [40,41]. Soil total C and total N contents were determined using a total carbon
analyzer by reducing the primary sample ignition furnace to 650 ◦C following a combustion
procedure described by McGeehan and Naylor [42]. Soil P, K, Ca, Mg, Na, Zn, Fe, Cu, and
S were extracted using the Mehlich III extractant and determined by inductively coupled
plasma spectrophotometry (ICP) according to Mehlich [43,44].

Table 1. Properties of the background soil used for the laboratory incubation.

pH EC
(µS/cm)

WHC
(%)

Total C Total N DOC DON NH+
4 NO−

2 NO−
3 P Ca Mg S Na

g kg−1 mg kg−1

Background Soil 6.3 118 51.2 11.9 2.5 82.3 4.4 16.16 0.01 0.02 41 1891 211 18 55

The soil was collected from a certified organic rice field in 2014, air-dried, and passed 2-mm sieve for chemical analysis. EC, electrical
conductivity; WHC, field water holding capacity; DOC, dissolved organic C; DON, dissolved organic N.

During our 2012–2014 organic rice field trials, the cover crops were planted from mid-
October to early November, and terminated from late March to early April the following
spring by cutting and tilling into soils with a John Deere disc (John Deere Pavilion, Moline,
IL, USA) and a Lelyterra rotary harrow (Lely North America Inc., Pella, IW, USA). After
incorporating for 2 to 4 weeks, organic rice was drill-seeded from late April to early
May, depending on the weather conditions. The average dry biomass of Durana white
clover (Trifolium repens), annual ryegrass (Lolium multiflorum), and fallow (volunteer weeds)
were 4642, 5613, and 4020 kg ha−1, respectively, in our 2012–2014 organic rice field trials
(Table 2). Cover crops properties are shown in Table 3 and Table S1. Briefly, the crude
protein, total C, and total N were highest in clover, followed by C7R3 (70% clover + 30%
ryegrass) and fallow, and lowest in ryegrass. The C:N ratio was <21 in clover, C7R3, and
fallow but >21 in C3R7 (30% clover + 70% ryegrass) and ryegrass. The lignin:N ratio was
highest in fallow, followed by ryegrass, and lowest in clover. The estimated index of net
mineralization was <1 in all treatments. Cover crop crude protein and total nitrogen were
determined by the high-temperature combustion process [42,45]. Lignin was determined
using the Klason method [46]. Plant minerals, including P, K, Ca, Mg, Na, S, Zn, Fe, Cu,
Mn, and B were extracted using a nitric acid digest method and determined by ICP [47,48].

Table 2. Description of the cover crop biomass and organic rice yield in the 2012–2014 organic rice field trials.

Cover Crop Cover Crop Seeding
Rate (kg ha−1)

Cover Crop Fresh
Biomass (kg

ha−1)

Cover Crop
Moisture (%)

Cover Crop Dry
Biomass (kg

ha−1)

Organic Rice
Yield (kg ha−1)

Fallow 9 16,585 79.0 4020 7312
Clover 9 20,999 77.8 4642 7443

Ryegrass 9 25,400 75.8 5613 7292

Table 3. Cover crop properties and soil microbial biomass C:N ratio.

Cover
Crop

Crude Protein
(g kg−1)

Lignin
(g kg−1)

Total C
(g kg−1)

Total N
(g kg−1)

P
(g kg−1)

K
(g kg−1)

Cover Crop
Lignin:N Ratio

Cover Crop
C:N Ratio

Soil Microbial
Biomass C:N Ratio

Fallow 110 120 341 17.6 3.2 28.6 6.8 19 14
Clover 159 40 398 25.4 1.5 10.8 1.6 16 27
C7R3 * 130 40 393 20.8 1.8 13.8 1.9 19 38
C3R7 * 92 40 385 14.6 2.2 17.7 2.7 26 43
Ryegrass 63 40 380 10.0 2.5 20.7 4 38 52

* C7R3, 70% Clover + 30% Ryegrass; C3R7, 30% Clover + 70% Ryegrass.
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2.2. Laboratory Incubation and Determinations

A 31-day aerobic incubation experiment was conducted in 2019 using 1-L, wide-mouth
jars arranged in a completely randomized design (CRD) with three replications. Three
experimental factors included six cover crop mixtures [control, white clover, annual ryegrass,
70% clover + 30% ryegrass (C7R3), 30% clover + 70% ryegrass (C3R7), and fallow (volunteer
weeds)], five residue application rates (0, 0.6, 1.2, 1.8, and 2.4%), and seven incubation
times (D0, D1, D3, D7, D17, D24, and D31). Cover crops were freeze-dried, ground, and
passed 0.5-mm sieve for use. Dry ground cover crop residues were added into 10.000 g
dry soil according to the application rates (w/w). We had 66 jars (no cover crop control
× 6 replications + 5 cover crop mixtures × 4 residue application rates × 3 replications).
Each jar contained one 50-mL centrifuge tube with 20 mL of 2 mol L−1 NaOH for CO2
evaluation determination, one 50-mL glass beaker with soil and cover crop residue mixture
for microbial biomass C and N determinations, four 50-mL centrifuge tubes with soil and
cover crop residue mixture for organic C and N as well as mineral N (ammonium, nitrite,
nitrate) determinations, and one 25-mL plastic vial with water to maintain humidity. In
parallel, we had another 66 jars each containing a 50-mL glass beaker with soil and cover crop
residue mixture as the unfumigated control for microbial biomass C and N determinations
and a water vial to maintain humidity. Soils in all glass beakers and centrifuge tubes were
adjusted to 50% of water holding capacity before incubation. The whole incubation lasted
31 days at 25 ◦C using a Thermo Scientific incubator. During the incubation, water vials
were checked routinely and refilled when necessary. Jars were opened at each sampling for
30 min to allow O2 exchange.

