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Abstract

Subsoiling is an important management practice for improving maize yield, especially for
maize planted at high plant density. However, the affected physiological processes have
yet to be specifically identified. In this study, field experiments with two soil tillage (CK: no-
tillage, SS: subsoiling) and three planting densities (low: 45000 plants ha™', medium:
67500plants ha™', and high: 90000 plants ha™") were conducted from 2010 to 2012 at Xin-
xiang, Henan province. Yield, canopy function, and root system were investigated to deter-
mine the associated physiological processes for improving maize production affected by
soil tillage and plant density. Subsoiling significantly increased the grain yield of the low-,
medium-, and high-planting densities by 6.21%, 8.92%, and 10.09%, respectively. Yield
increase in the SS plots was mainly attributed to greater post-anthesis DMA and improved
grain filling compared to CK plots. Greater green leaf area, leaf net photosynthetic rate,
F\/Fn and ®PSIl in the SS plots were mainly contributed to enhanced dry matter produc-
tion post-anthesis. This is mainly because subsoiling increased density of root dry weight
in deep soil and root bleeding sap amount due to decreased the bulk density of the 0-30
cm soil profile layer. Density of root dry weight at 10-50 cm depth with SS increased by
40.68%, 32.17%, and 20.14% at low, medium, and high planting densities compared to
CK, respectively, while the root bleeding sap amount increased by 17.41%, 15.82%, and
20.91%. These results indicate that subsoiling could change the root distribution and
improve soil layer environment for root growth, thus maintaining a higher canopy photo-
synthetic capacity post-anthesis and in turn promoting DMA and yield, particularly at
higher planting densities.

Introduction

The Huang-Huai-Hai Plain is one of the most important maize-producing regions in China,
accounting for 30% of its maize-growing area and total maize production of whole country
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[1]. Increasing plant density plays a significant role in increasing maize yield [2-5]. However,
high plant density exacerbates interplant competition and decreases the amount of resources
available per plant [4], which in cereal crops leads to a higher risk of leaf senescence [6] and a
lower rate of post-anthesis net photosynthesis [5]. Earlier leaf senescence influences post-
anthesis dry matter accumulation (DMA) [7-9], eventually decrease maize yield [10-14].
Therefore, great effort should be made to improve photosynthetic area post-anthesis and pho-
tosynthetic capacity to further increase DMA and yield maize.

Maize yield also depends on optimized root system [15], which is a bridge connecting the
soil, root function, and yield [16]. Increasing the root distribution in deeper soil is conducive
to yield improvement, especially at high plant density [17]. However, root growth is greatly
restricted by the hard plough pan, a byproduct of the intensive use of mechanization from
sowing to harvest, which deteriorates the physical condition of the soil [18-20]. In the Huang-
Huai-Hai Plain, the average soil bulk density is 1.37 g cm ™ at a depth of 5-10 cm, and 1.51 g
cm in the soil plough pan, which is higher than the optimal soil bulk density (1.1-1.3g cm ™)
for maize growth [21]. Soil bulk density affects maize root dry mass in the 20-60cm soil layer
[22]. In soil with a higher soil bulk density, water and nutrient uptake as well as air and water
infiltration are limited and the roots are poorly able to penetrate the soil [16, 23-25]. The
higher soil compaction leads to a higher concentration of the root system in the upper soil
layer and a reduction in the root distribution in deeper layers [16, 26]. Large proportion of
roots distributed in the upper soil profile was likely to limit root extension and reduce the
grain yield [27, 28]. Thus, how to improve soil quality is a main way to increase yield [29].

Subsoiling can effectively break up soil plough pan, reduce soil bulk density, and thereby
promote root extension into deep soil layers [18, 30-31]. Subsoiling has also been shown to
markedly improve the tilled layer [32] and rhizosphere microorganisms, microbial diversity,
and soil water—storage capacity, thus establishing ideal conditions for root development and
effectively delaying plant senescence [33-34]. Subsoiling increases grain yield and also makes
it possible to increase planting density by 1.08-5.21% [35].

Coordination of the root system and canopy structure is essential to increase maize yield,
however, the physiological processes affected by soil tillage and plant density is poorly under-
stood. In this study, our objectives were to: (1) assess the effects of subsoiling on soil compact-
ness, root system distribution, and root activity; (2) determine changes in DMA, leaf area,
grain filling, and photosynthetic rate; (3) and investigate physiological processes that subsoil-
ing regulates the post-anthesis aboveground DMA and yield.

Materials and methods
Site description

Field experiments were conducted from 2010 to 2012 at the Xinxiang Experimental Station of
the Chinese Academy of Agriculture Sciences, Henan Province, China (35°11'30"N, 113°48'E).
The cropping pattern of this area is largely a winter-wheat/summer-maize double-cropping sys-
tem, with rotary tillage for wheat and no-till farming for maize, with the latter crop grown almost
entirely under irrigated conditions. The annual mean temperature, hours of sunshine, and
amount of precipitation in the study area are shown in Fig 1. The soil texture at the site is clay
loam (ISSS Classification, International Soil Science Society), with 12.6 g organic material kg ™',
61.2 mg available N kg ™', 16.2 mg available P kg™, 110.0 mg available K kg ™', and a pH of 8.21.

Experimental design and field management

The maize hybrid ZD958 was chosen for this study, as it is the most widely grown cultivar in
the Huang-Huai-Hai Plain and has a high yield, is multi-resistant, and is highly adaptable.
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Fig 1. Changes in temperature, hours of sunshine, and precipitation during the maize growth period in 2010, 2011, and 2012 at the
Xinxiang experimental station.

https://doi.org/10.1371/journal.pone.0174952.g001

Treatments consisted of planting patterns with wide (0.8 m) and narrow inter-row spacing
(0.4 m); three different plant densities: low (LD, 45000 plants ha™"), medium (MD, 67500
plants ha™'), and high (HD, 90000 plants ha™); and two soil tillage practices: no-tillage (CK),
in which the crop residues after wheat harvest were flattened and remained on the soil surface
and the only soil disturbance was during planting and fertilizer application, and subsoiling
(SS), in which the soil was completely inverted and the crop residue was buried to the depth of
30 cm using a subsoiler (Hehuinong Machine Co. Ltd., Beijing, China).

