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The application of nitrogen (N) fertilizer is key to realize high crop yields and ensure food security. Excessive N
application and relatively low N use efficiency (NUE), however, have led to substantial N losses to air and water
with related impacts on biodiversity and health. We used historical data from 13 long-term experiments to
unravel how the NUE depends on fertilizer strategy and site conditions such as crop rotation, soil properties and
climate. During nearly 40 years of fertilization, NUE decreased when crops were fertilized with N and potassium
fertilizers only, while the NUE increased when multi-nutrient or organic fertilizers were used. The highest NUE
was found when 25-30% of the total N input was supplied in organic form. Among the site conditions analysed,
soil pH was the most important factor controlling NUE with an optimum pH around 6. In addition to soil acidity,
phosphorus availability increased NUE. Crop rotation, soil properties and fertilizer management together
explained 46-85% of the variation in NUE, allowing site specific fertilizer strategies to be developed boosting
NUE. Current NUE equalled on average 30% in paddy soils, 39% in upland soils and 42% in paddy upland soils.
Optimizing all fertilizer inputs and soil nutrient levels might increase the NUE up to 40-47% in paddy soils, up to

40-77% in upland soils and even up to 40-87% in a paddy upland soils.

1. Introduction

Nitrogen (N) is a major limiting factor for sustainable and profitable
crop production. As a result, N fertilizers are usually applied to increase
crop production (Robertson and Vitousek, 2009). However, excessive
application of N fertilizer leads to a low N use efficiency (NUE), being
the fraction of the applied N that is taken up by crops (Zhang et al.,
2008). Associated with enhanced air emissions of ammonia (NH3)
(Shang et al., 2014), nitrous oxide (N20) and nitrogen (di)oxides (NOx,
NO3) (Zou et al., 2009; Nayak et al., 2015) and N leaching and runoff to
water (Heumann et al., 2013), since N accumulation in soils is limited in
the long-term (Peter et al., 2019). Potential N loss leads to a range of
environmental problems, including reduced terrestrial biodiversity
(Midolo et al., 2018), enhanced climate change (Nayak et al., 2015),
declined microbial activity (Du et al., 2018) and enhanced soil acidifi-
cation (Guo et al., 2010). Therefore, effective use of N fertilizers is key to
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boost the sustainability of agriculture on both the short and long-term
(Norse and Ju, 2015).

In order to optimize N fertilizer inputs given crop requirements, one
needs to understand the crop response to N availability under variable
conditions. Classically, N fertilizer recommendations follow the theory
of the “law of the minimum” developed by Liebig (1855) and Mit-
scherlich (1925) where the rate of the crop yield response to the avail-
ability of N is unaffected by the availability of other factors. Though
Liebscher (1895) already came with a new “law of the optimum”, his
insights remained largely ignored and yield curves, in response to
increased N application rates following the approach of Liebig and
Mitscherlich, have been the basis for agronomy research during the last
100 years (Lemaire et al., 2021). It is now well accepted that the law of
the minimum fails to capture the interactions among nutrients and the
soil properties controlling the release of nutrients. The uncertainty in
average response curves derived from field experiments have led

E-mail addresses: xuminggang@caas.cn (M. Xu), wim.devries@wur.nl (W. de Vries).

https://doi.org/10.1016/j.eja.2023.126797

Received 25 August 2022; Received in revised form 28 January 2023; Accepted 19 February 2023

Available online 10 March 2023

1161-0301/© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


mailto:xuminggang@caas.cn
mailto:wim.devries@wur.nl
www.sciencedirect.com/science/journal/11610301
https://www.elsevier.com/locate/eja
https://doi.org/10.1016/j.eja.2023.126797
https://doi.org/10.1016/j.eja.2023.126797
https://doi.org/10.1016/j.eja.2023.126797
http://crossmark.crossref.org/dialog/?doi=10.1016/j.eja.2023.126797&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

X. Zhu et al.

farmers to often apply fertilizers in excess to avoid any yield reduction
(Lemaire et al., 2021) with undesirable effects on soil quality and
environment. Understanding the factors controlling the rate of crop
yield change given the availability of N (being the Nitrogen Use Effi-
ciency) is key to improve the efficient use of N in agriculture.

For example, soil acidification, defined as a net decrease of the acid-
neutralizing capacity (ANC), has greatly accelerated by excessive N in-
puts over the last decades, especially in southern China (Guo et al.,
2010; Cai et al., 2015), the main producing area for cash crops (for
example, rapeseed, sugarcane and peanuts) and food (mainly rice). After
N fertilizer application, H" is produced in soil during nitrification,
resulting in the soil become more acidic unless the nitrate is taken up by
crop. However, when nitrate is leached, accompanied base cations
(including calcium (Ca), magnesium (Mg), and potassium (K) ions,
dented as BC), the the acid neutralizing capacity is reduced, implying
soil acidification (De Vries et al., 1989; Dong et al., 2022). The acidifi-
cation risk is enhanced when only N fertilizers are applied, since the
associated increase in crop yield also leads to an enhanced BC uptake
(Lucas et al., 2011). Current measures mitigating acidification include
therefore strategies for N fertilization (prevent pH decline) as well as
liming (repair pH decline). Optimizing the N fertilizer dose directly re-
duces the acidification potential by lowering nitrate leaching and indi-
rectly reduces the N deposition due to lower NHg emissions (Zeng et al.,
2017). Hence, adapting N fertilization to the actual crop demand
(Lemaire et al., 2021) is a very effective mitigation measure to minimize
the soil acidification and to increase the NUE of agricultural systems.
One simple approach is to replace ammonium-N by nitrate-N, declining
the acidity production by nitrification. Silvertown et al. (2006) for
example found that after more than 150 years of fertilization, the pH of
the soil fertilized with nitrate-N was higher than that of the soils fertil-
ized with ammonium-N. Replacing inorganic N fertilizers by manure is
another approach as it adds additional BC, thereby avoiding acidifica-
tion (Cai et al., 2015). However, organic manure might also increase soil
acidification via mineralization (Zhou, 2015) complicating the design of
sustainable fertilizer strategies.

