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Abstract Intraspecific competition for light affects

nutrient uptake of maize, especially during the seed

filling phase (from the blistering-stage to physiolog-

ical-maturity). Partial leaf removal only affects the top

leaves and improves the light-environment, which

could then enhance nutrient uptake during the seed

filling phase. However, there is a shortage of quanti-

tative information on the yield effects of such a

management measure. A 3-year field trial was con-

ducted to evaluate the impact of different leaf removal

treatments (no removal of leaves (D0: control),

removal of two leaves (D2), removal of four leaves

(D4), and removal of six leaves (D6) from maize-

canopy) on total dry matter accumulation, and nitro-

gen, phosphorus, and potassium uptake at the blister-

ing-stage and physiological-maturity, plus seed

number per plant, seed weight, and seed yield at

physiological maturity. Compared to D0, at physio-

logical-maturity, D2 significantly increased total dry

matter accumulation (by 9%), and uptake of nitrogen

(by 5%), phosphorus (by 10%), and potassium (by

4%); while excessive leaf removal treatments consid-

erably reduced dry matter accumulation and nutrient

uptake. Importantly, during the seed filling phase of

maize, treatment D2 significantly enhanced the uptake

of nitrogen, phosphorus, and potassium by 76%, 40%,

and 65%, respectively, compared to control. Treat-

ment D2 increased seed number per plant (by 6.4%,

from 448 under D0 to 477 in D2) and seed weight (by

5.7%). Relative to control, maize in D2 had 12%, 14%,

and 11%, higher seed-yields in 2017, 2018, and 2019,

respectively, and it also improved the economic profit

when taking into account labor costs.

Graphic abstract Graphical representation of

changes in light transmittance, photosynthesis, nutri-

ent uptake, carbohydrate, and dry matter accumulation

in maize plants as affected by different leaf removal

treatments. Treatment codes represent no defoliation

(D0: control), removal of two leaves (D2), removal of

four leaves (D4), and removal of six leaves (D6) from

the top of maize canopy. Yellow and green arrows

show the light environment and leaf area of maize
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plants. The black arrows represent the regulating

directions of leaf removal treatments on maize growth

and development in this paper. The graphical abstract

clearly demonstrates the significant improvement of

optimum leaf removal treatment (D2) as compared to

control (D0). The red and blue arrows show the

relevant increase and decrease of the mentioned

components between the optimal leaf removal and

control.

Keywords Maize � Nitrogen � Phosphorus �
Potassium � Seed filling-phase
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Introduction

Solar radiation is a critical factor in driving crop

production (Connor et al. 2011). In Monsoon-influ-

enced humid subtropical areas of China (Sichuan), the

amount of total solar radiation reaching agricultural

fields ranges from 3350 to 4190 MJ m-2 year-1,

which is below the average total solar radiation values

of 5900 MJ m-2 year-1 for China as a whole (Zhou

et al. 2019). Shading conditions are ubiquitous in

agricultural fields due to the high planting density

needed for full light capture, and almost all the crop

plants experience shading during their growth period

(Valladares and Niinemets 2008). Shading inhibits

leaf area development (Wu et al. 2017) and decreases

leaf photosynthesis (Yang et al. 2017), which ulti-

mately reduces total biomass production (Raza et al.

2019c) and crop yield (Feng et al. 2019). These results

lead to the conclusion that shading adversely affects

the growth and development of crop plants during

their lifetime. To avoid mutual shading between

individual plants, local farmers plant crops at low

densities, i.e., wheat (Triticum aestivum L.) at

240 9 104 plants ha-1, rice (Oryza sativa L.) at

13 9 104 plants ha-1, maize (Zea mays L.) at

54 9 104 plants ha-1, and soybean (Glycine max L.)

at 10 9 104 plants ha-1.

Crop yields are affected (positively or negatively)

by source strength (production of photosynthates by

leaves) or sink strength (the ability of reproductive

organs to grow and store assimilates) (Borrás et al.

2004). There are several biotic (genotype, insect, pest,

and disease) and abiotic (temperature, rainfall, sun-

light, and nutrients) factors that influence the source–

sink relations in crop plants (Borrás et al. 2004;

Miralles and Slafer 2007). Nitrogen (N), phosphorus

(P), and potassium (K) are macro-nutrients driving

growth and development of crops (Raza et al. 2019c).

