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Partial Least Squares Regression for Determining Factors
Controlling Winter Wheat Yield
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ABSTRACT

Wheat (Triticum aestivum L.) yield is influenced by many inde-
pendent factors including precipitation, fertilization, soil nutri-
ents, and crop variety. Due to high correlations of these factors,
itis difhicult to analyze their relative importance on wheat yield.
This study quantified the effects of independent factors on
wheat yield and identified the most important control factors
through a long-term experiment on the Loess Plateau, China.
The experiment consisted of 17 treatments, including five dif-
ferent levels of N and P fertilizer. Partial least squares regression
(PLSR) was used to evaluate the factors on wheat yield in four
variety groups- Qinmai4 (1985-1986), Changwul31 (1987-
1996), Changwul34 (1997-2015), and 31-yr planting across
the three varicties (1985-2015). Variable importance in projec-
tion (VIP) value revealed that N fertilizer had the greatest effect
on wheat yield in all four groups (VIP = 1.266-2.313). The sec-
ond most important factors were climate factors for Qinmai4
(VIP = 1.060), precipitation (February, annual, and fallow
season) for Changwul31 (/] = 0.335-0.351, VIP = 1.381-
1.474), and soil nutrients (total nitrogen [TN], soil organic mat-
ter [SOM], and available potassium [AK]) for Changwul34
(W, =-0.231-0.514, VIP = 1.084-2.317). When tested across
varieties, TN and SOM were the second most important fac-
tors for 31-yr planting (i, = 0.455 and 0.313; VIP = 1.908 and
1.370, respectively). These results indicate that PLSR can reveal
the control factors on wheat yield in the study area and provide
a reference tool for analyses in other crops or areas.

Core ldeas

* Importance of factors on wheat yield was tested by partial least
squares regression.

* Nitrogen fertilizer was the most important factor on wheat yield
in all four groups.

e Climate factors, precipitation, and soil nutrients were also major
control factors.

* Partial least squares regression is a useful tool to reveal the con-
trol factors on wheat yield.
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O MEET GROWING DEMAND for food and feed,

global food production is expected to increase by 60 to

110% between 2005 and 2050 (Pradhan et al., 2015).
Wheat is the third most-produced cereal crop in the world,
and therefore improving its yield may be important in dealing
with the increase in global population and decrease in arable
land resources (Lu and Fan, 2013; Tilman et al., 2011). Wheat
yield is influenced by various factors such as climate conditions,
soil properties, crop variety, and field management (Hu et al.,
2016). Assessing the relative importance of different factors on
wheat yield is essential for sustainable agriculture.

Wheat yield increases can be attributed to a combination of
precipitation, temperature, variety, fertilizer, planting duration,
and other management practices (Carew et al., 2009; Chen et al,,
2015). Wheat yield responses have been related to the interaction
between water and N, in which higher uptake of N is critical for
capturing the benefits of additional summer water (Sadras et al.,
2012). Temperature, especially accumulated temperature, has
been shown to impact crop growth, including the phenological
development of wheat (Salazar-Gutierrez et al., 2013). A study
found that two durum wheat varieties produced different grain
yields at the Tal Amara Research Station in the central Bekaa
Valley of Lebanon under rain-fed conditions; however, the effect
of variety on yield was less than those of irrigation and N (Karam
etal,, 2009). Yang et al. (2011) found that soil organic C and
wheat yields significantly increased under long-term fertilization
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with chemical fertilizers (N, P, and K) with or without manure.
Owing to the high correlations of different factors, it remains
difficult to identify the most important control factors affecting
wheat yield and assess their relative long-term contributions.

Many researchers approach this problem using single-corre-
lation analyses or multiple regressions with stepwise-selection
techniques between wheat yield and its control factors (Carew
ctal., 2009). Kraaijvanger and Veldkamp. (2015) found that
with management practice, altitude, and N fertilizer as inputs,
alinear regression model explained 56% of the total variance
on wheat grain yields of 16 selected farmer groups of wheat in
Tigray, northern Ethiopia. Awan et al. (2015) used a multivari-
ate analysis to determine characteristics for grain yield selection
in wheat. A canonical correlation analysis was used by Qian
etal. (2009) to describe the joint variability of water-related
indices associated with regional spring wheat yields. These
studies enable researchers to understand the complex ways in
which climate, soil, and management influence wheat yield.
However, these statistical approaches face difficulties when
control factors are highly correlated, as this can result in redun-
dancy (Fang et al., 2015). Therefore, caution must be taken in
the analysis of control factors on wheat yield, particularly when
establishing relationships between wheat yield and its control
factors using the above metrics (Nuttall et al., 2003).

