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Abstract

:

Conservation management practices such as no-tillage and cover crops can decrease soil’s susceptibility to wind erosion, but adoption of these practices has been limited on the Texas High Plains (THP) where producers are concerned with cover crop water usage. The objective of this study was to evaluate the impact of no-tillage and cover crops on cotton (Gossypium hirsutum L.) lint yield and soil water content in a deficit irrigated cropping system. Soil water was observed bi-weekly in long-term, continuous cotton systems established in 1998 that included (1) conventional tillage, winter fallow, (2) no-tillage with rye (Secale cereale L.) cover, and (3) no-tillage with mixed species cover located in Lamesa, TX, USA. Results include observations from 2018–2020 (years 21–23 of the study period). The adoption of conservation practices did not significantly reduce cotton lint yield compared to conventionally tilled, winter fallow cotton. Soil water was initially depleted with cover crops but was greater throughout the growing season following cover crop termination. Throughout the soil profile, water depletion and recharge were more dynamic with conservation practices compared to the conventionally tilled control. There were no differences in cotton water use efficiency between treatments. Results from this study indicate cover crop water usage is likely not the cause of cotton lint yield decline in this deficit irrigated semi-arid production system.
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1. Introduction


During the Dust Bowl of the 1930s, approximately 5 Tg of topsoil were eroded from the United States Great Plains, which prompted the formation of the Soil Conservation Service and, ultimately, the Natural Resources Conservation Service (NRCS) to combat the loss of this vital resource [1]. Since the Dust Bowl, agronomic conservation efforts such as reducing tillage and adopting crop rotations [1] coupled with governmental land-use policies such as the Conservation Reserve Program [2] have reduced wind erosion by 80% on the Great Plains. However, historic droughts [3] coupled with climate change have produced several haboobs reminiscent of the 1930s on the Texas High Plains (THP) [4] where conservation practices have limited adoption [5]. Across the United States of America (USA), conservation tillage in cotton production accounts for only an estimated 40% of the acres compared to more than 65% of corn, soybean, and wheat acres [6]. On the Great Plains, only 30% of cotton acres utilize conservation tillage, whereas 70% of southeastern cotton acres employ the practice. Producers’ limited adoption of conservation management practices on the THP is poorly understood, but research suggests producers are concerned with yield reductions, water availability, and costs associated with adopting conservation management practices, especially in semi-arid regions [5]. These concerns are compounded by the limited amount of cotton biomass produced during a growing season, which necessitates the use of cover crops with reduced tillage [6]. In addition to understanding the barriers to adoption on the THP, it is important for researchers to evaluate the agricultural, economical, and ecological benefits and consequences of these conservation practices for producers to make the most informed management decisions.



On the THP, cotton (Gossypium hirsutum L.) is the most widely planted agricultural crop, with 2.3 Mha planted in 2018, resulting in approximately USD 2.5 billion in annual revenue for the state and nearly 25% of the USA’s exported cotton [7,8]. The cotton productive capacity of the THP is largely dependent on underground irrigation from the Ogallala Aquifer [9], where irrigation helps to minimize intermittent moisture stress that can be problematic for cotton production in the region [10]. In the THP, precipitation or irrigation during the maturation phase ensures cotton yield [11], and shortages during flowering can result in significant yield reductions [12,13]. Pumping of the Ogallala and limited recharge has led the aquifer to a 50% decrease in irrigation capacity since the 1950s [9]. Ensuring continued agricultural productivity on the THP will require the adoption of conservation management practices to secure our soil and minimize soil water loss.



Reduced tillage and cover crops are generally the most broadly adopted conservation management practices on the THP [14]. The adoption of these practices in the region has been shown to increase carbon storage [14], soil aggregation [15,16], biological activity [17], nutrient cycling [18], and reduced susceptibility of the soils to wind and water erosion [19]. In a prior field assessment of the study presented in this manuscript in Lamesa, Texas (TX), USA, conservation management adoption in cotton cropping systems significantly increased soil water during key physiological growth stages [20] but resulted in yield decreases compared to traditional practices [14]. Prior to cover crop termination, soil water was depleted more where active cover growth was occurring than in the fallow control in all three years of the study [20]. However, after termination, soil water was generally greater throughout the profile following cover crops. Throughout active cotton growth, increases in soil water were greater in the conservation system, indicating greater water interception, infiltration, and percolation, while decreases in soil water were reduced following cover crops, indicating that they minimized soil water loss from the soil surface and throughout the profile. The authors concluded that the increases in soil water with no-tillage and cover crops were likely the result of increased water storage capacity and decreased evapotranspiration from shading of the soil surface.



No-tillage and cover crops can improve soil physical properties and soil C storage, which can increase water holding capacity [21]. Despite the benefits, studies show that cover crops can utilize the limited soil water in semi-arid agroecoregions, which can reduce the subsequent main crop yield in a variety of cropping systems [22,23,24,25]. The use of small grain cover crops resulted in reduced cotton lint yield of both dryland and irrigated cropping systems [14,26]. In the northern THP, soil water and cotton yields were increased by 16 and 50% compared to traditionally grown cotton in a dryland system, respectively [27]. In the Texas Rolling Plains, no-tillage and cover crop use significantly increased cotton lint yields compared to traditional practices in a terminated wheat cover crop system [28].



