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Abstract

Barnyard grass (Echinochloa crus-galli) is a troublesome graminaceous weed infesting rice fields in the Yangtze River 
Basin, China. However, the effects of barnyard grass on rice root physiology are unclear. In this study, the effects of 
barnyard grass, planted at different densities (ranging from 2–8 plants m–2), on rice performance were evaluated, including 
chlorophyll fluorescence parameters, Rubisco activity, root oxidation activity, and the zeatin + zeatin riboside concentration. 
The results indicated that rice photosynthesis and physiological characteristics decreased as the density of barnyard grass 
increased. The rice net photosynthetic rate significantly declined and ranged between 17.3–10.5% compared with the 
control (0 barnyard grass plants m–2). The results showed that rice grain yields decreased to 58% when barnyard grass 
was planted at a density of 8 plants m–2. We found that barnyard grass can reduce the Rubisco activity, leaf photosynthetic 
capacity, and energy conversion efficiency in rice, thus resulting in the reduced rice yield. 
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Introduction

Rice (Oryza sativa L.) is a staple food for more than half of 
the world population and is especially important in China. 
Factors including the development of a market-driven 
economy, declining labour resources, and improvements 
in grain quality (Chauhan 2012) have led to the large areas 
directly seeded with rice, which has resulted in shifts in 
weed populations and increases in the number of species 
(Matloob et al. 2015). Barnyard grass [Echinochloa crus-
galli (L.) Beauv.] is a particularly competitive C4 weed in 
rice fields and has caused severe damage to rice production 
(Rao et al. 2007, Wang et al. 2013). Barnyard grass grows 
in large numbers and is closely related to rice at the genetic 
level (Chin 2001, Ottis and Talbert 2007). The competition 
between barnyard grass and rice is extremely high in rice 
fields. Many growth and development indices of rice can 
decrease sharply when barnyard grass density increases. 
These indices include rice height, tiller number, effective 
spikes, panicle number, 1000-grain mass, rice grain yield, 
etc. (Maun and Barrett 1986, Zhang et al. 2015). However, 
the heavy reliance on herbicides for weed control has 
resulted in the evolution and emergence of herbicide-
resistant weeds, weed species population shifts, and 

environmental pollution (Li et al. 2016).
Generally, researchers have concentrated on studying 

the influence of the aboveground morphology and yield 
of rice growing in the presence of barnyard grass. Plant 
growth is influenced by environmental conditions and 
genetic factors (Kimura et al. 2013). Alterations in 
structure and functional adjustment by crop species can 
occur in response to environmental changes, and the 
dynamic growth of crops can be considered a collection of 
many changes and adaptations (Hao 2013). Root systems 
are involved in the acquisition of nutrients and water, 
hormone synthesis, amino acid and organic compound 
synthesis, and plant anchorage (Yang et al. 2004). Root 
morphology and physiology play important roles in the 
aboveground growth and development of plants (Yang 
2011), and the plant canopy affects photosynthesis and 
carbohydrate synthesis. The root and crown functions 
of a plant are complementary and rely on each other to 
meet the growth requirements and general functions of the 
system (Chen et al. 2011). However, it is not clear whether 
the key indices of root and plant physiological activity, 
such as changes in root oxidation activity (ROA), root 
sap bleeding, indole-3-acetic acid (IAA), and zeatin (Z) 
+ zeatin riboside (ZR) concentrations in the roots of rice 
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(Samejima et al. 2004, Yang et al. 2004, Wu and Cheng 
2014), affect rice yields where barnyard grass coexists. 
The objective of this study was to investigate the effect 
of different barnyard grass densities on the photosynthesis 
and physiological characteristics of rice. These results 
also provide a theoretical basis and practical guidance 
regarding the ecological regulation and management of 
barnyard grass in rice fields.

Materials and methods

Site description: Our experiment was conducted in 2015 
and 2016 at an experimental rice field of the Institute of 
Plant Protection (32°02'26.50''N, 118°51'50.62''E), Jiangsu 
Academy of Agricultural Sciences. The soil pH was 7.5 
and it comprised 17.0 g(organic matter) kg–1, 1.2 g(total N) 
kg–1, 40.0 mg(Olsen-P) kg–1, and 76.0 mg(exchangeable 
K) kg–1.

