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Abstract
Maize (Zea mays L.) growth and yield are severely affected due to intraspecific competition and agroclimatic 
conditions when cultivated with high plant densities. Field trials comprising four daily thinning patterns (0, 0.5, 1.0, 
&1.5% till silking) carried out in three consecutive years (2019–2021) using RCBD experimental design consisting 
of three replicates. Growth variables, dry matter allocation and growth rates in maize were examined during five 
biweekly periods starting from the emergence (15, 30, 45, 60 and 75 days after emergence, DAE) till silking whereas 
yield parameters i.e., biological yield, economic yield, and sustainability yield index (SYI) were recorded. Biweekly 
increase in growth variables, dry matter partitioning and growth rates of maize differed significantly due to the 
influence of daily thinning computed for the periods from 31 to 45, 46 to 60 and 61 to 75 DAE but the same 
parameters didn’t differ significantly during the first two biweekly periods (1–15 & 16–30 DAE). Increase in growth 
variables, dry matter distribution, absolute growth rate (AGR), yield and SYI was the greatest where maize was 
established with 1% daily thinning. This increase in growth and dry matter partition observed highly associated to 
economic yield and biological yield. Current research highlighted that 3, 4th, and 5th biweekly periods are the most 
critical stages and daily thinning of 1% is suggested for higher and sustainable economic and biological returns 
from high density broadcasted maize.
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Introduction
Optimization of plant density and daily thinning in maize 
(Zea mays L.) is a great challenge when it is grown for 
both grain and fodder simultaneously [1, 2]. In hilly areas, 
agricultural land is scanty and enough land is not avail-
able where maize can be cultivated separately for both 
food and fodder purposes to accomplish human and ani-
mal needs [3, 4]. Being a C4 plant, maize serves as major 
source of grain and fodder availability to ensure its acces-
sibility in harsh and long winter periods in high moun-
tainous areas [5]. In this connection, farmers usually 
establish a high-density maize crop and soon after ger-
mination start thinning by harvesting a portion of plants 
from the field. These thinned fresh plants are chopped 
and fed to livestock (cow, goat & sheep) on daily basis.

Human population in hilly areas is also multiplying 
and exerting more pressure on scarce resources avail-
able in these hardship terrains. This has amplified the 
challenge of food security due to multiplying needs of 
the inhabitants for food and fodder commodities [6]. 
The food security challenge necessitates the widening of 
food sources through optimization and diversification 
of food crops and livestock-based food production sys-
tems [7]. Extension of crop cultivation area horizontally 
is difficult in hilly areas, but productivity of agricultural 
land can be enhanced through vertical expansion (per 
unit area) to decrease current and expected food and 
fodder insecurity threats in mountainous valleys [8]. In 
the study area, livestock production is one of the major 
sources of income for about 43% rural inhabitants where 
maize serves as an important source of fodder availabil-
ity [9, 10]. Premature maize plants are fed to livestock as 
chopped raw grass that provides a good quality fodder 
with high palatability containing approximately 9–10% 
crude protein, 60–64% neutral detergent fiber, 38–41% 
acid detergent fiber, 23–25% hemi-cellulose, and 28–30% 
cellulose on dry weight basis [11].

Maize shows varied growth and productivity owing to 
the effect of changing annual climatic situations at differ-
ent altitudes and planting densities [12]. Variables related 
to plant growth at different development stages and yield 
can be examined through observing periodic dynamics in 
these parameters [13]. Plant density and altitude together 
determine the microclimate that significantly affect 
the growth at different development stages of the crop 
[14]. Photosynthetic efficiency of plant leaves is severely 
affected because of variation in micro-environment that 
leads to variability of growth and dry matter assimilation 
into different plant components through changing physi-
ological reactions happening within the plant body. Peri-
odic growth, development, yield parameters, and indices 
of plants cultivated in low plant density compared to 
high plant density conditions respond differently starting 
from germination to maturity stage of the crop [15–18]. 

Likewise, growth and yield outputs of crops cultivated at 
low altitude vary significantly compared to those culti-
vated at high elevated lands [19]. Conversion of primary 
photosynthetic assimilates into plant structural material 
differ due to night temperature dynamics [20]. A decrease 
in diurnal temperature results low rate of photosynthetic 
conversions into plant body parts and vice versa for the 
high diurnal temperature situations [21]. Due to preva-
lence of humid and temperate environmental conditions, 
dry biomass productivity of crop vary to a significant 
level owing to changing environmental scenarios associ-
ated with land topography or altitude [22].

High plant density enhances interception of solar radi-
ation but augments intraspecific competition among the 
plants for available resources [23]. This competition fur-
ther induces abiotic and biotic stresses which lead to sig-
nificant reduction of leaf area, chlorophyll content, grain 
yield and disease incidence owing to favourable micro-
climate [24]. Due to this stress, photosynthetic efficiency 
is compromised thereby decreasing the absolute growth 
rate and biological productivity of the crops [25–27].

