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ABSTRACT

Gynura procumbens is one of the most common medicinal plants in the Asteraceae family and has extensive
pharmacological properties. The experiment was conducted to evaluate the effects of different shade levels (0
and 30% shade) and plant density (9, 15, and 25 plants m-2) on root-shoot ratio and it is a relationship with
physiology, growth, and biomass yield using split-plot design with three replications. Increasing shade level
to 30% shade significantly decreased root-shoot ratio (RSR) by22.54%, while total leaf dry weight per plant
(TLDW) and total leaf dry weight per square meter (TLDW m-2) increased by 35.64, 11.58, and 32.18%,
respectively due to negative correlation with RSR. Increasing plant density from 9 to 25 plants m-2 signifi-
cantly increased RSR and TLDW m-2 by 67.71 and 18.54%, respectively, while TLDW decreased by 57.31%.
There was a negative correlation between RSR and biomass yield per plant. Under stressed conditions (full
sunlight and high plant density), G. procumbent plants appeared to change their strategy to absorb limited
resources, allocate more biomass to the root system, and reduce the size of the aboveground parts to survive,
resulting in high RSR.
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INTRODUCTION

The Gynura procumbens is an evergreen medicinal shrub belonging to the Asteraceae family. It is widely
distributed in Africa ' and tropical regions of Southeast Asia and China **. Non-toxic leaves have extensive
pharmacological properties, including anti-diabetic, anti-hypertensive, antioxidant, and vasorelaxant activity
3. The medicinal benefits of G. procumbens are related to its bioactive compounds, such as saponins, flavo-
noids, and terpenoids™®S.

The root-shoot ratio (RSR) is the ratio of the belowground biomass to the biomass of the aerial part reflected
in plant biomass allocation. The differences in biomass allocation between the shoot and root systems would
result in variations in the RSR ratio. The decrease in biomass under biotic and abiotic stress conditions is
associated with the availability of resources above and belowground, thereby resulting in trade-offs in biomass
allocation between aboveground and belowground biomasses, suggesting that plants allocate biomass to ac-
quire the most limiting resources "*%!°. Many plants would change their RSR to respond to shading and low
nutrient availability '"!?. Therefore, RSR is vital in studying competitive interactions between growth condi-
tions 3.
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Biomass allocation between above and belowground parts results from long-term environmental modification,
significantly affecting plant growth and reproduction %131 The root biomass was less affected by biomass
allocation under stress conditions than shoot biomass, reflected in the plant RSR ratio !7. The differences in
RSR due to the differences in above and belowground biomass indicate that different biomass exhibits various
biomass allocation strategies. RSR for grass (4.23) was significantly higher than that of shrubs (1.68) and trees
(0.40), and evergreen plants had higher RSR than deciduous plants in tropical rainforests !”.

Generally, the response of plants to light intensity depends on the type of plant, resulting in different concen-
trations of plant secondary metabolites '®. Consequently, the medicinal properties of the target plants are af-
fected, which also brings about changes in the morphology and physiology of the plants in question '*2°.
Changes in microclimate and light intensity due to shading of the canopy resulting from different plant densi-
ties also affected above and belowground biomass 2!.

Plant density or plant canopy is also a critical agronomic practice for effectively capturing environmental
resources such as solar radiation, water, and nutrients 2, which can enhance optimum plant population ** and
influence the physiological and phytochemical characteristics of the plants. An increasing number of plants
per unit area led to increased interplant competition for resources, resulting in the depletion of some limited
resources. Plants allocated more biomass to roots to absorb more water and nutrients for survival and accli-
matization under high competition or stress conditions 2*!*. Moreover, the competition for resources led to a
change in biomass allocation in the plant, which resulted in a variation in RSR 23%,

Therefore, understanding the effects of different environmental conditions on the above- and below ground
biomass of G. procumbent plants through RSR helps improve the quality and quantity of medicinal plants to
meet the high demand. Therefore, the present study was conducted to determine the RSR and its relationship
to growth, physiological attributes, and biomass yield under different shade levels and plant densities of G.
procumbens.

