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A 22-year field experiment was conducted in Gongzhuling, Jilin province, China to
investigate corn yield response to fertilization practice. Compared to an unfertilized control
(CK), all fertilization treatments, including inorganic nitrogen fertilizer only (N), balanced
inorganic fertilizers (NPK), NPK plus corn straw (SNPK), and NPK plus farmyard manure
(MNPK), resulted in significant increases in corn yield. However, only organic matter
amendments sustained increasing yield trends, with annual rates of 0.137 and 0.194 t ha™*
for the SPNK and MNPK treatments, respectively (P < 0.05). During the 22 years, the daily
mean, maximum and minimum temperatures increased by 0.50, 0.53, and 0.46 °C per
decade, whereas precipitation displayed no significant change but showed large seasonal
variation. According to a regression analysis, increased air temperature exerted positive
effects on corn yields under the SNPK and the MNPK treatments. Under both treatments,
soil organic carbon contents and soil nutrient availabilities increased significantly
compared to their initial levels in 1990, whereas soil bulk density and total porosity
changed slightly under the two treatments, which showed higher soil water storage than
other treatments. In contrast, significant increases in soil bulk density and decreases in soil
total porosity and soil nutrient availability were observed under the CK, N and NPK
treatments. The contributions of soil fertility to corn yield were 28.4%, 37.9%, 38.4%, 39.0%,
and 42.9% under CK, N, NPK, SNPK, and MNPK treatments, respectively, whereas climate
changes accounted for 27.0%, 14.6%, 12.4%, 11.8%, and 10.8%. These results indicate that, in
Northeast China, organic matter amendments can mitigate negative and exploit positive
effects of climate change on crop production by enhancing soil quality.
© 2015 Crop Science Society of China and Institute of Crop Science, CAAS. Production and
hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

* Corresponding author. Tel.: +86 10 62156856.

E-mail address: zhangweijian@caas.cn (W. Zhang).

Peer review under responsibility of Crop Science Society of China and Institute of Crop Science, CAAS.
1 These authors contributed equally to this work.

http://dx.doi.org/10.1016/j.cj.2015.01.004

2214-5141/© 2015 Crop Science Society of China and Institute of Crop Science, CAAS. Production and hosting by Elsevier B.V. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).



https://core.ac.uk/display/81147006?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cj.2015.01.004&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://dx.doi.org/10.1016/j.cj.2015.01.004
mailto:zhangweijian@caas.cn
http://dx.doi.org/10.1016/j.cj.2015.01.004
http://creativecommons.org/licenses/by-nc-nd/4.0/

THE CROPJOURNAL 3 (2015)110-117 111

1. Introduction

Fertilizer application plays an important role in soil quality
improvement and crop productivity enhancement [1,2]. Sound
fertilization can directly increase crop yield by improving soil
nutrient availability and can indirectly enhance crop yield
sustainability by improving soil physical and chemical resilience
to climate variation [3]. However, long-term application of
inorganic fertilizers, especially unbalanced chemical fertilization,
may result in soil acidification and nutrient depletion [4,5].
Consequently, poor fertilization practice may intensify climate
change impacts on crop production, especially in high-latitude
areas [6]. Organic matter amendments, for example green
manuring and crop straw return, have been widely recommend-
ed as practices enhancing crop yield while increasing soil quality
[1,7,8]. However, some field studies have not found significant
effects of manure application and straw return on soil quality
[9,10]. The main reasons for uncertainty about fertilization effects
may be short experimental periods, given that fertilization effects
on soil quality occur on a long-term time scale [10,11]. Thus,
long-term field experiments can assist in guiding the assessment
of fertilization effects and innovations in agronomic techniques
[12-14]. Furthermore, high-latitude areas have experienced and
will continue to face the largest changes in air temperature and
precipitation [6], so that it is necessary and urgent to design
fertilization practices for sustainable crop production in these
areas.