Using techniques based on multivariate statistical projections
can overcome the limitations of traditional multivariate regres-
sion approaches when presented with multi-collinear and noisy
data (Shi etal.,, 2013). An example is PLSR, which combines and
generalizes features from principal component analysis and mul-
tiple linear regression (Abdi, 2010). The PLSR was used to ana-
lyze chemical data in the carly 1980s, and its use has increased
since then (Carrascal et al,, 2009). Zhang et al. (2015) found that
PLSR can provide an unbiased view of the relationship between
the predictors and the response variables. However, the use of
PLSR in the study of crop yields has mostly been restricted to
predicting the effects of leaf area index and wavelength on the
growth of winter wheat (Li et al., 2016; Sharabian et al,, 2014).
It is unclear whether PLSR can be used to quantify the relative
importance of other factors including climate conditions, soil
properties, crop variety, and field management on wheat yield.

The semiarid Loess Plateau is a large rain-fed region in
China, where crop yields are mainly controlled by precipita-
tion and fertilizer, and to a lesser extent by field management,
soil properties, and crop variety (Fan et al., 2005; Guo et al.,
2012; Liu et al., 2013). On the basis of previous studies, further
research is needed to quantify the exact contributions of these
factors to wheat yield in this region. Using PLSR to evaluate
the control factors on wheat yield can eliminate the colinearity
between independent variables and therefore accurately quantify
the relationship between independent and dependent variables.

In this study, we evaluated the effects of climate, fertilizer,
soil nutrients, and crop variety on winter wheat yield by exam-
ining their relative importance in a long—term experiment on
the Loess Plateau, China. The objectives of this study were
to quantify the effects of different factors and identify the
most important control factors affecting winter wheat yield.
Addressing these objectives will improve the understanding of
how different factors affect wheat yield and help select appro-
priate variables to predict the yield in a semiarid region.

MATERIALS AND METHODS
Experimental Site and Design

The long-term experiment started in September 1984 at the
Key State Agro-ecological Experimental Station in Changwu
County, Shaanxi Province, China (35°12' N, 107°40” E;

1220 ma.s.l.), in the southern part of the Loess Plateau (Wei
etal., 2006). Based on climate data from 1984 to 2015, annual
mean precipitation at the site is 574.6 mm, annual mean fallow
season precipitation (July-September) is 310.8 mm, and annual
mean temperature is 9.5°C. Records indicate that the experi-
mental site has been cultivated with winter wheat for several
centuries. The soil is classified as an aridic and loamy Cumulic
Haplustoll (Heilu soil in the Chinese taxonomic system) devel-
oped from loessial deposits (Wei et al., 2006). The surface soil
(0-20 cm) at the start of the experiment in 1984 contained 24%
clay (<0.002 mm), 13.0 cmol kg™! cation exchange capacity
(CEC), 10.5 gkg™' SOM, 0.8 gkg™! TN, 37 mgkg ™! alkaline
dissolved N, 0.7 gkg™! total phosphorus (TP), 3.0 mg kg™! avail-
able phosphorus (AP), and 129.3 mg kg™! available potassium
(AK). The surface soil had a pH of 8.3, and electrical conduc-
tivity of 110 us cm™1. In September 2014 before sowing, the

soil pH reached 8.25 to 8.38, with 11.29 to 14.01 gkg™! SOM,
0.85-1.04 gkg™! TN, 4.14-43.02 mgkg™! AP, and 123.17 to
158.15 mgkg™! AK in the 17 different treatments. These physi-
cochemical properties were analyzed using standard soil testing
procedures (Bao, 2000).

The effects of fertilizers on winter wheat yield were tested in
the long-term experiment consisting of 17 different treatments,
including five levels of N (urea, 46% N) and P (calcium triple
superphosphate, 46% phosphorus pentoxide (P,O5); Table 1)
in different combinations. Experimental plots (5.5 by 4.0 m)
were arranged at random in a complete block design, with three
replicates. Fertilizers were broadcast on the soil surface as a basal
dressing and plowed into the top 20 cm of soil in mid-September
each year. Varieties of winter wheat changed over time. Here

Table |. Fertilizer levels in the long-term experiment.