The production of cover crop herbage mass can be limited on the THP due to minimal precipitation, low temperatures, and high wind speeds during the traditional fallow winter period [14,18,20,29,30]. As stated previously, the use of cover crops in this region can substantially reduce soil susceptibility to wind erosion [19]. Small grains perform this function better in the semi-arid THP because they require smaller amounts of moisture to become established, and their growth physiology helps to slow wind across the soil surface, reducing wind erosion [14,29,30]. In dryland systems of west Texas, wheat (Triticum aestivum L.) and rye (Secale cereale L.) were more likely to establish and provide sufficient biomass to protect the soil surface when planted in the fall compared to 13 small grains and forage legumes that were evaluated [29]. The goal of this study was to evaluate the long-term effects of conservation management adoption on cotton lint yield and soil water dynamics. Based on previous research of conservation management practices in this semi-arid region, we hypothesize that cover crops and no-tillage will significantly reduce soil water prior to cover crop termination but increase soil water during active cotton growth.




2. Materials and Methods


2.1. Site Description, Experimental Design, and Cropping System Management


The long-term field experiment was initiated in 1998 at the Agricultural Complex for Advanced Research and Extension Systems located near Lamesa, TX, USA (N 32°46′2′′, W 101°56′1′′; 919 m a.s.l.). Prior to the initiation of the study, the site had been used exclusively for conventionally tilled, continuous cotton production for at least 50 years. Soil at the site was described according to USDA Soil Classification as an Amarillo fine sandy loam (fine-loamy, mixed, superactive, thermic Aridic Paleustalfs) with approximately 84, 10, and 6% g kg−1 sand, silt, and clay, respectively [31]. The Amarillo series is considered a benchmark soil with significant distribution (2.3 M ha) in the region. Additional soil characterization for the site is available in other reports [14,18,32]. This paper reports results from the 2018 through 2020 growing seasons (years 20–22 of the study).



In 1998, the conventional tillage and no-tillage with rye cover crop treatments were initiated as a randomized complete block design with three replications. The conventional tillage plots were 16 rows wide while the no-tillage with rye cover crop plots were 32 rows wide. In 2014, the no-till rye plots were split in half, and a mixed species cover was implemented, which included 50% rye, 33% Austrian winter pea (Pisum sativum L.), 10% hairy vetch (Vicia villosa Roth), and 7% radish (Raphanus sativus L.), by weight. The single and mixed species cover crops were planted using a grain drill at a rate of 45 kg ha−1. Cotton was planted annually as the main crop.



Treatments at the site included: (1) conventional tillage with a fallow period usually from November–May (CT); (2) no-tillage with rye cover (R-NT); and (3) no-tillage with mixed species cover (M-NT). Treatments were arranged as a randomized complete block design with three replications. Plots were 16 rows (1.02 m centers) wide and 76.2 m long. During active cotton growth, plots were irrigated using low energy precision application irrigation. Due to differences in annual precipitation and irrigation capacity, varying rates of irrigation were applied during each growing season to meet cotton water demands. Cover crops were not irrigated during the study. Any irrigation that occurred from October to April was applied after cover crop termination and prior to planting cotton (Table 1).



The cropping sequences are graphically summarized in Figure 1. Cover crops were seeded using an 8-row grain drill on 19.1 cm row spacing on 17 November 2017, 4 December 2018, and 21 November 2019 following cotton harvest and were chemically terminated with glyphosate (potassium salt form) at a rate of 2.3 L ha−1 on 27 March 2018, 9 April 2019, and 27 March 2020. Prior to termination, cover crops were harvested from a 1 m2 area and dried for 7 d at 60 °C to determine herbage mass on a dry matter (DM) basis. Cotton was planted across all plots on 15 May 2018, 19 May 2019, and 18 May 2020. To aid harvest, the cotton was chemically defoliated in October of each year and mechanically harvested on 19 November 2018, 28 October 2019, and 31 October 2020. Annually, urea ammonium nitrate (32-0-0) was applied through fertigation in four equal applications for a total of 134.5 kg N ha−1. A thorough discussion of the cropping systems is available in a previously published report [14].




2.2. Sampling Protocol and Analysis


Soil samples were collected for general soil characterization on 6 April 2020 following cover crop termination on 27 March 2020 and prior to cotton planting on 18 May 2020 to a depth of 60 cm from each plot and analyzed for total N, nitrate-N, Mehlich III extractable macronutrients, pH, and electrical conductivity (EC). Soil samples were composites of three, 5.1 cm diameter cores per plot collected with a Giddings probe and separated into 0 to 15, 15 to 30, and 30 to 60 cm depth increments. Soil samples were dried at 60 °C for 7 d and ground to pass a 2 mm sieve using a flair grinder. Total N (TN) was determined by combustion following fine grinding with a ring-and-puck grinder [33]. Residual soil inorganic nitrate-N (NO3−-N) was determined using a colorimetric method involving cadmium reduction to nitrate following extraction with 2 M KCl using a 1:10 soil/extraction ratio (4 g soil:40 mL 2 M KCl) followed by analysis using flow injection spectrometry (FIAlab Instruments, Bellevue, WA, USA). Extractable soil nutrients including P, K, Ca, Mg, and S were extracted using a Mehlich III extractant and measured using inductively coupled plasma spectroscopy [34]. Soil pH and EC were determined in a 1:2 soil to deionized water slurry utilizing a pH probe and conductivity electrode [35,36]. An additional soil core was collected from each plot to determine the bulk density (BD) at 0 to 15, 15 to 30, and 30 to 60 cm depths [37].



