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ARTICLE INFO ABSTRACT

Editor: Leonard Rusinamhodzi CONTEXT: Manure recycling to cropland reduces synthetic fertilizer use and nitrogen (N) waste while increasing
soil carbon (C) sequestration, which is important for sustainable crop production. However, few studies have

Keywords: systematically integrated long-term N budgets with changes of soil C and N stocks and the greenhouse gas (GHG)

Sustainable crop production balance.

Manure recycling

OBJECTIVE: We aim to quantify the long-term responses of crop productivity, changes of soil C and N stock,
reactive N losses and the GHG balance to various C and N management practices, thus providing evidence for
sustainable crop production.

METHODS: We used a 15-year wheat-maize double cropping system in the North China Plain. The experiment
included eight fertilization treatments with contrasting C and N management practices. Crop productivity, N
losses, changes of soil C and N stock; and the GHG balance were evaluated.

RESULTS AND CONCLUSIONS: Compared with conventional fertilization with excess synthetic N, long-term
balanced organic and synthetic N fertilization (in which N rates were determined using an N balance
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approach and target N yield, and the rates of synthetic N equal to the difference between above N rate and
mineralized N from manure) increases crop yield and N harvest by 8-11%, and soil C and N sequestration by
191-230%, while reducing N inputs by 23%, thus also reducing reactive N losses by 40% and the GHG balance
from 59 to —2143 kg COz-eq ha~!. Although the N surplus was relatively high in the balanced organic and
synthetic N fertilization, it did not cause high N losses but achieved high soil C and N sequestration and crop
yield, which were not achieved under the optimum synthetic N fertilization.

SIGNIFICANCE: This study emphasizes the benefits of combining organic and synthetic N within an appropriate
N management framework, offering a global model for sustainable crop production in croplands. Site-specific
adjustments could be necessary when applying these findings to other regions with distinctly different soil or
climatic conditions. We should interpret N surplus cautiously because a high N surplus does not necessarily lead
to high N losses with manure recycling to croplands.

1. Introduction

Applying synthetic nitrogen (N) fertilizer is crucial for maintaining
crop yields and replenishing soil N to avoid mining of N with related soil
degradation (Quan et al., 2021; Yan et al., 2020). To increase the food
supply for a growing population and changing diets, the synthetic N
fertilizer consumption of global croplands has increased to more than
100 Tg N yr’1 (Ladha et al., 2020; Xia and Yan, 2023). The combined N
inputs from manure, N fixation and N deposition contributed to an N
surplus of 91-95 Tg N yr~! which is greater than the crop N harvest of
78-81 Tg N yr_1 (Schulte-Uebbing et al., 2022; Zhang et al., 2021b).
This cropland N surplus has caused serious unintended problems such as
air and water pollution, and greenhouse gas (GHG) emissions as N
cascades out of agricultural systems into the wider environment (Sutton
et al., 2011), thus exceeding an estimated planetary boundary for the N
surplus of 43 Tg N yr! (Schulte-Uebbing et al., 2022). Sustainable crop
production is a global challenge and an increase in nitrogen use effi-
ciency (NUE) is needed to reconcile crop productivity with acceptable N
losses, particularly in intensive agricultural regions (Gu et al., 2023;
Lassaletta et al., 2023; Schulte-Uebbing and de Vries, 2021).

Best N management practices (or so-called “knowledge-based N
management”) have been developed in recent decades, such as 4R
nutrient stewardship (4Rs, right source, time, rate and place), precise
nitrogen fertilizer management, organic fertilization, enhanced effi-
ciency N fertilizers (EEFs), and diversified crop rotations with legumes
or other cash crops (Cai et al., 2025; Johnston and Bruulsema, 2014;
Shah et al., 2021; Xia et al., 2017a; Xia et al., 2017b). The partial sub-
stitution of synthetic fertilizer by organic inputs (combination of syn-
thetic N fertilizer and organic N) can increase crop yields, especially in
China where it counteracts soil acidification since liming is often not
practiced (Cai et al., 2015, 2021; Xu et al., 2023), reduce N losses and
fertilizer dependency on new N resources (Wei et al., 2021b; Zhang
et al., 2020b) and enhance the sequestration of carbon (C), thereby
improving soil quality and counteracting climate change (Gao et al.,
2023; Lessmann et al., 2022). In contrast, using either source alone
cannot achieve such synergistic benefits, as synthetic N alone had
limited capacity to enhance soil fertility, N mineralization-
immobilization turnover and is prone to loss (Cai et al., 2019), while
the release of manure N is often too slow to match the high crop N de-
mand during the peak crop growing stage (Zhang et al., 2020b).
Enhancing manure recycling by replacing synthetic N fertilizer is thus a
promising measure in China where only 40% of the manure is currently
recycled to croplands and mainly to the cash crops such as fruits and
vegetables, due to the decoupling of crop and livestock farming (Bai
et al., 2022; Jin et al., 2020a; Zhang et al., 2019b).

The cropland N cycle is tightly coupled with the C cycle. Applying C-
rich organic material, such as manure, not only increases soil N retention
capacity by enhancing microbial activity and improving soil quality
(Elrys et al., 2023), but also provides better synchrony between crop N
demand and soil N supply to enhance yield while minimizing N losses
(Elrys et al., 2023; Liang et al., 2013). Soil C sequestration is primarily
controlled by soil N availability (Kicklighter et al., 2019; Kirkby et al.,
2014; van Groenigen et al., 2017), because of the stoichiometry and

homeostasis of soil microbial communities (Bertrand et al., 2019).
Moreover, GHG mitigation is closely related to cropland N management
practices (Cui et al., 2024). Therefore, combination of organic with
synthetic N fertilization may help to realize sustainable crop production
and achieve four goals: increased productivity, reduced N pollution,
improved soil quality and climate change mitigation.