Treatment} N P,O¢
kg ha™!
CK 0 0
Pgo 0 90
Plso 0 180
NysPys 45 45
N4sPgo 45 90
NysP i35 45 135
Ngg 90 0
NooP4s 90 45
NgoPoo 90 90
NgoP 35 90 135
NyoP 80 90 180
N 35Py4s 135 45
N 35P90 135 90
N;35P) 35 135 135
N g0 180 0
N 80P9o 180 90
N, g0P 180 180 180

1 CK: unfertilized control; P, : application of n kg ha™! P,Oc; N, : application
of mkgha™' N; and NP application of m kg ha~' N plus'n kg ha™" P,O;s.

282 Agronomy Journal ¢ Volume |10, Issue | « 2018



we selected three varieties that have been widely planted in

the area historically: Qinmai4 (Qy) in 1984 and 1985 (sowing
time), Changwu131 (C,) in 1986 to 1995 (sowing time), and
Changwul34 (C,) in 1996 to 2014 (sowing time). A fourth
group was formed by a combination of Q, C;, and C,, namely
31-yr planting across the three varieties. The plots were harrowed,
and winter wheat was sown at 180 kg seeds ha™1, with 20-cm
intervals between rows. Sowing took place in late September
each year and the crop was harvested in half of each plot (11 m?)
by hand at the end of the following June. The plots were not
irrigated and were plowed to a depth of 20 cm in July. The field
was then left fallow from July to September to store water for the
next sowing. Crop cultivation and field management, including
pest and weed control, followed local farming practices.

Wheat was harvested each year from the central half of each
plot when the aboveground biomass reached physiological
maturity in July. The grains were oven-dried at 60°C for 48 h
and then weighed for dry weight (precision: 0.01 g).

Data Collection and Processing

Climate data were obtained from the Changwu
Meteorological Station, approximately 2 km from the experi-
mental site. Precipitation in the experimental site was classified
as growing-season precipitation (GSP), fallow-scason precipita-
tion (FSP), and annual precipitation (AnP) based on the winter
wheat growing season. The GSP falls during the crop season
from October to the following June. The FSP falls between
successive crops from July to September. The AnP is the sum
of GSP and FSP. Growing degree days (GDD) was calculated
with accumulated daily mean temperature above 0°C during
the wheat growing period (Fan et al., 2015). Total radiation
solar (Rs) was calculated according to the Angstrom empirical
equation (Angstrom, 1924):

Rs=R__ (a,+b xn/n) [1]

max (

where Rs is the total radiation solar (MJ m™2), R __is the
astronomical solar radiation (MJ m~2), a and b are empirical
coeflicients, given by the FAO as 2, = 0.25 and b = 0.50 for the
Loess plateau, 7 is the duration of sunshine hours according to
the meteorological station, and 7’ is the number of hours between
sunrise and sunset, which is longitude and latitude dependent.

Prior to analysis, variety as a categorical variable was con-
verted to a “dummy” variable, namely a numerical variable that
usually represents a binary categorical variable. In the experi-
ment, there were three varieties, Q4, C;, and C . Here we used
“1” for Q, and “0” for the other varieties in 1985-1986 (har-
vesting time), “1” for C, and “0” for the other varieties in 1987
to 1996 (harvesting time), and “1” for C, and “0” for the other
varieties in 1997 to 2015 (harvesting time).

Partial Least Squares Regression Analysis

The PLSR is an extension of multiple regression analysis
which evaluates the effects of linear combinations of several
predictors on a response variable (Carrascal et al., 2009; Fang
etal,, 2015; Shi et al., 2013; Zhang et al., 2015). This technique
can be used to determine the relationship between two sets
of variables, the matrix X»2 x », which consists of 72 variables
(columns) and 7 objects (rows), and a response vector ¥z x 1.

The PLSR identifies a few linear combinations of the original x
values that describe most of the inherent variable. Here PLSR
was conducted using wheat yields for Q, C,, C, and 31-yr
planting across the three varieties as the dependent variables,
and fertilizer, climate factors, and soil nutrients as the inde-
pendent variables. In this study, we performed PLSR analysis
according to Shi et al. (2013).