The experiment was carried out according to a split-plot design: soil tillage practices
were considered the main factors and the planting densities were sub-plot factors, with
three randomized replicates. The experimental plots were 12 m long and 6.0 m wide and
consisted of 10 rows. All plots received the same amount of water and nutrients. Before sow-
ing, the plots were finely prepared, irrigated, and basal fertilizer was applied at a rate of 225
kg N ha™', 173 kg P,O5 ha™', and 150 kg K,O ha™". In addition, N fertilizer (138 kg N ha™")
was applied at twelfth leaf stage. The amount of fertilizer applied was based on the existing
levels of N, P, and K, as determined from soil tests, to ensure that there were no nutrient
deficiencies. The plots were irrigated as needed from plant emergence to plant maturity to
prevent water deficits. They were maintained free of weeds by herbicide application as
needed. No obvious water stress or pest damage was observed during the growing seasons.
The sowing dates were 8 June 2010, 14 June 2011, and 17 June 2012; the anthesis dates were
5 August 2010, 8 August 2011, and 11 August 2012; and the harvesting dates were 5 October
2010, 13 October 2011, and 19 October 2012.

Data from 2010 to 2012 were analyzed. Total precipitation during the growing season was
536.6 mm in 2010, 366.8 mm in 2011, and 278.8 mm in 2012. The total number of hours of
sunshine was 630.3, 553.5, and 745.5, respectively. Thermal time computations used mean
daily air temperature and a base temperature of 10°C. The total optimum temperature for
maize growth was 1887.5°C, 1717.8°C, and 1825.0°C (Fig 1).

Plant sampling

In each plot, three adjacent plants from the same inside row were cut manually at the ground
level to determine the aboveground DMA 12, 31, 49, 68, and 104 days after emergence in 2010;
16, 34, 45, 75, and 110 days in 2011; and 20, 37, 50, 80, and 119 days in 2012. The harvested
plants were heated initially at 105°C for 30 min and oven-dried at 75°C to a constant weight
before weighing. Pre-anthesis and total DMA was determined at anthesis and harvesting
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stages. The post-anthesis DMA was calculated using the following formula:

Post-anthesis DMA (tha™') = total DMA — pre-anthesis DMA (1)

At harvest, a bordered area of 19.2 m* (8.0 m x 2.4 m) in each plot was harvested by hand
to determine the grain yield. The grain yield and kernel weight were adjusted to 14% moisture
content. The 1000-kernel weight and the kernel number per ear were recorded.

Leaf area index

The area of each fresh leaf from the sampled plants was determined immediately after harvest-
ing (McKee, 1964). The leaf area index (LAI) was calculated as the leaf area x plant density
(number of plants per m?).

Grain development sampling

At least 50 representative plants were tagged in each plot 10 days before silking (the first silk
visible on the apical ear). The silking date of the apical ear was recorded for each tagged plant,
when the silks emerged in 50% of the plants in a plot. Three tagged ears of every plot were ran-
domly selected plants were harvested at 5, 10, 15, 20, 25, 35, 45, 55, and 65 days after anthesis
[36] and 100 grains were cut from the middle of each sampled ear [37]. The dry weight of 100
grains for each ear was measured after drying to a constant weight in a forced air oven at 80°C.
The dynamics of grain weight during grain filling followed Richards’ growth equation:

W=A(1+Be) " (2)

where W is the grain weight, A is the ultimate grain weight, t is the day after pollination,
and B, C, and D are coefficients determined by regression [38]. The data of the final grain
weight was W, = a, the maximum grain-filling rate was Dy, = (InB-InD)/C, the grain
weight at the maximum grain filling rate was W, = A(D+1)VP, the maximum grain-fill-
ing rate was Gpax = (CWay/D) (1-(W ../ A)P), the mean grain-filling rate was Gean =
AC/2(N+2), the initial grain-filling potential was Ry = C/D, and the effect grain-filling dura-
tion was P = 2(D+2)/C.

Leaf net photosynthetic rate and chlorophyll fluorescence

The ear leaf net photosynthetic rate (P,) was measured on sunny, windless days from 9:30 to
14:00 using the LI-6400 portable photosynthesis system (LI-COR Inc., Lincoln, NE, USA)
equipped with an LED leaf chamber. Each leaf was measured in triplicate for each block. The
photo flux density was controlled at 2000 umol m™s™", and the air flow at 500 umols ™. The
CO, concentration of the intake air was maintained at 350 umol mol ™" [39-41]. The Genty’s
method [42] was used to measure ear leaf chlorophyll fluorescence during anthesis and 20 and
69 days thereafter using the FMS portable modulated fluorometer (Lufthansa Instruments
Inc., UK).

Root and soil sampling

According to Wang’s methods, three plant roots were sampled per plot at anthesis using

10 x 10 x 10 small cubic sampling methods [15]. Plant was as the center of the soil samples with
line spacing of 50cm (narrow-line spacing of 20cm, and wide-line spacing of 30cm), row spac-
ing of 37cm in D1, 24.5cm in D2 and 18.5cm in D3, and depth of 0-10, 10-20, 20-30, 30-40,
and 40-50cm, respectively. All of the visible roots in each soil block were harvested. Soil bulk
density was measured according to the cutting-ring method as soil dry weight (g)/cutting-ring
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volume (cm?). Measurements were made at five soil depths (0-10, 10-20, 20-30, 30-40, 40-50
cm) in the anthesis stage. The measurements were repeated three times.

Root bleeding sap collection

In each plot, three adjacent plants from the same inside row were cut manually at the 10 cm
above the ground level to determine the root bleeding sap amount. The remnant stem incision
was washed with deionized water. Stem diameter was measured using Vernier calipers, calcu-
lating the area of the cut plane. Root bleeding sap was collected from 6:00 pm until 6:00 am the
next day using 500 ml plastic bottles [43], on days 0, 10, 30, 40, and 50 post-anthesis.

Statistical analysis

The data were prepared using Microsoft Excel 2003, and statistical analyses were performed
using SPSS 11.0. Means were compared using Duncan’s new multiple range method test at a
probability (P) level of 0.05. Grain yield, yield components, were subjected a three-way analysis
of variance with year, tillage and planting density as fixed effects. Pn, Fv/Fm, ®SPII, grain fill-
ing rate parameters, root bleeding amount, and density of root dry weight were subjected a
two-way analysis of variance with tillage and planting density as fixed effects.