The acidification potential of inorganic and manure increase with a
decrease in NUE, as this determined the N surplus, being defined as the N
input not taken up by crops, and thereby the potential N leaching and
thus the N-induced acidification rate (Zhang et al., 2015). In general,
NUE decreases with N input, in particular when the N input exceeds crop
N uptake, which is calculated by multiplying the crop N concentration
with the crop yield (sum of grain and straw biomass) (Da Silva et al.,
2020; Duan et al., 2021; Zhang et al., 2015). The increase in crop N
uptake with crop yield is not linear, and consequently the additional N
uptake per unit of additional biomass declines during crop growing
season (Briat et al., 2020; Lemaire et al., 2008). Due to the asymptotic
nature of the crop yield response curve to N inputs, the NUE declines as
the crop N nutrition becomes less limiting. The NUE is not only affected
by N fertilizer dose but also by crop yield (Lemaire et al., 2021), fertilizer
type (Duan et al., 2021), by crop type and variety (Cui et al., 2008), soil
properties (Ye et al., 2007) and climate (Zhang et al., 2008). This shows
that fertilizer recommendations based on unified crop response curves
alone cannot be confidently generalized to conditions beyond the ex-
periments done. Understanding factors controlling the rate of N uptake
given N inputs via the aforementioned factors is key.

Fertilizer type impacts NUE since the plant uptake differs with N
species, in particular when fertilizers are compared with manure. Urea,
as one of the most widely used fertilizer, has a fast hydrolysis rate while
manure-N is released slowly, thereby affecting N losses. Though the N
release of manure-N outside the growing season theoretically would
result in lower NUE (Kirchmann et al., 2007), field experimental data in
China suggests that NUE in manure fertilized croplands can be higher
than those fertilized with inorganic fertilizers. This higher NUE has been
explained by the fact that manure includes organic matter and all macro,
meso and micronutrients, thereby counteracting acidification and
enhancing crop productivity (e.g. Shi et al., 2019; Cai et al., 2015). For
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example, Yan et al. (2011) found that long-term application of manure
enhanced the NUE, and yield compared to treatments using fertilizers
only. Similarly, Wang et al. (2010) showed that the NUE of slow-release
fertilizer applied under summer maize was 4-5% higher than urea.
However, the relation between fertilizer type and NUE is not straight-
forward since Gai et al. (2018) found higher NUE in mineral fertilizer
treatments due to their higher plant availability.

Besides fertilizer type, NUE varies among different crops (Li et al.,
2011; Yu and Shi, 2015). Rice, wheat, maize and soybean are key crops
in China. Yu and Shi, (2015) collected NUE values for these crops during
2004-2014 and showed that they ranged from 29% for rice up to 39%
for wheat. This also shows that most of the N added is lost to the envi-
ronment. In addition, legume-based cropping systems are known to
reduce carbon and nitrogen losses (Miao et al., 2011) thereby improving
NUE. Crop diversification and diverse crop rotation schemes have the
potential to increase crop N uptake (Vandermeer, 1989). As the crop N
response varies by N dose, fertilizer type and inputs of macronutrients
other than N, the final impact of cropping systems on NUE depends on
the interplay between soil fertility, fertilizer strategy and crop sequence.
Site factors, such as nutrient availability, clay content, soil organic
matter (SOM) content, pH, and weather conditions also affect NUE given
their impact on crop development. Focusing on soil conditions, crop
yield response to N is not only affected by the availability of nutrients
(available phosphorus (P), K, Ca, Mg), and soil pH, but also by soil
properties controlling the availability of water, such as the SOM and
texture (Tao et al., 2018). For example, Hua et al. (2020) found that
application of manure combined with NPK fertilizers resulted in higher
15N recovery by crops, associated with elevated SOM and soil P
(P-Olsen) levels. Duan et al. (2011) also found an increase in NUE from
20% to 45% by increasing soil available P, in particular for regions
where P deficiencies are limiting crop production. Apart from soil
available P, the soil pH can play an important role due to its impact on
the availability of K, Ca and Mg (Ichami et al., 2019). Based on an
analysis of 90 yield survey districts and 10 long-term field experiments,
Kirchmann et al. (2020) found that crop yields in Sweden were signifi-
cantly affected by soil pH, SOM and plant-available soil P, while plant
available K and Mg had limited impact. In addition, sandy soils are often
much more vulnerable for N leaching losses than clay soils (Pardon
et al., 2017).

Lastly, weather conditions also affect NUE since temperature and
water availability control both the decomposition of SOM, the N loss
pathways and the crop yield. Elevated global temperature and CO;
levels as well as changing rainfall patterns require therefore optimized
fertilizer strategies favouring high NUE. For example, Liang et al. (2018)
showed that the NUE would decrease by 15% due to altered rainfall and
temperature regimes enhancing leaching, surface runoff (Zhang et al.,
2016) and volatilization pathways (Parry et al., 2004).

Up to now, a systematic assessment how the NUE differs given N
fertilizer strategy (dose, type, timing) and site conditions (soil proper-
ties, crop rotation type and climate variables) is lacking, in particular for
situations on the long-term. We aim to unravel this interplay among
aforementioned factors using 13 long-term experiments from Southern
China. We hypothesized that the NUE increases with a decrease in N
input, that it varies by crop type, an increase with available soil P and pH
up to situations where each soil property does not further affect crop
yield, i.e. a P-Olsen level around 20 mg kg~ (Bai et al., 2013) and a soil
pH around 6 (Zhu et al., 2020), and with an increase in SOM and clay
content. High number of excessive rainfall events as well as sites with
high precipitation surpluses are expected to have lower NUE values due
to increased leaching risks.

2. Method and materials
2.1. Experimental locations

Data were retrieved from 13 long-term experimental sites in
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Southern China where crop type, fertilizer strategy (type and dose),
climate variables (precipitation, temperature, and sunshine hours data
during growing season) and soil properties (available nutrients, soil
texture, soil organic carbon, pH) were recorded. The experiments started
from 1978 to 1994 and were designed to investigate the effects of
inorganic and organic fertilizers on soil fertility and crop yield. The sites
were in the provinces Anhui, Jiangxi, Hunan, Guizhou, Sichuan,
Chongqing, Hubei and Fujian. Relevant experimental details are given in
Table 1.

The 13 experiments cover the main cropping rotations present in
Southern China, including "Wheat-Soybean", "Wheat-Maize", "Maize-
Maize", "Maize", " Rice-Wheat", "Wheat-Rice", "Rice-Rice" and "Rice". The
experimental treatments (Table 2) include Control (CK), combinations
of inorganic N, P and K fertilizers (e.g., NP, NK, NPK), combinations of
inorganic and organic fertilizers (e.g., NPM, NKM, NPKM), and organic
fertilizer (M) only. The main inorganic fertilizers used were urea, cal-
cium phosphate and potassium chloride. Generally, the fertilizer dose
was 150 kg N ha’l, 75 kg P20s5 ha~!,and 112.5 kg K20 ha™! per season.
Organic fertilizer dose and timing varied per crop from 15 to 23 tonnes
ha™!, often applied twice a year. Organic fertilizers included pig, cattle
and chicken manure. Detailed information is given in Table 3.

