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Abstract

:

Increasing planting density is an important ways to increase maize yield. A hot topic of conversation in the current research is how to improve crop light efficiency and yield potential by optimizing the cultivation mode under high density planting is a hot topic in current research. Thus, in this study, a field experiment was conducted to explore the effects of stereo-planting patterns on water and the utilization light resource and maize yields. Planting patterns included the conventional flat planting pattern (as the control, CK) and the stereo-planting in ridge and furrow (T). Each planting pattern had three planting densities, i.e., 60,000 plants ha−1 (D1), 75,000 plants ha−1 (D2) and 90,000 plants ha−1 (D3). The results showed that stereo-planting affected the physiological characteristics of plants by changing the spatial distribution of soil moisture. At the silking stage (R1), photosynthetic rate (Pn) of plants on the ridge was similar to CK, and transpiration rate (Tr) was significantly lower than that of CK. Pn of maize in the furrow was significantly higher than that of CK, and Tr was similar to CK. Stereoscopic planting had different effects on intraspecific competition intensity in maize population in different growing stages. In the six-leaf stage (V6), stereo-planting increased competition intensity of maize on the ridge, but lowered that of maize in the furrow by affecting the spatial distribution of soil moisture. During the R1 stage, stereo-planting increased the light transmittance rate within the canopy and eased the plant’s competition for light by reducing plant height and leaf area of maize under three density conditions. Stereo-planting had no effect on grain yield and dry matter accumulation of ridge-planted maize in the later growing stage, but it did increased the dry matter accumulation and grain yield of furrow-planted maize due to the improvement of the light environment and photosynthetic characteristics of the population. In two test years, stereo-planting increased 5.0–11.0% average yield of maize compared to CK under three density conditions. These results indicate that stereo-planting can reduce the plant’s competition for light and water resources and improve its physiological traits of plant by optimizing its spatial distribution of soil moisture and canopy structure, thus further increasing grain yield of maize under high-density planting conditions.
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1. Introduction


Maize (Zea mays L.) is an important food crop and feed crop in China. Improving the yield of maize plays an important role in ensuring the country’s national food security. An important way to increase maize yield is to appropriately increase planting density [1]. However, planting density cannot indefinitely increase. The competition among individuals for light, nutrients and water becomes increasingly intense when planting density increases [2]. In addition, the high planting density also leads to a high photosynthetic effective radiation interception rate in the upper canopy of the population, especially in the late growth stage, which weakens the light conditions in the middle and lower leaf positions, restricts the photosynthetic capacity of the population, and thus leads to the decrease of crop yield [3,4]. Therefore, how to further increase maize yield potential has become a the key problems to be solved under high density planting conditions [5].



The fluctuation of meteorological conditions is one of the main factors influencing maize production [6]. He et al. [7] found that maize yield was positively correlated with the total radiation and thermal time during the growth period. Maize yield was positively correlated with photosynthesis, dark respiration, and stomata. Niu et al. [8] showed that the photosynthetic rate, dark respiration and stoma conductance of crops at high planting density are lower than those at low planting density. It is an important way to achieve high yield of maize by improving the microenvironment of crop growth under high-density planting condition. Ridge planting and furrow planting both improve the water and temperature conditions of soil and photosynthetic characteristics of plant by changing the microenvironment of crop growth, thus increasing the grain yield and water use efficiency (WUE) of the crop [9,10,11]. Moreover, light conditions within the population are the basis of plant photosynthesis, and the canopy structure has an important effect on the population’s light conditions of the population [12,13]. Maintaining optimal canopy structure and light conditions within the canopy helps to increase the population yield of the crop [12]. Previous ridge/furrow planting modes improved the water and temperature conditions of the soil and alleviate the contradiction of water demand among individuals [14,15,16,17].However, that hasn’t lowered the intense competition for light among individuals in plant populations. Therefore, in order to further increase crop yield in high-density populations, it is necessary to reduce the competition among individuals in demand for light by optimizing cultivation modes and improving the microenvironment and canopy structure of crop [18]. A previous study showed that ridge and furrow planting optimized canopy structure and improved light conditions of the population, thus increasing maize yield [12]. However, in ridge and furrow planting modes, the changes in micro-topography can lead to an uneven distribution of soil moisture between the ridge and furrow, which not only can affect the physiology and growth of plants but also the competition for water and light among individuals. Although there are some studies on the effect of ridge/furrow planting on the population and canopy character and maize yield [1,10,14], no information has been made available on population competition in ridge and furrow planting modes.