Experiment: An additive series experiment design were 
employed with fixed density of rice (180 plants m-2) 
planted in main plots, while four different densities of 
barnyard grass (0, 2, 4, and 8 plants m-2) plants in subplots. 
Therefore, the densities during a prior test were set up 
systematically, and a simple linear relationship was found 
between densities of barnyard grass and the grain yield. 
The experiment comprised four treatments in a complete 
randomized block design with four replicates and a plot 
size of 3.6 × 1.85 m. Plots were separated by a 0.2-m wide 
alley. The total experiment plot area was about 120 m2. 
The irrigation water was applied via pipelines. In order to 
achieve the desired weed densities, barnyard grass seeds 
were first sown in plastic pots (22.5 × 15 × 7 cm) filled 
with 1.5 kg of air-dried soil. Barnyard grass seedlings at 
the three-leaf stage were then carefully transplanted to 
the rice field. All other weeds in the field plots with the 
exception of barnyard grass were periodically manually 
removed. N (90 kg ha–1 as urea), P (30 kg ha–1 in form of 
single superphosphate), and K (45 kg ha–1 as KCl) were 
applied prior to sowing. Urea was reapplied 20 d after 
sowing (36 kg ha–1) and supplemented at the panicle-
initiation stage (54 kg ha–1).

Chlorophyll (Chl) relative content assay: Ten similarly 
sized plants were selected from each treatment for relative 
Chl-content measurements. A portable Chl meter (SPAD-
502, Minolta Corporation, Ltd., Osaka, Japan) was used to 
measure the relative Chl content (SPAD readings) of the 
second leaf from the top at the jointing stage and of the flag 
leaf at the heading and grain-filling stages, respectively. 
There were four replications per treatment. 

Photosynthetic parameter measurements: Leaf gas-
exchange attributes were measured using a portable infrared 
gas-exchange analyser-based photosynthesis system (Li-
6400, LI-COR Inc., Lincoln, NE, USA) between 09:30 and 
11:15 h on a sunny day. At the jointing, heading, and grain-
filling stages, six flag leaves of plants from each treatment 
were measured under following environmental conditions: 
PAR at the leaf surface was 1,200 μmol(photon) m–2 s–1, the 

ambient CO2 concentration was 380 ppm, and the relative 
humidity (RH) was 40–60%. Water-use efficiency (WUE) 
was calculated as the ratio between net photosynthetic rate 
(PN) and transpiration rate (E). There were four replications 
per treatment.

Chl fluorescence parameter assays: After determination 
of the gas-exchange parameters, the aforementioned 
flag leaves at the heading and grain-filling stages were 
dark-adapted for 30 min prior to being measured for 
Chl fluorescence using a Maxi Imaging-PAM system 
(Heinz Walz GmbH, Effeltrich, Germany). The following 
Chl fluorescence parameters were calculated: maximal 
quantum yield of PSII photochemistry (Fv/Fm), maximum 
photochemical efficiency of PSII in the light-adapted state 
(Fv'/Fm'), nonphotochemical quenching (NPQ), photo-
chemical quenching (qP), and electron transport rate (ETR).

Root oxidation and Rubisco activity assays: Root 
oxidation was measured in accordance with the methods 
of Ramasamy et al. (1997). The roots were dug out with 
a spade (the soil volume taken for roots of each plant was 
around 25 cm in length × 20 cm in width × 20 cm in depth). 
The roots were carefully washed and detached from their 
nodal bases. At the heading and grain-filling stages, roots 
of four plants were used for each treatment. Rubisco 
extraction and activity measurements were performed 
as described by Zhang et al. (2013). Rubisco activity of 
fresh leaves was measured according to the declining 
absorbance at 340 nm. Units of enzyme were calculated by 
using the formula: [units g-1(FM) = (ΔA340 min test - ΔA340 
min blank) × 3 × dilution factor/(4 × 6.22 × 0.1)]. At the 
heading and grain-filling stages, four flag leaves of plants 
were used for each treatment. There were four replications 
per treatment.

Analysis of endogenous hormones in the bleeding sap: 
Root-bleeding sap was collected in accordance with the 
methods of Guan et al. (2014), with some modifications. 
Eight plants were sampled at the heading and grain-filling 
stages. Each plant was cut at an internode above the soil 
surface at 18:00 h; each cut was approximately 10 cm in 
length. The bleeding sap was collected next morning at 
06:00 h, and the mass of the sap was measured accordingly. 
The root-bleeding sap content was expressed as grams per 
h per root. The bleeding sap samples were stored at –20°C 
until further analysis. There were four replications per 
treatment.