2.2. Data collection

Historical data regarding crop rotation, fertilizer input (type and
dose), soil properties (texture, SOC, available nutrients, and pH) and
crop (crop yield and contents of N, P, K in grain and straw), were
collected. Climate data for precipitation (PRE), temperature (TEM) and
sunshine hours (SSH) data were derived from the nearest meteorological
station (http://data.cma.cn/).

Soil samples (0-20 cm depth) were collected each year and analysed
for clay content, pH, SOC and available N, P and K contents (Bao, 1999).
Soil texture was classified according to the United Nations Food and
Agriculture Organization (FAO) soil classification system. The dichro-
mate oxidation method was used to measure SOC. Available nitrogen
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Table 2

Fertilizer and manure treatments used for different crop rotations in 13 long-
term experiment sites of Southern China. Treatment descriptions, see legend
Fig. 2.

Site Crop type Time Manure Treatments
No. Duration
S1 Wheat- 1983-2018 Pig manure CK, NPK, NPKM
Soybean Cattle
manure
S2 Rice-Rice 1981-2018 Pig manure CK, N, NP, NK, NPK,
2NPK, NPKM
S3 Rice-Rice 1981-2018 Pig manure CK, NPK, M
S4 Wheat- 1991-2012 Pig manure CK, N, NP, NK, NPK,
Maize NPKM, M
S5 Rice-Rice 1982-2015 Cattle CK, NPK, PKM, NKM,
manure NPM, NPKM, M
S6 Maize 2010-2018 Cattle CK, NPK, NPKM, M
manure
S7 Rice-Wheat 1983-2015 Pig manure CK, N, NP, NPK, M, NM,
NPM, NPKM
S8 Rice-Wheat 1991-2018 Chicken CK, N, NP, NK, NPK,
manure NPKM
S9 Rice 2010-2018 Cattle CK, NPK, NPKM, M
manure
S10 Wheat-Rice 1981-2015 Pig manure CK, N, NP, NPK, NM,
NPM, NPKM
S11 Rice-Rice 1981-2007 Pig manure CK, NP, NK, NPK, NKM
S12 Rice-Rice 1984-2017 Pig manure CK, NP, NK, NPK, NPKM
S13 Rice-Rice 1984-2015 Cattle CK, NPK, NPKM
manure

(AN) was determined by the alkali diffusion method, whereas available
phosphorus (AP) was determined by sodium bicarbonate extraction.
Available potassium (AK) was determined by ammonium acetate
extraction. Soil pH was determined with a pH combination electrode in a
1:2.5 soil/distilled water suspension (Cai et al., 2015).

Plant samples, including both crop grains and straw were collected at
harvest. The biomass of crop grain and straw was recorded separately
every year, and the sum was taken as the crop yield. Total nitrogen (TN)

Table 1
Location, initial soil conditions and climate of 13 long-term experimental sites in Southern China.
Site Site name Location Start soc! Initial Total (g/kg) Available (mg/kg) Soil type PRE” TEM" SSH"
No. Year @ pH N P X N P K (FAO) (mm) ({9} (h)
kg)
S1 Anhui- 33°13’ N 1982 6.0 7.4 1.0 0.3 - 85 10 125 Calcic 872 15 2352
Mengcheng 116°37’E Kastanozems
S2 Jiangxi-Jinxian 28°35°'N 1981 16 6.9 1.5 1.1 13 150 9.5 98  Eutric Cambisol 1537 18 1950
116°17’E
S3 Jiangxi-Jinxian 28°35°'N 1981 16 6.9 1.0 1.0 15 144 10 125  Eutric Cambisol 1537 18 1950
116°17’E
S4 Hunan-Qiyang 26°45’N 1990 7.9 5.7 1.1 0.5 14 79 14 104 Eutric Cambisol 1255 18 1610
111°52’E
S5 Hunan-Qiyang 26°45’N 1982 12 6.0 1.5 05 14 158 9.6 66 Eutric Cambisol 1255 18 1610
111°52’E
S6 Guizhou- 26°11' N 1993 26 7.0 2.0 2.4 16 167 17 109 Ferralosols 1071 15 1354
Guiyang 106°07° E
S7 Sichuan-Suining 30°10°N 1982 9.2 8.6 1.1 0.6 22 66 3.9 108 Regosols 927 19 1227
105°03’E
S8 Chongqing- 30°26 N 1991 14 7.7 1.3 07 21 93 4.3 88  Regosols 1105 18 1294
Beipei 106°26 E
S9 Guizhou- 26°11’N 1994 18 6.6 1.8 2.3 14 134 21 158 Ferralosols 1150 15 1354
Guiyang 106°07°E
S10 Hubei-Wuchang 30°28°'N 1981 16 6.3 1.8 1.0 30 151 5.0 99  Albic Luvisol 1300 17 2080
114°25’E
S11 Hunan- 28°37°’N 1981 20 6.6 2.1 0.7 14 151 10 62 Eutric Cambisol 1370 17 1610
Wangcheng 112°80’E
S12 Jiangxi- 28°57° N 1984 15 6.5 1.4 05 - 82 21 35 Ultisols 1600 18 1610
Nanchang 115°94°E
S13 Fujian-Minhou 26°13°'N 1983 13 5.0 1.5 03 16 169 18 41 Fe-leachi-Stagnic 1351 20 1813
119°04’E

# SOC, soil organic carbon.

> PRE, mean precipitation of each year; TEM, mean temperature of each year; SSH, mean sunshine hours of each year.
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Table 3

Total N inputs (kg N ha~! yr™!) from inorganic and organic sources in 13 long-term experiments.

NPKM

NPK

NPM

NP

NKM

NK

NM

N

Site No.

1.5NPKM

2NPK NPKM

NPK

(180-210)+ 95# (180-210) + 77 %

180 + 276

180
180

S1

360

180

180

180

S2
S3
S4
S5

180-228
300

290 + 217# 145 + 109# 73-145

144-199+% 299-247 % ¥
196-458 %
109-217#

61

135 + (206-420) x

90 + (137-320) x

300

300

300

290 + 217# 145 + 109#

124 + (15-68) #
74 4 (15-68) #

290 + 217# 145 + 109#

165
99

S6
S9
S7
S8

61-271#
106-135%
13-65%

240 + (106-135) x

240

240 + (106-135) x

240

240 + (106-135) *

240

(427-450) + (13-65)

(285-300) + (12-221) %

150 + (53-189) %

285-300
150
150
329

285-300

150
150
329

285-300

285-300
150

150 + (53-113)

150+ (53-113) %

53-113%

S10
S11

150 + 414

150
329

(100-232) + (98-230) %

S12
S13

(103-207) + (56-112)#

103-207

% pig manure; # cattle manure; ¥ green fertilizer, Astragalus sinicus.
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content of crop straw and grain was determined by Kjeldahl extraction
(Bao, 1999), total phosphorus (TP) by H2SO4-H20, desaturation — mo-
lybdenum - antimony colorimetric method (Bao, 1999), and total po-
tassium (TK) was determined by HSO4-HO» desaturation - flame
photometer method (Bao, 1999). The C, N, P and K content of organic
fertilizers were analysed similarly. Missing data were replaced by using
an average of the adjacent two years.