In this study, summer maize was planted as stereo-planting in the ridge and furrow under three density conditions. We hypothesized that stereo-planting would regulate the physiological characteristics and dry matter accumulation of the plant by easing the plant’s competition for water and light resources, thus increasing the grain yield of maize. Based on the above hypothesis, the spatial distribution of soil water and light, the characteristics of photosynthesis, and the population and yield of summer maize were analyzed under different planting modes. Therefore, we determined if stereoscopic planting could obtain a higher grain yield by optimizing population structure and easing the plant’s competition for water and light resources under high-density planting conditions. These findings are of great importance to determine the suitable cultivation measures for high-yield maize production.




2. Materials and Methods


2.1. Materials and Experimental Design


A 2-year field experiment was conducted between 2017 and 2018 at the experimental station of Ping’an seed company in Wenxian County (35°11′ N, 113°15′ E), Henan Province, China. Figure 1 shows the distribution of the historical average precipitation and monthly precipitation in growing season of summer maize were showed in Figure 1. The maize cultivar “Yu’an 3” was planted on 6 June 2017, and 8 June 2018. A two-factor split plot design was used in this experiment, including the planting patterns and planting density. Planting patterns included the conventional flat planting pattern (as the control, CK) and stereo-planting in the ridge and furrow (T). Each planting pattern had three planting densities, i.e., 60,000 plants ha−1 (D1), 75,000 plants ha−1 (D2) and 90,000 plants ha−1 (D3). In the conventional flat planting pattern, the row spacing of maize was 60 cm. In stereo-planting pattern, the height and width of the ridges were 15 cm and 90 cm respectively, and the width of the furrows was 30 cm. One row of maize was planted in each ridge and furrow (Figure 2). Each treatment included three replicated plots. Each plot was 10 m long and 5 m wide. The size of the drip tape (Netafirm Limited Company, Tel Aviv HaShalom, Israel) was 15.9 mm (inner diameter). It also had an emitter spacing of 40 cm and had an emitter flow rate of 1.38 L H−1 at 100 kPa pressure. The irrigation quota was 600 mm ha−1. Fertilizer (N, P2O5 and K2O) were supplied at 150, 120 and 90 kg ha−1 when planting, respectively. The plant was irrigated via drip irrigation in the seedling stage, six-leaf stage (V6), and silking stage (R1) [19], respectively. Irrigation tapes were placed along each ridge and furrow. Fertilizer (N) topdressing was applied at 100kg ha−1 at the 12-leaf stage (V12) [19].




2.2. Experimental Method


2.2.1. Soil Water Content and Leaf Water Content of Maize


During the V6 and R1 stages, the soil water content and leaf water content of maize were gravimetrically measured using the weighing method 7 days after drip irrigation. Soil water content was measured at 20 cm intervals to 60 cm soil layer depth during the V6 stage and at 30 cm intervals to 100 cm soil layer depth during the R1 stage. Three measurements were made in each plot of the conventional flat planting pattern. In the stereo-planting planting pattern, three measurements were made in ridge and furrow of each plot, respectively. The uppermost expanded leaf was randomly selected to measure leaf water content. Sampled leaves were medially put into a homemade ice box to avoid water loss before the wet weight was obtained. In the conventional flat planting pattern, 9 replicate leaves were measured in each plot. In the stereo-planting planting pattern, 9 replicate leaves were measured in ridge and furrow of each plot, respectively. The plant and soil samples were dried at 75 °C.




2.2.2. Population Characteristics and Light Transmission Ratio


The plant height and leaf area of summer maize were measured during the V6, V12, R1, and R6 (physiological maturity) stages. During R1, photo-synthetically active radiation (PAR) at different leaf layers and above the canopy was measured from 11:00 a.m. to 12:00 a.m. using a line quantum sensor (LP-80, Lincoln, NE, USA). Three measurements were made in each plot. Light transmission ratio (LT) at every leaf layer was determined according to the following formula [20]:


  LT = IPAR / TPAR × 100 %  



(1)




where IPAR is the intercepted PAR during every leaf layer, and TPAR is the total PAR above the canopy.




2.2.3. Photosynthesis (Pn) and Transpiration rate (Tr)


During the V6 and R1 stages, the leaf at the same leaf strata was randomly chosen to measure Pn and Tr of using a LI-6400XT Portable Photosynthesis System (LI-Cor, Inc., Lincoln, NE, USA) between 10:00 a.m. and 11:00 a.m. 7 days after drip irrigation. The sixth fully expanded leaves were randomly chosen to measure Pn and Tr during the V6 stage, and the ear leaves were chosen during the R1 stage. In total, 5 measurements were made in each plot.




2.2.4. Aboveground Dry Matter and Yield Traits


The 6 plants from each plot were randomly collected to measure aboveground dry matter during the V6, R1, and R6 stages. Dry matter weight per plant was determined after plants were dried to constant weight. During harvest, 30 ears of maize were randomly hand-harvested from each plot of CK. In the furrow and ridge planting pattern, 30 ears were randomly collected from ridges and furrows of each plot, respectively. They were used to investigate yield characteristics.