Adequate uptake of these nutrients from the soil

directly or indirectly affects the carbohydrate produc-

tion and partitioning, and also influence the source–

sink relation in crop plants (Arduini et al. 2006).

Optimum N content in crop plants can improve leaf

development as well as photosynthesis, and delay the

process of leaf senescence during the grain filling

stages in maize (Liu et al. 2017; Muchow and Davis

1988). Optimum N content can also increase the dry

matter translocation towards reproductive parts (Guit-

man et al. 1991; Prystupa et al. 2004; Vouillot and

Devienne-Barret 1999). P influences the seed number,

seed weight, and seed yield of crop plants (Elliott et al.

1997) and affects dry matter accumulation in vegeta-

tive and reproductive parts differently than N (Batten

1992; Prystupa et al. 2004). Similarly, K uptake is

essential for enhancing maize production, and previ-

ous literature reveals that adequate uptake of K in

crops significantly improves the growth, dry matter

production, and partitioning of photoassimilates to

economic parts, i.e., seeds (Iqbal and Hidayat 2016).

More than 80% of the total N is accumulated in

cereals during the vegetative stage (Papakosta and

Gagianas 1991). Thus, the N absorbed before the

reproductive stage in cereal crops can account for

70–90% of the total N in seeds (Cox et al. 1985;

Heitholt et al. 1990). Post-vegetative uptake of N by

maize seeds is decreased by reduced net photosynthe-

sis from silking to physiological maturity (Liu et al.

2017), caused by the mutual shading and decrease in

leaf N content which restricts the light transmittance at

the middle strata leaves of maize (Raza et al. 2019a).

In contrast to nitrogen accumulation, P absorption

takes place throughout the growth of crop plants

(Batten 1992), and a significant amount of P is

translocated to seeds from stem and leaves during

the seed filling phase (Papakosta 1994). Therefore,

understanding nutrient accumulation during the seed

filling phase of crops is crucial for sustainable crop

production. Nutrient accumulation depends on crop

species, variety, and environment (sunlight). It has

been reported that nutrient accumulation may be more

affected by the growing conditions (growing space and

light environment) of crops than by other factors (Raza

et al. 2019c). However, previous research has

neglected the importance of nutrient accumulation

during the seed filling of maize, especially in low light

regions. Besides, studies have not considered the

impact of leaf removal treatments (which only affects

the top leaves of maize) on the nutrient accumulation

of maize, especially during the seed filling phase.

Light deficiency during seed filling limits the

photosynthesis potential of maize leaves because the

upper canopy reduces light transmittance by 19% to

lower leaves, depending on the variety (Karam et al.

2010). Leaf removal has been reported to affect

nutrient uptake in plants. For example, removal of two

leaves from the top of the maize canopy enhanced the

N accumulation and distribution in maize grains (Liu

et al. 2017), and also improved the uptake of P and K at
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maturity under an intercropping system (Raza et al.

2019c). Previously, it has been confirmed that middle

strata leaves of maize contribute more carbohydrates

and nutrients to seeds because they are more effective

at utilizing sunlight than other leaves (Kefu 1981; Liu

et al. 2015). Moreover, past crop yield improvements

were associated with increased nutrient accumulation,

which is an essential component of seeds (Sinclair

et al. 2019). However, the impact of leaf removal

treatments on nutrient (N, P, and K) accumulation was

not determined, especially during the seed filling

phase in low light regions that naturally receive less

sunlight in the field. Thus, the low light quantity is a

major constraint for maize production, especially

during the seed filling phase of maize growth, and

there is little knowledge regarding the potential

beneficial effects of leaf removal during this phase.

Therefore, in this experiment, we evaluated the

effect of mutual shading intensity by maize plants,

manipulated by leaf removal treatments, on the uptake

of major nutrients and seed yield of maize, especially

during the seed filling phase (from blistering stage to

physiological stage) under the comparatively low

sunlight conditions that are prevalent in Monsoon-

influenced humid subtropical climates. The main

objectives of this experiment were to (1) assess the

influence of leaf removal treatments on dry matter

accumulation, N, P, and K uptake during the seed

filling phase of maize; and (2) study the impact of leaf

removal treatments on yield and yield components of

maize.