The CO2 evaluation during Day 0–1, 1–3, 3–7, 7–17, and 17–24 of incubation were
measured at D1, D3, D7, D17, D24, respectively. At each sampling, the 50-mL centrifuge
tube containing 20 mL of 2 mol L−1 NaOH was replaced from each jar and covered
with a lid immediately for titration. As a replacement, a new 50-mL centrifuge tube
with 20 mL 2 mol L−1 NaOH was put back into the jar after 30-min O2 exchange for
a continuous incubation until the next sampling. At each sampling, 4 centrifuge tubes
with 20 mL 2 mol L−1 NaOH were put in four jars without any samples as blank control,
and another 4 centrifuge tubes with 20 mL 2 mol L−1 NaOH were covered with lids
as initial NaOH control and kept outside the incubator. A total of 74 centrifuge tubes
with NaOH solution were taken out at each sampling for titration. The initial NaOH
concentration and the NaOH left in each centrifuge tube were titrated with 2 mol L−1 HCl
with vigorous stirring in the presence of BaCl2 to a phenolphthalein endpoint. The CO2
evolution was calculated by subtracting the CO2 concentration in the blank control from
the CO2 concentration in the jar with soil samples [25].

Soil mineral N contents (NH+
4 + NO−3 + NO−2 ) at D0 (background soil), D7, D17,

D24 and D31 during incubation were determined. At each sampling, one centrifuge
tube with soil and cover crop mixture was taken out from each jar, extracted with 40 mL
0.5 mol L−1 K2SO4, filtered with Whatman No. 2 filter paper, and determined for NH+

4 ,
NO−2 , NO−3 , pH, and EC. Soil NH+

4 was measured using a BioTek microplate reader at
OD660nm [49–51]. Soil NO−2 was measured with a BioTek microplate reader at OD550nm, and
NO−3 were first reduced to NO−2 using a Cd redactor and then measuring the concentration
of NO−2 [51,52]. The relative nitrification index (RNI) at D0, D7, D17, D24, and D31 was
estimated by calculating the proportion of the NO−3 to the sum of NO−3 and NH+

4 [RNI
(%) = NO−3 /(NO−3 + NH+

4 ) × 100%] according to Lavoie and Bradley [53] and Tian and
Toda [54]. Soil pH was determined using a VWR Symphony B20PI Benchtop pH meter
(VWR International, LLC., Radnor, PA, USA). Soil EC was determined using a Mettler
Toledo EC meter (Mettler-Toledo, LLC, Columbus, OH, USA).

Dissolved organic C (DOC) and dissolved organic N (DON) in soils collected at D0
(Background soil), D7, D17, D24, and D31 were determined. The soil was extracted with
40 mL 0.5 mol L−1 K2SO4, shaken for 30 min on a shaker, centrifuged at 6000 rpm for
10 min, filtered through a GF/F 47 mm 100 circles glass microfiber filter (Whatman, Cat
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No. 1825-047), and determined using a TOC-VCPH/CPN analyzer (Shimadzu Corporation,
Kyoto, Japan) following the manufacturer’s instruction.

To determine soil microbial biomass C (MBC) and microbial biomass N (MBN), 132
glass beakers with soil and cover crop mixture were taken out of incubation jars at D7.
Soils in 66 glass beakers were fumigated with CH3Cl chloroform in the desiccator for
24 h, and soils in the other 66 glass beakers were put in another desiccator and used as
unfumigated control. At D8, both fumigated soil and unfumigated soil were extracted
with 40 mL 0.5 mol L−1 K2SO4, shaken for 30 min on a shaker, centrifuged at 6000 rpm for
10 min, filtered through a GF/F 47 mm 100 circles glass microfiber filter (Whatman, Cat
No. 1825-047), and determined using a TOC-VCPH/CPN analyzer (Shimadzu Corporation,
Kyoto, Japan) following the manufacturer’s manual. MBC and MBN were calculated
using DOC and DON contents according to the equations reported by Beck et al. [55] and
Brookes et al. [56].

Carbon use efficiency (CUE) was estimated using the equation:
CUE = MBC/(CO2 evolution + MBC) [57]. CUE is an assessment of the biological
activity associated with the decomposition of residues and reflects the partitioning of C
between microbial growth and respiration per unit of substrate organic C consumed [35,58].
The greater the CUE, the greater the proportion of C converted to biomass rather than
respired. The index of net N mineralization was calculated using the equation: Index of net
N mineralization = cover crop C:N ratio × CUE/microbial biomass C:N ratio [35]. Index
value >1 means net N mineralization, otherwise net N immobilization [35].