A field-calibrated neutron probe (InstroTek Inc., Raleigh, NC, USA) was used to monitor soil water for volumetric water content (VWC, θ). Measurements were collected biweekly beginning in January 2018 and ran throughout the duration of the experiment unless we were unable to enter the field due to poor weather conditions [20,38]. In March 2015, aluminum access tubes (8 cm diameter) were installed into each plot to a depth of 140 cm. Measurements were collected in 20 cm depth increments. The access tubes were constructed with a 60 cm removable top that allowed the top to be removed for agronomic field operations including plowing (CT), planting, and harvesting. The VWC for each measurement was multiplied by the 20 cm depth interval to determine soil water content (mm). In each growing season, soil water was presented as days after planting (DAP) cotton; therefore, negative DAP values represented days prior to planting cotton. Total soil water was calculated as the sum of water at each individual depth increment for the entire profile. The rate of change in soil water was calculated as the difference in profile soil water from one sampling date to the next, divided by the sampling interval, as:


Changes in soil water (mm day−1) = (θ2 − θ1)/(t2 − t1),



(1)




where θ represents VWC (m3 m−3) and t represents sampling date [20]. The same formula was used to determine changes in soil water at each depth. Cotton water use efficiency (CWUE) was calculated by dividing cotton lint yield (kg lint ha−1) by crop water use, where crop water use is defined as: (starting profile soil water (at planting) + in-season rainfall + in-season irrigation) − finishing profile soil water (at harvest) [20,39]. Runoff and deep drainage were assumed to be negligible because the field was level (0–1% slopes), had adequate water holding capacity in the subsoil (20.5 cm through 1 m depth), and did not receive substantial rainfall or irrigation during the study period based on methodologies common to the region [19,37,38].




2.3. Statistical Approach and Analysis


All statistical analyses were performed using SAS version 9.4 (SAS Institute, Inc., Raleigh, NC, USA). Data analysis was conducted using a generalized linear mixed model (PROC GLIMMIX) with cropping system treated as the fixed effect and replication as the random effect. The effect of year and year × treatment was determined, and due to a significant year effect, treatment means were evaluated within year. Year × treatment effect was not significant. Normality was determined using the Shapiro–Wilk test, and all data were normally distributed. Means of treatment effects were compared within sample time using Fisher’s least significant difference (LSD) at p < 0.05. Contour maps were made using SigmaPlot version 14.5 (Systat Software, Palo Alto, CA, USA).





3. Results and Discussion


3.1. Temperature, Precipitation, and Irrigation


Monthly mean temperature followed similar trends from 2018–2020 (Figure 2) (National Centers for Environmental Information, National Oceanic and Atmospheric Administration). The average annual temperature at the research site was 16.7, 16.4, and 17.2 °C in 2018, 2019, and 2020, respectively. The observed annual temperatures were 5, 4, and 8% greater than the 30-year average. Increases in temperature were more likely observed in May and June of the study period compared to the long-term average. Annual precipitation was 342, 300, and 195 mm in 2018, 2019, and 2020, respectively, which was 39, 58, and 144% lower than the 30-year average precipitation. September and October 2019 experienced the greatest monthly precipitation with 97 and 105 mm, respectively. Variation in growing season precipitation resulted in variations in irrigation amounts; therefore, 231.1, 274.3, and 289.6 mm irrigation was applied during the cotton growing seasons of 2018, 2019, and 2020, respectively, to meet crop water demand based on estimated evapotranspiration (ET) at the study site (Table 1). Irrigation amounts in each month were based on approximately 35% estimated ET replacement when irrigation capacity allowed it. The peak months for irrigation use in all years were July and August, which coincided with peak cotton water demand [40,41]. Reliance on irrigation from the Ogallala Aquifer to meet crop water demand is not sustainable under current withdrawal rates due to its limited recharge in the Texas High Plains [3].




3.2. Soil Characterization and Cover Crop Herbage Mass


Soil characteristics are presented in Table 2 and represent the effect of cropping system management after year 22 of the study period (established in 1998). Soil pH was reduced at the 0–15 cm depth with R-NT and M-NT treatments compared to CT. Reductions in soil pH at 0–15 cm were likely caused by increased C inputs and rhizodeposition of the cover crop systems compared to CT, which stimulated microbial activity and decreased soil pH through microbial respiration [42]. This phenomenon has been observed in other semi-arid cropping systems [14,16]. The reduction in soil pH observed in this study can increase soil nutrient availability in semi-arid ecosystems [43,44]. No differences in soil pH between cropping systems were determined at 15–30 and 30–60 cm depths. Electrical conductivity was significantly impacted at all depths; EC was greatest with R-NT compared to CT and M-NT. In semi-arid, irrigated cropping systems, salt leaching can increase land degradation and reduce crop yields [44]. Contrary to our study where R-NT increased EC at all depths, cover crops have been shown to reduce salt concentrations compared to fallow systems [45]. We hypothesize that the increased biomass production with R-NT compared to M-NT from 2015–2020 (Figure 3) [14] resulted in more numerous root channels for preferential water flow and that these channels allowed greater transport of soluble salts. This hypothesis is supported by significant increases in EC at the 30–60 cm depth compared to the 0–15 and 15–30 cm depths. Cropping systems had no impact on BD, total-N, K, Ca, Mg, and S at any depth. However, Ca and Mg significantly increased across treatments at the 30–60 cm depth. This was likely due to carbonate pedogenesis common to semi-arid regions [31].