2.3. Data analysis

2.3.1. Calculation of the NUE

The agronomic NUE (sometimes also referred as Apparent Nitrogen
Recovery) was calculated as the fertilizer induced change in crop N
uptake divided by the total N input as:

NUE(%) _ (Nup.ferT;I up,ck)

x 100

With Nyp fer and Nyp,cx being the crop N uptake (removal) of the fertil-
ized and the non N-fertilized control plot (kg N ha~!) and TNI being the
total N input (kg N ha™!), originating from organic (ONI, kg ha™1) and
inorganic (INI, kg ha™?) fertilizers. The crop N uptake was determined
by the total N removal by grain and straw, was calculated by multiplying
crop yield with nutrients concentration in crop grain and straw. The
organic N input was calculated by multiplying the amount of added
manure with the N content in the manure. The use of the agronomic NUE
also avoids the classic limitations of the approaches of von Liebig and
Mitscherlich, since all site properties controlling crop yield are equal for
both the unfertilized and fertilized treatments per experiment, allowing
the search for site properties controlling the crop yield response to the
availability of N.

2.3.2. Included management and site factors affecting the NUE

Management and site factors affecting the NUE include fertilizer and
crop management, soil properties and climate variables. Fertilizer
management include annual inputs for total carbon, nitrogen, phos-
phorus and potassium and the relative proportion of organic N input
(Ratio: calculated by ONI/TNI) as well as the duration of the experiment
(Ysn, in years). As with nitrogen, the total carbon input (TCI, kg C ha’l),
phosphorus input (TPI, kg P ha™!) and potassium input (TKI, kg K ha™1)
were calculated by multiplying the manure dose with the C, P or K
contents in the manure, respectively and adding the P or K input by
mineral fertilizers.

The total carbon and nutrient inputs varied from 61 to 615 kg ha™!
for TNI, 0-525 kg ha~" for TPI, 0-940 kg ha™! for TKI and 0-13 kg ha™!
for TCI with ratio of organic to total nitrogen fertilizer input varying
from 3% to 78% with the highest inputs occurring in the combined
fertilizer treatments (Fig. S1).

Crop management reflects the crop rotation type and included paddy
soil (including continuous rice and rice); paddy-upland soil (including
rotations of wheat and rice crops); and upland soil (including continuous
maize, wheat and maize, and wheat and soybean rotations). The clay
content varied between 19% and 65%, the silt content between 25% and
46% and the sand content between 7% and 45%. AN ranged from 10 to
464 mg Nkg™!, AP from 0.1 to 347 mgP kg™! and AK from 20 to
988 mg K kg~ !. There was also a substantial variation in soil organic
matter levels and soil acidity with SOC levels ranging between 6 and
39 g kg ! and the pH varying between 3.5 and 8.6 (Fig. S2). Climatic
variables include the mean TEM, SSH and PRE during the growing
season as well as the number of heavy rain events where the daily pre-
cipitation exceeds the 25 mm (daynumber). The mean TEM varied from
14° to 28°C and the SSH from 417 up to 3202h. The PRE ranged from
266 up to 4868 mm whereas the number of extreme precipitation events
could range from 2 up to 65 days (Fig. S3).
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2.3.3. Statistical approaches to evaluate the impact of site factors affecting
the NUE

All data corresponded to a normal distribution after natural log
transformation. Data were subsequently scaled to unit variance. Pearson
rank correlation tests were used to evaluate the relationships between
individual variables. ANOVA tests were done to assess the impact of
fertilizer treatments on NUE.

To evaluate the integrative impact of fertilizer strategy, crop rota-
tion, soil properties, and climate variables on NUE, we applied both
generalized linear (regression) modelling (GLM) and gradient boosted
tree (XGBoost) regression modelling. Both main and interaction effects
were included for the GLM models. Where linear regression assumes that
the target variable can be expressed as a linear combination of the in-
dependent variables (plus error), gradient boosted trees are nonpara-
metric. Linear regression models are strong for finding global patterns
and relationships among NUE, soil and nutrient input variables, but
struggle with the assumption of homoscedasticity due to a clustering of
soil properties and treatments across long-term experimental sites.
Gradient boosting refers to a class of ensemble machine learning algo-
rithms where ensembles are constructed from decision tree models
(Rokach et al., 2008). Trees are added one at a time to the ensemble and
fit to correct the prediction errors made by prior models. This is a type of
ensemble machine learning model referred to as boosting. Models are fit
using any arbitrary differentiable loss function and gradient descent
optimization algorithm. This gives the technique its name, “gradient
boosting”, as the loss gradient is minimized as the model is fit, much like
a neural network. Gradient boosted regression trees are likely to include
site specific clusters in the data better and might also capture non-linear
relations though they are prone to overfitting and are less appropriate
for extrapolating beyond the variation found in the data. So, we com-
bined both approaches to unravel the impact of site conditions on NUE.

Model performance was tested on randomly selected observations
(an independent set of 20%) that was left out of the model calibration.
The importance of site factors was evaluated based on a permutation-
based approach (as being implemented in DALEX), determining the
root mean square error (RMSE) loss after permutation of each individual
variable. Model performance was evaluated using the percentage
explained variance (R?) as well as the RMSE, defined as the square root
of the average of squared differences between predicted and observed
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target variables. The calibrated and validated models were subsequently
used to estimate the maximum change in NUE given the potential
variation in controlling variables by estimating the impact of 1-2 units’
pH change, a variable N fertilizer strategy (varying in N dose and the
ratio organic versus inorganic fertilizer type) and improved soil quality
by elevating SOC and soil P levels to an optimum level. All statistics have
been done in R (R Code Team, 2013) using the R packages XGBoost
(Chen and Guestrin, 2016), mlr3 (Lang et al., 2019) and supporting
packages for tuning, measures, learners, and hyperband optimisation.

