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Plastic film mulching with ridge planting alters soil chemical and biological properties to increase potato yields in semiarid Northwest China
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Abstract
Background
The growth of potato (Solanum tuberosum L.) is severely affected by the complex and variable soil environment, and film mulching has been widely used for potato growth in semiarid areas of western China. However, there are few studies on the effects of film mulching on soil quality and tuber yield in potato fields.

Methods
The effects of four mulching patterns (flat plot without film mulching, FP; flat plot with film mulching, FPM; ridge planting with half mulch, RPHM; ridge planting with full mulch, RPFM) on soil chemical and biological properties and potato tuber yield were investigated during two growing seasons (2018 and 2019) in the field.

Results
The results showed that compared with FP, the mulching treatments significantly increased the tuber yield of potato, with an increase of 3.7–20.77% and 7.89–26.35% in 2018 and 2019, respectively, and the yield of RPFM was higher than that of other treatments. In both growing seasons, RPFM significantly increased the contents of alkali-hydrolyzed N and available P, and the activities of soil urease, catalase, alkaline phosphatase, and sucrase. Bacterial and actinomycete counts were significantly higher in RPFM than those in the other treatments. Furthermore, RPFM significantly increased large potatoes and decreased small potatoes. Pearson’s correlation analysis revealed that soil alkaline dissolved nitrogen and actinomycete populations were the main factors affecting potato yield formation.

Conclusions
These results indicate that RPFM can improve the soil environment and further increase potato tuber yield, which is a viable option for potato production in semiarid areas.
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Background
Potato (Solanum tuberosum L.) is an important food crop in the semiarid area of the western Loess Plateau, accounting for 36% of the total potato area in China [1, 2]. Compared to other crops in the region, the potato has a higher yield and better economic benefits [3–5]. In recent years, the planting area of potatoes in this area is expanding, and the planting years are also extending. However, potato growth in the region is limited by environmental factors, because the potato is grown mainly in the semiarid area, which has inadequate rainfall and poor soils [6]. Therefore, climatic characteristics and potato planting status in the semiarid area of central Gansu require the application of reasonable farming measures to improve soil structure and the use of limited natural precipitation to increase crop yield.
Tuber yield is closely related to soil quality, which is determined by a variety of factors including soil physical and chemical properties, enzyme activity, and microbial abundance [7–9]. However, with the single farming method, such as continuous planting, soil structure is destroyed, physical and chemical properties deteriorate, and storage capacity becomes poor, which in turn affects plant growth and development, leading to crop yield reduction [9–12]. As a result, new agricultural practices are urgently needed to address the worsening of soil quality and yield reduction.
Soil mulching is a widely used method in crop cultivation and offers many advantages [13]. For example, mulching improves soil moisture retention, facilitates early crop growth and development, changes soil physical and chemical properties, and reduces weeds, all of which contribute to higher crop yields [14–18]. Plastic film mulch is a common soil mulch, which is widely used in arid and semiarid areas of China and has become an important technology in agricultural production [2, 16, 17]. Mulching can significantly improve soil structure, increase soil water retention capacity, and promote crop growth and yield [2, 13, 15]. Zhou et al. [19] showed that plastic film mulching significantly increased both the aboveground and belowground biomass of maize. Furrow–ridge mulching and tillage improve the microecological environment of crop rhizospheres and have effects on the soil microbial community structure that are significantly different from those of traditional planting methods [13]. The thermal effect of plastic film mulching indirectly promoted the use of water by plants, resulting in a significant alternation of soil dryness and wetness [15]. Such changes provided favorable conditions for crop growth and development [17, 20].
The benefits of plastic mulch have been used only for limited soil properties such as temperature and moisture [21–23]. However, few studies have investigated more detailed soil properties and plant parameters, especially in the semiarid agricultural zone of central Gansu Province, China. Therefore, there is an urgent need to focus on more detailed soil properties and plant parameters such as pH, nutrients, enzyme activity, microorganisms, and yield after mulching. It can be used as a basis for evaluating the combined effects of plastic film mulching and revealing the relationship between soil properties and potato yield in semiarid areas.
This study focuses on the effects of plastic film mulching on soil chemical properties, enzyme activities, microbial abundances, and potato yields for 2 years in the semiarid area of central Gansu Province. The goal was to select suitable tillage and mulching patterns that improved soil quality and increased potato yield. The results will provide technical reference to improve soil quality and obtain high potato yields in semiarid areas.
Materials and methods
Experimental site
The research was conducted from April to September in 2018 and 2019 at the Dingxi Experimental Station (35° 33ʹ N, 104° 35ʹ E) of the Institute of Agricultural Sciences in Gansu Province, Northwest China. The site altitude is 1300 m. Long-term annual precipitation at the site averages 390 mm year−1, occurring primarily from June to September. The annual average evaporation capacity is 1531 mm year−1, and the annual average temperature is 6.4 °C. The monthly average rainfall and temperature during the growing season in 2018 and 2019 are shown in Fig. 1. The potato variety used in the experiment was ‘Xindaping’, whereas the previous crop was corn. The test site had Calcaric Cambisols, which was typical of the Loess Plateau [24]. At the beginning of the experiment, chemical properties of the 0 to − 20 cm soil layer were as follow: pH, 8.20; alkali-hydrolyzed nitrogen (N), 30.3 mg N kg−1; available phosphorus (P), 39.7 mg P kg−1; available potassium (K), 255 mg K kg−1; and soil organic carbon (SOC), 17.6 g C kg−1.[image: ../images/40538_2022_284_Fig1_HTML.png]
Fig. 1Monthly average rainfall (mm) and average temperature (°C) in the potato growing season in 2018 and 2019 in Gansu Province, Northwest China