Growth, dry biomass partition and grain yield of a plant 
are good indicators of variability due to annual dynam-
ics in weather, altitude, and plant densities [28]. Varia-
tion of plant growth and dry matter partitioning have 
been examined by others [27, 29], but variation in growth 
variables in a narrow temporal resolution (biweekly peri-
ods) to highlight the contributing factors is still missing. 
Significant decrease in crop growth and productivity due 
to high plant density is clearly understood from other 
research studies [1] but none of the previous research 
studies explained the biweekly variation of growth, devel-
opment, and dry matter partitioning of maize when 
grown with daily thinning practices at different altitudes.

Thinning effects have been reported by many research-
ers in different agroclimatic conditions but there is 
absence of studies related to its possibility in temperate 
and at higher altitudes. Moreover, temporal examination 
of growth variables of maize for different daily thinning 
intensities at different altitudes have not been reported 
by other researchers. Hence, objective of this research 
was to generate information pertaining to the influence 
of daily thinning practice on growth and yield of remain-
ing plants of high density maize to highlight appropriate 
thinning intensity to support food security and fodder 
availability in mountainous agroecosystem. Further, this 
research highlights the biweekly periods significantly 
affecting the growth variables and productivity of maize 
established with different thinning intensities by record-
ing biweekly variation after the crop emergence.
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Materials and methods
Study area climate
To assess influence of year, altitude and daily thinning 
of high-density maize, research trials were conducted in 
Summer cropping season of years 2019, 2020 and 2021 
at three altitudes, i.e., 1500 m, 1800 m and 2200 m above 
average sea level corresponding to geographical coor-
dinates of 35.9202o N, 74.308o E, 36.316o N, 74.650o E, 
and 36,102o N, 73.460oE, respectively, which were expe-
riencing varied agro-climates (Fig. 1). Soil samples were 
procured from experimental locations by digging soil till 

30 cm depth and were assessed for various physicochem-
ical characteristics (Table 1). Properties of soil at experi-
mental locations were examined before beginning of 
experimentation. For soil EC, 1:5 ratio of soil and water 
suspension was used [30].

Experimental layout and treatments
Maize was selected based on existing practice and suit-
ability with local agroclimatic situations and economic 
importance in the mountainous region. During three 
years (2019, 2020, 2021), research trials were conducted 
at three locations. At each location, treatments were 

Table 1  Soil properties of experimental locations
Parameter Unit Altitude, m and Year

1500 1800 2200

2019 2020 2021 2019 2020 2021 2019 2020 2021
pH - 6.52 6.60 6.45 6.35 6.45 6.50 6.25 6.25 6.25
EC dS m− 1 0.43 0.63 0.64 0.30 0.43 0.43 0.34 0.36 0.33
Sand % 54.00 50.00 47.00 62.50 55.50 52.50 60.00 56.00 54.00
Silt % 15.50 14.50 19.50 19.50 25.50 28.50 22.50 24.50 28.50
Clay % 29.50 34.50 33.50 18.00 19.50 18.50 17.50 19.50 17.50
OM % 1.95 2.10 2.25 1.90 2.00 2.10 2.30 2.40 2.80
N mg kg− 1 13.00 17.00 19.00 12.00 15.00 16.00 13.00 16.00 17.00
P mg kg− 1 18.44 16.50 13.70 15.23 14.94 10.20 11.50 10.85 10.05
K mg kg− 1 112.52 105.64 98.70 90.45 86.33 83.24 75.30 60.09 53.48
Ca mg kg− 1 1130.00 1111.00 1106.00 1050.00 1018.00 1005.00 980.00 950.00 905.00
Mg mg kg− 1 305.70 303.70 303.50 285.80 279.90 275.50 220.80 215.00 212.20
Cu2 mg kg− 1 5.22 4.50 4.40 3.50 2.65 2.64 2.42 2.40 1.80
Fe3+ mg kg− 1 4.74 4.62 4.26 4.80 4.65 4.55 4.30 4.43 4.20
Mn2+ mg kg− 1 3.34 3.32 3.16 4.52 3.05 4.24 3.50 3.42 3.25
Zn2+ mg kg− 1 1.23 1.34 1.52 1.42 1.15 1.34 1.40 1.42 1.35
Textural class - Sandy Clay Loam Sandy Clay Loam Sandy Loam
Soil Type - Alfisols Alfisols Inceptisols
Note: OM_ organic matter, EC_ electrical conductivity, N_ nitrogen, P_ phosphorus, K_ potassium

