
Geographical detector-based
wheat quality attribution under
genotype, environment, and crop
management frameworks

Xueyan Zhang1, Xin Ma2*, Yingchun Li2 and Hui Ju2

1Key Laboratory of Land Surface Pattern and Simulation, Institute of Geographic Sciences and Natural
Resources Research, Chinese Academy of Sciences, Beijing, China, 2Institute of Environment and
Sustainable Development in Agriculture, Chinese Academy of Agricultural Sciences, Beijing, China

Elucidating the determining factors for wheat quality is an essential but

complex task, influenced by wheat cultivars, environmental conditions, and

management decisions. This study analyzed 285 winter wheat varieties,

13 wheat quality traits, and 9 influencing factors under a genotype,

environment, and crop management framework by a geographical

detector model in China’s main winter wheat-producing area. Our results

revealed the attribution of wheat quality in the genotype × environment ×

crop management (G × E × M) interaction framework. The factors

influencing wheat quality in China were ranked as follows: wheat

cultivar > precipitation > Tmax > irrigation > soil type > Tmin > fertiliser >
sunshine duration > landform. The wheat cultivar was the dominant factor

affecting wheat quality, which explained 38.57%, 38.78%, and 28.13% of the

variation in gluten index, stabilization time, and sedimentation index,

respectively. In addition, the sensitivity of the wheat quality traits to the

G × E × M interaction framework was detected. The wheat quality trait

sensitivity ranked from the highest to the lowest followed the order gluten

index > sedimentation index > hardness index > stabilisation time > seed

moisture > crude protein > formation time >wet gluten >water absorption >
landing value > flour output ratio > ash > capacity. Gluten and sedimentation

were highly sensitive traits for wheat quality under the G × E × M interaction

framework, with sensitivity index values of 66.94% and 58.11% in the G × E ×

M framework, respectively. Furthermore, we proposed an integrated

improvement strategy for an end-use wheat quality trait based on the

sensitivity of wheat quality traits in the G × E × M framework. The gluten

index, crude protein, wet gluten, and hardness index should be prioritized

according to wheat’s commercial value and sensitivity index. However, other

quality traits with higher commercial importance, such as flour output ratio,

capacity, and landing value, should be put behind the improvement list. Our

result identified the critical factors for most wheat quality traits in the G × E ×

M framework. It extended the comprehensive strategy for wheat quality

improvement.
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1 Introduction

Elucidating the determining factors for wheat quality is an

essential but complex task (Studnicki et al., 2016), which is

necessary to ensure human nutrition safety and is also critical

to many stakeholders in the agri-food chain, including farmers,

agronomists, commodity traders, and policymakers (Paudel

et al., 2021). Wheat quality improvement practices have

historically focused on end-use traits with high commercial

value, including crude protein, grain hardness (Surma et al.,

2012), and milling and baking quality (Battenfield et al., 2018).

However, from an agricultural system perspective, wheat quality

is influenced by wheat cultivars, environmental conditions, and

management decisions (Nuttall et al., 2017). Therefore, from an

optimal efficiency perspective, an integrated strategy based on

genotype × environment × crop management (G × E × M)

interaction should be developed to improve wheat quality.

The influence of genotype and environment (G × E) has

received significant attention as an essential strategy for

improving wheat quality. Several interacting field experiments

have qualitatively judged the driving forces of wheat quality.

39 spring wheat cultivars, 7 locations, and 12 major bread-

making quality traits have been investigated in China. This

revealed that genetic variance components mainly influenced

kernel hardness, flour yield, and Zeleny sedimentation value. In

contrast, test weight and the number of dropped grains were

primarily influenced by environmental variations (Zhang et al.,

2004). Another study tested the effect of G × E on yellow alkaline

noodles quality using six Canadian wheat cultivars at three sites.