Experimental design
The experimental design included four treatments: flat plot without film mulching (FP), flat plot with film mulching (FPM), ridge planting with half mulch (RPHM), and ridge planting with full mulch (RPFM). The experiment was a randomized block design with three replications per treatment for 12 plots, each plot was 55 square meters. Potatoes were planted in 2018 and 2019 with 40 cm in-row spacing and 35-cm plant spacing at a planting density of 53,775 plants ha−1 (Fig. 2). Before plastic film mulching, N, P, and K fertilizers were applied at 45.0, 12.0, and 60.0 kg ha−1, respectively. Nitrogen fertilizer, phosphorus fertilizer, and potassium fertilizer were urea (N 46%), superphosphate (P2O5 14%), and potassium sulfate (K2O 60%). All fertilizers were applied at one time. Then the plastic mulch, a 0.02-mm-thick black polyethylene film, was laid by manual method. Tubers were sown on April 12 (2018) and April 15 (2019) and harvested in both years on September 6. In both growing seasons, potatoes received only natural precipitation. Other management procedures followed standard agricultural practices, including weeding every 7 days and spraying pesticides every month to control pests and diseases.[image: ../images/40538_2022_284_Fig2_HTML.png]
Fig. 2Diagrams of four plastic film treatments used in a potato field. a Flat plot without film mulching; b flat plot with film mulching; c ridge planting with half mulch; d ridge planting with full mulch