Fig. 1  Biweekly variation of rainfall and temperature at study sites during the cropping season
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composed of four daily thinning practices (0, 0.5, 1.0, 
1.5%). Thinning treatments were chosen as per practice 
in the study area where farmers harvest maize for fodder 
according to the size of domesticated livestock (Personal 
communication). For a smaller size of livestock (cows, 
goats etc.) farmers harvest (thinning) a smaller number 
of plants on daily basis and vice versa. The detail of thin-
ning treatments is presented in Table 2. The treatments 
were arranged in a factorial arrangement (4 × 3) adopting 
the layout of RCBD experimental design at each eleva-
tion site. At each trial location (altitude), size of plot was 
maintained as 4.0  m × 6.0  m. Experimental plots were 
spaced away by one meter while replicates were distant 
with vacant area of two-meter. Sowing of maize was done 
using broadcasting method and initial plant density was 
arranged as 2 × 105 plants ha− 1 using seed rate of 20  kg 
ha− 1.

Experimental management
Maize variety Azam was cultivated at designated sites for 
experimentation following the proper land preparation 
(Table  3). Irrigation regimes were kept eight to ten and 
with seven days interval at each site. Synthetic fertilizers 
namely Urea containing 46% nitrogen, single superphos-
phate containing 16% P2O5 phosphate and potassium 
chloride containing 60% potassium were applied for nor-
mal growth of plants. Recommended levels of potassium 
and phosphorus at the rate of 30  kg ha− 1were used as 

basal application at the time of seeding. Perhaps, quantity 
of Nitrogen (113 kg ha− 1) was split into two halves where 
50% (56.5  kg ha− 1) was supplied at the time of sowing 
while the rest 50% was applied at the booting stage of 
the crop (Table 2) [31]. Unwanted plants were manually 
eradicated from the plots during the thinning practices. 
To control insect pests like shootfly and aphids’ pesti-
cides like carbofuran granules (2%) and carbaryl@ 51 kg 
ha− 1and 0.27 kg ha− 1, respectively, were applied.

Plant parts sampling
For measurement of growth components of maize plants, 
biweekly plant sampling was carried starting from plant 
emergence till 75 days. The sampled plants were pre-
pared for measurement of growth components including 
plant height, number of leaves, leaf area, leaf dry weight, 
stem dry weight, and plant dry weight. For growth and 
dry matter computation, five plants were randomly har-
vested from each replication for biweekly periods of 1 to 
15, 16 to 30, 31 to 45, 46 to 60, and 61 to 75 DAE at each 
experimental location (Table 3). For final yield estimation 
plants were sampled from experimental plots and bio-
logical yield, thousand grain weight and grain yield were 
computed.

Maize growth and yield assessment
Plant height was computed from ground surface to plant 
top with the help of measuring tape as described by 

Table 2  Thinning treatment details
Thinning 
treatment

Initial plant den-
sity, plants ha-1

Daily thinning, 
plants ha-1

Plant population at different growth stages, plants ha− 1 Total 
thinning 
till silking, 
plants ha− 1

15 DAE
(2–5 leaves)

30 DAE
(6–7 leaves)

45 DAE
(8–9 leaves)

60 DAE
(9–10 leaves)

0% 2 × 105 0 2.00 × 105 2.00 × 105 2.00 × 105 2.00 × 105 0
0.5% 2 × 105 0.01 × 105 1.85 × 105 1.70 × 105 1.55 × 105 1.40 × 105 0.60 × 105

1% 2 × 105 0.02 × 105 1.70 × 105 1.40 × 105 1.10 × 105 0.80 × 105 1.20 × 105

1.5% 2 × 105 0.03 × 105 1.55 × 105 1.05 × 105 0.60 × 105 0.15 × 105 1.85 × 105

Note: DAE_ days after emergence

Table 3  Date wise cultural management activities, sampling of plants and measurement of growth and yield parameters at three 
experimental locations in three years
No. Activity Altitude and cultural practice date of years 

2019–2021
1500 m 1800 m 2200 m

1 Land ploughing, layout of field, application of basal fertilizer dose and sowing of Maize June 24th Jun 28th Jul 4th

2 Emergence of Maize plants June 28th July 3rd July 10th

3 1st sampling and measurement July9th July13th July 19th

4 2nd sampling and measurement July 24th July 28th August 3rd

5 3rd sampling and measurement August 8th August 12th August 18th

6 4th sampling and measurement August 23rd August 27th September 12th

7 Application of 2nd dose of Nitrogenous fertilizer September 3rd September 8th September 15th

8 5th sampling and measurement September 8th September 11th September 27th

9 Harvesting, sampling and measurement October 11th October 23rd Oct 31st

10 Total cropping days of maize 110 118 120
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Pedersen et al. [32]. Number of leaves of a plant at speci-
fied growth stage was counted as elaborated by Perez-
Harguindeguy et al. [33]. For leaf area, length and width 
of a leaf were measured, and product was multiplied with 
a factor (0.75) as reported by Sun et al. [34]. Stem and 
leaf dry weights were calculated from sampled plants at 
all biweekly growth stages and cumulative dry weights of 
plant components were expressed as total dry weight of 
a plant as also reported by Koca et al. [35]. Fresh plant 
parts including leaves and stem were dried in an elec-
tric oven at 70 oC till constant weight. Accumulated dry 
weights of both leaves and stems of five different plants 
were averaged. Furthermore, absolute growth rate (AGR) 
was computed from total increase in dry weights of plant 
and its parts during biweekly growth periods using Eq. 1 
and Eq. 2, respectively.