Cross-validation was used to determine the number of sig-
nificant PLSR components and computed using

0%= 1.0 - PRESS/SS [2]

chum: 1.0 —p (PRESS/SS), (@a=1,2 ... m) [3]
where Q7 i the fraction of the total variation in the dependent
variables that can be predicted by the component, chu o, is the
cumulative Q2 over all the selected PLSR components, PRESS
is the prediction error sum-of-squares, SS is the residual sum of
squares, and 7 is the number of PLSR components. The model
exhibits good predictive ability when chum is greater than 0.5.
Not all variables need to be included in a PLSR model and redun-
dant variables can lead to PLSR models with low statistical signifi-
cance. To obtain an optimal model, a simulation was performed
using the PLSR model with all predictor variables, followed by a
series of simulations in which PLSR analyses were performed, each
with a variable eliminated. The PLSR model exhibiting the largest
Q2. was selected as the optimal PLSR model.

Root mean square error of prediction (RMSEP) was calculated
to provide useful information for calibrating and developing the
regression model, using the following equation:

z (,yi,prcdictcd - yi,mcasurcd )2 [4]
RMSEP =4 |-

n

where 7 is the total number of data, and y; predicred andy; - ooured
and represent the simulated and measured values, respectively.

The relationship between wheat yield and its control factors was
inferred from the weight and the regression coefficient (RC) of
individual factors in the group comprising the most explanatory
components (Carrascal et al., 2009; Fang et al., 2015; Shi et al,,
2013; Zhangetaal., 2015).

The variable importance in projection (VIP) was calculated to
quantify the importance of a predictor for the independent vari-
ables according to Mechmood et al. (2012):

C SSa(wa'/|wa )2
VIP, = [py ——

o=l i SS,
a=1

where p is the number of variables, S is the sum of squares
explained by the ath component. Hence, the weight of VIP. is
ameasure of the contribution of each variable according to the

5]

)2

variance explained by each PLSR component where (w,; /
represents the importance of the j-th variable. Higher VIP
values correspond to greater relevance for the dependent vari-

w(l

able. Factors with VIP > 1 are considered to be important
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predictors, whereas those with VIP < 1 are of minor impor-
tance (Onderka et al., 2012).
The coeflicient of variation (CV) was calculated using

(Chloupek et al., 2004):
CV (%) = 100 x SD/Mean [6]

where SD is the standard deviation, and Mean is the average
value of each variable used in the PLSR model, for example,
wheat yield, AnP, FSP, and so on. CV > 100% indicates high
variation, 10% < CV < 100% indicates moderate variation, and
CV < 10% indicates low variation (Wang et al., 2016).

Data were analyzed using SIMCA-P Demo 11.5 (Umetrics,
Malmé, Sweden) and SPSS 18.0 (SPSS Inc., Chicago, IL).

RESULTS

Multi-Collinearity Diagnosis between
Precipitation and Wheat Yield
In the multi-collinearity diagnosis, significant collinearity

was found between precipitation and wheat yield. The correla-
tion coefhicients showed zero tolerance for AnP, GSP, and FSP
in most cases. For variety Qy, the tolerance was zero for all of
the variables. For variety C,, the variance inflation factor (VIF)
value was highest for P (17.348), followed by FSP (13.907), P,
(9.013), and P (5.232); VIFs ranged from 1 to 5 for the other
variables. For the variety C, and 31-yr planting, VIFs for all of
the variables ranged between 1 and 5 (Table 2).

Wheat Yield and Relevant
Factors for Four Groups

Statistics for wheat yields and relevant factors for 1985 to
2015 are shown in Table 3. The yield was highest for variety Q,
(3542.8 kgha™!), followed by C 4(3100.8 kg ha™1) and 31-yr plant-
ing across all varieties (2906.8 kg ha™)); the variety C; produced
the lowest yield (2411.1 kg ha™!). The CV of the yield was moder-
ate in the four groups, ranging from 37.31% (Q) t0 55.77% (C,).

With regard to climate factors, both AnP and FSP were
highest for variety C (593.08 and 332.7 mm, respectively),
and the lowest levels were found for variety C; (537.03 and
271.13 mm, respectively). These two factors had moderate
CVs in the four groups, being lowest for Q, (14.8 and 26.02%)
and highest for C; (24.55 and 41.62%). The GSP ranged from
260.38 mm (C,) t0 285.25 mm (Q), with a low to moder-
ate CV (2.94-22.68%). Monthly precipitation was generally
high in June, July, August, and September, while low levels
were found in December, January, and February. The CVs of
monthly precipitation were high in November, December,
and January (62.07-107.06%) and low to moderate in other
months (3.10-77.81%). The CV of GDD and Rs were less than
10% in the four groups.