2.3. Soil Carbon and Nitrogen Mineralization Kinetics

The observed soil cumulative CO2 evolution (Cmin) over 0, 1, 3, 7, 17, and 24 days
of incubation were fitted to a first-order kinetic model to estimate the amount of poten-
tially mineralizable pool of C (C0) available for decomposers following residue additions
(Equation (1)) [25,32,54,59]:

C mineralization, Cmin = C0 · (1 − exp(−kC · t)) (1)

where Cmin is the detected cumulative C mineralization up to time (mg C kg−1), C0 is the
C mineralization potential (mg C kg−1), k is the decomposition rate constant (day−1), and t
is the decomposition time (days). The decomposition rate constant kC describes the daily
release of C from the pool, which is proportional to the initial amount of cover crop residue
amended and is inversely related to the residence time of the substrate and measures C
turnover period [25,60].

The observed soil cumulative CO2 (Cmin) and cover crop C:N ratio were used to
estimate the N mineralization (Nmin) [54,61]. Nmin values were fitted to a first-order
kinetics model Equation (2) to estimate the potentially mineralizable pool of N (N0) for
decomposers following cover crop residue addition [25,30,54]:

N mineralization, Nmin = N0 · (1 − exp(−kN · t)) (2)

where Nmin is the mineral N (mg N kg−1) detected in the soil after time t (days); N0 is N
mineralization potential (mg N kg−1); kN is the first-order rate constant (day−1).

2.4. Statistical Analysis

Multivariate analysis of variance (MANOVA) was performed in R [62] to evaluate the
effects of cover crop mixtures, residue application rate, and decomposition time on soil CO2
evolution, microbial biomass C and N, dissolved organic C and N, and mineral N contents
(NH+

4 , NO−2 , and NO−3 ). Mean separation was done using Tukey’s multiple sample t-tests
in R. All statistical tests were performed at a significance level of 0.05. The non-linear
regression model was used to estimate the model parameters in the first-order equations,
including C mineralization potential (C0), N mineralization potential (N0), C mineralization
constant (kC), N mineralization constant (kN), and half-lives of C and N mineralization (t1/2)
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based on the Gauss-Newton method with function “nls” in R [25,30]. Pearson’s correlation
coefficients (r) between the observed and fitted values were computed.

3. Results
3.1. Soil CO2 Evolution and the Estimation of Carbon (C) Mineralization

Cumulative CO2 evolution was significantly (p≤ 0.001) affected by the highest-ranking
interaction of cover crop type × residue application rate × incubation time (Table 4).
Cumulative CO2 evolution increased with increasing incubation time, and a rapid rate
of CO2 evolution was detected in the first 7 days, whereas a relatively slow rate of C
mineralization was detected during Day 7–24 for all treatments. Cumulative CO2 evolution
linearly increased with increasing cover crop residue rate (R2 > 0.99) (Figure 1). The results
suggested that the addition of cover crop residues significantly affected the cumulative CO2
evolution. Doubling the application rate of cover crop residues increased cumulative CO2
evolution by 1.2–1.4 times in all treatments. Of different cover crops, the cumulative CO2
evolution during 0–24 days was highest in soils amended with clover and 70% clover +
30% ryegrass (C7R3), followed by 30% clover +70% ryegrass (C3R7) and fallow, and lowest
in ryegrass.

The observed CO2 evolution data from the laboratory incubation experiment were
fitted into the first-order kinetic model to estimate the C mineralization potentials (C0)
and time required for mineralizing half of C0 (t1/2). The C mineralization model fitted
the observed data with Pearson’s correlations (r) between the observed and fitted values
being larger than 0.985 for all treatments (Table 5), although this may be partly due to
the limited number of sampling points. The C mineralization potential (C0) was high-
est in soils with diverse volunteer weeds in fallow (9069 mg kg−1), followed by soils
with the mixtures of clover and ryegrass (C7R3 9228 mg kg−1, C3R7 9232 mg kg−1), and
lowest in soils with one cover crop (ryegrass 8638 mg kg−1, clover 8430 mg kg−1). The
C0 was likely associated with the diversity of cover crops and the lignin:N ratio; soils
with more diverse cover crops and higher lignin:N ratio tend to have higher C0. Inter-
estingly, despite having the lowest C0, clover had the fastest initial C decomposition rate
(1535 mg kg−1 day−1) and required the shortest time to approach half of the C0. Mi-
crobes in the control soil needed 17.2 days to mineralize half of C0 (4281 mg C kg−1),
whereas they required 4.5 times shorter to decompose half of the C0 in soils with clover
(8431 mg C kg−1).

Table 4. Significance of the interactions and main effects of cover crop (CC) type, cover crop residue application rate, and
incubation time on the flush of CO2, soil organic and mineral C and N, pH, and EC.