	
Absolute growth rate, g plant−1 day−1 = W2 − W1

t1 − t2
� (1)

Where,
W1 is plant dry weight at time t1. W2 is plant dry weight 

at time t2.
Biological yield was computed as reported by others 

[36]. At full maturity stage of maize, one square meter 
area was marked in experimental plots using a quadrate. 
Plants were harvested from land surface within the quad-
rate. Ears of maize were detached, and remaining parts 
were oven dried at 70 oC till constant weight. Dry biomass 
of a plot was converted to biomass production per hect-
are. Thousand grain weight was calculated as reported by 
Ramadhan et al. [36]. Ears were removed from harvested 
plants and threshed and packed in paper bags. Paper bags 
containing seeds were oven dried till 12% moisture con-
tent. One thousand grains were counted and weighed by 
an electronic balance having accuracy of ± 0.01 g to get 
thousand grain weight. Maize grain yield was calculated 
as indicated by Mian et al. [37]. Calculated grain weight 
was scaled up for a plot first and then extrapolated to 
hectare. Furthermore, sustainable yield index (SYI) was 
computed from grain and biological yield of maize as rec-
ommended by Sarangi et al. [16] (2020) and Li et al. [17] 
(2020).

	 Sustainable yield index = Average yield − Standard deviation

Maximum yield
� (2)

Statistical data analysis
Research data were statistically analyzed using SAS 
program (Version 9.0) [38] (SAS, 2003). A three-way 
ANOVA was conducted to determine level of signifi-
cance for the influence of studied factors (year, altitude 
& thinning) on growth variables and yield parameters of 
maize. The Fisher’s Protected LSD method was applied 

to separate means which were significantly varied from 
each other. Pearson’s correlation was computed to know 
the level of correlation (r) of economic yield and biologi-
cal yield with growth parameters of maize for different 
biweekly periods.

Results
Growth variation
A two-way interaction influence of year and altitude was 
recorded significant (p ≤ 0.05) and an increase in plant 
height (PH) was noted during all growth intervals except 
61 to 75 DAE (Supplementary Table 1). Increase in 
growth was the greatest in year 2021 at altitude of 1500 m 
and was the lowest in year 2019 at altitude 2200 m dur-
ing all growth intervals (Fig.  2A). In each year, PH was 
increased however within the altitude it was reduced 
from the lowest (1500  m) to the highest (2200  m). A 
two-way interaction of year and thinning treatment was 
significant (p ≤ 0.05) for increase in PH during biweekly 
period of 46–60 and 61–75 DAE (Supplementary Table 
1. Biweekly PH increase of maize was maximum for the 
year 2021 with 0% thinning and the lowest in the year 
2019 having 1.5% thinning in all growth periods (Fig. 2B). 
Furthermore, a two-way interaction effect of altitude 
and thinning was noted significant (p ≤ 0.05) on biweekly 
increase of PH during 46–60 DAE (Supplementary Table 
1) where maize with 0% thinning obtained the highest 
increment of PH at the lowest altitude and less increase 
in PH was noted at the highest altitude (Fig. 2C). With-
ing thinning treatments, maize with 0% thinning got the 
highest increase in PH at low altitudes compared to rest 
of thinning treatments. Increase in PH was significantly 
(p = 0.001) differed due to individual effect of altitude 
during 61–75 DAE and due to thinning treatment dur-
ing 31–45 DAE (Supplementary Table 1). Maize grown at 
low altitude gained the highest increase in PH compared 
to that at high altitude during 61–75 DAE (Fig.  2D). 
Maize with 0% thinning recorded the highest increase in 
PH compared to 0.5–1.5% daily thinning during 31–45 
DAE (Fig. 2E).

