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Abstract

:

Problems such as population growth and climate change have led to a reduction in the use of water for irrigated agriculture, constraining the growth of crops. Subsurface irrigation, as a widely used and efficient water-saving irrigation technology, varies in its effect on increasing yields and saving water under different environmental, management, and other conditions. To investigate the effects of subsurface irrigation on yield, water productivity (WP), and irrigation water productivity (IWP) of three typical crops (wheat, maize, and cotton), this paper conducted a meta-analysis of 528 pairs of studies from 64 papers worldwide to quantify the response of crop yield, WP, and IWP to subsurface irrigation. Overall, the yield, WP and IWP increased by 5.96%, 21.62%, and 27.72%, respectively, with subsurface irrigation compared with surface irrigation. Compared with other conditions, the greatest rate of change was observed at around 200–500 m above sea level, 10–15 °C average annual temperature, 1.45–1.55 g/cm3 soil bulk density, alkaline soil, and when the crops were planted with equal row spacing. Meanwhile, the amount of irrigation water, as well as the subsurface pipeline arrangement and burial depth, had significant effects on crop yield, WP, and IWP. The maximum increase in crop yield, WP, and IWP was favored when the irrigation volume of the subsurface irrigation was reduced by 50–100% compared with surface irrigation or when both had the same volume of irrigation but a mild water deficit. In addition, the yield, WP, and IWP were also affected by fertilization factors. The recommended fertilizer application rates were ≤90 kg P ha–1 (phosphorus) and <150 kg N ha–1 (nitrogen). Compared with surface irrigation, subsurface irrigation showed the greatest yield increase when fertilizer was applied in a one-time application, and the WP and IWP increased significantly when the number of fertilizer applications was <3.
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1. Introduction


On about 20% of the global farmland area, irrigated agriculture contributes about 40% of crop production [1,2,3] and is the largest water-using sector globally [4]. In response to the increased demand for agricultural production due to population growth and socio-economic development [5], as well as land degradation and reduced crop yields due to climate change [6,7], the irrigated area has continued to expand globally. In the last 100 years or so, the global irrigated area has increased from 50 million ha to 300 million ha, a nearly sixfold increase [8,9]. The expansion of irrigated areas has led to a surge in irrigation water use, which in some regions has even exceeded their resource-carrying capacity. In parts of Asia and Africa, over-abstraction of irrigation water has caused problems such as stream and groundwater depletion, soil degradation, mineralization of organic matter, and reduction in biodiversity [3]. In addition, with the occurrence of climate extremes, the problem of water scarcity is exacerbated by the reduced availability of water for agricultural irrigation and elevated evapotranspiration from agricultural lands [10]. Therefore, there is an urgent need to select suitable irrigation technologies to increase crop yields and improve water productivity.



Currently, more than 90% of the total irrigated area worldwide is irrigated using conventional surface irrigation [11]. However, this irrigation method has high soil evaporation and low irrigation efficiency, which are not conducive to crop root uptake. Subsurface irrigation is a water-saving irrigation technique that delivers water directly to the root zone of crops in the soil through a network of percolation pipes or pipe pores buried below the ground, using soil capillary action to provide water for crop growth [12,13]. Many scholars have conducted studies on crop growth under different subsurface irrigation methods, including subsurface drip irrigation [14], infiltration irrigation [15], micro-irrigation [16], water storage pit irrigation [17], trace irrigation [18], and vertical line source irrigation [19]. The results showed that subsurface irrigation can effectively reduce soil evaporation and surrounding weed growth [20], decrease deep seepage [21], improve root activity [22], induce deep root penetration [23], and thus improve water productivity. However, the effect of subsurface irrigation on crop yield is still controversial, and the extent of the effect varies with soil texture, field management practices, climatic conditions, and crop type. It has been shown that subsurface drip irrigation can improve both crop yield and water productivity compared with surface irrigation, but the optimum depth of pipe burial varies between crops [24,25]. Wang et al. [26] found that the extent of yield increase by subsurface drip irrigation is related to the degree of water stress through continuous field trials across many years, with greater water stress resulting in a more significant yield increase in subsurface drip irrigation, while without water stress, subsurface drip irrigation might cause yield reduction. Umair et al. [27] used an evapotranspiration meter and the water balance principle to irrigate winter wheat and found that the water productivity (WP) and irrigation water productivity (IWP) of subsurface drip irrigation are higher than surface irrigation, while the yield is higher than surface drip irrigation but lower than diffuse irrigation. Ardenti et al. [28] found that subsurface drip irrigation increases maize yield and reduces NO2 emissions compared with sprinkler irrigation and that a 70 cm drip tape spacing is optimal.



