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Abstract

:

This study investigated two popular satellite-derived vegetation indices (VIs), MODIS NDVI and EVI, as tools for monitoring crop growth at the Thapanzeik Dam irrigation district in Myanmar, where quality ground data are difficult to obtain. The time-series analysis for seasonal peak VIs presented a considerable improvement in paddy cultivation during 2001–2020 in the irrigation district during summer and monsoon. Fields outside the district had a much lower improvement ratio. Within the irrigation district, a canal with limited water supply was identified via peak and average VIs evaluation. The evaluation of precipitation impact on crop growth demonstrated an opposite impact on crop growth in summer and monsoon cultivations. Water is one of the limiting factors in summer in the irrigation district; thus, precipitation improves water conditions. However, water is not the limiting factor in monsoon; thus, extra water from precipitation, both hydraulically and meteorologically, negatively impacts crop growth. Compared to NDVI, EVI better captured crop growth in densely vegetated surfaces. Meanwhile, information degradation might have occurred with 250 m EVI, using 500 m blue-band reflectance as an input. Thus, the best vegetation index to use depends on the purpose of monitoring and the site situation.
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1. Introduction


When planning rehabilitation projects for irrigation systems in developing countries, planners often face a deficit of data required for project design. Agriculture statistics are generally arranged not on an irrigation system basis, but on an administrative unit basis. In some cases, planners cannot conduct detailed field surveys as the target project area is close to the conflict areas. In the Republic of the Union of Myanmar, field data and statistics related to irrigation schemes and agricultural production are not always available due to political confusion, which prevents the strategic planning of irrigation design and management based on scientific data.



Satellite remote-sensing technology provides ground information observed from space. These data are valuable, especially in regions with limited ground-based information [1]. Vegetation monitoring using satellite-observed infrared reflectance has been popular in agricultural applications since Tucker [2] developed the Normalized Difference Vegetation Index (NDVI). NDVI represents the amount of green vegetation using the normalized difference between the red and near-infrared reflectance of solar radiation. This index has been used for several purposes related to agriculture, including crop classification [3], irrigation monitoring [4], field evapotranspiration estimation [5], and yield estimation [6,7]. While the NDVI has been the most popular index for vegetation monitoring, the index has well-known weaknesses at a sparse vegetation region, where the soil background information weight is large, and a region of densely vegetated surface, where the reflectance signals “saturate” [8]. Several alternative vegetation indices (VIs) have been proposed to overcome the limitations of NDVI. The soil-adjusted vegetation index [9] attempted to improve vegetation monitoring performance by reducing noise caused by the background soil, and the Enhanced Vegetation Index (EVI) [10] attempted to improve vegetation monitoring in densely vegetated surfaces. Several studies have reported that EVI is superior to NDVI [11,12,13]. Son et al. [8] investigated NDVI and EVI performance on rice yield estimation in Vietnam and concluded that EVI was slightly better than NDVI as an indicator.



While rich research-type information is available for vegetation monitoring by satellite, there are limitations to the application of these techniques in irrigation project planning. Typical projects are designed to ensure operational achievements within a relatively short period. Additionally, the primary conductors of planners are administrators and engineers, rather than researchers. Such circumstances prevent the introduction of research investigations into the implementation plan. The accumulation of good practices and examples that effectively describe the performance of satellite-based vegetation monitoring is desirable to promote the application of satellite data for operational purposes. Therefore, the purpose of this study is to suggest an operational and feasible framework for the initial investigation of agricultural status in a target area by relying on satellite-based information with limited use of in situ data. By setting the Thapanzeik Dam irrigation district in Myanmar as the study area, this study aims to illustrate the information derived from paddy rice double-cropping cultivation utilizing two popular VIs, NDVI and EVI. Additionally, the characteristics and performance of NDVI and EVI are discussed, which contain a new perspective on the input spatial resolution of VIs.