MATERIALS AND METHODS

Experimental design and treatments

The experiment was conducted in November 2017 in a split-plot design (main plots presented by shade levels;
subplots presented by plant densities) with three replicates using wooden planting boxes (2 m x 1 m x 0.5 m).
The two levels of shade used were 0 and 30% using custom-made polyethylene shade netting with three plant
densities (9, 15 and 25 plants m?) using 9 plants m? = 33.3 x 33.3 c¢m, 15 plants m?= 20 x 33.3 cm and 25
plants m? =20 x 20 cm, respectively were implemented.

Root: Shoot Ratio (RSR)
Root: shoot ratio (belowground biomass to aboveground biomass) for each treatment was determined accord-

ing to the following formula:
RSR = Total root dry weight / Total shoot dry weight

Net Photosynthesis Rate and Total Chlorophyll Content

A portable photosynthesis system (LICOR-64001 LI-COR Inc., USA) measured the net photosynthesis rate
between 0900 and 1100 hours.

Total leaf chlorophyll content was also measured using a modified method of Lichtentaler and Wellburn
(1983). Leaf weighing 0.2 g were collected from plant samples and stored in small plastic vials containing 20
mL of 80% (v/v) acetone. Absorbance was measured using a scanning spectrometer Model UV 3101 PC, and
the total chlorophyll was calculated as the sum of chlorophyll @ and chlorophyll 4 using the following.
Chlorophyll a = 11.75 (Absorbance 662) — 2.350 (Absorbance 645)

Chlorophyll b= 18.61 (Absorbance 645) — 3.960 (Absorbance 662)
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Leaf area and Leaf area index

A leaf area meter (LI-3100 Area Meter, USA) measured the total leaf area of all harvested leaves (TLA, cm?2).
The leaf area index (LAI) for each sample was computed after measuring the TLA and area of each plant
using the following formula:

LAI=TLA (cm?)/ Soil area (cm?)

Biomass dry weight

The plants were harvested to measure the biomass yield of leaves per plant and square meter. Three plants per
treatment were harvested. Fresh samples were oven-dried at 45 °C until a constant weight of dry samples was
achieved. An electronic balance (BP 2100, Sartorius, Germany) was used to determine the total dry leaf weight
per plant and the dry leaf weight per square meter.

Crop growth rate (CGR)
It was measured using the formula, CGR = (W2 — W1)/ (12 — t1), where W 1= total dry weight of plant at time
1 (t1) and W2= total dry weight of plant at time 2 (t2).

Statistical data analysis

Data collected were subjected to statistical analysis of variance (ANOVA) for split-plot design using the SAS
program (SAS version 9.4, Car, NC) to determine the statistical significance of main and interaction effects.
Significant main effects means were separated using Least Significant Differences (LSD) (P<0.05). Only the
main effect comparisons were performed if an interaction between shade levels and plant density was insig-
nificant. The relationship between parameters was determined using correlation analysis.

RESULTS

Root-shoot ratio (RSR)
Shade and plant density significantly affected the root-shoot ratio (RSR). The RSR of G. procumbens de-

creased by 30.09% with increasing shade levels from 0 to 30% (Figures 1-A). The percentage of increment of
RSR at high plant density was 67.71 and 33.33 % compared with 9 and 15 plant m?, respectively (Figures 1-
B).
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Figure 1: Effects of shade levels (A) and plant density (B) on G. procumbens root-shoot ratio.

Significant interaction effects of plant density and plant age on the RSR of G. procumbent plants (Figure 6.2).
The high value of RSR was 0.134 under all plant densities at 0 DAT. Regardless of plant density, the RSR
decreased to 72.38% with increasing plant age from 0 to 30 days after transplanting. At 30 days after trans-
planting, the RSR increased by 27.4% at low plant density (9 plants m™) than at high plant density (25 plants
m?). On the other hand, at 60 DAT, the high plant density (25 plants m™) increases RSR by (42.45 and
33.34%) more than both 9 and 15 plants m?. The percentage of increment in RSR at high plant density (25
plants m2) at 60 DAT was 52.0% as compared with 30. In addition, the RSR increased with increased plant
density and plan age from 60 to 90 DAT. At 90 DAT, the RSR increased by 67.39% at high plant density (25
plants m%) compared with low plant density (9 plants m2). The result demonstrated no significant differences
between 30, 60 and 90 DAT on RSR under low plant density. At the same time, the result showed that the
RSR, after 30 days of transplanting, started to increase with increasing plant age under both 15 and 25 plants
m™ (Figure 6.2).
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Figure 2: Effect of plant density and plant age on G. procumbens root shoot ratio.