Materials and methods

Experimental site description

The field experiments were carried out during the

growing seasons of 2017, 2018, and 2019 at the

research area of Sichuan Agricultural University in

Yaan, Sichuan Province, China (29� 590N, 103� 000E,
620 m above sea level). The climate is classified as a

monsoon-influenced continental climate with a dry

winter and wet summer, according to the Köppen–

Geiger classification system (Peel et al. 2007). The

region is a typically humid subtropical monsoon

climate with 1200 mm annual rainfall that mainly

occurs from June to September. The research site has a

mean temperature of 16.2 �C. Monthly mean

temperature and average rainfall during the experi-

mental years of 2017, 2018, and 2019, are shown in

Figure S1 (Supplementary File-1). According to the

initial soil test (at sowing), the soil has a pH (H2O) of

6.7, a total N of 1.6 g/kg, a total P of 1.4 g/kg, a total K

of 16.4 g/kg, and organic content of 29.9 g/kg. The

available N, P, and K content of experimental soil

were 317 mg/kg, 42 mg/kg, and 382 mg/kg, respec-

tively, in the 0–0.3 m soil layer.

Experimental design and field management

The experimental design was a randomized complete

block design (RCBD) with three replicates. This field-

study had four leaf removal levels: no removal of

leaves (D0: control), removal of two leaves (D2),

removal of four leaves (D4), and removal of six leaves

(D6) from the top of maize canopy (Figure S2;

Supplementary File-2). Leaf removal treatments were

applied when maize was at the silking stage (R1, 30th

June 2017; 28th June 2018; and 1st July 2019,

85 ± 4 days after sowing). In this study, we used

the maize hybrid Zhenghong-505 (semi-compact-

maize type), which has six leaves above the ear. The

distance between rows and plants was maintained at

0.7 m and 0.24 m, respectively, resulting in a planting

density of 60,000 plants per hectare. Each plot was 6

meters long and 5.6 meters wide (& 36 m2). Maize

was sown on April 4th–7th from 2017 to 2019,

harvested on August 13th–17th from 2017 to 2019.

The maize seeds were sown manually at a depth of

0.05 m. The fertilizers were applied at 10 days after

sowing, at rates of 135 kg N ha-1 as urea, 72 kg P

ha-1 as calcium superphosphate, and 90 kg K ha-1 as

potassium sulfate. At 45 days after sowing, the second

dose of N was applied at a rate of 75 kg N ha-1 as

urea. No irrigation was applied during the study; the

crop was grown under rainfed conditions. Light

transmittance (%) was measured in different leaf

removal treatments to quantify the changes in the light

environment of maize plants. To measure light

transmittance, sensors (LI-191SA quantum sensors,

LICOR Inc., Lincoln, NE) were placed on the

horizontal arm of an observing scaffold above the

maize canopy and at the ground level at blistering

stage (R3) and physiological maturity stage (R6) in all

experimental plots. The light transmittance of each

treatment was measured three times in every treatment

from 10:00 a.m. to 12:00 p.m. on a sunny day. From
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these data, the light transmittance was calculated by

using the following formula:

Light transmittance %ð Þ ¼ LG
LT

� 100

where LT is the light at the top of the maize canopy,

and LG is the light at ground level.

Measurements

Dry matter and seed yield

For the analysis of dry matter accumulation (t ha-1)

and translocation in leaves, stem, cob, and seeds (g

plant-1 organ), five consecutive maize plants from the

central rows of each treatment in every replicate were

harvested (manually with shears) at blistering stage

(R3; 7 ± 2 days after the leaf removal treatments

from 2017 to 2019) and physiological maturity stage

(R6; 44 ± 3 days after the leaf removal treatments

from 2017 to 2019). Then the collected samples were

divided into the leaf, stem, and cob at R3 and leaf,

stem, cob, and seed at R6. At each sampling stage, all

samples were dried at 65 �C to reach a constant weight.

Seed yield was measured by harvesting twenty-four

maize ears from each treatment in every replicate. All

ears were dried in the open air for 7 days and then

threshed manually. Finally, seed yield parameters,

including seed number per plant and seed weight (mg),

and seed yield, were determined.

Nutrient uptake

At R3 and R6, after the measurement of dry matter, the

same plant samples (leaf, stem, cob, and seed) were

used to measure the N, P, and K content in plant parts

using the procedure described previously (Raza et al.