2. Materials and Methods


2.1. Study Area


The study area was the Thapanzeik Dam irrigation district, located in a vast paddy area along the Mu River in the Sagaing region of Myanmar (Figure 1). The latitude and longitude of the district are 22°15′–23°13′ N and 95°48′–95°12′ E, respectively. The elevation ranges from 160 m at its northern upstream side to 100 m at its southernmost downstream part. The irrigation system has four primary canals: the Right Main (RMC), Ye-U Main (YMC), Shwebo Main (SMC), and Old Mu Canal (OMC). In this study, RMC was further divided into upstream (Upper Right Main Canal, URMC) and downstream (Lower Right Main Canal, LRMC). Six rain gauges, five inside and one outside the district, were available surrounding the study area (Figure 1).



The study area is located within a poor rainfall area in Myanmar, the Central Dry Zone (CDZ). During 2016–2018, the Japan International Cooperation Agency (JICA) and Sanyu Consultants Inc. (SCI) surveyed the agricultural circumstances of the study area [14]. According to the survey, the irrigation district typically cultivates paddy rice twice a year, once in the monsoon and once in the summer. The monsoon paddy cultivation starts from August till November to January, by utilizing sufficient rainfall from the monsoon. Irrigation enables the cultivation of summer paddies from March to early July. Alternatively, in rain-fed areas typically located outside the irrigation district, paddy rice tends to be cultivated only during the monsoon. In the summer, some fields cultivate other crops that require less water, including chickpea, green gram, ground nut, and sesame, from November, just after the early harvest of monsoon paddy rice, to March, using the remaining soil moisture. In upland areas, where water is insufficient to cultivate paddy rice even in monsoon, pulses and oil crops are cultivated in the monsoon.



Annual precipitation (average of six rain gauges installed in the study area from 2001 to 2016) varied from 518 to 1182 mm, averaging 862 mm (Figure 2). As a general characteristic of rainfall in the CDZ, rainfall is not stable by year or location, especially at the onset of the monsoon. It starts raining in April and continues until November, during which the major rainy season is from May to October (Figure 3). The rainfall peaks in August and September were over 150 mm on average and more than 200 mm in some locations. Little rain was expected from December to March.




2.2. Data Utilized


Two types of satellite-based VIs, NDVI [2] and EVI [10], were used to monitor vegetation status in the study area. The target duration was set to 20 years from 2001 to 2020. The VIs were provided as Moderate Resolution Imaging Spectroradiometer (MODIS) MOD13Q1 vegetation index product version 3.10 collection 6.1 [15]. MOD13Q1 provided 16-day, cloud-free NDVI and EVI at 250 m maximum resolution, based on daily observation data. While clouds tend to prevent sustainable monitoring of land surfaces with visible and near-infrared satellite observations in monsoon Asia [16], MOD13Q1 provided a 16-day continuous, cloud-free dataset derived from observations with high temporal resolution (i.e., daily). Landsat (spatial resolution = 30 m) and Sentinel-2 (spatial resolution = 10 m) are also popularly used satellites for obtaining VI information. Compared to these satellites, the advantage of MODIS is the higher temporal resolution that contributes to conduct a robust surface observation even under humid climates. The primary disadvantage is the lower spatial resolution. As a characteristic of MODIS-type satellite images, the effective resolution changed based on the sensor angle. The resolution is maximum (250 m × 250 m) at the nadir sensor angle but degrades up to 610 m × 380 m at a 45° sensor angle by the so-called bow-tie effect [17]. Upon generating 16-day, cloud-free composite data from daily observation, MOD13Q1 has tried selecting observations having a higher spatial resolution, by adopting the “Constrained View angle–Maximum Value Composite” (CV-MVC) method [10]. The NDVI and EVI are defined by Equations (1) and (2), respectively:


  NDVI =    ρ  N I R   −  ρ R     ρ  N I R   +  ρ R    ,  



(1)






  EVI = G    ρ  N I R   −  ρ R     ρ  N I R   +  C 1   ρ R  −  C 2   ρ B  + L   ,  



(2)




where ρB, ρR, and ρNIR are blue, red, and near-infrared satellite band reflectance, respectively; C1 and C2 are the coefficients of the aerosol resistance term calibrated as 6.0 and 7.5, respectively; G is a scaling factor given as 2.5; and L is the canopy background adjustment factor given as 1.0, for the MODIS MOD13 product.