Many studies have demonstrated that combining manure with syn-
thetic N fertilizer can enhance yield and N use efficiency while reducing
N losses at regional to global scales (Elrys et al., 2023; Gu et al., 2023;
Ren et al., 2023; You et al., 2023). Nevertheless, few studies have sys-
tematically integrated long-term N budgets with changes of soil C and N
stock and greenhouse gas (GHG) balances. The long-term experiments
are reliable for assessing the above aspects, because the changes of soil C
and N stock often require more than a decade to reach a steady state in
the soil-crop system when some management practices are changed (van
Grinsven et al., 2022). Such integrated and long-term evaluations
remain scarce in current meta-analyses and field studies (Duan et al.,
2024; Gu et al., 2023), leaving a knowledge gap in assessing the sus-
tainability of nutrient management strategies.

To address this gap, we evaluated crop productivity, N budgets,
changes of soil C and N stock, and GHG balances under different C and N
management regimes using data from a long-term field experiment
(2006-2021) with a wheat-maize double cropping system in the North
China Plain. This is one of the most intensive agricultural regions in the
world, which produces 23% of China's cereals (Yang et al., 2024). The
long-term experiment included four fertilization strategies with or
without straw (S) removal: zero-N fertilization (Ng and SNj), conven-
tional synthetic N fertilization (N¢on and SNcop), optimum synthetic N
fertilization (Nope and SNop) and balanced organic (Cattle manure/M)
with synthetic N fertilization (MNpy and SMNp,p). The following in-
dicators were evaluated: (1) crop yield and N harvest; (2) N loss path-
ways including ammonia (NH3) volatilization, nitrate (NO3) leaching,
nitrous oxide (N20O) and dinitrogen (N3) emissions; (3) N budget, N
surplus and NUE with consideration of N input from synthetic fertilizer,
organic fertilizer, straw, N deposition, biological N fixation, irrigation
and seed; (4) changes of soil C and N stock; and (5) the GHG balance. We
hypothesized that long-term balanced organic and synthetic N fertil-
ization would achieve high crop yields, enhance soil quality by building
up C and N stocks and reduce N loses thereby reducing the environ-
mental impacts, while it may also induce higher N surplus for sustaining
soil C sequestration but not N losses.

2. Materials and methods
2.1. Site description

The long-term experiment was established at the Shangzhuang
Experimental Station of the China Agricultural University (40°8.40'N,
116°10.80'E) in October 2006. The site is typical of the intensive agri-
cultural region in the North China Plain. Annual average air temperature
is 13 °C and annual precipitation is 540 mm, of which 60-70% occurs
from June to August (1981-2015). The soil is a calcareous Cambisol
according to FAO's Soil Classification, and is known as a fluvo-aquic soil
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in China (Chinese soil genetic classification) (Wei et al., 2023; Zhang
et al., 2022). In 2006, the topsoil (0-20 cm) had a particle size distri-
bution of 28% clay, 32% silt, and 40% sand, a soil organic carbon (SOC)
content of 7.7 g kg™!, a total N content of 0.70 g kg™!, pH of 8.1, an
Olsen P content of 7.8 mg kg ! and an available K content of 76 mg kg .
The studied soil was developed from alluvial deposit and characterized
by low background SOC (Han et al., 2017; Ju and Zhang, 2017). This low
fertility level, both in terms of SOC and Olsen P levels influences the
increase in soil fertility in response to fertilizer and manure additions,
including an increase in Olsen P levels to >30 mg kg !, as reported in
our previous publication (Zhang et al., 2021a). The site had a wheat-
maize double cropping rotation, which is typical of farming in the
North China Plain. The wheat was sown in early October and harvested
in mid-June of the following year, followed immediately by direct
seeding of maize which was harvested in early October in the same year
(Wei et al., 2023; Zhang et al., 2022). The study site is relatively
representative of the North China Plain due to region's relatively uni-
form climatic and edaphic conditions, cropping systems, and agronomic
management (Xin and Tao, 2020; Liu et al., 2022).

2.2. Design of the long-term experiment and field management

Eight treatments were set up in 2006 with different C and N man-
agement including: (1) N, zero-N fertilization and straw removed; (2)
SNy, zero-N fertilization and straw returned; (3) N¢on, conventional
synthetic N fertilization and straw removed; (4) SNcon, conventional
synthetic N fertilization and straw returned; (5) Nop, optimum synthetic
N fertilization and straw removed; (6) SNop;, optimum synthetic N
fertilization and straw returned; (7) MNy,, balanced organic with syn-
thetic N fertilization and straw removed; (8) SMNy,, balanced organic
with synthetic N fertilization and straw returned. A randomized com-
plete block design with three replicates and a plot size of 64 m? (8 m x 8
m) was used.

Fertilizer N rates of the N¢o, and SN, treatments were determined
according to local farmer's practice, with 300 kg N ha~! for wheat and
260 kg N ha™! for maize. The fertilizer N rates are very high in the North
China Plain (Ju et al., 2009), partly due to the high losses caused by poor
management of fertilizer applications. Fertilizer N rates for the so-called
“optimum synthetic N fertilization (Nopc and SNop,)” were determined by
a soil mineral N test, which was calculated by the target crop N demand
subtracted by the soil nitrate-N stock in the root zone (Cui et al., 2013b),
with a wheat N demand of 100 kg N ha™! at the basal dressing and 200
kg N ha™! at the top dressing, while maize N demand was 100 kg N ha™!
at the 4-leaf stage and 160 kg N ha~! at 10-leaf stage (Qiu et al., 2012).
After five years of fertilization, we found that fertilizer N rates for the
two optimum management treatments did not vary much with seasons.
Therefore, synthetic N fertilizer rates of 150 kg N ha~! in wheat and 130
kg N ha™! in maize were applied from October 2011, according to the N
rate in the previous crop seasons (this rate took into account the soil N
supply). In June 2017, we changed the above synthetic N fertilizer rates
to 160 kg N ha™! in both wheat and maize seasons, to meet the crop
demand for a relatively high target yield. The temporal change of N
management of the optimum synthetic N fertilization is shown in Fig. S1
and Table S1.