Collection of soil samples for analysis
Soil samples (0–20 cm) were collected before sowing, and then, the soil samples (0–20 cm) around potato roots were collected on June 18, July 23, and August 21 in both years. Soil samples were collected at five points in each plot and then fully mixed into a composite sample. Samples were stored at − 80 °C until laboratory analyses.
Soil physical properties
Alkali-hydrolyzed N was determined by the alkaline hydrolysis diffusion method [25]. First, diffusion absorption by alkaline digestion distillation was used, and then, alkali-hydrolyzed N was detected by titration with boric acid. Soil available P was determined by the molybdenum–antimony anti-colorimetric method [25]. Soils were leached with 0.5 mol L−1 NaHCO3; molybdenum–antimony anti-reagent was added for color development; and then, P was detected at 880 nm using a spectrophotometer. Soil available K was determined by a flame photometric method [26]. SOC was determined by the dichromate oxidation method [27]. Soils were leached with 1.0 mol L−1 NH4OAc, and K was detected by flame photometer. A pH meter (PHS-3E, Precision Scientific Instrument Co., Ltd., Shanghai, China) measured pH in a 1:5 soil:water ratio.
Soil enzyme activities
Urease and catalase activities were determined by the sodium hypochlorite–phenol colorimetric method and potassium permanganate (KMnO4) titration, respectively [28]. To determine urease activity, urea was the substrate, and results were expressed as the amount of NH3-N released from the enzymatic digestion of urea incubated at 37 °C for 24 h. Activities of soil alkaline phosphatase and sucrase were determined by methods similar to those of Kucharski et al. [29]. Alkaline phosphatase activity was determined by the sodium benzene phosphate colorimetric method. Sucrase activity was determined by the 3,5-dinitrosalicylic acid colorimetric method using sucrose as the substrate, and results were expressed as the amount of glucose measured after 24 h of incubation at 37 °C. Protease activity was determined by the ninhydrin colorimetric method [30].
Soil microorganism abundance
Numbers of bacteria, fungi, and actinomycetes were determined according to procedures described by Kucharski et al. [29]. Different microbial groups were analyzed using selective plating at three different times in a growing season. Beef paste peptone agar medium was used for bacteria, Martin-Bengal red medium was used for fungi, and modified Gaoshi No. 1 medium was used for actinomycetes, provided by Beijing Solarbio Science Technology Co., Ltd (Beijing, China).
Yield and yield characters
Tuber yield was determined from five plants randomly selected in each plot, and then, yield per hectare was calculated. Potatoes were separated into large (> 250 g), medium (50 to 250 g), and small (< 50 g) tubers.
Statistical analyses
Two-way analysis of variance (ANOVA) was used to analyze the effects of the month, treatment, and month × treatment on soil chemical properties, soil enzyme activity, and soil microbial population. Meanwhile, the effects of year, treatment, and year × treatment on tuber yield and yield components were analyzed using two-way ANOVA. Significant differences (P < 0.05) were analyzed by Duncan’s method of multiple comparisons. One-way ANOVA and Duncan’s multiple extreme difference test (P < 0.05) were used to assess separate effects of month and treatment on soil chemical properties, soil enzyme activity and soil microbial population, and year and treatment on tuber yield and yield components. Data were expressed as mean ± standard error. The relationship between each index was evaluated by Pearson correlation analysis. SPSS 19.0 (IBM 2010, Armonk, USA) was used for statistical analysis. Origin 9.0 (origin lab Corporation, Northampton, USA.) was used to prepare graphics.
Results
Soil chemical properties
Month and treatment had significant effects on soil pH, alkali-hydrolyzed N, available P, and available K both in 2018 and 2019. Month × treatment had a significant effect on pH, alkali-hydrolyzed N, and available P. In 2019, month × treatment had a significant effect on pH and available K (P < 0.05) (Additional file 1: Table S1). Soil chemical properties were significantly different among treatments, except for SOC (Fig. 3a–e). Specifically, regardless of year or sample date, RPFM had the highest contents of soil alkali-hydrolyzed N and available P (Fig. 3b, c). However, compared with RPFM, FP significantly increased soil pH and available K content (Fig. 3a, d). Notably, soil alkali-hydrolyzed N and available P contents were significantly different between RPFM and FP on all sample dates. However, there was no significant difference in SOC between treatments (Fig. 3e).[image: ../images/40538_2022_284_Fig3_HTML.png]
Fig. 3Effects of plastic film mulching treatments for potato on a soil pH; b alkali-hydrolyzed nitrogen; c available phosphorus; d available potassium and e SOC. Different lowercase letters indicate significant differences for the same treatment on different sample dates (P < 0.05), and asterisks indicate significant differences among treatments on the same sample date (P < 0.05). FP, flat plot without film mulching; FPM, flat plot with film mulching; RPHM, ridge planting with half mulch; RPFM, ridge planting with full mulch