Indole-3-acetic acid (IAA), Z, and ZR were extracted 
and purified in accordance with the methods of Tarkowski 
et al. (2010). The extracts were analysed using an Agilent 
1290 binary high-performance liquid chromatography 
(HPLC) system (Mississauga, Ontario, Canada) coupled 
with an AB Sciex QTrap® 6500 tandem mass spectrometer 
(MS) (Foster City, CA, USA). Sample separation was 
carried out on an Agilent Zorbax SB-18 column (150 ×  
2.1 mm, 3.5 μm) at a flow rate of 0.3 mL min–1. The mobile 
phase A consisted of 20 mM HCOOH in water, and the 
mobile phase B consisted of acetonitrile (ACN). The pH 
of solvent A was adjusted to 5.0 with NH4OH; the pH of 
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solvent B with ACN. The following elution profile was 
used: an isocratic step at 12% B for 15 min preceded a 
continuous linear increase from 12 to 17% B for 15 min. At 
the end of the increase, a washing step at 100% B occurred 
(for 16 min), after which the column was equilibrated to 
the initial conditions for 10 min. The injection volume 
was 2 μL, and the column temperature was maintained 
at 30°C. All samples were analysed in positive ion mode. 
The wavelength of the UV detector was set at 254 nm.

Yield and yield component assays: The rice was harvested 
at full maturity, and the grain yield was determined for all 
plants from within a 1-m2 site (excluding border plants) 
at each plot. The yield components, i.e. the number of 
panicles per square metre, grain mass, and the percentage 
of filled grains, were determined for ten randomly sampled 
plants (excluding the plants along the borders) from 
each plot. The percentage of filled grains was defined as  
the percentage of the filled grain of the total number of  
spikelets. The number of spikelets per panicle was calcu-
lated from the grain yield, grain mass, and percentage 
of filled grains, i.e., the number of spikelets per panicle 
= grain yield per square metre/(number of panicles per 
square metre × 1,000-grain mass × percentage of filled 
grains).

Statistical analysis: One-way analysis of variance 
(ANOVA) was carried out using the SPSS software package 
(SPSS 18.0 for Windows, Chicago, IL, USA) for all sets of 
data. The figures were constructed with Origin 8.0 software 
(OriginLab Inc., Northampton, MA, USA). Statistical 
differences were analysed using one-way ANOVA, and 
the means for each treatment were compared by Duncan's 
test at α = 0.05. The data were expressed as the means ± 
standard errors (SEs). 

Results

SPAD readings and leaf gas exchange: The presence 
of barnyard grass reduced values of the SPAD readings 
in rice and the photosynthetic parameters (Table 1). 
Compared with that of the control (41.94 and 41.28, 
SPAD Chl relative contents in the heading stage and in 
grain-filling stage, respectively), the SPAD readings 
significantly decreased from 8.1% (38.53) to 4.0% (40.28) 
at the heading stage and from 9.4% (37.41) to 5.7% (38.94) 
at the grain-filling stage when the weed density was 2, 
4, or 8 plants m–2; however, no significant differences at 
the jointing stage were observed. Weed competition also 
resulted in a considerable decline in leaf gas-exchange 
parameters (Table 1). Specifically, under the weed density 
of 8 plants m–2, the PN rate significantly decreased by 9.7% 
at the jointing stage and by 21.7% at the heading stage. 
Furthermore, at the jointing stage, the intercellular CO2 
(Ci) did not significantly differ under weedy conditions. 
However, at the heading stage, stomatal conductance (gs) 
and Ci significantly differed under the weed density of 8 
plants m–2. Additionally, when the weed density was 4 or 8 
plants m–2, the PN, gs , and Ci decreased significantly from 
17.3 to 10.5, 17.5 to 15, and 2.6 to 2.2%, respectively, at 
the grain-filling stage.

