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Abstract

Understanding the time-course of dry matter (DM) and nitrogen (N) accumulation in terms of yield-trait relationships is
essential to simultaneously increase grain yield and synchronize N demand and N supply. We collected 413 data points from
11 field experiments to address patterns of DM and N accumulation with time in relation to grain yield and management of
winter wheat in China. Detailed growth analysis was conducted at the Zadok growth stages (GS) 25 (regreening), GS30
(stem elongation), GS60 (anthesis), and GS100 (maturity) in all experiments, including DM and N accumulation. Grain yield
averaged 7.3 Mg ha™’, ranging from 2.1 to 11.2 Mg ha~'. The percent N accumulation was consistent prior to DM
accumulation, while both DM and N accumulation increased continuously with growing time. Both the highest and fastest
DM and N accumulations were observed from stem elongation to the anthesis stage. Significant correlations between grain
yield and DM and N accumulation were found at each of the four growth stages, although no positive relationship was
observed between grain yield and harvest index or N harvest index. The yield increase from 7-9 Mg ha™' to >9 Mg ha™'
was mainly attributed to increased DM and N accumulation from stem elongation to anthesis. Although applying more N
fertilizer increased N accumulation during this stage, DM accumulation was not improved, indicating that N fertilizer
management and related agronomic management should be intensified synchronously across the wheat growing season to
simultaneously achieve high yields and match N demand and N supply.
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Introduction grain yields greatly depended on the translocation of pre-anthesis
assimilates and N accumulation [7-10]. However, in practice, a
significant correlation has also been found between grain yield and
DM production post-anthesis in high-yield systems in China
[11,12]. Because few studies have focused on the relationship
between grain yield and DM and N accumulation with time-
course (e.g., [13]), the pattern of DM and N accumulation pre-
and post-anthesis remains unclear.

Due to lack of proper knowledge, most Chinese farmers tried to
increase wheat DM and N accumulation as high as possible at
earlier stage to pursue high yield in practice. For example, farmers
applied a large amount of irrigation and N fertilizer at early stage

farm yields. Knowledge of DM and nutrient accumulation (e.g., regreening stage, GS25) [14,15], which leaded to higher DM
associated with yield—trait relationships in crops would supply an

efficient tool to improve management efficiency and thus increase
yield.

As the largest wheat producer and consumer in the world,
China produced around 115 million t wheat with a planting area
of about 24.3 million ha in 2010 [1]. To meet the projected
demands of population growth and increasing consumption, cereal
production must increase by 70-100% until 2050 [2,3]. However,
as one of major cereal, yield growth of wheat in China has
dropped from 9% in 1970s to <3% annually in 2000s [1]. Because
of the great difficulty of improving yield potential over the short-
term through genetic improvement [4], great efforts should be
made to improve agronomical management to enhance average

through more spring tillering. However, higher tiller population
would lead to more non-reproductive tillers [16], and more risk of
lodging, pests and diseases when it is more than optimum effective

Grain yield has usually been positively correlated with total DM plant population. Meanwhile, the non-reproductive tillers would
production and nutrient accumulation in crops [5]. Meanwhile, have a negative effect as competitors for assimilates and plant

DM accumulation and nutrient accumulation vary with growth nutrients [17,18]. Thus, further studies on DM and N accumu-
stage of crops [6]. Many previous studies indicated that DM and N

’ i X lation with time-course are needed, which could help to identify
accumulation for wheat occurred mainly pre-anthesis, and that
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the critical stage of optimal spring tillering through management
to improve grain yield.

N management also influences the dynamics of DM and N
accumulation by crops [19]. For example, N overuse leads to
higher plant N concentrations due to so-called “luxury accumu-
lation” by crops, while N shortage decreases plant N concentra-
tions and sacrifices some grain yield [20,21]. Recently, N
recommendations in crop production systems emphasized the
need for greater synchrony between crop N demand and the N
supply from all sources throughout the growing season [22,23].
However, most of previous studies have been made to quantify
total N accumulation at harvest through yield goals and crop
models [20,24-26]. Due to the limited understanding dynamics of
N accumulation, N supply in current N management practices
often does not match crop demand. For instance, farmers typically
apply a large amount of N fertilizer for wheat before sowing (often
>50% total N fertilizer), which results in large N losses to the
environment because the plant capacity for N accumulation is
small during this period [27].

Thus, much effort should be made for dynamic DM and N
accumulations associated with yield—trait relationship to improve
management efficiency and simultaneously achieve high yields and
synchronize N demand and N supply. In this study, we collected
413 field-year data at nine sites in major wheat area in China, to
investigate the relationship between DM and N accumulation and
grain yield, the pattern of DM and N accumulation for different
yield levels with time, and the dynamics of DM and N
accumulation with different N management practices.

Materials and Methods

Eleven field experiments at nine sites in four key winter wheat
domains of China were conducted in Dongbeiwang (DBW) in
Beijing; Xiangyun (XY), Zhaobao (ZB), and Lankao (LK) in
Henan Province; Dingzhou (DZ) and Quzhou (QZ) in Hebei
Province; and Yangling (YL) in Shannxi Province. A typical winter
wheat-summer maize rotation system was adopted at all sites. No
specific permissions were required for these locations. The field
studies did not involve endangered or protected species.

The amount and distribution pattern of precipitation varied
widely from year to year, as affected by the continental monsoon
climate. Wheat was irrigated two to four times based on soil water
content at about 100 mm at each time point. More details such as
experimental year, soil texture, organic matter content, total N
content, Olsen-P, and NH;OAc-K in the different experimental
locations were shown in Table S1.