Cooked durum noodle texture parameters were significantly

affected by G × E, with the environment accounting for

66–71% of their variance (Hatcher et al., 2009). Protein

content, sedimentation value, and loaf volume were measured

through 20 wheat cultivars and 15 environmental factors in

southeast Europe, and all three traits were more influenced by

location than by year, with protein content and sedimentation

value responding more strongly to changes in environmental

conditions than loaf volume (Hristov et al., 2010). Wheat quality

was examined for five winter wheat cultivars in Serbia from

2004 to 2006. Significant differences among genotype

investigated years, location for sedimentation value, and wet

gluten content was observed (Zecevic et al., 2009). Twenty-one

wheat genotypes were evaluated under drought stress, and

significant genotypic effects were found for gliadin, total

protein content, and gliadin and gluten ratio, indicating

genotypic variations for these traits; moreover, strong

environmental influences of 89.65% and 89.06% were

observed for gluten and glutenin, respectively (Thungo et al.,

2020). In Latin America, 23 genotypes were cultivated in

20 environments distributed across nine sites in six countries.

Large variability was observed for most of the evaluated wheat

quality features, with a more extensive range of quality

parameters in different environments than among genotypes,

even for parameters primarily determined by genotypes

(Vázquez et al., 2012). Furthermore, several field experiments

have qualified the effect of a single factor on wheat quality, such

as rainfall (Garrrido-Lestache et al., 2004), water deficit (Zhao

et al., 2009), high temperature (Singh et al., 2010), fertilization

(Lin et al., 2012; Luo et al., 2019), and low temperature (Liu et al.,

2019). The importance of the environmental factors for grain

quality has been previously demonstrated, suggesting that

breeders’ quality objectives should be adapted to the target

environment (Vázquez et al., 2012).

There is limited research on the dependency of wheat quality

on genotype × environment × crop management (G × E × M)

interactions (Wang and Frei, 2011) through complex

experimental designs. Seven cultivars were cultivated at three

locations under two crop management levels in Poland, and the

results showed that the area significantly affected the protein

content. Fertilizer application levels may substantially increase

protein content (Rozbicki et al., 2015). Fifteen spring wheat

genotypes and two crop management levels at seven locations

were evaluated, and grain protein was substantially influenced by

crop management and genotype. Still, unfavorable soil

conditions had a significant effect (Studnicki et al., 2016). An

experiment was conducted for winter wheat in the North China

Plain to examine the interaction mechanisms between two

temperature increases (1.4 and 2.3°C) and tillage

(conventional and no-tillage) treatments. However, only a

temperature increase was found to significantly increase

nitrogen, protein, and carbon contents and reduce the C/N

ratio (Li et al., 2020). Twenty-four winter wheat genotypes,

four locations, and two fertilizer application levels were

evaluated in Poland, and it was found that genotype had a

significant effect on only grain hardness. Moreover, the

environment was dominant for protein content, wet gluten,

and Zeleny sedimentation value. In contrast, for starch

content, the alveograph W parameter and hectolitre weight

sources of variation had the same importance (Surma et al.,

2012). Fifteen wheat genotypes, three locations, and two levels of

nitrogen fertilizer application were used to assess the impacts on

wheat quality. Wet gluten, sedimentation value, and stabilization

time were controlled by location, followed by genotype and

nitrogen fertilizer (Jin et al., 2019). The development of field

experiments of single-factor, G × E, and G × E ×M revealed some

driving forces of wheat quality trait responses. However, limited

by the number of factors arranged in a field experiment,

environmental factors are usually simplified by location and
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year. Therefore, it is difficult to determine the quantitative

contribution rate of whole factors in the G × E × M

framework to wheat quality in single or multi-factor field

experiments.

In order to improve the quality of wheat more efficiently,

on the one hand, the contribution of various factors in the G ×

E × M Framework to wheat quality indicators needs to be

deeply understood. In contrast, it is necessary to identify

which of the many wheat quality indicators are sensitive to

changes in factors under the G × E × M Framework, especially

those with high commercial value. In this regard, this study

attempted to fill the research gaps by 1) introducing a new

method to quantitatively describe the contribution of the G ×

E × M framework to wheat quality traits; and 2) assessing the

sensitivity of wheat quality traits to each factor under the G ×

E × M framework. The study results can assist in developing a

comprehensive strategy for efficiently improving wheat

quality.