With the increasing attention paid to subsurface irrigation technology by scholars at home and abroad in recent years, various irrigation methods based on the theory of subsurface irrigation have emerged, but there has not yet been a comprehensive evaluation of the effects of subsurface irrigation. In addition, previous studies on the effects of subsurface irrigation on yield and water productivity have mostly focused on fixed locations and a single subsurface irrigation method. However, different experimental sites and irrigation methods may lead to different results due to differences in climate and soil properties, and it is not possible to accurately evaluate the combined effects of subsurface irrigation at a macroscopic scale.



Meta-analysis provides a comprehensive statistical approach that can integrate the results of several independent studies to reveal effect size and influencing factors [29,30,31]. Therefore, to explore the advantages of subsurface irrigation in saving water and increasing yield, this study used meta-analysis to (1) assess the effects of subsurface irrigation on crop yield, WP, and IWP; and (2) analyze how these effects vary by environment, soil properties, field management, irrigation, and fertilization factors.




2. Materials and Methods


2.1. Data Search and Collection


The English data for this study were obtained from Web of Science (http://apps.webofknowledge.com/) and Science Direct (https://www.sciencedirect.com/), while the Chinese data were obtained from China National Knowledge Infrastructure (http://www.cnki.net/) and Wanfang Data Knowledge Service Platform (https://www.wanfangdata.com.cn/) (accessed on August–October 2022). The keywords “subsurface irrigation” and various subsurface irrigation methods, such as “subsurface drip irrigation”, “infiltration irrigation”, “trace irrigation”, “micro-irrigation”, and “wheat”, “maize”, “cotton”, “water productivity” and “yield” are used as search terms in English and Chinese. The selection of literature needed to meet the following criteria: (1) appropriate surface irrigation as a control group; (2) sample size ≥2; (3) the experiment was conducted in the field (open or sheltered); (4) the yield and WP and/or IWP were detailed for the experimental observations. Meanwhile, literature with overlapping results in terms of experiment location, year, and data was excluded.



A total of 64 publications published from 2000 to 2022 were searched and screened, containing 528 pairs of field observations (525 for yield, 292 for IWP, and 409 for WP) from 10 countries (Details of the publications are shown in Supplementary Materials). However, not all publications included both yield and IWP/WP, with the number of pairs studied for yield and IWP/WP varying. The majority of the data were from Asia (81.63% for yield, 80.89% for WP, and 86.17% for IWP), followed by North America (13.83% for yield, 12.97% for WP, and 10.44% for IWP), Europe (2.65% for yield, 2.73% for WP, and 3.40% for IWP), Africa (1.14% for yield, 2.05% for WP, and 0.00% for IWP), and South America (0.76% for yield, 1.37% for WP, and 0.00% for IWP).




2.2. Meta-Analysis


The natural logarithm of the effect ratio (R) was used as a scale for evaluating effect sizes (lnR) in the meta-analysis [32] to characterize the effect of subsurface irrigation on crop yield, WP, and IWP.


  lnR = ln (   X   e   /   X   c   ) = ln   X   e      -    ln   X   c    



(1)




where     X   e     a n d     X   c     represent the arithmetic mean of the yield/WP/IWP for subsurface irrigation and surface irrigation (control), respectively; lnR represents the logarithmic response ratio, which is a dimensionless quantity with positive or negative values and represents the rate of increase or decrease in the yield, WP or IWP, respectively, for subsurface irrigation compared with surface irrigation. As the majority of the included studies did not provide a standard deviation (SD), the unweighted method proposed by Rosenberg [33,34] was used to address this issue. Effect sizes and 95% confidence intervals (95% CI) were calculated using the Bootstrap method in Metawin software [35,36,37]. To better reflect the effect of subsurface irrigation on the yield, WP, and IWP, lnR was converted to a rate of change (CR, %) [34].


  CR =   e x p   lnR      -    1   ×  100 %   



(2)







If the 95% CI of the CR contains 0, it means that there is no significant difference between the treatment and control groups (p < 0.05); otherwise, there is a significant difference. If the 95% CI of the CR are larger than 0, then there is a significant positive effect. Meanwhile, if all 95% CI of CR are smaller than 0, then there is a significant negative effect.



A mixed-effects model was used to combine lnR across studies, and the within-group heterogeneity of this model consisted of both sampling error and random variation [38,39]. In the meta-analysis of the collected data, the hypotheses of the mixed model are more easily met than those of the fixed-effects model, making the mixed model superior [32,36].



Resampling tests were completed in 64,999 iterations, and Rosenthal’s method [40,41] was used to detect publication bias [42]. When the Fail-safe N > 5n + 10 (where n is the number of treatment groups), publication bias was considered not to exist and the results were reliable; conversely, when the Fail-safe N < 5n + 10, publication bias was considered to exist. As shown in Table 1, no publication bias was found to exist in the included studies, indicating that the study results are reliable.