2019c). The N, P, and K accumulation were measured

as the product of N, P, and K content in each plant

organ and dry matter of each plant organ. The N, P,

and K yield were estimated from the summation of N,

P, and K content in all plant parts. We also measured

the total N, P, and K uptake during the seed filling

phase from R3 to R6 by subtracting the total N, P, and

K accumulation at R3 from N, P, and K accumulation

at R6.

Economic analysis

An economic analysis was done using partial budget-

ing to assess the economic viability of leaf removal

treatments for maize production. Total expenses for

the production of maize included land rent, seedbed

preparation, cost of maize seeds, cost of applied

fertilizer (N, P, and K), thinning and weeding, cost of

labor for leaf removal, harvesting, and threshing.

Costs were based on local rates. Gross income was

calculated bymultiplying the measured yields with the

local market prices of maize in 2017, 2018, and 2019.

Net income (NI) was determined by subtracting all

expenses from the gross income (Raza et al. 2018a).

Statistical analysis

The field study was performed for three consecutive

years during the summer season of 2017, 2018, and

2019 with three replications for each treatment.

Statistical analyses were conducted using Statistix

8.1. Significant differences were measured by using

ANOVA in combination with LSD (least significance

difference) test. The significance of differences was

evaluated at P\ 0.05. Tables report the means and

standard errors of calculated means, based on the three

replicates per treatment. In contrast, the pairwise

comparisons were made using the LSD test based on

the assumption of homogeneity of variance across

treatments.

Results

Light transmittance

The light transmittance within maize plants under

different leaf removal treatments is shown in Fig. 1. In

this experiment, the highest light transmittance was

obtained in treatment D6 (removal of six leaves),

while the lowest light transmittance was noted under

treatment D0 (no removal of leaves). Overall, aver-

aged over the 3 years, the light transmittance was

enhanced by 28%, 67%, and 107% at R3, and 15%,

43%, and 64% at R6 in D2, D4, and D6, respectively.
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Dry matter accumulation

Across different leaf removal levels and sampling

stages, maize plants accumulated dry matter of 10.05 t

ha-1 and 16.39 t ha-1 in D0, 10.12 t ha-1 and 17.78 t

ha-1 in D2, 9.03 t ha-1 and 14.05 t ha-1 in D4, and

8.36 t ha-1 and 12.58 t ha-1 in D6 at R3 and R6,

respectively (Table 1). Different leaf removal treat-

ments not only affected the dry matter accumulation of

maize plants but also changed the dry matter translo-

cation in plant parts of maize (Table 1). For instance,

averaged over the years, relative to D0, treatment D2

increased the dry matter of cob and seed by 15% and

11%, respectively, at R6. However, excessive leaf

removal treatments D4 and D6 significantly reduced

the total dry matter (by 30%), and dry matter content

of leaves (by 31%), stem (by 15%), cob (by 28%), and

seed (by 23%) at R6 as compared to D0, suggesting

that the reduction in source size caused a significant

decrease in the accumulation of dry matter and

translocation to economic parts (cob and seeds).

Nitrogen uptake

Table 2 presents the N-yield and N content in various

organs of maize under different treatments. On

average, over the years, the highest N-yield

163.7 kg ha-1 at R3 and 197.0 kg ha-1 at R6 were

found in D0 and D2, respectively. The lowest N-yield

131.3 kg ha-1 at R3 and 142.9 kg ha-1 at R6 was

observed under treatment D6. We also calculated the

N content in leaves, stem, cob, and seeds of maize in

different leaf removal treatments. Results showed that

the N content of maize seeds increased, while that of

leaves, stem, and cob decreased between R3 and R6 in

all treatments. At R3, the highest N content of leaves

(97.0 kg ha-1) and cob (19.7 kg ha-1) was obtained

in D0, while that of the stem (62.9 kg ha-1) was found

in D6 treatment. At R6, the maximum N content of

leaves (57.4 kg ha-1), cob (7.3 kg ha-1), and seeds

(105.2 kg ha-1) was recorded in D2, while that of the

stem (51.3 kg ha-1) was noticed under D6 treatment.