While there were no significant differences in BD between treatments at any depth, BD in CT was generally smaller compared to R-NT and M-NT at the 0–15 cm depth. This was likely the result of surface plowing to a 15 cm depth in CT. Bulk density increased in the 15–30 cm depth and could indicate a potential restrictive layer, which has been observed in the past [32]. This increase in BD would likely not restrict cotton or cover crop root growth but may influence infiltration and percolation of irrigation and precipitation [32,46,47]. Earlier investigations of this cropping system showed little difference in bulk density, but R-NT decreased (in 2013) and then increased (in 2014) the penetration resistance based on soil moisture content at the two sampling events compared to the conventional control [32]. It is uncommon in our region for producers to implement no-tillage without cover crops because the limited amount of biomass that cotton produces would be insufficient to reduce wind erodibility. Since our study sought to replicate cropping systems common to the region (i.e., continuous cotton), it was impossible to separate the effects of cover cropping from no-tillage. The combined beneficial impacts of cover cropping and no-tillage have been shown to increase infiltration and water storage through greater soil organic carbon content [48] and preferential flow paths [49,50].



The adoption of conservation management practices (i.e., R-NT and M-NT) had a significant effect on nutrient availability (Table 2). Soil NO3−-N was significantly reduced by 88 and 84% at 0–15 and 15–30 cm, respectively, with R-NT and M-NT compared to CT. Reductions in soil NO3−-N with the adoption of cover crops is likely caused by the uptake of NO3−-N by the cover crop for growth and development [51,52,53]. In parts of the USA, cover crops are used to reduce NO3−-N leaching; however, in semi-arid regions where leaching is limited and biomass decomposition is slowed, NO3−-N uptake and immobilization may result in limited plant-available N at planting [54]. An evaluation of N demands of cotton following cover crops on the semi-arid THP demonstrated that an additional 38 kg N ha−1 would be required for adequate cotton production [55]. Regional evaluations of cover crop species showed that rye, wheat, Austrian winter pea, and hairy vetch were highly productive, but under dryland situations, the legumes produced limited biomass, which could indicate that the legume species would generate limited biologically fixed N [30]. On the THP, an evaluation of seeding rates showed that there was no significant difference in rye or wheat production regardless of seeding rate [56]. Implications suggest that conservation systems can receive similar ecosystem service benefits of cover crops at lower seeding rates, saving producers money and water while reducing the potential for N immobilization [57]. In addition to seeding rate, cover crop termination timing plays an important role in N availability. While delayed termination timing increased biomass production, N release from biomass decomposition was delayed, resulting in potential immobilization [58]. Producers should consider potential N limitations with cover crop adoption in semi-arid regions when determining cover crop seeding rate and termination timing in addition to N fertilization strategies following cover crop termination.



While leaching of NO3−-N is likely uncommon in this cropping system due to prescriptive nutrient management, historic over-application of inorganic fertilizers resulted in significant increases in NO3−-N leaching at depth in this cropping system [52]. Like NO3−-N, S showed significant increases at the 30–60 cm depth compared to the 0–15 and 15–30 cm depths. This was most likely the result of S leaching over time through over-application of S fertilizer [52]. In contrast to NO3−-N, P was 44% greater in R-NT and M-NT compared to CT at the 0–15 cm depth. Cover crops have been shown to increase soil P availability through increased soil exploration with fibrous roots [59], reduction in soil pH [60], P cycling enzyme activity [61], and microbial diversity [62]. The significant decrease in P concentrations at the 30–60 cm depth is likely the result of the limited activity of the aforementioned processes.



Cover crop herbage mass varied from 2406 to 4629 kg DM ha−1 through the duration of the study (Figure 3). Rye herbage mass ranged from 2528 to 4629 kg DM ha−1, and M-NT herbage mass ranged from 2406 to 4560 kg DM ha−1. The only significant differences in herbage mass production were observed in 2019, when M-NT produced greater herbage mass than R-NT. An earlier evaluation of the same cropping system from 2015–2017 resulted in significantly greater herbage mass with R-NT than M-NT in 2015 and 2017 and generally greater biomass in 2016 [14]. In 2018 and 2020, R-NT generally produced greater cover crop biomass compared to M-NT. Herbage mass was greater in 2020 compared to the other years in the study. In contrast to the THP, cover crop mixtures of wheat, Austrian winter pea, hairy vetch, and crimson clover (Trifolium incarnatum L.) produced more herbage mass compared to a single species (wheat) cover when averaged from 2013–2017 [40]. The authors attributed the herbage mass production to planting date and precipitation in March and early April. Like our study, their cover crops were seeded following cotton harvest in November, which was later than the historical first killing freeze (early November) for the region. Generally, fall-planted legumes should be seeded 6–8 weeks prior to that date, and this likely limited the legume production in our system. While non-cereals accounted for 50% of our cover crop seed mixture by weight, they produced less than 1% of herbage mass at termination annually (data not shown). Interseeding cover crops directly into established cotton in mid-September was not possible within our cropping system because cotton harvest aids (applied in October) would have been detrimental to the cover crop seedlings. Contrary to results from the Rolling Plains, cover crop herbage mass did not appear to be driven by precipitation in March and early April [40]. Additional research is needed to understand the primary driver of herbage mass production in semi-arid ecoregions.