Results
Grain yield

Tillage had significant effects on the kernels per ear, 1000-kernel weight and yield. Density and
year had significant effects on ear number per ha™, kernels per ear, 1000-kernel weight and
yield, respectively. The interaction between tillage and density, tillage and year, and density
and year had significant effects on yield. However, the interaction of three factors (tillage, den-
sity, and year) had no significant effects on yield (Table 1). The highest grain yields were
obtained from the SS treatment: HD in 2010 and 2012 and MD in 2011. Compared to the con-
trol, grain yields increased between 2010 and 2012 by 6.28%, 7.31%, and 10.51%, respectively,
with HD, MD, and LD. With increasing planting density, the 1000-kernel weight in the SS
treatment increased as well, by 4.09% (LD), 5.13% (MD), and 4.96% (HD) compared to the
CK treatment. The number of kernels per plant was also higher in the SS vs. the CK plants
(3.04%, 6.06%, and 8.56%, respectively). There were no significant differences in ear number
in 2010 and 2012 whereas in 2011 it was significantly higher in the SS than in the CK treat-
ment. The average increases in 1000-kernel weight, kernels per plant, and ear number were
4.73%, 5.89%, and 2.10%, indicating that the higher yield under the SS treatment was mainly
due to the increases in kernels per plant and 1000-kernel weight and therefore that subsoiling
mainly affected grain formation and filling after anthesis.

Dry matter accumulation

The pre-anthesis DMA did not significantly differ between the SS and CK plots during the
three seasons (Figs 2 and 3), whereas during the grain-filling stage the DMA was significantly
higher in the SS plots. During 2010, 2011, and 2012, the average total dry matter obtained
from SS plots planted at high, medium, and low densities was 17.79, 18.97, and 22.21 t ha™",
respectively, which was 6.82%, 9.29%, and 9.51% higher than the values determined in the CK
plots (16.65, 17.35, and 20.28 t ha™'). Further analyses showed that the post-anthesis DMA was
greater for the SS than for the CK treatment for LD, MD, and HD, by 11.07%, 9.23%, and
13.44%, respectively, in 2010; 7.60%, 8.80%, and 26.49% in 2011; and 13.43%, 21.05%, and
10.73% in 2012 (Fig 3). The average increase in the SS treatment during the 3 years was
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Table 1. Maize grain yield, ear numbers per ha, kernels per ear, 1000-kernel weight of maize, as an effect of different tillage practices and different

planting density in 2010, 2011, and 2012.

Years | Density (10° plants ha™) | Tillage

2010 LD
MD
HD
2011 LD
MD
HD
2012 LD
MD
HD
Source of variation
Tillage (T)
Density (D)
Year (Y)
Tillage x Density (TxD)
Year x Tillage (YxT)

Year x Density (Yx D)
Year x Tillage x Density (YxTxD)

CK
SS
CK
SS
CK
SS
CK
SS
CK
SS
CK
SS
CK
SS
CK
SS
CK
SS

Ear numbers (10* ha™)

5.88c¢c
6.00c
7.44b
7.45b
9.37a
9.37a
5.00 f
540e
6.59d
6.75¢
8.17b
8.51a
6.35d
6.31d
7.33¢c
7.27c¢c
8.95b
9.27a

0.054ns
0.000***
0.000***
0.455ns
0.530ns
0.000***
0.084ns

Kernels per ear

489.12b
513.11a
412.65d
431.31c
356.98 f
381.62e
548.77b
578.55 a
471.09d
530.32¢
376.35f
428.40 e
542.03 a
535.42a
495.59 b
500.90 b
428.05d
449.28 c

0.000***
0.000%**
0.000%**
0.098ns
0.000%**
0.000%**
0.024*

1000-kernel weight (g)

308.25a
310.33a
292.29¢
301.39b
284.40d
295.95 bc
302.60 a
308.14 a
273.95¢
287.14b
257.54d
270.93¢c
323.54c
355.12a
312.93¢
336.28 b
296.22d
312.86¢

0.000***
0.000***
0.000***
0.191ns
0.022*
0.000***
0.019*

8627.03 e
8914.08 de
9186.12d
9514.70 ¢
9876.28 b
10462.53 a
8822.56 ¢
9320.06 b
9297.23b
9976.91 a
7880.92 d
9165.76 b
10393.60 e
11419.58 cd
11153.80d
12350.44 b
11765.15¢
13001.18 a

0.000%**
0.000%**
0.000%**
0.0127*
0.000***
0.000***
0.410ns

The mean values of the different treatments in the 3 years are shown. Different letters indicate statistically significant differences at the P <0.05 level

(ANOVA and Duncan’s multiple range test; n = 3).

*significant at P<0.05,

** significant at P<0.01,

*** significant at P<0.001,

and ns, not significant, P > 0.05.

Grain yield (kg ha™)

LD: planting density of 45000 plants ha™', MD: planting density of 67500 plants ha™', HD: planting density of 90000 plants ha™*; SS: subsoiling; CK: no tillage.

https://doi.org/10.1371/journal.pone.0174952.t001

10.80%, 12.75%, and 15.82% for the LD, MD, and HD plots. In addition, total dry matter and
post-anthesis dry matter were positively and significantly correlated (r = 0.8362***). These

results suggest that subsoiling significantly improved both total and post-anthesis DMA.

Grain filling characters

Subsoiling had a marked influence on the 100-grain weight (Fig 4). The difference appeared
earlier in the HD than in the MD and LD treatments. The grain-filling process was analyzed
using Richards’ equation according to the four parameters associated with grain filling
(Table 2): The Wy, Ry, T, Wiax P were affected significantly by the tillage practice x plant
density interactions. At the lower plant density (D1), subsoiling mainly improve the T,,.x and
W nax At higher plant density, the Ry and P under SS plots were higher than that CK plots. As
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Fig 2. Effects of tillage management (SS, subsoiling; CK, no tillage) on maize dry matter in plots planted at density of 45000 plants
ha™, (LD), 67500 plants ha™(MD), and 90000 plants ha™ (HD) in each growth stage during 2010 (A), 2011 (D-F), and 2012 (G-1).
Vertical bars represent the standard deviations of the means. * P< 0.05; **P<0.01.
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Fig 3. Dry matter accumulation pre- and post-anthesis in the control (no tillage, CK) and subsoiled
(SS) crops from density of 45000 plants ha™ (LD), 67500 plants ha™(MD), and 90000 plants ha™ (HD) in
2010 (A), 2011 (B) and 2012 (C). Vertical columns and bars represent the means and standard errors of three
replicates, respectively. Different letters on the graph indicate significant differences at P< 0.05.

https://doi.org/10.1371/journal.pone.0174952.g003
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Table 2. Grain filling rate parameters in subsoiled (SS) and non-tilled (CK) plots in 2012.