The N fertilizer (synthetic and organic) rates in the balanced organic
with synthetic N fertilization (MNp, and SMNp,) treatments were
determined by an N balance calculation in the soil-crop system. It is
equal to the N output at harvest minus soil nitrate-N at seeding. N output
included aboveground N harvest and target residual nitrate-N in root
zone at harvest; aboveground N harvest was calculated to be 180 kg N
ha~! in wheat and 160 kg N ha™! in maize (these are aboveground crop
N uptake and different from the crop N demand in the soil mineral N test
method which means “N supply” from fertilizer and soil), and the target
residual nitrate-N was set to be 100 kg N ha~! for both crops (Qiu et al.,
2012). This amount of nitrate-N can maintain a high yield in upland
areas of the study region (Cui et al., 2013a). A fresh weight of 30 t ha™!
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of decomposed cattle manure (equivalent to 15 t ha™! of dry weight on
average, 1.5% N on average) was applied annually at the sowing of
wheat. It was estimated that 40% and 20% of total N in the manure was
available N in the first wheat and second maize season after their annual
application for the N rate calculation, respectively (Eghball and Power,
1999; Beegle et al., 2008). The gap between the calculated N rates and
mineralized N from manure was filled by synthetic N fertilizer. Similar
to the Nopr and SNy treatments, the balanced N rate did not vary much
with seasons after five-years of fertilization, we therefore applied 170
kg N ha! to wheat and 180 kg N ha™! to maize as fertilizer N (this
includes synthetic and organic mineralized N, with an average synthetic
N rate of 106 kg N ha~! in wheat and 148 kg N ha™! in maize) to the
balanced organic with synthetic N fertilization after October 2011, ac-
cording to the N rate in the previous crop seasons. The temporal change
of N management of the balanced organic with synthetic N fertilization
is also shown in Fig. S1, Table S1 and S2.

The synthetic N fertilizer type was urea. In the wheat season, half of
the urea-N was applied during basal fertilization and the other half
during topdressing under the optimum and conventional synthetic N
fertilization, while one-third of urea-N was applied during basal fertil-
ization and two-thirds during topdressing under the balanced organic
with synthetic N fertilization. Cattle manure was applied once at basal
fertilization. The basal fertilizers were surface-broadcast and then
plowed using a deep plow (approximately 20 cm). Topdressed fertilizer
N was surface-broadcast and then irrigated. In the maize season, half of
the urea-N was applied at the four-leaf fertilization stage and the other
half at the ten-leaf fertilization stage by banding at a depth of 5-7 ¢cm in
the fertilization treatments.

All the treatments received the same phosphorus (P), potassium (K)
and zinc (Zn) synthetic fertilizer and irrigation. The P and K fertilizers
were applied at a rate of 70 kg P ha™! yr! and 75 kg K ha™! yr7!,
respectively, and applied as basal fertilizer at the seeding of wheat. Due
to the occurrence of P and K deficiency symptoms in the maize season in
2013, the P and K fertilizer rates were increased to 87 kg Pha™! yr ! and
166 kg K ha~! yr~! late on, and half of them were applied during basal
fertilization stage of wheat and the other half during 4-leaf topdressing
stage of maize. Moreover, 12 kg Zn ha~! yr~! was applied to maize from
2016 to meet the crop demand.

Irrigation during the wheat season was scheduled on the basis of soil
moisture and applied three to five times at rates of 28-70 mm per event.
Maize was primarily rain-fed and irrigated only when dry conditions
occurred at seeding, with application rates of 45-60 mm. Details of the
irrigation amount in each event are in Table S3. The aim was to maintain
the soil water content between 45% and 80% of plant available water
content, which was determined by water holding capacity and the cor-
responding wilting point (Meng et al., 2012). Deep plowing (20 cm) was
carried out at the sowing of wheat, and direct seeding of maize with no-
tillage after the harvest of wheat. In the straw return treatments, maize
straw was shredded and incorporated into the soil by deep plowing,
wheat straw was shredded and mulched on the soil surface, the straw
amount was 2.5-6.0 t ha~! of wheat and 4.8-8.0 t ha™! of maize.

2.3. Calculation of N budget

N input (Nipus, kg N ha~! yr™1), N output (Noupu, kg N ha=!yr 1),
changes of soil N stock (Nysoi, kg N ha! yrfl), N surplus (Ngurpius kg N
ha™! yr‘l) and NUE (%) were calculated by Egs. (1)-(5), respectively
(Zhang et al., 2020a).

Ninput = Nyyn + Niman + Naep + Npixe + Nir + Nieea (@D)]
Nouput = Nhar + Nioss 2)
Nasoit = Ninput — Noutput 3)
Nsurptus = Ninput — Nhar ()]
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NUE = Npgr /Ninpur x 100% (5)

where Ny, Nman, Ndep, Nfix, Nir and Nieeq are the N inputs from synthetic
fertilizer, manure, atmospheric deposition, biological N fixation, irri-
gation and seed, respectively. N harvest (Niqr, kg N ha™! yr 1) refers to
grain N harvest under complete straw return, while it refers to above-
ground (grain and straw) N harvest under straw removal. N loss (Njoss)
includes leaching, and emission of NH3, N3 and N2O. The changes in soil
N stock (Nysoi) calculated by Eq. (3) contains uncertainties (error) from
the input and output terms (Zhang et al., 2020a), therefore, we also
define this indication as Njspjiuncer- Data sources of the N input from
atmospheric deposition, biological N fixation, irrigation and seed, and
the measurements of crop biomass and N harvest, can be found in the
supplementary material.