Cumulative CO2 NH+
4 NO−

2 NO−
3 TMN DOC DON pH EC

CC Type ≤0.001 *** ≤0.001 *** 0.222 ≤0.001 *** ≤0.001 *** 0.010 * ≤0.001 *** ≤0.001 *** ≤0.0001 ****
CC Rate ≤0.001 *** ≤0.001 *** 0.804 0.017 * 0.001 ** ≤0.001 *** ≤0.001 *** 0.005 ** ≤0.0001 ****

Incubation Time ≤0.001 *** ≤0.001 *** 0.019 * ≤0.001 *** 0.011 * 0.925 ≤0.001 *** ≤0.001 *** ≤0.001 ***
CC Type × CC Rate ≤0.001 *** ≤0.001 *** 0.437 0.053 0.024 * 0.033 * ≤0.001 *** ≤0.001 *** ≤0.001 ***

CC Type × Incubation
Time ≤0.001 *** ≤0.001 *** 0.238 ≤0.001 *** ≤0.001 *** 0.670 0.450 ≤0.001 *** 0.853

CC Rate × Incubation
Time ≤0.001 *** ≤0.001 *** 0.761 ≤0.001 *** ≤0.001 *** 0.143 0.005 ** 0.003 ** 0.005 **

CC Type × CC Rate ×
Incubation Time ≤0.001 *** ≤0.001 *** 0.694 0.005 ** 0.040 * 0.564 0.717 0.003 ** 0.718

* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, and **** p ≤ 0.0001. TMN, total mineral N; DOC, dissolved organic C; DON, dissolved organic N.
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Figure 1. The cumulative CO2 (mg C g−1 soil) during (a) different times of incubation, (b) the
cumulative CO2 during 0–24 d incubation of soils with different cover crop mixtures and residue
application rates, and (c) the rate of CO2 evolution (mg C g−1 soil day−1). Six cover crop mixtures
included control (CK), white clover, annual ryegrass, 70% clover + 30% ryegrass (C7R3), 30% clover
+ 70% ryegrass (C3R7), and fallow (volunteer weeds), five residue application rates included 0,
0.6, 1.2, 1.8, and 2.4%, and five incubation times included 0–1, 0–3, 0–7, 0–17, and 0–24 day with
three replications.
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Table 5. Carbon (C) and Nitrogen (N) mineralization parameters during the 0–31 day of incubation of soil amended with
different cover crop mixtures.

Model Cover
Crop

Residue
Application

Rate (%)

Mineralization
Potential

(C0, N0) (mg
kg−1)

Mineralization
Rate

Constant
(kC, kN)
(day−1)

Initial Potential
Mineralization

Rate (C0kc,
N0kN) (mg kg−1

day−1)

Half-Life of
Mineraliza-

tion
(t1/2) (day)

Correlation
Coefficient

(r)

C Mineraliza-
tion Model

Cmin = C0 · (1
− exp(−kC ·

t))

CK 0 4281 0.040 172.9 17.2 0.987
Fallow 0.6 9069 0.145 1318.8 4.8 0.970
Clover 0.6 8430 0.182 1534.6 3.8 0.991

Ryegrass 0.6 8638 0.128 1102.6 5.5 0.970
C7R3 0.6 9228 0.155 1433.5 4.5 0.985
C3R7 0.6 9232 0.115 1063.7 6.0 0.987

N Mineraliza-
tion Model
Nmin = N0 ·

(1 − exp(−kN
· t))

CK 0 911 0.040 36.8 17.2 0.993
Fallow 0.6 477 0.145 69.4 4.8 0.985
Clover 0.6 527 0.182 95.9 3.8 0.995

Ryegrass 0.6 227 0.128 29.0 5.4 0.985
C7R3 0.6 486 0.155 75.4 4.5 0.992
C3R7 0.6 355 0.115 40.9 6.0 0.993

Cmin, C mineralization estimated by CO2 evolution (mg kg−1); Nmin, N mineralization estimated by CO2 evolution/cover crop C:N ratio
(mg kg−1); C0, C mineralization potential (mg kg−1); N0, N mineralization potential (mg kg−1); kC, C mineralization rate constant (day−1);
kN, N mineralization rate constant (day−1); C0kC initial potential N mineralization rate; N0kN initial potential N mineralization rate; t1/2,
time for mineralization of half of C0 or N0; r, the correlation coefficient between model fitted values and observed values.

3.2. Estimation of N Mineralization Potential (N0) and Half-Life (t1/2)

Soil CO2 evolution during C mineralization and cover crop C:N ratio were used to
describe the N mineralization (Nmin) by fitting into a first-order model to estimate the N
mineralization potential (N0) and half-life (t1/2) (Table 5). The models fitted the observed
data in all treatments with correlation coefficients (r) between the observed and fitted
values being larger than 0.985. Although the control had a good N mineralization potential
(N0), its N mineralization half-life (t1/2) was 2.9–4.5 times longer than soils amended with
cover crops. Of cover crops, clover had the greatest N0, the largest mineralization rate
constant (kN), the fastest initial potential mineralization rate (N0kN), and the shortest time
to mineralize half of the N0. Based on the model, clover needed 3.8 days to mineralize
264 mg N kg−1, C7R3 and fallow needed 4.5–4.8 days to mineralize 239–243 mg N kg−1,
while C3R7 and ryegrass needed 5.4–6.0 days to mineralize as little as 114–178 mg N kg−1.

