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Abstract: Fertilization, as one of many important field management practices, can increase crop
yields. However, whether different levels of fertilization will affect the response of wheat yields to
inter-annual climate variations and long-term climate trends is not clear. In this study, 35-year wheat
yields were used to investigate the responses of wheat yield to inter-annual climate variations and
long-term climate trends under different fertilization treatments. The first difference method was
used to de-trend wheat yields and climate variables and stepwise regression analysis was used to
quantify the yield–climate relationship. The experimental design consisted of a control treatment
(CK without fertilization) and three fertilizer treatments: nitrogen, phosphorus, and manure (NPM
with 120 kg ha−1 N, 26.2 kg ha−1 P, and 75 t ha−1 manure), nitrogen and phosphorus (NP with
120 kg ha−1 N and 26.2 kg ha−1 P), and manure (M with 75 t ha−1 manure). Compared to the CK
treatment, the NPM, NP, and M treatments increased wheat yield by an average of 201.9, 161.7,
and 130.6% and increased yield inter-annual variability by an average of 191.2, 149.3, and 144.2%,
respectively, during the study period (1985–2020). Inter-annual climate fluctuations in the study area
explained 45, 38, 27, and 29% of wheat yield variations and 35-year climatic trends contributed to
wheat yield decreases of 0.3, 0.7, 1.6, and 1.8% for the NPM, NP, M, and CK treatments, respectively.
The results show the impact of inter-annual climate fluctuations on yield increases with the increasing
level of fertilization, while the effect of long-term climate trends on yield decreases with the increasing
level of fertilization.

Keywords: climate change; fertilization; wheat; crop yield; Chinese Loess plateau

1. Introduction

Wheat is the second-most-produced cereal grain in the world, after maize. Potential
impacts of climate change on wheat yield have attracted great attention from farmers,
governmental officials, and scientists. Some studies have used biophysical simulation
models and field experiments to estimate the effect of changes in climate variables on
wheat yields [1,2]. For example, Zhao et al. (2017) [3] predicted a 6.0 ± 2.9% loss in global
wheat yield with each degree Celsius increase. Asseng et al. (2015) [4] simulated wheat
yields of 30 global locations from 1981 to 2010 and their results showed that wheat yield
decreased by 1–28% with an increase of 2 ◦C and decreased by 6–55% with an increase
of 4 ◦C. Recent studies used regression models to examine the response of wheat yields
to climate change by developing de-trended yield–climate relationships [5–9]. These
studies estimated wheat yields as a function of climate variables while controlling for
time-invariant fixed effects, such as soil quality and other land characteristics [10]. For
example, Lobell et al. (2005) [11] analyzed the effects of climate change on wheat yields in
an irrigated region of Mexico between 1980 and 2002 and found that at least 58% of wheat
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yield variability can be attributed to cooling of growing season nighttime temperatures.
Licker et al. (2013) [6] found wheat yields in Rostov, Russia, were strongly correlated with
May and June average temperatures, which could explain 49 and 16% of inter-annual yield
variability between 1973 and 2010, respectively, while in Picardy, France, wheat yields were
significantly impacted by November precipitation and minimum summer temperatures,
which explained 26 and 23% of inter-annual yield variability, respectively. In Australia,
climate trends were found to be responsible for 30 to 50% of the observed increase in wheat
yields between 1952 and 1996, with increases in minimum temperatures identified as being
the dominant influence [7]. However, past research has only considered the impacts of field
management measures, in particular fertilization, on the yield trends [7,9]. Less attention
has been paid to the potential contributions of the increasing level of fertilization to mitigate
the impact of climate change on wheat yields. In the last several decades, the amount of
fertilization has increased and fertilizer quality has been improved, which not only alters
the yield trends of wheat [12,13] but also might decrease the response of wheat yields to
climate change.

Wheat is one of the most important cereal crops in dryland regions [14]. Insufficient water
is the main limiting factor for wheat development [15]. Appropriate fertilization can promote
water uptake by wheat roots from deeper soil layers while maintaining more precipitation
in the soil profile, which increases water availability for wheat growth [16–18]. Therefore,
fertilization is one important measure to maintain high yields in dryland wheat. Although
the positive effects of fertilization on crop yields are significant, high levels of fertilization
do not always result in high yields because high levels of fertilization sometimes increase
the severity of crop water stress in severe dry years [19,20]. Therefore, investigating the
responses of wheat yield under different levels of fertilization to climate change is of
great importance.