Planting Soil tillage
density practice W, (g 100 Ro (g 100 Tomax (d)
grain™) grain™)

LD ck 34.72 1.11 20.69

ss 38.93 0.86 22.61

MD ck 32.76 0.25 23.16

ss 36.39 0.39 22.87

HD ck 30.95 0.23 23.93

ss 36.91 1.22 22.49

Source of variation

Tillage (T) 0.000*** 0.004** 0.806ns
Density (D) 0.000*** 0.000%** 0.001***
Tillage x Density (T x D) 0.044* 0.000%** 0.001***

grain™)
13.30
15.16
14.57
15.05
14.07
14.03

0.001**

0.013*

0.003**

Grain filling rate parameter
Wimax (9100

P (d) Gimean (9 100 grain™ | G,,ax (g 100 grain
1d-1) 1d-1)
4416 1.16 0.79
47.20 1.22 0.83
40.78 1.19 0.80
43.85 1.22 0.83
41.41 1.11 0.75
49.30 1.10 0.75
0.000*** 0.029* 0.034*
0.000*** 0.000*** 0.000***
0.003** 0.284ns 0.142ns

W, The final grain weight; Ry, The initial grain-filling potential; Tnax, Maximum filling rate time; W o, Maximum filling rate of growth; P, Active filling phase;
Gimax, Maximum filling rate; Giean, The mean grain-filling rate. LD: planting density of 45000 plants ha™*, MD: planting density of 67500 plants ha™, HD:

planting density of 90000 plants ha™; SS: subsoiling; CK: no tillage.
*Significant at P < 0.05.

** Significant at P < 0.01.

**¥ Significant at P<0.001.

ns, not significant, P> 0.05

https://doi.org/10.1371/journal.pone.0174952.t1002
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45000 plants ha™ (LD), 67500 plants ha™'(MD), and 90000 plants ha™ (HD) in 2011 (A-C, respectively) and 2012 (D-F, respectively).
Vertical bars are the standard deviations of the means. * P<0.05; **P<0.01.

https://doi.org/10.1371/journal.pone.0174952.9005

the planting density increase, the positive effect of subsoiling on the Gyean» Gmax> Tmax and
Wnax Were decreased, but the Ry and P were increased.

Leaf area and Pn traits

The canopy production capacity is a function of the LAI In our study, the LAl increased dra-
matically during the pre-anthesis stage, peaked at anthesis, and declined thereafter in all treat-
ments (Fig 5). A positive effect of subsoiling on the LAI occurred mainly in the post-anthesis
stage. In 2011, as the plant density increased from LD to HD, the LAI values of the SS-treated
vs. CK-treated crops changed by 7.63%, -0.81%, and -5.22% at anthesis, 10.52%, 7.28%, and
12.14% in the mid-filling stage, and 34.10%, 51.26%, and 54.52% at harvest (Fig 5a-5c). In
2012, the LAI values increased consistently, by 10.46%, 12.81%, and 13.54% at anthesis; 7.08%,
19.30%, and 31.40% in the mid-filling stage; and 38.79%, 43.50%, and 47.39% at harvest (Fig
5d-5f). According to these results, subsoiling maintained a higher green leaf area and delayed
leaf senescence such that the photosynthetic area of the canopy in the grain-filling stage was
higher, with the most noticeable effects achieved in the HD plots.

The net photosynthetic rate (Pn) decreased gradually after anthesis (Fig 6). Pn were affected
significantly by the tillage x plant density interaction at 65 days post-anthesis in 2011, and at
69 days post-anthesis in 2012 (S1 Table). At the beginning of grain filling, there were no differ-
ences between the two tillage treatments, but in 2011 and 2012 the rate of decreasing was
slower in the SS plots. The average Pn of the LD, MD, and HD plantings during these 2 years
was 9.14%, 15.93%, and 25.60% higher in the SS than in the CK treatment. Thus, subsoiling
did not enhance the Pn, but delayed the onset of leaf senescence.
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Significant TillagexPlant density interaction were observed for the maximum photochemi-
cal efficiency (F,/F,,) at 0 and 69 days post-anthesis, and the maximum quantum efficiency of
PSII (OPSII) at 60 days post-anthesis (52 Table). The F,/F,,, and ®PSII decreased post-anthesis
(Fig 7). The average F,/F,, of the SS crops planted at low, medium, and high densities was
0.86, 0.83, and 0.84, which was 7.42%, 3.10%, and 3.70% higher than the values determined in
the CK treatment. Subsoiling also enhanced ®PSII, by 8.26%, 8.50%, and 17%, respectively.

Root traits and function

The tillage practice x plant density interaction effects for the density of root dry weight at 20-
30cm soil profile were significant (Table 3). Subsoiling changed the root distribution in the
0-50 cm soil profile, as evidenced by the decrease in the root dry weight in the 0-10 cm soil
profile and its dramatic increase in the 10-50 cm soil profile. At the 0-10 cm profile, the root
dry weight in the SS plots decreased by 5.73% (LD), 6.81% (MD), and 4.83% (HD) compared
to the CK plots whereas at the 10-50 cm soil depth, increases of 40.68%, 32.17%, and 20.14%
were recorded. In the SS treatment, the average density of root dry weight at the 0-50 cm soil
depth was 5.64%, 5.04%, and 1.82% greater in the LD, MD, and HD plots of the SS vs. the CK
treatments. These results indicate that subsoiling significantly affected the depth distribution
of the roots by promoting root penetration to the deep soil and reducing the pressure of root
crowding at the soil surface, but without a significant effect on total root dry weight.
Interaction effects between tillage practice and plant density on the root bleeding sap
amount were significant at 50 days after anthesis (S3 Table). The root bleeding sap amount
was significantly higher in the SS plots than in the CK plots at each developmental stage during
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post-anthesis (Fig 8). The mean root bleeding sap amount of the SS crops was 1.51, 1.52, and
1.46 kg m~*h~" under the LD, MD, and HD conditions, respectively, which was 17.41%,
15.82%, and 20.91% higher than the CK treatment values. These results suggest that subsoiling
effectively promotes root growth and delays root senescence.

Soil characteristic improvement

Soil bulk density was clearly modified by soil tillage (Fig 9). Subsoiling mainly broke up com-
paction of the 0-30 cm soil layer, especially the 20-30 cm layer. Soil bulk densities in the 0-10,
10-20, and 20-30 cm soil profile layers (0.06, 0.04, and 0.16 g cm™>, respectively) but not in the
30-50 cm soil layer were significantly lower in the SS plots than in the CK plots.