With regard to fertilizers, the mean N and P, O were
90 kg ha™! for all of the four groups, with a moderate CV of
66.44 t0 66.75%. As for soil total nutrients, the highest TN
and SOM were found for variety C (0.88 and 11.65 gkg™!,
respectively); both factors were lowest for variety Q (0.8 and
10.25 gkg™!, respectively). The CVs of TN and SOM were
generally low in the four groups, that is, 3.14 to 9.01% and
4.99 to 12.55%, respectively. Regarding soil available nutrients,
the highest AP and AK were found for variety C (23.41 and
135.12 mg kg, respectively), and both factors appeared to
be the lowest for variety Q (7.01 and 130.53 mg kg™, respec-
tively). The AP had a moderate CV of 56.67 to 76.26%, while
the CV of AK was less than 10% in the four groups.

Q2. in the Partial Least Squares
Regression Analysis

In the PLSR analysis, the prediction error decreased while
chu m increased with an increasing number of components
(Table 4). For variety Q, the maximum Q2_  was obtained
with two components. The first two components cumulatively
explained 83.4 and 94.3% of the total variance on the yield.
For variety C,, the maximum chum was obtained with five

Table 2. Multi-collinearity diagnosis indexes for precipitation factors used in the analysis.

Q, (1985-1986) C, (1987-1996) C, (1997-2015) 31-yr planting (1985-2015)
Variablet Tolerance VIF Tolerance VIF Tolerance VIF Tolerance VIF
AnP 0 - 0 - 0 - 0.211 4.749
GSP 0 - 0 - 0 - 0 -
FSP 0 - 0.072 13.907 0 - 0 -
Py 0 - 0 - 0.704 1.420 0.343 2916
Pg 0 - 0 - 0.393 2.545 0 -
Py 0 - 0.058 17.348 0.593 1.687 0.347 2.883
Plo 0 - 0.306 3.268 0.246 4.065 0.378 2.643
P 0 - 0 - 0.528 1.892 0.626 1.597
P, 0 - 0 - 0.726 1.376 0.739 1.354
P, 0 - 0.358 2.793 0.291 3.431 0.650 1.538
P, 0 - 0.203 4915 0.493 2.027 0.615 1.627
P3 0 - 0.111 9.013 0.424 2.360 0.515 1.941
Py 0 - 0.554 1.806 0.569 1.759 0.780 1.282
P 0 - 0.191 5.232 0.339 2.953 0.409 2.444
Pe 0 - 0.247 4.043 0.487 2.052 0.522 1.915

T Q4 Qinmai4; C;: Changwul3l; C,: Changwul34; VIF: Variance inflation factor; AnP: Annual precipitation; —: infinite; GSP: Growing-season pre-
cipitation; FSP Fallow-season precipitation; P;: July precipitation; Pg: August precipitation; Py: September precipitation; P|,: October precipitation;
P||: November precipitation; P|,: December precipitation; P: January precipitation; P,: February precipitation; P3: March precipitation; P,: April

precipitation; Py: May precipitation; P,: June precipitation.
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components, which cumulatively explained 55.0 to 78.9% of
the total variance on the yield. Adding the sixth component to
the model did not substantially improve the description of the
contributions to the variance. For variety C, the maximum
chu -, Was obtained with four components, which cumula-

tively explained 62.7 to 71.3% of the total variance on the yield.

When tested across varieties (31-yr planting), the maximum
Q2. was obtained with nine components, which cumula-
tively explained 43.5 to 65.1% of the total variance on yield.
Adding more components to the PLSR model did not substan-
tially improve the percentages of variance explained.

Weights in the Partial Least
Squares Regression Analysis

The first two components explained much higher variance
in wheat yield than the other components (Table 4). Thus, we
illustrated the first two components of factors on the yield in
Fig. 1. Precipitation appeared to be a major factor for the yield
of varieties C; and C,. For variety C,, the first component
was dominated by AnP, FSP, Pg, and P,, with the weights
0f 0.351, 0.336, 0.318, and 0.335, respectively. For variety
C, the weights of FSP, GSP, and Py reached -0.355, 0.307,
and -0.458, respectively, in the second component. When
tested across varieties (31-yr planting), the weight of GDD
reached —0.359.