Northeast China, a typical cool, high-latitude rainfed
croppingregion, is one of the mostimportant grain cropping
regions in China [15]. During the past decades, intensive
cropping of monoculture corn and poor fertilization prac-
tices have resulted in severe soil quality degradation and
corn yield decline in the region [16,17]. Although great
efforts have been made in the assessment of fertilization
effects on crop yield and soil quality in the region, few have
focused on relationships between crop yields and climatic
factors under different fertilizer regimes [16-19]. Fortunate-
ly, there is a novel experiment using different fertilization
regimes (chemical fertilizer only, unbalanced fertilization,
farmyard manure, and crop straw residue) in Gongzhuling,
Jilin province, China. This experiment has been conducted
with a continuous corn cropping system since 1989 and
accordingly offers a chance to assess the long-term impacts
of fertilization on corn yield and soil quality, and the
consequent effects on soil resilience to climate change. We
conducted an integrated study of historical variation in crop
yield and climate factors and of changes in soil quality. Our
objective was to identify the mechanism underlying fertil-
ization effects on corn yield and soil resilience to air
temperature and precipitation changes in a high-latitude
area.

2. Materials and methods
2.1. Experimental site

A long-term fertilization experiment with monoculture corn
under rainfed conditions has been conducted since 1990. The

experiment site is located at the National Long-term
Location Monitoring Base on Black Soil Fertility and Fertil-
izer Efficiency, Gongzhuling (43°30723"N, 124°48'34"E, 220 m
above sea level), Jilin province, China. This site is in the
northern temperature zone with a continental monsoon
climate, which is cold and arid in winter and hot and rainy
in summer. Annual precipitation is 562 mm, with almost
80% occurring from June to September, and annual average
temperature and sunshine duration are 5.6 °C and 2710 h,
respectively. The soil is classified as Haplic Phaeozem in the
FAO-Unesco system and Cumulic Hapludoll (Mollisol) in the
U.S. classification system [20]. The soil properties prior to
the experiment had the following characteristics: pH 7.6,
soil organic carbon (SOC) 12.7 g kg™?, total nitrogen (TN)
1.4 g kg, total phosphorus (TP) 0.61 g kg™?, total potassi-
um (TK) 18.4 g kg%, available nitrogen (AN) 114.0 mg kg™,
available phosphorus (AP) 11.8 mgkg ', and available
potassium (AK) 158.3 mg kg™*. Corn had been cultivated in
the experimental field for at least 50 years before 1990.

2.2. Experimental design and management

A randomized complete block design was used with three
replicates in this long-term experiment. The experiment
included five treatments: (1) unfertilized control (CK), (2)
inorganic nitrogen fertilizer only at a rate of 165 kg N ha™*
(N), (3) balanced inorganic fertilizers at 165 kg N ha™’,
82.5 kg P,0s ha™?, and 82.5 kg K,0 ha™*! (NPK), (4) balanced
inorganic fertilizers at 112 kg N ha™?, 82.5 kg P,Os ha™?, and
82.5 K,0kgha™' plus corn straw residue at a rate of
7.5 x 10® kg ha™! (SNPK), and (5) balanced inorganic fertil-
izers at 50 kg N ha™?, 82.5 kg P,0s ha™?, and 82.5 kg K,0 ha™*
plus farmyard manure at a rate of 2.3 x 10* kg ha™* (MNPK).
The N contents in corn straw and farmyard manure were 7.0
and 5.0 gkg !, respectively. For this reason, the total N
application rates for N, NPK, SNPK, and MNPK treatments
were kept at 165 kg ha™'. The C:N ratios of maize straw
residue and farmyard manure in dry matter were 66:1 and
26:1, respectively.

Each replicate plot was 130 m? in size. Four corn hybrids:
Danyu 13,Jidan 222, Jidan 209, and Zhengdan 958, were used
over the experimental period. Seeds were sown in early May
at a density of 5.05 x 10* plants ha™* with a spacing of
60 cm x 33 cm. Seeding was done manually on the ridge in
5-cm depth of soil after land preparation followed by basal
fertilizer application. The sources of inorganic N, P, and
K fertilizers were urea, triple superphosphate (TSP) and
muriate of potash (MoP). One third of the urea and the full
amounts of TSP and MoP were applied as a basal dose. The
remaining two thirds of the urea was used for side dressing
at the corn jointing (V6) stage and the chopped corn straw
was also applied at that time in the SNPK plots each year.
The farmyard manure was applied in autumn after corn
harvesting in the MNPK plots every year. Tillage operations
included (1) removing aboveground biomass manually,
incorporating stubble and main roots into the soils by
rototiller, and leveling the field after harvest in autumn;
(2) cultivating again and building ridges to 20 cm height
before planting in spring; and (3) rebuilding the ridge twice
at approximately 20-day intervals after planting. The land
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was kept weed-free and plant-protection measures were
taken when required.