2.2.5. Estimation of Competitive Intensity between Individuals


Competition between individuals was estimated by calculating the relative yield (RDM) and competitive intensity (CI).



RDM and CI were calculated according to the revised formulas presented by Zhai et al. [2]. RDM was calculated it as follows:


  R D M =   ADM  d  /   ADM  c   



(2)




where, ADMc is the accumulated dry matter of the control plant under D1 density condition at a certain growth stage. ADMd is the accumulated dry matter of other treatments under different density conditions at a certain growth stage. Higher RDM value means lower competition among individuals. ADM is calculated as the following formula:


  ADM =   DMW   t 2   −   DMW   t 1    



(3)




where, DMWt1 and DMWt2 are the dry matter weights of the plant at the beginning (t1) and end (t2) of a growth phase, respectively.



CI can be calculated as follows:


  C I =  (    DMW  c  −   DMW  d   )  /   DMW  c   



(4)




where, DMWc is the dry matter weight of the control plant under a D1 density condition at a certain growth stage. DMWd is the dry matter weight of other treatments under different density conditions. A higher CI value means higher competition among individuals.





2.3. Statistical Analysis


In order to embody the concept of stereoscopic planting, we set up two different soil microenvironments (furrow (T-F) and ridge (T-R)) in the stereoscopic planting plot to form the spatial environment of stereoscopic planting. Due to the differences of soil factors (especially soil moisture), the individual morphological and physiological characteristics (e.g., plant height, photosynthesis, etc.) of plants in different soil microenvironments (T-F and T-R) showed significant differences, which affected the population characteristics of the crops (e.g., light transmission and yield, etc.). However, in the conventional flat planting pattern (i.e., the control, (CK)), the soil environment of individuals was the same, so the morphology and physiological characteristics of the individuals were similar. In the stereoscopic planting mode, T-F and T-R were shown separately in the figure and table and were compared against the control. This was done to more clearly explain the reasons for the difference in population and yield characteristics of crops between the stereoscopic planting and the control.



All datasets of each index were analyzed using a general linear model for a factorial design, with planting modes, planting density, and the stage considered as the fixed factors. The data obtained were analyzed using analysis of variance in SPSS 13.0 (SPSS Inc., Chicago, IL, USA). Significant differences among different planting modes were compared using the least significant difference (LSD) tests (p < 0.05).





3. Results


3.1. Soil Water Content and Leaf Water Content of Maize under Different Planting Patterns


Stereoscopic planting affected the spatial distribution of soil moisture. During the V6 stage, the soil moisture content of the surface layer (0–20 cm) was significantly lower on ridges (T-R) and higher in furrows (T-F) than that of the control under three planting density conditions (Figure 3). In the 20–40 cm soil layer, there was no significant difference in soil moisture content between the ridges and the control, while furrows showed higher soil moisture content compared to the control. There was no significant difference in the soil moisture content of 40–60 cm soil layer among the treatments. During the R1 stage, the soil moisture content of the surface layer (0–30 cm) was also significantly lower in the ridges (T-R) and higher in the furrows (T-F), especially when compared to the control under three different density conditions. In the 30–60 cm soil layer, the soil moisture contents in the ridges and furrows were both significantly higher than that of the control under the D1 and D2 conditions. Under the D3 condition, stereoscopic planting had no effect on soil moisture content of the 30–60 cm soil layer but increased that of the 60–100 cm soil layer. It is clear that furrow and ridge planting changed the spatial distribution of soil water.



Over the course of two years, planting methods and planting density were found to have extremely significant effects on the leaf water content of maize (p < 0.01). The interaction between plant methods and density was found to have no significant impact (Table 1). Stereoscopic planting had different effects on the leaf water content of maize by changing the spatial distribution of soil water. During the V6 stage, the leaf water content of ridge-planted maize was significantly lower than that of the control under three different density conditions, but the leaf water content of furrow-planted maize was significantly higher than that of the control (Figure 4). During the R1 stage, stereoscopic planting increased the leaf water content of maize compared to the control, but there were no significant differences in the leaf water content between the ridge-planted and furrow-planted maize.