3. Results

3.1. Nitrogen use efficiency, crop yield and crop nitrogen uptake changes
under long-term fertilization strategies

The agronomic NUE across the 13 experimental sites ranged from
— 6-127% with a mean value of 36%, crop yield ranged from 0 to 30 t
ha! with a mean value of 16 t ha™!, and N uptake of the cropping
system ranged from O to 461 kg ha™! with a mean value of 172 kg ha™!
(Fig. 1). As expected, a strong relationship was found between NUE and
crop yield (Fig. S4). Highest values of NUE, yield and N uptake were
found in Wangcheng, Wuchang and Jinxian, while lowest values were
all found in Qiyang (Fig. S5). Using the long-term observations, the
observed long-term average NUE varied from 30% up to 71% in paddy
soils, from 42 up to 69% in paddy upland soils and from 39 up to 83% in
upland soils (with the highest value representing the 95% quantile)
(data not shown).

Long-term impacts of fertilizer inputs caused a substantial variation
in NUE (Fig. S5). When only inorganic fertilizers were applied for N and
K, the NUE decreased from 29% to 15% (only N applied) and from 54%
to 22% (when both N and K were applied) (P < 0.05). When also P
fertilizer was applied, the NUE did not change significantly, and the
average NUE was around 40%. In the three treatments receiving organic
manure (NM, NKM, and NPM) the NUE was not significantly altered,
whereas the NPKM and M treatments showed that the NUE might in-
crease up to 47% (P < 0.05).

Differences in fertilizer inputs and fertilizer types had a significant
impact on the mean NUE, yield and N uptake over the period 1981-2018
(Fig. 2). The lowest NUE was found when only inorganic N fertilizers
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Fig. 2. Mean NUE, crop yield and crop N uptake (Nyptake) over the period 1981-2018 for different long-term fertilization treatments.

were applied and in the combined NKM treatment: the NUE was on
average below 20%. The highest NUE values were found in treatments
receiving organic manure besides the inorganic fertilizers (NM, NPM,
NPK and NPKM treatments) with a mean NUE ranging between 41% and
44%. Compared with N fertilizer application, the addition of manure
(treatments M and NM) significantly increased NUE (P < 0.01). Sur-
prisingly, the opposite was found when manure was added to the K
treatment: the NKM treatment was 24% lower in NUE than the NK
treatment. Differences between NP and NPM, NPK and NPKM treat-
ments were not significant.

In line with the NUE, the lowest crop yield and N uptake was found
when only inorganic N fertilizers were applied, with a crop production
of 10t ha™! and an N uptake of 113 kg ha~!. The highest yield was
found in the NPM and NPKM treatments (about 19 t ha’l) whereas the
highest N uptake was found in the NM, NPM and NPKM treatments
(about 208 kg ha™!) (Fig. 2). As expected, the NUE was positively
correlated with crop yield (r = 0.6) and N uptake (r = 0.7) (Fig. S6).

3.2. Relationship of nitrogen use efficiency with management and site
factors

The NUE showed a direct negative relationship with total N fertilizer
input (TNI) and the relative proportion of organic N input (ratio, a
fraction of the total N input) whereas it positively correlated with the
total K input (TKI). Among the soil properties, NUE tended to increase
with the silt content (r = 0.2), pH (r = 0.4) and the available nutrients
(0.2 < r < 0.4). Clay content had a negligible impact on NUE (r = 0.1).

Table 4

Multi-linear model (GLM) of the effects of site factors on the NUE.

Overall site factors

Site factors

Coefficient value

Crop rotation type Paddy soil -0.32
Paddy-upland soil 0.86
Upland soil 0.63
Nutrient management TNI -0.38
(N, P inputs) Norg-fraction? -0.16
TPI 0.31
TPI? -0.04
duration -0.14
Soil properties Clay -0.38
pH -0.44
pH? -0.11
pH® 0.26
Ln(SOC) 0.27
Ln(AP) 0.25
Climatic variables Ln(PREg) -0.19

Note: some variables are In-transformed and all are scaled to unit variance.
Impact of these variables are all significant (P < 0.01). pH? and pH® denotes the
pH to power 2 and 3 respectively whereas the ratio between organic and inor-
ganic N inputs (No¢-fraction) and TPI are also squared (Norg—fraction2 and TPI).
“In” variables were In-transformed. The

In(NUE) = cropsystem; — 0.38*TNI —  0.16*Norgfraction + 0.31*TP —
0.04*TPI?> — 0.14*duration — 0.38*clay — 0.44*pH — 0.11*pH? + 0.26*pH> +
0.27*In(SOC) + 0.25*In(AP) — 0.19*In(PREg)

with a cropping system dependent intercept being — 0.32 for paddy soils, 0.86
for paddy upland soils, and 0.63 for upland soils.

GLM model XGBoost model
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Among the climate variables, NUE was only weakly positively correlated
with the number of sunshine hours (SSH) and weakly negatively
correlated with the mean temperature (TEM), precipitation (PRE) and
the number of extreme rain events during the growing season (Fig. S6).

To unravel the interactive impact of fertilizer management, soil
properties and climatic variables, we assessed their impact on the NUE
assuming a linear or nonlinear response to a change in these variables. In
total 49% of the variation in NUE could be explained with the GLM
model (Fig. 3, right; Fig S7, S8 and S9). Using the GLM model, there was
a substantial impact of crop rotation with the highest NUE found in
paddy-upland crop rotations and the lowest in paddy soils (Table 4).
Increasing the total N dose led to a strong decline in NUE, where the
negative impact increased over time, likely due to enhanced acidifica-
tion, considering the strong negative impact of soil pH on the NUE, in
particular when the pH drops down below 5. The clay content had a
negative impact on NUE (correlated with TEM as well) whereas the total
carbon content was positively related to the NUE. Interestingly, there
was a positive response of the NUE to a change in available P in soil
whereas the total P input (TPI) was negatively correlated to the NUE.
The NUE declined with the total precipitation surplus. Analysing the
feature importance showed that soil pH, total N and P input as well as
the clay content, the PRE and the crop rotation had the highest impact
on NUE whereas the duration of the experiment, the ratio organic versus
TNI (the Ny fraction) and the level of available P had the lowest impact
(Fig. 3, left GLM model). Other site variables had no relevant impact on
NUE when using linear relations and their interactions only. Using a
partial dependency analysis for a paddy soil for illustration, we found
that the NUE increased from less than 10% at low pH up to 30% at a pH
level of 6 after which it remained stable or slightly declined (Fig. 4). In
addition, the NUE strongly declined with TNI, from > 50% at low N does
(below 10 kg N ha_l) down to 20% when TNI increased to 400 kg N
ha~!. The optimum N input via organic manure was found around 25%,
whereas the NUE slightly declined at ratios above 40%. The NUE
increased with more than 20% up to a soil available P level of
100 mg P kg ! after which it gradually increased up to 35% at P levels

(a) impact of soil pH
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above 150 mg P kg 1.