To determine the differences in total N uptake during

the seed filling phase from R3 to R6, the total N uptake

of maize plants in different leaf removal treatments

was calculated (Fig. 2a), and different leaf removal

treatments had a significant impact on N uptake in

maize. At R6, the maximum total N uptake

(39.6 kg ha-1 in 2017, 36.4 kg ha-1 in 2018, and

53.2 kg ha-1 in 2019) from R3 to R6 was measured in

D2, whereas the minimum total N uptake

(11.9 kg ha-1 in 2017, 7.2 kg ha-1 in 2018, and

15.6 kg ha-1 in 2019) was obtained under treatment

D6. Overall, averaged over the years, treatment D2

increased the total N uptake by 76% as compared to

D0, while it decreased by 31% in D4 and 53% in D6,

suggesting that N uptake during the seed filling phase

in maize was closely related to the changes in source

size and microclimate of crops.

Phosphorus uptake

Table 3 shows the P-yield and P content in different

plant organs of maize under different treatments.
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Different leaf removal treatments had a significant

impact on P uptake in maize. The highest P-yield was

obtained in treatments D0 and D2 at R3 and R6,

respectively. Averaged over the years, at R3, the

P-yield of treatments D2, D4, and D6 was lower than

that of treatment D0 by an average of 6%, 15%, and

24%, respectively. While at R6, the P-yield of

treatment D2 was 9–11% greater than that of the

control from 2017 to 2019. Leaf removal treatments

affected the P content at the organ level in maize at

both sampling stages. At R3, leaf removal treatments

decreased P content in leaves, stem, and cob by an

average of 9%, 4%, and 6% in D2, 18%, 11%, and 18%

in D4, and 28%, 20%, and 25% in D6, respectively in

all experimental years compared with the correspond-

ing values in D0. However, at R6, removal of two

leaves (D2) increased the P content of remaining

leaves (by 29%), cob (by 19%), and seeds (by 19%),

while it decreased the P content of stem (by 30%) as

compared to no leaf removal treatment (D0). Different

leaf removal treatments significantly affected the total

P uptake during the seed filling phase from R3 to R6

(Fig. 2b). From R3 to R6, the average highest

(23.6 kg ha-1) total P uptake was obtained in D2,

while the average lowest (12.1 kg ha-1) total P uptake

was found under D6. Overall, averaged over the years,

the total P uptake was enhanced by 40% in D2 as

compared to D0, while it declined by 17% and 29%

under D4 and D6, respectively.

Potassium uptake

Table 4 presents the K-yield under different leaf

removal treatments. At R3 and R6, the average highest

K-yields, 181.2 kg ha-1 and 212.0 kg ha-1, were

measured in D0 and D2, respectively, while the

average lowest K-yields of 134.8 kg ha-1 and

150.0 kg ha-1 were found under treatment D6 over

the 3 years of the experiment. Overall, at R6, K-yield

was increased by 4% in D2 as compared to D0, while it

decreased by 16% in D4 and 27% in D6. In this

experiment, K uptake during the seed filling phase

(from R3 to R6) was also affected by the leaf removal

treatments (Fig. 2c). Treatment D2 enhanced the K

uptake by 65% over the 3 years of this experiment

compared with the corresponding values in D0.

Moreover, different leaf removal treatments affected

the K content in various organs of maize at R3 and R6.

At R3, the maximum K content in leaves

(81.8 kg ha-1), stem (82.9 kg ha-1), and cob

(16.5 kg ha-1) were observed in D0, while the

minimum K content in all organs of maize was

observed in D6 over the 3 years of study. However, at

R6, optimum removal of leaves (D2) enhanced the K

content of leaves (by 13%), cob (by 20%), and seeds

(by 16%), but it reduced the K content of stem (by

17%) as compared to D0 over the 3 years of exper-

iment. Overall, the P and K accumulation, uptake from

R3 to R6, and distribution among various plant organs

of maize in different leaf removal treatments followed

the same trend in all years of experiment.

(a) (b) (c)

Fig. 2 Nitrogen (a), phosphorus (b), and potassium (c) uptake
during the reproductive phase (from blistering stage to

physiological maturity) of maize as affected by different leaf

removal treatments in 2017, 2018, and 2019. Treatment codes

represent no defoliation (D0: control), removal of two leaves

(D2), removal of four leaves (D4), and removal of six leaves

(D6) from the top of maize canopy. Means are averaged over

three replicates ± standard error of the mean. Means that do not

share the same letters in a column differ significantly at

P B 0.05 using least significant differences, calculated sepa-

rately for each year
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Yield and yield parameters

