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HIGHLIGHTS

e A relative yield of 70% was obtained under both
border and drip irrigation.

e Drip irrigation saved water and lowered yield
variability compared to border irrigation.

e Drip irrigation led to accumulation of soil nitrogen
and phosphorus in the root zone.

e Relative yield may increase 8% to 10% by
optimizing field management.

e Plant density, irrigation and nitrogen are major
factors closing yield gap in north-west China.
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GRAPHICAL ABSTRACT

Drip irrigation

ABSTRACT

Agriculture faces the dual challenges of food security and environmental
sustainability. Here, we investigate current maize production at the field scale,
analyze the yield gaps and impacting factors, and recommend measures for
sustainably closing yield gaps. An experiment was conducted on a 3.9-ha maize
seed production field in arid north-west China, managed with border and drip
irrigation, respectively, in 2015 and 2016. The relative yield reached 70% in both
years. However, drip irrigation saved 227 mm irrigation water during a drier
growing season compared with traditional border irrigation, accounting for 44%
of the maize evapotranspiration (ET). Yield variability under drip irrigation was
12.1%, lower than the 18.8% under border irrigation. Boundary line analysis
indicates that a relative yield increase of 8% to 10% might be obtained by
optimizing the yield-limiting factors. Plant density and soil available water
content and available nitrogen were the three major factors involved. In
conclusion, closing yield gaps with agricultural sustainability may be realized by
optimizing agronomic, irrigation and fertilizer management, using water-saving
irrigation methods and using site-specific management.

© The Author(s) 2020. Published by Higher Education Press. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0)
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1 INTRODUCTION

Two main challenges facing agriculture are food security and
environmental sustainability! >, A 60% to 110% increase in
global crop production (from the 2005 to 2007 levels) may be
needed by the year 2050 because of the increasing population
and energy needs! 1. Slowing down of rate of increase in cereal
yield or even yield stagnation has also been a global trend in
recent years! |, Increasing crop production without expanding
the land area used involves increasing productivity on the
existing arable land. One way is to increase potential yields and
another is to close the yield gap between those achieved by
farmers and potential yields' ). However, increasing potential
yields is challenging because crop harvest index and radiation
interception efficiency have been greatly improved since the first
green revolution. Great room for improvement exists in
increasing the conversion efficiency of intercepted radiation
into biomass energy, but there is a two- to three-decade gap
between the conceptual design at the experimental level and
availability to farmers' ). It is vital to close existing yield gaps for
food security.

Crop yields at the field scale are the comprehensive result of
multiple factors. For example, climatic conditions and cultivar
features define the potential yield, water and nutrients limit the
potential yield, and weeds and pests serve as reducing factors' .
Irrigation and nutrient management are essential parts of crop
production. Global agriculture consumes about 70% of the

freshwater withdrawals!"”!

. Global water consumption is
projected to increase by 21% by 2050" ! and domestic, industrial,
and livestock water demands are still growing rapidly. Thus,
shrinkage of the share for irrigation may be inevitable in the face
of limited water resources. Climate change, ecosystem degrada-
tion, unsustainable use of groundwater, and pollution exacerbate
water scarcity' . Global fertilizer use also faces serious problems
as in some regions insufficient nutrients are a major factor
limiting crop yields. However, excessive fertilization has caused
environmental problems in other regions, especially in East
Asial»'"), Increasing crop yields with sustainability requires
greater efforts to increase water and fertilizer use efficiency.

Numerous studies have investigated the interrelationships
among crop yield, resource use efficiency and multiple variables
at different scales. Agronomists have screened minimum data
sets (MDS) to assess correlations between soil quality and yield
|, The MDS$ may include soil
physical variables (e.g., bulk density and clay, silt and sand

at the farm or regional scales' '~

contents), soil chemical properties (e.g., pH in water and organic
carbon, total nitrogen, ammonium nitrogen, exchangeable
calcium and available phosphorus contents), and soil microbial

variables (e.g., sucrase activity, earthworm numbers, relative
amounts of bacterivorous nematodes, microbial biomass C and
biomass N). Mueller et al.’! examined yield gaps at the global
scale and concluded that 75% of attainable yields could be
realized by increasing irrigation area and nutrient application on
all underachieving areas. Furthermore, minimal changes in total
worldwide nitrogen and phosphate use would be possible by
reducing nutrient imbalances and inefficiencies. Chen et al.l' "]
evaluated factors affecting summer maize yield and nitrogen use
efficiency on small farms on the North China Plain and
concluded that plant density was more important than other
management practices in closing yield gaps. Li et all'>'"]
analyzed the spatiotemporal distribution of irrigation water
productivity and its driving factors in the Hexi Corridor, north-
west China. They concluded that increasing irrigation water
productivity should rely on the use of water-saving technology,
optimum fertilizer rates, agricultural mulching film, and
pesticides. Although a large amount of research has been
conducted, sustainable agricultural development in China
continues to face many challenges such as water shortage, low
resource use efficiency, and environmental contamination' ),
Moreover, few system analyses and interdisciplinary studies have

been conducted.

Further information is needed on current crop production
conditions to increase crop yield, reduce agricultural resource
inputs or increase resource use efficiency, and reduce the impact
of agriculture on the environment. For example, the extent of
current yield gaps, the major causes of these, and how much they
can be closed and by what means are all poorly understood.
Boundary line analysis (BLA) has been widely used to determine

U511 and analyze yield gaps''. It

critical levels of nutrients
simplifies a multivariate model into analysis of the relationships
between the dependent variable and each independent variable

'] The objectives of the present

to make interpretation easier
study were to investigate current yields and yield-limiting factors
in maize production at the field scale, determine the major yield-
limiting factors and quantify the yield gaps using BLA, and
compare the feasibility of and measures for closing yield gaps

and maintaining agricultural sustainability.

2 MATERIALS AND METHODS

2.1 Experimental site and field management

The experiment was conducted on a 3.9-ha maize seed
production field during the growing seasons of 2015 and 2016
at Shiyanghe Experimental Station of China Agricultural
University (37°52' N, 102°50' E, 1581 m), located in Wuwei
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City, Gansu Province, north-west China. This region is located
in an arid inland temperate climatic zone with mean annual pan
evaporation of 2000 mm, mean annual precipitation of 164 mm,
and an average groundwater table lower than 25 m below the

]

ground surfacel ). Precipitation during the maize growing

season was 149 and 115 mm in 2015 and 2016, respectively.

Field management was operated by a farmer according to local
practices. The cultivars (the female cultivar was FN1390 in 2015
and WHOI in 2016) and agronomic recommendations were
provided by local seed companies. The field was partly covered
by plastic film mulch, with every 1.2 m width covered strip
across the whole field was separated by 0.46 m width uncovered
strip. In 2015, every four rows of the female parents with one row
of the male parents were sown on each mulched strip at a sowing
rate of 9.34 x 10* female plants ha ' with 2.34 x 10* male plants
ha™'. In 2016, every seven rows of the female parents with one
row of the male parents were planted on two adjacent mulched
strips at a sowing rate of 8.17 x 10* female plants ha ' with
1.17 x 10* male plants ha . Each mulched strip was controlled
by two laterals of the drip irrigation system (the inner flat emitter
drip tape was used with an emitter spacing of 30 cm and a flow
rate of 3 L-h™") in 2016. The average spacing within rows was

25.8 cm in both years. Female parents were sown on April 13—
14, 2015 and April 23-24, 2016. The pollination period was
extended by sowing the male parents twice, about 5 and 10 days
later than the sowing date of the female parents. Female parents
were detasseling on July 7 and harvested on September 1618 in
both years.