Winter wheat (Triticum aestivum L.) is one of the main local food crops in the Loess
Plateau of China and accounts for 44% of the planted area [21,22]; increasing wheat yield is
an important goal to maintain local food supply. The site of this study is the southern Loss
Plateau, where many scholars have studied the effect of different fertilization treatments on
wheat yield [23–25] and the responses of wheat yield to climate change [26,27]. However,
whether wheat yields under different fertilization levels will respond differently to local
climate change is not known. In this study, we systematically compared the difference in
wheat yields under four fertilization treatments based on 35 years of in situ experimental
data (1985–2020) collected at the Changwu Agri-ecological Station on the Loess Plateau.
Stepwise regression analysis was used to identify the most relevant climate variables for
yield variation for each fertilization treatment and empirical regression equations were
developed to quantify the impact of climate trend on yield for each treatment. The objectives
of this study were to: (1) compare the difference in wheat yields under four long-term
fertilization treatments; (2) identify the major climate variables for yield variations for each
fertilization treatment; and (3) analyze the impact of climate trend on wheat yields.

2. Materials and Methods
2.1. Experimental Site and Meteorological Condition

This study was conducted from 1985 to 2020 at the Changwu Agri-ecological Research
Station (107◦41′ E, 35◦14′ N) in Shaanxi Province on the Southern Loess Plateau of China.
The experimental site is 1220 masl and flat. The climate is semi-humid. Average annual
precipitation was 575 mm from 1968 to 2020, with large inter-annual variability and uneven
seasonal distribution. The annual average temperature is 9.5 ◦C, with monthly averages
of −4.7 ◦C in January and 22.1 ◦C in July. The mean frost-free period is 194 days, average
annual solar radiation is 5266 MJ m−2, and potential evapotranspiration (PET) is 967 mm.
According to the FAO soil classification system, the soil at the experimental site is silty clay
loam with 8% sand, 70% silt, and 22% clay. The soil texture in the root zone is uniform and
loose and the soil bulk density ranges from 1.17 to 1.30 g cm−3. Groundwater level remains
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at a depth of about 80 m below soil surface, which precludes upward capillary flow into
the root zone.

2.2. Field Experiments

The experimental site is located at Shilipu Long-term Experimental Field of Changwu
Agri-ecological Research Station, which was established in 1984 and consists of 36 treat-
ments and 108 plots.

In this study, four different fertilization treatments of winter wheat were selected.
The experiment had a randomized complete block design with three replicates of four
fertilization treatments: (1) no fertilization as a control (CK), (2) chemical fertilization with
120 kg ha−1 N and 26.2 kg ha−1 P (NP), (3) manure fertilization with 75 t ha−1 (M), and
(4) chemical and manure fertilization with 120 kg ha−1 N, 26.2 kg ha−1 P, and 75 t ha−1 ma-
nure (NPM). The N and P contents in the manure were 1.164 and 0.611 g kg−1, respectively.
These fertilization treatments were determined based on the initial soil N and P content
and local fertilization practices [28]. The 12 plots were all 10.3 m long × 6.5 m wide, with
a 1.0 m buffer zone between each plot. All fertilizers were mixed and applied at sowing.
Winter wheat was sown annually from middle to late September at 163 kg ha−1 for each
treatment and harvested from late June to early July the year after. From 1985 to 2020, three
varieties of winter wheat were planted to improve wheat yield: Changwu 131 from 1985 to
1995, Changwu 134 from 1996 to 2011, and Changhang 1 from 2012 to 2020. For grain yield
determination, the plots were harvested by hand. During the fallow period of each year, all
plots were tilled by hand hoeing to a depth of 30 cm and kept bare.

After 35-year fertilization treatments, soil organic matter content, total N and P con-
tents and field capacity significantly increased in NP, M, and NPM treatments, while
soil bulk density increased in NP treatment and decreased in M and NPM treatments
(Table 1) [29,30].

Table 1. Changes in soil properties under different fertilization treatments before and after the
long-term experiment.