Figure 3 shows the yield and yield components of

maize under different leaf removal treatments. The

maize yield parameters, including seed weight and

seed number per plant in response to different leaf

removal treatments, are given in Fig. 3a, b. In all years

of the experiment, leaf removal treatments exhibited a

significant effect on seed weight and seed number per

plant of maize plants. The average highest seed

number (476.6 per plant) and seed weight

(297.7 mg) were noted in D2, while the average

lowest seed number (400.4 per plant) and seed weight

(258.3 mg) were obtained under D6. Meanwhile, seed

number per plant was significantly reduced by exces-

sive leaf removal (D4 and D6) treatments. In contrast,

the removal of two leaves (D2) significantly increased

the seed number of maize plants as compared to

control. For instance, averaged over the years, relative

to D0, treatment D2 enhanced the seed number per

plant by 6%, while it reduced seed number by 7% in

D4 and 11% in D6. The seed yield of maize was

significantly affected by different leaf removal treat-

ments (Fig. 3c). The highest seed yield (8.6 t ha-1 in

2017, 8.2 t ha-1 in 2018 and 8.7 t ha-1 in 2019) was

obtained in D2, and the lowest seed yield (6.6 t ha-1 in

2017, 5.9 t ha-1 in 2018 and 6.2 t ha-1 in 2019) was

measured under treatment D6. Overall, averaged over

the years, relative to D0, removal of two leaves (D2)

enhanced the maize seed yield by 12%; however,

excessive leaf removal treatments D4 and D6 reduced

the maize seed yield by 11% and 18%, respectively.

The changes in yield and yield parameters in 2019

under different leaf removal treatments were consis-

tent with those of the previous years (2017 and 2018).

Economic analysis

Economic analysis for maize production under differ-

ent leaf removal treatments is shown in Table 5. In this

experiment, the highest total income from maize was

obtained in treatment D2 (removal of two leaves),

while the lowest total income of maize was noted

under treatment D6 (removal of six leaves). Overall,

averaged over the years, the total income was

enhanced by 29% under treatment D2, while it was

reduced by 46% under D4 and 74% under D6

compared to no leaf removal treatment D0.

Discussion

The improvement of resource use efficiency in crops

requires a multi-faceted approach to enhance nutrient

utilization, dry matter accumulation, and translocation

to the economic parts (Raza et al. 2018a, b). This study

shows that improved light transmittance during the

seed filling phase (from the blistering stage to the

physiological stage), influenced by the different leaf

removal treatments, has significant effects on dry

matter accumulation, nutrient uptake, and seed yield

of maize plants. Higher light transmittance at middle

strata leaves of maize in D2, as compared to D0,

resulted in increased total dry matter (? 9%) and grain

yield (? 12%), and it also increased the N (? 5%), P

(?10%), and K (? 4%) uptake in maize. Overall,

during the seed filling phase, the total N, P, and K
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uptake under D2 were increased by 76%, 40%, and

65%, respectively, compared to D0. This experiment

demonstrates that an optimum leaf removal treatment

that allows better light transmittance within the maize

canopy can improve dry matter and nutrient accumu-

lation, which ultimately increases the seed yield of

maize.

Dry matter accumulation with leaf removal

Dry matter accumulation and its apportioning into

various plant organs were different in leaf removal and

control treatments. Total dry matter accumulation

(TDM) was enhanced from R3 to R6 in all treatments

(D0, D2, D4, and D6), consistent with the past

reported trend of TDM during the grain filling stage

in other crops such as wheat, safflower, soybean, and

maize (Dordas and Sioulas 2008; Papakosta and

Gagianas 1991; Raza et al. 2019a, b). Previously, it

was confirmed that low light transmittance at the

middle strata leaves of maize plants abated the TDM

(Liu et al. 2015). However, our 3 years of the

experiment showed that the removal of two leaves

from the maize plant enhanced the TDM and translo-

cation to remaining leaves and seeds from R3 to R6 as

compared to no leaf removal treatment. This increase

might be due to the optimum light transmittance

within maize (Jun et al. 2017), which enhances the

current photosynthesis of remaining leaves in maize

due to the increase in leaf N content (Li et al. 2014; Liu

et al. 2017), and increases the water flow from the soil

along with the uptake of major nutrients, especially

during the grain filling phase (Dordas and Sioulas

2008; Elliott et al. 1997; Muchow and Davis 1988).