Experimental Design

For the eleven field experiments, the details of treatments,
including varieties and N application rates were listed in Table S2.
At least three N treatments were included for all eight N level
experiments: no N as a control (N-0), an optimal N rate (N-opt),
and the farmer’s N practice (FNP). At XY (20082009, 2009—
2010), LK, DZ and QZ sites, N treatments at sub- or supra-
optimal N rates were also applied in experiments with five or six N
treatments, including 40%, 50%, 70% and 75% of N-opt, 125%,
130%, and 150% of N-opt according to the experimental design at
each site.

The optimal N rate was based on either in-season root zone N
management (DBW and QZ sites) or yield goal-based N
recommendation (XY, ZB, LK and DZ sites). For the in-season
root zone N management (IRNM), wheat growing season was
divided into two periods: from sowing to the stem elongation stage,
and from the stem elongation stage to the maturity. The amount of
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N fertilizer applied at the beginning of each growing period was
determined by deducting the amount of soil Ny, (NH-
N+NOj3; —N) in the root-zone from the target N value, which
was estimated based on the yield target and crop N accumulation.
Detailed descriptions of the target N value and the soil Ny,
measurement have been previously reported [27,28]. The yield
goal-based N recommendation was derived from the mass balance
approach [29]. In this method, optimal N rate was estimated as
total N accumulation of the grain less all of the other sources of
grain N and adjusted for inefficiencies in the ability of the crop to
recover fertilizer N from the soil [30]:

Optimal N rate =

(1)

N accumulation in the harvested grain
— Soil Nin the harvest grain

/ Fertilizer N use efficiency

where optimal N rate was estimated for a selected yield goal,
fertilizer N use efficiency was the proportion of fertilizer N applied
to the soil that was recovered in the grain. For the FNP treatment,
the N rate varied from 300 to 360 kg ha™ ', mostly with a split
application (50%:50%) as a broadcast application at pre-sowing,
and as a side-dress application near the stem elongation stage.

For other three cropping systems experiments (DZ, QZ and YL
sites), details of the system design were in the Text S1. In this
study, the current farmers’ system (IP) and higher yield system
from agronomists (HY) were considered N-over systems, while the
optimized system (HYHR) and integrated soil-crop management
system (ISSM) were considered N-opt systems.

All of the experiments consisted of a randomized complete block
design with three to four replications. The plot area varied from
20 m? at XY (2007-2008) to 1800 m?* at Q7 (2007-2010). Urca as
the main N fertilizer has been used for all field experiments.
Phosphorus (P), potassium (K) and other nutrients were applied as
needed according to soil tests. No organic manure was applied. At
all sites, winter wheat was seeded in early to mid-October and
harvested the following June. During the study year, no obvious
water, weed, pest, or disease stresses were observed during the
wheat growing season at any site. No obvious winter killing
happened for all field experiments.

Sampling and Laboratory Procedures

Before sowing, soil samples from the 0-30 cm soil layer were
air-dried and sieved to remove un-decomposed plant material.
Then the sieved samples were used to measure soil organic matter,
total N, Olsen-P, and ammonium acetate-extractable K. To
determine DM and N content, plant samples were collected four
times: at the regreening (GS25), stem eclongation (GS30), anthesis
(GS60), and maturity (GS100) stages. Plant samples were dried at
60°C to determine the DM, and sub-samples were taken to
measure the N content using the Kjeldahl method. At harvest,
areas ranging from 6 m? at XY (2007-2008) to 18 m”> at QZ
(2007-2010) were harvested manually and dried in an oven at
60°C to calculate grain yield. The grain yield value was adjusted to
14% moisture. The number of grains per square meter was
counted manually for at least two rows within 1.0 m, and the
number per ear was counted manually to estimate a mean value
from more than 20 ears. For the thousand kernel weight (TGW),
1000 grains were randomly counted and weighed.

At XY (2007-2008, 2008-2009, 2009-2010), ZB (2007-2008),
LK (2008-2009), QZ (2008-2009), DZ (2008-2010), and YL
(2008-2009), the total tillers in the N-opt treatment were
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investigated before tillering (GS20), before winter (GS23), and at
stem elongation, anthesis, and maturity.

Data Analysis

According to grain yield, all data from the nine sites were
divided into three groups: <7, 7-9, and >9 Mg ha™'. According
this yield range, wheat DM and N accumulation were analyzed
with time -course. According N application, all data were also
divided into three groups: N-0, N-opt and N-over (125%, 130%,
and 150% of N-opt, and FNP) for DM and N accumulation
analysis. The data were then further categorized into nine groups
according to the yield ranges (1) <7 Mg ha™', N-0; (2) <7 Mg
ha™!, N-opt; (3) <7 Mg ha™ ', N-over; (4) 7-9 Mg ha™ ', N-0; (5)
7-9 Mg ha™ ', N-opt; (6) 7-9 Mg ha™', N-over; (7) >9 Mg ha™ ",
N-0; (8) >9 Mg ha™!, N-opt, (9) >9 Mg ha™', N-over. The
mvestigated stems dynamics in the N-opt treatment at six sites (XY
(2007-2008, 2008-2009, 2009-2010), ZB (2007-2008), LK
(2008-2009), QZ (2008-2009), DZ (2008-2010), and YL (2008~
2009)) were also grouped according to grain yield (<7, 7-9, and
>9 Mg ha™!).