2.3. Soil sampling and analysis

Volumetric soil water content at 0-20 cm depth was mea-
sured using a Hydrosense soil moisture meter (Campbell
Scientific, Inc., USA). Six locations were selected randomly in
each plot. The 20-cm length probe was inserted into the soil
perpendicularly in the ridge and readings were recorded. The
measurements were taken at the beginning of May and in
mid-May, June, July, August, and September during 2010 and
2011. The Hydrosense meter was calibrated each year by
measurement of the meter responses at saturation soil and at
completely dried soil.

Soil temperatures were continuously recorded using
model ZDR41 data loggers (Zeda Instruments, Co., Ltd,
Hangzhou, China) integrated with external soil temperature
thermocouples. Two soil temperature thermocouples were
placed in a row at 5 cm and 15 cm soil depth in each plot.
The soil temperatures were measured every half hour
throughout the growing season. The soil temperatures for
both two soil depths were then converted into mean
monthly data at 0-20 cm depth.

Soil samples at the depth of 0-20 cm were collected by
the core method after corn harvesting in October 2011. Six
random cores were collected from the field to combine into
one composite sample for each plot. The entire volume of
soil was mixed thoroughly, air-dried, and passed through
an 8-mm sieve. SOC, TN, TP, TK, AN, AP, AK, and pH in soil
samples were determined. All methods are described in
detail by Lu [21].

Soil bulk density (SBD) was determined on an oven-dry
basis using the core method [22]. Six soil cores were taken
randomly in the ridge at 5-15 cm soil depth for each plot.
Then undisturbed soil samples (100 cm® cylinders) were
obtained to measure the soil bulk density. Soil total porosity
(STP) was calculated as

STP = (1 - SBD/PD) x 100

where SBD was soil bulk density, and PD was the soil particle
density, assumed to be 2.65 g cm™> [23].

Corn yields were determined by manually harvesting each
plot annually. Grain samples were air-dried on the ground by
threshing until reaching a uniform moisture level of 14%
water content, and then weighed.

2.4. Climate data collection

Historical climate data from May to September over the period
1989-2011 were recorded by an automatic climate station
located 1 km from the experimental field. The meteorological
data included daily temperatures and daily precipitation.

2.5. Data analysis
Means of long-term yield and yield increment by fertiliza-

tion were used to evaluate fertilization effects on corn yield.
The yield increment by fertilization was calculated as the

difference between fertilized treatment and CK treatment
[8,24]. Because according to Hafner [25], linear growth in
cereal yields has been the most common trend over time in
terms of global harvest and production area, time trends in
corn yield were evaluated by linear regression analysis. The
time trends in weather parameters were also evaluated
by linear regression analysis [13]. The yield increment by
fertilization trend was better fitted by a curvilinear equation
in the present study. The relationship between corn yields
and climate parameters were calculated using Pearson
correlation coefficients [26]. The SPSS 13.0 package (SPSS
Inc., USA) was used for statistical analysis. The effects of
treatments on corn yields, soil properties, and soil water
storage were assessed by one-way ANOVA using least
significant differences (LSD) at the 0.05 probability level.
The contributions of climate and soil changes to corn yield
under different fertilization regimes were calculated using a
general linear model (GLM) in SAS 9.2 (SAS Institute Inc.,
USA).