Soil Organic
Matter (g kg−1)

Soil Total N
(g kg−1)

Soil Total P
(g kg−1)

Bulk Density
(g cm−3)

Field Capacity
(cm−3 cm−3)

0–20 cm 0–40 cm
Before

experiment 10.4 0.8 0.66 1.35 0.281

Experiment
conducted for

35 a

NP 14.48 0.91 0.95 1.37 0.310
M 17.46 1.19 0.87 1.34 0.312

NPM 19.27 1.24 1.01 1.33 0.356

2.3. Climate Data

Daily meteorological data were obtained from a weather station located at the experi-
mental site. The monitored variables include precipitation, daily maximum temperature
(Tmax), daily minimum temperature (Tmin), relative humidity (RH), wind speed, sunshine
hours (SH), and radiation (after 1995). For this study, we calculated average Tmax, Tmin,
RH, and SH for each growing season of winter wheat from 1985 to 2020; cumulative values
of precipitation for each growing season (Pg), fallow period (Pf), and hydrological year
from July to June the year after (Py) were also calculated.

2.4. De-Trending Method

Inter-annual yield variations in crop yield are largely driven by climate [7,31–33], but
crop management improvements including updated varieties, fertilization, and biocide
application have contributed to crop yield increases in previous decades [34,35]. To evaluate
yield responses to inter-annual climate variations, the yield increase driven by technological
improvement needs to be excluded. The first-difference method has been widely used to
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remove the impacts of non-climatic factors [7,36–38]. The first difference is defined as the
yield difference between two successive years:

∆Yi = Yi −Yi−1, i = 1, 2, . . . n (1)

where ∆Yi is the first difference of yield and Yi and Yi−1 are the yields in the ith and (i−1)th
year, respectively. The same de-trending method was used for climate variables. The first
difference of Tmax (∆Tmax), Tmin (∆Tmin), RH (∆RH), SH (∆SH), Pg (∆Pg), Pf (∆Pf), and Py
(∆Py) from 1985 to 2020 were calculated. Then ∆Tmax, ∆Tmin, ∆RH, ∆SH, ∆Pg, ∆Pf, and
∆Py were used to evaluate the impacts of inter-annual climate variations on yield.

2.5. Statistical Analyses

Correlation analyses between ∆Y and ∆Tmax, ∆Tmin, ∆RH, ∆SH, ∆Pg, ∆Pf, and ∆Py
were performed using Pearson’s method and stepwise regression analysis was carried out
to evaluate all climate variables for their potential contributions to yield variation and
exclude the variables not statistically significant in a multiple regression model (p < 0.05).
Significant differences between means of treatments were determined by paired t-tests.
Multiple comparisons were tested by Duncan’s method at the p < 0.05 level. All statistical
analyses were conducted using SPSS 26.0 [39].

3. Results
3.1. Climate Variables during the Study Period from 1985 to 2020

The inter-annual variations and long-term trends of Tmax, Tmin, RH, SH, Pg, Pf, and Py
from 1985 to 2020 are shown in Figure 1. Tmax varied from 10.3 to 14.3 ◦C with a mean of
12.7 ◦C and presented a significant upward trend of 0.065 ◦C a−1 (Table 2). The variation
in Tmin was from −0.2 ◦C in 1996 to 2.9 ◦C in 2020, with a mean of 1.1 ◦C. Annual change
in Tmin was 0.053 ◦C a−1, with a significantly increasing trend. Different from Tmax and
Tmin, RH showed a significant downward trend with a slope of −0.189% per year. SH
varied from 4.3 h in 1985 to 8.0 h in 2020 with a mean of 5.8 h and a significant increasing
trend of 0.047 h a−1. The variations in Pg, Pf, and Py were 171.7–373.8, 140.2–608.8, and
318.4–890.5 mm with fluctuation ranges of 203.1, 468.6, and 572.1 mm, respectively. These
large variations indicate precipitation in the study area is unstable and the frequency of
severe dry years is about 20%. The annual changes in Pg, Pf, and Py were 0.683, 2.564, and
3.247 mm a−1, respectively, but the increasing trends were not significant (Table 2).