Using a gradient boosted tree regression on all variables potentially
controlling the NUE, the variation in NUE could be explained for 84% by
site conditions and fertilizer inputs (when tested on a random selection
of NUE observations; Fig. 3, right). The most important factors con-
trolling the variation in NUE include soil pH, TPI, and experimental
duration, with mean root mean square error (RMSE) loss values (the
higher the number, the more important the variable) being higher than
20% (Fig. 3, left). This reflected the influence of the main properties of
the experimental site as well the related acidification rate (since pH is
declining over time similar as NUE). Of slightly lower importance was
the available P in soil, showing that N uptake is substantially affected by
both the input and availability of P. Crop rotation had less impact; only
the paddy upland soils showed distinct different patterns than the other
crop rotations. Climate variables had limited impact on the NUE,
probably due to the strong interaction with other site related properties.
When analysing the impact of main features affecting NUE (Fig. 4a-c),
the NUE increased with pH up to a pH value around 5, increased with
TPI up to a phosphorus dose of 100 kg P ha~! and soil available P levels
up to 80 mg P kg™, Although not being a main driver of variation in
NUE (Fig. 3), we found that NUE is affected by N input, where the
highest NUE was found when TNI varied between 180 and 220 kg N
ha~! (Fig. 4d). The ratio of organic to inorganic nitrogen (ONI/TNI) had
very limited impact on the NUE (Fig. 4e).

Using a bootstrapping approach using normal distributed variables
extending the properties of the long-term trials, the possibilities to
improve the NUE with soil and fertilizer management was evaluated.
Here, a clear distinct pattern was observed between both regression
techniques. Using the underlying relationships from the GLM, the NUE
could be improved from 30% to 42% in the paddy soils, from 39% to
65% in the upland soils and from 42% to 67% in the mixed paddy upland
soils, with the upper values being the 95% quantile of the predicted NUE
(data not shown). The ratio organic versus inorganic fertilization was
less important. Using the same approach with the XGBoost model to
explain the interactive impacts among site properties, weather

(b) impact of N input
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conditions and fertilizer inputs, the NUE could be improved from 30% to
38% in the paddy soils, whereas the NUE in both upland and mixed soils
could not be elevated above the 45% (data not shown).

4. Discussion
4.1. The use of nitrogen use efficiency to optimize N management

Global food production must increase considerably if we are to feed
the growing population in a sustainable way. Increasing agricultural
crop production can be achieved in two ways: by increasing the agri-
cultural area or by enhancing productivity to close yield gaps on existing
agricultural lands (Tilman et al., 2011). Closing yield gaps usually re-
quires increasing inputs, such as water, N and other nutrients. Two
major options exist to remain within ‘safe boundaries’ for N losses
without reducing (or even while increasing) crop yields (Schulte-Ueb-
bing and de Vries, 2021). First, by spatially redistributing crop and an-
imal production and associated N inputs and losses one can avoid high N
losses due high N surpluses. Second, by improving N use efficiency
(NUE) the N losses can be reduced while maintaining high productivity
levels. The NUE of cropping systems can be increased by better matching
N inputs with crop demand through improved fertilizer technologies and
practices or by using improved crop varieties or crop rotations.
Comparing the NUE of averaged farmers with best-performing farmers
showed that the NUE for grains in China can increase from 40 up to
68-80%. The observations in the long-term experiments show that the
long-term NUE can vary from 30 up to 83% depending on crop type.
When total nutrient inputs as well as the soil available nutrients are
optimized to increase NUE, then the NUE can increase with at maximum
25%. Most important factors controlling this change are related to the
soil pH as well as the availability of phosphorus. Given the large het-
erogeneity in agricultural systems, fertilizer strategies to increase NUE
should at least account for both site conditions as well as the form of the
nitrogen added.

Our statistical analysis of long-term experiments gave additional
proof for the law of the optimum proposed by Liebscher (1895) that “all
nutrients are used most efficiently when the availability of the nutrient
that is most limiting is increased near its optimum” where the NUE is not
constant but variable by site factors controlling N uptake. In contrast to
Lemaire et al. (2021), who left the classic agronomic approach and
proposed a more diagnosis approach using the in-site crop nutrient
status, our data suggests that data driven approaches might be appli-
cable to relate crop N responses to N fertilizers accounting for site
properties controlling the crop N response. This is line with results given
by Kirchmann et al. (2020) who showed that crop yields can be derived
from soil and climatic variables. Coulibali et al. (2020) also showed that
optimum N doses for potato in Eastern Canada varies as a function of
weather, soil and land management variables, as derived from machine
learning models calibrated on 273 field experiments. And Qin et al.
(2018) showed that the "Economic Optimum N Rate" for maize can be
derived from weather and soil data. Nevertheless, since data driven
models are not expected to be applied outside the calibrated range, a
systematic and open data analysis approach across countries is required
to find generalized and broadly applicable relationships that account for
nitrogen-nutrient and nitrogen-water interactions.

Optimising the soil conditions and fertilizer inputs allows one to
increase the NUE. Though both GLM and XGBoost were able to describe
the observed variation in NUE (Fig. 3, Fig S6) and to identify the same
site properties controlling NUE (Fig. 3, Fig S8), the potential increase in
NUE was substantially higher for GLM than for XGBoost. This shows that
observed linear relationships between NUE and the site conditions are
only limited valid outside the observed range of site conditions of the
long-term field experiments. This is confirmed by the strong negative
impact of clay and total N input on NUE of the GLM (Fig. 4, Fig S8), the
observed maxima of 40-45% in the partial dependency plots for
XGBoost (Fig. 4) as well by the limited improvement of NUE when all
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site conditions are optimized to find the highest NUE (data not shown).
More important however is the fact that the long-term field trials were
not designed to identify the conditions under which the NUE can be
maximized; they reflect the search for optimized combinations of fer-
tilizer type and nutrient interactions. Additional field evidence with
more variation in N inputs (e.g. half or double the agronomic optimum
effective N dose) and including all aspects of nutrient stewardship (right
time, right dose, right location and right type) might help to explore the
full potential of fertilizer (and manure) strategies to enhance NUE in
cropping systems.