Net photosynthesis rate (PN)

Different shade levels and plant densities had significant effects on the net photosynthesis rate (PN) (P<0.05)
(Table 1). Thirty percent shade level increased net photosynthesis rate by 12.16% in comparison with zero
level of shade. In contrast, G. procumbens' net photosynthesis rate decreased markedly to 20.12% when
planted at 25 plants m?, whereas a density of 9 plants m™ resulted in the highest net photosynthesis rate.
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According to the correlation result, the net photosynthesis rate response to the studying factors was the oppo-
site of the RSR response (Table 4).

Total chlorophyll (a+b)

Shade and plant density had significant effects (P<0.05) on total chlorophyll content Chl (a+b) (Table.l).
High shade level of 30% showed higher total chlorophyll Chl (a+b) (19.30 mg g™ FW). In contrast, lower
shade levels recorded the lowest total chlorophyll (16.85 mg g FW). Higher plant density of 25 plants m™
displayed lower total chlorophyll content Chl (a+b) (16.61 mg g FW) in comparison with control (19.81 mg
g FW) of 9 plants m™. The increase in total chlorophyll content in the G. procumbens plant was accompanied
by a decrease in RSR due to the result of the coefficient of variation analysis (Table 4).

Shade level PN Chl LA LAI
S) (%)
0 12.38b 16.85b 4554.74 b 6.94 b
30 13.89a 19.31a 6336.86 a 9.45a
Density (D)
(plant m?)
9 14.56 a 19.81a 6851.62 a 6.17 c
15 13.21 a 17.81b 5297.56 b 7.95b
25 11.63 ¢ 16.62 ¢ 4188.22 ¢ 10.47 a
SxD ns ns ns ns

Means with the same letters in the same columns are not significantly different at p < 0.05 (LSD); ns = insignificant.
Table 1: Effects of shade levels and plant density on G. procumbens net photosynthesis rate (PN), total chlorophyll content
(Chl), leaf area (LA) and leaf area index (LAI).

Leaf area (LA)

Shade levels and plant density had significant effects (P<0.05) on the leaf area of G. procumbens plants (Table
1). The result showed shade effects were more visible on leaf area (6336.86 cm2) when plants were grown
under 30% shade level. However, under full sunlight (0% shade), plants had leaf area at the lowest level
(4554.71 cm?2). The leaf area increased by 39.12% under 30% shade compared to 0%. On the other hand, low
plant density (9 plants m-2) had higher leaf area (6851.62 cm?2) than 15 plants m-2 (5297.56 cm2) and 25
plants m-2 (4188.23 cm2) densities, as shown in Table 2. Due to their strong negative correlation, there was
an inverse relation between leaf area and RSR in G. procumbens (Table .4).

Leaf area index (LAI)

Shade level and plant density significantly affected the leaf index of G. procumbens (Table 1). There was an
increase in leaf area index under 30% shade level by 36.16% compared with the control 0% shade. The results
showed a linear increase in leaf area index with an increase in the number of plants grown per unit area. It
increased around 28.85 and 69.69% for 15 and 25 plants grown per square meter, respectively, compared to 9
plants m-2. There was no correlation between LAI and RSR in G. procumbens (Table 6.4).

Fresh and dry weight

Total leaf fresh weight per plant (TLFW)

Total leaf fresh weight per plant was significantly affected by different levels of shade and total number of
plants growing per unit area (plant density) (P<0.05) as presented in (Table.2). Higher level of shade (30%)
linearly increased leaf fresh weight of G. procumbens by 32.39% plant-1 in relation to control (0% shade). On
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the contrary, plant density decreased total leaf fresh weight from 26.54 to 40.75% as plant density increased
from 15 to 25 plants m-2 compared to 9 plants m-2. A strong negative correlation existed between total leaf
fresh weight per plant and RSR in G. procumbens (Table 6.4).