2 Material and methods

2.1 Study area

The main winter wheat-producing area of China (29°24´–

42°36´ N, 110°21´–122°42´ E) accounts for 38% of the total sown

area and more than 50% of the winter wheat yield. This area

mainly included Hebei, Henan, Shandong, Shanxi, Shaanxi,

Anhui, Hubei, and Jiangsu, with a total area of 5 million ha,

arable land accounts for approximately 0.26 million ha

(Figure 1). The region is a core agricultural production area in

China, and its predominantly warm temperate monsoon climate

shows a distinct season with coinciding rain and heat. As a result,

it is dry and cold in spring and winter, while high temperatures

and rainfall characterize summers. The accumulated temperature

above 10°C is 3,400–4,700°C, annual precipitation is

500–900 mm, and interannual precipitation variation is

relatively large (Sun et al., 2017).

2.2 Wheat sampling and quality
measurement

The wheat quality traits used in this study include grain

quality (hardness index, capacity, crude protein, seed

moisture, and landing value), flour quality (flow output

ratio, sedimentation index, ash, wet gluten, and gluten

index), and dough quality (water absorption, formation

time, and stabilization time) (Table 1). All 787 wheat

samples were collected by large-scale grain producers in

204 counties from main winter wheat-producing areas, who

need to provide quality data to the processing enterprises that

purchase wheat. The weight of each wheat sample shall not be

less than 2 kg, and the geographic location of the sample and

the wheat variety information shall be provided. The Grain

and Product Quality Supervision, Inspection, and Testing

Centre of the Ministry of Agriculture and Rural Affairs

(Taian and Zhengzhou) tested all those wheat samples. The

results have been published in the 2017 and 2018 China wheat

quality reports (MOMA, 2017; Zhang and Zhao, 2018).

2.3 Potential driving factor selection and
data sources

Nine influences from the three driving forces were selected

based on the existing literature, including genotype (wheat

cultivar), management (irrigation and fertilizer), and

environment (precipitation, maximum temperature, minimum

temperature, soil type, terrain, and sunshine duration) (Table 2).

2.3.1 Wheat variety
The 285 winter wheat varieties included weakened gluten (5),

all-purpose types (181), medium gluten (61), and strong gluten

(39), which were cultivated in the study area during 2017–2018

(MOMA, 2017; Zhang and Zhao, 2018). As shown in Figure 1,

the spatial distribution of wheat varieties followed a uniform

pattern. The weak gluten varieties were distributed in the

southeast region of the principal winter wheat-producing area.

In contrast, the strong gluten varieties were located south of the

main winter wheat-producing area. The spatial distribution of

all-purpose types was relatively uniform.

FIGURE 1
Main winter wheat-producing areas and the spatial
distribution of winter wheat varieties in China.
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2.3.2 Management measures
The distribution of the two management factors, including

fertilizer application and irrigation, is shown in Figures 2A,B. The

county-level fertilizer maps show that the central part of the main

winter wheat-producing area is a high-value area for fertilizer

application, and the surrounding mountainous region is relatively

low-value. The primary winter wheat-producing area has three

irrigation water sources: surface water, groundwater, and

combined usage. However, most agricultural areas are irrigated

using groundwater (Yang et al., 2021), and rain-fed agricultural

areas are distributed over the surrounding mountainous regions.

Irrigation data were obtained from the Global Irrigation Area

Map (GIAM; Thenkabail et al., 2009). County-level fertilizers

were calculated by multiplying the number of total nitrogen

fertilizers by the quotient of the wheat sown area and the total

planted area acquired from the Agricultural Statistics Yearbook

of 2017 and 2018 (MOMA, 2017; Zhang and Zhao, 2018).

2.3.3 Environmental factors
The weather, soil, and terrain factors are shown in Figures

2C–H. The terrain of the main winter wheat-producing

areas is high in the west and low in the east, and the

eastern part of the terrain is mainly plain. The northern

plains have less precipitation and higher temperatures. The

wheat planting area consists primarily of semi-hydrated and

artificial soils.

TABLE 1 Descriptive statistics of wheat quality traits.

Taxonomy Wheat quality
traits

Commercial value Minimum Maximum Mean S.D.