2.3. Data Classification


To further clarify the effects of different factors on the yield, WP, and IWP under subsurface irrigation conditions, we combined the classification criteria and methods from different meta-analyses [43,44] and analyzed the factors in subgroups. The specific groups and their criteria are shown in Table 2.




2.4. Data Processing


We used Excel 2021 for data merging and classification, GetData 2.20 for graphical data extraction from the literature, Metwin 2.1 for analyzing the relevant data, and GraphPad Prism 9.3.0 software for graph drawing.





3. Results


3.1. Comprehensive Effects of Subsurface Irrigation on Crop Yield, WP, IWP, and Tests of Publication Bias


A total of 525 pairs of the yield, 292 pairs of WP, and 409 pairs of IWP observations were included in this study, with total effect values of 0.0579, 0.1957, and 0.2447, respectively. The yield, WP, and IWP for the three typical crops (wheat, maize, and cotton) under subsurface irrigation showed an overall positive effect (Figure 1). The average growth rate of the yield was 5.96%, WP was 21.62%, and IWP was 27.72%.



For the yield and WP, increasing yield and efficiency accounted for 56.96%, increasing yield and reducing efficiency accounted for 5.06%, reducing yield and increasing efficiency accounted for 21.84%, and reducing yield and efficiency accounted for 15.82%. For the yield and IWP, increasing yield and efficiency accounted for 51.63%, increasing yield and reducing efficiency accounted for 5.93%, reducing yield and increasing efficiency accounted for 24.28%, and reducing yield and efficiency accounted for 18.16% (Figure 2). Crop growth and development are influenced by factors such as environment, soil, field management, irrigation, and fertilizer application, which consequently influence crop yield, WP, and IWP, so the degree of influence of each factor needs to be further analyzed in subgroups.




3.2. Response of Crop Yield, WP, and IWP to Subsurface Irrigation as Influenced by Environmental Factors


In terms of overall mean values (Figure 3), subsurface irrigation increased the crop yield, WP, and IWP for all environmental factors (altitude, mean annual precipitation, and mean annual temperature). Additionally, the crop yield increase rate under subsurface irrigation showed a trend of increasing and then decreasing with increasing altitude. The most significant advantage of subsurface irrigation was found at an altitude of 200–500 m, where the rates of change in the yield, WP, and IWP reached 9.91%, 26.36%, and 228.25%, respectively.



Subsurface irrigation had the greatest yield increase (38.57%) compared with surface irrigation when the mean annual precipitation was <200 mm, but the effect was not significant. The largest increase in WP was 38.14% and in IWP was 32.72% for a mean annual precipitation of 200–400 mm. IWP reached its maximum (56.22%) for a mean annual precipitation of 400–800 mm.



Crop yields increased and then decreased with an increasing mean annual temperature, while the rates of change of WP and IWP were significantly negatively correlated with the mean annual temperature. Crop yields increased significantly by 8.05% at a mean annual temperature of 10–15 °C, while a significant negative effect was observed at <10 °C. WP and IWP reached their maximum at a mean annual temperature of <10 °C, with 39.53% and 49.60%, respectively. In summary, the average effect values of subsurface irrigation on crop yield, WP, and IWP increased by 0.60%, 26.53%, and 34.72%, respectively, at different temperatures.




3.3. Response of Crop Yield, WP, and IWP to Subsurface Irrigation as Influenced by Soil Factors


Differences in soil factors (including soil pH, soil bulk density, and soil texture) lead to differences in the crop yield, WP, and IWP (Figure 4). As soil pH increased, crop yield, WP, and IWP tended to increase and then decrease. The crop yield, WP, and IWP responded significantly to subsurface irrigation conditions at different soil pH, with an average increase of 12.76%, 27.72%, and 14.91%, respectively, but there was no significant difference between crop yield groups. The alkaline soils had a significant effect on the increase in crop WP and IWP, with a 39.84% and 42.75% increase, respectively.



Subsurface irrigation was more favorable for crop yield and WP at relatively high soil bulking weights. The greatest increase in crop yield and WP was seen in the range of 1.45–1.5 g/cm3, with 35.69% and 23.33%, respectively. The greatest increase in IWP occurred at a soil bulk density of 1.25–1.35 g/cm3, with 48.97%. The use of subsurface irrigation at a too-high bulk density (>1.5 g/cm3) was not conducive to the improvement of crop yield and water productivity.