Total leaf fresh weight per square meter (TLFW m-2)

Shade levels and plant density had significant effects on leaf fresh weight per unit area (P<0.05) (Table 2).
The results revealed that the total leaf fresh weight of G. procumbens per square meter increased as shade
level and plant density increased. The corresponding increase values were 26.8% for a 30% level of shade
compared to 0% shade and 22.44 and 64.55% for a plant density of 15 and 25 plants  m-2 compared to 9
plants m-2, respectively.

Total fresh weight per plant (TFW)

Shading and plant density had significant effects (P<0.05) on total fresh weight per plant (Table 2). There was
an increase of 37.64% with an increase in shade level from 0 to 30%. Results showed that total fresh weight
per plant considerably decreased with the increase of plant density from 9 to 15 and 25 plants m-2 densities.
The total fresh weight of plants decreased by 26.47 and 41.95% at 15 and 25 plants m-2 than 9 plants m-2,
respectively. The total fresh weight per plant inversely responded to shade level and plant density more than
RSR due to their strong negative correlation (Table 4).

Total fresh weight per square meter (TFW m-2)

Total fresh weight per square meter was significantly affected by different levels of shading and plant density
(Table 2). Total fresh weight increased by 33.71% when G. procumbens plants were subjected to 30% shade
than complete sun treatment. Consequently, the same parameter increased by 22.55 and 61.25% at 15 and 25
plants m-2, respectively, as compared with low plant density (9 plants m-2).

Shade level (S) TLFW TLFW/m? TFW TFW/m?
°
(60) 278.99 b 4279.21b 454210 6888.71 b
30 369.37 a 5425.13 a 625.20 a 921143 a
Density (D)
(plant m?)
9 41793 a 3761.39b 699.16 a 6292.44 c
15 307.03 b 4605.43 b 514.08 b 7711.22b
25 247.59 b 6189.70 a 405.86 ¢ 10146.56 a
SxD ns ns ns ns

Means with the same letters in the same columns are not significantly different at p < 0.05 (LSD); ns = not significant.
Table 2: Effects of shade levels and plant density on G. procumbens total leaf fresh weight (TLFW), total leaf fresh weight
per square meter (TLFW/m2), total fresh weight (TFW), and total fresh weight per square meter (TLW/m2).

Total leaf dry weight per plant (TLDW)

Total leaf dry weight per plant was significantly affected by different levels of shading and plant density
(Table 3). level of 30% shade resulted in higher total leaf dry weight per plant than under control, with a
percentage increase of 35.63%. In contrast, the total leaf dry weight per plant decreased with an increase in
plant density. The reductions were 29.28 and 57.31% when G. procumbens plants were grown at 15 and 25
plants m-2 densities compared with 9 plants m-2. Due to their strong negative correlation, there was an inverse
relationship between total leaf dry weight per plant and RSR in G. procumbens (Table .4).
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Total leaf dry weight per square meter (TLDW m-2)

Different shade levels and plant density significantly affected total leaf dry weight per square meter (Table 3).
Total leaf dry weight per square meter increased by 32.17% under 30% shade than under control. In contrast,
the total leaf dry weight of G. procumbent plant per square meter increased by 18.54% with an increase in
plant density from 9 to 25 plants m-2, without any differences between 25 and 15 plant m-2.

Total dry weight per plant (TDW)

Different shade levels and plant densities significantly affected the total dry weight per plant for G. procum-
bens (Table 3). The result shows an increase in total dry weight per plant by 34.92% under 30% shade com-
pared to 0%. Conversely to the above results, higher plant densities of 15 and 25 plants m-2 reduced total dry
weight by 29.82 and 52.92% compared with low plant densities of 9 plants per square meter. The total dry
weight per plant in G. procumbens was inversely related to studying factors other than RSR due to their strong
negative correlation (Table 4).