3.2. Population Characteristic and Light Transmission Ratio


Planting methods and density were found to have extremely significant effects on the plant height, leaf area, and LT of maize (p < 0.01). The interaction between plant methods and density was also found to have a significant impact on the plant height and LT (p < 0.01) (Table 1). Stereoscopic planting resulted in different effects on the population characteristics of maize in different growing stages. During the two experimental years of the V6 stage, plant height and leaf area of ridge-planted maize (T-R) were significantly lower than those of the control, but those of furrow-planted maize (T-F) were significantly higher than the control. From V12 to R6, plant height and leaf area of ridge-planted maize (T-R) were significantly lower than those of the control, while those of furrow-planted maize (T-F) were similar to the control (Figure 5). In addition, stereoscopic planting significantly improved the light condition of maize population by reducing plant height and leaf area. The light transmission ratio at the ear leaf layer and bottom leaf layer of maize in the stereoscopic planting pattern was significantly higher than that of the control under the three density conditions (Figure 6).




3.3. Pn and Tr of Maize under Different Planting Patterns


Planting methods and planting density were found to have extremely significant effects on the Pn of maize in two years (p < 0.01). The interaction between plant methods and density was found to have a very significant impact on Pn in 2017 (p < 0.01) and a significant impact in 2018 (p < 0.05). Planting methods were found to have extremely significant effects on the Tr of maize in two years (p < 0.01). Planting density was found to have a significant effect on Tr in 2018 (p < 0.05) The interaction between plant methods and density was found to have no significant impact in two years (Table 1).



Stereoscopic planting had different effects on the Pn and Tr of maize during different growing stages. During the V6 stage, the Pn and Tr of ridge-planted maize (T-R) were significantly lower than those of the control under three density conditions. Pn of furrow-planted maize (T-F) was significantly higher than that of the control, but its Tr was similar to the control (Figure 7). During the R1 stage, ridge planting had no significant effect on Pn of maize but lowered its Tr compared to the control. Pn of furrow-planted maize (T-F) was significantly higher than that of the control, but its Tr was similar to the control under D1and D2 conditions. Under the condition of high density (D3), Pn and Tr of furrow-planted maize (T-F) were similar to those of the control.




3.4. Relative Dry Matter (RDM) and Competitive Intensity (CI) in Different Planting Patterns


During the V6 stage, RDM of ridge-planted maize (T-R) were significantly lower than that of control and RDM of furrow-planted maize (T-F) was significantly higher than that of the control under the three density conditions (Figure 8). During the R1 stage, RDM of ridge-planted maize (T-R) and furrow-planted maize (T-F) were both significantly higher than that of the control under the D1and D2 conditions. RDM of furrow-planted maize (T-F) was significantly higher than that of the control, but RDM of ridge-planted maize (T-R) was similar to the control under D3 conditions. During the R6 stage, RDM of ridge-planted maize (T-R) and furrow-planted maize (T-F) were both significantly higher than that of the control under the three density conditions.



During the V6 stage, ridge-planted maize (T-R) had significantly higher CI, and furrow-planted maize (T-F) had significantly lower CI compared to the control under the three density conditions (Figure 8). During the R1 stage, stereoscopic planting lowered CI of T-R and T-F compared to the control under D1and D2 conditions. However, under D3 conditions, CI of furrow–planted maize (T-F) was significantly lower than that of the controland CI of ridge-planted maize (T-R) was higher than that of the control. During the R6 stage, stereoscopic planting lowered CI of T-R and T-F compared to the control under three density conditions. These competitive indices showed that stereoscopic planting affected mutual competition among adjacent individuals for water and light by optimizing the spatial distribution of soil water and increasing the light transmittance rate within the canopy.




3.5. Dry Matter Accumulation and Yield Characteristics of Maize in Different Planting Pattern


Planting methods, planting density and the interaction between the two were found to have extremely significant effects on the dry matter weight per plant of maize (p < 0.01) (Table 1). Stereoscopic planting significantly affected accumulation of dry matter and grain yield. Under three density conditions, dry matter weight per plant of furrow-planted maize (T-F) was significantly higher than that of control in whole growing stage. During the V6 stage, dry matter weight per plant of ridge-planted maize (T-R) was significantly lower than that of the control under three density conditions (Figure 9). During the R1 stage, dry matter weight per plant of ridge-planted maize (T-R) was similar to the control under D1 and D2 conditions, and lower than that of control under D3 condition. During the R6 stage, dry matter weight per plant of ridge-planted maize (T-R) was similar to the control under three density conditions.