Within the growing season, soil pH and contents of alkali-hydrolyzed N, available P, and available K in all treatments were higher in 2019 than in 2018. From June to August in 2019, the contents of alkali-hydrolyzable N, available P, and available K increased by 17.9–38.3%, 42.0–53.0%, and 0.6–5.6% compared with those in 2018, respectively. Nevertheless, soil pH, alkali-hydrolyzed N, available P, and available K in each treatment decreased from June to August in both years.
Soil enzymatic activity
The month and treatment had significant effects on soil urease activity, catalase activity, alkaline phosphatase activity, invertase activity, and protease activity, except for the month of 2019, which had no significant effect on protease activity. Month × treatment had no significant effect on soil enzyme activity (Additional file 1: Table S1). The effects of different film mulching treatments on soil enzyme activities are shown in Fig. 4a–d. In both 2018 and 2019, activities of urease, catalase, alkaline phosphatase, and sucrase were significantly higher in RPFM than in FP, but the difference in protease activity was not significant. Compared with 2018, in 2019, urease activity increased by 29.3% to 41.8%, catalase activity by 16.9% to 22.8%, alkaline phosphatase activity by 27.6% to 33.0%, sucrase activity by 5.6% to 5.9%, and protease activity by 3.8% to 8.7%.[image: ../images/40538_2022_284_Fig4_HTML.png]
Fig. 4Effects of plastic film mulching treatments for potato on a urease activity, b catalase activity, c alkaline phosphatase activity, d sucrase activity, and e protease activity. Different lowercase letters indicate significant differences for the same treatment on different sample dates (P < 0.05), and asterisks indicate significant differences among treatments on the same sample date (P < 0.05). FP, flat plot without film mulching; FPM, flat plot with film mulching; RPHM, ridge planting with half mulch; RPFM, ridge planting with full mulch


Bacteria, fungi, and actinomycetes
Month and treatment had significant effects on soil bacteria, fungi, and actinomyces. Meanwhile, month × treatment had a significant effect on Actinomyces (Additional file 1: Table S1). Plastic film mulching significantly affected numbers of bacteria (Fig. 5a), fungi (Fig. 5b), and actinomycetes (Fig. 5c). In addition, the number of bacteria and actinomycetes increased during the growing season (Fig. 5a, c). During the growing season (June to August) in both years, numbers of bacteria, fungi, and actinomycetes increased significantly with mulching compared with FP. In 2018, the number of bacteria increased by 72.2–97.2%, fungi by 73.3–86.3%, and actinomycetes by 84.7–125.0% under the mulch treatment. Notably, numbers of bacteria and actinomycetes increased by 41.7–44.0% and 31.3–108.7%, respectively, in 2019 compared with 2018, but numbers of fungi decreased by 13.6% to –18.3%.[image: ../images/40538_2022_284_Fig5_HTML.png]
Fig. 5Effects of plastic film mulching treatments for potato on a soil bacteria, b fungi, and c actinomycetes. Different lowercase letters indicate significant differences for the same treatment on different sample dates (P < 0.05), and asterisks indicate significant differences among treatments on the same sample date (P < 0.05). FP, flat plot without film mulching; FPM, flat plot with film mulching; RPHM, ridge planting with half mulch; RPFM, ridge planting with full mulch


Yield and yield components
The analysis in Additional file 1: Table S2 showed that year had a significant effect on large potatoes, medium potatoes, and tuber yield, while treatment had a significant effect on large potatoes, medium potatoes, small potatoes, and tuber yield, and year × treatment had a significant effect only on large potatoes and small potatoes. In both years, yield was in the order RPFM > RPHM > FPM > FP (Fig. 6). The yield of mulching treatments (RPFM, RPHM, and FPM) was significantly higher than that of FP by 3.7–20.8% in 2018 and by 7.9–26.4% in 2019. Compared with 2018, tuber yield increased by 7.0% to 11.9% in 2019. In both years, the percentage of large potatoes was significantly higher in RPFM, RPHM, and FPM than in FP (Table 1). By contrast, in FP, the percentage of small potatoes was significantly higher than that in mulching treatments (Table 1). The percentage of large potatoes in each treatment was higher in 2019 than in 2018, increasing by 3.7% to 10.8%, whereas the percentage of small potatoes was lower.[image: ../images/40538_2022_284_Fig6_HTML.png]
Fig. 6Effects of plastic film mulching treatments for potato on tuber yield. Different lowercase letters indicate significant differences among treatments within a year (P < 0.05). FP, flat plot without film mulching; FPM, flat plot with film mulching; RPHM, ridge planting with half mulch; RPFM, ridge planting with full mulch

Table 1Potato yield by three classes of tuber weight under different plastic film mulching treatments


	Treatment
	Weight (%)

	2018
	2019

	Large potatoes (%)
	Medium potatoes (%)
	Small potatoes (%)
	Large potatoes (%)
	Medium potatoes (%)
	Small potatoes (%)