Basal fertilizers were spread on the soil surface and plowed
evenly into the soil before soil mulching with plastic film. In
2015 the amounts of basal fertilizers were 216 kg-ha ' N, 105
kg-ha™ P, 62 kg-ha™' K and 37.5 kg-ha™' magnesium-zinc
sulfate (Zn + MgO > 17%). A further 207 kg-ha ' N as urea was
top-dressed and then dissolved and infiltrated into the soil with
irrigation water at the first irrigation event. Also, foliar spraying
with KH,PO, was conducted at the jointing stage. In 2016, only
205 kg-ha ' N'and 101 kg-ha ' P were applied as basal fertilizers,
and two top-dressings were fertigated with 139 kg-ha ' N on
June 23-24 and 70 kg-ha ™' N on July 15-16.

In 2015, border irrigation (irrigation controlled or directed by
short dikes around the areas treated) was used. Five irrigation
events were used with the irrigation units marked with a red
dashed line ( ). Outside the red dashed line, only the first
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Fig. 1 Sampling location and elevation map of the study area. (a) Border irrigation in 2015; (b) drip irrigation in 2016. The area with red dashed
line demonstrates the irrigation units with five irrigation events; the other irrigation units applied only the first four irrigation events. The red

stars mark the location of the eddy covariance system.
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four irrigation events were used. Also, winter irrigation with
more than 150 mm was applied in the last winter to control
salinity and provide adequate soil moisture for seedling
emergence in 2015. Winter irrigation in 2015 was canceled
because drip irrigation (surface drip irrigation) was planned in
2016. Instead, irrigation was applied with a drip irrigation
system just after the female parents were sown to assure seedling
emergence in 2016. Also, another seven irrigation events were
applied during the growing season. The total amount of
irrigation was 679 mm (winter irrigation was not included)
under border irrigation in 2015 and 452 mm under drip
irrigation in 2016. Irrigation schedules are listed in

2.2 Data collection and preprocessing

In 2015, 185 sampling locations were used, comprising 169
sampling points on an approximate 15-by-15-m grid and
another 16 sampling points placed randomly with the distance
to the grid points less than 15 m. In 2016, 184 sampling points
were used in the same field, comprising 156 sampling points on
an approximate 15-by-15-m grid and another 28 sampling
points placed randomly with the distance to the grid points less
than 15 m. A further 18 sampling points, labeled with ID
numbers 185-202 (
under the same agronomic management in 2016. These

), were added on an adjacent field

additional sampling points were not included in the statistical
analysis as there are no corresponding samples from 2015;
however, they were used in searching the maximum vyield,
clustering soil texture zones and fitting boundary lines. Sampling
points were adjusted slightly when too close to the field ridge.
The coordinates of each sampling point were obtained using a
GPS tracker (Trimble Recon, Sunnyvale, CA) and then projected

into a Gauss-Kruger projected coordinate system (Beijing 1954,
3 Degree GK CM 102E), and the elevation was obtained with an
optical level ( ).

Each sampling site was a 3.3 m (two mulched strips) by 3.1 m (12
plants per row) area. Emergence was counted to calculate plant
density. Averaged emergence was 74% under border irrigation
and 81% under drip irrigation. All maize ears were harvested in
the representative area then weighed for fresh mass (Mgegn), ten
ears were oven-dried at 80°C to determine ear water content (0',
according to Eq. (1)) and the mass ratio of grain to ear (p) was
calculated. The grain yield was calculated on dry matter basis
(Eq. (2)). Then the relative yield (RY, expressed as actual crop
yield divided by the observed maximum yield in each year.
Equation (3) was used in the analysis to avoid the influences of
meteorological and cultivar differences between the two
production years.

o = (mfreshfmdry)/mdry (D
My, X M 146
Yield = Min XP 1o P X Miea/(L+0) ) 2)
A A
RY = Yield/Yield,,, 3)

where 0" is the ear water content. Mg, and mgyy, are the fresh
and dry mass of ten ears, respectively, g. Yield is the grain yield in
dry mass, Mg-ha . Mgry and M are the dry and fresh mass of
all the ears harvested on the representative area, kg. p is the mass
ratio of grain to ear. A is the harvested area, m* 10 is the
coefficient converting grain yield from kg-m > to Mg-ha'. RY is
the relative yield. Yield,,, is the maximum of all the observed
grain yield in each year.

Table 1 Irrigation schedule summary

Border irrigation in 2015 Drip irrigation in 2016
e Date Irrigation amount (mm) Date Irrigation amount (mm)
0 Last winter >150 - -
1 May 30-June 1 158 April 24-25 50
2 Jun 29-July 2 158 June 10-12 51
3 July 20, 22 and 25 150 June 2224 51
4 August 9 and 12 158 July 2-3 50
5 September 5-6 95 July 15-16 66
6 - - July 2729 55
7 - - August 6-7 68
8 - - August 21-22 62
Total 679 452

Note: Irrigation amount is the area-weighted average for the irrigated units. The total is the area-weighted average of total amount of irrigation during the growing season, and winter irrigation is

omitted.
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Soil samples were collected four times each year to a depth of 100
cm at 20 cm depth intervals in the representative area at the start
and end of the growing season, and on June 8 and July 10, 2015
(about one week after irrigation), and June 30 and August 6,
2016 (one day before irrigation). Four soil samples at the same
soil depth were mixed and processed to determine soil proper-
ties. All samples were used to determine soil gravimetric water
content (0') and nitrate- and ammonium-nitrogen (NO3 -N and
NH,"-N). All samples collected at the start of each growing
season were used to determine soil texture (clay, silt and sand
fractions) and the volume-weighted mean diameter (D,,;). Also,
samples from 0 to 40 cm depth at the start and the end of each
growing season were used to determine pH in water, electrical
conductivity (EC), organic matter (OM) content, total nitrogen
(TN), total phosphorus (TP), soil available phosphorus (AP),
and soil available potassium (AK) contents. Bulk density (BD) in
the top 100 cm of the soil profile was determined on the 130
subsample sites with drip irrigation. These sampling sites
included ID numbers 1-155 (odd numbers only), all ID numbers
157-202, and other ID numbers 2, 32, 34, 48, 76 and 110.

Soil pH was determined in a 1:2.5 soil-water suspension with a
pH meter after shaking for 2 min and standing for 30 min. Soil
electrical conductivity was determined in a 1:5 soil-water extract
using a conductivity meter after shaking for 3 min. Soil OM was
determined by the Walkley-Black rapid dichromate oxidation
method" . TN was determined by Kjeldahl digestion and
continuous flow analysis (AutoAnalyzer 3, Bran + Luebbe, SEAL
Analytical GmbH, Norderstedt, Germany). TP was determined
by digesting soil samples with an acid mixture (H,SO,-HCIO,)
and continuous flow analysis. NO; -N and NH,"-N were
determined by extracting samples with 1 mol-L™" KCL solution
and continuous flow analysis. AP was determined by extracting
samples with 0.5 mol-L ™' NaHCOj; solution and the molybdate
colorimetric method. AK was determined by extracting samples
with 1 mol-L™' NH,OAc solution and flame photometry. Soil
gravimetric water content (0') and bulk density (BD) were
determined by the oven drying method. Soil texture was
determined with a laser particle size analyzer (Mastersizer2000,
Malvern Instruments Ltd., Malvern, UK).