Planting methods and planting density, as well as the interaction between the two were found to have extremely significant effects on the number of grains per ear, thousand-grain weight and grain yield (p < 0.01) (Table 2). Under the condition of low density (D1), grain number per ear and 1000-grain weight of furrow-planted maize (T-F) were seen to be significantly higher than those of the control, while the grain number per ear and 1000-grain weight of ridge-planted maize (T-R)were similar to those of the control. Under the condition of median density (D2), the grain number per ear of the furrow-planted maize (T-F) was similar to that of the control, but the 1000-grain weight was higher than that of the control (Table 2). The grain number per ear of the ridge-planted maize (T-R) was significantly higher than that of control, but the 1000-grain weight was similar to that of the control. Under the condition of high density (D3), the grain number per ear of maize in both the furrow and ridge were similar to the control, but, in 2017, the 1000-grain weight was significantly higher than that of the control. In 2018, the grain number per ear of maize in both the furrow and ridge were higher than that of the control, but the 1000-grain weight was similar to the control. In 2017, under the three planting densities, the yield of furrow-planted maize (T-F) was significantly higher than that of the control, while the yield of ridge-planted maize (T-R) was similar to that of the control. In 2018, under the condition of low density (D1), the yield of furrow-planted maize (T-F) was significantly higher than that of the control, while the yield of ridge-planted maize (T-R) was similar to that of control. Under the condition of high density (D2 and D3), grain yield of maize in both the furrow and ridge were significantly higher than that of the control. In two test year, the average yield of the maize population in stereoscopic planting pattern was significantly higher 5.0–11.0% than that of the control under the three planting densities.





4. Discussion


4.1. Effect of Stereoscopic Planting on the Characteristics of the Population and Canopy Structure of Maize


Increasing planting density is an effective method for increasing the grain yield of crop [21]. However, the competition among individuals for light, nutrients and water has become increasingly intense due to the increase of planting density, which is not conducive to crop production. Therefore, this is an important way to achieve a high yield of maize by optimizing the cultivation mode and reducing the individuals’ competition for light, nutrient and water under high-density planting conditions. In this study, stereoscopic planting formed the micro-topography of furrow and ridge intersecting, which allowed runoff through the ridge surface and gathering it in the furrows, and increase deep soil water storage [22]. Therefore, stereoscopic planting changed the spatial distribution characteristics of soil water. The surface soil moisture content on the ridge was significantly lower than the control, while that in the furrow was significantly higher than the control. Soil moisture is one of the important factors that impacts the growth and physiology of plants. Root systems in drying soil produces drought signals (ABA), which are transmitted to the shoot to regulate the stoma opening and leaf expanding, thus reducing water loss through transpiration of plant [23]. In this study, the soil moisture content of the soil surface on the ridge was significantly lower than that of the control. The drought signal induced by the root in the surface soil is transmitted to the shoot to inhibit the stoma opening and leaf expansion. This may be the reason why the plant height, leaf area and Tr of maize on the ridges were significantly lower than those of the plants in the furrow and the control.



The distribution of photosynthetic effective radiation in the maize population was mainly determined by canopy structure. As the canopy deepened, the light intensity decreased. Therefore, the photosynthetic efficiency of the middle and lower leaves, especially the lower leaves, decreases significantly, and the light energy utilization rate also decreased accordingly [23,24,25]. A reasonable canopy structure can improve the utilization rate of light energy and the photosynthetic characteristics of the population by increasing the photosynthetic effective radiation at different leave positions, which can thus increase the crop population yield [4,26]. The leaves of plants in canopy structure are closely related to the distribution of light in population and the interception of photosynthetic effective radiation by plants. In this study, ridge planting reduced the mutual shading among individuals, and increased the light transmittance of the population by lowering plant height and leaf area of maize, thus improving light transmission ratio of the lower leaves. This is consistent with the findings of Liu et al. [12]. It is clear that stereoscopic planting can regulate the growth and canopy structure of plants by changing the micro-topography of the field and regulating the spatial distribution of soil water, which is conducive to improving the utilization rate of light energy of the population and alleviating the competition contradiction among individuals on light and water.




4.2. Effect of Stereoscopic Planting on Leaf Water Content and Pn of Maize


Leaf Pn is the basis of the growth and yield formation of plant. Soil moisture had significant effect on leaf Pn of plant, by which affect the growth and grain yield of crop [27,28]. Compared with soil water content, leaf water content can more directly reflect water status of plants. When leaves are short of water, chlorophyll biosynthesis is affected, and existing chlorophyll accelerates decomposition, thus affecting leaf photosynthesis [29,30]. In this study, stereoscopic planting changed the spatial distribution of soil moisture and thus affected on the physiological characteristics of plants. At V6 stage, the root system of plants is mainly distributed on the soil surface. Since the surface soil moisture content of on the ridge is significantly lower than that of the control, leaf water content and Pn of ridge-planted maize were lower than those of the control. Reduced Pn finally affected the plant growth, so the plant height, leaf area and dry matter accumulation were significantly lower than those of the control. The leaf stomata are the common pathway of CO2 and H2O, and transpiration and photosynthesis of plants are regulated by stomata opening. The diffusion resistance of CO2 was about 0.64 times that of water vapor, and so decreased stomata opening has less effect on photosynthesis than on transpiration [31]. Tr of plants has a linear relationship with stomatal conductance, while Pn has an increasingly saturated relationship with stomatal conductance. Therefore, if the stomatal conductance is appropriately reduced, the transpiration water consumption can be significantly reduced, but the photosynthetic rate is not significantly affected [32]. In this study, ridge planting reduced soil water consumption by lowing Tr, by the silking stage (R1), althrough the surface soil moisture content on the ridge was significantly lower than that of the control, deep soil moisture content was higher compared to the control. ABA induced by drought in the surface soil was transmitted to the shoot to inhibit the stomatal opening and Tr of plant, but the soil moisture in the deep soil can guarantee the water demand of crop growth. Therefore, leaf water content of ridge-planted maize was higher that of the control and its Pn was similar to the control. Soil moisture content in the furrow was significantly higher than that of the control, so the leaf water content and Pn of furrow-planted maize were significantly higher than those of the control throughout the growth period.