3. Results
3.1. Changes in corn yields

All fertilization practices increased corn yield significantly
(Fig. 1 and Table 1). During 1990-2011, the mean corn yields
under the N, NPK, SNPK, and MNPK treatments were 7.27,
9.03, 9.05, and 9.18 t ha™?, respectively, which were signif-
icantly higher than that under the CK treatment (P < 0.05).
Corn yields under the NPK, SNPK, and MNPK treatments
were significantly higher than that under the N treatment.
Although no significant differences were observed among
the NPK, SNPK, and MNPK treatments, the corn yields under
the SNPK and MNPK treatments showed significant annu-
ally increasing trends, with rates of 0.137 and 0.194 t ha™?,
respectively. The yield increment by fertilization reflects
the effects of fertilizer on corn yield. For the past 22 years,
the mean yield increment by fertilization was significantly
greater in the SNPK and MNPK than under the NPK and N
treatments. The trends of yield increment with the year were
related by a second-order function. The yield increment by
fertilization increased at the beginning of the experiment,
and decreased afterward for all the treatments. Generally,
the increasing trends of the yield increment by fertilization
under the N and NPK treatments continued for only 12 and
13 years, while these trends under the SNPK and MNPK
treatments continued for 17 and 19 years, respectively.

3.2. Climate changes and relationships with corn yield

Significant warming trends were found during the corn
growth period over the 22-year period (Fig. 2). The daily
mean, maximum and minimum temperatures increased at
the rates of 0.50, 0.53, and 0.46 °C per decade, respectively.
Precipitation during the corn growth period displayed no
significant change, but showed large annual variation. To
identify the effects of climate changes on corn yield, a
Pearson correlation analysis between corn yield and yield
increment by fertilization and the main climate factors was
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Fig. 1 - Corn yield and yield increments under different fertilization regimes during 1990-2011. CK, unfertilized control; N,
inorganic N fertilizer only; NPK, balanced inorganic fertilizers of N, P and K; SNPK, balanced inorganic fertilizers plus corn
straw; MNPK, balanced inorganic fertilizers plus farmyard manure.

performed (Table 2). Significant correlations were found
between corn yield and daily mean and minimum temper-
atures under the SNPK and MNPK treatments, and between
corn yield and precipitation under the CK, N, and NPK
treatments. No significant correlation was found between
corn yield and air temperature under the CK, N, and NPK
treatments. Furthermore, the yield increment by fertiliza-
tion under SNPK and MNPK showed significant positive
correlations with all temperature factors.

3.3. Changes in topsoil properties

Fertilization caused significant differences in soil properties
between treatments (Table 3). Compared to the initial level,
both inorganic fertilizer application and unfertilized treat-
ment increased SBD and decreased STP significantly in the
0-20 cm layer. The SBD were 15.4%, 18.8%, and 14.5% higher,
and the STP were 12.4%, 13.9%, and 11.5% lower under the CK,
N and NPK treatments, respectively, than the corresponding
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Table 1 - Annual trends of corn yield and yield increments under different fertilization regimes during 1990-2011.

Treatment Max. (t ha™?) Min. (t ha™?) Mean (t ha™?) Simulated equation R? P-value
Harvest yield

CK 6.51b 2.00 ¢ 3.58 ¢ y = 0.001x + 5.403 0.01 0.98
N 10.46 a 4.93b 727 b y = 0.044x — 95.514 0.23 0.31
NPK 11.85a 6.40 a 9.03 a y = 0.061x - 113.858 0.28 0.21
SNPK 11.98 a 6.80 a 9.05a y = 0.137x — 264.547 0.67 0.01
MNPK 11.76 a 582 a 9.18 a y = 0.174x - 338.903 0.66 0.01
Yield increment by fertilization

N 6.70 a 0.92 ¢ 3.69 ¢ y =-0.021x° + 83.661x + 83,634 0.40 0.23
NPK 7.11a 2.65a 5.34b y = —0.012x* + 48.062x + 48,130 0.24 0.31
SNPK 7.44 a 293 a 547 a y = —0.015x* + 60.080x + 60,227 0.65 0.00
MNPK 7.87 a 1.74b 5.59 a y = —0.018x* + 71.090x + 71,276 0.58 0.01

Y CK, unfertilized control; N, inorganic N fertilizer only; NPK, balanced inorganic fertilizers of N, P, and K; SNPK, balanced inorganic fertilizers
plus corn straw residue; MNPK, balanced inorganic fertilizers plus farmyard manure.