3.3. Cotton Lint Yield and Water Use Efficiency


Cotton lint yield ranged from 540 to 853 kg lint ha−1 in 2018 to 2020 (Figure 4). There were no significant differences in cotton lint yield between treatments in any year. Cotton lint ranged from 724 to 853 kg lint ha−1, 683 to 765 kg lint ha−1, and 540 to 706 kg lint ha−1 in 2018, 2019, and 2020, respectively. On average, cotton lint yields were greater in 2018 (810 kg lint ha−1) followed by 2019 (728 kg lint ha−1) and finally 2020 (600 kg lint ha−1). In 2018, CT and R-NT generally produced greater cotton lint than M-NT, while in 2019 CT and M-NT generally produced greater cotton lint than R-NT. Averaged across the three years, cotton lint yield was generally greater in CT (765 kg lint ha−1), followed by R-NT (691 kg lint ha−1) and then M-NT (681 kg lint ha−1).



Our results complicate an already complicated understanding of the effects of conservation management practices on cotton lint yield in semi-arid regions. Previous studies showed both increases [27,28,29,63,64,65,66] and decreases [14,55] in lint production following conservation management. Lint yields were generally reduced compared to production from 2015–2017, which received greater rainfall than the 2018–2020 study period; however, the annual variability in lint yield is common for the region [14,20]. The reduction in yield observed in 2020 was likely caused by the greater amounts of herbage mass produced with the cover crops compared to 2018 and 2019. Increased herbage mass can result in N immobilization following termination [67], and additional N fertilization may be required for the subsequent cash crop to minimize yield loss [55]. However, given increased N fertilizer input costs and limited availability from disrupted supply chains [68], producers might be less inclined to apply supplemental N fertilizer. Therefore, alternatives to supplemental N fertilization may be required, including maximizing cover crop termination timing to limit herbage mass production and maximize net N mineralization [58,69,70].



Cotton water use efficiency ranged from 0.96 to 3.04 kg lint ha−1 mm−1 from 2018 to 2020 (Table 3). Like cotton lint yield, no differences in CWUE were observed during the study period. Cotton water use efficiency was greatest (p < 0.001) in 2018 (2.33 kg lint ha−1 mm−1) when compared to 2020 (1.64 kg lint ha−1 mm−1) and 2019 (1.59 kg lint ha−1 mm−1). When averaged across years, CWUE was generally greater in CT (1.99 kg lint ha−1 mm−1), followed by R-NT (1.80 kg lint ha−1 mm−1) and M-NT (1.76 kg lint ha−1 mm−1). Consistent with our results, previous evaluations showed no differences in cotton water use efficiency despite variability in cotton production from conservation practices [20,71,72,73]. The lack of differences in water use efficiency between treatments supports our hypothesis that water is not the most limiting factor for cotton production in these systems [14,20].




3.4. Soil Water Dynamics


3.4.1. Profile Soil Water


Profile soil water followed similar trends in each year of the study where soil water was depleted with cover crops but increased following cover crop termination (Figure 5a–c). In 2018, soil water was generally greater following cover crops (R-NT and M-NT) compared to CT throughout the entire growing season (Figure 5a). Conversely, in 2019 and 2020, profile soil water was greater in CT compared to R-NT and M-NT prior to cover crop termination (Figure 5b,c). Following cover crop termination and throughout the cotton growing season, profile soil water was greatest with R-NT and M-NT compared to CT. There was no difference in profile soil water between R-NT and M-NT at any sampling point during the study. There was little difference in profile soil water between any treatment in 2018. This is likely due to the limited amount of precipitation received from September 2017 [20] to April 2018 (Table 1), which decreased the profile soil water for all treatments. The difference in soil water between CT and R-NT/M-NT was greater in the first 50 days after planting (DAP) in 2019 compared to 2018 and 2020. In 2020, the differences in soil water between CT and R-NT/M-NT were greatest from 50–100 DAP. The differences in profile soil water between treatments decreased from 100–150 DAP in each year of the study.



Previously, these systems demonstrated four distinct trends in soil water changes [20], and our results support those findings, except in 2018 when there was greater soil water in the R-NT and M-NT systems compared to CT (Figure 5a). Prior to planting cotton at 0 DAP, there was a significant reduction in soil water with cover crops in 2019 and 2020 compared to CT. Cover crops have been reported to decrease soil water prior to termination in semi-arid regions [74,75]. However, following cover crop termination, timely rainfall or irrigation can replenish depleted soil water in conservation systems to a greater degree than conventional practices through greater water capture and storage [20]. Increases in water capture and storage with cover crops is likely the result of a combination of reduced evaporation from shading of the soil surface [76], increased infiltration deeper into the soil profile via fine root channels [22,32,40,77], and increased soil aggregation [78,79,80].