Chl fluorescence parameters: Weed competition adver-
sely affected Chl fluorescence parameters, which is clearly 
indicated in Table 2. At the heading stage, the Fv'/Fm' in 
the leaves under the control conditions (0 plants m–2) was 
approximately 0.507 but was only approximately 0.477 
and 0.449 under weed densities of 4 or 8 plants m–2, 
respectively. The qp ranged from 0.705 to 0.668 for weed 
densities ranging from 4–8 plants m–2, whereas the qp under 
the control conditions was 0.730. The ETR values were 
37.3 and 35.1 when the weed density was 4 or 8 plants m–2,  

Table 1. Effects of different barnyard grass densities on photosynthetic gas-exchange parameters of rice at different growth stages. Data 
represent means ± SE of four replicates. Different letters indicate significant differences (p<0.05) between lines according to Duncan's 
test. Ci – intercellular CO2 concentration; gs – stomatal conductance; PN – net photosynthetic rate; WUE – water-use efficiency.

Growth stage Density
[plants m–2]

Chlorophyll relative 
content
SPAD readings

PN

[μmol(CO2) m–2 s–1]
gs 
[μmol(H2O) m–2 s–1]

Ci 
[μmol(CO2) mol–1]

WUE

Jointing 0 41.44 ± 2.08a 26.9 ± 1.1a 0.97 ± 0.08a 316.0 ± 3.6a 2.33 ± 0.02a

2 42.61 ± 3.13a 25.3 ± 2.1ab 0.82 ± 0.05b 319.4 ± 6.3a 2.25 ± 0.13a

4 42.99 ± 2.46a 25.0 ± 1.2ab 0.86 ± 0.06b 317.3 ± 0.9a 2.15 ± 0.06b

8 41.51 ± 2.84a 24.3 ± 2.5b 0.80 ± 0.08b 316.7 ± 5.0a 2.05 ± 0.13b

Heading 0 41.94 ± 0.75a 24.3 ± 1.0a 0.46 ± 0.04a 275.9 ± 9.1a 3.20 ± 0.22a

2 40.28 ± 0.95b 23.6 ± 0.8a 0.46 ± 0.03a 280.3 ± 7.0a 3.00 ± 0.21ab

4 40.27 ± 0.97b 24.4 ± 0.9a 0.46 ± 0.02a 276.8 ± 1.7a 2.89 ± 0.05b

8 38.53 ± 1.24c 19.1 ± 1.8b 0.31 ± 0.07b 258.5 ± 16.5b 3.07 ± 0.36ab

Grain-filling 0 41.28 ± 2.13a 19.1 ± 1.4a 0.40 ± 0.04a 298.9 ± 3.5a 4.53 ± 0.29a

2 38.68 ± 1.68b 18.1 ± 0.7ab 0.36 ± 0.02ab 296.9 ± 3.4ab 4.13 ± 0.11b

4 38.94 ± 1.38b 17.1 ± 1.6bc 0.33 ± 0.04b 292.3 ± 3.5bc 3.61 ± 0.13c

8 37.41 ± 1.25c 15.8 ± 2.7c 0.34 ± 0.08b 291.1 ± 7.8c 2.91 ± 0.13d
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whereas the ETR value was 39.6 for the control. In 
addition, when the weed density was 4 or 8 plants m–2, the 

Fv'/Fm', qp, and ETR significantly decreased from 11.4 to 
5.9, 8.5 to 3.4, and 11.4 to 5.8%, respectively. However, 
compared with that of the control, the NPQ gradually 
increased as the barnyard grass density increased (Table 2).  
At the grain-filling stage, barnyard grass density had an 
irregular impact on the parameters of Chl fluorescence.

Rubisco activity decreased gradually in rice at both the 
heading and grain-filling stages, and the initial activity 
reached its lowest value when weed density was 8 plants 
m–2 (Fig. 1). However, the total Rubisco enzyme activity 
did not significantly differ from that of the control. 
Specifically, at the heading stage, when the weed density 
reached 2 plants m–2 (or greater), the initial activity 
significantly decreased from 0.220 to 0.144 μmol min–1 
g–1(fresh mass, FM), whereas the activity of the control 
was 0.310 μmol min–1 g–1(FM). At the grain-filling stage, 

Table 2. Effects of different barnyard grass densities on the chlorophyll fluorescence parameters of rice at the heading and grain-
filling stages. Data represent means ± SE of four replicates. The means followed by the same letter for the same parameter do not 
significantly differ at p>0.05. In addition, different letters indicate significant differences at p<0.05. ETR – electron transport rate;  
Fv/Fm – maximal quantum yield of PSII photochemistry; Fv'/Fm' – maximum photochemical efficiency of PSII in the light-adapted state; 
NPQ – nonphotochemical quenching; qP – photochemical quenching coefficient.