There was a general pattern that N fertilizer and TN gener-
ally dominated the yield, whether across or within varieties.
For variety Q, the weights of these two N factors reached
0.751 and 0.471 in the second component, respectively. For
variety C|, the weights of N reached 0.618 in the second com-
ponent, while TN reached 0.479 in the second component. For
variety C 4, the weight of N reached 0.509 and 0.421 in the first
two components, while TN reached 0.514 in the first compo-
nent. When tested across varieties (31-yr planting), the weight
of N reached 0.444 and 0.620 in the first two components,
respectively, while TN reached 0.455 in the first component.
Moreover, SOM dominated the yield within varieties C; and
C,, or across varieties in the 31-yr planting. For variety C,, the
weight of SOM reached 0.366 in the second component, and
for variety C, reached 0.316 in the first component. When
tested across varieties (31-yr planting), the weight of SOM
reached 0.313 in the first component, and the weights of AK,
Qy» and C reached -0.350, 0.369, and -0.308, respectively.

Variable Importance in Projection and
Regression Coefficient in the Partial
Least Squares Regression Analysis

Although the weights indicate how important individual fac-
tors are for the yield, variable importance in projections (VIPs)
and regression coefficients (RCs) can provide a more convenient
and comprehensive expression of the relative importance of the

Table 4. Summary of the partial least square regression (PLSR) model for wheat yield.

Percent of explained

Cumulative explained

Group R%t Q%  Component variability in Y variability in Y RMSEP Qi
% kg ha™!

Q, (1985-1986) 0.944 0.935 [ 83.4 83.4 539.04 0.833
2 10.9 94.3 316.13 0.937
3 0.1 94.4 313.27 0.935
C, (1987-1996) 0.789 0.772 [ 55.0 55.0 902.27 0.548
2 5.1 70.1 735.08 0.697
3 4.48 74.6 677.73 0.736

4 291 77.5 637.74 0.761
5 1.41 78.9 617.38 0.772

6 0.39 79.3 6116l 0.77
C, (1997-2015) 0714 0.706 [ 62.7 62.7 897.37 0.626
2 5.45 68.2 829.11 0.679
3 2.16 70.4 800.40 0.698
4 0.98 71.3 787.01 0.706
5 0.26 71.6 783.39 0.705
31-yr planting (1985-2015) 0.651  0.639 [ 435 435 1101.67 0.434
2 16.0 59.6 932.15 0.594
3 1.86 61.4 910.46 0.612
4 1.19 62.6 896.32 0.622
5 0.94 63.6 884.97 0.629
6 0.70 64.3 876.46 0.635
7 0.34 64.6 872.23 0.637
8 0.25 64.9 869.11 0.638
9 0.23 65.1 866.27 0.639
10 0.07 65.1 865.41 0.638

+ RZ: the fraction of the total variation of dependent variables explained by the optimal partial least square regression model; Q2: the fraction of the
total variation of dependent variables that can be predicted by the optimal partial least square regression model according to the cross-validation;
RMSEP: root mean square error of prediction; Q2 _: the cumulative fraction of the variation of dependent variables that can be predicted by overall

cum®

partial least square regression components according to the cross-validation; Q,: Qinmai4; C|: Changwul31; and C,: Changwul34.
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factors. Figures 2 and 3 show the VIPs and RCs for each factor
in the yields of the individual varieties and across all varieties.
The highest VIP was found for N (VIP = 1.266, RC = 0.234),
followed by climate factors (VIP = 1.060, RC = —0.052); other
factors had VIPs < 1 for variety Q.

For variety C,, the highest VIP value was found for N
(VIP = 1.56, RC = 0.344), followed by P2’ AnD, FSP, PS’ TN,
P, P}, P}5, Rs,and SOM (VIP > 1). For variety C, the VIP
values for TN, N, SOM, AK, Py, and P,Oq were greater
than 1. When tested across all varieties (31-yr planting), the
VIP values for N, TN, SOM, C,, AnP, C,, FSP, and Q,, were
greater than 1.

All factors within the individual varieties and across all
varieties had different RCs, but only a subset had VIP > 1.
Variables with VIP < 1 were of minor importance.

DISCUSSION
Wheat yield is influenced by precipitation, temperature,
radiation, fertilization, soil properties, crop variety, and field
management, among other factors (Basso et al., 2010, 2012;
Diacono et al., 2012). The dryland region of China’s Loess
Plateau is an casily eroded area, where wheat yield is affected by
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even more factors (Li and Huang, 2008). In the present study,
we used PLSR as an efficient tool to evaluate the relative impor-
tance of various factors on winter wheat yield in the semiarid
Loess Plateau region.