In terms of soil texture, fine-textured soils had the greatest effect on yield change for subsurface irrigation, at 30.85%, at which point the rate of increase in WP was 29.33% and the rate of increase in IWP was 167.43%. At the mean value of change, soil texture had a significant positive effect on the yield, WP, and IWP, with mean rates of change of 6.65%, 28.45%, and 29.30%, respectively. Meanwhile, as for WP, coarse-textured soils had the highest rate of change, at 35.53%.




3.4. Response of Crop Yield, WP, and IWP to Subsurface Irrigation as Influenced by Field Management Factors


Overall, different field management conditions (planting pattern, underground pipe layout, and burial depth of underground pipes) had significant effects on crop yield, WP, and IWP under subsurface irrigation (Figure 5). Equally spaced planting significantly improved the crop yield and WP under subsurface irrigation, and the improvement effect was significantly better than that of planting in wide and narrow rows, with an improvement rate of 3.99% and 31.73%, respectively. As for IWP, the rate of change was 27.92% under equally spaced planting and 45.03% under planting in wide and narrow rows.



The comprehensive effects of each underground pipe layout on the crop yield, WP, and IWP were obtained with a mean rate of change of 5.98%, 21.49%, and 28.25%, respectively. All of the pipe layout conditions had a significant positive effect on the crop yield, WP, and IWP effects of subsurface irrigation, and the change first decreased and then increased as the number of control rows of pipes increased, reaching a maximum of 10.05%, 39.89%, and 47.18% with one pipe per row, respectively.



As the burial depth of the underground irrigation pipes increased, the rate of change of the yield, WP, and IWP for subsurface irrigation compared with surface irrigation showed a general trend of increasing and then decreasing. The crop yield achieved a maximum value of 17.50% at a pipe depth of 30–40 cm; the WP and IWP achieved a maximum value of 38.09% and 43.65% at a pipe depth of 20–30 cm, respectively.




3.5. Response of Crop Yield, WP, and IWP to Subsurface Irrigation as Influenced by Irrigation Factors


It can be found that when the ratio of subsurface irrigation amount to surface irrigation amount was >100%, the yield increased significantly by 8.89%, WP decreased insignificantly by 3.37%, and IWP decreased significantly by 10.3% (Figure 6). When the ratio of subsurface irrigation amount to surface irrigation amount was ≤50%, the yield was significantly reduced by 14.3%, WP was significantly increased by 12.45%, and IWP was significantly increased by 167.01%. The crop yield, WP, and IWP increased significantly at irrigation amount ratios of 50–100%, by 16.42%, 35.45%, and 35.76%, respectively.



With the same amount of irrigation water for both irrigation methods, adequate and mild water deficits had significant positive effects on the crop yield, WP, and IWP under subsurface irrigation conditions, with the mild water deficit case being the most suitable. The increases in crop yield, WP, and IWP were 7.03%, 8.05%, and 4.78% for adequate irrigation and 8.44%, 10.57%, and 15.26% for mild water deficits, respectively. Excessive irrigation had a non-significant effect on yield, WP, and IWP, while moderate water deficits had a non-significant effect on yield improvement but a significant increase in WP and IWP, with increases of 13.77% and 32.7%, respectively. Overall, subsurface irrigation increased the mean yield, WP, and IWP at all levels of water deficit by 4.07%, 8.58%, and 23.48%, respectively, relative to surface irrigation.




3.6. Response of Crop Yield, WP, and IWP to Subsurface Irrigation as Influenced by Fertilization Factors


Compared with surface irrigation, subsurface irrigation significantly increased the crop yield, WP, and IWP overall under different fertilizer applications (Figure 7). The yield increase rate of subsurface irrigation compared with surface irrigation gradually decreased as the number of fertilizer applications increased. For one-time fertilization, the yield increase rate reached 4.77%. When N fertilization was <150 kg/ha, the yield increase rate of subsurface irrigation (8.36%) was significantly higher than the other four N fertilization rates. While the yield increase rate of P fertilization ≤90 kg/ha (5.59%) was significantly higher than the other two P fertilization rates (Figure 7).



As for WP, the maximum increase (35.65%) was obtained when the number of fertilizer applications was three. The rate of change in WP was 35.95% when N fertilization was <150 kg/ha and 17.55% when N fertilization was ≥300 kg/ha. The increase in WP for subsurface irrigation relative to surface irrigation first decreased and then increased as P fertilization increased, with the greatest growth rate of 39.06% at ≤90 kg/ha.



The trend in IWP is largely consistent with WP across fertilizer applications, reaching a maximum of 60.54%, 46.32%, and 73.31% at ≥300 kg/ha of N, ≤90 kg/ha of P, and two applications of fertilizer, respectively.