4.3. Effect of Stereoscopic Planting on Population Competition in Maize


Competition is a common phenomenon that exists not only in nature but also in agricultural ecosystems. Competition includes interspecific competition and intraspecific competition. There is mutual competition among adjacent individuals for water, nutrients and light within the crop population. Maize is one of the most sensitive crop species to intraspecific competition due to its low tillering ability. Environmental factors (e.g., water and light) affect the intensity of competition among individuals in the population [33]. CI and RDM often are used to evaluate the competitive intensity among adjacent plant individuals. Higher CI value reflects higher population competition, whereas higher RDM value indicates lower population competition [34,35]. In this study, the light was sufficient in the crop population at V1 stage, and the root system is mainly distributed in the upper soil, so the competition among individuals is mainly manifested as the competition of root system for soil moisture. Stereoscopic planting resulted in uneven distribution of soil moisture in space, which significantly affected the competition intensity among individuals in furrows and ridges. Therefore, there were significantly differences in CI and RDM of plants between different planting modes. Ridge planting enhanced competitive pressure of plants, so ridge-planted maize had higher CI and lower RDM compared to the control and furrow-planted maize. With the advance of growth stage, the root system gradually extended to the deeper soil, stereoscopic planting increased the water content in the deep soil, and the water restriction of plants was weakened compared with the control. At the same time, plant height and leaf area increase gradually with the prolongation of the growth stage, so the light utilization by plants is limited due to mutual shading among individuals, thus increasing the competition for light among individuals. However, stereoscopic planting improved light transmittance in the plant population by reducing plant height and leaf area. Therefore, during the late growth stage (after R1), stereoscopic planting alleviates the competitive pressure of plants on water and light, plants in stereoscopic planting pattern had lower CI and higher RDM compared to the control.



The competitive pressure among individuals for limited resources (e.g., water, minerals and light) increases with increasing plant density, which often leads to a decline in biomass and grain yield per plant [2,36,37]. Donald (1981) argued that individual plants making up a high-yield crop population should be weak competitors; thus, a high-yield crop population should have lower intraspecific competitive ability [38]. In fact, maize yields have been greatly improved in recent decades due to increased density tolerance of maize [2]. The present results also showed that DMW and grain yield decreased gradually with increased plant density. However, under the same plant density, stereoscopic planting alleviated the competitive pressure of plants on water and light, thus had higher grain yield compared to the control.