The results of the correlation and multi-collinearity analyses
showed that many factors were co-linear, particularly AnP, FSP,
and GSP (Table 2). The variables with VIF > 10 (e.g., FSP and
Py) should be handled properly due to multi-collinearity, and
the variables with VIF of 5 to 10 (e.g., P3) had high correlations
for C, (Akinwande et al., 2015). These factors were therefore
automatically eliminated in the multivariate linear regression,
and we were unable to determine the effects of these parame-
ters on wheat yield. However, previous studies have shown that
wheat yields are positively correlated with AnP in the semiarid
Loess Plateau region and depend heavily on soil water stored
from FSP in a continental monsoon climate (Fan et al., 2005;
Guo etal., 2012; Liu et al., 2013). With regard to the monthly
precipitation, Py provides favorable conditions for seed ger-
mination and thus affects wheat yield indirectly, whereas P
mainly plays a role in winter wheat yield at the heading and
anthesis stages on the Loess Plateau, China (Huang et al.,
2004). Since March is the turning green and erecting stages of
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Fig. 1. Weight plot for the first and second principal components of wheat yield in four groups. AnP: Annual precipitation; FSP: fallow-
season precipitation; GSP: growing-season precipitation; P|: January precipitation; P,: February precipitation; P;: March precipitation;

P,: April precipitation; P;: May precipitation; P,:June precipitation; P;: July precipitation; Pg: August precipitation; Py: September
precipitation; P ,: October precipitation; P|;: November precipitation; P ,: December precipitation; GDD: growing degree days; Rs: total
radiation solar; P,O¢: phosphorus pentoxide; TN: total nitrogen; SOM: soil organic matter; AP: available phosphorus; AK: available
potassium; Q4: Qinmai4; Cl: Changwul31; and C4: Changwul34. Sl: PZ' P3, P6, and PIO; GDD; and Rs. 52: PI, P4, P5, P7, P8, Pg P”, and P|2.
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Fig. 2. Variable importance in projection (VIP) for each predictor. AnP: Annual precipitation; FSP: fallow-season precipitation;

GSP: growing-season precipitation; P,: January precipitation; P,: February precipitation; Py: March precipitation; P,: April precipitation;
P5: May precipitation; P,: June precipitation; P;: July precipitation; Pg: August precipitation; Pg: September precipitation; P|,: October
precipitation; P|;: November precipitation; P|,: December precipitation; GDD: growing degree days; Rs: total radiation solar;

P,Os: phosphorus pentoxide; TN: total nitrogen; SOM: soil organic matter; AP: available phosphorus; AK: available potassium;

Q,4: Qinmai4; C,: Changwul3l; and C,: Changwul34.
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winter wheat, P; has a positive correlation with winter wheat
yield in a mountain area of Ningxia, China (Shan et al., 2012).
For analysis of these factors on winter wheat yield, we should
select an appropriate method such as PLSR, which can elimi-
nate the colinearity between independent variables and there-
fore accurately quantify the relationship between independent
and dependent variables.

Based on the PLSR analysis, we found that FSP and Pg were
important factors (|weight| > 0.3) for yield of varieties C; and
C. Meanwhile, both AnP and FSP played important roles in
wheat yield (VIP > 1) within varieties Q and C,, as well as
across varieties in the 31-yr planting. P, played an important
role for C,. Precipitation is the sole source of soil water in a
rain-fed cropping system and is a major factor in determining
the optimum fertilization treatment (Huang et al., 2003). Dai
etal. (2016) and He et al. (2016) found that increased rainfall
harvest during the fallow season is important for winter wheat
yield in the next growing season. During this period, 50 to 60%
precipitation typically occurs and the specific amount impacts
the germination of the wheat, which is known to affect the yield
(He et al., 2016). The minor role of AnP and FSP in the yield of
variety C, may be due to soil nutrient accumulation under differ-
ent fertilizer treatments, which was of greater importance than
precipitation.

In this study, the VIP values of climate factors, including
precipitation, GDD, and Rs, indicated that these factors played
an important role in the yield of variety Qy, with the absolute
weight of 0.235. This may be due to the short planting period and
therefore the lack of time for significant changes to have occurred
in soil nutrients. Additionally, the fallow precipitation (P~ and
Pg) and the winter precipitation (P, , and P,) were found to play
important roles in determining the wheat yield for C,. Payne et
al. (2000) reported that wheat yield is more influenced by winter
than spring precipitation in the wetter zones of the inland Pacific
Northwest. Dang and Gao (2003) using double-screening step-
wise regression also found that winter-period precipitation has an
important impact on wheat yield. It may be that winter precipita-
tion is particularly important in crown root initiation (Jha and
Tripathi, 2011). The Rs was also found to play an important role
in the yield of variety C,. The Rs is a major source of energy for
plants and it drives several essential plant processes such as pho-
tosynthesis and transpiration (Christopher, 2006). Additionally,
pre-heading radiation was found to be a strong predictor of wheat
yield (Ortiz-Monasterio et al., 1994).