4. Discussion


4.1. Crop Yield, WP, and IWP Response to Subsurface Irrigation under Different Environmental Factors


Environmental resources are essential for agricultural production and are an important factor affecting the effectiveness of subsurface irrigation. As the altitude of the experimental site increases, it directly leads to enhanced solar radiation, lower temperatures, and increased diurnal temperature differences, thus affecting crop growth and leading to changes in the crop yield, WP, and IWP [46]. In this meta-analysis, the crop yield first showed an increase and then a decrease with elevation, which is consistent with the results of Chuma et al. [47]. Subsurface irrigation significantly increased the yield compared with surface irrigation at altitudes of 200–500 m. At altitudes >1000 m, the yield was reduced, but both WP and IWP increased significantly. This may be due to the moderate light, temperature, and rainfall conditions at a medium altitude, which are suitable for crop growth. However, at high altitudes, there is low temperature and cold damage, and crops do not have an effective enough temperature, which limits the yield growth [48].



Crops in areas with mean annual precipitation <200 mm suffer from severe water shortages and are more dependent on irrigation water. Subsurface irrigation promotes crop growth and reduces inefficient crop water evaporation by direct irrigation to the root zone of the crop. In this meta-analysis, the maximum yield, WP, and IWP increase rates of subsurface irrigation occurred in areas with a mean annual precipitation <200 mm or 200–400 mm, and the WP and IWP increase rates were significantly different from those in areas with a mean annual precipitation of 400–800 mm. In contrast, the rate of yield increase was not significantly different between areas with mean annual precipitation <200 mm and 400–800 mm, which may be due to the small number of samples with mean annual precipitation <200 mm and the large confidence interval.



In addition, temperature directly affects soil temperature and thus the crop–soil system water and nutrient cycle [49,50]. High temperatures lead to increased crop evapotranspiration [51] and excessive water loss from leaves, which is detrimental to crop growth. Low temperatures lead to soil freezing, which reduces the rate of water and nutrient uptake by crop root cells and slows crop metabolism. This meta-analysis found that the mean annual temperature between 10 and 15 °C significantly increases the yield. At a mean annual temperature of <10 °C, yield significantly decreased, but the greatest increase in WP and IWP was observed at this point. This may be related to the reduced survival rate of crops caused by low temperatures. In low-temperature periods and areas, the depth of crop roots is mostly shallower than the depth of subsurface irrigation, meaning that the water is not easily absorbed and used by crops. Therefore, in order to make crops emerge smoothly through the winter period, the first water should be irrigated on the surface to ensure crop survival, and subsurface irrigation treatments should start after the winter period. In the case of the same yield reduction, subsurface irrigation improves crop water productivity by flooding the soil at a deeper level, which acts as a moisture retainer and reduces water consumption and temperature loss.




4.2. Crop Yield, WP, and IWP Response to Subsurface Irrigation under Different Soil Factors


The effect of soil pH, bulk density, and texture factors on subsurface irrigation was analyzed and it was found that alkaline soils (pH = 7.5–8.5) had an increased effect on the crop yield, WP, and IWP under subsurface irrigation, as well as a significant effect on WP and IWP. Soil pH is one of the main factors regulating the structure of the microbial community and the chemical transformation processes between substances in the soil. When the soil is too acidic, metal cations are released from oxides or silicates and poison the crop roots, thus affecting crop growth and yield [52,53]. Alkaline soils usually have greater ammonia volatilization and high nitrogen losses, which are also detrimental to crop growth. A suitable soil pH for wheat, maize, and cotton is neutral or weakly acidic. In alkaline soils, subsurface irrigation exerts dilution and leaching effects to reduce soil alkalinity; at the same time, it reduces water evaporation. According to the “salt follows water” principle, subsurface irrigation can inhibit nitrogen loss, thus widening the difference with surface irrigation [54]. Soil bulk density is positively correlated with soil firmness, and a suitable soil bulk density can provide a favorable growing environment for crops [55,56]. This meta-analysis showed that the maximum crop yield and WP can be achieved at soil bulking weights of 1.45–1.55 g/cm3. For soil texture, fine-textured soils had the greatest effectiveness in increasing yield and differed significantly from coarse- and medium-textured soils, while coarse-textured soils had the highest rate of change in WP. This may be because when the soil bulk density is 1.45–1.55 g/cm3 or the soil texture is fine-textured, the soil has a high clay particle content, high compactness, and poor soil aeration and water conductivity. This inhibits the infiltration of surface irrigation water into the root zone, at which time the advantage of subsurface irrigation in transporting water directly to the vicinity of the crop root zone becomes more obvious and more conducive to water uptake and use by the root system. The highest WP variability in coarse-textured soils may be due to the high sand content of the soil, the high number of large pores, and the poor water and fertilizer retention properties of this soil [57], which can be alleviated by subsurface irrigation.