For all collected data, the correlation coefficients (1) between
grain yield and average yield components, DM production, and N
accumulation at different growth stages, were analyzed. At
harvest, the amount of DM production translocation was
calculated as the difference between dry DM in the stover at
anthesis and at harvest. N accumulation translocation was
calculated as the difference between N accumulation in the stover
at anthesis and at harvest. The rate of fertile tillers from stem-
elongation to anthesis was calculated according the result that the
number of total ears at anthesis was divided by the tiller number at
stem-clongation stage. N accumulation was calculated as:

N accumulation = Dry matter x Nconcentration (2)

At regreening, stem elongation and anthesis stage, N accumu-
lation was calculated as straw DM multiplying straw N concen-
tration. At maturity, N accumulation was the sum of straw and
grain N accumulation.

Results

Grain Yield, DM and N Accumulation, and N
Concentration

Overall, wheat grain yield averaged 7.3 Mg ha ™', ranging from
2.1 Mg ha™' to 11.2 Mg ha™" (Table 1). According to published
statistical data, the average wheat yield was 4.7 Mg ha ' for
China and 3.0 Mg ha ™' for the whole world in 2009 [1]; thus, the
mean vyield observed in the present study is 155% and 243%
higher than the national and world yields, respectively. However,
this is still lower than that in high-yield wheat production areas of
Europe, which produce more than 8.0 Mg ha™' [1].

Sixty-four percent of total DM accumulated pre-anthesis, while
the other 36% accumulated post-anthesis (Figure S1). Before
anthesis, 10% and 20% of DM accumulated in the regreening and
stem-elongation stages, respectively. From stem elongation to
anthesis, DM accumulated the most and the fastest across all four
stages. More than 6.3 Mg ha™' DM accumulated from stem
elongation to anthesis, with an average accumulation rate of
253 kg ha™ ! day ! (Figurc 1A). A total of 1.5 Mg ha™' DM
accumulated from sowing to regreening, 1.4 Mg ha™' DM from
regreening to stem elongation, and 5.1 Mg ha™! DM accumulated
post-anthesis, while the associated daily accumulation rate
averaged 21, 38, and 180 kg ha™' day ™', respectively.
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The percent N accumulation was consistent prior to DM
accumulation (Figure S1). Unlike DM accumulation, 80% of N
accumulated pre-anthesis; 27%, 20%, and 33% of N accumulated
from sowing to regreening, from regreening to stem elongation,
and from stem elongation to anthesis, respectively. Similar to DM
accumulation, the highest and fastest N accumulation was
observed from stem elongation to anthesis. During this period,
244 kg N ha”' accumulated per day and 61 kg N ha™'
accumulated in total (Figure 1B). Moreover, 50 kg ha™' N, with
0.7 kg N ha™' per day, accumulated from sowing to regreening;
38 kg ha ! N, with 1.1 kg N ha ' per day, accumulated from
regreening to stem elongation; and 37 kg ha™' N, with 1.0 kg N
ha™! per day, accumulated post-anthesis.

The relationships between grain yield and DM production, N
accumulation, and N concentration for different growth stages and
yield components were shown in Table 2. For yield components,
grains per ear was significantly correlated with grain yield
(r=10.54). Significant correlations between DM and grain yield
were observed in each stage (0.58-0.95). Grain yield was
significantly correlated with DM accumulation from stem elonga-
tion to anthesis and post-anthesis. No positive correlation was
found between grain yield and harvest index.

Similar to DM production, significant correlations between
grain yield and N accumulation were found at each of stage
(r=0.54-0.81; Table 2). The amount of N translocation from
stover to grain was important for yield increase (r = 0.47), although
DM translocation was not significant. Between grain yield and N
concentration, no significant relationship was found with an
exception of grain N concentration at maturity (Table 2).
Moreover, no significant correlation was found between grain
yield and N harvest index.

Dynamics of DM and N Accumulation with Different Yield
Levels

To further understand the relationship between yield and
temporal dynamics of DM and N accumulation, the collected data
were further categorized into three groups according to the yield
range (Table 1). In total, 179, 112, and 122 data points were
grouped according to the yield ranges <7 Mg ha ', 7-9 Mg
ha™', and >9 Mg ha™', respectively. The grain yield averaged
5.3 Mgha ' (2.1-7.0 Mg ha '), 8.1 Mgha ™' (7.0-9.0 Mg ha™ ),
and 9.7 Mg ha™! (9.0-11.2 Mg ha™ "), respectively. According to
the yield components, the yield difference was mainly related to
the grain number per square meter (Table S3), which was
determined by ear number and grains per ear. The grain number
per square meter averaged 24,000 m~? for 7-9 Mg ha™' and
28,000 m~? for >9 Mg ha™!, an increase of 33% and 56%
compared to the yield range of <7 Mg ha™' (18,000 m™?).
Similar grain weight per 1000 grains (4042 g) was observed
among all three yield levels.