5. Conclusions


Stereoscopic planting affected the morphological and physiological characteristics of plants by changing the spatial distribution of soil moisture under three different density conditions. Stereoscopic planting had different effects on intraspecific competition intensity in maize population during different growing stages. In the 6-leaf stage (V6), stereo-planting increased the competition intensity of maize on the ridge, but lowered that of maize in the furrow by affecting the spatial distribution of soil moisture. With the advance of the growth stage, stereoscopic planting significantly increased the light transmittance rate in the crop population and reduced the plant’s competition pressure for the light resource by reducing the plant height and leaf area of ridge-planted maize. After the silking stage (R1), stereoscopic planting increased Pn of furrow-planted maize, but had no effect on Pn of ridge-planted maize by improving water status of plant. Stereoscopic planting had no effect on grain yield and dry matter accumulation of ridge-planted maize in late growing stage. Due to the improvement of the light environment and photosynthetic characteristics of the population, stereoscopic planting increased dry matter accumulation of furrow-planted maize in the later growing stage, thus increasing the grain yield significantly. These findings indicate that stereoscopic planting can alleviate the plant’s intensifying competition for light and water resources and further increase maize grain yield by optimizing the spatial distribution of soil moisture and canopy structure of plant under high density planting conditions.
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Figure 1. Distribution of the historical average precipitation and monthly precipitation in growing season of summer maize. 
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Figure 2. The schematic diagrams of the planting pattern. 
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Figure 3. Soil water content under different planting patterns (2018). Different letters above the bars indicate that there is a significant difference between treatments at p < 0.05. D1, D2 and D3 represent maize were planted at 60,000, 75,000 and 90,000 plants ha−1, respectively. CK and T represent maize were planted in the conventional flat planting pattern and in the stereo-planting pattern, respectively. T-R and T-F represent maize were planted on the ridge and in the furrow, respectively. Vertical bar means the standard errors (n = 3). 
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Figure 4. Leaf water content of maize under different planting patterns. At the same testing time, different letters above the bars indicate a significant difference between treatments at p < 0.05. D1, D2, and D3 represent maize were planted at 60,000, 75,000 and 90,000 plants ha−1, respectively. CK and T represent maize were planted in the conventional flat planting pattern and in the stereo-planting pattern, respectively. T-R and T-F represent maize were planted on the ridge and in the furrow, respectively. V6 and R1 represent six-leaf stage and silking stage, respectively. Vertical bar means the standard errors (n = 3). 
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Figure 5. Plant height and leaf area of summer maize under different growing stages (2018). At the same testing time, different letters above the bars indicate that there is a significant difference between treatments at p < 0.05. D1, D2 and D3 represent maize were planted at 60,000, 75,000 and 90,000 plants ha−1, respectively. CK and T represent maize planted in the conventional flat planting pattern and in the stereo-planting pattern, respectively. T-R and T-F represent maize were planted on the ridge and in the furrow, respectively. V6, V12, and R6 represent the 6-leaf stage, 12-leaf stage and physiological maturity, respectively. The vertical bar indicates the standard errors (n = 3). 
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Figure 6. Light transmission ratio (LT) at different leaf layer under different planting patterns (2018). Different letters above the bars indicate in the same leaf layer that there is a significant difference between treatments at p < 0.05. D1, D2 and D3 represent maize were planted at 60,000, 75,000 and 90,000 plants ha−1, respectively. CK and T represent maize were planted in the conventional flat planting pattern and in the stereo-planting pattern, respectively. T-R and T-F represent maize were planted on the ridge and in the furrow, respectively. EL and BL indicate light transmission ratio at ear leaf layer and bottom leaf layer, respectively. The vertical bar indicates the standard errors (n = 3). 
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Figure 7. The photosynthetic rate and transpiration rate of maize under different planting patterns. At the same testing time different letters above the bars indicate that there is a significant difference between treatments at p < 0.05. D1, D2 and D3 represent maize were planted at 60,000, 75,000 and 90,000 plants ha−1, respectively. CK and T represent maize were planted in the conventional flat planting pattern and in the stereo-planting pattern, respectively. T-R and T-F represent maize were planted on the ridge and in the furrow, respectively. V6 and R1 represent the 6-leaf stage and the silking stage, respectively. The vertical bar means the standard errors (n = 3). 
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Figure 8. Relative dry matter weight (RDM) and competitive intensity (CI) of maize under different planting patterns (2018a). At the same testing time different letters above the bars indicate that there is a significant difference between treatments at p < 0.05. D1, D2 and D3 represent maize were planted at 60,000, 75,000, and 90,000 plants ha−1, respectively. CK and T represent maize were planted in the conventional flat planting pattern and in the stereo-planting pattern, respectively. T-R and T-F represent maize were planted on the ridge and in the furrow, respectively. V6, R1 and R6 represent 6-leaf stage, 12-leaf stage and physiological maturity, respectively. The vertical bar means the standard errors (n = 3). 
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Figure 9. Dry matter weight per plant of maize under different planting patterns. At the same testing time different letters above the bars indicate that there is a significant difference between treatments at p < 0.05. D1, D2 and D3 represent maize were planted at 60,000, 75,000 and 90,000 plants ha−1, respectively. CK and T represent maize were planted in the conventional flat planting pattern and in the stereo-planting pattern, respectively. T-R and T-F represent maize were planted on the ridge and in the furrow, respectively. V6, R1 and R6 represent the 6-leaf stage, silking stage and physiological maturity, respectively. The vertical bar means the standard errors (n = 3). 
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Table 1. The F value of the statistical analysis.
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Leaf Water Content

	
Plant Height

	
Leaf Area

	
LT

	
Pn

	
Tr

	
DMW per Plant




	

	
2017

	
2018

	
2018

	
2018

	
2018

	
2017

	
2018

	
2017

	
2018

	
2017

	
2018






	
Planting pattern (P)

	
33.205 **

	
44.883 **

	
1896.4 **

	
492.942 **

	
226.439 **

	
129.699 **

	
106.128 **

	
32.681 **

	
29.611 **

	
81.522 **

	
68.369 **




	
Density (D)