Soil available nitrogen (ANy 100 cm) is expressed as the average of
available nitrogen (nitrate- and ammonium-nitrogen summed)
in top 100 cm of the soil profile. Other soil properties (pH, EC,
OM, TN, TP, AP, AK) were the averages in the top 40 cm of the
soil profile.

Soil available water content in the top 100 cm of the soil profile
(PropAWC) is expressed as the fraction of the total available
water content (the moisture held between field capacity and

permanent wilting point). PropAWC was calculated using
Eq. (4) to Eq. (8). The permanent wilting point (Oywp) was
estimated using the pedotransfer functions (PTFs) described by
van den Berg et al.l’! (Eq. (6)). Field capacity (6gc) and BD were
estimated using the PTFs when no observed data were available
(Eq. (7) and Eq. (8)).

SWCactual = SWCywp
SWCrc— SWCyp

5 5

_ Z:i:1 ZooeAcmal[z‘] - Zizl ZOOOWPM

= 5 5 b
Zi:l 20005c(; — E i—1 2000wp);

(i=1.2,..5) “)

PropAWC =

eA(:tual = eﬁ\ctual x BD (5)
Oyp = 0.00334 x Clay x BD + 0.00104 x Silt

x BD (6)
Oc = prl + pr2 x Clay + pr3 x Clay’ + pr4
x Silt + pr5 x Silt* + pr6 x Clay x Silt (7)

BD = prl + pr2 x Clay + pr3 x Clay’

+ pr4 x Silt + pr5 x Sil* + pr6

x Clay x Silt ®)

where SWCjx ua, SWCwp, and SWCrc are the soil water storage
in the top 100 cm of the soil profile when soil was sampled, soil
potential reached —1.5 MPa, and field capacity reached,
respectively, mm. i (i = 1, 2, ..., 5) is the number of the soil
layer 0-20, 20—40, 40—60, 6080 and 80-100 cm. 6's., and
OActual are the soil gravimetric and volumetric water contents
when the soil was sampled. 8¢ and 6yyp are the volumetric water
contents when field capacity reached, and soil potential reached
—1.5 MPa, respectively. Clay and silt are the fractions of soil
particle size < 2 pum and between 2 and 50 pm (when clay was
30%, then 30 would be used in Eq. (6) to Eq. (8)), respectively.
BD is the soil bulk density, Mg-m™>. prl to pr6 are the
parameters of the PTFs estimated by nonlinear regression with
XLSTAT version 2014.5.03 (
parameters of Orc (Eq. (7)), data was collected from other

). When estimating the

research at the same study area (sample size: n = 26; the
measured Oc ranged from 18.4% to 38.2%). For the parameters
of BD at different soil depths (Eq. (8)), both the measured data
set in this study (bulk density of the 0-100 cm depth soil profile
with 20 cm depth intervals from 130 sampling sites) and
collected data set from other studies (5 sampling sites) were used
(sample size: n = 135).



530

Front. Agr. Sci. Eng.

2021, 8(4): 525-544

Table 2 Nonlinear regression parameters Ogc and BD

Parameter Orc BDy-20 cm BD3o-40 cm BDy4o-60 cm BDso-80 cm BDsgo-100 cm
prl 2.281E-01 1.568E+00 1.642E+00 1.460E+00 1.600E+00 1.555E+00
pr2 —2.288E-02 6.582E-03 6.495E-03 —7.208E-03 —2.454E-02 3.084E-02
pr3 1.202E-03 3.729E-04 —1.786E-04 1.821E-03 2.280E-03 —1.260E-05
pr4 3.103E-03 —1.175E-03 —4.515E-04 9.433E-03 4.317E-03 —3.196E-03
pr5 1.727E-05 —2.200E-05 —2.170E-05 —1.049E-04 —2.940E-05 4.800E-05
pré —1.410E-04 —1.533E-04 —1.654E-04 —4.962E-04 —4.701E-04 —6.000E-04

Note: The parameters were estimated using the nonlinear regression method in XLSTAT version 2014.5.03. For O5c, data were collected from other studies in the same study area (sample size, n =
26; measured Orc ranged from 18.4% to 38.2%). For BD at different soil depths, both the measured data set from the present study (bulk density of 0-100 cm depth of soil profile with 20-cm depth

intervals from 130 sampling sites) and a data set from other studies (5 sampling sites) were used (sample size, n = 135).

2.3 Data analysis

23.1
gaps
The yield gap is commonly defined as the difference between

Boundary line analysis and quantification of yield

yield potential and actual yield achieved in the field. Yield
potential, also called potential yield, is defined as the yield of a
cultivar when grown in an environment to which it is adapted,
with nutrients and water non-limiting and other stresses
effectively controlled' . However, it is difficult to measure the
yield potential as it can be difficult to provide an entirely stress-
free testing environment. Yield potential is therefore usually
estimated by the maximum vyield of sizable samples under
optimum management. As the main concern of this study was
closing yield gap as determined by optimizing field management,
and RY (each season) was used to avoid the influence of
meteorological difference between the two growing seasons, we
define the yield gap (Arowy) as the difference between the
maximum RY (RY,,,,) and the RY achieved:

ATotal = RYp—RY (9)

BLA has been described in previous studies! !, The boundary
line is usually determined by fitting a line through the upper
boundary points of data scatter (yield as the dependent variable
and yield-limiting factors as the independent variables). It is
assumed that the boundary line represents the dependent
variable influenced only by the single independent variable in
the absence of any other limiting factors if the data set is
sufficient! ). Here, a large area was affected by plant density
deficiency. Thus the boundary lines of other yield-limiting
factors (except for plant density) were inevitably influenced by
two or more yield-limiting factors in most cases (at least one was
the independent variable, and another was plant density). This
conflicts with the assumption of the BLA. We therefore gave
priority to determining the boundary line of plant density. We
used RY as the dependent variable for the boundary line of plant

density, but adjusted RY as the dependent variable for boundary
lines of other yield-limiting factors by eliminating the reduction
effect of all the yield-limiting factor(s) that were analyzed
( ). The procedure is described below.

Supposing crop yield (we used RY) was the outcome that
potential yield (as the potential yield was difficult to measure, we
used the observed maximum yield instead, RY ., = 1) under
specific climatic conditions constrained by yield-limiting factors
(X5 i =1, 2, .., n) and unknown factors (e, including the
reduction effect of others unknown yield-limiting factors,
random error and interaction effects between factors X; if they
exist). The reduction effect of each yield-limiting factor was
expressed as a yield correction coefficient, which was a function
of each factor f(X;), f(X5), ..., f(X,), f(¢). This may be expressed as
follows.