The total observed N in the microbial pool, dissolved organic pool, and inorganic
pool (MBN + DON + TMN) and its correlation with estimated N mineralization (Nmin)
is shown in Figure 2. The total observed N had a strong correlation with estimated N
mineralization in all treatments (Figure 2a,b). The total observed N linearly (R2 > 0.930)
increased with increasing cover crop residue application rate in all treatments except
ryegrass (Figure 2c). It is surprising that the total observed N only accounted for <10%
of the total estimated N mineralization. The results suggested that the microbial C use
efficiency could be lower than we imagined and the mineralized N loss through N2O
emission and/or NH3 volatilization could be more than we expected. The C use efficiency
ranged from 5.21–8.97% for soils amended with cover crops in this study (Table S2).
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Figure 2. Relationship between estimated N mineralization (mg N kg−1) and observed MBN + DON
+ TMN (mg N kg−1) at Day 7. N mineralization potential was estimated by (a) C mineralization/
cover crop C:N ratio and (b) C mineralization/ microbial biomass C:N ratio, respectively. (c) The
observed MBN + DON + TMN in soils with different cover crop mixtures and residue application
rates. Six cover crop mixtures included control (no cover crop added), white clover, annual ryegrass,
70% clover + 30% ryegrass (C7R3), 30% clover + 70% ryegrass (C3R7), and fallow (volunteer weeds),
five residue application rates included 0, 0.6, 1.2, 1.8, and 2.4%. MBN, microbial biomass N; DON,
dissolved organic N; TMN, total mineral N.
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3.3. Soil C and N in Microbial and Organic Pools

Soil microbial biomass C (MBC) and microbial biomass N (MBN) were significantly
affected by the interaction of cover crop type × application rate (p ≤ 0.001) (Table 4).
Both MBC and MBN linearly increased with increasing cover crop residue rate (R2 > 0.96)
(Figure 3). Among different cover crop types, fallow with diverse volunteer weeds had the
greatest MBC, followed by the mixtures of clover and ryegrass, and least in ryegrass and
clover. MBC is likely associated with cover crop diversity and lignin:N ratio; it was higher
in soils with more diverse cover crops and higher in soils amended with high lignin:N
ratio cover crop mixtures. Microbial biomass N was greatest in fallow, followed by C7R3
and clover, and lowest in ryegrass. MBN is likely associated with cover crop diversity
and C:N ratio; it was higher in soils amended with more diverse cover crops and higher
in soils amended with low C:N ratio cover crop mixtures. The ratio of soil MBC:MBN
was higher than the ratio of cover crop material C:N in all treatments but fallow (Table 3),
which suggested that not all organic materials in cover crop were readily decomposable.
Nevertheless, it is consistent that fallow or clover had the lowest C:N ratios, followed by
the mixes of clover and ryegrass, and lowest in ryegrass.
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Figure 3. Soil microbial biomass carbon (a) and microbial biomass nitrogen (b) under different cover
crop residue mixtures and application rates. Six cover crop mixtures included control (no cover crop
added), white clover, annual ryegrass, 70% clover + 30% ryegrass (C7R3), 30% clover + 70% ryegrass
(C3R7), and fallow (volunteer weeds), five residue application rates included 0, 0.6, 1.2, 1.8, and 2.4%.
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Soil dissolved organic C (DOC) was significantly affected by the interaction of cover
crop type × application rate (p ≤ 0.05) (Table 4). Compared to the control, soils amended
with cover crops increased DOC contents with a higher content detected in soils with a
higher application rate. The DOC in soils with high application rates (1.8% and 2.4%)
increased rapidly in the first 7 days then decreased gradually during 7–31 days. By
contrast, DOC in soils with low application rates (0, 0.6%, and 1.2%) was relatively stable
with incubation. Nevertheless, DOC contents in incubated soils were higher than that
in background soil. Soil dissolved organic N (DON) was significantly impacted by the
interactions of cover crop type × application rate (p ≤ 0.001) and application rate ×
incubation time (p ≤ 0.01) (Table 4). Compared to the control, cover crops amendment
increased soil DON with a higher DON detected in soils with higher residue application
rate. In the no cover crop control, soil DON increased with increasing incubation time,
whereas the trends in soils with different cover crops were variable depending on the cover
crop C:N ratio. In soils with low C: N ratio cover crops (clover, C7R3, and fallow), soil DON
increased with time and peaked at D17, then decreased with time. In soils with relatively
high C:N ratio cover crops (C3R7 and Ryegrass), soil DON was even lower than control
during this experimental time range.

3.4. Soil Mineral Nitrogen Availability

Soil total mineral nitrogen (TMN) content during the 31-day incubation was signifi-
cantly affected by the interaction of cover crop type× residue application rate× incubation
time (Table 4). The dynamic of soil total mineral N during 0–31 days in soils amended with
different cover crop mixtures and application rates is shown in Figure 4. Soil TMN in all
treatments temporarily decreased at the initial stage of incubation when compared to the
control, except for clover 2.4%, C7R3 2.4%, and fallow 2.4%. After a temporary decrease,
TMN at residue application rate 0.6% lead the increase in TMN and required the shortest
time to reach the crossover point (tc), at which the amount of TMN in soils amended with
cover crop equaled that of the control soil (Figure 4). At 0.6%, the TMN in soils amended
with clover, C7R3, and fallow started gradually increasing at Day 17. The result indicated
that, during Day 0–17, the mineral N released by mineralization was less than the mineral
N consumed by immobilization, while a net mineral N release was observed after Day 17.
At 0.6%, clover needed 27 days to reach the crossover point. Clover needed the shortest
time to start providing mineral N for organic rice use, followed by C7R3 and fallow, and
C3R7 and ryegrass required the longest time to start providing mineral N to rice plants
(Figure 4).