4.3. Crop Yield, WP, and IWP Response to Subsurface Irrigation under Different Field Management Factors


In this study, the crop planting pattern, underground pipe layout, and burial depth of the underground pipes all had significant positive effects on crop yield, WP, and IWP. This is because equally spaced planting provides the plants with sufficient space to develop their root systems, which leads to a significant increase in individual plant dominance and consistent plant population growth and development, whereas the productivity level of the individual plants directly affects the quality and efficiency of the crop population [58,59]. As for IWP, the results showed that it increased at a greater rate under wide and narrow row planting than equally spaced planting. This may be explained by the fact that in wide and narrow row planting, underground irrigation pipes are mostly laid in the middle of the narrow rows and arranged in two rows with one pipe, so that the irrigation water is closer to the crop, allowing the crop to make better use of the irrigation water and thus increasing IWP. Studies on pipe layout are now mostly focused on the comparison of the effects of different pipe-to-row ratios on surface drip irrigation [60,61], while few studies have been conducted on subsurface irrigation. In this meta-analysis, a comprehensive analysis of different pipe layout methods in the literature revealed a significant positive effect on crop yield, WP, and IWP, with an effect of one pipe for one row > one pipe for three rows > one pipe for two rows. This may be due to the fact that in the one pipe for one row case, the crop is closest to the irrigation water, and the water reaches the root system directly below the plant, meaning that it can be absorbed and used directly by the crop. The difference between the two irrigation methods is increased by the fact that in the case of multiple rows of pipes, the crop root system is also dependent on the lateral movement of soil water, and in the case of subsurface irrigation, the water from the one pipe for three rows is closer to the crop root system than in the case of the one pipe for two rows treatment. In the case of subsurface irrigation, the choice of pipe burial depth is a key factor in determining the depth of irrigation and thus the initial infiltration location of water, which affects the moisture content and its distribution in the soil, and therefore the growth and development of the crop. The appropriate burial depth of subsurface pipes depends on the type of crop and the nature of the soil [62,63]. For coarse soil with good hydraulic conductivity, subsurface pipes can be buried shallowly, while for fine soil with poor hydraulic conductivity and high soil water-holding capacity, subsurface pipes should be buried deeper, not only to avoid deep seepage but also to avoid wetting of the topsoil and reduce ineffective soil evaporation. The root growth range of different crop species is different, so the ability to absorb soil nutrients and water at different depths is different, and the appropriate burial depth of the capillary pipe also differs [64,65]. Mo et al. [66] concluded that the appropriate depth of burial for subsurface drip irrigation strips for summer maize in the northeast on loamy soils is 30–35 cm. Duan et al. [67] compared the growth of unmulched cotton at three underground pipe burial depths (10, 15, and 20 cm) and found that maximum combined benefits were obtained at a 15 cm depth and maximum yields at a 20 cm depth. For winter wheat, the optimum burial depth for subsurface irrigation is 40 cm in heavy loam soils [68].




4.4. Crop Yield, WP, and IWP Response to Subsurface Irrigation under Different Irrigation Factors


The volume of irrigation directly affects crop growth. In general, crop yield and water productivity tend to increase and then decrease with increasing irrigation water, with negative effects when certain limits are exceeded [69,70]. The findings of this meta-analysis showed that the yield, WP, and IWP change more significantly when the irrigation volume is different between subsurface and surface irrigation. When the ratio of irrigation volume between subsurface and surface irrigation is ≤50%, the yield is significantly lower, while WP and IWP are significantly higher. However, when the ratio is 50–100%, the crop yield, WP, and IWP are significantly higher, and this effect is more pronounced than when the irrigation volume is the same. The reason for this is that in the first case, the amount of water under subsurface irrigation is severely inadequate, limiting crop growth and maturity, resulting in a reduction in yield. Meanwhile, the reduction in irrigation water under subsurface irrigation is much higher than the reduction in crop yield, which results in an increase in crop water productivity. In the second case, the amount of irrigation water under subsurface irrigation is lower than that under surface irrigation, and there is slight water stress compared with surface irrigation, but subsurface irrigation can still give full play to its role of increasing yield and efficiency. Additionally, appropriate water stress can effectively stimulate the crop root system to take in water and nutrients under subsurface irrigation, improving crop yield and water absorption performance. This is similar to the finding of Yang [71], in that moderate deficit irrigation can increase the amount and rate of water uptake by the lower root system, which is more conducive to crop growth under subsurface irrigation conditions. The analysis by Ma et al. [72] also showed that direct root zone irrigation, a subsurface irrigation method, can improve root distribution patterns under reduced irrigation (moderate water deficit) to optimize production water use. In contrast, when subsurface irrigation was >100% of irrigation water than surface irrigation, the yield increased by 8.89%, but the increase was lower than when the irrigation water ratio was 50–100%, and the WP and IWP decreased. This also illustrates the water-saving advantages of subsurface irrigation, where over-irrigation can cause yield reduction as well as ineffective water evaporation and leakage.