Another possible mechanism of this improvement in

TDM under D2 is directly associated with the removal

of the tassel along with optimum leaf removal (D2)

because the tassel reduces light transmittance within

maize plants up to 19% (Karam et al. 2010). The apical

dominance in maize during seed filling is expressed

through the tassel, which mediates the carbohydrate

partitioning in favor of vegetative parts (stem and

apex) at the expense of economic parts (ears and

seeds) (Damptey 1982; Medford and Klee 1989). On

the other hand, excessive removal of leaves from the

canopy (D4 and D6) led to huge reductions in TDM

and its translocation to remaining leaves and seeds.

The reduction in TDM in D4 and D6 could be due to

the lower leaf area index that could partially accountT
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for the decreased photosynthesis of maize plants (Raza

et al. 2019a), and declined translocation of dry matter

to seeds suggesting that excessive leaf removal

favored the retention of carbohydrates in the stem

(Khanna-Chopra and Maheswari 1998), which

impedes the seed filling from R3 to R6 in maize (Liu

et al. 2015). Thus, it appears that during the seed filling

phase (from R3 to R6), maize plants having the

opportunity to increase their TDM and translocation to

remaining leaves and seeds if the growing conditions

become favorable such as improved light transmit-

tance within the canopy, which can be maintained by

optimum removal of leaves from maize plants, as

observed in this study for 3 years.

Nutrient accumulation and partitioning with leaf

removal

Environmental factors andmicroclimate, e.g., the light

environment of crop plants, can influence the uptake

of N, P, and K (Papakosta and Gagianas 1991; Raza

et al. 2019c, d). We found that N, P, and K uptake and

partitioning among various plant organs of maize at

R3 (leaves, stem, and cob) and R6 (leaves, stem, cob,

and seed) were altered significantly in all treatments,

due to the high and low requirements of these nutrients

in different plant organs. Previously, researchers have

reported that seeds are the most vital and active sink

for nutrients and photoassimilates in cereals after the

vegetative phase (Kitonyo et al. 2018). Similarly, N, P,

and K accumulation in stem and cob diminished from

R3 to R6, suggesting the accumulation and remobi-

lization of N, P, and K to other plant organs of maize,

possibly to leaves and seeds as the N, P, and K

accumulation in leaves and seeds were increased.

Additional partitioning of nutrients to leaves is crucial

to maintain the higher rate of photosynthesis, and the

N, P, and K accumulation in maize after the vegetative

stage depends on the concurrent photoassimilate

production of maize, which governs the allocation

pattern of nutrients in different plant organs. Increases

in nutrient uptake due to optimum leaf removal (D2)

have been attributed to improved light transmittance

within maize, which increased the photosynthetic- and

transpiration-rate of the most competent leaves of

maize at middle strata (Liu et al. 2015). Another

benefit of having a better light transmittance within

maize is its associated higher root development and

proliferation biomass because an improvement in light

intensity significantly increased the root biomass of

maize under closed planting systems (Raza et al.

2019c, d). This indicates the potential to increase

nutrient uptake because, with greater root biomass,

nutrients can be taken up from deeper depths and that

the roots can explore a greater soil volume. Therefore,

managing crop canopies by partly removing leaves

from the top of the maize canopy can improve the light

transmittance within maize, which ultimately

enhanced the accumulation of nutrients (Raza et al.

2019c). Thus, tailoring of maize canopies, especially

during the seed filling phase, could improve nutrient

accumulation by optimizing light transmittance within

maize and improving the microenvironment of the

remaining leaves.