Across the whole wheat season, wheat DM and N accumulation
of the yield for <7 Mg ha™! were consistently lower than those for
7-9 Mg ha™ ! and >9 Mg ha™' (Figure 2). This difference started
from the beginning of the growth stage. From the sowing to the
regreening stage, 2.2 Mg ha~ ' DM accumulated in 7-9 Mg ha™ !,
314% higher than that in <7 Mg ha ™' (0.7 Mg ha™") (Figure 2A).
Similarly, the 71 kg ha™" of N that accumulated in 7-9 Mg ha™"
is substantially higher than the 27 kg ha™" of N that accumulated
in <7 Mg ha™" during this stage (Figure 2B). At regreening stage,
the percentage of DM (7%) and N accumulation (20%) to total in
<7 Mg ha™" was 47% and 43% lower compared with that in 7
9 Mg ha™ ' yield range (14% and 34%), respectively. The lower
DM and N accumulation starting at sowing to regreening and
continuing through the subsequent growth stages in yield range
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Table 1. Descriptive statistics of yield for total samples, three yield ranges, and nitrogen levels (Mg ha™").

n Mean sD® Minimum 25%Q° Median 75%Q Maximum
Total 413 73 2.1 2.1 5.8 7.5 9.2 11.2
Yield category
<7 Mg ha™' 179 53 13 2.1 4.2 5.6 6.4 7
7-9 Mg ha™' 112 8.1 0.6 7 7.5 8.1 8.6 9
>9 Mg ha™' 122 9.7 0.5 9 9.4 9.6 9.8 11.2
N-level
N-0 79 6.6 25 2.1 4.1 73 8.7 10.4
N-opt 126 7.6 2 3.1 6.1 7.5 9.4 11.2
N-over 154 7.5 1.8 3.1 6.2 7.7 9.3 10.6

?n=number of observation.

bSD = standard deviation.
‘Q=quartile.
doi:10.1371/journal.pone.0068783.t001

<7 Mg ha !, suggested poor agronomic management (e.g.,
sowing quality, late sowing) may be the main cause, as the yield
potential and weather conditions were similar at all sites.
Compared to the yield of 7-9 Mg ha™', DM and N
accumulation at a yield of >9 M ha™' was similar before the
stem-elongation stage (Figure 2). The greatest difference between
these two yield levels for DM and N accumulation took place from
stem elongation to anthesis. During this stage, DM accumulation
increased from 6.3 Mg ha™ ' in 7-9 Mg ha™ ' to 8.7 Mg ha™ ' in
>9 Mg ha™! and was associated with an increase in N
accumulation from 55 kg ha™' to 83 kg ha~'. Meanwhile, the
46% of DM and 35% of N accumulation to total from stem
clongation stage to anthesis in >9 Mg ha™' was 15% and 30%
higher compared with that in 7-9 Mg ha™' (40% and 27%),
respectively. These results showed that DM and N accumulation
from stem elongation to anthesis was very important to achieve the

>9 Mg ha™ ! grain yield. Post-anthesis, 5.6 Mg ha™' DM and
45 kg ha™' N accumulated in 7-9 Mg ha™' while DM and N
accumulation averaged 6.8 Mg ha™' and 50 kg ha™! in >9 Mg
ha™', respectively.

The yield range <7 Mg ha™' group always had the highest N
concentration for all growth stages. At regreening stage, the N
concentration in <7 Mg ha™ "' averaged 3.72%, 13-16% higher
than that in both 7-9 Mg ha™' and >9 Mg ha™' yield ranges
(3.21-3.29%). At stem elongation stage, the N concentration in
<7 Mg ha™' group was 3.32%, 6-16% higher than that in other
two yield ranges (2.85-3.13%). At anthesis, 1.75% of N
concentration in <7 Mg ha™' was 7-13% higher than in other
two yield ranges (1.55-1.63%). At maturity, N concentration in
<7 Mg ha™! averaged 1.36%), 4-8% higher than that in other two
yield ranges (1.26-1.31%). This may be because of the lower DM
accumulation in <7 Mg ha ™', For yield ranges 7-9 Mg ha™ ' and
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Figure 1. Dynamics of dry matter (A) and nitrogen (B) accumulation from sowing to maturity (n=413). (GS25, GS30, GS60, and GS100
are the regreening, stem elongation, anthesis, and maturity stages, respectively.).
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Table 2. Average yield components, dry matter and nitrogen
accumulation in different growth stages, and correlative
coefficient (r) between grain yield and these parameters for all
samples (n=413).
Mean r
Yield components Ears number (10* ha™ ") 600 0.36
Grains per ear 39 0.54**
Grain weight (g 1000~ ") 41 0.10
Dry matter Regreen (Mg ha™") 1.5 0.60**
accumulation
Regreen to stem elongation 1.4 0.29
(Mg ha™")
Stem elongation (Mg ha™") 29 0.58**
Stem elongation to anthesis 6.3 0.65**
(Mg ha™")
Anthesis (Mg ha™") 9.2 0.82**
Post-anthesis (Mg ha™") 5.1 0.70%*
Maturity (Mg ha™") 14.2 0.95%*
Translocation (Mg ha™") 13 0.29
N accumulation Regreen (kg ha™") 50 0.54**
Regreen to stem elongation 38 0.24
(kg ha™")
Stem elongation (kg ha™") 88 0.59**
Stem elongation to anthesis 61 0.37
(kg ha™")
Anthesis (kg ha™") 149 0.71%*
Post-anthesis (kg ha™") 37 0.23
Maturity (kg ha™") 186 0.81%*
Translocation (kg ha™") 97 0.47**
N concentration Regreening-straw (%) 345 -0.29
Stem elongation-straw (%) 3.14 0.00
Anthesis-straw (%) 1.66 —-0.14
Maturity-straw (%) 0.63 0.24
Maturity-grain (%) 215 —0.43%*
HI and NHI Harvest index 0.45 0.02
N harvest index 0.74 —0.38
**p<0.01.
doi:10.1371/journal.pone.0068783.t002

>9 Mg ha~', N concentration was similar for most stages but not
at stem elongation stage. At stem elongation stage, N concentra-
tion in >9 Mg ha™" was 3.13%, 10% higher than that in 7-9 Mg
ha™! (2.85%).