Shade TLDW TLDW/ TShDW TRDW TDW  TDW/m CGR
level (S) m? 2
(%)
0 26.21b 37741b 50.08b 328 a 53.36b 77553b 0.59b

30 35.55a 498.85a 6854a 3.45a 71.99a 1030.04 0.80a

a
Density
(D)
(plant
m2)
9 4341a 390.69b 82.80a 375a 86.54a 77889b 096a
15 30.70b | 460.55a 57.34b 340a 60.73 b 911.00 0.67b
ab
25 1853 ¢ 463.14a 37.79c¢ 295a 40.74c¢  1018.46 045¢
a
SxD ns ns ns ns ns ns ns

Means with the same letters in the same columns are not significantly different at p < 0.05 (LSD); ns = not significant.

Table 3: Effects of shade levels and plant density on G. procumbens total leaf dry weight (TLDW), total leaf dry weight per
square meter (TLDW/m2), total shoot dry weight (TShDW), total root dry weight (TRDW), total dry weight (TDW), total
dry weight per square meter (TDW/m2), and crop growth rate (CGR).

Total dry weight per square meter (TDW m-2)

Shading and plant density significantly affected the total dry weight per square meter (TDW) of G, procum-
bens (Table 3). Shading of 30% recorded higher total dry weight per square meter compared to 0% shade
when it increased by 32.81% compared to full sunlight (0% shade). Total dry weight per square meter rose
with the increase in plant density. The higher plant density of 25 plants m-2 recorded a higher total dry weight
per square meter of 30.75% compared with 9 plants m-2. No correlation existed between total dry weight per
square meter of G, procumbens and RSR (Table .4).

Crop growth rate (CGR)

Crop growth rate (CGR) showed high effects by shading and the number of plants per unit area (Table 3). The
crop growth rate increased by 35.06% under a 30% level of shade. Density at 9 plants m-2 reported a higher
CGR value (0.959 g day-1) than (0.67 and 0.45 g day-1) at density levels of 15 and 25 plants m-2, respectively.
There was an inverse relationship between crop growth rate and RSR (Table .4).
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RSR PN Chl LA LAI TFW LDW LDW RDW TDW TDW CGR

m? m>
RSR - -0.83 -0.77 -0.84 0.26 -0.83 -0.86 -0.18 -0.33 -0.88 -0.06 -0.88
PN - 0.73 0.80 -0.25 0.80 0.84 0.24 0.32 0.84 0.05 0.84
Chl - 0.81 -0.23 1 0.78 0.80 0.19 0.51 0.81 0.03 0.81
LA - -0.06 0.96 0.91 0.31 0.54 0.93 0.18 0.94
LAI - -0.13 -0.36 0.67 -0.37 -0.31 0.86 -0.32
ns ns % ns ns Ak ns
TFW - 0.96 0.33 0.58 0.97 0.16 0.97
LDW - 0.23 0.63 0.99 - 0.99
ns * kkk 0001 kkk
ns
LDW - 0.06 0.22 0.92 0.22
m? ns ns **%k g
RDW - 0.60 -0.16 0.60
TDW - 0.04 0.99
ns skkk
TDW - 0.03
m> ns

CGR -

Table 4: Correlation coefficient (r) between photosynthesis rate (PN), chlorophyll content a+b (Chl), leaf area (LA), leaf
area index (LAI), total fresh weight (TFW), total leaf dry weight (TLDW), total leaf dry weight per square meter (TLDW
m2), total root dry weight (TRDW), total dry weight (TDW), total dry weight per square meter (TDW m2), and crop growth
rate (CGR) of G. procumbens under different shade levels and plant density. Ns, insignificant. *, significant at P<0.05, **,
P<0.01. ***, P<0.001

DISCUSSION

The root-shoot ratio reflects the differences in biomass allocation between aboveground and belowground
associated with climatic conditions, resulting in root/shoot competition and cooperation about resources for
adaptation and survival in variable and complex conditions?*”?®. The shoot-root system plays an essential role
in plant development and productivity, the photosynthetic process, and, finally, the growth and maintenance
of roots®-33,