In this study, daily precipitation records measured at six rain gauges installed surrounding the study area from 2001 to 2016 were used for the analysis. The rain gauges were managed by the Ministry of Agriculture, Livestock, and Irrigation. General information on agricultural practices and site circumstances was obtained from a survey report for the region [14].




2.3. Analysis Method


The study aims to derive the following three types of information:




	(a)

	
Investigation of current agricultural practices.




	(b)

	
Impact of precipitation on crop growth.




	(c)

	
NDVI and EVI performance assessment.









The study flowchart is depicted in Figure 4. The first step was to comprehend the general agricultural practices of the study area, which were obtained by plotting the NDVI and EVI values. There were some minor technical issues in the accurate derivation of agricultural information from satellite-based VIs. The typical field size in the study area (e.g., 50 m × 50 m) was smaller than the spatial resolution of satellite images (i.e., 250 m or coarser), and some nonagricultural land uses, including buildings, roads, and canals, were spread over the study area. Additionally, MODIS spatial resolution varied according to the observation. To minimize this problem, this study conducted an analysis using VI values from manually selected sample locations, which were selected from large agricultural areas. The VI values of each sample location comprised an average of four 250 m × 250 m pixels, and the sampled locations are depicted in Figure 1. Samples #1 to #27 were from the irrigation district, wherein #1 to #7 were URMC, #8 to #10 were LRMC, #11 to #16 were YMC, #17 to #20 were SMC, and #21 to #27 were OMC command fields. Additionally, 14 sampling locations (#28 to #41) were selected from outside the irrigation district. Samples from outside the district were used for comparison with the data inside the irrigation district, so that the crop growth in the irrigation district was better elucidated. Because the irrigation district practices rice double-cropping, one in summer and the other in the monsoon, two VIs peaks per year were expected. The 20-year change in crop growth was evaluated by investigating (1) the peak VI values for the two seasons, where the peak VI value is a popular indicator for irrigation monitoring [4] and estimating crop yield [18,19] and (2) the seasonal average VI values, which has a close relationship with crop yield [20]. In this study, the specific periods used for computing the peak and the average VIs were set as 22 March to 27 July for summer cultivation and 28 July to 21 March for monsoon cultivation, where 22 March and 27 July correspond to the average dates for two VI bottoms in the study area.



In this study, in situ precipitation records measured in the irrigation district were adopted to evaluate the impact of water circumstances on crop growth, by assuming that the precipitation at the site may represent the water resources' general availability in the irrigation district. This analysis was conducted for the period of 2001 to 2016 (i.e., during the period that the in situ precipitation data are available), by comparing the VI information and precipitation. The characteristics of the two VI values (NDVI and EVI) were compared. Discussions were made regarding which index is operationally more appropriate for paddy rice irrigation monitoring.





3. Results and Discussion


3.1. Agricultural Practices


Figure 5 depicts the 20 years’ average seasonal changes in NDVI and EVI in the study area. The VI values are conferred by the averages of sample locations for each canal system (URMC, LRMC, YMC, SMC, and OMC), with the samples outside the study area. Except for LRMC, the fields inside the irrigation district demonstrated two VIs peaks per year, one in June and the other in late October, indicating that farmers had practiced double-cropping. On the other hand, VI values for the LRMC and outside the district had a single peak in late October, indicating that most of the sampled fields practiced only one cultivation per year. A field survey report [14] indicated that LRMC fields were typically not irrigated due to insufficient water supply to the canal. The satellite observations depicted in Figure 5 verified that LRMC fields were in agricultural conditions similar to nonirrigated fields outside the district. The fields located outside the district demonstrated peak VI in the fall, with significantly lower values than the primary fields of the irrigation district (Figure 5a,b). This result indicated that the irrigation system contributed to effective crop growth. Within the irrigation district, the peak VIs of the command fields of RMCs (i.e., URMC and LRMC) were lower than those in the other areas, implying that refinements or further improvement of the RMC system, or more water resources that can distribute to the canal system, might be required. While NDVI and EVI essentially provided similar information, some differences in appearance were verified. The characteristics and differences between the NDVI and EVI are discussed in a later section.