2.4. Measurements of changes of soil C and N stock

We measured soil C and N stocks in years 2006 and 2021. Ten soil
cores were collected to a depth of 1.0 m using a 30 mm diameter soil
auger. Each soil core was separated into 0.2 m intervals and then mixed
to form a composite sample for each layer. Each treatment had three
replications. Soil samples were air-dried and sieved (2 mm mesh) to
remove plant detritus, soil total nitrogen (TN) and organic carbon (SOC)
was determined by Kjeldahl method and wet oxidation method,
respectively (Zhang et al., 2023a). Soil bulk density (BD) was measured
using the ring knife method before the establishment of the experiment.
Three soil pits were dug randomly in the experimental plots to obtain
soil samples at depths of 10, 30, 50, 70 and 90 cm, which represented the
BD of 0-20, 20-40 cm, 40-60 cm, 60-80 cm and 80-100 cm. In 2021, all
the experimental plots were sampled to a depth of 40 cm to measure the
BD of 0-20, 20-40 cm layers, while BD below 40 cm still used the data
from 2006. SOC and TN stock (SOCsck, kg C ha™; TNyock, kg N ha ™)
and changes in soil C and N stock (SOC¢nange kg C ha™! yr’1 5 TNchange, kg
N ha~! yr 1) in each layer were calculated as follows:

TNgock = ¢ X BD x 20/10 6)
SOCqek = ¢ X BD x 20/10 )
TNohange = (TNitock_2021~TNitock_2006) /15 (€)]
SOCchange = (SOCitock_2021-SOCitock_2006 /15 (€C)]

where ¢ is SOC or TN concentration (mg kg™1), BD is soil bulk density (g
cm’g), 20 is the soil thickness (cm) and 10 is the unit conversion coef-
ficient. Changes of soil C and N stock in the 0-100 cm soil were calcu-
lated by summing the results from the five soil layers.

2.5. Measurements of N losses

We measured ammonia (NHj3) volatilization using the dynamic
chamber and nitrous oxide (N2O) emissions using the static chamber
method in the rotation cycle of 2017-2018 and 2018-2019 (Wei et al.,
2023; Zhang et al., 2023b), The N3O fluxes were annualized using the
linear interpolation between adjacent measurements to estimate emis-
sions on non-sampling days. We quantified the N3 emissions by dividing
the measured field N2O emissions by the seasonal and annual ratio of
N20 to N2O plus N emissions (Ryzo) using the gas-flow-soil-core tech-
nique under laboratory conditions (Wang et al., 2022). The N losses via
leaching were measured using the suction cup method in the rotations of
2010-2011, 2011-2012 and 2012-2013 (Huang et al., 2017). The
detailed fluxes of the above N loss pathways can be found in our pre-
vious published paper (Huang et al., 2017; Wang et al., 2022; Wei et al.,
2023; Zhang et al., 2023b), and we only show the amount of N losses in

Agricultural Systems 233 (2026) 104653

the rotation cycle of each N loss pathway in the present study. We used
the above-mentioned average N losses measured in the 2-3 year period
by assuming that these losses are representative for the N losses over
during the whole experimental period in the N budget calculation. All
the major measurements and key references can be also found in the
summary table in supplementary materials (Table S4).

2.6. Calculation of greenhouse gas balance

We calculated the GHG balance on the field scale based on changes of
soil C stock in 0-100 c¢m soil and N5O emissions. We did not include CHy4
emissions in this study because they have been consistently shown to be
negligible in the upland soils of the North China Plain (approximately
—-1kgC ha! yr’l) (Hu et al., 2013; Huang et al., 2018). The annual
GHG emissions from N2O (GHGpz0, kg COz-eq ha! yr’l) were calcu-
lated as follows:

GHGyz0 = N2O — N x 44/28 x 273 (10

where NO-N (kg ha—! yr™!) is the annual N2O emissions in the rotation
cycle of 2017-2018 and 2018-2019. 44/28 is the conversion co-
efficients from N to N2O. The global warming potential used to convert
N-0 to CO5-eq based on a 100-year horizon was 273 (IPCC, 2021).

The SOC sequestration (AC, kg COz-eq ha™! yr ') was calculated
from the changes of soil C stock in 0-100 cm between 2006 and 2021
(Eq. (9)) according to:

AC = — SOCchange x 44 /12 an

where SOCcnange is derived from Eq. (9), 15 is the number of years be-
tween the two sampling years and 44/12 is the conversion coefficient
from C into CO3. The negative AC denote the C sink while positive AC
denote C source.

Finally, the GHG balance (kg COz-eq ha™! yr!) was calculated as
follows:

GHG balance = GHGyzo +AC 12)

2.7. Calculation of comprehensive evaluation index

The comprehensive evaluation index (CEI) was used to assess the
sustainability of various C and N management practices by considering
yield, crop N harvest, changes of soil C and N stock, reactive N losses and
the GHG balance. The CEI is based on the Entropy-TOPSIS (Technique
for Order Preference by Similarity to an Ideal Solution). It employs en-
tropy weights to objectively determine criterion weights, thereby
minimizing subjective bias. This method assigns higher weights to in-
dicators with greater variability in the dataset, as they provide more
distinguishing information. We first standardized the raw data,
computed entropy values, and normalized the weights to sum to 1. These
entropy weights were then integrated into the TOPSIS procedure, which
involved weighting the decision matrix, calculating the weighted ideal
and anti-ideal solutions, and ranking alternatives based on their prox-
imity to the ideal solution. This method was successfully employed by
Yang et al. (2024) to assess the multiple functions of diversified cropping
systems. Mover details of the procedures can be found in the supple-
mentary material (Delgado and Romero, 2016; Yang et al., 2024).

2.8. Data analysis

The data for 2009-2010 was excluded from the 15-rotation cycles
because of the large yield decrease caused by a natural disaster (extreme
drought). All statistical analyses were performed using SPSS 20.0 (IBM
Corp., Armonk, NY, USA). The differences in grain yield, crop N harvest,
grain N concentration, N losses, N surpluses, NUE and the GHG balance
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Fig. 1. Grain yield (a), crop N harvest (b) and grain protein concentration (c). Crop N harvest is aboveground N uptake and includes grain and straw. The vertical
lines in a-b are the standard errors (n = 3) of annual grain yield summed over wheat and maize, the vertical lines in c are the standard errors (n = 3) of each crop type.
Different lowercase letters are significant differences between the treatments at P < 0.05. We first averaged the multiple-year data of each replication, then mean and
standard deviation was based on the above three replications of each treatment. No, Nop(, Neon and Ny, are no N fertilizer, optimum N, conventional N and balanced N

rate, respectively. S and M are straw and cattle manure, respectively.

on the treatments were determined using Duncan's test with a signifi-
cance level of P < 0.05. Data on total N losses and total N inputs were
fitted using nonlinear regression models.