The reduction in total root dry weight TRDW by 21.33% with increasing plant density from (9 to 25 plants
m™) (Table. 3), while total shoot dry weight TShDW was reduced by 54.35%, which proved that roots (be-
lowground part) were less affected by study factors than shoot (aboveground part) which resulted in increased
RSR due to inverse relationship between RSR and TShDW (aboveground part). On the other hand, increasing
the shade level from full sunlight (0% shade) to 30% shade increased the aboveground part (TShDW) by
36.86%; however, the belowground part (root system) increased by 5.18% only, which demonstrated that
under optimum light condition, G. procumbens plants allocated more biomass to aerial part than root. Im-
provement in wheat grain yield was associated with the dry matter distribution ratio between aerial parts and
the root system under drought conditions®*. Root systems consume double assimilation products than aerial
parts*®. The results demonstrated that the root (belowground part) of G. procumbent plants was less affected
by shade level and plant density.
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The high values of RSR of G. procumbens under high plant density are in agreement with Ericsson*®, who
reported that high competition of resources between plants under high plant density resulted in high RSR due
to differences in dry matter allocation when the low nutrient resource inhibits plant growth. Similarly, the
results of 37 and 38 demonstrated that the root-shoot ratio of plants growing in variable patchy soil nutrient
conditions was smaller than those in stable soil nutrient conditions, which promoted more fine root growth
than a variable one. Dolt*° et al. elucidated that the increase in biomass of B. erectus under high density was
superior in exploiting surplus light and the increase in available belowground resources.

Similar findings were reported by Martins*’, who illustrated the shoot contribution to root growth even when
shoot growth is inhibited due to a severe reduction in shoot development without any effect on root growth
on tomato plants. Under limited exogenous resources, plants allocate more biomass to those organs that absorb
the scarcest resources?®. Biomass allocation between above- and belowground parts depends on adjusting C
allocation®®, which results from long-term modification to the environmental conditions, which has critical
effects on plant growth and reproduction!#1°,

Accordingly, increasing allocation to underground organs such as fine roots in place of aboveground parts
indicates the growing relative importance of limiting soil resources, i.e., nutrients and water*?. The root-shoot
ratio increased with increasing plant density and decreased with increasing aerial biomass, stand age, and
volume 3,

Higher reduction in TShDW than TRDW of G. procumbens plants, which resulted in high RSR, supported
the optimal partitioning theory that referred to trade-offs in biomass allocation between aboveground and
belowground parts to acquire the most limiting resources’!°. According to Qi et al.'3, the various environ-
mental conditions proved the optimal partitioning theory that the more significant growth and photosynthetic
rates for deciduous plants than evergreen plants, RSR of evergreen plants (angiosperms) was significantly
higher than deciduous plants (gymnosperms).

As plants grow larger and higher, they allocate more biomass to the aboveground components. However, more
biomass yield would be needed in the root systems to acquire more water and nutrients for survival and accli-
matization under different stress conditions. The differences in RSR of G. procumbent plants at different plant
ages illustrated that in the first stage, the roots grew faster, and the plants allocated more biomass to the roots,
resulting in the high value of RSR to stabilize the plants and absorb water and elements. Meanwhile, RSR,
after 30 days of transplanting, started to grow slowly. This result parallels Qi et al.'*'s findings, which reported
that plants allocated more biomass to roots in the seedling stage or due to climatic conditions, soil fertility,
and management practices>*>*,

Results of the present experiments showed that the highest net photosynthetic rate of G. procumbens was
13.89 pmol m™ s at 30% shade than 12.38 umol m? s’ at 0% shade (full sunlight) (Table 1). Net photosyn-
thetic was negatively affected by excessive light under an open field due to photoinhibition®.

Increasing plant density from 9 to 25 plants m? decreased the net photosynthetic rate by 20.12% (Table 1).
Competition among plants increases with an increasing number of plants per unit area. These results agree
with 47, which reported that a reduction in the photosynthetic rate of blessed thistle was associated with ni-
trogen reduction under high plant density. Hence, the net photosynthetic rate of G. procumbent plants de-
creased under full sunlight but at higher plant density.