RY = RY,, x (X)) x f(X;) x..x f(X,)

x f(g) (10)

As the assumption of BLA, the boundary line for the factor X,
represents the dependent variable influenced only by a single
independent variable X; in the absence of any other limiting
factors when the data are sufficient. Then Eq. (10) can be
simplified as follows, as all the reduction coefficient function of
factors (X,, X3, ..., X, €) are equal to 1:

BLA(X;) = RYp, x (X)), ie.,

£(X1) = BLAX))/RY pay (11)

where RY ., is the maximum RY, BLA(X;) is the boundary line
function of factor X;. According to Eq. (10) and Eq. (11), the
reduction effect of other factors (X,, Xs, .., X,, € can be

expressed as:
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Fig. 2 Boundary line analysis (BLA) of different yield-limiting factors. (a) Plant density of female parents, 10* plants ha*; (b) soil available
potassium at 0-40 cm depth at the end of the growing season, mg-kg * K; (c) soil available nitrogen at 0-100 cm depth at the end of the growing
season, mg-kg * N; (d) soil available water content at 0-100 cm depth on June 8 under border irrigation in 2015; (e,f) soil available water content
at 0-100 cm depth on 6 August and 13 September 2016 under drip irrigation; (g) soil electrical conductivity at 0-40 cm depth when maize was
sown, uS-cm % (h) soil pH in water at 0-40 cm depth when maize was sown. White circles (o) represent data serial in 2015; black circles (e)
represent data serial in 2016; red crosses (x) represent the upper points eliminated as outliers; black crosses ( + ) represent the upper points used
in fitting the upper boundary line.
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f(XZ) X X f(Xn) X f(S)
RY Eqll  RY
B RYmax X f(Xl) = BLA(XI) (12)

When factor X is managed to the optimum level, the reduction
effect of X; can be eliminated, i.e., the yield correction coefficient
function f(X';) = 1 (the symbol f(X';) is used to represent the
reduction function after optimizing factor X; distinguished from
the yield correction coefficient function f(X;) before optimizing
factor X;; RYY is used to represent the predicted RY when the
first i yield-limiting factor(s) Xj, X, ..., X; is/are managed to the
optimum level(s). Then the predicted RY (RY’XI) after
optimizing factor X; can be expressed as:

RY'x, = RY i X (X)) x £(X5) x ... x f(X,,) x f(€)

£(X})=1
& RYpax X £(X5) X ... x £(X,) x f(€)
RY

= RYmax X
BLA(X;)

(13)

The difference (ARYY, ) between RY and RY’Xl can be explained
as the yield gap determined by single factor X; when factor X;
was managed to the optimum level:

RY

Al{YX1 = l{Yv,Xl *RY = RYmax X m

~RY (14

Then the RY'y, can be used as the new dependent variable to
determine the boundary line of the following factor X, free from
the yield reduction effect of the previous factor X;. Similarly, the
boundary lines of other factors can be determined in sequence.

The general expressions for factors X; (i= 2, 3, ..., n) are as
follows:
, RY,X;—I
RY X, = RYmax X m, 1= 2, 3, ., n (15)

ARYy =RY'x ~RY'x ,i=2,3,..,n (16)

where RY'x | is the predicted RY with the reduction effect of
previous factors (X;, X, ..., X; 1) eliminated by managing them
to the optimum levels, which was also the dependent variable
when fitting the boundary line of factors X; RYx is the
predicted RY with the reduction effect of the first i factors (X,
X2, .. X1, X;) eliminated by managing them to the optimum
levels; BLA(X;) s the boundary line function of factor X;; ARYx

is the yield gap determined by a single factor X

When all the boundary lines of the yield-limiting factors
considered had been determined, the yield gap of unknown
factors € was estimated by Eq. (17):

ARY; = RY o — (RY + ARYy, + ARYy, + ... + ARYy ) (17)

where RY was the relative yield achieved in the field, RY,,,, was
the maximum RY; ARYy,, ARY,, .., ARYx and ARY were
the yield gaps determined by single yield-limiting factors X; (i =
1, 2, .., n) and unknown factors (&), respectively.

The main steps for quantifying the yield gaps by multiple yield-
limiting factors are as follows:

(1) Determining the sequence of fitting the boundary lines for
different yield-limiting factors. The factor that was more likely to
be the dominant yield-limiting factor and with less uncertainty
should be given priority (plant density in our study). However,
the order should be regulated if the upper boundary points,
when fitting the boundary line of the current factor, are
commonly outside the optimum levels of the latter factors (RY is
constrained by the latter factors).

(2) Fitting the boundary line of every single factor (X;). We used
yield-limiting factor X; as the independent variable and the RY as
the dependent variable for the first factor X;, but we adjusted
relative yield (RY /x,) as the dependent variable for the
subsequent factors X;,; (i=1, 2, ..., n). For the convenience of
description, the dependent variable is expressed as Y;. First,
searching the point when the maximum y-value is reached (if
two or more points are identified, using the point with the largest
x-value), expressed as (X;x Yimax). Secondly, sorting (X;, Y;) by
the independent variables X; in ascending order. For (X}, Y;) with
the same x-value, using the dependent variable as the second
sorting variable in descending order when X;; <X (j=1,2, .., k,
... m), and in ascending order when X;; > X; . Thirdly, searching
the upper boundary points. The three points (X;;, Y;1), (Xims
Y;m), and (Xjx Yimay) are saved as the upper boundary points.
Using (X;1, Y;1) as the current identified upper boundary point
(Xitemp = Xi1» Yitemp = Y;1) to search other points from X;; to
X (searching from the left side). Another point (X;;, Y;;) would
be identified as the upper boundary point if Y;; > Y temp, and it is
used as the new current identified upper boundary point for
further searching. Similarly, using the (X;,, Y; ) as the current
identified upper boundary point, searching other points from
Xim to X;x (searching from the right side). Fourthly, excluding
outliers of the upper boundary points data set. Points deviating
from the main trends are treated as outliers. Also, if a point of the

x-value of any vyield-limiting factors (X, ... X,) (after the
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current analysis factor X;) is not within its optimum range, it is
also deleted as an outlier. Finally, fitting an appropriate model
through the upper boundary points for every single factor. More
details about the searching procedure are given by Schnug
et all'"! and we conducted the procedure using the R version

3.5.2 statistical package! .

(3) Calculating the yield gaps for different yield-limiting factors
(X1, X5, - X,) (Eq. (16)) and unknown factors (¢) (Eq. (17)).

To describe the reduction intensity of different yield-limiting
factors we defined the optimum range and acceptable range. The
optimum range is defined as the independent variable interval
with RY of the boundary line (maximum attainable RY) equal to
100%, and the acceptable range as the independent variable
interval with RY of the boundary line > 95%. The independent
variable between the acceptable range was supposed to be
acceptable stress and outside the acceptable range was regarded
as non-ignorable stress.

The results of the BLA are shown in and . Soil
properties, comprising soil organic matter, total nitrogen, total
phosphorus and available phosphorus, were not included in the
BLA, as the boundary lines of these properties were approaching

the horizontal line RY = 1.

2.3.2 Hierarchical cluster analysis

To analyze the relationship among soil moisture, nutrients and
crop yield at the same soil zones, hierarchical cluster analysis was
conducted using XLSTAT version 2014.5.03. Soil D, in the top
100 cm of the soil profile (20-cm-depth intervals) was selected as
the clustering variable. Ward's method was chosen as the
agglomeration method, and Euclidian distance was used to
measure the dissimilarity coefficient. As a result, the whole field
). Also, the box
plots of the remaining soil NPK in different soil texture zones are

was divided into four soil texture zones (

shown in

Table 3 Parameters of the BLA method for different yield-limiting factors and areal percentage under different yield reduction levels