To further understand DM and N accumulation with time in
the three yield levels, wheat stem dynamics was investigated at six
sites with optimized N treatment (Figure 3). Although the basic
seedling was similar among the three yield ranges, total stems
differed before winter. Total stems in <7 Mg ha™' was
consistently lower compared to that in 7-9 Mg ha™' and
>9 Mg ha™' from wintering to maturity. This further verified
that sowing quality or other related agronomic management
practices were poor and did not supply the optimal growth
conditions for wheat. The final ear number was 0.77 million ha™"
higher in 9 Mg ha™' than in 7-9 Mg ha™ ', although total tillers
was 2.74 million ha™' higher in 7-9 Mg ha~' in the stem-
clongation stage. As a result, earbering tiller percentage averaged
44% (from 16.69 to 7.36 million ha™') in >9 Mg ha™' from the
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stem-elongation stage to maturity while it averaged only 34%
(from 19.43 to 6.59 million ha ') in 7-9 Mg ha™'. This suggested
that the final ear number was determined by tiller quality, not total
number, in earlier growth stages. In the stem-elongation stage, the
N concentration in the stover for >9 Mg ha™ ' averaged 3.27 ¢
kg™ ', 7% higher than the 3.07 g kg™ ' for 7-9 Mg ha™' (Table 3).
The higher N concentration in the plant in the stem-elongation
stage may lead to higher stem quality (e.g., higher tiller weight),
and thus more stems would survive from stem elongation to
anthesis.

Dynamics of DM and N Accumulation with Different N
Management Regimes

To further compare the partitioning of DM and N accumula-
tion among different N application and yield levels, pooled data
from all nine sites were grouped into three N application
categories: N-0, N-opt, and N-over (Table 1). Accordingly, 79
samples with a mean yield of 6.6 Mg ha™' (2.1-10.4 Mg ha™ "),
126 samples with a mean yield of 7.6 Mg ha™' (3.1-11.2 Mg
ha '), and 154 samples with a mean vyield of 7.5 Mg ha™' (3.1-
10.6 Mg ha™ ') were grouped according to these three N
application levels. Compared to the N-0 treatment, DM and N
accumulation increased for the N-opt and N-over treatments in
each growth stage for each yield range (Figure 4). Between N-opt
and N-over treatments, DM accumulation was similar at each
growth stage (Figure 4A). N accumulation was also similar
between N-opt and N-over treatments in most growth stages but
not at anthesis (Figure 4B). N accumulation averaged around
55 kg ha~' at regreening stage and 100 kg ha ' at stem
elongation stage for both N-opt and N-over treatments. At
anthesis, N accumulation in N-opt averaged 159 kg ha™', 6%
lower compared with that in N-over (169 kg ha™"). At maturity, N
accumulation averaged about 200 kg ha™ ! for both N -opt and N-
over treatments. However, the N rate in all N-opt management
averaged 179 kg ha™' (n=126), just 59% of the 304 kg ha™' N
rate in N-over (n = 154). This showed that more N fertilizer input
over the rational level did not lead to more DM and N
accumulation except N accumulation from stem elongation to
anthesis, and not resulted in a higher grain yield.

For further comparison, the data for each N level were
categorized according to the three yield ranges (<7, 7-9, and
>9 Mg ha™'). DM and N accumulation in the <7 Mg ha™' yicld
was consistently lower than those in the 7-9 and >9 Mg ha ™'
(Figure 5). When N was deficient, the difference in N accumu-
lation occurred throughout the whole growing season in the 7-9
and >9 Mg ha ' yield ranges, and the difference in DM
accumulation was mainly post-anthesis (Figure 5A, D). Post-
anthesis, DM accumulation in >9 Mg ha™' averaged 6.5 Mg
ha™' (10.9-17.4 Mg ha™ "), 20% higher than that in 7-9 Mg ha ™'
(9.9-15.3 Mg ha™ ') in the N-0 treatment (Figure 5A). When N
was applied rationally, the differences in DM and N accumulation
between the yield ranges of 7-9 and >9 Mg ha™' occurred from
stem elongation to maturity, particularly during the stem
clongation to anthesis stage (Figure 5B, E). During this stage,
9.0 Mg ha™' DM accumulation in >9 Mg ha™' was 67% higher
than that in 7-9 Mg ha™"' (5.4 Mg ha™"), while 40 kg ha™' more
N accumulated in >9 Mg ha™". Post-anthesis, 0.7 Mg ha™' more
DM accumulated in >9 Mg ha™ ' than in 7-9 Mg ha™', while the
same 45 kg ha”' N accumulated in both yield ranges. Unlike N-
opt, the N accumulation was similar between yield ranges of 7-9
and >9 Mg ha™' from sowing to anthesis when N was overused
(Figure 5F). At anthesis, N accumulation averaged around 190 kg
ha™ ' for both 7-9 Mg ha™ ' and >9 Mg ha ™', which was similar
to the N accumulation in >9 Mg ha ™' in the same stage in the N-
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Figure 2. Total dry matter (A) and nitrogen (B) accumulation dynamics at yield ranges of <7 Mg ha ' (n=179), 7-9 Mg ha’
(n=112), and >9 Mg ha~' (n=122). (G525, GS30, GS60, and GS100 are the regreening, stem elongation, anthesis, and maturity stages,

respectively.).
doi:10.1371/journal.pone.0068783.g002

opt treatment. Moreover, DM accumulation was similar at this
stage in >9 Mg ha™' for both N-opt and N-over (Figure 5B, C).
However, DM in 7-9 Mg ha ™' in this stage was 21% lower than
that in >9 Mg ha™', while DM for both of these was around
4.0 Mg ha™ ' in stem-clongation stage in the N-over treatment
(Figure 5C). These results indicated that higher N accumulation
did not lead to more DM accumulation synchronously when N
fertilizer was overused and thus N luxury accumulation occurred
during growth, especially from the stem-elongation stage to
anthesis.