3. Results
3.1. Crop productivity and quality

Long-term balanced organic manure with synthetic N fertilization
and straw return (SMNp,) significantly increased grain yield (14.1 Mg
ha ! yr1) by 9-20% (average 15%) compared to all the synthetic N
fertilization treatments (Nopt, SNopt, Neon and SNeon, Figs. la, S2a-c).
Balanced manure with synthetic N fertilization without straw (MNpy))
significantly increased grain yield (13.7 Mg ha™! yr 1) by 11-17%
(average 13%) compared to the Nyp, SNope and Neop treatments, while
no significant differences were found between the MNyp, and SNeon
treatments. Grain yield under the optimum synthetic N fertilization was
comparable to that under conventional synthetic N fertilization with the
same level of straw return (11.7 in Ngp vs. 12.1 Mg ha! yr‘l in Neon,
and 12.4 in SNgp vs. 13.0 Mg ha™! yr’1 in SN¢on). Long-term straw
incorporation had no significant effects on grain yields (Figs. 1a, S2a-c).

Long-term balanced organic with synthetic N fertilization and straw
incorporation achieved the highest crop N harvest of all treatments (406
kg N ha™! yr1), which was significantly higher by 7-28% (average
16%) than the other five N fertilization treatments (Nopt, SNopt, Neons
SNeon and MNypg1). The MNy,) treatment significantly increased crop N
harvest (380 kg N ha™! yr™!) by 13-19% (average 16%) compared to the
optimum synthetic N fertilization, while no significant differences in
crop N harvest were found between the MNp, and conventional syn-
thetic N fertilization. Crop N at harvest under the optimum synthetic N
fertilization was significantly lower by 10% compared to the conven-
tional synthetic N fertilization at the same level of straw return, i.e., 319
in Nopt vs. 354 kg N ha™ yr! in Neon, 336 in SNyt vs. 374 kg N ha ™!
yr ! in SNeon (Figs. 1b, S2d-f). This coincided with a lower grain N
concentration under the optimum synthetic N compared to the con-
ventional synthetic N fertilization, despite there being no significant
differences (Fig. S3). Straw incorporation significantly increased the
crop N harvest by 7% under the balanced organic with synthetic N
fertilization (Figs. 1b, S2d-f).

There was a small variation of grain protein concentration under N
fertilization, ranging from 14.0% to 14.6% (average 14.3%) for wheat
and 7.8% to 8.1% (average 7.9%) for maize. However, the long-term
balanced organic with synthetic N fertilization and straw return treat-
ment (SMNp,) significantly increased grain protein concentrations,
compared to the optimum synthetic N fertilization without straw (Nop)

(Fig. 1c¢), indicating the benefits of long-term co-application of organic
manure and synthetic N fertilizer in improving crop quality.

3.2. N budgets

Under N fertilization, total N inputs ranged from 369 to 646 kg N
ha~! yr!, of which 77-87% were from manure and synthetic N fertil-
izer. The rest accounted for 86 kg N ha yr~! from deposition, biological
N fixation, irrigation and seed. Crop N harvest ranged from 219 to 380
kg N ha! yr‘l, N losses represented 10-15% of total N inputs (Fig. 2a).
By subtracting N harvest and N losses from the total N input, changes of
soil N stock estimated by the difference method were 218-315 kg N
ha! yr ! under the conventional synthetic N fertilization, but much
lower at 72-184 kg N ha~! yr~! under the balanced organic with syn-
thetic N fertilization and SN, treatments. It was 6 kg N ha~!yr~!in the
Nopt treatment (Fig. 2a).

The N surplus and NUE fluctuated between years in the first 10-year
rotation cycles and tended to stabilize beyond that (Fig. S4). During the
15-year rotation cycles, average N surpluses showed differences in each
management practice: it was 292-411 kg N ha™! yr ! under the con-
ventional synthetic N fertilization, then followed by balanced organic
with synthetic N fertilization (121-243 kg N ha™! yr™1), and optimum
synthetic N fertilization (51-156 kg N ha™! yr™1). Straw return signifi-
cantly increased the N surplus (Fig. 2b). NUE ranged from 51% to 86%
under the balanced organic with synthetic N fertilization and optimum
synthetic N fertilization, while NUE under the conventional synthetic N
fertilization was much lower (36-55%). Straw return significantly
decreased NUE (Fig. 2c).

3.3. Changes of soil C and N stock

During the 15-years of fertilization, the soil C stock increased at an
annual rate of 729-821 kg C ha™! yr~! under the balanced organic with
synthetic N fertilization, being significantly higher than that in the Nop;
treatment (—195 kg C ha~! yr™1). The rate of increase in soil C stock was
135-334 kg C ha™! yr~! in the other three N fertilization treatments,
being lower than the balanced organic with synthetic N fertilization,
although the difference was not significant (Fig. 3a). The rate of increase
in the measured soil N stock was 107-123 kg N ha—! yr~! under the
balanced organic with synthetic N fertilization. This soil N stock change
was significantly higher than in the Neon, SNeon and SNy treatments
(31-60 kg N ha~! yr™1), while Nopt treatment was again significantly
lower (—12 kg N ha! yr’l) (Fig. 3b). These results indicate the
importance of applying manure to soil in building up soil C and N stock.
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3.4. N losses

Total N losses increased exponentially with the increase of N inputs
(Fig. 4a). It was 74-96 kg N ha~! yr~! under the conventional synthetic
N fertilization, and significantly higher than that in other treatments,
then followed by the SMNy, treatment (58 kg N ha! yr’l), the MNp,;
treatment and optimum synthetic N fertilization (44-49 kg Nha ! yr 1)
(Fig. 4b). The balanced organic with synthetic N and optimum synthetic
N fertilization had comparable yield-scaled N losses (3.6-4.1 kg N
Mg~ 1), which were significantly lower than those under conventional
synthetic N fertilization (6.1-7.4 kg N Mg’l) (Fig. 4c). There were
similar N loss pathways under N fertilization, with leaching making up
the largest share (36-46%), particularly under the conventional syn-
thetic N fertilization, NH3 volatilization was the second largest loss

(32-37%), followed by N2 losses (19-26%), and the least was N2O
emission (2-3%) (Fig. 4b).