Of mineral N, NH+
4 and NO−3 are plant available N. During 0–31 days of aerobic

incubation, nitrification occurred, which was evidenced by the dominance of NH+
4 before

incubation and the dominance of NO−3 after incubation (Figure 5). Soil NH+
4 concentration

generally decreased with increasing incubation time, while NO−3 concentration generally
increased with increasing incubation time. The relative nitrification index (RNI), the
proportion of the NO−3 to the sum of NO−3 and NH+

4 , increased with incubation time.
Both NH+

4 and NO−3 , increased linearly (R2 > 0.89) with increasing cover crop residue
rate, except the soils with ryegrass. Of different cover crops, NH+

4 content was highest
in soils amended with C7R3 or fallow, followed by clover, and lowest in ryegrass. The
trend of RNI of different cover crop mixtures can be divided into three groups: RNI in
control increased rapidly in the first 7 days but relatively slow during Day 7–31; RNI in
soils with low C:N ratio cover crop types (clover, C7R3, and fallow) increased slowly in the
first 7 days but rapidly during 7–31 days, and the fastest increase was observed during Day
17–24; and RNI in soils with high C:N ratio cover crop types (C3R7 and ryegrass) increased
slowly during the first 17 days but rapidly during Day 17–31, and the fastest increase was
observed during Day 24–31.
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Figure 4. Dynamics of soil total mineral N during 0–31 day in soils with different cover crop mixtures
and application rates. (a) Total mineral N in soils with clover at different application rates; (b) total
mineral N in soils with 70% clover + 30% ryegrass (C7R3) at different application rates; (c) total
mineral N in soils with fallow (volunteer weeds) at different application rates; (d) total mineral N in
soils with 30% clover + 70% ryegrass (C3R7) at different application rates; (f) total mineral N in soils
with different cover crop mixtures at the residue application rate of 0.6%. Six cover crop mixtures
included control (CK), white clover, annual ryegrass, 70% clover + 30% ryegrass (C7R3), 30% clover +
70% ryegrass (C3R7), and fallow (volunteer weeds), five residue application rates included 0, 0.6, 1.2,
1.8, and 2.4%.
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Figure 5. The relative nitrification index (RNI) during 0–31 day in soils with different cover crop
mixes at the optimal residue application rate of 0.6%. RNI was estimated by RNI (%) = NO−3 /(NO−3 +
NH+

4 ) × 100% according to Lavoie and Bradley [53] and Tian and Toda [54]. Six cover crop mixtures
included control (CK), white clover, annual ryegrass, 70% clover + 30% ryegrass (C7R3), 30% clover +
70% ryegrass (C3R7), and fallow (volunteer weeds), and five sampling times included Day 0, Day 7,
Day 17, Day 24, and Day 31.

4. Discussion
4.1. Carbon and Nitrogen Mineralization under Different Cover Crops and Application Rates

Soil CO2 evolution is a sensitive indicator of microbial decomposition of cover crop
residue [25], in which CO2 is released from decomposing nutrients contained in soil organic
matter to mineral forms by soil microbes and respiration from plant roots and soil fauna.
We observed that cumulative CO2 evolution increased with increasing incubation time
with a rapid evolution rate detected in the first 7 days and a relatively slow rate in the
following days (Figure 1). The result suggested that the rapid breakdown of organic matter
(organic acids, amino acids, and simple sugars) majorly occurred during 0–7 days and the
C mineralization gradually decreased during 7–24 days. The results aligned with previous
studies [25,61,63], which also reported a rapid increase at the initial stage and a relatively
slower increase at the following stage. In these studies, however, the time duration of
the initial rapid increase varied from one to two weeks depending on cover crop types,
application rates, and soil types. Trinsoutrot et al. [59] interpreted that the initial decompo-
sition rate was strongly related to the presence of soluble compounds, and the relationship
between C mineralized and soluble fractions weakened as decomposition proceeded.

C mineralization varied among cover crop types and residue application rates (Figure 1,
Table 5). Generally, plant residues with a low C:N ratio decompose faster than residues with a
high C:N ratio [13,21–24,64]. In this study, clover, C7R3, and fallow had a lower C:N ratio when
compared to C3R7 and ryegrass (Table 3). Wagger et al. [65] found increasing the plant residues
C:N ratio from 28 to 37 increased net N immobilization from 12 to 33%. However, Carvalho
et al. reported that the C:N ratio alone does not represent well the microbial decomposition
because it does not take the quality of C into consideration [66]. The recalcitrant fraction of
SOC, such as lignin, cellulose, etc. decomposed slowly and produced a small CO2 flux over a
long time [67]. Numerous studies reported that cover crop decomposition rate was positively
correlated with plant residue quality [23,64,68]. Tian et al. proposed a concept of plant residue
quality index (PRQI) and reported that it was higher in cover crops with a low C:N ratio and
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low lignin content [68]. Silva et al. also observed a faster decomposition rate in soils with
residues containing a high concentration of N and low lignin and polyphenol contents [64].