28
GS30 o <7 Mgha
24 GS23 —a— 7-9 Mg ha'!
—&— > 9 Mg ha!
20 A
16 1 GS60
l GS100
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Total stems (Million plants ha')
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Figure 3. Wheat stem dynamics at grain yields of <7 Mg ha '

(n=19), 7-9 Mg ha™' (n=21), and >9 Mg ha ' (n=33) with
optimized N treatment. (G520, GS23, GS30, GS60, and GS100 are the
pre-tillering, before winter, stem elongation, anthesis, and maturity
stages, respectively.).

doi:10.1371/journal.pone.0068783.g003
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Discussion

We found that wheat yield improvement greatly depended on
an increase in DM and N accumulation across the whole growing
season. This finding contradicts some previous results, which
showed that grain yield was mainly associated with the pre-
anthesis assimilate contribution to grain filling and greater DM
translocation efficiency [31,32]. This is because improving the
harvest index (by introducing dwarfing genes into new varieties)
has traditionally been considered the most important process for
increasing the wheat yield potential of modern wheat varieties
[33-35]. However, the utility of this strategy is limited because of
the need to maintain sufficient leaf area and stem dry matter for
interception of solar radiation, physical support, and storage of
assimilates and N used in grain filling [34]. In the present study,
the harvest index averaged 0.45, which was not significantly
correlated with grain yield (Table 2). Given the relatively small
possibility of further increasing yield by improving the harvest
index, the greater yield potential must come from increases in net
primary productivity (DM) [36]. The view that increasing DM and
N accumulation over the entire growing season is important to
achieve high grain yield, is also consistent with recent genetic gains
in wheat breeding found in some studies [37,38].

We found a positive correlation between grain yield and DM
accumulation post-anthesis (Table 2), in agreement with other
resecarch on modern wheat production in China [11,12].
Furthermore, yield increase was mainly attributable to DM and
N accumulation from stem elongation to anthesis and post-
anthesis (Figure 2). The stage from stem elongation to anthesis
accumulated the most DM and N, and the accumulation rate was
also highest among the four growth seasons (Figure 1). In plant
physiology, the period a few weeks before anthesis (from terminal
spikelet initiation to anthesis) is of paramount importance in
determining the number of fertile florets at anthesis and final grain
yield [39,40].
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Table 3. Stover nitrogen concentration (%) from stem elongation to maturity and grain N concentration at maturity for the N-opt
treatment for yield ranges of <7 Mg ha™' (n=19), 7-9 Mg ha™' (n=21), and >9 Mg ha~' (n=33), in which total stem dynamics

Stover

Grain

Stem elongation (GS30)

Anthesis (GS60)

Maturity (GS100) Maturity (GS100)

doi:10.1371/journal.pone.0068783.t003

The final ear number was similar or even higher in 9 Mg ha™"
than in 7-9 Mg ha™', although total stems was less in >9 Mg
ha™! than in 7-9 Mg ha™ ' in the stem-elongation stage (Figure 3).
This indicates that the higher ear number at maturity is likely
attributable to population quality, not tiller number. In the stem-
elongation stage, the N concentration in >9 Mg ha™' was
significantly higher than that in 7-9 Mg ha™' (Table 3). The
higher N concentration in plants the stem-elongation stage might
lead to higher stem quality (e.g., higher tiller weight) and thus
more stems would survive from stem elongation to anthesis. In
practice, this suggests that tiller quality is of more importance than
total tiller number.

DM accumulation was fastest (253 kg ha™' day™ ') from stem
elongation to anthesis, and then decreased significantly with time
(Figure 1A). This differs from wheat production in most European
countries. For example, a study in Germany showed that the DM
accumulation rate reached 200 kg ha™ ' day ' during this stage,
and then consistently increased to more than 250 kg ha™' per day
in the early grain-filling stage [41]. Meanwhile, the grain-filling
stage for wheat is longer in Germany than in China because of

<7 Mg ha™' 3.40+0.48° 1.74+0.18 0.50+0.07 2.30£0.14
7-9 Mg ha™' 3.07£0.45 1.67+0.32 0.58+0.21 2.20+0.20
>9 Mg ha™' 3.27+0.54 1.56+0.20 0.62+0.18 1.99+0.31
faverage=*SD.

cool temperatures during this stage. The dry and hot winds in May
and June in China’s wheat production area accelerate wheat
maturation [42]. The higher DM accumulation rate during the
carlier grain-filling stage and the longer grain-filling stage in
Germany would lead to higher wheat yields.

In China, pursuing high grain yield has been the top priority in
policy and in practice. The typical N rate applied by winter wheat
farmers in the North China plain is around 369 kg N ha ' [15],
whereas results from region-wide experiments have demonstrated
the optimal N rate to be 128 kg N ha~' [27]. Most Chinese
farmers apply large amounts of chemical fertilizer at a uniform
rate as an “insurance’’ against low yields. Affected by the Green
Revolution, most farmers still believe that more fertilizer and
higher grain yield are synonymous. Our results showed applying
more N fertilizer than the rational didn’t result in higher wheat
yield (Table 1).