Discussion
Effects of subsoiling on topsoil characteristics and roots

Maize growth and yield are closely related to a strong root system. Tillage practices change the
temporal and spatial structure of the soil to affect the spatial distribution of the roots [44]. The
plough pan, affecting the 15-30 cm soil layer, strongly restricts root growth and accelerates
root senescence. Optimal tillage practices provide a good topsoil layer, one that promotes
maize root growth through the exchange of soil water, fertilizer, gas, and heat with the external
environment [45]. Subsoiling effectively breaks up the plough plan, thereby improving soil
properties by generating a less restricted physical environment that stimulates root growth and
increases the proportions of roots in the deeper soil [46]. Our data showed that subsoiling
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Table 3. Density of root dry weight (g m) at a soil depth of 0-50 cm soil depth during the anthesis stage of subsoiled (SS) vs. non-tilled (CK) plots

in 2012.
Planting density

LD CK
ss

+A(%)
MD CK
Ss

+A(%)
HD CK
ss

+A(%)

ANOVA

Treatment

Tillage (T)
Density (D)
Tillage x Density (T xD)

0-10
558.13a
526.15b

-5.73
534.89 a
498.47 b

—-6.81
509.20 a
484.59 b

-4.83
0.000%**
0.000%**
0.730ns

10-20
87.72b
116.85a
33.21
124.69b
151.11a
21.19
92.78 b
112.33a
21.07
0.000%**
0.000%**
0.683ns

Soil depth (cm)

20-30
38.75b
55.57a

43.41
43.93a
69.14b

57.39
39.23b
43.33 a

10.44
0.000***
0.000%***

0.003**

30-40
27.40b
41.50a

51.46
33.57b
46.99 a

39.98
30.20b
34.27 a

13.47
0.001**
0.058ns
0.231ns

40-50
27.31b
40.97 a
50.02
31.53b
41.67 a
32.16
22.59b
32.10a
42.10
0.000**
0.003***
0.608ns

0-50
147.86
156.21

5.64
153.72
161.48

5.04
138.80
141.32

1.82
0.017*
0.000***
0.527ns

LD: planting density of 45000 plants ha™*, MD: planting density of 67500 plants ha™, HD: planting density of 90000 plants ha™*; SS: subsoiling; CK: no tillage.
Different letters indicate statistically significant differences at the p<0.05 level (ANOVA and Duncan’s multiple range test; n = 3).

*Significant at P < 0.05.

** Significant at P < 0.01.
*** Significant at P < 0.001.
ns, not significant, P > 0.05

https://doi.org/10.1371/journal.pone.0174952.t1003

effectively decreased soil bulk density in the 0-30 cm soil layer, by 5.87% compared to the
non-tilled (CK) plots. The soil bulk density in the 20-30 cm soil layer decreased by 10.26% in
the SS vs. CK treatment, a consequence of the subsoiler’s working depth of 30 cm. Subsoiling
altered the root distribution in the different soil layers. Thus, in the SS treatment, the root dry
weight in the 0-10 cm soil layer was lower but in the deeper (10-50 cm) soil layer it was higher
than in the CK treatment. The proportion of roots at 0-10 cm was 72.82% in the CK plots vs.
68.89% in the SS plots; the corresponding values were 13.82% and 16.52% in the 10-20 cm
layer, 5.53% and 7.27% in the 20-30 cm layer, 4.14% and 5.33% in the 30-40 cm layer, and
3.68% and 4.98% in the 40-50 cm layer. We also found the interaction effects of the tillage and

3.0
e sy (TR
= *%
(\'l;: 2.5 - —e— SS
2
= 20
bS]
e
B 1.5
=
S %k
on
% 1.0 4 -
8
= O
2 5] °
= A B o C
0.0 T T . r : . T v T T T T r T r
0 10 20 30 40 50 60 10 20 30 40 50 60 0 10 20 30 40 50 60

Days after anthesis (d)

Days after anthesis (d)

Days after anthesis (d)

Fig 8. The amount of root bleeding sap determined in plants from plots planted at 45000 plants ha™ (A), 67500 plants ha™ (B), and
90000 plants ha™ (C) at during post-anthesis under subsoiling (SS) and non-tillage (CK) conditions in 2012. Vertical bars represent
the standard deviations of the means. * P<0.05; **P<0.01.

https://doi.org/10.1371/journal.pone.0174952.9008
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plant density on the root traits were mainly occurred at the 20-30cm soil profile, and the
increase rate was highest at the MD plant density under SS treatment. These results demon-
strate that subsoiling reduces the root distribution at the surface soil and promotes root growth
in the deeper soil, thus alleviating root crowding and competition in the topsoil [16] while pro-
moting root growth in the deeper soil layer to improve soil water and nutrient utilization.
These findings are consistent with those of previous studies [44, 47].

Maintaining higher root activity is an essential cultivation technique to increase maize
yield. Our results showed that the amount of root bleeding sap, a standard measure of root
activity, was higher in the SS than in the CK plots. The effects of subsoiling on root vigor was
more apparent at the higher planting density, as evidenced by a mean increase in 17.41% in
the LD treatment vs. 20.91% in the HD treatment. Previous studies have shown that enhancing
the root distribution in the deeper soil layer improves root activity and delays root senescence
[48], presumably because of the more stable root environment, which enhances the stress resis-
tance of maize. In our study, by disrupting the plough pan located in the 20-30 cm soil layer,
subsoiling allowed an extension of the root system within the 10-50 cm layer. This ensured
water and nutrient uptake by the root system in deep soil. Thus, in summary, subsoiling cre-
ates an environment that favors root growth and delays root senescence, resulting in higher
root activity at the late grain-filling period.

Effects of subsoiling on post-anthesis photosynthesis and canopy leaf
photosynthetic function

A strong root system plays an important role in supporting aboveground crop growth, and
optimum canopy function is a key factor in achieving a higher yield. As an indicator of canopy
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architecture at different growth periods, Leaf area index (LAI) is an important indicator of the
canopy architecture at different growth period, and longer green leaf area duration at post-
anthesis period is one of several morpho-physiological traits associated with improvement of
maize yield [49]. In this study, the post-anthesis LAI was significantly higher in the SS than in
the CK plots. This suggests that subsoiling supports a higher green leaf area to provide a larger
source of photosynthate post-anthesis, such that high levels of leaf photosynthesis are possible
in the late grain-filling stage and DMA is increased accordingly. Photosynthesis, as the basis of
biomass production and yield [39, 50], reflects the extent of leaf senescence [51]. We found a
higher Pn in the SS than in the CK plots, particularly in the late grain-filling stages. As the
planting increased from LD to HD, the average post-anthesis Pn in the SS plants was 13.44-
27.59% higher in the SS plots; the F,/F,, and ®PSII of the SS crops were also higher. Previous
studies have shown that the higher photochemical efficiency is essential for efficient photosyn-
thetic functioning [52] and the rapid decreasing of photochemical activity is an important rea-
son for photosynthetic function sharp declines [53]. Our results suggest that SS preserves a
higher Pn, F,/F,,, and ®PSII to maintain a higher green leaf area, prolong the duration of leaf
photosynthesis post-anthesis, and effectively delay leaf senescence such that the leaf assimila-
tion capacity is higher.