3.2. Wheat Yields under Different Fertilization Treatments

Variations in wheat yield under different fertilization treatments from 1985 to 2020
are shown in Figure 2, with associated statistical parameters given in Table 3. Compared
to CK, yield increased with the level of fertilization (i.e., M < NP < NPM) and the means
of all treatments during the study period were significantly different from one another
(Table 3). On average, NPM, NP, and M increased wheat yield by 201.9, 161.7, and 130.6%,
respectively, compared to CK. During the study period, the slope of yield versus time
for the CK treatment was not significantly different from zero, while wheat yields for the
NPM, NP, and M treatments had significantly increasing trends. The average increase rate
was 56.5, 70.8, and 50.7 kg·ha−1·a−1 for NPM, NP, and M, respectively. Among the three
fertilization treatments, M treatment had the largest potential to increase yield and the
differences in yield between M vs. NPM and M vs. NP generally decreased during the
latter years of the study period.
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Figure 1. Variations in average maximum and minimum temperatures (Tmax and Tmin), relative
humidity (RH), sunshine hours (SH), and precipitation (Pg) during the growing season, precipitation
during the fallow period (Pf), and total precipitation in hydrological year (Py) from July to June the
year after from 1985 to 2020.

Table 2. Estimated regression parameters of Tmax, Tmin, RH, SH, Pg, Pf, and Py vs. time (Tmax, the
maximum temperature; Tmin, the minimum temperature; RH, relative humidity; SH, sunshine hours;
Pg, precipitation during the growing season; Pf, precipitation during the fallow period; and Py, total
precipitation in hydrological year from July to June the year after).

Climate
Variable Slope Standard

Error T Value R2 p Value

Tmax (◦C) 0.065 0.012 5.66 0.485 <0.0001
Tmin (◦C) 0.053 0.009 5.87 0.504 <0.0001
RH (%) −0.189 0.061 −3.13 0.224 <0.0036
SH (h) 0.047 0.011 4.21 0.343 0.0002

Pg (mm) 0.683 0.919 0.74 0.016 0.463
Pf (mm) 2.564 1.652 1.55 0.066 0.1299
Py (mm) 3.247 1.869 1.74 0.082 0.0914

Values of standard deviation (STD) for the NPM, NP, and M treatments also increased
compared to CK by an average of 191.2, 149.3, and 144.2%, respectively. The increase in
the STD of yield with the level of fertilization indicates that the response of wheat yield to
inter-annual climate variations is more sensitive for high-fertilization treatments. In dry
years, high yield could not be achieved with high fertilization, whereas in wet years, the
higher fertilization treatments produced greater yield. For example, in the drier growing
seasons of 1992, 1995, 1996, 2007, and 2013, very small differences in yield were observed
across the three fertilization treatments. However, larger differences were observed for the
wetter growing seasons of 1989, 1993, 2012, 2014, and 2018 (Figure 2).
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Figure 2. Variation in precipitation during the growing season and winter wheat yield under different
fertilization treatments from 1985 to 2020.

Table 3. Statistical parameters of winter wheat yield under different fertilization treatments.

Treatments Mean (kg ha−1) Maximum (kg ha−1) Minimum (kg ha−1) STD (kg ha−1) Slope of Yield vs. Time
(kg ha−1 a−1)

NPM 4494.9 d 7849.0 1350.0 1533.7 50.7 *
NP 3895.3 c 6971.3 2345.5 1312.6 56.5 *
M 3432.4 b 6771.3 1280.0 1285.8 70.2 *
CK 1488.7 a 2916.2 710.0 526.6 −2.5

(1) Different letters within a column indicate significant differences at p < 0.05; (2) STD, standard deviation;
(3) * slope of yield vs. time was significant at p < 0.05.

3.3. Relationship between Wheat Yield and Climate Variables

Correlations between year-to-year changes in wheat yield (∆Y) and climate variables
(∆Tmax, ∆Tmin, ∆RH, ∆SH, ∆Pg, ∆Pf, and ∆Py) under different fertilization treatments are
shown in Table 4. ∆Y under all treatments is positively correlated with ∆RH, ∆Pf, and
∆Py and negatively correlated with ∆Tmax. For the NPM treatment, ∆Y is also positively
correlated with ∆Pg. This indicates high temperature and low rainfall are not conducive
to good wheat yields. The climate variables that significantly affect wheat yields are
roughly the same for the four fertilization treatments, but to varying degrees. For the NPM
treatment, ∆Y is most correlated with ∆Py (r = 0.556); for the NP treatment, ∆Y is most
correlated with ∆RH (r = 0.533); and for the M and CK treatments, ∆Y is most sensitive to
∆Tmax (r = −0.523 and −0.542, respectively). Among the different climate variables, ∆Pg is
negatively correlated with both ∆Tmax and ∆SH.
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Table 4. Pearson correlation matrix of ∆Y and climate variables ∆Tmax, ∆Tmin, ∆RH, ∆SH, ∆Pg, ∆Pf,
and ∆Py under different fertilization treatments (* p < 0.05; ** p < 0.01) (*∆Tmax, ∆Tmin, ∆RH, ∆Pg,
and ∆SH are the first difference in average maximum temperature, average minimum temperature,
relative humidity, precipitation, and sunshine hours during the growing season. ∆Pf and ∆Py are the
first difference in precipitation during the fallow period and hydrological year from July to June the
year after).