3.5. GHG emissions

In the fertilization treatments, the SN¢o, treatment had the highest
N2O emissions of 1073 kg COz-eq ha! yr’l, followed by the SMNp,,
Neon and SNy treatments (670-805 kg CO»-eq ha™! yr’l), and the
MNpa1 and the Ny, treatments (564-592 kg CO,-eq ha! yr’l). The Nop¢
treatment caused a reduction in soil C sequestration, leading to positive
CO,-eq emissions (716 kg COz-eq ha™! yr™1), while other N treatments
enhanced soil C sequestration (Fig. 5). The C sink induced by balanced
organic with synthetic N fertilization (—3011 to —2672 kg COy-eq ha™!
yr’l) was higher than in the SNopt, Neon and SNeo, treatments, which
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ranged from —1226 to —495 kg CO»-eq ha! yr?, although the differ-
ence was not significant. Due to the higher SOC sequestration, the GHG
balance in the balanced organic with synthetic N fertilization (—2206 to
—2080 kg COy-eq ha™! yr™1) was much lower (more cooling) than the
SNopt, Neon and SNeop treatments (—153 to 271 kg CO»-eq ha™? yr’l),
although the effect was not significant (Fig. 5). The Nop; treatment
inversely was causing warming (1280 kg COz-eq ha™! yr™1).

3.6. Sustainability assessment

Long-term balanced organic with synthetic N fertilization achieved
high crop yields, N harvest, changes in soil C and N pools, but also
resulted in low reactive N losses and a small GHG balance when
compared against the different C and N management practices.
Although the optimum synthetic N treatment had much lower reactive N
losses compared to the conventional synthetic N fertilization, it didn't
achieve the high target yield or such large gains in soil C and N stocks
(Fig. 6a). We further compared the sustainability of different manage-
ment practices using a comprehensive evaluation index (CEI), which
makes an integrated assessment of yield, crop N harvest, changes of soil
C and N stocks, reactive N and the GHG balance. The results showed that
the long-term balanced organic with synthetic N fertilization achieved
the highest CEI of 0.84-0.93, in contrast to the long-term synthetic N
fertilization which had a much lower CEI of 0.25-0.46 (Fig. 6b).

The yield (or N harvest), NUE, N surplus are commonly used indi-
cator to assess N management performance. Under the conventional
synthetic N fertilization, although the yield is relatively high, its NUE
was the lowest and N surplus was the highest, resulting in a sustainable
index (CEI) lower than 0.5. The optimum synthetic N treatments ach-
ieved a desirable NUE and surplus; however, the N harvest was the
lowest across the treatments, and increase of soil C and N stock were also
low, leading to a CEI lower than that of conventional management. In
contrast, the long-term balanced organic with synthetic N fertilization
achieved the highest crop yield and N harvest and the soil C/N stock
increase, acceptable NUE and N surplus, and ultimately attained the
highest sustainability (CEI of 0.84 to 0.93) (Figs. 1-3, 6).

4. Discussion

4.1. Sustainable crop production by long-term balanced organic with
synthetic N fertilization

Long-term field experiments offer a unique opportunity to evaluate

the sustainability of agricultural systems. Not only do they provide a
platform for assessing multiple performance indicators, but also define
the real response of the crop-soil-environment nexus to management
interventions (van Grinsven et al., 2022; Zhao et al., 2024). Our 15-year
experiment demonstrates that the long-term balanced organic with
synthetic N fertilization exhibited strongly positive effects on agro-
ecosystem services, and achieved higher crop yields and soil quality with
lower fertilizer dependency on new N resources, low N pollution and
climate change burdens when compared against conventional N man-
agement practices which provide excess synthetic N inputs and a lower
input of organic matter. Long-term balanced organic with synthetic N
fertilization also had a much better performance in crop productivity,
soil fertility and GHG emission mitigation than optimum synthetic N
fertilization (Fig. 6a). The planting area of the wheat-maize double
cropping system in the North China Plain is 10.6 Mha yr* (Liu et al.,
2022). Compared with conventional synthetic N fertilization, long-term
balanced organic with synthetic N fertilization could increase grain yield
by 17 Mt. yr’1 (standardized at 14% moisture) (Cui et al., 2018),
equivalent to 6.0% of China's annual maize production (National Bureau
of Statistics of China, 2023), and increse crop N harvest by 0.3 Mt. N
yr~L. This change would also reduce reactive N losses by 0.3 Mt. N yr?,
offsetting 2.2% of annual reactive N emissions in Chinese cropping
systems, respectively (Gu et al., 2015), and reduce the GHG balance by
23.3Mt COy-eq yr~'. When adopting optimum synthetic N fertilization,
reactive N losses would be reduced by 0.3 Mt. N yr~!, however, the N
harvest would be also reduced by 0.4 Mt. N yr~!, while GHG balance
would be increased by 6.4 Mt. COy-eq yr* (Fig. 7).