4.2. Methodological aspects

Knowing that soil type, soil properties, geohydrology, weather, crop
and fertilizer management affect the NUE, we used the apparent N re-
covery as indicator for the rate of crop yield response to the availability
of N. Using this approach, all site properties controlling crop yield have
been equal, and sufficient nutrients other than N have been applied to
ensure that those are not limiting the crop response. Using this approach
over multiple years allows one to derive average response curves
required to obtain optimum yields. However, as shown by the strong
variation across sites, these average curves do not account for specific
climate or soil conditions that occur in individual farmers fields in a
given cropping year, thus limiting their use in fertilizer recommenda-
tions systems (Lemaire et al., 2021). Adding site specific covariates are
needed to support appropriate fertilizer decision in arable cropping
systems. Combining this with classic prognosis approaches where the
crop N requirement is estimated as the difference between crop N
requirement (derived by crop yield and desired protein content) and soil
N supply, allows one to avoid huge overfertilization and associated
decline in soil health and environmental quality.

Quantifying the impact of site properties on NUE using long term
experiments from multiple sites is challenging when factors controlling
N uptake and N losses show a high dependency with the location of the
experiment. We used both linear regression (GLM) and clustering al-
gorithms (XGBOOst) to unravel the factors controlling NUE knowing
that both approaches have their own advantages and disadvantages (as
explained in 2.3). Both approaches confirm a positive relationship be-
tween NUE and pH, available P and the use of organic N inputs whereas
precipitation, clay, soil organic matter and total N input showed a
negative impact on NUE (Fig. S9). The actual impact of site factors
controlling NUE differs due to the fact that GLM assumes continuous
linear or non-linear relationships between site factors and NUE, while
interactions were found to be insignificant across the experimental lo-
cations, where this was not the case for XGBoost. In addition, linear
model handles collinearity differently, focussing on the most important
site factor, whereas clustering algorithms value correlated factors
similarly. As a consequence, XGBoost accounts in a more appropriate
way for site factors controlling NUE at site level, being pH, P input, K
availability and the duration of the experiment (likely reflecting the
long-term impact of acidification, being site dependent) than linear
models in which the impact of these factors was limited. In contrast, the
linear model identifies site factors that strongly relates to differences
between locations, such as the crop type and clay content, being more
important than the variation in site factors within an experimental
location. We used both approaches to unravel the relevance of site
properties, knowing that the use of these models in fertilizer recom-
mendations systems might require independent validation on actual
field trials done.

4.3. Impacts of fertilizer management on nitrogen use efficiency

Application of fertilizer is an important practice in achieving high
yield in crop production and low N losses, since sufficient and timely
nutrient supply affects both crop grain formation and soil fertility. N
fertilizers play an important role in increasing crop production.
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However, in this research, adding N fertilizers alone without mitigation
of soil acidification declines crop yield, crop N uptake and NUE sub-
stantially (Fig. 2), with the NUE significantly decreasing over the 40
years of the experiment. This may also be the result from nutrient
depletion given the net removal of P, K, and certain micronutrients and
micronutrients from the soil. More important, however, seems the
negative feedbacks originating from soil acidification. The NUE sharply
declined at low pH values, in particular for fields being fertilized with
inorganic N fertilizers only. Soil acidification has been proven to have a
negative effect on nutrients supply and associated crop yield and soil
fertility decline (Guo et al., 2010; Cai et al., 2019; Zhu et al., 2020).
Compared with the fertilizer treatments receiving N and K, the appli-
cation of P fertilizer had a positive effect on both crop yield and NUE
(Fig. 2) being consistent with earlier observations by Duan et al. (2014).
An adequate supply of P enhances crop yield given the impact of P on
photosynthesis, flowering, and development of seed (Ziadi et al., 2008).
The positive impact of soil available P and P inputs can be attributed to
the high P retention capacities of the investigated soils. The experi-
mental sites in this study are all located in the southern region with red
soil as the main soil type. Red soil is a typical acidic soil with low parent
P content, characterized by relatively high retention capacities due to
high iron oxide and aluminium levels (Chang and Jackson, 1957). In
addition to the P input, additional Ca was added in those treatments
receiving P from superphosphate (where the extra calcium partly miti-
gates the acidification from the N inputs).

Fertilizing soils with organic manure is a traditional and effective
method to maintain soil productivity because this improves not only the
physical and chemical characteristics of the soil but also regulates the
quality of the soil organic matter, promote the growth and reproduction
of microorganisms, and improves the NUE (Liang et al., 2009). We
showed that adding organic manure indeed enhanced crop growth as
well as the NUE in all sites whereas the NUE decreased when only
inorganic N, and N and K were applied (Fig. 2). On the long term
however, we showed that the effect of soil amendment with organic
manure on the NUE varied a lot (Fig. S5). Similar findings have been
shown for a wheat-maize rotation over 33 years, by Yang et al. (2015b),
who concluded that organic fertilizers enhance the capacity of soils to
supply N (by increasing the mineralizable N pool) and that the actual
release depends on manure history and weather conditions (Yadav et al.,
2000; Cai et al., 2019). Considering the serious soil acidification prob-
lems in southern China, adding manure will have a positive impact for
crop growth, which helps to increased NUE indirectly, since that the
addition of BC to soil prevents acidification (Hao et al., 2022). The
optional ratio of organic N fertilizer and total N fertilizer input was
around 30-40% (Fig. 4). When the applied chemical fertilizer was
completely replaced by manure (M treatment), the crop yield and NUE
declined, likely to a lower N efficiency of the manure, as compared to
fertilizer, during the crop growing season (Fig. 2). Optimizing the fer-
tilizer strategies by smart combinations of inorganic and organic fertil-
izers and the right dose of each of them might thus boost both crop yield,
NUE and minimize N losses to the environment (Ren et al., 2022).

Apart from fertilizer type, the fertilize dose can affect NUE directly.
Generally, with the increase of N fertilizer application dose, the
observed crop yield and N uptake increased up to a total N input level
around 200 kg N ha! (data not shown). Adding more N resulted in a
decline of NUE (Fig. 4) showing that fertilizing a crop above a critical
threshold will result in adverse environmental impacts on both the short
and long-term. Total N input had indeed a positive correlation with crop
yield while NUE declines (Fig. S5). Finding the lowest N dose with an
optimum ratio of manure and inorganic fertilizers was however
hampered by the experimental design of the 13 long-term experiments.
Where the fertilizer dose was derived from agronomic recommended N
doses, the total effective N input was not adapted when manure-N was
added. This automatically leads to overfertilization with N in all cases
that receive both inorganic fertilizers and manure. The observed impact
of the combined treatments on the NUE might therefore be higher than