2 Max., the maximum yield; Min., minimum yield; Mean, mean yield; R? the correlation coefficient of the regression; CV, coefficient of variation.
3 Different letters after the maximum, minimum, and mean yields and GV indicate significant difference among treatments at P < 0.05.

9 In the equations, x stands for year and y stands for corn yield or yield increment by fertilization.

values in 1990. No significant changes in the SBD and STP
were found in the treatments of inorganic fertilizer applica-
tion plus organic amendments (SNPK and MNPK). The CK,
SNPK, and MNPK maintained unchanged soil pH, but N and
NPK treatments resulted in soil acidification. There were
large (21.3% and 60.6%, respectively) increases in SOC in the
treatments of SNPK and MNPK, whereas no significant
increments occurred under the CK, N, and NPK treatments
during the experimental period. Significantly higher soil
nutrient contents were also found under the SNPK and MNPK
treatments. Thus, most soil nutrients showed an increasing
trend in availability under the SNPK and MNPK treatments
compared to their initial levels. In contrast, the CK, N, and
NPK treatments generally did not increase soil nutrients over
the 22-year period.

3.4. Changes in soil water storage and temperature

Soil water storage at 0-20 cm depth under fertilized treat-
ments was generally higher than that under the CK treatment
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during the entire corn growth period (Table 4). Soil water
storage under SNPK and MNPK were significantly higher than
those under the N and NPK treatments at the beginning of
May. There was no significant difference among the treat-
ments in the monthly soil temperature below 0-20 cm soil
depth (Table 5).

3.5. Contributions of climate and soil changes to corn yield

To identify the contributions of climate and soil changes to
corn yield under different fertilization regimes, an analysis
was performed using a GLM. Fertilization promoted soil
stability, as indicated by the contribution of soil factors to
corn yield. The contributions of climate changes to corn yield
were 27.0%, 14.6%, 12.4%, 11.8%, and 10.8% under the CK, N,
NPK, SNPK, and MNPK treatments, respectively, whereas the
contributions of soil changes were 28.4%, 37.9%, 38.4%, 39.0%,
and 42.9% (Table 1). Unknown factors accounted for a large
proportion and may represent scientific and technological
progress and agronomic technique improvement.
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Fig. 2 - Annual change trends in daily mean, maximum, and minimum temperatures and precipitation over the corn-growing
season during 1990-2011. * Trends significant at the 0.05 probability level.
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Table 2 - Correlations between corn yield, yield increments, and climate factors under different fertilization regimes over

the entire corn growth period during 1990-2011.

Treatment Daily mean temperature Daily maximum temperature Daily minimum temperature Precipitation
Harvest yield

CK —0.049 0.125 0.024 0.624"
N 0.061 0.018 0.093 0.674"
NPK 0.079 0.206 0.336 0.536"
SNPK 0.471" 0.413 0.476" 0.291
MNPK 0.492" 0.393 0.525" 0.278
Yield increment by fertilization

N 0.100 0.118 0.072 -0.329
NPK 0.408 0.409 0.368 -0.281
SNPK 0.517" 0.519" 0.465" -0.200
MNPK 0.520" 0.467" 0.510" -0.097

CK, unfertilized control; N, inorganic N fertilizer only; NPK, balanced inorganic fertilizers of N, P and K; SNPK, balanced inorganic fertilizers plus
corn straw residue; MNPK, balanced inorganic fertilizers plus farmyard manure.

*Correlation coefficients significant at the 0.05 probability level.

4, Discussion

Although all fertilization practices increased corn yield, only
the organic amendments, in the form of the MNPK and SNPK
treatments, could increase corn yield with an increasing
trend (Table 1). Similar results were also reported in north
China [27], south China [8], and northwest China [1]. These
studies suggest that organic amendments can improve crop
productivity over the long term. The long-term trend of crop
yield change is attributed to the integrated effects of the
changes of climate, cultivar, soil quality and agronomic
practice [28]. It is well known that organic amendments can
directly enhance crop growth by improving soil nutrient
availability [8], a finding also confirmed in our experiment
(Table 3). However, less is known about the resulting impacts
on soil resilience to climate change.