The so-called “optimum synthetic N fertilization” achieves an
equivalent yield with much lower N losses than conventional synthetic N
fertilization. However, the crop N harvest was significantly decreased
under the optimum synthetic N fertilization compared to conventional
practice, indicating the risk of sacrificing N harvest when tightly syn-
thetic N inputs (Fig. 1), probably because the “tight N cycle” status
cannot compensate for stresses such as temporal N shortage induced by
occasional heavy rainfall, which thus reduce crop N harvest (Tian et al.,
2023). We should pay attention to the N harvest indicator together with
yield when evaluating crop productivity because it directly links
nutrient supply to humanity.

Long-term balanced organic together with synthetic N fertilizer ad-
dresses the above problem, and also contributes to improved soil quality
by enhancing the SOC content (Abrol et al., 2024) and adding base
cations, thus mitigates the soil acidification process induced by intensive
N fertilization (Cai et al., 2015). The soil investigated in this study had a
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high mineralization-immobilization turnover with high N retention,
supporting a good synchrony of N supply with crop demand, thus
contributing to the higher yields and lower N losses (Elrys et al., 2023;
Liang et al., 2013). The organic fertilizers also provide macro- and
micronutrients to crops thus enhancing crop yields (Gil et al., 2008).
Long-term balanced organic with synthetic N fertilization increased soil
C sequestration thus significantly offsetting COz-eq emissions and
resulting in a low GHG balance (Fig. 5). However, N immobilization is
needed to sustain the C sequestration (de Vries, 2018; van Groenigen
etal., 2017), which is reflected by the results that the balanced organic N
fertilization needs more N input than the optimum synthetic fertilization
(Fig. 2). It should be noted that the SOC sequestration was estimated
using two-point measurements, which may induce uncertainties due to
potential temporal variability. In future studies, annual sampling and
measurement of SOC would help reduce these uncertainties.

4.2. Long-term N budgets provide new insights into sustainable crop
production

The N budgets help to guide us on how to reconcile crop produc-
tivity, environment and soil quality in intensive cropping systems
(Zhang et al., 2021b). We established long-term N budget under various
C and N management practices that allow us to establish benchmark
indicators for more sustainable N use. Recent advances have shown that
long-term observations of N indicators are essential to reflect the per-
formance of N management practices (Quan et al., 2021; Zhang et al.,
2020a; Zhang et al., 2021b). We found a high NUE of 86% under the
optimum synthetic N fertilization (Nop), but its grain yield and crop N
harvest, changes of soil C and N stock were the lowest among the N
fertilization treatments (Figs. 1, 2 and 3), indicating that pursuing high
NUE may compromise soil quality and crop N harvest (Lassaletta et al.,
2014; Zhang et al., 2015). The NUE under conventional synthetic N
fertilization reached as high as 55%, and was in the desirable range
(50%-90%) recommended by the EU Nitrogen Expert Panel (EU Nitro-
gen Expert Panel, 2015), but its N losses were very high (Figs. 2 and 4).
Therefore, it is better to interpret NUE together with other indicators
such as N surplus, N yield, and soil N accumulation.

The N surplus was 51 kg N ha~! yr ! under the optimum synthetic N
fertilization with straw removal, which is much lower than the N surplus
benchmark of 160 kg N ha™! yr! in the North China Plain (Zhang et al.,
2019a), but its crop N harvest was significantly lower than the con-
ventional synthetic N fertilization (Fig. 1). Although we had a relatively
high N surplus (243 kg N ha~! yr™1) under the balanced organic with
synthetic N fertilization with straw return, compared to the N surplus
benchmarks (160 kg N ha™! yr™1), it achieved a high yield and N harvest

with low N losses and GHG balance, and has the largest increase of soil C
and N stock. N surplus is generally regarded as a proxy indicator of N
losses due to the assumption of no changes of soil N stock (Zhang et al.,
2019a), however, we found the high surplus N contributes greatly to the
enlargement of soil N stock, and this is the major fate of surplus N rather
than loss to environment under the long-term manure application
(Fig. S6), indicating that the surplus N is contributing to build up soil N
stock. This surplus N also contributes to SOC sequestration through
microbial immobilization due to the stoichiometric demands of C and N
(van Groenigen et al., 2017). Moreover, forming and mineralizing new
soil organic matter through plant-microbe interactions helps synchro-
nize crop N demands with soil N availability in a self-reinforcing loop
that reduces N losses (Grandy et al., 2024). In our study, a high N surplus
after combining manure with synthetic N fertilizer does not necessarily
cause high N losses. Instead, we observed the build-up of the soil organic
N stock. This is because of the low soil C and N stock at the start of the
field experiment, and the far reach of saturation status (Zhao et al.,
2024). The result represents historical changes of soil C stock in the
studied region, with the lowest point around 1980s, followed by in-
creases between 1980s and 2010s in the last century due to improved
soil and crop management, especially fertilization and straw return (Han
et al.,, 2017; Zhao et al., 2018). However, the fate of this legacy N
buildup is strongly influenced by climatic and edaphic factors. For
instance, under conditions of high rainfall or in coarse-textured soils, the
buildup of N from surplus N might be more susceptible to mineralization
and leaching rather than retention (Basu et al., 2022). Therefore, this
measure must be coordinated within the crop N demand and region
specific. Conversely, the long-term large N surplus may lead to signifi-
cant N losses due to limitations in crop N uptake and soil N retention
capacity.