N mineralization and C mineralization are correlated and can be estimated by soil CO2
evolution and cover crop C:N ratio [54,61]. Although N mineralization potential (N0) in the
control was estimated to be as high as 911 mg N kg−1, it would require 2.9–4.5 times longer
to mineralize half of the N0. Adding cover crops into soil increased the mineralization rate
constant by 2.9–4.6 times, increased the initial potential mineralization rate by 1.1–2.6 times,
and shortened the half-life of mineralization (t1/2) by 2.9–4.5 times. Of cover crop types,
clover showed the best performance in N mineralization to maximize the N availability in
the shortest time. The promotion of mineralization by cover crops amendment was also
observed by Ghimire et al. [25].

4.2. Effect of Cover Crop Types and Application Rates on Microbial Biomass Carbon and Nitrogen

Soil microorganisms are the key players in decomposing organic matter to mineral
forms that are available to crops [69], and microbial biomass C can be used to assess the
biological activity associated with the decomposition of residues using the equation: carbon
use efficiency (CUE) = MBC/(CO2 evolution + MBC) [35,57,58]. The greater the CUE is, the
greater the proportion of substrate organic C converted to microbial biomass rather than
respired. In this study, the CUE ranged 5.21–8.97%, and was highest in fallow, followed by
two mixtures, and lowest in clover (Table S2). CUE varied across conditions, especially soil
moisture and temperature [38]. The low CUE also explained why the total observed N in
the microbial pool, dissolved organic pool, and inorganic pool (MBN + DON + TMN) was
only 10% or less of the total N mineralization potential (Table 5, Figure 2).

Microbial biomass C (MBC) is likely associated with cover crop diversity and lignin:N
ratio; it was higher in soils with more diverse cover crops and higher in soils amended with
high lignin:N ratio cover crops (Figure 3). The relationship between soil microbial biomass
and cover crop diversity was also observed by Gentsch et al. [70], who reported that the
microbial biomass contents were highest in soils with 12 cover crop mixes, followed by
soils with 4 cover crop mixes, and lowest in soils with one cover crop. Lignin is a complex
aromatic polymer and typically presents at 15–25% in lignocellulosic, which is the 2nd most
abundant renewable and sustainable C source [71]. Lignin and N content as predictors of
litter decay rates, and low lignin: N ratio is expected to lead to a higher decomposition
rate [60]. In this study, the cover crop initial lignin:TN was highest in fallow, followed by
ryegrass and two mixtures, and lowest in clover (Table 3).

Microbial biomass N (MBN) is likely affected by cover crop diversity and C:N ratio; it
was higher in soils with more diverse cover crops and higher in soils amended with low
C:N ratio cover crops (Figure 3). Microbial decomposition is an extraordinarily complex
process. It is, however, generally agreed that soil microbes have an average C:N ratio
of 7–8; only about 1/3 of C used by microbes is incorporated into their cells (MBC) and
the remaining 2/3 is used as an energy source and respired as CO2 through a series of
reactions ([C,O,4H] + O2 → CO2 + 2H2O + energy). Thus, microbes need at least 21 parts
of C for every part of N assimilated. In this study, when cover crops with low C:N ratio
(clover, fallow, and C7R3) were added into soil, cover crop residue potentially provides
plenty of N for microbial growth. Microbes ‘attack’ cover crop residue for their growth
and lead to an increase in microbial abundance and diversity, which was evidenced by
the increased microbial biomass C and N. The thrived microbes digest organic residues
to complex amino compounds (aminization: organic residues/proteins + O2 → complex
amino compounds + CO2 + energy + other products). When sufficient C is available, the
complex amino compounds can only be used in the synthesis of new cellular material.
When the cover crop C:N ratio is low and C is not enough for microbes to incorporate all
complex amino compounds into cellular structure, the extra complex amino acids (R-NH2)
will be mineralized to produce energy and NH3 byproduct (ammonification: R-NH2 +
HOH→ R-OH + NH3 + energy). Depending on the pH and temperature, NH+

4 will be
formed (pH < 7) and released to the soil (2NH3 + H2CO3 ←→ (NH4)2CO3 ←→ 2NH+

4 +
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CO2−
3 ). With the presence of O2 during incubation, NH+

4 is nitrified and NO−3 is formed
to produce more energy (NH+

4 + 1.5O2 → H2O + 2H+ + energy, NO−2 + 0.5O2 → NO−3 +
energy). The occurrence of nitrification in this study was also supported by the results of
relative nitrification index (RNI) in this study (Figure 5). When cover crops with a high
C:N ratio (C3R7 and ryegrass) were added into soil, cover crop residue could not provide
sufficient N for microbes to use all C in the residue to support microbial growth. In order
to use C in the cover crop residue to produce energy and form cell structure (i.e., protein),
microbes have to ‘rob’ mineral N from soil: NH+

4 and/or NO−3 → R-NH2 (immobilization)
and lead to a temporary decrease in soil total inorganic N.