D Factor Optimum Acceptable Function form Parameters (signiﬁcimce codes
range range and sample size)
Num a = —3.78E-02 (***); b = 0.584 (***);
I 7.61-7.84 6.57-8.88 in (y=ax’+bx +¢, 1
(10* plants ha™) el i) ¢ =-1.26 (***); (F-test: ***, n = 5)
AK =alx-t))+1; x<t .
II o > 80.5 > 70.8 y=abt+ Lix<t, a = 5.17E-03 (**); t; = 80.5 (3%); (n = 6)
(mg-kg " K) § y=Lx>t
= —t))+ 1; x<t
III AN 6.04-26.1 3.14-66.2 i = T(); <12(<t “n a = 1.73E-02 (***); b= —1.25E-03 (***); t; = 6.04
kg ' N : : : : o > )t =261 (K); (n=7
(mg-kg" N) § y = bt} Ls x> b (%)t (%) (n=7)
PropAWC =alx—t)+1;x< t .
V-1 " >0.739 >og79 Y abkh) ! a = 0835 () t; = 0.739 (¥); (n = 5)
20150608 ¢ y=Lx>t
PropAWC =a(x-t)+1;x< t
V-2 rop > 0.371 > 0.282 y=abct)rlix<t a=0.559 (*); t; = 0.371 (**); (n = 3)
20160806 ¢ y=1x>t
PropAWC =a(x-t))+1; x<t
\% rop > 0.507 > 0.422 = EE=i It a = 0.583 (**); t, = 0.507 (**); (n = 6)
20160913 ¢ y=Lx>t
EC y=1Lx<t, .
VI <224 <323 b = —5.06E-04 (*); t, = 224 (%); (n =9
(uS-em™) y = b(x-to)+1; x> t, % & Gl G =0)
y=1t<x<t,
VII H <8.41 <8.49 b =-0.616 (***); t, = 8.41 (***); (n = 14
p y=bx-t))+1; x> t, %ty (% (n )
Percentage to the whole area under different reduction level (border Percentage to the whole area under different reduction level
irrigation in 2015) (%) (drip irrigation in 2016) (%)
ID
Deficiency Optimum Excessive Deficiency Optimum Excessive
<0.95t [0.95, 1] 1 [0.95, 1] <0.95 <0.95 [0.95, 1] 1 [0.95, 1] <0.95
I 38 43 6 12 1 44 56 0 0 0
I 2 6 92 - - 3 9 87 - -
III 0 18 68 12 2 0 0 56 39 5

V-1 5 5 89 - -
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(Continued)

Percentage to the whole area under different reduction level (border
irrigation in 2015) (%)

Percentage to the whole area under different reduction level
(drip irrigation in 2016) (%)

E Deficiency Optimum Excessive Deficiency Optimum Excessive
<0.95% [0.95, 1] 1 [0.95, 1] <0.95 <0.95 [0.95, 1] 1 [0.95, 1] <0.95
V-2 - - - - - 11 16 73 - -
A% - - - - - 2 7 91 - -
VI - - 86 12 2 - - 78 19 3
VI - - 87 12 1 - - 100 0 0

Note: ID, order of fitting the boundary line; Num, female plant density; AK, soil available potassium (at 0-40 cm) at the end of the growing season; AN, soil available nitrogen (at 0-100 cm) at the
end of the growing season; PropAWG, soil available water content (in the fraction of total available water content); EC, soil electrical conductivity at the start of the growing season; pH, soil pH at
the start of the growing season; optimum range, the independent variable interval that relative yield of the boundary line equaled 100%; acceptable range, the independent variable interval that
relative yield of the boundary line was > 95%. When determining the parameters of boundary lines with R version 3.5.2"" 7, Im() function was used for the factor Num (ID: I), and both the t-test
and F-test were conducted; nls() function was used for other factors (ID: II-VII), and only the t-test was conducted. Significance of t-test and F-test: ***, P <0.001; **, P<0.01; ¥, P<0.05.

% The value of t; or t, was set manually to the minimum or maximum of the independent variable with the adjusted RY approaching 1.000 (> 0.999) if the fitting program failed for too many

parameters or too small a sample size.
¢ Soil sampling dates were June 8, 2015, August 6, 2016 and September 13, 2016.

§ Nutrient convertion coefficient: 1 mg-kg ' = 6.02 kg-ha ' (at 0-40 cm soil), 1 mg-kg ' = 14.1 kg-ha* (at 0-100 cm soil);
+ Yield reduction level is expressed as the maximum attainable relative yield (relative yield of the boundary line) that was reached, and 0.95 or 1 represents the relative yield of the boundary line
that reached 0.95 or 1. This is consistent with the lower or upper limits of the acceptable range and optimum range.

2.3.3 Interpolation method
The inverse distance weighted method was used for interpola-
tion when plotting the spatial distribution of yield and yield-

limiting factors! .

20 = [0 2| /| T ]

(18)

where Z(x;) is the interpolated value at point xy, Z(x;) is the
measured value at sampling points x; (i = 1, 2, ..., m), d; is the
distance between x, and x;, p (ranging from 1 to 100) is the
power value of the distance d;. For the parameters settings when

interpolating RY and yield-limiting factors, both the searching
major and minor semiaxes were 15 m, minimum and maximum
neighbors of each sector were 1 and 2, four-sector with 45° offset
was selected, and an optimum power value p was used according
to cross-validation by minimizing the root mean square
prediction error. The value of p was 1.75, 1.96, 3.94, 1.58, 1.00,
1.00, 1.00 and 1.00 for RY, RY', Num, AK, AN,
PropAWCy0150608, PH and EC in 2015, respectively, and p was
1.00, 1.00, 1.00, 1.00, 1.24, 1.00, 1.00, 1.00 and 1.40 for RY, RY’,
Num, AK, AN, PropAWC,g160806 PropAWCsp160913> PH and
EC in 2016. However, to maintain the soil texture of the
predicted point consistent with the nearest observed point when
interpolating soil texture zone, one sector and one neighbor for

(@) (b) 450 (c) 450
£ 400} £ 400}
% 350 8350 " '
L E X x
=] L
E 250 § 250 F §
5 200¢ ;) ok yd
2 150 2 :
2 5 150} "
100 5 : x
c Q % 100}
E 50 ” E iH . %
= 2 50t .
1 L 1 § 0 § %
0 500,000 1.000,000 1,500,000 2,000,000 —20cm 40cm 60cm 80cm 100 cm 0

Dissimilarity

| =—Z7one 1 ==Zone 2 =—Zone 3 —Zone4|

All Zones Zone 1 Zone2 Zone3 Zone4
+ Mean © Outliers (1) * Outliers (2) ¢ Minimum/Maximum

Fig. 3 Hierarchical cluster analysis results. (a) Dendrogram of the hierarchical cluster analysis; (b) the volume-weighted mean diameter of the
class centroids in the soil profile at 0100 cm depth (20 cm depth intervals) in each soil zone; (c) box plots of the volume-weighted mean diameter
at 0-60 cm depth (orange lines) and 60-100 cm depth (purple lines) in each soil zone.
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Fig. 4 Box plots of remaining soil available nitrogen (at 0-100 cm depth), available phosphorus (0-40 cm depth) and available potassium
(040 cm) at the end of the growing seasons. (a) Soil available nitrogen; (b) soil available phosphorus; (c) soil available potassium. The green line
represents the 2015 results and the black line the 2016 result. Significance by independent-samples t-test using the SPSS 20.0 software package:

*¥** P<0.001; **, P<0.01; *, P<0.05; n.s., not significant (P > 0.05).

each sector were selected, and p could be any value. Interpolation
was conducted using ArcGIS 10.4 and the interception plots are

shown in and

3 RESULTS

under drip irrigation. Only in Zone 2 was the difference in
remaining available potassium significant (P < 0.05) with average
values of 103.5 mg-kg' K under border irrigation and
95.4 mg-kg ' K under drip irrigation ( ).

3.1 Hierarchical cluster analysis and zonal statistics
of soil NPK

The hierarchical cluster analysis results are shown in . The
whole field was divided into four soil zones. The soil texture
according to the USDA soil texture classification system of the
cluster centroid in each soil zone is listed in . The area
percentages of Zones 1, 2, 3 and 4 were 41%, 30%, 16% and 13%,

respectively.