When both irrigation methods have the same volume of irrigation water, if both have a severe water deficit and the crop is severely undersupplied with water, the crop yield decreases with subsurface irrigation compared with surface irrigation at this time, while WP and IWP increase. This is because subsurface irrigation delivers water directly to the root zone, which greatly reduces water losses and thus increases water productivity, but does not have a significant effect on increasing WP, which may be due to the large confidence interval in this case. In contrast, the crop yield, WP, and IWP are substantially increased under adequate and mild water deficit conditions with subsurface irrigation, again indicating that subsurface irrigation can alleviate the adverse effects of mild water stress on crops, enhance the adaptive capacity of crops under water stress, stimulate compensatory root growth [73], improve crop root shape, enhance root vigor, and regulate roots to distribute them evenly in the soil layer, which is consistent with the findings of Cao et al. and Al-Ghobari et al. [74,75]. In the case of moderate water deficits, the effect of subsurface irrigation on yield is not obvious, but it can significantly increase crop WP and IWP. This conclusion is supported by the view of Zou et al. [76], who demonstrated that mild water deficit treatment can obtain a higher yield and moderate water deficit treatment can improve water productivity.




4.5. Crop Yield, WP, and IWP Response to Subsurface Irrigation under Different Fertilization Factors


Crop nutrient uptake is mainly dependent on soil residues and additional fertilizer applications. Deng et al. [77] found that splitting fertilizer applications improves photosynthetic efficiency during the reproductive growth period compared with a single application and synergistically improves N fertilizer efficiency and seed yield by optimizing the source-library relationship during the filling period and reducing N fertilizer inputs. A study by Hamad et al. [78] and Tanaskovik et al. [79] also showed that a high number of fertilizer applications reduces N losses and increases chard yields. However, Fu et al. [80] reported that the number of fertilizer applications affects soil pH and thus nutrient uptake by plants, with more frequent applications resulting in greater nitrogen losses and a lower crop yield and biomass. Our study showed that the yield of subsurface-irrigated crops is significantly higher than that of surface-irrigated crops in the case of one-time fertilization. When the number of crop fertilizer applications increases, the yield difference between surface and subsurface irrigation diminishes. This may be because in this study, fertilizer was basically applied with water, and the water–fertilizer coupling increased the fertilizer fixation rate of surface irrigation and increased water utilization, which led to an increase in surface irrigation yield and a decrease in the difference between the two. In general, the crop yield gradually increases with increasing fertilizer applications until a certain threshold is reached and the yield begins to show a decreasing trend again. However, this meta-analysis found that the crop yield, WP, and IWP are significantly increased by subsurface irrigation over surface irrigation when P fertilization is ≤90 kg ha–1 and N fertilization is <150 kg ha–1, with the largest increase being observed. This may be attributed to the fact that subsurface irrigation mitigates the problem of low fertilizer application rates affecting crop growth and development, thus increasing yields. In contrast, at higher fertilizer application rates, the difference between the two irrigation methods diminishes due to soil fertility, which also reflects the fertilizer-saving effect of subsurface irrigation.




4.6. Advantages and Disadvantages of Subsurface Irrigation


This meta-analysis showed that, compared with surface irrigation, subsurface irrigation can reduce deep soil bulk, increase the deep soil water content [81], reduce soil water evaporation after irrigation [82], and improve the nutrient status of the soil [83]. The water from subsurface irrigation penetrates deep into the soil of the active layer of the root system, which makes it easy for the root system to absorb water and grow [84], maintain the ground temperature, and ensure a suitable water, heat, air, and fertilizer environment, thus improving soil productivity and water conditions and realizing the yield and efficiency-increasing effect of subsurface irrigation.





5. Conclusions


The results of our global meta-analysis showed that the use of subsurface irrigation had a significant effect on the yield, WP, and IWP for all three typical crops (wheat, maize, and cotton). The effects are closely related to factors such as environment, soil, field management, irrigation, and fertilization, and it is recommended to work with these indicators when guiding irrigation. Subsurface irrigation should be controlled at 50–100% of surface irrigation, and when both irrigation volumes are the same, mild water deficits are more favorable to the subsurface irrigation method. In arid areas with altitudes of 200–500 m, moderate mean annual temperatures (10–15 °C), or annual precipitation <200 mm, it is recommended that subsurface irrigation techniques be given priority. In high-altitude (>1000 m) and low-temperature (average annual temperature < 10 °C) areas, it is recommended to combine subsurface irrigation and surface irrigation, using surface irrigation in the early stage to ensure safe overwintering of the crop and improve the survival rate, while subsurface irrigation can be used in the mid- and late stages to save water and increase production. In humid areas (average annual rainfall > 400 mm), surface irrigation can be used, and the amount of irrigation water can be appropriately reduced. Subsurface irrigation performs best in the following conditions: soil capacity of 1.45–1.55 g/cm3, alkaline soil, one-time application of fertilizer, phosphorus application ≤90 kg/ha, nitrogen application <150 kg/ha, suitable depth of pipe burying (20–40 cm), planting in one pipe of one pipe, and equidistant row spacing, which is more conducive to subsurface irrigation to save water and increase production.