4.3. Toward sustainable crop production at the regional and country
scales

China is often considered a “too much” country that produces crop
production using large amounts of synthetic N fertilizer, causing serious
environmental problems with large direct and upstream GHG emissions
(Zhang et al., 2015; Zhang et al., 2021b). Using numerous on-farm ex-
periments, scientists found that optimizing synthetic N fertilization is
key to ensure food security and reduce environmental costs and GHG
emissions in China's cereal production (Chen et al., 2011; Cui et al.,
2018; Ju et al., 2009), thus the “Zero Increase in Chemical Fertilizer Use
after 2020” was proposed and has been implemented since 2015 (Ju
et al., 2016). This policy demands a decrease in the consumption of
synthetic N fertilizer in China (Yu et al., 2022). The findings of this study
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suggest that the next transition of Chinese agriculture should consider
the recycling of manure to cropland, thus producing more high-quality
food with less reactive N and GHG emissions, whilst improving soil
fertility. We found that straw had a minor positive effect on sustainable
crop production under synthetic N fertilization, compared to the
balanced organic with synthetic N fertilization. This is probably because
the manure has a better capacity to stimulate bacterial diversity than
straw (Liu et al., 2021; Sun et al., 2015) as well as having a narrow C/N
ratio, and thus can contribute to the formation of healthier soils. It was
demonstrated that soil health is positively correlated with yield and soil
C sequestration while negatively correlated with the GHG balance (Xing
etal., 2025; Yang et al., 2024). To date, straw return is widely adopted in
the main agricultural regions of China (Yang et al., 2020; Zhang et al.,
2019a), but manure is less applied and represents no more than 19% of
total N input in cropland, mainly due to the decoupling of crop and
livestock production (Jin et al., 2020a; Zhang et al., 2023c). A large
share of the manure produced is dumped into rivers resulting in serious
environmental impacts. Promoting good use of livestock manure rep-
resents not only a priority to reduce pollution but also a great oppor-
tunity to reduce the use of synthetic fertilizers (Bai et al., 2022; Gu,
2022; Jin et al., 2020b; Zhang and Lassaletta, 2022). The outcome of our
long-term experiment highlights the importance of using manure to
realize more sustainable crop production, particularly in regions with
low soil organic C. Our study supported the policies introduced in recent
years in China, including “Policy Guidance on Accelerating the Resource
Utilization of Animal Manure” (initiated in 2017) and “Guiding Opin-
ions on Promoting the Land Application of Livestock Manure and
Strengthening the Pollution Control according to Law” (initiated in
2019) (Wei et al., 2021a).

Although our results are derived from a long-term dataset at a single
experimental site, they offer strong regional relevance for the North
China Plain. This relevance stems from the broad similarities across
much of the North China Plain in key factors such as climate, edaphic
conditions, cropping systems and agronomic management practices (Xin
and Tao, 2020; Liu et al., 2022). Moreover, the results may also offer
valuable insights for other major global grain-producing regions facing
similar challenges in balancing productivity with resource use effi-
ciency. However, we acknowledge that existing heterogeneity may
hamper direct extrapolation to the entire North China Plain or other
regions, particularly given localized variations in soil properties, irri-
gation regimes and specific on-farm management practices. Neverthe-
less, the core principles and trends identified in this study are likely
representative of most areas of the North China Plain and some intensive
agricultural regions worldwide, site-specific adjustments could be
necessary when applying these findings to marginal zones or areas with
distinctly different soil or climatic conditions. While N loss and GHG
measurements were conducted over two to three rotation cycles instead
of the full 15-year experimental period due to constraints in the re-
sources, extending these results to the entire period introduces un-
certainties, particularly when thinking about the climate instability.
Nevertheless, we are confident that this extrapolation does not introduce
substantial bias, as temperature and rainfall pattern showed a relatively
stable trend during the study period (Yang et al., 2021). Furthermore,
the N loss and GHG measurements align with prior synthesis studies
from multiple sites across the region (Ju and Zhang, 2017; Pan et al.,
2018). Still, extending the monitoring duration in future studies would
help reduce uncertainties in estimates of the N budget and GHG balance.

Regarding the availability of organic fertilizer, our analysis indicates
that balancing the manure and synthetic fertilizer N input by the crop N
demand would require 1.8 Mt. N yr~! in wheat-maize systems (Fig. 7).
This is equivalent to 45% of the livestock manure produced in the region
(Han et al., 2023), making it feasible for North China Plain. However,
challenges remain in manure recycling due to inadequate manure stor-
age, treatment, transportation and application technologies (Chadwick
et al., 2015; Wei et al., 2021a). Additionally, the low adoption rate of
manure application in the cereal crops may also be a constraint because
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farmers often apply manure to cash crops (e.g., fruits and vegetable)
(Chen et al., 2023). To promote manure on cropland, more advice, in-
centives or subsidies are needed to reduce farmers' costs, which could be
stimulated by the aforementioned and future policies. An additional
benefit arising from enhanced manure recycling is the need for reduced
P fertilizer inputs. Olsen P levels often exceed 30 mg kg~ ! being above
the required soil P status, implying the potential for P inputs to exceed
the crop P demand (Sun et al., 2025). This could limit the manure P
requirements while bringing the P fertilizer input to zero (Xu et al.,
2023). Globally, the importance of crop-livestock reconnection has
recently grown in the scientific communities and policy agenda,
particularly in the Europe and China (Lassaletta et al., 2024). This long-
term case study provides further evidence to support its adoption,
particularly in regions with soil and climate similar to the North China
Plain.

5. Conclusions

We observed large benefits of long-term balanced organic with
synthetic N fertilization in intensively managed cropland, which not
only offers more food production with less N pollution, but also con-
tributes to GHG mitigation and soil quality improvement. Overall,
balanced organic with synthetic N fertilization achieved the highest
comprehensive evaluation index and provided multiple benefits,
including yield, environment, soil quality and climate change, which
could be a model of achieving sustainable crop production in croplands.
Despite these results from a single site in China, the practice can be
replicated in other regions or countries, particularly in regions with soil
and climate similarity, for example, the arid and semi-arid areas with
low soil fertility and manure recycling rates, and the regions with a
sharp decline of soil fertilities. The practices support agroecosystem
service by coupling terrestrial C and N cycles and strongly promote the
delivery of global sustainable development goals adopted by the United
Nations. Implementation of the practice requires structural adjustments
to current agricultural practices in order to relocate livestock production
to match manure production potential with carrying capacity in mixed
agricultural systems and also need to be supported by appropriate
incentive policies (subsidies, third-party enterprises to transport the
manure and other specialized service) and farmer training to promote
the manure recycling to croplands. The choice of manure can be adapted
according to local resources, market supply and regulations.
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