	FP
	12.07 ± 0.52d
	59.69 ± 0.37b
	28.24 ± 0.24a
	12.51 ± 0.37d
	61.53 ± 0.46a
	25.95 ± 0.24a

	FPM
	15.56 ± 0.11c
	62.85 ± 0.62a
	21.58 ± 0.65b
	16.83 ± 0.25c
	62.63 ± 0.40a
	20.54 ± 0.28b

	RPHM
	17.90 ± 0.40b
	62.91 ± 0.33a
	19.19 ± 0.72c
	19.84 ± 0.40b
	62.02 ± 0.64a
	18.15 ± 0.26c

	RPFM
	20.21 ± 0.24a
	62.01 ± 0.46a
	17.79 ± 0.22d
	21.61 ± 0.09a
	61.68 ± 0.10a
	16.71 ± 0.03c


Data are mean ± standard error of the three replicates. Different lowercase letters in the same column indicate significant differences among treatments (P < 0.05)
FP, flat plot without film mulching; FPM, flat plot with film mulching; RPHM, ridge planting with half mulch; RPFM, ridge planting with full mulch



Pearson correlation analysis
Pearson coefficients of correlation were used to measure the correlation between two different indicators (Fig. 7). Available P content, urease, catalase, alkaline phosphatase, sucrase, and protease activities, and bacterial and fungal numbers were significantly positively correlated with yield, whereas the content of alkali-hydrolyzed N and numbers of actinomycetes were highly significantly positively correlated with yield.[image: ../images/40538_2022_284_Fig7_HTML.png]
Fig. 7Pearson coefficients of correlation between potato yield and tuber size classes and soil nutrients, enzyme activities, and microbial groups across plastic film treatments. *P < 0.05 and **P < 0.01