Nitrogen fertilizer was found to be most important factor
for the wheat yield in all four groups tested in this study, with
large weight (>0.3, Fig. 1) in the second component, large VIP
(1.266-2.100, Fig. 2), and positive RCs (Fig. 3). This indicates
that N is the main factor controlling the wheat yield and that
the yield increases with more N fertilizer in the study area. The
importance of N may be attributable to the low baseline soil N
content on the Loess Plateau, China. Nitrogen is an important
constituent of proteins and determines photosynthetic capac-
ity, and is therefore an essential macronutrient for plant growth
and development (Lu et al., 2015; Qiu et al., 2014; Zhao et al.,
2014). Holford and Doyle (1992) also found a positive and
significant response of the wheat yield to N in southern New
South Wales, a region frequently subject to drought conditions.
When growing conditions are favorable, there is evidence for a

stronger response of the yield to N (Carew et al., 2009). Direct
N input is one way to improve soil N nutrients and potentially
increase the yield.

The weights of TN and SOM in the first or second com-
ponent were larger than 0.3 for variety C,, C, and across
varieties in the 31-yr planting. The VIPs for TN and SOM
were also larger than 1 for the above three groups. As Q, was
only planted for 2 yr, there might be insufficient time for the
addition of fertilizer to significantly change the TN and SOM.
Thereafter, with the addition of different fertilizers, the TN
and SOM changed differently, which could impact the wheat
yield. During long-term fertilization, SOM and TN have
been found to gradually accumulate at different rates, and the
resulting availability of C and N show significant effects on the
wheat yield (Aula et al., 2016; Fan et al., 2005).

Soil AK and P fertilizer were found to play important roles
in the yield of variety C, (VIP > 0.1). Wheat yield and AK had
negative RCs as large as —0.186. The AK in the no-fertilizer
treatment was higher than in the other treatment because
long-term addition of N and P produces higher biomass and
grain yield, depleting the K compared to the control treatment
(Qiu et al,, 2014). The average AP reached 13.43 mgkg™! for
the variety C, with a moderate CV of 57.36%. This is similar
with previous results that a steady increase in AP occurred over
24-yr planting in the topsoil where there was a P surplus in
P-treated plots (Shen et al., 2007).

Furthermore, variety (C4, C;, and Q) was found to play an
important role in determining the wheat yield when planted
and locally managed over 31 yr. The weight of Q, C;,and C
reached 0.369, 0.126, and -0.308. The VIPs, with C, > C, >
Q, in the PLSR, showed that the model could reflect the plant-
ing sequence and support the agronomy breeding results. This
is in contrast to a multiple-regression analysis performed by
Hu et al. (2016) who found that variety was not important to
the wheat yield in the same study area. Taken together, these
results indicate that PLSR is superior to multiple-regression
in reflecting the importance of crop variety to the wheat yield
under long-term locally managed planting. This approach may
be applicable for evaluating the importance of variety in the
yield of other crops, and we also recommend using PLSR to
evaluate the effects of control factors on crop yield in other
areas or on a large scale.

CONCLUSIONS

This study identified the relative importance of various fac-
tors on winter wheat yield in the semiarid Loess Plateau region,
China. The results of the correlation analysis and multi-collin-
earity diagnosis showed that many of the factors were co-linear.
Using PLSR, which is relatively insensitive to co-dependencies
among the predictor variables, we found that N was the most
important control factor for wheat yield in all four groups.

The second most important factors were climate factors for
Q4 Py, AnP, and ESP for C,,and TN, SOM, and AK for C,
and TN and SOM for 31-yr planting across the three variet-
ies. This study suggests that the wheat yield can be improved
by properly changing the variety, optimizing the amount of N
fertilizer, and using protective measures during the FSP. The
PLSR methodology is beneficial in that it helps eliminate co-
dependency among the variables and allows a less-biased view
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of the contributions of factors to the winter wheat yield. We
have used PLSR in one long-term site, but it could also be used
in a large region, or even on a global scale.
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