Growth stage Density
[plants m–2]

Fv/Fm Fv'/Fm' NPQ qP ETR

Heading stage 0 0.816 ± 0.005a 0.507 ± 0.011a 0.239 ± 0.015b 0.730 ± 0.012a 39.6 ± 0.8a

2 0.815 ± 0.014a 0.493 ± 0.023ab 0.241 ± 0.043b 0.712 ± 0.034ab 38.6 ± 1.8ab

4 0.804 ± 0.012b 0.477 ± 0.019b 0.243 ± 0.028b 0.705 ± 0.020b 37.3 ± 1.4b

8 0.819 ± 0.018a 0.449 ± 0.030c 0.302 ± 0.059a 0.668 ± 0.036c 35.1 ± 2.3c

Grain-filling
 stage

0 0.791 ± 0.004b 0.445 ± 0.011a 0.331 ± 0.022b 0.719 ± 0.009a 34.8 ± 0.8a

2 0.803 ± 0.006a 0.427 ± 0.013b 0.376 ± 0.036a 0.690 ± 0.015b 33.4 ± 1.1b

4 0.802 ± 0.009a 0.454 ± 0.024a 0.269 ± 0.042c 0.689 ± 0.034b 35.5 ± 1.8a

8 0.787 ± 0.017b 0.422 ± 0.029b 0.322 ± 0.054b 0.681 ± 0.026b 33.0 ± 2.3b

Fig. 1. Effects of different barnyard grass densities on initial 
Rubisco activity (A) and total Rubisco activity (B) of rice at the 
heading and grain-filling stages. Data represent means ± SE of 
four replicates. The means followed by the same letter within 
the Rubisco activity do not significantly at p>0.05. In addition, 
different letters indicate significant differences at p<0.05. 

Fig. 2. Effects of different barnyard grass densities on the root 
oxidation of rice at different stages. Data represent means ± SE of 
four replicates. The means followed by the same letter within the 
root oxidation do not significantly differ at p>0.05. In addition, 
different letters indicate significant differences at p<0.05. 
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when the weed density was 4 or 8 plants m–2, the initial 
activity significantly decreased from 0.418 to 0.193 μmol 
min–1 g–1(FM), whereas the activity of the control was 
0.493 μmol min–1 g–1(FM).

Root oxidation decreased with the ongoing plant 
development, especially at the grain-filling stage (Fig. 2).  
No significant differences between the treatment and 
control plants were observed at the jointing stage. 
However, the root oxidation significantly decreased when 
the density was 8 plants m–2 at the heading stage and 4 or 8 
plants m–2 at the grain-filling stage. 

Root-bleeding sap and endogenous hormones: Weed 
competition substantially reduced the root-bleeding sap 
content (Fig. 3), and endogenous hormone concentrations 
(Figs. 4, 5). When the weed density was 4 or 8 plants m–2, 
the root-bleeding sap flow significantly decreased from 
34.7 to 32.9% at the jointing stage, but no significant 
differences in root-bleeding sap flow were observed 
at the heading or grain-filling stage. Nevertheless, the 
endogenous hormone contents in the root-bleeding sap 
decreased considerably during those stages. The IAA 
concentrations and the Z+ZR concentration declined at 
both stages. Specifically, compared with that under the 
control conditions, the IAA concentration significantly 
decreased in the bleeding sap under weed densities of  
4 or 8 plants m–2 at both stages. The Z+ZR concentration 
significantly decreased at the heading stage when the weed 
density was 8 plants m–2 and at the grain-filling stage when 
the weed density was greater than 2 plants m–2.

Yield and yield components: Overall, the rice yield 
parameters were lower under weedy conditions than those 
under weed-free conditions (Table 3). On average, the rice 
grain yield significantly decreased from 8,718 to 4,316 kg 
ha–1. Weed competition significantly reduced the number 
of effective spikelets and the grain number per spike; the 
percentage decreases ranged from 24 to 6.7% and from 
43.1 to 14.6%, respectively. In addition, the 1,000-grain 
mass was also significantly affected by weed competition. 
Although no significant differences in 1,000-grain mass 
were observed at the lowest density of 2 plants m–2, it 
significantly decreased from 26.81 to 25.97 g at higher 
densities. The seed-setting rate decreased gradually as 
the weed density increased. The lowest seed-setting 
rate (81.7%) occurred at a weed density of 8 plants m–2, 
whereas that of the control was 92.9%.