Effects of subsoiling on DMA and yield

The main contributor to grain yield is DMA [54]. Our results showed that SS improves both
total and post-anthesis DM A but not pre-anthesis DMA. The average increase in post anthesis
DMA in the SS treatment during the 3 years was 13.12%. Relative to the CK treatment, subsoil-
ing clearly maintained higher LAI, Pn, F,/F,,, and ®PII values and delayed leaf senescence
during the grain-filling period, probably due to the deeper root distribution and the higher
root activity in the SS plots. The higher LAI and green leaf photosynthetic activity enabled a
high rate of DMA to support maize grain growth. Thus, SS improved canopy photosynthetic
ability to achieve a higher post-anthesis DMA. A correlation analysis between pre-anthesis,
post-anthesis, total DMA, and yield showed that post-anthesis DMA was significantly and pos-
itively correlated with total DMA and grain yield, as previously reported [55-56]. The higher
post-anthesis DMA was the basis for the higher grain yield in the SS treatment.

Tillage practices change soil compaction, which affects root growth and distribution, and
ultimately yield [18]. As shown in our experiment, subsoiling significantly increased maize
production in the LD, MD, and HD plots, by 4.80%, 7.20%, and 8.92%, respectively. A yield
components analysis for the 3 years showed consistently higher grain numbers and 1000-grain
weights, both of which are established during the grain-filling stage [57], in the SS than in the
CK plots, with average increases of 5.82% and 4.78%, respectively. In addition, the higher
DMA under SS treatment resulted in a higher grain number and grain weight and significantly
increased grain filling. SS could increase the initial grain filling potential and extend the effec-
tive grain filling duration. which is associated with significantly higher grain weight. This is
because the SS improve the canopy function and delay the leaf senescence to grain filling.
Especially, at higher planting density, the effect of on the Ry and P was more obvious. Taken
together, these findings indicate that subsoiling increases maize yield by improving both the
physical properties of the soil [58] and the level of photosynthetic assimilation, which together
favor grain growth. The positive effect of subsoiling on the dry matter accumulation, LAI, Pho-
tosynthetic characteristics was increased with the plant density increasing, and the effect of
subsoiling was most significant at the plant density of 90000 plant ha-'. In addition, the effects
of tillage and density on yield were different in different years. In 2010 and 2012 year, the yield
of SS plots was largest at HD plant density, and MD plant density was followed. In 2011 year,
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subsoiling produced a higher yield as the plant density increased from LD to MD. As the plant
density increased from MD to HD, no further improvement in grain yield was achieved. In
2011, because of fewer ears, the HD plots did not produce a higher yield, perhaps due to the
27.62% increase in rainfall and the 45.43% decrease in the amount of sunshine compared to
2012. Also in 2011, most of the increased rainfall occurred at post-anthesis, and in combina-
tion with the reduction in the amount of sunlight, increased the mutual shading of plants
under the higher population density. Previous research also showed that high temperatures
and rainfall and low solar radiation had a negative impact on maize yield during the flowering
and grain filling periods [59]. Nonetheless, our results are consistent with a positive effect of
subsoiling on maize yield. Hence, subsoiling not only can improve the soil characteristic and
root traits, but also can optimize the canopy performance in terms of leaf area, dry matter
accumulation, Pn traits and higher yield.

Conclusion

Our results demonstrate that subsoiling is an effective tillage management measure to improve
summer maize yield, particularly under higher planting densities. Subsoiling improves the
physical properties of soil, reduces root density in surface soil, and increases deep root growth,
which alleviates root crowding in the upper soil layer and enhances water and nutrient absorp-
tion in the deeper soil layer. They delay leaf senescence after anthesis and maintain greater
green leaf area and photosynthetic capacity, which promotes post-anthesis DMA and grain fill-
ing, and eventually increases grain yields by 6.21-10.09% (S1 Fig).

Supporting information

S1 Fig. The subsoiling adjustment process in the maize canopy and in the plough layer.
(TIF)

S1 Table. The two-way ANOVA by tillage and plant density for maize leaf Pn at post-
anthesis.
(DOCX)

S2 Table. The two-way ANOVA by tillage and plant density for maize leaf fluorescence
parameters at post-anthesis.
(DOCX)

S3 Table. The two-way ANOVA by tillage and plant density for root bleeding sap amount
at post-anthesis.
(DOCX)

Acknowledgments

The authors thank Dr. Mehmood Ali Noor, Qifeng Meng, Congfeng Li for advice on the
experiment design and technical improvement of the manuscript.

Author Contributions
Conceptualization: XS ZD MZ.
Data curation: XS ZD MZ.

Formal analysis: XS ZD MZ.

Funding acquisition: MZ.

PLOS ONE | https://doi.org/10.1371/journal.pone.0174952  April 6, 2017 15/18


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0174952.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0174952.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0174952.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0174952.s004
https://doi.org/10.1371/journal.pone.0174952

@° PLOS | ONE

Subsoiling practices and summer maize yield

Investigation: XS ZD XW HH BZYY WM ]G ZW.

Methodology: XS ZD MZ.

Project administration: MZ.

Resources: MZ.

Supervision: MZ.

Validation: XS ZD MZ.

Visualization: XS ZD MZ.

Writing - original draft: XS ZD.

Writing - review & editing: XS ZD MZ.

References

1. National Bureau of statistics in China, 2015; 6:1. Available from: http://www.stats.gov.cn/tjsj/ndsj/.

2. Sangoi L. Understand plant density effects on maize growth and development: An important issue to
maximize grain yield. Cienc. Rural. 2000; 31: 159-168.

3. Tollenaar M, Lee EA. Yield potential, yield stability and stress tolerance in maize. Field Crops Research.
2002; 88:161-169.

4. Tollenaar M, Deen W, Echarte L., Liu W. Effect of crowding stress on dry matter accumulation and har-
vestindex in maize. Agron. J. 2006; 98: 930-937.

5. Antonietta M, Fanello DD, Acciaresi HA, Guiamer JJ. Senescence and yield responses to plant density
in stay green and earlier-senescing miaze hybirds from Argentina. Field Crops Res. 2014; 155: 111—
119.