The interaction of year and altitude was observed sig-
nificant (p ≤ 0.05) for increase in NL during all biweekly 
growth intervals except from 1 to 75 DAE (Supplemen-
tary Table 2). This growth variable was the greatest in 
the year 2021 at altitude of 1500  m and the lowest in 
year 2019 at maximum altitude 2200  m during all the 
biweekly growth intervals (Fig. 3A). Within a year, incre-
ment in NL was increased from 2019 to 2021 whereas 
within the altitude this parameter was reduced from the 
lowest altitude (1500 m) to the highest altitude (2200 m). 
Biweekly increase in NL was significantly (p = 0.001) 
different because of the year effect during 61–75 DAE 
(Fig. 3B), due to altitude during 61–75 DAE (Fig. 3C) and 
due to thinning during 31–45, 46–60 and 61–75 DAE 
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(Fig. 3D). The increase in NL was the greatest during the 
year 2019 and significantly decreased in 2020 and 2021 
in the specified interval. The increase in NL was greater 
at low altitude and significantly reduced at high altitude. 
Maize grown without daily thinning got more increase in 
NL compared to 0.5–1.5% daily thinning during 31–45, 
46–60 and 61–75 DAE. Though, among the thinning 
practices, maize grown with 0.5% thinning produced 
more increases in NL during all the growth intervals.

A two-way interaction influence of year and altitude 
was observed significant for LA increase per plant dur-
ing all growth intervals except 61–75 DAE (Supplemen-
tary Table 3). This growth variable was greatest for year 
2021 at altitude of 1500 m and was the lowest during the 
year 2019 at altitude of 2200  m in all growth intervals 
(Fig. 4A). Within year, the LA was increased from 2019 
to 2021, however within altitude, LA was reduced from 

lowest altitude (1500 m) to the highest altitude (2200 m). 
The interaction influence of year and thinning was sig-
nificant (p ≤ 0.05) for increase in LA from 31 to 45, 46 
to 60 and 61 to 75 DAE (Supplementary Table 3). This 
growth variable was the highest for year 2021 when 1.5% 
thinning of maize was done, and the lowest value was 
noted in year 2019 where 0% thinning of maize was car-
ried in all growth intervals except 46 to 75 DAE where 
0% thinning of maize obtained the lowest value (Fig. 4B). 
Increase in LA of maize experienced a significant influ-
ence because of altitude during biweekly period of 61–75 
DAE. Increase in LA was the highest at 1500 m altitude 
than that at 1800 and 2200 m altitudes (Fig. 4C).

Dry matter production and distribution
Mean values of biweekly increase in leaf dry weight 
(LDW) were 11.3, 16.5, 25.6, 17.2, and 9.7  g plant− 1. 

Fig. 2  Interaction effect of year and altitude (A), interaction of year and thinning (B) and interaction effect of altitude and thinning (C) and individual 
effect of altitude (D) and thinning (E) on increase in plant height of maize during 1–15, 16–30, 31–45, 46–60, and 61–75 days of emergence of maize 
(different alphabets show significant difference)
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Similarly, biweekly increase in stem dry weight (SDW) 
were 18.8, 26.4, 49.9, 35.3, and 8.2 g plant− 1 and increases 
in plant dry weight (PDW) were 30.0, 43.8, 75.6, 52.5, 
and 17.9 g plant− 1 during 1 to 15, 16 to 30, 31 to 45, 46 
to 60, and 61 to 75 DAE, respectively. Biweekly increase 
in LDW, SDW and PDW among maize stands with and 
without thinning were significantly (p = 0.001) differed 
because of interaction effect of year and altitude during 
1 to 15, 16 to 30, 31 to 45, 46 to 60 and 61 to 75 DAE 
except biweekly increase in SDW during 31 to 45 and 61 
to 75 DAE (Supplementary Tables 4, 5, 6). All dry weights 
of plant parts in thinned maize were greater in 2021 at 
1500 m altitude followed by 2020 at 1800 m altitude and 
a further biweekly decrease in 2019 at 2200  m altitude 
(Fig. 5A, B and C). Dry matter assimilation was increased 
from 2019 to 2021 and from the lowest altitude to the 
highest altitude and vice versa.

Year and thinning had significant (p = 0.001) interaction 
effect on biweekly increment of LDW during 31 to 45, 46 

to 60 and 61 to 75 DAE (Fig. 6A) and on PDW from 31 to 
45 and 46 to 60 DAE (Fig. 6B). Highest increase in LDW 
and SDW of maize were observed where it was raised 
with 1.5% thinning in 2021 while the lowest values were 
noted in 2019 where 0% thinning was carried. Among 
thinned stands, maize grown with 1.5% thinning yielded 
the greatest dry matter compared to remaining thinned 
stands of maize. Increase in LDW of maize in 31 to 45 
and 46 to 60 DAE were significantly influenced because 
of interaction between altitude and thinning (Fig.  6C). 
Increase in SDW of plant was not significantly affected 
because of any interaction influence but significantly dif-
fered owing to individual effect of year (Fig. 7a) and alti-
tude in 31 to 45 and 61 to 75 DAE (Fig. 7D). It was higher 
in year 2021 and significantly decreased in year 2019 and 
2020.