During active cotton growth (0–150 DAP), soil water was not different between treatments in 2018 (Figure 5a) but was significantly greater in R-NT and M-NT compared to CT at most sampling points in 2019 and 2020 (Figure 5b,c). In a former study at the same site from 2015–2017, differences in soil water between treatments were less pronounced than in this evaluation [20]. On average, there was greater precipitation during that evaluation period than in the current study. Cover crops can increase water storage capacity through the mechanisms discussed previously. During periods of episodic drought that are common on the THP, cover crops may help to increase water storage and minimize loss, resulting in increased drought mitigation potential [27]. Further investigations are needed to understand soil water dynamics following cover crop termination in semi-arid climates, especially where deficit irrigation is not possible.



Changes in profile soil water (Δwater) were dynamic throughout the 2018–2020 study period (Figure 6a–c). Overall, Δwater ranged from −2.44 to 2.54 mm day−1, with the greatest decrease observed in M-NT (107 DAP, 2020) and the greatest increase in CT (127 DAP, 2019). In 2018, Δwater ranged from −2.35 (77 DAP, M-NT) to 2.48 (118 DAP, M-NT) mm day−1 (Figure 6a). In 2019, Δwater ranged from −1.38 (72 DAP, M-NT) to 2.54 (127 DAP, CT) mm day−1 (Figure 6b). In 2020, Δwater ranged from −2.44 (107 DAP, M-NT) to 1.76 (76 DAP, M-NT) mm day−1 (Figure 6c). Overall, the variability in Δwater was greatest in the M-NT compared to CT and R-NT. Few differences in Δwater were observed between treatments. In 2019 and 2020, increases in Δwater were significantly greater for both R-NT and M-NT compared to CT immediately prior to 0 DAP. In 2018 and 2020, decreases in Δwater were greatest with M-NT and R-NT between 71 and 77 DAP compared to CT.




3.4.2. Soil Water at Depth


Soil water at depth for the evaluated cropping systems from 2018 to 2020 is presented in Figure 7. In 2018, soil water depletion at depth was greater in CT compared to R-NT and M-NT throughout most of the growing season except between ~75 to 150 DAP in the R-NT system, where water was more depleted from 60 to 100 cm below the soil surface compared to CT and M-NT (Figure 7a–c). There was greater soil water available from ~25 to 50 DAP throughout the profile in R-NT and M-NT compared to CT. Soil water dynamics were more pronounced in the top 40 cm of the soil profile, especially in CT. Overall, soil water at depth was greater in 2018 compared to the other growing seasons. In 2019, soil water depletion at depth was greater in CT compared to R-NT and M-NT (Figure 7 d–f). Soil water was reduced in R-NT and M-NT to ~50 and 70 cm below the surface, respectively, prior to planting cotton at −50 to −30 DAP (Figure 7e,f). From −25 to 60 DAP, there was significantly more soil water at depth in R-NT and M-NT compared to CT. Later in the growing season (75–125 DAP), soil water was more depleted at depth in CT compared to R-NT and M-NT. Soil water dynamics at depth followed similar trends in 2020 as they did in 2019 (Figure 7 g–i). From −50 to −20 DAP, soil water was depleted at depth with R-NT and M-NT compared to CT. Following the decrease in soil water at depth, soil water was greater with R-NT and M-NT compared to CT from −10 to 90 DAP. Later in the growing season (100–150 DAP), soil water decreased at depth with all treatments but was greater in CT compared to R-NT and M-NT.



On the THP, potential evapotranspiration is generally greater than annual precipitation; thus, minimizing water loss from the soil profile is essential to ensuring agricultural productivity, especially during water stress periods. Greater soil water during the growing season throughout the profile in 2018–2020 could potentially reduce the susceptibility to water stress (Figure 7); however, the increased water did not result in a yield increase compared to CT, indicating that water is not the greatest limiting factor. The use of cover crops can cause difficulties for cash crop production following cover crops, but the increase in ground cover, residue, and photosynthetic energy capture may benefit soil health through increased carbon capture and storage [81]. When winter precipitation is limited on the THP, proper termination timing can help to offset water cost associated with the cover crop [52,53] and allow the systems to recover the maximum amount of water from spring precipitation events [20]. Additional research is needed within this system to determine if the greater soil water content throughout the profile during active cotton growth is plant available and the potential cause of yield decline with the conservation systems. We hypothesize that the general yield decline observed intermittently in these systems in 2016, 2017 [14], and 2020 was caused by N immobilization following cover crop termination [53].



Changes in soil water at depth followed similar patterns in 2018 and 2020 but were not similar in 2019 (Figure 8). In 2018, there was a 23% greater increase in the change in soil water with R-NT and M-NT compared to CT between −30 and −20 DAP to a 50 cm depth (Figure 8a–c). Patterns of positive and negative changes in soil water at depth were similar between all treatments in 2018, although the degree of change was greater in R-NT and M-NT than CT from 30 to 150 DAP. The greatest positive and negative changes in soil water occurred approximately 90 cm below the soil surface in the M-NT system at 77 (−0.52 mm day−1) and 118 (+0.39 mm day−1) DAP. From −50 to −10 DAP in 2019, positive increases in change in soil water from 20 to 30 cm below the soil surface were similar for all the treatments, averaging 127% increases in soil water prior to cotton planting. However, from −30 to −10 DAP, negative changes in soil water from 30 to 60 cm were 18% greater in R-NT and M-NT compared to CT. Deeper in the profile, positive changes in soil water were 21% greater at depth in R-NT and M-NT compared to CT at decreasing depth (90 to 20 cm below the soil surface) from −50 to 25 DAP. A similar trend occurred in CT (22% increase) from 50 to 125 DAP that was not observed to the same degree in R-NT and M-NT. In 2020, greater changes in soil water at depth were observed overall in R-NT and M-NT compared to CT (Figure 8g–i). From −30 to 0 DAP, 12% increases in soil water were observed throughout the profile of R-NT and M-NT than CT. The pattern continued at 45 to 50 (8%) and 90 to 105 (10%) DAP. At approximately 100 DAP, R-NT and M-NT had 16% negative changes in soil water from 75 to 100 cm and 90 to 100 cm, respectively. From 120 to 150 DAP, 32 and 24% decreases in soil water occurred in R-NT and M-NT from 20 to 65 and 20 to 90 cm below the soil surface, respectively, compared to CT.