Grain Hardness index Medium 39.00 79.00 64.28 6.09

Capacity (g/L) Medium 714.00 849.00 795.63 23.67

Crude Protein (%, dry-based) High 9.90 19.80 14.41 1.40

Seed moisture (%) Medium 8.10 12.50 10.70 0.71

Landing value (s) Medium 0.00 834.00 363.16 72.32

Flour Flow output ratio (%) Medium 56.30 75.00 67.66 2.83

Sedimentation index (mL, 14% wet-based) Low 15.00 61.00 31.36 7.00

Ash (%, dry-based) Low 0.00 1.01 0.54 0.13

Wet gluten (%, 14% wet-based) High 19.70 49.80 32.35 4.10

Gluten index High 13.00 99.00 71.83 17.57

Dough Water absorption (g/ml) Low 49.80 69.80 59.65 3.24

Formation time (min) Medium 1.20 35.70 4.35 4.18

Stabilisation time (min) Medium 0.80 44.80 7.67 7.40

S.D. standard deviation.

TABLE 2 Factors used to analyze the driving forces of wheat quality.

No. Driving
forces

Influence factors Reference Data source

1 Genotype Wheat cultivar Vázquez et al. (2012); Sanchez-Garcia et al. (2015) National wheat quality survey

2 Management Irrigation(Soil
moisture)

Singh et al. (2010); Zhao et al. (2009); Rozbicki et al.
(2015)

Global irrigation area map (GIAM) from http://www.
iwmigiam.org

3 Fertilizer Garrrido-Lestache et al. (2004); Luo et al. (2019) Agricultural Statistical Yearbook

4 Environments Precipitation Garrrido-Lestache et al. (2004) Weather station observation

5 Maximum
temperature

Singh et al. (2010) Weather station observation

6 Minimum temperature Singh et al. (2010); Liu et al. (2019) Weather station observation

7 Soil type Studnicki et al. (2016) The Second National Soil Survey in China

8 Terrain Rozbicki et al. (2015) Digital Elevation Model (DEM)

9 Sunshine duration Liu et al. (2019) Sunshine duration
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The meteorological data were acquired from the China

Meteorological Administration, and used to calculate

cumulative precipitation, average maximum temperature,

average minimum temperature, and cumulative sunshine

hours of winter wheat during the filling period in the main

winter wheat-producing areas. The data on the filling period of

winter wheat in different locations was obtained from the Atlas of

Agroclimatic Resources in China (Mei, 2015). Soil data were

obtained from the Second National Soil Census of China.

Topographic data were obtained from a 1 × 1 km digital

elevation model.

2.4 Geographical detector model

The geographical detector model (GDM) is a statistical

method that can detect spatial heterogeneity and reveal the

driving forces behind it and was developed by Wang Jingfeng

(Wang and Hu, 2012). Model principle literature, application

guide, and free software for GDM are available at http://www.

geodetector.org.

The GDM is a powerful tool for driving forces, factors, and

spatial analyses, which has some distinct advantages over

classical statistical methods. For example, the GDM model

does not require linearity assumptions; instead, spatial effects

are considered (Wang et al., 2016), and the relationship

between Y and X established by the GDM is more reliable

than classical regression (Wang and Xu, 2017). Furthermore,

none of the potential factors in the model analysis need to

consider the problem of multicollinearities (Zhou et al., 2018).

Finally, GDM can rank the deterministic power of each factor

and describe its change over time (Ding et al., 2019).

Therefore, it has been widely used in many research topics

of natural and social sciences, including public health (Wang

et al., 2010), land use (Ju et al., 2016), PM2.5 (Wang et al.,

2021), air quality index (Zhan et al., 2018), heavy metals (Wu

et al., 2021), carbon emissions (Zhang and Zhao, 2018), and

soil erosion (Wang et al., 2019), and has also gradually been

adopted in agroecological efficiency studies (Liao et al., 2021).

However, although GDM has been applied in various research

fields, it has rarely been utilized to analyze wheat quality

factors.

A factor detector method in the GDMwas used to measure

the spatially stratified heterogeneity of the geographic variable

Y to comprehensively analyze the correlation between wheat

quality and the selected influencing factors (Figure 3).