Treatment ∆Y (kg ha−1) ∆Tmax (◦C) ∆Tmin (◦C) ∆RH (%) ∆SH (h) ∆Pg (mm) ∆Pf (mm) ∆Py (mm)

∆Y
(kg

ha−1)

NPM 1 −0.494 ** 0.100 0.519 ** −0.258 0.400 * 0.464 ** 0.556 **
NP 1 −0.407 * 0.089 0.533 ** −0.265 0.205 0.368 * 0.396 *
M 1 −0.523 ** −0.034 0.427 * −0.244 0.320 0.342 * 0.420 *
CK 1 −0.542 ** −0.086 0.511 ** −0.232 0.192 0.347 * 0.372 *

∆Tmax (◦C) - 1 0.389 * −0.543 ** 0.629 ** −0.612 ** −0.235 −0.447 **
∆Tmin (◦C) - - 1 0.224 0.051 −0.057 0.299 0.231
∆RH (%) - - - 1 −0.226 0.461 ** 0.123 0.291
∆SH (h) - - - - 1 −0.445 ** −0.298 −0.434 **

∆Pg (mm) - - - - - 1 0.166 0.546 **
∆Pf (mm) - - - - - - 1 0.917 **
∆Py (mm) - - - - - - - 1

Table 5 shows the stepwise regression analyses for ∆Y and the de-trended climate
variables for each fertilization treatment. ∆Y in the NPM treatment is primarily determined
by ∆Py and ∆RH, which contribute to 45% of the variation. In the NP treatment, ∆Pf and
∆RH cause 38% of the variation in wheat yield. In the M and CK treatments, ∆Y has a
significantly negative relation with ∆Tmax, explaining 27 and 29% of the inter-annual yield
variability, respectively. Therefore, the impact of inter-annual climate variations on wheat
yield increases with the level of fertilization.

Table 5. Results of stepwise regression analysis between ∆Y (kg ha−1 a−1) and climate variables of
∆Tmax, ∆Tmin, ∆RH, ∆SH, ∆Pg, ∆Pf, and ∆Py for different fertilization treatments. (∆Tmax, ∆Tmin,
∆RH, ∆Pg, and ∆SH are the first difference in average maximum temperature, average minimum
temperature, relative humidity, precipitation, and sunshine hours during the growing season. ∆Pf

and ∆Py are the first difference in precipitation during the fallow period and hydrological year from
July to June the year after).

Treatment Stepwise Regression Equation R2 p Value

NPM ∆Y = 101.23 + 171.08∆RH + 5.40∆Py 0.449 <0.0001
NP ∆Y = 78.17 + 182.93∆RH + 3.72∆Pf 0.377 0.0005
M ∆Y = 126.75 − 854.30∆Tmax 0.274 0.0013
CK ∆Y = 11.24 − 404.73∆Tmax 0.294 0.0008

3.4. Effect of Long-Term Climate Trend on Yields under Different Fertilization Treatments

Table 6 shows the long-term trends from 1985 to 2020 in major climate variables and
their effects on yield change for each fertilization treatment. The individual impact of each
climatic variable on yield was calculated by multiplying the trend in that variable (Table 2)
by the yield response computed in Table 5. In the study area, Tmax shows a significantly
increasing trend of 0.07 ◦C a−1; RH significantly decreases by 0.19% a−1; Py and Pf increase
by 3.25 and 2.56 mm a−1, respectively, but these increases are not significant. For the
NPM and NP treatments, the RH trend has a negative impact on yield increase, while Py
and Pf trends have positive impacts on yield increase. For the M and CK treatments, the
Tmax trend has a negative impact on yield change. The long-term trends in major climate
variables RH and Py result in yield decreases of 14.8 ± 16.8 kg ha−1 a−1 for the NPM
treatment and 25.5 ± 14.2 kg ha−1 a−1 for the NP treatment. For the M and CK treatments,
the long-term trend in Tmax decreased yield by 55.5 ± 15.8 and 26.3 ± 7.1 kg ha−1 a−1,
respectively (Table 6). The long-term trend in climate change has a negative impact on yield
and results in decreases of 0.3, 0.7, 1.6, and 1.8% for the NPM, NP, M, and CK treatments,
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respectively. The impact of the long-term trend in climate decreases with increasing levels
of fertilization.