Results from this study demonstrate that soil water increases were greater at depth with the conservation systems (R-NT and M-NT) compared to the CT system (Figure 8). This suggests precipitation and irrigation interception and storage were greater following cover crops. While there were no significant differences in BD at any depth, the increase in BD at the 30–60 cm depth might indicate there was a potential plow pan within that depth (Table 2). Other evaluations at the site showed a significant increase in penetration resistance and BD at depth in CT compared to R-NT [32]. The wetting barrier appeared to be at 75 and 45 cm in 2018 and 2020, respectively, for the CT system, while there did not appear to be a wetting barrier in the R-NT and M-NT systems in any year (Figure 8). Depletion of soil water throughout the profile in 2018 and 2020 was greater with the R-NT and M-NT systems compared to CT. Cotton rooting may have been more expansive through the profile in the conservation systems compared to CT because the roots utilized the preexisting root channels made by the cover crops [49,50], which allowed them to utilize additional soil water compared to traditionally cultivated cotton [38].






4. Conclusions


In semi-arid regions, water is often the primary limiting factor for agricultural production. Yield loss can be minimized with irrigation from surface and groundwater sources; however, on the THP where irrigation quality and quantity from the Ogallala Aquifer is declining, producers need alternatives to protect the valuable precipitation they receive. Compounding the problem in this region is wind erosion, which can be limited with the use of cover crops and reduced tillage. This study evaluated water usage following cover crop termination and throughout the cotton growing season. Our results challenge the supposition that cover crops limit water availability during active cotton growth. While the cover crops do limit moisture immediately prior to cotton planting, they increase water interception and storage compared to traditional practices. Overall, there was not a significant reduction in cotton lint yield with the adoption of conservation management practices compared to traditional practices. The findings of this study are among the few demonstrating the benefit in water dynamics of cover crops in coarse soils in semi-arid regions. The opportunity to utilize deficit irrigation to ensure cotton stand establishment is essential to minimize the risk associated with cover crop adoption in this area. The need for additional research on soil water dynamics following cover crops in dryland systems is essential to ensuring their successful adoption on the THP. With the very real potential for more limited water availability from the Ogallala Aquifer in the future, it is essential that any agronomic practices to reduce soil water loss be adopted for continued agricultural production in the region.
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Figure 1. Continuous cotton cropping system sequences for conventional tillage, winter fallow (CT), no-tillage with rye cover (R-NT), and no-tillage with mixed species cover (M-NT) at the Agricultural Complex for Advanced Research and Extension Systems, Lamesa, TX, USA from 1 October 2017 through 31 December 2020. Created with Biorender.com (accessed on 26 February 2022). 
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Figure 2. Mean monthly temperature and total monthly precipitation from rainfall and irrigation events and 30-year (1991–2020) climate averages at the Agricultural Complex for Advanced Research and Extension Systems, Lamesa, TX, USA from 1 November 2017 through 30 November 2020 (National Oceanic and Atmospheric Administration—National Centers for Environmental Information, 2022). 
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Figure 3. Rye (R-NT) and mixed species (M-NT) cover crop herbage mass (DM, dry matter) produced in 2018, 2019, and 2020 in Lamesa, TX, USA. Letters indicate significant differences between cover crop treatment means within year at p < 0.05. Differences were not determined in 2018 and 2020. Error bars represent standard error of the sample mean. 
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Figure 4. Cotton lint yield in the 2018, 2019, and 2020 growing seasons in Lamesa, TX, USA. Differences were not determined in any year at p < 0.05. Error bars represent standard error of the sample mean. Conventional tillage winter fallow, no-tillage rye cover, and no-tillage mixed species cover are represented as CT, R-NT, and M-NT, respectively. 
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Figure 5. Total soil water (0 to 140 cm depth) in (a) 2018, (b) 2019, and (c) 2020 at the Agricultural Complex for Advanced Research and Extension Systems, Lamesa, TX, USA. Negative values on the x-axis represent days prior to planting cotton. Bars represent standard error of the sample mean. Stars (*) represent significant differences between treatments at p < 0.05. Conventional tillage winter fallow, no-tillage rye cover, and no-tillage mixed species cover are represented as CT, R-NT, and M-NT, respectively. 
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Figure 6. Changes in soil water in (a) 2018, (b) 2019, and (c) 2020 at the Agricultural Complex for Advanced Research and Extension Systems, Lamesa, TX, USA. Negative values on the x-axis represent days prior to planting cotton. Stars (*) represent significant differences between treatments at p < 0.05. Conventional tillage winter fallow, no-tillage rye cover, and no-tillage mixed species cover are represented as CT, R-NT, and M-NT, respectively. 
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Figure 7. Volumetric water content (VWC) at depth for each cropping system (columns) based on days after planting cotton in each growing season (rows) in (a–c) 2018, (d–f) 2019, and (g–i) 2020 at the Agricultural Complex for Advanced Research and Extension Systems, Lamesa, TX, USA for 0- to 100 cm below the soil surface. Negative values on the x-axis represent days prior to planting cotton. Conventional tillage winter fallow, no-tillage rye cover, and no-tillage mixed species cover are represented as CT, R-NT, and M-NT, respectively. 
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Figure 8. Changes in soil water depth for each cropping system (columns) based on days after planting cotton in (a–c) 2018, (d–f) 2019, and (g–i) 2020 at the Agricultural Complex for Advanced Research and Extension Systems, Lamesa, TX, USA for 0 to 100 cm below the soil surface. Negative values on the x-axis represent days prior to planting cotton. Conventional tillage winter fallow, no-tillage rye cover, and no-tillage mixed species cover are represented as CT, R-NT, and M-NT, respectively. 
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Table 1. Pre-plant (October–April) and in-season (May–September) precipitation and irrigation for 2018, 2019, and 2020 at the Agricultural Complex for Advanced Research and Extension Systems, Lamesa, TX, USA.
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Precipitation