Available P content, urease, sucrase activities, and fungal numbers were highly significantly positively correlated with large potatoes, whereas catalase, alkaline phosphatase, and protease activities, and bacterial and actinomycete numbers were significantly positively correlated with large potatoes (Fig. 7). Small potatoes were negatively correlated with available P content, urease, catalase, and sucrase activities, and fungal numbers but positively correlated with pH (Fig. 7).
Discussion
Effects of film mulching on soil chemical properties
Soils are the primary source of nutrients absorbed by crops, and soil nutrient content determines whether plants can successfully grow and develop [31, 32]. Soil pH and available nutrients are important indicators of changes in soil fertility, which can directly affect crop growth in a growing season [12]. In our study, compared with 2018, pH, alkali-hydrolyzed N, available P, and available K in 2019, increased in the different treatments. These results are consistent with those of previous studies [2, 19] and indicate that reasonable plastic film mulching can improve soil nutrient contents. As we all know, plastic mulching increases soil moisture and temperature, further changing the chemical properties of soil [2, 9]. During the growing season, soil pH and available P content in different treatments first increased and then decreased. Among treatments, the highest pH was in FP, whereas available P in RPFM was higher than that in FP. Plastic film mulching promotes the respiration of roots and soil microorganisms, accelerates the decomposition of organic matter, and increases the concentration of carbon dioxide in soil [17, 32]. Therefore, pH declined and available P content increased in RPFM. Alternating dry and wet soils after ridge sowing also affect nutrient contents [23], so that the content of alkali-hydrolyzed N in RPFM was significantly higher than that in other treatments. In addition, contents of alkali-hydrolyzed N and available K decreased during the growing season because of increased demand for N and K in the late stage of tuber growth [33, 34]. However, the change of soil SOC between different treatments was not significant. Yu et al. [35] found that long-term mulching had no significant effect on the content of SOC of wheat, corn, and oil crops, and even significantly reduced the SOC in rice soil. It can be seen that mulching can input more SOC by enhancing plant biomass, meanwhile, the mineralization rate of SOC also improves, and increasing the turnover rate of SOC; therefore, there was no significant increase in SOC. These results are consistent with the results of this study. Overall, soil pH, SOC, and alkali-hydrolyzed N, available P, and available K contents are influenced by plant species, soil type, fertilizer amount, and water content, and the different factors have different effects on soil nutrient availability.
Effects of film mulching on soil enzyme activities
Soil enzymes are essential biologically active substances involved in energy flow and material exchange in agroecosystems [29, 36]. Film mulching can increase enzyme activity and provide favorable conditions for crop growth and development [4]. In this study, the increase in soil enzyme activity was an indication of potential improvement in soil quality. This was probably due to plastic film mulching changing the numbers of soil microorganisms, there are differences in soil microbial community catabolism, which in turn affect soil enzyme activities [21, 37, 38]. Soil urease activity in the different treatments first increased and then decreased during the growing season in 2019. Urease catalyzes urea hydrolysis in soil and has strong specificity [38]. Moreover, because urease is an important hydrolase in soil nitrogen cycling processes, it can reflect the N-supplying ability of soil to a certain extent [39]. In contrast to urease, alkaline phosphatase activity first decreased and then increased. Ridge sowing also affects soil enzyme activities, because film mulching increases in soil water, and heat promote soil microbial activity [2, 14, 40, 41]. We found that the activities of sucrase and protease increased slowly, and RPFM had the highest enzymatic activity. Soil sucrase activity is directly related to the number of soil microorganisms [41], and a similar result was observed in this study. Thus, plastic film mulching significantly increased soil enzyme activities in the potato field in this study. In concordance with that, semi-plastic film ridge sowing and full-plastic film ridge sowing had different effects on soil enzyme activities, supporting previous results that the type of mulching method can also affect soil enzyme activities [14].
Effects of film mulching on soil microorganisms
Microorganisms are essential in soil ecosystems because of their roles in material circulation and energy transformations and effects on plant growth [42]. In this research, the numbers of bacteria and actinomycetes in 2019 were higher than those in 2018, but the number of fungi declined slowly. Therefore, plastic film mulching changed soil microbial community structure, similar to the findings of Sreejata et al. [43]. Film mulching also increased the numbers of soil microorganisms in maize and wheat fields [13, 44]. Results showed that the numbers of bacteria and actinomycetes in each treatment gradually increased over the growing season, whereas the numbers of fungi decreased. Plastic film mulching reduces soil water evaporation, improves soil temperature, promotes plant root secretions, and stimulates soil microbial growth and reproduction [45].
With plastic film mulching and ridge sowing, numbers of soil bacteria, fungi, and actinomycetes remained at high levels, because soil moisture and temperatures promoted microbial activities. Simultaneously, in the treatment without mulching, fungi increased, indicating the balance between rhizosphere microorganisms was destroyed [46]. Therefore, plastic film mulching and ridge cultivation changed the numbers of soil microorganisms in potato fields to achieve a balance between microbial populations and improve soil fertility.
Effects of film mulching on potato yield
Potato yields indicated that plastic film mulching significantly affected crop growth (Fig. 6). Tuber yield in 2019 increased by 7.0% to 11.9% compared with that in 2018. Thus, plastic film mulching positively affected potato tuber yields. Mendonça et al. [21] found that plastic film mulching also increased tomato yields under field conditions.
Yields of plastic film mulching treatments (RPFM, RPHM, and FPM) were 3.7% to 26.4% higher than that of FP. The higher yields could be explained because plastic film mulching reduced soil water evaporation and ridge planting promoted the growth of soil microorganisms, both of which positively affected crop yields [40, 41, 45]. At the same time, mulching increased soil enzyme activity and changed the soil nutrient profile, thus promoted the growth of potato tubers [2, 15, 18].
In 2019, the number of large potatoes in each treatment was higher than that in 2018, whereas the number of small potatoes was lower compared to 2018, indicating that plastic film mulching had a significant effect on the composition of potato yield [3]. In addition, the percentage of large potatoes in RPFM, RPHM, and FPM were significantly higher than that of FP in 2018 and 2019. Therefore, in addition to the positive effects of film mulching on potato yield [22], in this study, the percentage of large and medium potatoes increased significantly and that of small tubers decreased significantly in film mulching treatments. However, this study involved only one potato variety and future experiments should focus on the effects of ridge planting with full mulch on the yield and quality of multiple varieties.
Conclusion
RPFM caused the changes in the soil microbial population and soil enzyme activity and nutrients, which in turn contributed to increased tuber yield and growth of the potato. RPFM had the greatest positive effects on soil fertility and potato yield, and therefore, ridge planting with full mulch was recommended as an effective practice for potato cultivation in semiarid areas.
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