Figure 6 and Figure 7 depict the seasonal peak NDVI and EVI for summer and monsoon, respectively. The regression line inside the irrigation district was computed using the average of all samples located inside the irrigation district, except for LRMC. The LRMC field samples were omitted from this analysis to better describe the primary field conditions in the district. Information for outside the irrigation district is demonstrated only for the monsoon as no peak was verified for summer cultivation. In both summer and monsoon, the peak VI values inside the district have an increasing trend, implying that they have improved crop growth year-by-year. The slope of the linear regression line in NDVI (Figure 6) was approximately 0.01 in both seasons, indicating that NDVI values increased by approximately 0.2 over the past 20 years from 2001 to 2020. This rate of increase in the NDVI is generally regarded as significant. For example, Ajith et al. [18] reported that the average increment of rice yield for the increment of seasonal peak NDVI from 0.6 to 0.8 was approximately 1500 kg ha−1 or 35%. Belton et al. [21] reported that extremely rapid agricultural mechanization improved crop productivity during their study from 2011 to 2020 in Myanmar CDZ. The strong and constant rise in crop production monitored in this study might be the result of technical advancements in the agricultural sector in the study area. The increment trend of VIs was also verified outside the district, although the ratio of increment, as represented by the slope of the linear regression line, was less than half of the fields in the irrigation district. Crop growth has significantly increased, not in the entire region but only in the irrigation district. Within the irrigation district, large annual deviations of VIs were identified in the summer, while little deviation was observed in the monsoon, as appeared in the difference in R2 values between the summer (0.44 for NDVI and 0.50 for EVI) and monsoon (0.88 for NDVI and 0.87 for EVI). This indicates that summer cultivation is unstable compared to monsoon cultivation.




3.2. Impact of Precipitation


In the irrigation district, the clear trend of improvement in crop growth (Figure 6 and Figure 7) was not related to precipitation as no such one-way trend of increment was verified in precipitation (Figure 2). The impact of precipitation on crop growth, represented by the seasonal peak VI values, was evaluated by comparing the precipitation amount and the VI values deviation from the general trend of long-term increment, where the “deviation” is illustrated as arrows in Figure 8a for summer and Figure 9a for monsoon. Figure 8b depicts the NDVI deviation (ΔNDVImax) for summer cultivation compared with precipitation accumulated from January to June. January to June was the accumulation period that elucidated the best ΔNDVImax (i.e., it demonstrated the highest R2). As depicted in Figure 8b, a slight positive relationship was verified between ΔNDVImax and precipitation, indicating that the “wet” year tends to expect better crop growth in summer cultivation. The regression line slope, 0.00025, is equivalent to a 0.075 NDVI value, for a 300 mm difference in January to June cumulative precipitation (e.g., 100 mm for dry years vs. 400 mm for wet years). Although the R2 value of 0.24 indicates that precipitation may not be the primary factor for elucidating the year-by-year deviation of crop growth, the impact of precipitation may not be negligible when compared to the ΔNDVImax standard deviation of 0.057.



Interestingly, the same analysis for monsoon cultivation demonstrated the opposite response of ΔNDVImax to precipitation (Figure 9b). January to October was the accumulation period that elucidated the best ΔNDVImax (i.e., it demonstrated the highest R2). Hydrologically, precipitation that occurred more than a few months prior to the start of monsoon cultivation may have no or positive impact on the crop growth in monsoon cultivation (e.g., in case the early precipitation contributes to the dam’s water storage at the beginning of monsoon cultivation). Although the details are not shown in Figure 9b, a detailed analysis indicated that early precipitation slightly had a positive impact on monsoon cultivation, while on-season precipitation had a clear negative impact. Precipitation during the monsoon cultivation season can negatively affect crop growth, for two reasons. Excessive or inadequate rain during the cropping season can hydraulically damage crops and cause crop loss in the CDZ of Myanmar [21]. Additionally, precipitation generally has a negative correlation with solar radiation, which can further reduce air temperature during the hot season [22]. Thus, excessive precipitation can inhibit crop growth meteorologically. Analysis using EVI showed similar results.