The present study revealed a significant negative correlation (r =-0.83) between RSR and PN (Table 4). Under
high light intensity (full sunlight) and high plant density, the net photosynthetic rate of G. procumbens is
reduced as the plant responds to excessive light. Meanwhile, RSR increased under the same conditions because
the root system was less affected by stress than aboveground parts or plants, which allocated more biomass to
the root than the shoot. For survival and multiplication, plants have to modify their distribution of photosyn-
thetic to different organs for adaptation as it could impair other plants' functions such as photosynthesis, nu-
trient uptake, and growth*®. A similar observation was also reported on wheat**. The findings align with 33,49,
who reported that crops with higher grain yields from partitioning more dry matter to aboveground parts have
lower RSR. A high photosynthetic rate offsets the low RSR under low plant density. A low photosynthetic
rate was recorded under high plant density, which yielded high RSR, as revealed in Compositae plants>’.
Increase chlorophyll content Chl (a+b) by increasing shade levels from full sunlight to 30%. It significantly
decreased with increasing plant density from 9 to 25 plants m™. The percentage of increments of Chl a+b was
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14.54%, with increasing shade levels from 0 to 30% shade. It decreased by 16.15% with increasing plant
density from 9 to 25 plants m™. The decrease in total chlorophyll content under full sunlight compared to 30%
shade may be related to chlorophyll pigment impairment due to absorbing excessive light energy®'.

On the other hand, shade and low light conditions caused chlorophyll content to increase as a physiological
response to low light environment. This maximized available light utilization by channeling more resources
into chlorophyll synthesis®!*2. The plants regulated their chlorophyll synthesis to absorb more solar radiation
for photosynthesis, and changes in irradiance level may elicit physiological responses at the level of leaf and
chloroplast®®. In addition, the low total chlorophyll content of G. procumbens under high plant density may
be due to interplant competition for resources under high plant density. In the present study, an increase in
plant density resulted in decreased chlorophyll content of high plant density, which led to the depletion of
some resources and nutrients, especially nitrogen 474, The results of the present experiment agree with those
of other researchers*’->>%,

There was a significant negative correlation (r = - 0.77) between RSR and total chlorophyll content (Table .4).
The inverse relationship between them means that under stress conditions (high light intensity and plant den-
sity), G. procumbent plants allocated more biomass to root despite the low chlorophyll content. Decreased
chlorophyll pigments as a response to full sunlight and a high number of plants per square meter to survive
was offset by adverse response in the root system to water and nutrient supply. The findings in the present
experiment align with results reported®!, which explained that decreased RSR was associated with high yield
due to high photosynthetic rate and chlorophyll content, which accelerated the growth and development of
aboveground parts.

Leaf area (LA) and leaf area index (LAI) were highly affected by shade levels and plant density. The treatment
of 30% shade resulted in higher LA (6336.86 cm?) and LAI (9.45) than the lowest under full sunlight. G.
procumbens plants recorded the highest LA (6851.62 cm?2) at low plant density than (4188.23 cm?) recorded
at high plant density (25 plants m2). At the same time, the highest LAI was (10.47) at high plant density than
(6.17) at 9 plants m™. The results suggested that to absorb a high amount of light under low light conditions,
G. procumbent plants increased leaf size as a physiological response. The results agree with those of other
studies 58,59,60, which reported that plants under low light conditions maximize available leaf surface area
by producing bigger and thinner leaves for interception of limited light incident. Also, wider intra-row spacing
(45 cm) resulted in higher LA than (15 cm) in Thymus vulgaris L®!. The increasing plant density from 20 to
25 plants m™ led to a higher LAI of soybean®. G. procumbens plants responded to low irradiance by increasing
LATI to increase light penetration within the canopy and absorb more light, resulting in higher biomass per unit
area.