Table 6. Observed trends in growing season climatic conditions and their estimated impact on yield
(1985–2020) (∆Tmax and ∆RH are the first differences in average maximum temperature and relative
humidity during the growing season. ∆Pf, and ∆Py are the first differences in precipitation during
the fallow period and hydrological year from July to June the year after. The relative impact is equal
to the sum of estimated yield impact divided into the mean in Table 3).

∆Tmax ∆RH ∆Py ∆Pf
Sum

(kg ha−1 a−1)
Relative

Impact (%)Climate Trend 0.07 (◦C a−1) −0.19 (% a−1) 3.25
(mm a−1)

2.56
(mm a−1)

Estimated
yield impact
(kg ha−1 a−1)

NPM - −32.3 ± 11.3 17.6 ± 5.4 - −14.8 ± 16.8 −0.3
NP - −34.6 ± 9.8 - 9.5 ± 4.4 −25.5 ± 14.2 −0.7
M −55.5 ± 15.8 - - - −55.5 ± 15.8 −1.6
CK −26.3 ± 7.1 - - - −26.3 ± 7.1 −1.8

4. Discussion
4.1. Wheat Yields under Different Fertilization Treatments

Fertilization is an important agronomic measure to increase crop yields [40–43]. In our
study, NPM, NP, and M treatments, respectively, increased wheat yields by 201.9, 161.7,
and 130.6% compared to the CK treatment during the study period (1985–2020). Because
the initial soil N and P contents and organic carbon (SOC) were low (Table 1), soil nutrients
and SOC were gradually consumed in large quantities during the long-term growth of
crops. Additional artificial fertilization can compensate for the deficiency in soil nutrients
and SOC, thereby affecting the growth and development of crops and frequently increasing
crop yield. Chemical fertilizer can provide quick-acting nutrients to rapidly promote crop
growth, while manure not only directly increases soil carbon but also indirectly increases
long-term SOC due to the decomposition of crop residues and litter, which can broadly
regulate soil nutrients and the soil micro-environment [44], thereby positively affecting crop
yield. Compared to the sole application of chemical fertilizer or manure, the combination
of chemical fertilizer and manure allows available soil nitrogen, which is the most critical
nutrient affecting wheat yield [45], to accumulate and, thus, sustainably increase crop
yield [46]. In addition to increasing soil nutrient availability, the combination of chemical
fertilizer and manure also alleviates soil acidification, increasing the soil pH to provide
a favorable environment for wheat growth, which, in turn, improves wheat yield [47].
This rationale explains why the yield increase under the NPM treatment in the present
experiment was the largest.

Chemical fertilizer and manure both increase cumulative soil carbon and nitrogen
pools with an increasing number of fertilization years [48]. Although the yield under the
M treatment did not significantly increase in the early stages of fertilization, it rapidly
increased in later years and the gap between the yields of the M treatment and the NP
and NPM treatments gradually narrowed; this indicates the effect of manure on wheat
yields reflects hysteresis. Lin et al. (2009) [49] showed that yields with chemical fertilizer
are higher in the early stages of long-term fertilization than those with long-term manure
application; however, the yield with manure reached or exceeded the yield with chemical
fertilizer in the later stage of their experiment. This is because the nutrients provided by
chemical fertilizer can almost immediately be absorbed and utilized by crops, while manure
first requires mineralization and decomposition by microorganisms and biological enzymes
to release nutrients. Although only a small portion of the nutrients provided by manure
can be directly utilized by crops and most of the nutrients are released slowly [50], manure
is more effective than chemical fertilizer in improving soil fertility [51]. This rationale
explains why, for the M treatment, the yield increase gradually rose and average rate of
increase was the highest overall.
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All of the fertilization treatments increased wheat yield variability. Compared to
the CK treatment, the NPM, NP, and M treatments increased the STD by an average of
191.2, 149.3, and 144.2%, respectively. In the rain-fed conditions, precipitation was the only
source of water for crop growth. The increase in wheat yield promoted by fertilization
always requires the consumption of more water, which is provided by soil water storage
at planting [28]. High rates of fertilization will increase rooting depth [18,19] and make
more water available for crop use. However, this increased rooting depth can only be
effective in mitigating mild water stresses when replenishment of soil water during the non-
growing season is sufficient. Under conditions of low soil water levels, increased rooting
depth cannot completely compensate for increased transpiration demand. Therefore, high
yields could not be obtained in the dry years of 1992, 1995, 1996, 2007, and 2013 for
fertilized treatments (Figure 2). Similar results were observed by Frederick and Camberato
(1994) [52], who note a decrease in economic return during dry years for treatments with
high fertilization. This rationale explains why wheat yield variability in our study increased
with the level of fertilization.