Soil nutrients in the four different zones under border and drip
irrigation at the end of the growing season are summarized in

. Throughout the field the remaining soil available
nitrogen at 0-100 cm depth increased from 16.3 mg-kg' N
under border irrigation to 30.4 mg-kg ' N under drip irrigation,
and available phosphorus at 0—40 cm depth increased from
12.1 mg-kg ' P under border irrigation to 14.8 mg-kg ' P under
drip irrigation. Both the soil available nitrogen and available
phosphorus under drip irrigation were significantly higher than
in the same soil texture zones under border irrigation (P <0.05).
Accumulation of soil available nitrogen and available phos-
phorus is also shown in box plots ( ) and spatial interception
plots ( ). However, throughout the field the difference in
remaining soil available potassium at 0—40 cm depth was not
significant under the border and drip irrigation, with an average
of 104.3 mg-kg ' K under border irrigation and 101.9 mg-kg ' K

3.2 Grain yield and water consumption under both
irrigation methods

Maize grain yield and water consumption are summarized in

. The maximum yields were 6.25 and 7.02 Mg-ha' in
2015 and 2016, respectively. RY ranged from 0.39 to 1.0 with an
average of 0.70 under border irrigation in 2015. RY ranged from
0.48 to 0.97 with an average of 0.71 under drip irrigation in 2016
( ). The difference in RY between the two irrigation
methods was not significant in the same soil zone (P <0.05). In
the same growing seasons Zone 4 was the zone with the lowest
RY under both irrigation methods. However, the only significant
difference was between Zones 2 and 4 under border irrigation
(P<0.05). Drip irrigation showed a marked advantage in
increasing RY at area A (mainly belonging to Zones 3 and 4
with coarser-textured soil) and area B (belonging to Zone 1 with
finer-textured subsoil) where soil nitrogen and salinity were both
at higher levels. However, drip irrigation decreased RY at area C
( ). Drip irrigation decreased the yield variability with a
coefficient of variation of 12.1% throughout the field compared
with 18.8% under border irrigation.

Irrigation water input during the growing season was 679 and
452 mm under border and drip irrigation, respectively. Drip
irrigation saved 227 mm irrigation water during a drier growing
season compared with border irrigation and this was 44% of the
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Fig. 5 Spatial interpolation plots of remaining soil available nitrogen (at 0-100 cm depth), available phosphorus (0-40 cm depth) and available
potassium (040 cm) at the end of the growing seasons. (a—c) Soil available nitrogen, available phosphorus and available potassium in 2015;
(d—f) soil available nitrogen, available phosphorus and available potassium in 2016. Different soil zones are also shown.

average ET throughout the growing season (ET, the eddy

l'and

covariance measurements of the same field by Qin et al.!
He et al.l'")). Also, 91% of the total water input (precipitation
plus irrigation) was converted into crop ET under drip irrigation
but the corresponding percentage was only 61% under border

irrigation ( ).

3.3 Yield-limiting factor analysis and vyield gap
quantification

The parameters of the BLA method, the optimum range and the
acceptable range, are listed in . We recommend the
optimum range as the thresholds for field management and
yield-limiting factors outside the acceptable range should be
given priority in closing yield gaps. Also, the area proportion of
different stress intensity by different yield-limiting factors is also

summarized in . The area in which yield was constrained

by each yield-limiting factor (deficiency or excessive) is
delineated in the interpolation maps ( ).

Yield gaps determined by yield-limiting factors are summarized
. Throughout the field
the yield gap determined by all the currently considered yield-

for different soil texture zones in

limiting factors (A) was 7.9% under border irrigation and 9.7%
under drip irrigation ( ). However, yield gaps differed with
soil zone and irrigation method. Zone 1 with finer-textured soil
had the minimum yield gaps determined by currently considered
factors and Zone 4 with coarser-textured soil had the maximum
yield gaps under both irrigation methods. The yield gaps
determined by currently considered factors (A) ranged from
5.9% at Zone 1 to 12.4% at Zone 4 under border irrigation, and
7.0% at Zone 1 to 13.8% at Zone 4 under drip irrigation. The RY
was expected to increase from ~70% at present to ~80% (range
76% to 84% in different soil zones under both irrigation
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Table 4 Summary of the soil texture zones and residual soil NPK

Soil texture Percentage of the whole ANj 100 em APy 40 cm AKy 40 em

Zone (year) (0-60 cm/60-100 cm) area (mean:lflSD) (mean:IfD) (mean:lilSD)

(samples count) (%) (mg-kg™ N) (mg kg™ P) (mg-kg " K)
All Zones (2015) = 100 (185) 16.3+17.3 12.14£3.3 104.3£21.2
Zone 1 (2015) Silt loam/Silt loam 41 (71) 23.14+21.5 be 13.2+3.3 cq 116.8+£22.6 a¥
Zone 2 (2015) Loam/Silt loam 30 (53) 14.1£14.0 cd 11.6+£29d 103.5+13.5 b
Zone 3 (2015) Sandy loam/Silt loam 16 (36) 12.0£11.4 cd 102433 ¢ 87.5+15.7d
Zone 4 (2015) Sandy loam/Loamy sand 13 (25) 8.1+10.0 d 13.0£2.9 cd 94.7+14.7 cd
All Zones (2016) = 100 (184) 30.4£25.0 14.8+3.4 101.94+22.6
Zone 1 (2016) Silt loam/Silt loam 41 (82) 39.31+31.1 a 14.9+3.7 ab 11294224 a
Zone 2 (2016) Loam/Silt loam 30 (64) 252+18.0 b 15.0+3.2 ab 95.44+19.1 ¢
Zone 3 (2016) Sandy loam/Silt loam 16 (23) 214494 b 13.542.9 be 87.8+17.6 cd
Zone 4 (2016) Sandy loam/Loamy sand 13 (15) 17.8+8.3 be 15.842.6 a 90.5+17.2 cd

Note: Soil texture, the soil texture of the class centroid, calculated by averaging the sand, silt and clay contents at 0-60 cm or 60—100 cm depth in each soil zone, according to the USDA soil
texture classification system; ANy 109 cm» APy 40 cm and AKy 49 cm, the remaining soil available nitrogen at 0-100 cm, available phosphorus at 0-40 cm and available potassium at 0-40 cm

depths at the end of the growing season.

¢ Significance test of difference by independent-samples t-test using the SPSS 20.0 software package (P < 0.05).

Table 5 Crop yield and water consumption

Zone (year) RY (mean+SD) CV (%) Yield,ax (Mg-ha’l) P (mm) I (mm) ET+ (mm) ET (P +1) (%)
All Zones (2015) 0.70+£0.13 18.8 6.25 149 679 508 61
Zone 1 (2015) 0.70+£0.14 abg 19.7

Zone 2 (2015) 0.734+0.11 a 15.6

Zone 3 (2015) 0.7140.14 ab 19.1

Zone 4 (2015) 0.65+0.14 b 21.2

All Zones (2016) 0.7140.09 12.1 7.02 115 452 518 91
Zone 1 (2016) 0.7140.08 a 11.3

Zone 2 (2016) 0.71£0.10 ab 13.5

Zone 3 (2016) 0.7340.08 a 10.5

Zone 4 (2016) 0.6910.09 ab 12.7

Note: RY, the relative yield; CV, the coefficient of variation; Yield .y, the observed maximum yield (dry grain); P and I, the total precipitation and irrigation water during the growing season,

respectively; ET, crop evapotranspiration by the eddy covariance method.