	
Irrigation




	
Growing Season

	
mm






	
2017–2018

	

	




	
October–April

	
78.0

	
38.1




	
May

	
22.9

	
33.0




	
June

	
12.5

	
0.0




	
July

	
19.8

	
71.1




	
August

	
28.2

	
71.1




	
September

	
96.8

	
17.8




	
Season (cumulative)

	
258.2

	
231.1




	
2018–2019

	

	




	
October–April

	
249.9

	
45.7




	
May

	
52.8

	
33.0




	
June

	
30.7

	
17.8




	
July

	
6.9

	
88.9




	
August

	
8.4

	
71.1




	
September

	
79.3

	
17.8




	
Season (cumulative)

	
428.0

	
274.3




	
2019–2020

	

	




	
October–April

	
93.2

	
57.2




	
May

	
17.8

	
26.7




	
June

	
7.1

	
34.3




	
July

	
27.9

	
95.3




	
August

	
13.5

	
76.2




	
September

	
13.5

	
0.0




	
Season (cumulative)

	
173.0

	
289.6
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Table 2. Characterization of soil collected at the Agricultural Complex for Advanced Research and Extension Systems, Lamesa, TX, USA in April 2020 at soil depths of 0 to 15, 15 to 30, and 30 to 60 cm from the conventional tillage winter fallow (CT), no-tillage rye cover crop (R-NT), and no-tillage mixed species cover (M-NT) treatments. Different letters within columns indicate differences between cropping systems within depth (p < 0.05).
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Cropping System

	
pH

	
EC 1

	
BD 2

	
TN 3

	
NO3−-N

	
P

	
K

	
Ca

	
Mg

	
S






	

	
---

	
dS m−1

	
g cm−3

	
mg kg−1




	

	
0–15 cm




	
CT

	
7.7 a 4

	
1.1 b

	
1.33

	
328

	
4.9 a

	
39 b

	
264

	
870

	
687

	
5




	
R-NT

	
7.2 b

	
1.7 a

	
1.58

	
483

	
0.6 b

	
54 a

	
340

	
884

	
658

	
13




	
M-NT

	
7.4 b

	
0.7 b

	
1.62

	
299

	
0.5 b

	
58 a

	
271

	
851

	
659

	
8




	

	
15–30 cm




	
CT

	
7.8

	
1.2 b

	
1.68

	
315

	
1.9 a

	
38

	
233

	
830

	
660

	
5




	
R-NT

	
7.6

	
2.2 a

	
1.69

	
354

	
0.2 b

	
25

	
250

	
813

	
693

	
28




	
M-NT

	
7.7

	
1.1 b

	
1.71

	
275

	
0.4 b

	
31

	
205

	
727

	
604

	
12




	

	
30–60 cm




	
CT

	
7.7

	
3.7 b

	
1.64

	
344

	
5.9

	
7

	
245

	
1244

	
974

	
49




	
R-NT

	
7.7

	
5.1 a

	
1.54

	
325

	
5.2

	
11

	
221

	
1258

	
1059

	
62




	
M-NT

	
7.4

	
2.8 c

	
1.51

	
374

	
5.3

	
16

	
237

	
1132

	
991

	
66








1 Electrical conductivity; 2 Bulk density; 3 Total nitrogen; 4 Significant differences between cropping systems within depth (p < 0.05).
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Table 3. Water use efficiency for continuous cotton cropping systems at the Agricultural Complex for Advanced Research and Extension Systems, Lamesa, TX, USA in 2018, 2019, and 2020. Differences were not determined in any year at p < 0.05.
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Cotton Water Use Efficiency




	

	
2018

	
2019

	
2020






	
Cropping system

	
kg lint ha−1 mm−1




	
Conventional tillage, winter fallow

	
2.41

	
1.63

	
1.92




	
No-tillage rye cover

	
2.47

	
1.48

	
1.45




	
No-tillage mixed species cover

	
2.10

	
1.66

	
1.54




	
p-value

	
0.287

	
0.761

	
0.112
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