Figure 10 and Figure 11 depict the seasonal average NDVI and EVI for summer and monsoon cultivation, respectively. The regression line inside the irrigation district was computed using the average of all samples located inside the irrigation district, except for LRMC. In both summer and monsoon cultivations, the average VI values have an increasing trend, as confirmed via the peak analyses shown in Figure 6 and Figure 7. The differences between inside and outside of the irrigation district became more unclear with using average values than using peak values, because the “average” includes field information when paddy rice fields have no or little vegetation. In such periods, inside and outside conditions are similar, as shown in Figure 5.



The impact of precipitation on crop growth was evaluated using seasonal average NDVI as an indicator. The results (Figure 12a for summer cultivation and Figure 12b for monsoon cultivation) were generally consistent with the analysis using peak NDVI (Figure 8 and Figure 9) in both seasons, although some deviations were obtained for an effective period of rainfall. This study adopted simple averages of NDVI from 22 March to 27 July (for summer cultivation) and from 28 July to 21 March (for monsoon cultivation). Johnson et al. [19] suggested that employing a cumulative VI value with setting a certain threshold on minimum VI value on accumulation effectively reflects the crop growth and the production, although the threshold values should be manually determined through an extra analysis. The results of this study implied that a simple average of VIs could reasonably capture the general trend and the circumstance of crop growth condition and the impact of precipitation, although peak VIs might be a superior indicator for distinguishing the crop growth of rice. For example, Figure 5 visually suggested that the rice was much more actively growing inside the irrigation district than outside. Such condition is better captured via seasonal peak VIs than seasonal average VIs.




3.3. Characteristics of NDVI and EVI


Throughout the study, similar results were obtained for both NDVI and EVI. However, some minor differences were observed. Figure 13 depicts the relationship between NDVI and EVI for the sampled data used in this study. Data with negative values were rejected from plotting. The regression curve indicates that the relationship between NDVI and EVI is nearly constant (i.e., the curve is close to a straight line) for an NDVI range of 0.2–0.8. The regression curve slope was steeper than the general trend in the NDVI ranges of 0.0–0.2 and 0.8–1.0. These ranges correspond to sparsely and densely vegetated surfaces, where NDVI has structural weaknesses. In these regions, EVI was superior to NDVI. The NDVI “saturation” was verified by comparing Figure 6b and Figure 7b, wherein, a continuous strong improvement in crop growth during 2012–2020 is better described with EVI (Figure 7b) than NDVI (Figure 6b).



In addition to the general relationship between NDVI and EVI, as represented by the regression curve in Figure 13, a vast range of scattering is verified in Figure 13 in the moderate NDVI range (0.2 < NDVI < 0.8). The vast range of scattering was likely derived from differences in the input data. While NDVI uses red and near-infrared reflectance, EVI used blue reflectance, in addition to red and near-infrared reflectance. MODIS observed red and near-infrared reflectance with a 250 m spatial resolution (at the nadir sensor angle), but 500 m for blue reflectance. Therefore, the 250 m EVI product partially used coarser resolution information, and NDVI is superior to EVI in terms of spatial resolution. Although no other study has found that the pixel allocation system is an issue of NDVI vs. EVI disagreement, the mixture of two types of resolution bands can accentuate the spatial resolution degradation. MODIS derives pixel information from the observation signal range twice as long as the pixel size, and the pixels of different observation resolutions are aligned not at the edge but at the center of the pixels in the along-scan direction [23], as illustrated in Figure 14. For example, a 500 m blue-band information used for 250 m EVI pixels (e.g. green colored 250 m pixel in Figure 14) may contain information from a 1500 m (along-scan, indicated as green arrow in Figure 14) by 500 m (along-track) area, even at the nadir observation where the spatial resolution is the maximum, which may appear as a large scatter in Figure 13. In the study area, where each field size is small, the impact of the resolution difference can be the largest in the moderate NDVI range, which corresponds to the crop growing and crop senescence seasons, when the surface condition tends to vary field by field. In the moderate NDVI range, 250 m NDVI might be sprier than 250 m EVI when a fine spatial resolution is important.