Nutrient uptake with leaf removal

In previous studies, scientists have inferred that

shading environments reduced the uptake of N, P,

and K in crops (Chen et al. 2017; Liu et al. 2017; Zhou

et al. 2019). However, treatment D2 improved the

light transmittance within maize, which favored the

partitioning of dry matter and carbohydrates towards

roots, and ultimately increased the nutrient uptake

(Henry and Raper Jr 1991; Palmer et al. 1996; Raza

et al. 2019c). In line with this, researchers have

confirmed that adequate availability of light within

maize canopy delayed the process of leaf senescence

(Liu et al. 2015) and enhanced the net photosynthesis

of remaining leaves, which increased N, P, and K

uptake in maize (Raza et al. 2019d; Spiertz and Ellen

1978). In contrast, compared with D0, the absorption

of N, P, and K were decreased in D4 and D6

treatments. Because the excessive N, P, and K

remobilization from leaves to seeds accelerated the

leaf senescence and reduced the photosynthetic activ-

ity of remaining leaves, which was not favorable for

the uptake of N, P, and K in maize during seed filling

phase. Previously, some scientists assumed that the N

absorbed before the seed filling phase in cereal crops

could account for 70–90% of the total N in seeds (Cox

et al. 1985; Heitholt et al. 1990), and post-vegetative N

uptake in maize seeds was reduced by the decreased

net photosynthesis from silking to physiological

maturity (Liu et al. 2017), caused by the mutual

shading which reduces the light transmittance within

maize (Jun et al. 2017). However, our results corrob-

orated that increasing light transmittance within maize
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could enhance the uptake of N during the seed filling

phase, which would increase the maize seed yield, as

observed in this study. In contrast to N uptake, the

uptake of P takes place throughout the growth of crop

plants (Batten 1992), and a significant amount of P

uptake was reported during the seed filling stage

(Papakosta 1994), as noted in this experiment. In

addition, the impact of leaf removal treatments on the

uptake of K during the seed filling was not fully

explained previously; however, in this experiment, we

observed that optimum leaf removal (D2) increased

the uptake of K as it did for N and P, but excessive leaf

removal treatments (D4 and D6) causes a reduction in

the uptake of K during the seed filling phase. Taken

together, the results of this study reinforce the effect of

greater N, P, and K uptake during the seed filling phase

(from R3 to R6) of maize. The higher uptake of N, P,

and K in D2 increased the length of the seed filling

phase by delaying leaf senescence and maintaining a

high supply of photoassimilates to developing seeds in

maize.

Maize yield with leaf removal

Removal of two leaves from maize plants (D2)

produced the highest seed yield, with an improvement

of 12% in 2017, 14% in 2018, and 11% in 2019

compared to no leaf removal treatment (D0). Further,

we noted that different leaf removal treatments

significantly improved seed weight (mg) and seed

number per plant, and the maximum seed weight and

seed number per plant were found under D2 treatment

in all 3 years of the experiment. Hence, the highest

seed yield in D2 was attributed to heavier maize seeds

and higher seed number per plant. Another possible

reason for these results was the availability of extra

carbohydrates for maize ears because the photoassim-

ilates and nutrients required for the development of top

leaves were channeled to the developing ears, the

result reflected in fewer barren stalks and heavier

seeds (Grogan 1956). Therefore, we conclude that the

higher seed yield of maize in D2 is associated with the

improved light transmittance within the canopy during

the seed filling phase, leading to fewer barren ears than

in D0. Additionally, the higher seed weight and seed

number per plant under D2 were related to higher

carbohydrate production and nutrient uptake which

were the result of higher current photosynthesis of

maize plants (Liu et al. 2017), leading to a greater

distribution of dry matter and N, P, and K to

developing seeds during the seed filling phase. How-

ever, excessive leaf removal treatments significantly

reduced (11% in D4 and 18% in D6) the maize seed

yield, which might be due to the lower leaf area of

maize plants in D4 and D6 which reduced the final

seed weight and seed number per plant, as reported in

previous studies (Khanna-Chopra and Maheswari

1998; Liu et al. 2017; Tollenaar and Daynard 1978).

The economic viability of leaf removal treatments

The economic analysis of this experiment concluded

that higher net income (26%, 37%, and 24%, in 2017,

2018, and 2019, respectively) was achieved in D2 than

in other treatments. Removal of two leaves frommaize

plants increased the light transmittance within the

canopy and dry matter accumulation, and the uptake of

N, P, and K, especially during the seed filling phase,

which ultimately enhanced maize production and

provided higher income for farmers in low sunlight

conditions.

Conclusion

Based on our experiment, our results showed that

higher nutrient uptake from the soil is possible during

the seed filling phase of maize by increasing the light

transmittance within the canopy, and farmers can

obtain higher net income by manipulating the maize

canopies, especially under low sunlight conditions.

Furthermore, our results provide a new agronomic

approach to farmers, especially of low light regions,

such as the high mountainous areas of the world. They

can adopt this new agronomic practice to increase their

maize yield and income by manipulating crop

canopies. However, further experiments are required

to fully understand the nature of the internal signals

and mechanism controlling and regulating the nutrient

uptake in maize, especially during the seed filling

phase.
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