In our study, the significant differences in the correlation of
corn yield and climate factors among the treatments are evidence
for the indirect effects of fertilization on soil resilience. During the
past decades, there have been increases in air temperature,
especially daily minimum temperature, and great variation in
precipitation in the study area (Fig. 2). Many studies have found
climate variables such as air temperature and precipitation to
be strongly associated with corn yield [29,30]. For example,

Chen et al. reported that warming benefited corn production
in Northeast China [26]. Song et al. also found that precipi-
tation variability had a negative effect on corn yield, owing to
seasonal drought in the study area [31]. In the present study,
significant correlations between corn yield and climate
factors were found among the treatments after the 22-year
fertilization experiment (Table 2). The significant positive
correlation between corn yield and air temperature under
the SNPK and MNPK treatments indicate that the organic
matter amendments helped corn to exploit the positive
effects of warming. This finding suggests that organic
amendments enhanced soil resilience to air temperature
increase. However, there was no significant correlation
between corn yield and air temperature in the CK, N, and
NPK treatments, suggesting that these fertilization practices
did not help corn exploit the positive effects of warming, nor
was there significant correlation between corn yield and
precipitation under the SNPK and MNPK, indicating that
organic amendments have improved soil resilience to
precipitation variation. This inference is confirmed by the
higher soil water storage under the SNPK and MNPK than
that under the CK, N, and NPK treatments (Table 4). In
contrast, a significant correlation was found between corn
yield and precipitation under the CK, N, and NPK treatments,
indicating that soil moisture limited corn growth in the

Table 3 - Topsoil (0-20 cm) properties as affected by long-term fertilization in different treatments.

Treatment SBD STP (%) pPH SOC TN TP TK AN AP AK
(g cm™) (kg™ (gkg) (gkg') (gkg") (mgkg!) (mgkg!) (mgkg?)

Initial (1990) 1.17 55.5 7.6 12.7 1.40 0.61 18.4 114.0 11.8 158.3

CK 1.35b 486 b 7.5a 136 ¢ 123 c 0.56 ¢ 184 a 1131 c 71c 63.2c
N 1.39b 478 b 6.3b 13.0c 122 c 0.52 ¢ 210a 1324b 50c 63.1c
NPK 1.34b 491b 6.4b 13.8 ¢ 126 c 0.61c 17.8 a 1269 b 235b 716 c
SNPK 1.20 a 56.6 a 7.7 a 154 Db 1.38Db 0.71b 18.5a 121.1b 19.9b 100.0 b
MNPK 121a 533 a 74 a 204 a 1.87 a 1.18 a 194 a 157.1 a 25.5a 1716 a

) CK, unfertilized control; N, inorganic N fertilizer only; NPK, balanced inorganic fertilizers of N, P and K; SNPK, balanced inorganic fertilizers
plus corn straw residue; MNPK, balanced inorganic fertilizers plus farmyard manure.

2) SBD, soil bulk density; STP, soil total porosity; SOC, soil organic carbon; TN, total nitrogen; TP, total phosphorus; TK, total potassium; AN,
available nitrogen; AP, available phosphorus; AK, available potassium.

3 Different letters in the same column indicate a significant difference at the 0.05 probability level.
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Table 6 - Contributions of climate and soil changes to corn
yield under different fertilization regimes.

Table 4 - Average soil water storage at 0-20 cm depth under
different fertilization treatments during 2010 and 2011.

Treatment Soil water storage (mm) Treatment Climate (%) Soil (%) Unknown (%)
Beginning May Jun. Jul. Aug Sep. CK 27.0 28.4 44.7
of May N 14.6 37.9 475
NPK 12.4 38.4 49.1
CK 534b 55.8b 52.7a 610c 589b 540b SNPK 11.8 39.0 49.2
N 54.1b 56.7b 522a 620bc 60.2b 549a MNPK 108 42.9 464
NPK 549b 57.7ab 51.8a 63.0ab 61.4ab 55.8a
SNPK 57.0 a 57.6ab 52.2a 63.1ab 61.0ab 55.8a 1) CK, unfertilized control; N, inorganic N fertilizer only; NPK, balanced
MNPK 57.6 a 60.1a 519a 651a 628a 57.1a inorganic fertilizers of N, P, and K; SNPK, balanced inorganic fertilizers

Y CK, unfertilized control; N, inorganic N fertilizer only; NPK,
balanced inorganic fertilizers of N, P, and K; SNPK, balanced
inorganic fertilizers plus corn straw residue; MNPK, balanced
inorganic fertilizers plus farmyard manure.