The GeoDetector q value is defined as follows (Wang et al.,

2016):

FIGURE 2
Distribution of the influencing factors. (A) Fertilizer, (B) irrigation, (C) sunshine, (D) precipitation, (E) maximum temperature, (F) minimum
temperature, (G) soil type, and (H) terrain. Soil type legends are explained as follows: 10, leaching soil; 11, semi-leaching soil; 12, calcium layer soil; 13,
dry soil; 15, primary soil; 16, semi-hydrated soil; 17, hydrated soil; 18, saline-alkali soil; 19, artificial soil; 20, alpine soil; 21, ferrallite; 22, urban district;
24, lakes and reservoirs; 25, rivers; 26, sandbars and islands in rivers; 28, coral reefs and sea island; and 30, coastal salt farm.
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q � 1 − ∑L
h�1∑

Nh
i�1(yhi − �yh)

2

∑N
i�1(yi − �y)2

� 1 − ∑L
h�1Nhσ2h
Nσ2

� 1 − SSW

SST
(1)

where �yh � (1/Nh)∑Nh
i�1yhi is the mean of stratum h, �y �

( 1
N)∑N

i�1yi is the mean of the population, σ2h �
( 1
Nh
)∑Nh

i�1(yhi − yh)2 is the variance of stratum h, σ2 �
( 1
N)∑N

i�1(yi − �y)2 is the variance of the population. SSW and

SST denote the internal and total sum of squares, respectively

(Wang et al., 2016; Wang and Xu, 2017).

For q ∈ [0, 1], high q values indicate more robust spatially

stratification heterogeneity of Y. When stratification is defined by

factor X, q means that factor X can explain 100 × q% of the spatial

pattern of Y. Factor Xmust be a categorical variable to calculate the q

value. If Factor X is a continuous variable, it needs to be categorized

using expert knowledge or categorization algorithms, such as equal

intervals, natural breaks, quantization, geometrical intervals, and

k-means (Wang and Xu, 2017). p-values were used for significance

testing (Wang et al., 2016). The natural breaks method was used to

classify continuous variables in main winter wheat-producing areas.

2.5 Sensitivity index of wheat quality traits
based on the geographical detectormodel

In GDM, one q-value represents the determined power of

one factor in the G × E × M framework to one winter wheat

quality trait. Therefore, for specific winter wheat quality traits,

the sum of the q-value of all factors in the G × E × M framework

could indicate the response degree of wheat quality trait, namely

the sensitivity of wheat quality trait to the G × E × M framework.

FIGURE 3
Rationale of the geographical detector (Wang et al., 2010; Wang and Xu, 2017). (A) Detection of driving forces and (B) detection of interaction.

FIGURE 4
Factors influencing thequality ofwinterwheatwithq-values. The
black vertical bar on the left represents the susceptibility index of
wheat quality in theG×E×M framework. The black vertical bar on the
right represents the determination of each driver of wheat
quality.
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The sensitivity index of wheat quality trait is developed as

follows:

Sindex � ∑
n

1
qn (2)

Where Sindex is the sensitivity index of the specific

quality indicator of wheat; qm is the sum of q-value of

the determined power of all factors in G × E × M

framework to specific wheat quality indicator, including

wheat varieties, irrigation, fertilizer, precipitation, Tmax,

Tmin, soil type, terrain, and sunshine duration; and n =

1,2, . . . ,9.

3 Results

3.1 Factor detection for wheat quality

The q statistical results showed that wheat cultivar is the

dominant factor affecting wheat quality. Wheat cultivar

explained 38.57%, 38.78%, and 28.13% of the spatial

variation in gluten index, stabilization time, and

sedimentation index, respectively, contributing to three other

wheat quality traits: crude protein, formation time, and

hardness index (Figure 4).

Precipitation was the secondmost influential factor for wheat

quality. The q value of precipitation was significant for 10 of the

13 wheat quality traits, thus, indicating that precipitation plays a

vital role in most wheat quality traits. For example, for the

hardness index and wheat quality seed moisture, the

precipitation q-values reached 10.65% and 10.66%, respectively.

Tmax was the third influencing factor of wheat quality, which

affected nine of the 13 wheat quality traits. The q value of Tmax

exceeded 8% for the hardness index, gluten index, and seed

moisture.

Irrigation, soil type, and Tmin affected 7–9 of the 13 wheat

quality traits. Less influential driving forces were fertilizer,

sunshine duration, and landform, with landform influencing

only one wheat quality trait and having a low q-value.