	
28.677 **

	
52.079 **

	
141.198 **

	
168.379 **

	
133.834 **

	
250.513 **

	
67.057 **

	
3.106 ns

	
3.594 *

	
377.958 **

	
230.78 **




	
stage (S)

	
1480.003 **

	
1873.957 **

	
362,703.553 **

	
19,202.046 **

	
1685.966 **

	
528.292 **

	
505.19 **

	
50.204 **

	
49.147 **

	
42,251.097 **

	
28,596.452 **




	
P × D

	
0.787 ns

	
0.676 ns

	
19.148 **

	
1.517 ns

	
30.067 **

	
11.154 **

	
3.244 *

	
0.818 ns

	
0.906 ns

	
2.608 *

	
4.353 **




	
P × S

	
71.135 **

	
57.117 **

	
44.124 **

	
32.039 **

	
27.844 **

	
1.084 ns

	
3.271 *

	
2.211 ns

	
0.287 ns

	
10.614 **

	
12.163 **




	
D × S

	
1.415 ns

	
2.964 ns

	
10.281 **

	
39.683 **

	
30.328 **

	
5.298 **

	
18.503 **

	
1.023 ns

	
0.502 ns

	
89.409 **

	
76.922 **




	
P × D × S

	
0.55 ns

	
1.569 ns

	
18.723 **

	
3.582 **

	
24.475 **

	
0.652 ns

	
0.387 ns

	
0.132 ns

	
0.558 ns

	
1.913 ns

	
1.363 ns








Note: * and ** indicate significant difference at the 5% and 1% probability levels, respectively; ns: no significant difference; LT: light transmission ratio; DMW: dry matter weight.
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Table 2. Yield characteristics of maize in different planting pattern.
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Treatments

	
Kernel per Spike

	
Thousand Seed Weight (g)

	
Grain Yield

(kg ha−1)

	
The Average Yield

(kg ha−1)




	
2017

	
2018

	
2017

	
2018

	
2017

	
2018

	
2017

	
2018






	
D1

	
CK

	
598.4 b

	
604.8 b

	
303.4 b

	
275.3 b

	
10,148.8 cd

	
9990.5 e

	
10,148.8 e

	
9990.5 d




	
T-R

	
587.3 b

	
592.2 b

	
304.2 b

	
282.0 b

	
10,224.3 cd

	
10,019.4 e

	
10,797.1 d

	
10,544.7 c




	
T-F

	
614.6 a

	
628.8 a

	
311.1 a

	
293.4 a

	
11,369.9 b

	
11,069.9 c




	
D2

	
CK

	
480.2 b

	
562.6 d

	
293.1 c

	
267.9 c

	
10,549.6 c

	
10,499.5 d

	
10,549.6 d

	
10,499.5 c




	
T-R

	
496.3 a

	
602.9 b

	
291.5 c

	
272.0 bc

	
10,843.9 c

	
11,924.9 b

	
11,243.4 c

	
12,112.4 a




	
T-F

	
485.7 ab

	
574.8 c

	
306.3 b

	
276.6 b

	
11,642.9 b

	
12,299.9 ab




	
D3

	
CK

	
436.6 c

	
465.9 g

	
297.8 c

	
265.1 c

	
11,684.2 b

	
11,114.9 c

	
11,684.2 b

	
11,114.9 b




	
T-R

	
438.7 c

	
532.6 e

	
306.8 b

	
265.7 c

	
11,701.5 b

	
12,104.9 b

	
11,966.7 a

	
12,419.9 a




	
T-F

	
432.4 c

	
516.5 f

	
314.6 a

	
260.4 c

	
12,231.9 a

	
12,734.9 a




	
Two-way ANOVA (F-value)

	

	

	

	

	

	

	




	
Planting pattern (P)

	
111.915 **

	
4863.466 **

	
974.702 **

	
247.588 **

	
2419.75 **

	
2252.801 **

	

	




	
Density (D)

	
91,694.210 **

	
45,579.660 **

	
650.405 **

	
1807.426 **

	
3906.7 **

	
2853.074 **

	

	




	
P × D

	
519.905 **

	
2830.933 **

	
87.521 **

	
214.041 **

	
122.551 **

	
170.406 **

	

	








Note: Different letters in the same column indicate that there is a significant difference between treatments at p < 0.05. * and **indicate significant difference at the 5% and 1% probability levels, respectively; ns: no significant difference. D1, D2 and D3 represent maize were planted at 60,000, 75,000 and 90,000 plants ha−1, respectively. CK and T represent maize were planted in the conventional flat planting pattern and in the stereo-planting pattern, respectively. T-R and T-F represent maize were planted on the ridge and in the furrow, respectively.
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