4.2. Climate Variables and Their Relationships with Yield Variations under Different
Fertilization Treatments

Inter-annual variability in crop yields is well known to depend on climate variables [7,31].
Our results show ∆Y for each treatment is positively correlated with ∆RH, ∆Pf, and ∆Py,
negatively correlated with ∆Tmax, and not significantly correlated with ∆Tmin or ∆SH
(Table 4). The correlations of ∆Y with ∆Py and ∆Tmax are consistent with previous studies
conducted with wheat in Australia [7,53] and the correlation between ∆Y and ∆RH is
consistent with a previous study by Homayoun et al. (2021) [54] for winter wheat in Iran.
Lobell et al. (2005) [11] showed that ∆Tmin is a major factor contributing to wheat yield
increase, with a negative effect on wheat yield variations for irrigated systems in Mexico,
while Wang et al. (2015) [7] showed that ∆Tmin is a positive factor on wheat yield variations
in rain-fed environments in Australia. However, in our study, ∆Y is not significantly
correlated with ∆Tmin for any of the treatments. In the study area, non-growing season
rainfall accounted for 70% of the annual precipitation and can contribute to stored soil
water at the end of summer that can be used by winter wheat. Non-growing season rainfall
plays an important role in winter wheat yield variation. Wang et al. (2015) [55] studied
the contribution of non-growing season rainfall to winter wheat water and nitrogen use
efficiencies and showed 51.8–67.4% of water consumption by winter wheat in dry growing
seasons is provided by pre-growth season rainfall. This rationale explains why ∆Y for each
treatment is significantly correlated with ∆Pf. With the exception of the NPM treatment, ∆Y
is not significantly correlated with ∆Pg; this is attributed to growing season precipitation
not following any trend during the study period.

Notably, the impacts of ∆Tmax, ∆RH, ∆Pg, ∆Pf, and ∆Py on yield variation are in-
teractive [7,11,53]. For example, in our study, ∆RH has a positive effect on ∆Y due to a
strong positive correlation between ∆RH and ∆Pg (Table 4). Here, we assume ∆RH effects
on ∆Y can be attributed to Pg variation, suggesting an indirect impact of growing season
precipitation on yield variation. In addition, ∆RH is strongly negatively correlated with
∆Tmax (Table 4) and might be a proxy for the effect of Tmax on yield variation. The different
fertilization treatments significantly impacted winter wheat yields (Table 3) and frequently
resulted in different levels of water use (Pf and Pg) [28,55], which ultimately affected the
stepwise regression equations between ∆Y and climate variables (Table 5); climate variables
∆RH and ∆Py are employed in the NPM equation, ∆RH and ∆Pf in the NP equation, and
only ∆Tmax in the M and CK equations. However, this does not mean ∆Tmax had no signifi-
cant impact on ∆Y for the NPM and NP treatments and precipitation had no significant
impact on ∆Y for the M and CK treatments. For the NPM and NP treatments, ∆Tmax was
not identified as a significant factor affecting ∆Y, probably because its impact was largely
accounted for by ∆RH due to the correlation between the two variables (Table 4). For the
M and CK treatments, ∆Pg, ∆Pf, and ∆Py were not identified as significant factors affecting
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∆Y, probably because the impact of precipitation was largely accounted for by ∆Tmax due
to the correlation between ∆Tmax and ∆Py. In addition, less stored soil water would have
been consumed less by crops with M and CK treatments than that with NPM and NP
treatments, so the soil water storage at harvest would have been greater for the M and
CK treatments than for NPM and NP treatments [28], resulting in their yields being less
dependent on precipitation variables (Table 4). Overall, the responses of the M and CK
treatments to inter-annual climate variations were around one-third lower than for the
NPM and NP treatments. This indicates the influence of inter-annual climate variations on
winter wheat yield increases with increasing levels of fertilization.