On the other hand, being restricted by old knowledge and
habits, farmers often apply large amounts of N fertilizer before
sowing or during early growth stages (~50% of total N
application). Our present study clearly demonstrated that this
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Figure 4. Total dry matter (A) and nitrogen (B) accumulation dynamics with N-0 (n=79), N-opt (n=126) and N-over (n=154)
treatments. (GS25, GS30, GS60, and GS100 are the regreening, stem elongation, anthesis, and maturity stages, respectively.).

doi:10.1371/journal.pone.0068783.g004
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large amount of N fertilization before wheat planting was
completely unnecessary, and was likely to move beyond the root
zone, particularly under irrigated conditions. In addition, surplus
N at early stage would lead to more non-reproductive tillers [16],
and more risk of lodging, pests and diseases when it is more than
optimum effective plant population. To achieve high yield and N
use efficiency at the same time, 60-70% of total N fertilizer
application should be applied during the rapid crop-growth
period, such as stem elongation stages for wheat.

Conclusions

A lack of information on DM and N accumulation dynamics
with different yield ranges and N management regimes has
resulted in N overuse and misuse and various environment
problems in China and worldwide. We found significant
correlations between grain yield and DM and N accumulation
in each growth stage. Both the highest and fastest DM and N
accumulations were observed from stem elongation to anthesis.
During this stage, increased DM and N accumulation in >9 Mg
ha™! yield plots was key for a final higher yield compared with 7-
9 Mg ha™'. Applying more N could increase the N accumulation
during this stage; however, DM accumulation was not further
improved and thus final yield was not increased. This suggests that
N management alone is insufficient to increase grain yield and that
associated agronomic management practices should be intensified.
Moreover, we found that higher final ear number at harvest was
determined by higher tiller quality (e.g., higher tiller weight) in
earlier stages, not by tiller number. Thus, more attention should be
paid to increasing wheat tiller quality.

PLOS ONE | www.plosone.org

Supporting Information

Figure S1 Changes in dry matter and nitrogen accumulation
expressed as a percentage of the levels at maturity (n=413).
(GS25, GS30, GS60, and GS100 are the regreening, stem
clongation, anthesis, and maturity stages, respectively).

(TIF)

Table S1 Location, year, soil texture, and selected chemical
properties in the top 30-cm soil layer at nine sites in intensive
wheat production areas in China.

(DOC)

Table S2 Location, year, variety and treatment number,
treatment and N rate for the eleven field experiments.

(DOC)

Table 83 Ear number, grains per ear, grain number per square
meter and grain weight per thousand grains for grain yield ranges
of <7 Mg ha™! m=179), 79 Mg ha™' (n=112), and >9 Mg
ha™! (n=122).

DOC)

Text S1 Design of the system experiment.
DOC)

Author Contributions

Conceived and designed the experiments: ZC XC FZ. Performed the
experiments: QM SY YY WM YT. Analyzed the data: QM ZC.
Contributed reagents/materials/analysis tools: ZC XC FZ YY WM YT.
Wrote the paper: QM ZC.

July 2013 | Volume 8 | Issue 7 | e68783



References

1.

2.

20.

21.

FAO FAOSTAT-Agriculture Database. Available: http://faostat.fao.org/site/
339/ default.aspx. Accessed 2013 Jan 6.

Tilman D, Cassman KG, Matson PA, Naylor R, Polasky S (2002) Agricultural
sustainability and intensive production practices. Nature 418: 671-677.

. Tester M, Langridge P (2010) Breeding technologies to increase crop production

in a changing world. Science 327: 818-822.

. Tollenaar M, Lee EA (2002) Yield potential, yield stability and stress tolerance in

maize. Field Crops Res 75: 161-169.

. Rhoads FM, Stanley RL (1981) Fertilizer scheduling, yield, and nutrient uptake

of irrigated corn. Agron J 73: 971-974.

. Fageria NK, Baligar VC (2005) Enhancing nitrogen use efficiency in crop plants.

Adv Agron 88: 97-185.

. Cox MC, Qualset CO, Rains DW (1985) Genetic-variation for nitrogen

assimilation and translocation in wheat.l. dry-matter and nitrogen accumula-
tion. Crop Sci 25: 430-435.

“ox MC, Qualset CO, Rains DW (1985) Genetic-variation for nitrogen
assimilation and translocation in wheat.2. nitrogen assimilation in relation to
grain-yield and protein. Crop Sci 25: 435-440.

. Heitholt JJ, Croy LI, Maness NO, Nguyen HT (1990) Nitrogen partitioning in

genotypes of winter-wheat differing in grain N-concentration. Field Crops Res
23: 133-144.

. Papakosta DK, Gagianas AA (1991) Nitrogen and dry-matter accumulation,

remobilization, and losses for Mediterranean wheat during grain filling. Agron J
83: 864-870.

. Pan QM, Yu ZW, Wang YF, Tian QZ (1999) Studies on uptake and distribution

of nitrogen in wheat at the level of 9000 kg per hectare. (In Chinese). Acta Agron
Sin 25: 541-547.

. Ye Y, Wang G, Huang Y, Zhu Y, Meng Q, et al. (2011) Understanding

physiological processes associated with yield—trait relationships in modern wheat
varieties. Field Crops Res 124: 316-322.

. Malhi SS, Johnston AM, Schoenau JJ, Wang ZH, Vera CL (2007) Seasonal

biomass accumulation and nutrient uptake of pea and lentil on a black
chernozem soil in Saskatchewan. J Plant Nutr 30: 721-737.

. Wang ZM, Wang P, Lan LW, Zhou DX (2003) A water-saving and high-

yielding cultivation system for bread wheat in Huang-Huai-Hai area of China.
(In Chinese). Chinese Agric Sci Bullet 19: 22-43.