¢ The significance test of difference by independent-samples t-test using the SPSS 20.0 software package (P < 0.05).
1 ET was the eddy covariance result in both years, according to other literature on the same field. ET from April 15 to September 16, 2015 was the eddy covariance results from Qin et al."" ;
ET from April 25 to September 16, 2016 was adjusted from the result of He et al." ! by plus or minus the ET of missing or extra days.

methods) if the currently considered yield-limiting factors were
managed to the optimum ranges. The yield gaps determined by
unknown factors (A,) throughout the field were 21.6% under
border irrigation and 19.2% under drip irrigation. Zone 1 had
the maximum unexplained yield gap with values of 24.2% under
border irrigation and 21.8% under drip irrigation.

Irrespective of irrigation method the first three yield-limiting

factors were plant density (Anym), soil available water content
(Apropawc)> and soil available nitrogen (Aay) throughout the
field ( ). The yield gaps determined by plant density
(Anum) were 4.1% and 4.9% in 2015 and 2016, respectively. The
slightly larger yield gap determined by plant density in 2016 may
be explained by the larger areas constrained by female plant
deficiency that occurred almost throughout the study area
compared with 81% of the study area in 2015 ( ).
Throughout the field the yield gaps determined by soil available
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Table 6 Yield gaps determined by different yield-limiting factors in different soil zones

Zone (year) Count RY (mean+SD) RY' (mean+SD) A (%) A, (%)
All Zones (2015) 185 0.70+£0.13 0.78+0.13 7.9 21.6
Zone 1 (2015) 71 0.7040.14 0.76+0.14 59 24.2
Zone 2 (2015) 53 0.73£0.11 0.82+0.12 8.5 18.0
Zone 3 (2015) 36 0.71+£0.14 0.79+£0.13 7.9 21.3
Zone 4 (2015) 25 0.6540.14 0.7740.11 12.4 225
All Zones (2016) 184 0.71+£0.09 0.81+£0.09 9.7 19.2
Zone 1 (2016) 82 0.71+£0.08 0.78+0.08 7.0 21.8
Zone 2 (2016) 64 0.71£0.10 0.8240.09 11.8 17.6
Zone 3 (2016) 23 0.73£0.08 0.84+£0.09 11.1 15.9
Zone 4 (2016) 15 0.6940.09 0.8340.10 13.8 16.9
Zone (Year) ANum (%) Apropawc (%) Aan (%) Agc (%) Axk (%) Apn (%)
All Zones (2015) 4.1 1.4 1.1 0.4 0.4 0.6
Zone 1 (2015) 39 0.1 0.8 0.5 0.1 0.7
Zone 2 (2015) 53 1.0 1.0 0.6 0.0 0.5
Zone 3 (2015) 35 1.2 1.2 0.1 1.5 0.5
Zone 4 (2015) 33 6.0 1.9 0.1 0.4 0.8
All Zones (2016) 4.9 2.5 1.0 0.6 0.7 0.0
Zone 1 (2016) 34 0.6 1.6 0.9 0.4 0.0
Zone 2 (2016) 7.0 3.1 0.6 0.4 0.7 0.0
Zone 3 (2016) 44 4.5 0.2 0.0 1.8 0.1
Zone 4 (2016) 4.8 7.5 0.1 0.1 14 0.0

Note: RY, the observed relative yield; RY', the expected relative yield when all the factors considered (unknown factors € not included) were managed to the optimum ranges; RY' = RY + A;
A, the total yield gap of the current factors considered (unknown factors & not included); A = Axum + Apropawc + Aan + Agc + Axk + Apts ANums Apropawcs Aans Asc, Aaks Apis A, yield gap
determined by female plant density, soil available water content, soil available nitrogen, soil electrical conductivity, soil available potassium, soil pH, and unknown factors, respectively;

RY' + A, = 1.

water content (Ap;opawc) Were 1.4% under border irrigation and
2.5% under drip irrigation ( ). The larger yield gap
determined by soil available water content under drip irrigation
was the result of the larger area affected by water stress. Yield gap
determined by soil available water content was considerable in
all soil textures except Zone 1 under drip irrigation with values of
3.1%, 4.5% and 7.5% in Zones 2, 3 and 4, respectively. However,
only Zone 4 had a large yield gap of 6.0% determined by soil
). In
Zone 4, soil available water content had become the predomi-

available water content under border irrigation (

nant yield-limiting factor under both irrigation methods
( ). The yield gap determined by soil available nitrogen
(Aan) was similar throughout the field with values of 1.1% and
1.0% under the border and drip irrigation, respectively.
However, the cause of the yield gap was different. Both soil
nitrogen deficit and excess occurred under border irrigation,
with soil nitrogen deficit occurring mainly in the coarser-
textured Zones 3 and 4, and soil nitrogen surplus occurred
mainly in finer-textured Zone 1 ( ). However, only soil

nitrogen surplus occurred under drip irrigation, mainly in

Zone 1 (
the area proportion affected by excessive nitrogen increasing

). Accumulation of soil available nitrogen led to

from 14% of the total area under border irrigation to 44% under
drip irrigation ( ).

Although other yield-limiting factors considered had little
influence on yield gaps throughout the field, they need to be
considered in specific soil texture zones. For example, a large
area at Zone 1 was affected by soil salinity at the early growth
), and

Zones 3 and 4 with coarser-textured topsoil were also affected by

stages, accompanied by soil nitrogen surplus (

available potassium deficit ( , ,92)).

4 DISCUSSION

4.1 Thresholds of yield-limiting factors for field
management

Studies have been conducted to recommend the thresholds for

field management with different methods such as BLAU' '), the
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Cate-Nelson graphical procedurel’”); or least square regression
between crop yield and yield-limiting factors. The results may
differ slightly from each other. As these ranges are the results of
analyzing the relationship between the yield of a specific crop
and yield-limiting factors at specific sampling time, they would
be misleading if the sampling time or crop species were ignored.

Here, the optimum range of female parents was (7.6-7.8) x 10*

! who

plants ha™', a lower value than the results of Jiang et al..
found that maximum yield was achieved at a female plant
density of (9.4-10.6) x 10* plants ha' (a further 20% male
parents were not included). The optimum range was reached
earlier in our study because the BLA method is concerned with
the upper boundary points of scatter, and factors other than
plant density were at optimum levels. Also, the narrow optimum
range was due to few data being distributed at higher plant
density in our study. However, this range is consistent with the
optimum plant density of (9.7-16.4) x 10* plants ha™' for
hybrids released between 1965 and 20101/ if the male parents
are taken into account. A slightly higher plant density is
recommended for increased yield stability as modern hybrids are

tolerant to high plant density!"".

According to the BLA of soil available water content in 2016 we
recommend 37% to 51% of soil available water content as the
lower limit for irrigation management. This is consistent with
the recommendation of 35% to 55% (the maximum allowable
water depletion is 45% to 65% of total soil available water) to
41 Soil available water content
), especially under

border irrigation, so that soil water content exceeded field

meet full water requirements
exceeded 100% at some sampling sites (

capacity. This is related to the common occurrence of finer-
textured subsoil in the field, and this may lead to a longer time
required when downward flux becomes negligible after large

(] The linear-plateau model was used in

rates of irrigation
fitting the relationship of yield response to soil available water
content, as there was no apparent yield reduction by excessive
irrigation in our study. However, large rates of irrigation under
border irrigation should be avoided because of the risk of

hypoxial .