2 Different letters in the same column indicate a significant difference at
the 0.05 probability level.

poorly fertilized plots. Thus, our study indicates that organic
amendments can mitigate the negative and promote the
positive effects of climate changes on corn production in
Northeast China.

The mechanisms underlying the enhancement of soil
resilience can be attributed to the improvement of soil
quality caused by organic amendments [1,8]. Long-term
organic matter inputs into the soil can directly increase
SOC, content as confirmed by the significant increases in
SOC under the SNPK and MNPK treatments (Table 3). Similar
increases in SOC caused by crop straw return and manure
application have also been reported by previous studies
[1,7,8]. The increment in SOC content can stimulate soil
microbial biomass growth and population diversity increase
[32,33]. In this manner, organic amendments can improve
soil quality by promoting soil aggregation, because SOC and
soil microbes are the major agents of soil aggregate forma-
tion [34]. Increases in SOC can also decrease soil bulk density,
resulting in higher soil porosity, as also confirmed in our
study (Table 3). The lower bulk density and higher porosity
help crop root growth and water storage in deep soil layers
[35]. As a result, the improved physical and chemical quality

Table 5 - Average soil temperature at 0-20 cm depth under
different fertilization regimes during 2010 and 2011.

Treatment Soil temperature (°C)

May Jun. Jul. Aug. Sep.
CK 169 a 22.1a 232a 211a 17.2 a
N 173 a 226 a 229a 211a 173 a
NPK 172 a 226a 229a 212 a 173 a
SNPK 16.8 a 218 a 225a 210a 17.1a
MNPK 169a 221a 232a 21.1a 17.2a

Y CK, unfertilized control; N, inorganic N fertilizer only; NPK,
balanced inorganic fertilizers of N, P, and K; SNPK, balanced
inorganic fertilizers plus corn straw residue; MNPK, balanced
inorganic fertilizers plus farmyard manure.

2 Same letter in the same column indicates no significant difference
at the 0.05 probability level.

plus corn straw residue; MNPK, balanced inorganic fertilizers plus
farmyard manure.

2 Climate factors included daily mean temperature, daily maximum
temperature, daily minimum temperature, and precipitation during the
corn growing season; and soil factors included soil organic carbon, total
nitrogen, total phosphorus, total potassium, available nitrogen, available
phosphorus, and available potassium.

can enhance soil resilience to air temperature elevation and
precipitation variation [36]. The contributions of climate and
soil change to corn yield also confirmed that the application
of organic amendments could promote soil stability and
minimize the effect of climate change (Table 6). Finally,
significantly higher yields with increasing trends were found
in the organic amendment fields than in the others. Climate
change occurs over a long term, whereas the present study
was limited to a 22-year experiment. Fertilizer effects on soil
resilience await further investigation.

5. Conclusions

Organic matter amendments, such as farmyard manure
and crop straw, cannot only increase corn yield but also
maintain a sustainable increasing trend in corn yield, owing
to the enhancement of soil fertility and resilience to climate
changes. Unbalanced fertilization can also increase corn
yield, but it cannot sustain a high yield for a long term. It
may even intensify the negative impacts of climate changes
on corn production by worsening soil physical and chemical
quality. Northeast China has experienced and is predicted to
face further a warming and seasonal drought climate. Dur-
ing the past decades, soil quality and resilience to climate
changes has decreased on a large scale, owing to unrea-
sonable fertilization and soil tillage practices. More efforts
toward technique innovations in soil fertility management
and on incentive development for crop straw incorporation
and organic fertilizer application are needed.
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