4. Conclusions


Throughout this study, agricultural practices in the Thapanzeik Dam irrigation district were successfully illustrated using MODIS NDVI and EVI, with limited use of in situ measurement data. MODIS VIs demonstrated two peaks in a year, indicating that the district practiced double-cropping once in the summer and once in the following monsoon. Both in summer and monsoon cultivations, crop growth was constantly improving for 20 years from 2001 to 2020, which might reflect the rapid agricultural mechanization achieved in this region. Fields outside the district had a much lower ratio of improvement. Within the irrigation district, the RMC system command fields demonstrated relatively weak crop growth in the upstream area and significantly weak growth that was nearly equivalent to no irrigation in the downstream area. Refinements or further improvement of the RMC system or more water resources that can be distributed to the canal system might be required. The impact of precipitation on crop growth was evaluated using in situ precipitation data. The results demonstrated an opposite effect of precipitation on crop growth in summer and monsoon. While precipitation promotes crop growth during summer cultivation, it prevents crop growth during monsoon cultivation. The results indicated that water was one of the limiting factors in summer cultivation in the irrigation district, and that precipitation provides favorable conditions for crop growth. However, water is not a limiting factor in monsoon cultivation. Rather, extra precipitation, hydraulically and meteorologically, negatively affects crop growth.



Essentially, NDVI and EVI can derive similar results for crop growth monitoring in the irrigation district. As a minor difference, EVI was superior to NDVI when the field had densely vegetated active crops, as reported in several other studies. A relatively large, random-type scatter was verified in the relationship between NDVI and EVI at a moderate NDVI range (0.2 < NDVI < 0.8), which should be derived from the difference in input data for the two VIs. Considering the structure of the signal ranges and the regulation of pixel allocation in the MODIS sensor, the scatter potentially indicates a spatial resolution degradation in 250 m EVI, which might be an advantage of using NDVI in moderately vegetated surfaces. This study demonstrates that MODIS VIs are convenient tools for monitoring agricultural practices and the crop growth of irrigated paddy rice using limited ground data. The type of optimum VI to be used depends on the purpose of monitoring and the circumstances of the target area. EVI is superior when the differences in crop conditions at densely vegetated surfaces are important. NDVI might be superior when spatial resolution is important, such as for inhomogeneous surfaces.
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Figure 1. Study area and the locations of sample points indicated by number depicted on MODIS NDVI for October 2020. 
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Figure 2. Annual average precipitation. 
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Figure 3. Monthly average precipitation. 
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Figure 4. Study flow chart. 
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Figure 5. Seasonal changes of (a) NDVI and (b) EVI in the study area. 
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Figure 6. Seasonal peak NDVI for (a) summer and (b) monsoon by year. 
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Figure 7. Seasonal peak EVI for (a) summer and (b) monsoon by year. 
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Figure 8. (a) Seasonal peak NDVI for summer for an average of all sample locations inside the irrigation district, and (b) the comparison between January–June precipitation and NDVI difference. 
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Figure 9. (a) Seasonal peak NDVI for monsoon for an average of all sample locations inside the irrigation district, and (b) the comparison between January–October precipitation and NDVI difference. 
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Figure 10. Seasonal average NDVI for (a) summer and (b) monsoon by year. 
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Figure 11. Seasonal average EVI for (a) summer and (b) monsoon by year. 
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Figure 12. The comparison between precipitation and NDVI difference for (a) summer and (b) monsoon cultivation seasons. 
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Figure 13. Relationship between NDVI and EVI for sampled data used in this study. 
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Figure 14. Signal ranges and the nominal pixel allocations of MODIS 250 and 500 m bands at nadir sensor angle. 
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