There was a significant negative correlation (r = -0.84) between LA and RSR, while there was no significant
correlation (r = 0.26) between LAI and RSR (Table .4). The results showed that plants under stressed condi-
tions modified size and biomass allocated between shoot and root system in order to survive. Leaf area de-
creased under full sunlight and high plant density, resulting in increased RSR due to a reduction in plant size
compared to the root system. This reduction in LA was probably due to decreased leaf growth and expansion
under stress conditions with nutrient deficiency*>%3%4,

The G. procumbens total leaf dry weight (TLDW) and total dry weight (TDW) per plant increased by 35.63
and 34.92% as the shade level increased from full sunlight to 30% shade. Also, total leaf dry weight per square
meter (TLDW m) and total dry weight per square meter (TDW m) increased by 32.17 and 32.81% under
30% shade compared to 0% shade. At the same time, the low number of plants per square meter (9 plants m-
2) resulted in higher TLDW and TDW g per plant, which were 43.41 and 86.54 g plant’!, respectively. How-
ever, the higher TLDW m and TDW m were 463.14 and 1018.46 g m™ at low plant density (25 plants m-
2).

The experiments showed a significant positive correlation between TLDW per plant and PN and LA (r = 0.84
and 0.92), respectively (Table 4). The results indicated higher biomass yield in individual plant under 30%
shade and low plant density (9 plants m?) related to high photosynthesis rate and leaf area which resulted in
high CGR due to the significant positive correlation between both CGR with PN and LA (r = 0.84 and 0.94)
(Table.4). When there were no stress conditions, the high LA and PN of G. procumbens resulted in high
biomass per plant; however, under stress condition (high plant density) high biomass per square meter
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associated with high LAI These results agree with the finding of 24,65,66, which reported that optimal plant
density enhances using resources (radiation, water, and nutrients) due to optimal LAI. However, decreased
biomass in individual plants under high plant density was related to high competition for resources, resulting
in low LA and low photosynthetic capacity.

The higher dry biomass yield per square meter under 30% shade and high plant density (25 plants m™) was
associated with a significant positive correlation with LAI only (r = 0.86) (Table 4). This result indicated that
the high biomass yield per square meter under 30% shade and high plant density was associated with high
LAI Shading conditions resulting from net shade or canopy under high-density produce higher biomass than
open field conditions. The increasing water evaporation, canopy senescence, and increase in maintenance
respiration in open fields than shade due to warmer temperatures led to a decrease in final biomass®’. High
plant density was a sustainable strategy to improve rice yield compared to low plant density, under full sunlight
and 30% shade®’. The condition that results from an increasing number of plants per unit area is favorable for
producing a high biomass of G. procumbens.

The present results agree with several other previous studies>’>*%. There was a significant negative correlation
(r=-0.83, - 0.89, and — 0.88) between (TFW, TShDW, and TDW) with RSR, respectively (Table 4). The
increase in shade level from 0 to 30% increased TFW, TShDW, and TDW by 37.64, 36.86, and 34.92%, while
RSR decreased by 23.13%. On the other hand, an increasing the number of plants per unit area from 9 to 25
plants m resulted in decreased TFW, TShDW, and TDW by 41.95, 54.35, and 52.92%, but RSR increased
by 67.71%. Under 30% shade and low plant density (9 plants m?), G. procumbens plants allocated more
biomass to the aerial part than root. In contrast, with increasing light intensity (no shade) and the high number
of plants per square meter, plants allocated more biomass to root as a physiological response to stress condi-
tions to survive. The contrast between biomass yield and RSR is associated with a negative relationship be-
tween RSR and (photosynthetic rate, LA, and number of branches).

CONCLUSIONS

The current study has demonstrated that the higher G. procumbens biomass per plant, which negatively cor-
related with RSR, was under 30% shade and 9 plants per square meter due to more biomass allocated to the
aboveground part at 30% shade and low plant density. Meanwhile, under full sunlight and high plant density,
G. procumbens plants allocated more biomass to belowground parts, which resulted in low biomass and high
RSR value. Low biomass yield, high RSR under full sunlight (0 % shade), and high plant density are associated
with low photosynthesis rate, chlorophyll content, and leaf area—higher biomass per unit area under 25 plants
per square meter is associated with high LAI Under stress conditions, G. procumbent plants change their
biomass allocation strategy to absorb limited resources due to surviving by the reduced size of aboveground
parts rather than root, which resulted in high RSR.
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