This meta-analysis is a comprehensive analysis of the yield, water productivity, and irrigation water productivity for three typical crops of wheat, corn, and cotton under subsurface irrigation. Factors affecting subsurface irrigation were analyzed, and some suggestions were given; however, the cost of installation and maintenance of subsurface irrigation and other costs were not considered in this study, so the practical application should be considered in combination with yield, water productivity, economic benefits, and ecological benefits. Secondly, the suitable subsurface irrigation methods may be different for different crops, and the frequency of irrigation and soil nutrients may also affect the results, which can be further studied in the future.
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Figure 1. Effect of subsurface irrigation on the yield, irrigation water productivity (IWP), and water productivity (WP). Mean effects and 95% confidence intervals are shown. Sample size (n) is listed next to each bar. Error bars indicate 95% confidence intervals. Same as below. 
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Figure 2. Distribution of the rates of change of subsurface irrigation compared with surface irrigation: (a) yield vs. WP; (b) yield vs. IWP. 
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Figure 3. Response of crop yield, WP, and IWP to subsurface irrigation under different environmental factors. 
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Figure 4. Response of crop yield, WP, and IWP to subsurface irrigation under different soil factors. 
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Figure 5. Response of crop yield, WP, and IWP to subsurface irrigation under different field management factors. 
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Figure 6. Response of crop yield, WP, and IWP to subsurface irrigation under different irrigation factors. 
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Figure 7. Response of crop yield, WP, and IWP to subsurface irrigation under different fertilization factors. 
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Table 1. Tests for publication bias.






Table 1. Tests for publication bias.





	Indicators
	Number of Study Articles (n)
	Fail-Safe N
	5n + 10
	Whether Bias Exists





	Yield
	525
	16,937
	2635
	No



	WP
	292
	6897.9
	1470
	No



	IWP
	409
	14,639.5
	2055
	No










 





Table 2. Data grouping factors and their criteria.






Table 2. Data grouping factors and their criteria.





	
Factor Classification

	
Factors

	
Subgroups and Criteria






	
Environmental factors

	
Altitude (m)

	
<200, 200–500, 500–1000, >1000




	
Mean annual

Temperature (°C)

	
<10, 10–15, >15




	
Mean annual precipitation (mm)

	
<200 (arid zones), 200–400 (semi-arid zones), 400–800 (semi-humid zones)




	
Soil factors

	
Soil texture [45]

	
Coarse soils (sandy loam, sandy clay loam, loamy sandy loam, sandy clay loam), medium soils (loamy loam, chalky loam, chalky loam), fine soils (clay, clay loam, chalky loam, chalky clay loam)




	
Soil pH

	
Acidic (pH < 6.5), alkaline (pH = 7.5–8.5), strongly alkaline (pH > 8.5)




	
Soil bulk density (g/cm3)

	
≤1.25, 1.25–1.35, 1.35–1.45, 1.45–1.55, >1.55




	
Field management factors

	
Planting pattern

	
Equally spaced planting, wide and narrow rows




	
Underground pipeline layout

	
1 pipe for 1 row, 1 pipe for 2 rows, 1 pipe for 3 rows




	
Burial depth of underground pipeline (cm)

	
<10, 10–20, 20–30, 30–40, ≥40




	
Irrigation factors

	
Tr/CK irrigation volume

	
≤50%, 50–100%, 100%, >100%




	
Level of water deficit in both with equal irrigation

	
Severe (<40% FC 1/40% ETc 2), moderate (40–50% FC/40–60% ETc), mild (50–60% FC/60–80% ETc), full (60–80% FC/80–105% ETc), excess (≥90–100%FC/120%ETc)




	
Fertilization factors

	
Frequency of fertilization

	
1, 2, 3, 4, ≥5




	
Nitrogen application (kg/ha)

	
<150, 150–200, 200–250, 250–300, ≥300




	
Phosphorus application (kg/ha)

	
≤90, 90–150, >150








1 FC indicates the field water-holding capacity; 2 ETc indicates crop water consumption.
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