6. Borras L, Maddonni G, Otegui ME. Leaf senescence in maize hybrids: plant population, row spacing
and kernel set effects. Field Crops Res. 2003; 82: 13—26.

7. HuangZH, Wang SY, Bao Y, Liang XH, Sun G, Shen L, et al. Studies on dry matter accumulation and
distributive characteristic in super high-yield maize. Journal of Maize Sciences. 2007; 15(3): 95-98.

8. Abolhassan MH, Stephen JH, Daniel HP. Yield response of corn to crowding stress. Agronomy Journal.
2005; 97: 839-846.

9. DaiMH, Zhao JR, Yang GH, Wang RH, Chen GP. Source-sink relationship and carbon-nitrogen metab-
olism of maize in different ecological regions and varieties. Scientia Agricultura Sinica. 2011; 44(8):
1585-1595.

10. ZhuM, Ge YX, Li FH, Wang ZB, Wang HW, Shi ZS. Accumulation and translocation of dry matter and
nitrogen in different purple corn hybrids (Zea mays L.). African Journal of Agricultural Research. 2011;
6(12): 2820-2827.

11.  Sun XF, Ding ZS, Hou HP, Ge JZ, Tang LY, Zhao M. Post-anthesis photosynthetic assimilation and the
changes of carbon and nitrogen in different varieties of spring maize. Acta Agronomica Sinica. 2013; 39
(7): 1284-1292.

12. BorrasL, Slafer GA, Otegui ME. Seed dry weight response to source—sink Manipulations in wheat,
maize and soybean: a quantitative reappraisal. Field Crops Research. 2004; 86: 131-146.

13. Tollenaar M, Lee EA. Strategies for enhancing grain yield in maize. Plant Breed Rev. 2011; 34: 37-82.

14. Ciampitti IA, Vyn TJ. Physiological perspectives of changes over time in maize yield dependency on
nitrogen uptake and associated nitrogen efficiencies: A review. Field Crops Res. 2012; 133: 48-67.

15.  Wang XB, Zhou BY, Sun XF, Yue Y, Ma W, Zhao M. Soil tillage management affects maize grain yield
by regulating spatial distribution coordination of roots, soil moisture and nitrogen status. PLoS ONE.
2015; 10(6): 0129231. https://doi.org/10.1371/journal.pone.0129231 PMID: 26098548

16. Klepper B. Root growth and water uptake. In: Stewart BA, Nielsen DR, editors. Irrigation of Agricultural
Crops. ASA—CSSA—SSSA, Madison; 1990. pp. 281-322.

17. QiWZ, Liu HH, Li G, Shao LJ, Wang FF, Liu P, et al. Temporal and spatial distribution characteristics of

super-high-yield summer maize root. Plant Nutrition and Fertilizer Science. 2012; 18(1): 69-76.

PLOS ONE | https://doi.org/10.1371/journal.pone.0174952  April 6, 2017 16/18


http://www.stats.gov.cn/tjsj/ndsj/
https://doi.org/10.1371/journal.pone.0129231
http://www.ncbi.nlm.nih.gov/pubmed/26098548
https://doi.org/10.1371/journal.pone.0174952

@° PLOS | ONE

Subsoiling practices and summer maize yield

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

4,

Mu XY, Zhao YL, Liu K, Ji BY, Guo HB, Xue ZW, et al. Responses of soil properties, root growth and
crop yield to tillage and crop residue management in a wheat—maize cropping system on the North
China Plain. European Journal of Agronomy. 2016; 78: 32—43.

Satendra K, Saini SK, Amit B. Effect of subsoiling and preparatory tillage on sugar yield, juice quality
and economics of sugarcane (saccharum species hybrid) in sugarcane plant-ratoon cropping system.
Sugar Tech. 2012; 14 (4): 398—404.

Hamza MA, Anderson WK. Soil compaction in cropping systems: a review of the nature: causes and
possible solutions. Soil Tillage Research. 2005; 82: 121-145.

Zhao M, Li CF, Dong ZQ. The coordination optimization between canopy and topsoil and its technique
of high yield and efficiency in maize. Crops. 2015; 3: 70-75.

Lu HD, Xue JQ, Ma GS, Hao YC, Zhang RH, Ma XF. Soil physical and chemical properties and root dis-
tribution in high yielding spring maize fields in Yulin, Shaanxi Province. Chinese Journal of Applied Ecol-
ogy. 2010; 21(4): 895-900.

Stirzaker RJ, Passioura JB, Wilms Y. Soil structure and plant growth: Impact of bulk density and bio-
pores. Plant and Soil. 1996; 185(1): 151-162.

Bengough AG, McKenzie BM, Hallett PD, Valentine TA. Root elongation water stress, and mechanical
impedance: a review of limiting stresses and beneficial root tip traits. Journal of Experimental Botany.
2011; 62: 59-68. https://doi.org/10.1093/jxb/erq350 PMID: 21118824

Ekeldf J, Guaman V, Jensen ES, Persson P. Inter-row subsoiling and irrigation increase starch potato
yield, phosphorus use efficiency and quality parameters. Potato Research. 2015; 58:15-27.

Lipiec J, Horn R, Pietrusiewicz J, Siczek A. Effects of soil compaction on root elongation and anatomy
of different cereal plant species. Soil and Tillage Research. 2012; 121:74-81.

Gill KS, Aulakh BS. Wheat yield and bulk density response to some tillage systems on an oxisol. Soil
and Tillage Research. 1990; 18: 37-45.

Ishag M, Hassan A, Saeed M, Ibrahim M, Lal R. Subsoil compaction effects on crops in Punjab, Paki-
stan.l. Soilphysical properties and crop yield. Soil and Tillage Research. 2001; 59: 57-65.

Cavigelli MA, Lengnick LL, Buyer JS, Fravel D, Handoo Z, Mccarty G, et al. Landscape level variation in
soil resources and microorganism properties in a no-till corn field. Applied Soil Ecology. 2005; 29: 99—
123.

Mosaddeghi MR, Mahboubi AA, Safadoust A. Short-term effects of tillage and manure on some soil
physical properties and maize root growth in a sandy loam soil in western Iran. Soil and Tillage
Research. 2009; 104: 173-179.

Nitant HC, Pratap Singh. Effects of deep tillage on dryland production of redgram (Cujanus cajan L.) in
Central India. Soil and Tillage Research. 1995; 34: 17-26.

Djm H, Jones HR, Crabtree WL, Daniels TL. Claying and deep ripping can increase crop yields and prof-
its on water repellent sands with marginal fertility in southern Western Australia. Australian Journal of
Soil Research. 2010; 48: 178-187.