Maize cultivated at 1500  m altitude registered higher 
increase in SDW compared to that raised at 1800 m and 
2200  m altitude. Significant influence of thinning was 

Fig. 3  Interaction effect of year and altitude (A) and individual effect of year (B), altitude (C) and thinning (D) on increase in number of leaves per plant 
during 1–15, 16–30, 31–45, 46–60, and 61–75 days of emergence of maize (different alphabets show significant difference within the growth period)
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recorded on biweekly increase in SDW during 31 to 45, 
46 to 60 and 61 to 75 DAE periods (Fig. 7C). It was higher 
in case of 1.5% thinning compared to 0–1% thinning. 
However, within thinning treatments, increase in SDW 
was greater where maize was thinned to 1.5% and sig-
nificantly decreased in other thinning practices. Biweekly 
increase in PDW significantly (p = 0.001) differed owing 
to thinning in 61 to 75 DAE (Fig.  7D). In this period, 
maize with 1.5% thinning yielded highest increase in 
PDW compared to maize with 0–1% daily thinning.

Plant growth of maize with respect to time can also be 
described in the form of absolute growth rate (AGR) as 
an indicator of plant growth in a specific period. It is cal-
culated from dry matter yield of plant for a specified time 
interval. Significant interaction effect of year and altitude 
and of year and thinning (Supplementary Table 7) was 
observed for biweekly growth intervals from 1 to 15, 16 
to 30, 31 to 45, 46 to 60, and 61 to 75 DAE and of 31 to 45 
and 46 to 60 DAE, respectively. Due to these interactions, 
AGR was increased to a maximum in case of year 2021 
and 1500  m altitude (Fig.  8A) and in case of year 2021 
and 1.5% thinning in all biweekly periods (Fig. 8B).

Production and yield sustainability
The grain yield (GY), thousand grain weight (TGW) and 
biological yield (BY) of thinned maize were significantly 
affected by interaction of year and altitude (Supplemen-
tary Table 8). Yield parameters of maize were recorded in 
year 2021 at 1500 m altitude were the highest and were 
the lowest in year 2019 at 2200 m altitude (Table 4). Sig-
nificant influence of thinning was noted on GY, TGW 
and BY of thinned maize. The TGW of maize signifi-
cantly higher in case of thinning (0.5–1.5%) and 1.5% 
thinning of maize yielded highest compared to 0.5-1% 
thinning (Fig. 9A). The GY and BY of maize were signifi-
cantly decreased in 1.5% thinning compared to 1% thin-
ning of maize (Fig. 9B and C). Yield sustainability index 
was computed in range of 0.22 to 0.65 for biological yield 
and from 0.20 to 0.63 for grain yield (Fig. 9D). Sustainable 
yield index was greater in case of 1% daily thinning com-
pared to rest of the thinning practices (0%, 0.5%, 1.5%).

Correlation of growth and climate with yield
Relationship of growth parameters and dry matter pro-
duction with grain and biological yield of maize for the 
biweekly periods of 1st, 2nd, 3rd, 4th, and 5th is indicated 

Fig. 4  Interaction effect of year and altitude on incremental leaf area (A), interaction effect of year and thinning on incremental leaf area (B) and in-
dividual effect of year on increase in leaf area (C) during 1–15, 16–30, 31–45, 46–60, and 61–75 days of emergence of maize (different alphabets show 
significant difference)
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in Table 5. Maize plant height in the five biweekly periods 
was significantly (p = 0.001) associated with both GY and 
BY of maize where coefficient of correlation (r) ranged 
from 0.7 to 0.9. Stem diameter found significantly associ-
ated with both GY and BY both negatively and positively, 
respectively. Increase in number of leaves in all biweekly 
periods significantly linked with GY and BY having the 
“r” value in the range of 0.8 to 0.9. Biweekly increase 
in leaf area during 1st, 2nd, 3rd, 4th, and 5th biweekly 
periods significantly (p = 0.001) associated with GY and 
BY having the coefficient of correlation (r) in the range 
of 0.4–0.9. Increase in dry weight of leaf in 1 to 15, 16 
to 30, 31 to 45, 46 to 60 and 61 to 75 DAE significantly 
(p = 0.001) associated with economic and biological yield 
(r = 0.5–0.9).

Increment in dry weight of stem during 1 to 15, 16 
to 30, 31 to 45, 46 to 60 and 61 to 75 DAE significantly 
(p = 0.001) linked with the yield (r = 0.4–0.9). Similarly, 
dry weight of maize plant also had significant (p = 0.001) 
association (r = 0.5–0.9) with grain and biological yield 
of maize. The GY and BY were found strongly associ-
ated with temperature (r = 0.7, r = 0.8) but were not 

significantly correlated with the pattern of rainfall 
(Fig. 10A, B, C and D).