According to the results of the GDM detection factors, the

factors influencing wheat quality in China were ranked as

follows: wheat cultivar > precipitation > Tmax > irrigation >
soil type > Tmin > fertiliser > sunshine duration > landform

(Figure 4).

3.2 Sensitivity index of the wheat quality
trait in the G × E × M framework

Based on Figure 5, the sensitivity of wheat quality traits in the

G × E × M framework was divided into three groups:

1) High sensitivity group: Gluten and sedimentation indices,

which are highly sensitive traits for wheat quality, exceeded

50% in the G × E × M framework, reaching 66.94% and

58.11%, thus, indicating that wheat’s gluten index and

sedimentation index were more susceptible to the G × E ×

M framework than other factors. As shown in Figure 5, wheat

cultivar, precipitation, Tmax, and irrigation played an essential

role in forming wheat gluten and sedimentation indices.

2) Moderately sensitive group: Hardness index, stabilization

time, seed moisture, crude protein, formation time, and

wet gluten were moderately sensitive traits for wheat

quality, with sensitivity indices ranging from 20% to 50%

in the G × E × M framework. Among these traits, crude

protein, wet gluten, and hardness index were essential quality

features for the planned use of wheat, and they showed

relatively sensitive reflections to G × E × M factors

(Figure 5). The wheat cultivar mainly controlled the dough

stabilization time.

3) Low-sensitivity group: Water absorption, landing value, flour

output ratio, ash content, and capacity were the low-sensitive

traits of wheat quality, and the sensitivity indices in the G ×

E × M framework were less than 20%. In particular, the

sensitivity indices of capacity and ash were close to zero,

indicating that the formation of power and ash in wheat

quality was almost random and not influenced by the G × E ×

M framework.

FIGURE 5
Sensitivity indices of wheat quality traits in the G × E × M
interaction framework. The values in the grid represent the q
values of wheat quality indicators in the G × E × M framework. The
last value represents the sensitivity index of each wheat
quality trait.
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According to the sensitivity index based on the GDM, the

consequences of wheat quality trait sensitivity ranked from the

highest to the lowest were gluten index (0.6694) > sedimentation

index (0.5811) > hardness index (0.4923) > stabilisation time

(0.4468) > seed moisture (0.4459) > crude protein (0.3743) > wet

gluten (0.2115) > formation time (0.2044) > water absorption

(0.1714) > flour output ratio (0.1407) > landing value (0.0918) >
ash (0.0343) > capacity (0).

3.3 Strategy for wheat quality
improvement under the G × E × M
framework

According to Figures 4, 5, three fundamental development

principles must be proposed to improve wheat quality in the

G × E × M framework. First, high-sensitivity traits of wheat

quality should be prioritized, implying that adjusting

influencing factors could effectively affect these sensitive

traits. Second, wheat quality traits having high sensitivity

and as few factors in the G × E × M framework as possible

should be selected. Third, commercially recognized or

practically necessary characteristics should be chosen. This

can be summarized as high sensitivity, few influencing

factors, and high value. Therefore, a 3D coordination

relationship consisting of a sensitivity index, number of

influencing factors, and a commercial value was established

in the G × E × M interaction framework to decide the priority

strategy for wheat quality improvement.

As shown in Figure 6, in the G × E ×M interaction framework,

the gluten index was located in the relatively high priority zone

with high importance and received the highest priority in wheat

quality improvement. In addition, crude protein and wet gluten

were situated in the middle area, having high volume and ranked

second in wheat quality improvement. Subsequently, the hardness

index, seed moisture, stabilization time, and sedimentation index

were located in the medium zone with medium importance and

could be considered for wheat quality improvement and ranked

third. In conclusion, the priority strategies for wheat quality

improvement were gluten index > crude protein and wet

gluten > hardness index, seed moisture, stabilization time,

sedimentation index > water absorption, flour output ratio,

landing value, ash, and capacity.