Qin HL, Gao WS, Ma YC, Ma L, Yin CM. Effects of subsoiling on soil moisture under no-tillage 2 years
later. Scientia Agricultura Sinica. 2008; 41(1): 78-85.

Liang JF, Qi QZ, Jia XH, Gong SJ, Huang YF. Effects of different tillage managements on soil properties
and corn growth. Ecology and Environmental Sciences. 2010; 19(4): 945-950.

Hou HP, Ding ZS, Ma W, Li CF, Zhao M. Yield performance characteristics and regulation effects of
plant density and sub-soiling tillage system for high yield population of summer maize. Acta Agronomica
Sinica. 2013; 39(6): 1069-1077.

Sala RG, Westgate ME, Andrate FH. Source/sink ratio and the relationship between maxiumum water
content, maximum volume, and the final dry weight of maize kernels. Field Crops Research. 2007; 101:
19-25.

Gambin BL, Borras L, Otegui ME. Source—sink relations and kernel weight differences in maize tem-
perate hybrids. Field Crops Research. 2006; 95: 316-326.

Zhu Q, Cao X, Luo Y. Growth analysis in the process of grain filling in rice. Acta Agron Sinica. 1988; 14:
182-192.

Ding L, Wang KJ, Ji GM, Liu MZ, Gao L. Photosynthetic rate and yield formation in different maize
hybrids. Biologia Plantarum. 2007; 51 (1): 165—-168.

Liu TD, Song FB. Maize photosynthesis and microclimate within the canopies at grain-filling stage in
response to narrow-wide row planting patterns. Photosynthetica. 2012; 50 (2): 215-222.

Ding ZS, Li T, Zhu XG, Sun XF, Huang SH, Zhou BY, et al. Three photosynthetic patterns characterized
by cluster analysis of gas exchange data in two rice populations. The Crop Journal. 2014; 2: 22-27.

PLOS ONE | https://doi.org/10.1371/journal.pone.0174952  April 6, 2017 17/18


https://doi.org/10.1093/jxb/erq350
http://www.ncbi.nlm.nih.gov/pubmed/21118824
https://doi.org/10.1371/journal.pone.0174952

@° PLOS | ONE

Subsoiling practices and summer maize yield

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Genty B, Briantais JM, Baker NR. The relationship between the quantum yield of photosynthetic elec-
tron transport and quenching of chlorophyll fluorescence. Biochim Biophys Acta, 1989; 990: 87—92.

Dong XH, Duan LS, He ZP, Tian XL, Li JM, Wang BM, et al. Effect of 30% diethyl -amino-ethyle-hexea-
noate-Ethephon soluble concentrate on roots bleeding sap and it components of Zea mays. Acta Bot
Boreal Occident Sin. 2005; 25(3):587-591.

Guan DH, Zhang YS, Al-Kaisi MM, Wang QY, Zhang MC, Li ZH. Tillage practices effect on root distribu-
tion and water use efficiency of winter wheat under rain-fed condition in the North China Plain. Soil and
Tillage Research. 2015; 146, 286—295.

Zhai Z, Li YY, Pang HC, Wang J, Zhang L, Dong GH, et al. Study on present situation and characteris-
tics of plow pan in the northern region of Huang Huai Hai Plain. Scientia Agricultura Sinica. 2016; 49
(12): 2322-2332.

Cai HG, Ma W, Zhang XZ, Ping JQ, Yan XG, Liu JZ, et al. Effect of subsoil tillage depth on nutrient accu-
mulation, root distribution, and grain yield in spring maize. The Crop Journal. 2014; 2: 297-307.

Sasal MC, Andriulo AE, Taboada MA. Soil porosity characteristics and water movement under zero till-
age in silty soils in Argentinian Pampas. Soil and Tillage Research. 2006; 87: 9-18.

Song R, Wu CS, Ma LY, Mu JM, Xu KZ, Guo JX. Effect of application of combined fertilizers on the root
system of maize. Acta Agronomica Sinica. 2002; 28(3): 393-396.

Duvick DN. The contribution of breeding to yield advances in maize (Zea mays L.). In: Donald L.S.
(Ed.), Advances in Agronomy. Academic Press; 2005. pp. 83—145.

Marchiori Paulo ER., Machado Eduardo C., Ribeiro Rafael V. Photosynthetic limitations imposed by
self-shading in field-grown sugarcane varieties. Field Crops Research. 2014; 155: 30-37.

Astrid W, Magali M, Nathalie P. Spatial patterns and metabolic regulation of photosynthetic parameters
during leaf senescence. New Phytologist. 2004; 161: 781-789.

Abraham J. Escobar G, Laurette C. Senescence in field-grown maize: from flowering to harvest. Field
Crop Research. 2012; 134: 47-58.

Zhang ZS, Yang C, Gao HY, Li G, Liu P. Relationship between photochemistry activity and decrease in
chlorophyll content during senescence in leaves of stay green and quick leaf-senescence inbred line of
maize. Scientia Agricultura Sinica. 2012; 45(23): 4794—-4800.

ZhouBY, Yue Y, Sun XF, Wang XB, Wang ZM, Ma W, et al. Maize Grain Yield and Dry Matter Produc-
tion Responses to Variations in Weather Conditions. Agronomy Journal. 2016; 108:1-9.

LiS, Peng YF, YuP, Zhang Y, Fang Z, Li CJ. Accumulation and distribution of dry matter and potassium
in maize varieties released in different years. Plant Nutrition and Fertilizer Science. 2011; 17(2): 325—
332.

LiuJL, Zhan A, Bu LD, Zhu L, Luo SS, Chen XP, et al. Understanding Dry Matter and Nitrogen Accumu-
lation for High-Yielding Film-Mulched Maize. Agronomy journal. 2014; 106 (2): 390—396.

Jones RJ, Schreiber BMN, Roessler JA. Kernel sink capacity in maize: Genotypic and maternal regula-
tion. Crop Sci. 1996; 36(2): 301-306.

Tolon-Becerra A, Tourn M, Botta GF, Lastra-Bravo X. Effects of different tillage regimes on soil compac-
tion, maize (Zea mays L.) seedling emergence and yields in the eastern Argentinean Pampas region.
Soil and Tillage Research. 2011; 117: 184—190.

Zhang Y, Zhao YX. Multi-model ensemble to simulate the impacts of climate change on maize yield.
Chinese Journal of Eco-Agriculture. 2017; 3.

PLOS ONE | https://doi.org/10.1371/journal.pone.0174952  April 6, 2017 18/18


https://doi.org/10.1371/journal.pone.0174952