Discussion
Decrease in growth and grain yield in case of high-density 
maize without thinning compared to its thinned counter-
part has been indicated in previous research but there is 
lack of information pertaining to specific periods of dif-
ferentiation due to different patterns of thinning i.e., 0%, 
0.5%, 1% and 1.5% thinning [39]. This research reported 
growth and time scale rate of growth didn’t change dur-
ing initial growth stages (1–15 DAE and 16–30 DAE) of 
maize just because of thinning due to less intraspecific 
competition during these early biweekly periods. With 
the passage of time, growth per plant and development 
of maize with 0% thinning was gradually decreased com-
pared to maize with 0.5 to 1.5% thinning. This would 
be owing to gradual increase in intraspecific competi-
tion among the maize plants for both underground and 
aboveground resources. Till the third biweekly period 
of growth after emergence, maize plants with 0% and 
0.5–1.5% thinning experienced likewise conditions and 
hence less competition was observed in maize with 1.5% 

Fig. 5  Interaction influence of year and altitude on increase of leaf dry weight (A), stem dry weight (B) and plant dry weight (C) during 1–15, 16–30, 
31–45, 46–60, and 61–75 days of emergence of maize (different alphabets show significant difference)
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Fig. 7  Influence of year (A), altitude (B) and thinning (C) on increase in stem dry weight and effect of year on increase in plant dry weight (d) of maize 
after emergence (different alphabets indicate significant difference)

 

Fig. 6  Interaction influence of year and thinning on leaf dry weight (A) and plant dry weight (B), and interaction effect of altitude and thinning (C) on 
leaf dry weight of maize after emergence during 1–15, 16–30, 31–45, 46–60, and 61–75 days of emergence of maize (different alphabets show significant 
difference)
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thinning owing to ample resources available for both 
maize with 0% and 0.5–1.5% thinning due to low plant 
density. But thereafter, as maize plants development pro-
gressed its canopy size increased, competition among the 
plants started to increase thereby reduced the supply of 
resources as also noted by Liu et al. [40] in high density 
scenario of maize.

Development in plant growth can be divided into three 
phases with respect to plant growth rate and density. In 
first initial phase plants don’t shade each other as they 
are located sparsely and grow speedily using all available 
nutrient, water, and light resources. In this period, most 
of the carbohydrates are used for growth of leaves and 

enhances leaf area through interception of solar radia-
tion. This speedy growth is due to less effect of mutual 
shading among maize plants. In second growth phase, 
plants start to cover land available in vicinity and shade 
each other.

During this period, high density plant population expe-
rienced high competition and a uniform rate of dry mat-
ter production was maintained. Even a further increment 
in leaf area couldn’t lead to greater interception of solar 
radiation because of intensive shading. Therefore, dry 
matter and absolute growth rate is linearly increased. 
During the third phase of plant development follow-
ing the favorable climatic conditions where plants have 
already explored all the available resources, now crop 
experienced a significant reduction and subsequently 
stop of dry matter assimilation due to onset of leaf senes-
cence. Assimilates from leaves and stem are translocated 
through source sink relationship to form grain yield of a 
plant [41]. Plant height determines the number of leaves 
that determines the leaf area of a plant [42]. Greater 
number of leaves can be seen in plants having higher 
plant height and more and higher fodder and grain yields 
can be expected in plant having thicker and long stem. 
This phenomenon was recorded the strong association 
of growth and dry matter with maize grain and biological 
yields in this study.

Daily 1% thinning of maize plants was recorded as 
advantageous compared to 0, 0.5 and 1.5% thinning. This 
is because growth, development and dry matter parti-
tion were compromised in case of 0, 0.5% and 1.5% daily 

Table 4  Two-way interaction influence of year and altitude on 
thousands grain weight, grain yield, and biological yield of maize
Year Altitude, 

m
Thousand grain 
weight, g

Grain yield, t 
ha− 1

Biological 
yield, t 
ha− 1

2019 1500 80.8 ± 29.9ef 6.9 ± 3.1def 18.0 ± 4.9ef

1800 64.7 ± 23.9gh 5.5 ± 2.5fg 14.4 ± 4.0fg

2200 53.9 ± 19.9h 4.6 ± 2.0g 12.0 ± 3.3g

2020 1500 116.2 ± 42.9c 9.9 ± 4.4bc 25.8 ± 7.1c

1800 93.0 ± 34.4de 7.9 ± 3.5cd 20.7 ± 5.7de

2200 74.4 ± 27.5fg 6.3 ± 2.8de 16.5 ± 4.5f

2021 1500 167.1 ± 61.7a 14.2 ± 6.3a 37.1 ± 10.2a

1800 133.7 ± 49.4b 11.4 ± 5.1b 29.7 ± 8.2b

2200 99.0 ± 36.6d 8.4 ± 3.8cd 22.0 ± 6.1d

LSD0.05 15.01 1.83 3.68
Note: DAE_ days after emergence, different superscript alphabets on mean ± 
SD under each yield parameter indicate significant difference (LSD0.05) due to 
interaction effect of year and altitude