4 Discussion

The GDM was employed to explore the driving forces behind

the wheat quality of main winter wheat-producing areas in China by

measuring and comparing the spatially stratified heterogeneity of

wheat quality. (Figure 4). The factors influencing wheat quality in

China were ranked as follows: wheat cultivar > precipitation >
Tmax> irrigation> soil type>Tmin> fertiliser > sunshine duration>
landform. To the best of our knowledge, it is the first time that the

magnitude of the quantitative dependency of wheat quality on all of

the factors in the G × E × M framework has been reported. The

wheat cultivar was the dominant factor for wheat quality in themain

winter wheat-producing areas, explaining 38.57%, 38.78%, and

FIGURE 6
Priority strategies for wheat quality improvement in theG × E×M framework. The dots in the figure represent wheat quality traits. The size of the
dots implies the importance of wheat quality traits in agricultural practices. The priority of wheat quality improvement is demonstrated by the position
of wheat quality traits, with traits near the upper right corner implying a higher priority. Green denotes high priority, light green denotes relatively high
priority, orange denotes medium priority, light pink denotes relatively low priority, and dark pink denotes a low priority.
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28.13% of gluten index, stabilization time, and sedimentation index,

respectively. These results suggested that genotype is a critical

driving force behind the spatial distribution of wheat quality,

while precipitation and Tmax also contribute significantly to

wheat quality. These results were consistent with those of

Vázquez et al. (2012). They found that genotype was the main

factor determining wheat quality in 23 genotypes cultivated in

20 environments at nine locations in six countries. Furthermore,

Studnicki et al. (2016) reported that genotype and cropmanagement

have substantially influenced the grain protein content of wheat. Our

results expanded the knowledge on influencfactors to wheat quality

under the G × E × M framework.

As shown in Figure 6, a new strategic approach was proposed to

evaluate candidate wheat quality traits by high sensitivity, few

influencing factors, and high commercial value to decide the

priority for quality trait improvement. The gluten index, which

represents the amount of high-quality gluten, was themost preferred

trait for improvingwheat quality. Crude protein andwet gluten were

ranked as the second priority. Further, some traits of great

commercial value, such as flour output ratio and capacity, ranked

low as these two traits are not sensitive to the G × E ×M interaction

framework, which is hugely challenging to improve the flour output

ratio and capacity in wheat quality. To some content, our results

explain some of the current wheat quality improvement strategies.

For example, much research on improving wheat crude protein was

reported (Surma et al., 2012), while there are few reports on

improving flour output ratio.

Usually, more than three influencing factors in a field trial to

identify impacts wheat quality was a considerable challenge. In our

study, the technical pathway using GDM provides a quantitative

evaluation scheme by comparing the spatial distribution

characteristics of wheat quality and factors in the G × E × M

framework and analysing the matching of the spatial distribution

pattern to determine the influences of 9 factors in G × E × M

framework. 13 sensitivity indices of wheat quality traits based on

the q-value from GDM were also obtained. Therefore, the GDM

method is an extension of the limitation of the field test method to

evaluate the effect of influencing factors in the G × E × M

framework on wheat quality (Figure 5).

The results of GDM showed that fertilizer, sunshine

duration, and landform were minor factors affecting wheat

quality (Figure 5). In general, fertilizer is a critical factor in

agricultural production. For example, a 28-year fertilizer

application experiment showed that long-term fertilizer

application significantly influenced grain protein content, dry

gluten content, and wet gluten content (Lin et al., 2012).

However, in our study, the primary winter wheat-producing

area is one of China’s most developed agricultural production

areas. Further, management parameters, such as fertilizer

application and land leveling, reached a relatively saturated

state. As shown in Figures 2A,B, all wheat varieties were

primarily located in similar fertilization and landform areas

in the principal winter wheat-producing area, which explains

why fertilizer and landform were not the influencing factors for

spatial variations in wheat quality. The contribution of

influencing factors with saturated supply may be

underestimated, and this may be a limitation of GDM.

5 Conclusion

Our study revealed the factors influencing wheat quality in

China as well as the sensitivity of wheat quality traits to the G ×

E × M framework. Moreover, based on the sensitivity of wheat

quality traits in the G × E ×M framework, an integrated strategy

for wheat quality traits was proposed wherein the gluten index,

crude protein, wet gluten, and hardness index should be

prioritized over other quality traits with higher commercial

importance, such as flour output ratio, capacity, and landing

value, according to wheat’s commercial value and sensitivity

index. This study identified the critical factors influencing most

wheat quality traits in the G × E × M framework and further

expanded the comprehensive strategy for wheat quality

improvement.
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