. Cui ZL (2005) Optimization of the nitrogen fertilizer management for a winter

wheat-summer maize rotation system in the North China Plain-from field to
regional scale. China Agricultural University. Ph.D. Dissertation.

. Weisz R, Crozier CR, Heiniger RW (2001) Optimizing nitrogen application

timing in no-till soft red winter wheat. Agron J 93: 435-442.

. Langer RHM, Dougherty C'T (1976) Physiology of grain yield in wheat. Persp

Exp Biol 2: 59-70.
Sharma RC (1995) Tiller mortality and its relationship to grain yield in spring
wheat. Field Crops Res 41: 55-60.

. Latiri-Souki K, Nortcliff S, Lawlor DW (1998) Nitrogen fertilizer can increase

dry matter, grain production and radiation and water use efficiencies for durum
wheat under semi-arid conditions. Eur J Agron 9: 21-34.

Greenwood DJ, Verstraeten LM], Draycott A (1987) Response of winter- wheat
to N-fertilizer-quantitative relations for components of growth. Fert Res 12:
119-137.

Pask AJD, Sylvester-Bradley R, Jamieson PD, Foulkes MJ (2012) Quantifying
how winter wheat crops accumulate and use nitrogen reserves during growth.

Field Crops Res 126: 104-118.

PLOS ONE | www.plosone.org

22.

23.

24.

26.

27.

28.

29.

30.

31.

32.

36.

41.

42.

Rethinking Grain Yield and N Uptake for Wheat

Cassman KG, Dobermann A, Walters DT (2002) Agroecosystems, nitrogen-use
efficiency, and nitrogen management. Ambio 31: 132-140.

Shanahan JF, Kitchen NR, Raun WR, Schepers JS (2008) Responsive in-season
nitrogen management for cereals. Comput Electron Agric 61: 51-62.

Stanford G, Legg JO (1984) Nitrogen and yield potential. In Hauck RD, ed.
Nitrogen in crop production. ASA, CSSA, and SSSA: Madison. 263 p.

. Meisinger JJ, Randall GW (1991) Estimating nitrogen budgets for soil-crop

systems. In Follett RF, Keeney DR, Cruse RM, eds. Managing nitrogen for
groundwater quality and farm profitability. SSSA: Madison. 85 p.

Gastal F, Lemaire G (2002) N uptake and distribution in crops: an agronomical
and ecophysiological perspective. ] Exp Bot 53: 789-799.

Cui ZL, Zhang IS, Xinping CP, Miao YX, Li JL, et al. (2008) On-farm
evaluation of an in-season nitrogen management strategy based on soil Nmin
test. Field Crops Res 105: 48-55.

Zhao RF, Chen XP, Zhang IS, Zhang HL, Schroder J, et al. (2006) Fertilization
and nitrogen balance in a wheat-maize rotation system in North China. Agron J
98: 938-945.

Stanford G (1973). Rational for optimum fertilization in corn produc tion.
J Environ Qual 2: 159-166.

Lory JA, Scharf PC (2003) Yield goal versus delta yield for predicting fertilizer
nitrogen need in corn. Agron J 95: 994-999.

Shearman V], Sylvester-Bradley R, Scott RK, Foulkes MJ (2005) Physiological
processes associated with wheat yield progress in the UK. Crop Sci 45: 175-185.
Alvaro F, Tsidro J, Villegas D, Garcla del Moral LF, Royo C (2008) Breeding
effects on grain filling, biomass partitioning and remobilization in Mediterra-
nean durum wheat. Agron J 100: 361-370.

. Austin RB, Ford MA, Morgan CL (1989) Genetic-improvement in the yield of

winter-wheat-a further evaluation. J Agric Sci 112: 295-301.

. Donmez E, Sears RG, Shroyer JP, Paulsen GM (2001) Genetic gain in yield

attributes of winter wheat in the great plains. Crop Sci 41: 1412-1419.

. Acreche MM, Bricefio-Félix G, Sanchez JAM, Slafer GA (2008) Physiological

bases of genetic gains in Mediterranean bread wheat yield in Spain. Eur J Agron
28: 162-170.

Cassman KG (1999) Ecological intensification of cereal production systems:
Yield potential, soil quality, and precision agriculture. Proc Natl Acad Sci USA
96: 5952-5959.

Singh RP, Huerta-Espino J, Rajaram S, Crossa J (1998) Agronomic effects from
chromosome translocations 7DL.7Ag and 1BL.IRS in spring wheat. Crop Sci
38: 27-33.

. Reynolds MP, Rajaram S, Sayre KD (1999) Physiological and genetic changes of

irrigated wheat in the post-green revolution period and approaches for meeting
projected global demand. Crop Sci 39: 1611-1621.

. Fischer RA (1985) Number of kernels in wheat crops and the influence of solar-

radiation and temperature. J Agric Sci 105: 447-461.

Slafer GA, Satorre EH, Andrade FH (1994) Increases in grain yield in bread
wheat from breeding and associated physiological changes. In Slafer GA, ed.
Genetic improvement of field crops. Marcel Dekker Inc: New York. 1 p.
Dickmann F, Fischbeck G (2005) Differences in wheat cultivar response to N
supply. I: Differences in grain yield formation. J Agron Crop Sci 191: 351-361.
Sun HY, Liu CM, Zhang XY, Shen Y], Zhang YQ (2006) Effects of irrigation
on water balance, yield and WUE of winter wheat in the North China Plain.
Agric Water Manage 85: 211-218.

July 2013 | Volume 8 | Issue 7 | e68783