Fig. 8  Interaction influence of year and altitude (A) and interaction effect of year and thinning (B) on absolute growth rate during 1–15, 16–30, 31–45, 
46–60, and 61–75 days of emergence of maize (different alphabets show significant difference)
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thinning. In case of 0% and 0.5% thinning, where maxi-
mum density of maize was maintained right from the 
emergence till harvesting. Hence, a maximum intraspe-
cific competition was experienced by the pants for both 
below and above ground resources. In case of 0% thin-
ning, where despite of achieving greater plant height, 
more number of leaves and final plant density, maize 
plants could not produce the maximum leaf area, dry 
matter, and final yield due to slim and weak plant struc-
ture because of intraspecific competition for the avail-
able resources. In case of 1.5% daily thinning, although 

achieved greater growth and dry matter production per 
plant it could not produce maximum economic and bio-
logical yield per unit area owing to significant loss of 
plant population due to intensive daily thinning practices. 
Due to 1.5% daily thinning, more than 50% plants were 
removed and finally harvested plants per unit area were 
notably less compared to 1% thinning plot. Therefore, 
among the thinning patterns, higher grain and biomass 
yields of maize and their sustainable yield indices were 
noticed due to better performance of crop in 1% thinning 
practice where optimum plant density was maintained 

Fig. 9  Effect of thinning on thousand grain weight (TGW) (A), grain yield (GY) (B), biological yield (BY) (C) and sustainable yield index (SYI) (D) of maize
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Table 5  Correlation of growth and biological yield with growth variables for 1 to 15, 16 to 30, 31 to 45, 46 to 60, and 61 to 75 days 
after emergence (DAE) of maize
Harvest Growth parameter Days after germination

1–15 DAE 16–30 DAE 31–45 DAE 46–60 DAE 61–75 DAE Total
Grain yield Plant height 0.91*** 0.90*** 0.81*** 0.82*** 0.75*** 0.88***

Stem diameter -0.43*** -0.76*** 0.48*** -0.70*** -0.75*** -0.43***
No. of leave 0.90*** 0.82*** 0.82*** 0.89*** 0.83*** 0.90***
Leaf area 0.82*** 0.85*** 0.66*** 0.70*** 0.38*** 0.72***
Leaf dry weight 0.88*** 0.90*** 0.60*** 0.57*** 0.49*** 0.76***
Stem dry weight 0.89*** 0.83*** 0.57*** 0.67*** 0.40*** 0.61***
Plant dry weight 0.89*** 0.87*** 0.59*** 0.66*** 0.46*** 0.48***

Biological yield Plant height 0.83*** 0.90*** 0.88*** 0.81*** 0.68*** 0.85***
Stem diameter 0.09ns -0.70*** 0.57*** -0.65*** -0.68*** -0.30***
No. of leave 0.85*** 0.89*** 0.81*** 0.87*** 0.77*** 0.89***
Leaf area 0.89*** 0.90*** 0.76*** 0.71*** 0.40*** 0.80***
Leaf dry weight 0.89*** 0.90*** 0.65*** 0.63*** 0.56*** 0.81***
Stem dry weight 0.90*** 0.89*** 0.60*** 0.73*** 0.43*** 0.73***
Plant dry weight 0.89*** 0.90*** 0.63*** 0.73*** 0.52*** 0.75***

Note: *** indicates highly significantly correlated

Fig. 10  Relationship of biological (BY) and grain yields (GY) of maize with average temperature (A, B) and rainfall (C, D) of study sites during experimental 
period
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compared to its performance under 0.5% and 1.5% thin-
ning patterns including 0% daily thinning of maize.

Conclusions
Current study reported that 1st and 2nd biweekly periods 
are competition free while 3rd, 4th and 5th biweekly peri-
ods are important with respect to intraspecific competi-
tion. Further, this research highlighted 1% daily thinning 
is optimum to ameliorate intraspecific competition for 
maximum biological and economic harvests from high 
density broadcasted maize in mountain agroecosystem. 
Strong correlation of growth variables with biological and 
economic yields of maize can be used as good predictor 
of final yields of maize. Broadcasting high density maize 
with 1% daily thinning at low altitudes is suggested in 
temperate agroclimatic conditions to achieve higher and 
sustainable harvests for food security and fodder avail-
ability in mountain agroecosystem. Cultivated area to be 
sown and volume of fodder to be harvested according to 
the size of livestock being reared are the future directions 
for this line of research.
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