Soil nutrients at the end of the growing season were used to
indicate thresholds for fertilizer management, as soil nutrients
during this period tended to be lower than that of the earlier
growth stages. Another consideration was that residual soil
nitrogen was more stable than at other growth stages, as nitrogen
was applied more than once and complex movement with soil
water. The optimum range of average soil available nitrogen in
the 100 cm was 6.04 to 26.1 mg-kg ™" (
nitrogen inputs should be avoided because of the risk of nitrate

). However, high

leaching! !

and the negative influence of salinity on germination
and early seedling establishment' "), The lower limit of the
optimum range in our study is comparable to the critical level of
8 mg NOs; -N kg' (bulk density assumed to be 1.49
Mg-m )t Soil phosphorus limitation did not occur according
to the BLA method, with soil available phosphorus ranging from
5 (at the end of the growing season) to 51 mg-kg ' P (at the start
of the growing season when maize was sown). However, soil
available phosphorus outside this range should be considered for
phosphorus deficiency or excess, which may lead to deficits of
micronutrients such as Zn or Fel''). We recommend the lower
limit of 81 mg-kg ' K for soil available potassium which is
comparable to the lower limit of 90 mg-kg ' K according to

other studies'".

4.2 The current situation and field management
problems

Here, irrespective of whether border or drip irrigation was used,
current field management achieved a RY of 70% for the whole
field level, which was at a high level given the yield plateau 75%
to 85% of the potential yield in the literature! . However, it was
achieved at the cost of high resource consumption.

Under border irrigation only 61% of the total water input
(precipitation plus irrigation) was converted to crop ET
( ), so that the remaining water was wasted in the form
of deep percolation or water storage in the root zone at the end of
the growing season. Drip irrigation showed a substantial
advantage over border irrigation in saving irrigation water.
Other studies also report that drip irrigation required 30% to
56% less water with an equal or higher yield compared with the

[ The poor performance of

sprinkler or border irrigation
border irrigation is well known, as irrigation efficiency is
significantly affected by field microtopography even with laser
leveling! "\, Also, application efficiency (Ea, the percentage of
irrigation water contributing to target irrigation depth) was only

1. but reached ~ 90%
[

49% to 82% under border irrigation!
under both sprinkle and drip irrigation 1, Expanding drip
irrigation may ease the water scarcity situation in north-west

China.

Using drip irrigation calls for corresponding changes in fertilizer
management because current high fertilizer inputs greatly
threaten resources and the environment. Fertilizer overuse in
China has been widely reported in recent years'>"'"'"]. Here,
despite the application of > 400 kg-ha™ N, nitrogen deficit
occurred at some locations in the coarser-textured Zones 3 and 4
under border irrigation ( ). However, drip irrigation
succeeded in maintaining soil nitrogen within the root zone, as

top-dressing nitrogen was fertigated with greater frequency but
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lower quantity at each event and there was less nitrate leaching
due to reduced irrigation water volume. As a result, nitrogen
deficit was eliminated. However, only one growing season after
using drip irrigation the area in which remaining available
nitrogen at 0-100 cm depth exceeded the upper limit of the
optimum range (26.1 mg-kg ' or 369 kg-ha™' N) increased to
44% under drip irrigation compared to 14% under border
irrigation ( ). This upper limit reached 1.8 times the maize
demand of 200 kg-ha™' N throughout the growing season' ",
and crop yield began to be constrained by nitrogen surplus
( ). In these areas, reducing nitrogen application would
save nitrogen, reduce the energy used by the fertilizer industry! ",
decrease agricultural impact on drinking water, atmosphere or

ecosystem[ !

gen! »""1 and also increase crop yields.

, increase the partial factor productivity of nitro-

4.3 Measures and suggestions for closing yield gaps
and sustainable agriculture

We recommend the optimum range as the threshold for field
management as discussed in Section 4.1. Any practices that can
maintain the yield-limiting factors within the optimum ranges
should be taken into consideration. Here, plant density was the
predominant factor limiting yield throughout the field irrespec-
tive of border or drip irrigation. This is consistent with the
conclusion of Chen et al. that plant density makes a slightly
higher contribution to the yield gap than other management
practices! . Both the emergence and sowing rate determined
plant density. Emergence was influenced by numerous variables
such as soil temperature, soil moisture, soil air quality, soil

1 which can be
]

burial, compaction, soil fertility and salinity'
manipulated indirectly or directly through field management!
Any practices that can guarantee emergence should be
considered, including delaying sowing date to avoid low
temperatures at the germination-emergence stage, ensuring
suitable soil moisture content, lowering soil salinity and even
increasing the sowing rate if reduced emergence is unavoidable.

Soil available water content and available nitrogen were the other
two important yield-limiting factors following plant density, and
they can be manipulated through irrigation and nitrogen
management. Modern irrigation methods such as drip irrigation
should be given special priority, because of the advantages in
irrigation management even in soils with small ranges of non-
(] Other advantages include lower consumption
[40] [45]

[

limiting water
of irrigation water' ', improved soil physical properties

1 and reduced weed growth[ ]

higher soil aeration compared
to border irrigation. Also, balanced fertilizer management was
needed to maintain a high yield level with lower fertilizer input.

However, it seems to be difficult or impossible to achieve the

optimum range for the whole field with current uniform
irrigation and fertilizer management, as these factors are closely
related to soil texture and spatial variability commonly occurs in
soils. Hence, site-specific management is needed. Frequent
irrigation with a smaller volume each time would be favorable in
the coarser-textured soil zones as irrigation frequency had a large
influence on grain yield even using the same amount of total

"] In the finer-textured soil zones in which nitrogen

irrigation
and salt accumulation occurred, low fertilizer rates are
recommended. Utilizing site-specific management can improve
nitrogen management and increase nitrogen use efficiency, and
reduce nitrogen losses to the environment! ), which was also
true for irrigation management. This supports the use of site-

specific management on larger farms and at regional scale.

According to the yield gap analysis of different yield-limiting
factors, multiple goals of 8% to 10% RY increase at the whole
field scale, reducing agricultural inputs and promoting agricul-
tural sustainability may be realized by managing the important
factors within the optimum ranges. However, this relies on
optimizing agronomic management! ), balanced fertilizer
management, modern irrigation methods, site-specific manage-
mentl "), and other technical support of precision agriculture,
such as the timely acquisition of field information, variable-rate

'] However, further yield

fertilization and irrigation techniques
increases appear not to be economical or even possible when a
RY of 78% to 81% was attained throughout the field but a further
yield gap of 19% to 22% RY occurred due to unknown factors
( ). Unknown factors may include weeds and pests,
variation in seed vigor and plant health status, spatiotemporal
variability of soil water and nutrients, and random error.
Sustainable agriculture must be practiced to ensure future food,

water resources and environmental security.

5 CONCLUSIONS

Using a field investigation and yield-limiting factor analysis, the
main conclusions of this study are as follows. (1) Whatever the
irrigation method, current field management can achieve a RY of
70%. However, drip irrigation consumed less irrigation water
and decreased yield variability compared to traditional border
irrigation. Drip irrigation is recommended to minimize water
scarcity in arid north-west China. (2) The optimum ranges of
different yield-limiting factors can be used as the thresholds for
field management. About 8% t010% RY can be increased by
managing the considered yield-limiting factors within the
optimum ranges by relying on the theoretical and technical
support of precision agriculture. When a RY of 78% to 81% is
reached, further yield increase appears to be uneconomic or
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impossible. (3) Plant density, followed by soil available water
content and remaining available nitrogen, explained the major
causes of yield gaps by considered yield-limiting factors (not
including the unknown factors). Also, in coarser-textured soil

zones soil available water content explained a greater yield gap
than the other two factors. Hence, plant density, irrigation and
nitrogen management must be given special emphasis in closing
yield gaps and developing sustainable agricultural systems.
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