European Journal of Agronomy 146 (2023) 126797

estimated in our study.
4.4. Impacts of site factors on nitrogen use efficiency

The variation of NUE was determined by crop type, soil properties
and climate variables (Cui et al., 2008). From the soil properties eval-
uated, the soil pH and available P and K were the most important ones
affecting the NUE. The soil pH was positive correlated with NUE and
identified as one of the most important soil properties controlling NUE,
confirming its relevance for crop production in acid soils (Bolan et al.,
2003). Liming soils is therefore a prerequisite to boost NUE for farm-
lands in southern China (Guo et al., 2010). The soil pH has been known
to affect both chemical and biochemical processes, affecting the form,
transformation, and availability of almost all essential nutrients. In
addition, the loss of BC via leaching increases at lower soil pH (Fenn
et al., 2006). Furthermore, very low soil pH values (below 4-4.5) will
also affect crop yields negatively due to potential toxic effects of
aluminium, manganese, and heavy metals. Lastly, at low pH values
below 4 the soil pH will also result in a decline in the capacity of soils to
supply N. All these processes result in a negative impact on crop yield
and associated NUE (Zhu et al., 2020). Balanced fertilization with
multi-nutrient fertilizers and manure therefore not only supplement all
desired nutrients for crop growth, but also avoid BC depletion and severe
acidification (Cai et al., 2015). The benefit of organic matter via manure
increases with the dose applied (Duan et al., 2021). As total P fertilizer
input and soil available P and K contents were among the most impor-
tant variables affecting NUE, bringing the soil nutrient status to an
optimal status for crop development is key to enhance NUE. Soils with
high clay and SOC levels are usually less susceptible for N leaching losses
and are characterized by higher chemical and biological soil fertility,
enhancing crop growth and NUE. Data from the long-term trials sup-
ports this hypothesis, but this could not be confirmed by strong evidence
for clay due to a strong site clustering of these properties. SOC had a
clear positive impact on NUE, whereas the GLM approach found a
negative one for clay content (partly confounded by precipitation ef-
fects) whereas XGBoost suggested only a minor (though negative)
impact of clay content on NUE (Fig. S9).

Furthermore, the efficiency of N uptake varies among crop types. The
N uptake and NUE of urea fertilized rice is generally low compared with
upland crops, mainly because paddy soil is an anaerobic system under
flooding, where the applied N fertilizer is rapidly lost through denitri-
fication. In general, upland plants such as maize and wheat prefer ni-
trate, while rice prefers ammonium under flooded conditions (Zhang
etal., 2018). Ju et al. (2009) showed for an upland wheat-maize rotation
in North China Plain that 27% of the added N was taken up by the crop
whereas 23% was lost due to volatilisation, 18% due to nitrate leaching
and 2% via denitrification. Actually, comparable increases in NUE could
be achieved for the paddy soils as well as the upland soils, and occurred
under similar conditions: a higher pH, relatively low N inputs, sufficient
P inputs and a high soil P fertility status. The main reason for the higher
NUE in mixed paddy upland soils was caused by high pH (0.5 pH unit
higher), high available N and P levels in soil (> 100 mg P kg_l), and
relatively low total N inputs (< 125 kg N ha™!) and high P inputs (>
100 kg P ha™!). The high relevance of total P inputs can be explained by
both the P requirement as well as the calcium input given via the P
fertilizers, compensating the N induced acidification. Furthermore,
frequent alternation of upland and paddy also breaks the water-stable
aggregate structure and increases the contact between microorganisms
and organic matter, which improves the mineralization of soil organic
nitrogen. Since the NUE declines with the total N availability from both
soil mineralization and fertilizer inputs, a higher soil N supply will often
lead to lower NUE in arable cropping systems. Adapting the N dose to
the crop requirement given the natural soil N supply via mineralization
is therefore key to minimize losses to the environment.

N transformations in soil are strongly affected by climate conditions.
Many studies involving mineralization of organic N in soil have been
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undertaken since the early studies in 1972 by Stanford and Smith
(1972), who demonstrated that net N mineralization followed first order
kinetics with the rate doubling for each 10 °C increase in temperature. In
addition, the optimal moisture content for N mineralization was found
to vary between 80% and 100% of field capacity (Guntinas et al., 2012).
Compared with crop management and soil properties, climatic variables
throughout the growing season had little effect on the variation in
annual NUE across the experimental sites (Fig. 3). This can partly be
explained by the fact that all experimental sites are in the subtropical
monsoon climate region, limiting the spatial variation in mean tem-
perature, precipitation, and evaporation. Both sunshine hours and
temperature showed however a positive relationship with crop yield and
a negative relationship with NUE, showing that loss pathways for N are
affected by the variation in weather conditions. This is supported by
earlier research in southern China where Cai et al. (2016) found that an
increase of temperature led to higher ammonification losses. In addition,
high precipitation can disperse soil particle structure and increase the
nutrient concentration of surface water and runoff, and consequently
sites with high precipitation have higher risks for leaching and runoff.
Consequently, sites with higher precipitation had indeed lower NUE.

5. Conclusion

A systematic analysis was done for 13 long-term experiment sites to
quantify the effect of long-term fertilizer inputs, soil properties and
climatic variables on the NUE. The NUE of cropland systems in southern
China showed a high variation with values ranging from — 6-127%.
Lowest NUE was found in cases where crops were fertilized with inor-
ganic N fertilizers only, and the NUE increased when multi-nutrients or
organic manures were applied. The soil, climatic and fertilizer inputs
together explained 46-85% of the variation in NUE. The main variables
controlling NUE across the sites were the pH, total P inputs, available P
and K and the duration of the fertilizer regimes applied. In line with our
hypothesis, soil pH had an optimum pH around 6, with lower values
being associated with reduced nutrient availability for P, Ca, Mg and K
availability. In addition to soil acidity, NUE increased with available soil
P (AP) reaching a plateau at an AP near 50-100 mg kg~ !, being much
higher than the common optimum Pg sy thresholds for P deficiencies
near 20 mg kg’l. Using generalized linear regression modelling, we
found that the NUE decreases with an increase in N input, in line with
our hypothesis, but this effect was less evident when applying gradient
boosted tree regression models. Soil organic carbon had a positive
impact on NUE, whereas the evidence was less clear for the impact of
clay. Sites with higher precipitation rates had lower NUE values,
whereas NUE increased with temperature. Furthermore, we found that
the optimum NUE was found when 30-40% of the N input is given as
manure. Using empirical models trained on data from the long-term
experiments, we found that the NUE can increase from 30% to 42%
up to 42-67% by altering the soil nutrient levels and the N dose and
fertilizer type. Additional field evidence is needed to explore the full
potential of fertilizer strategies to enhance NUE.
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