4.3. Soil Mineral N Availability under Different Cover Crop Types and Application Rates

A temporary decrease in soil total mineral nitrogen (TMN) content was detected in
all treatments at the initial stage of incubation. The results indicated that immobilization
occurred not only in soils with high C:N ratio cover crops (ryegrass and C3R7), but also in
soils with low C:N ratio cover crops (clover, C7R3, and fallow). It suggested that cover crop
materials with low C:N ratio are not always readily decomposable, since not all organic
molecules are easily degraded. The cover crop C:N ratio is more a qualitative rather than
a quantitative measure of substrate quality and the relative availability of C and N. If a
considerable amount of C in cover crop residue is in the form of lignin or other resistant
materials, the actual C:N ratio could be larger, which has been evidenced by the higher
microbial biomass C:N ratio compared to cover crop C:N ratio (Table 3). The index of net
N mineralization was calculated using the equation: Index of net N mineralization = cover
crop C:N ratio * CUE/ microbial biomass C:N ratio [35]. An index value >1 indicated net
N mineralization and an index value <1 indicated net N immobilization [35]. In this study,
the index of net N mineralization was <1 in all treatments at D7 (Table S2), which explained
why a temporary decrease in soil mineral N was detected at the initial stage of incubation.
A similar trend was also observed in previous laboratory incubation studies and field
trials [72,73], which reported that plant-available N (NH+

4 + NO−3 ) was higher in control
than soils with cover crops at the beginning of incubation, but the trend reversed after 20–30
days of incubation. The temporary decrease could be attributed to the N immobilization
related to rapid microbial growth and N assimilation, denitrification caused by increased
microbial activity, and increased NH3 volatilization during residue degradation [30,74].
Net immobilization of N took place during early decomposition with residue C:N as low
as 15–21 in the initial weeks [72,75]. Mineral N, especially in the form of NH+

4 , is supposed
to be the primary source for immobilization [76]). In the absence of NH+

4 , NO−3 was shown
to be a good substrate for microbial assimilation [77]. The decrease in NH+

4 and increase in
NO−3 in this study also supported the observations about a temporary decrease in TMN
caused by immobilization (Figure 5).

After a temporary decrease, TMN in clover at residue application rate 0.6% showed
an increase in TMN earliest compared to other residue rates and needed the shortest time
to reach the crossover point (Figure 4). The results indicated that, after the incorporation
of clover into soils, producers are needed to wait at least 27 days for organic rice planting
to allow microbial decomposition to start supplying mineral N to the soil. When the time
between cover crop incorporation and rice planting is too short, the soil TMN could be
lower than the control. In this case, instead of providing N for organic rice, microbial
immobilization can compete with rice regarding soil mineral N. Compared to the control,
clover needed the shortest time while ryegrass required the longest time to start providing
mineral N to the following crop (Figure 4). Kuo and Sainju reported that the time needed
for soils amended with ryegrass to reach a crossover point was 30 weeks [30].

In practice, it is important to select the appropriate cover crop type, rate, and ter-
mination time. Of the cover crop types and rates tested, clover at 0.6% provided the
greatest mineral N and required the shortest time to mineralize half of the N mineralization
potential (N0). In our 2012–2014 organic rice field trials, the average annual clover dry
biomass was 4642 kg ha−1 (Table 2). Assuming the soil weight is 1,820,000 kg dry soil ha−1
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(15 cm deep, bulk density 1.2 g cm−3), the residue application rate of 0.6% would be
10,920 kg ha−1 dry biomass in the organic field. A seeding rate of 9 kg ha−1 was used to
achieve 4642 kg ha−1 dry biomass in the organic field; thus, a seeding rate of 21 kg ha−1

clover seed and a minimum of 27 days between cover crop incorporation and planting
would be needed to maximize the mineral N availability for rice growth at an early stage.

5. Conclusions

Incorporation of cover crops into soil can offer an effective way to increase mineral
nitrogen (N) for organic rice growth. Cover crop C mineralization increased with increasing
incubation time with a rapid mineralization rate detected in the first 7 days and a relatively
slow rate detected in the following days. The addition of cover crop residues significantly
increased the cumulative C mineralization, which linearly increased with increasing cover
crop residue rate. Of different cover crop types, clover or mixtures of clover and ryegrass
had the greatest cumulative C mineralization, followed by fallow, and the lowest in ryegrass.
Clover had the greatest N mineralization potential and initial N mineralization rates, and
required the shortest time to decompose half of the N mineralization potential (N0). Based
on the observed and modeling results, clover is the optimal cover crop type, 0.6% is the
optimal residue application rate, and a minimum of 27 days is required between cover
crop termination and rice planting to provide mineral N for organic rice growth. The
results indicated that adoption of clover at 0.6% (seeding rate 21 kg ha−1, dry biomass
10,920 kg ha−1) and incorporation of cover crop at least 27 days before seeding organic rice
could be a promising strategy to improve soil mineral N availability and reduce fertilizer
cost. The results of this study provide a great addition to the toolbox for decision-makers,
researchers, county agents, and producers to adjust N application to more precisely match
crop N demand and make improved organic adoption and management decisions. Still,
further studies are needed to validate the results under field conditions in different soil
types, at various locations, under other climate conditions, and associated with varying
varieties of rice to ensure the success of organic rice production.

Supplementary Materials: The following are available online at https://www.mdpi.com/2071-105
0/13/5/2866/s1, Table S1: Micronutrient contents of the cover crops, Table S2: Carbon use efficiency
and index of net mineralization in soils amended with different cover crops.
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