4.3. Effect of Long-Term Climate Trend on Yields under Different Fertilization Treatments

The impact of climate trends on crop yields is profound and non-negligible.
Wang et al. (2015) [7] found climatic trends increased wheat yield by 8.5 to 21.2% in
four different climatic regions of New South Wales, Australia, over the last 78 years. How-
ever, Licker et al. (2013) [6] analyzed the climatic impacts on winter wheat yields in Picardy,
France, and Rostov, Russia, from 1973 to 2010 and found climatic trends caused an 11%
decrease in winter wheat yield in Picardy but had no significant impact in Rostov. There-
fore, the impact of climate trends on winter wheat yields appears to vary with climatic
zone [6,11,33]. In this study, the long-term climate trends had a negative impact on wheat
yield under all four treatments. For the NPM and NP treatments, Py and Pf trends were
not significant but their slight increasing trends still had a positive effect on yields; in
contrast, the markedly decreasing trend in RH reduced yields. Homayoun et al. (2021) [54]
also demonstrated a positive relationship between wheat yield and humidity trend under
rain-fed conditions. For the M and CK treatments, the significant upward trend in Tmax
reduced yields. You et al. (2009) [56] found a 1% increase in growing season temperature
reduced wheat yield by about 0.5%. Although long-term climate trends in the study area
negatively impacted wheat yield for each treatment, the magnitude of the impact was low.
The climate trend only resulted in yield decreases of 0.3, 0.7, 1.6, and 1.8% for the NPM, NP,
M, and CK treatments, respectively.

The impact of long-term climate trends on winter wheat yields decreased with in-
creasing levels of fertilization. Fertilization could improve crop response to long-term
climate change to a certain extent and decrease the sensitivity of crop production to climate
change. A study by Chen et al. (2018) [12] shows inorganic and organic fertilizers can both
reduce the influence of climate change on crop yield compared to no fertilizer treatment;
they attributed this effect to improved soil fertility. Poor soil fertility brought about poor envi-
ronmental services, which compounded the negative impacts of climate change. In addition,
the warming trend resulted in soil carbon loss and soil organic matter decay [57], which were
improved by fertilization. In the present study, the response to climate trends was greater
for the M treatment than for the other fertilization treatments. This dependence might be at-
tributed to the influence of temperature on soil nutrient release from organic amendments [58]
and the unfavorable effects would be mitigated by chemical fertilizer addition.

However, our study did not take into account adaptation measures that may occur
under long-term climate change, suggesting that our approach only estimated the actual
impact of climate trend on wheat yield under different fertilization treatments. The interac-
tions of different climate variables and their impacts on wheat yield were not considered
in our approaches. In addition, the climate change was divided into inter-annual climate
variations and long-term climate trend and the comprehensive impact of climate change
on wheat yield for each treatment was not given in this study. In future research, the
interaction of climate variables and the comprehensive impact of climate change on wheat
yield need to be studied.

5. Conclusions

A 35-year in situ experiment of winter wheat was conducted on the Loess Plateau of
China to investigate the responses of wheat yield under different fertilization treatments to
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climate inter-annual variability and long-term trends. The following conclusions can be
drawn from the study results:

(1) Fertilization treatments increased wheat yield and yield variability. Compared to the
CK treatment, NPM, NP, and M treatments increased wheat yield by an average of
201.9, 161.7, and 130.6%, respectively, and increased the STD by an average of 191.2,
149.3, and 144.2% during the study period (1985–2020), respectively.

(2) Tmax, Tmin, RH, and SH showed significant trends in the study area, but precipitation
did not. Wheat yields in all treatments were positively correlated with RH, Pf, and Py
and negatively correlated with Tmax (p < 0.05 for all). For the NPM treatment, yield
was also positively correlated with Pg (p < 0.05).

(3) Climate inter-annual fluctuations explained 45, 38, 27, and 29% of the yield variation
for the NPM, NP, M, and CK treatments, respectively, which shows the impact of
inter-annual climate variations on wheat yield increases with level of fertilization.

(4) The 35-year climatic trends contributed to wheat yield decreases of 0.3, 0.7, 1.6, and
1.8% for the NPM, NP, M, and CK treatments, respectively, which indicate fertilization
decreases the sensitivity of wheat yield to climate trend changes.
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