Fig. 3. Effects of different barnyard grass densities on the 
root-bleeding sap in the roots of rice at different stages. Data 
represent means ± SE of four replicates. The means followed by 
the same letter within the root-bleeding sap do not significantly 
differ at p>0.05. In addition, different letters indicate significant 
differences at p<0.05. 

Fig. 4. Effects of different barnyard grass densities on IAA 
concentrations in the roots of rice at different stages. Data 
represent means ± SE of four replicates. The means followed by 
the same letter within IAA concentrations do not significantly 
differ at p>0.05. In addition, different letters indicate significant 
differences at p<0.05. IAA – indole-3-acetic acid.

Fig. 5. Effects of different barnyard grass densities on Z+ZR 
concentrations in the roots of rice at different stages. Data 
represent means ± SE of four replicates. The means followed by 
the same letter within Z+ZR concentrations do not significantly 
differ at p>0.05. In addition, different letters indicate significant 
differences at p<0.05. Z – zeatin; ZR – zeatin riboside.
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Discussion

Competition with weeds often results in light, water, 
nutrient, and crop yield losses in the field (Page et al. 
2010). Yield losses can range from 4.5–93% depending on 
the density of both the crop species and weeds (Chauhan 
and Johnson 2010, Fickett et al. 2013, Safdar et al. 2015). 
Barnyard grass at a density of 9 plants m–2 can reduce 
rice yields by approximately 57% (Maun and Barrett 
1986). In this study, rice yield losses ranged from 15.2–
58%, depending on the barnyard grass density. Previous 
studies have considerably improved the knowledge of root 
structure and function, research techniques for root studies, 
root growth and metabolism under stress, root-rhizosphere 
interactions, and the roles of roots in plant development 
(Waisel et al. 2002). Root growth stress can be classified 
as water stress (Sharp and LeNoble 2002), salinity stress 
(Khan and Panda 2008), or aluminium stress (Shen et al. 
2005). Furthermore, the impact of weeds on crops can also 
be considered a type of stress. Light signals, such as a low 
red to far-red ratio reflected from stem and leaf surfaces of 
neighboring weeds, can trigger a shade-avoidance response 
in crop plants, such as stem elongation, reduction in stem 
diameter, and a reduction in shoot and root biomass (Afifi 
and Swanton 2011). Additionally, root competition may 
be the primary mechanism that determines competitive 
outcomes between rice and Echinochloa species (Gibson 
et al. 1999); however, simultaneous studies of root and 
shoot growth are still needed (Chauhan and Johnson 2010). 

Root oxidation activity (ROA) has been considered 
an important index of root physiological activity 
(Samejima et al. 2004). ROA is closely associated with 
rice aboveground biomass, leaf photosynthetic rate during 
the grain-filling period, and high grain yields (Wu and 
Cheng 2014). Jungle rice [Echinochloa colona (L.) Link] 
and ludwigia [Ludwigia hyssopifolia (G. Don) Exell] can 
reduce the root dry mass of rice (Chauhan and Johnson 
2010). Our results indicated that root activity decreased 
significantly from 41.7–18.6% at the grain-filling stage as 
barnyard grass density increased (Fig. 2). 

Many studies have demonstrated that, during the 
grain-filling stage, the Z+ZR content within rice roots 
is significantly correlated with both the division rate of 
endosperm cells and the grain-filling rate (Yang et al. 
2004). Our results indicated that the IAA concentration and 
the Z+ZR concentration decreased at both the heading and 
grain-filling stages (Figs. 4, 5). Shu et al. (2004) reported 

that a rapid decrease in the Z+ZR concentration and an 
increase in the abscisic acid concentration in both the roots 
and leaves of rice coincided with a decrease in the rice 
leaf photosynthetic rate during the grain-filling period. 
Our results indicated that SPAD readings significantly 
decreased from 9.4 to 5.3% at the grain-filling stage. 
Additionally, when the weed density was 4 or 8 plants 
m–2, the PN, gs, and Ci decreased significantly at the grain-
filling stage. In summary, the results of the comprehensive 
analysis in this study indicate that competition from 
barnyard grass can reduce the photosynthetic capacity, 
Rubisco activity, ROA, and Z+ZR concentration in rice, 
ultimately leading to reduced rice yields.
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