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 ABSTRACT 

 

The Texas High Plains (THP) is one of the most agriculturally productive regions of the 

world, however, the climatic conditions of the area can result in significant wind erosion 

exemplified by the Dust Bowl of the 1930s. Conservation management practices, such as no-

tillage and cover cropping during traditional fallow periods have the potential to significantly 

reduce wind erodibility, but adoption has been slow because of producers’ concerns regarding 

yield reductions following these practices. The purpose of my studies was to evaluate the two 

most common concerns with conservation adoption (water limitations and nitrogen (N) 

immobilization) and quantify the secondary ecosystem service (soil health) benefits from their 

adoption. The experiments were conducted at the Agricultural Complex for Advanced Research 

and Extension Systems in Lamesa, TX, in a long-term continuous cotton (Gossypium hirsutum 

L.) cropping system established in 1998. Treatments included 1) conventional tillage, winter 

fallow (CT); 2) no-tillage with rye (R-NT) (Secale cereal L.) cover crop; and 3) no-tillage with 

mixed species cover (M-NT). The mixed species cover consisted of 50% rye, 33% Austrian 

winter pea (Pisum sativum L.), 10% hairy vetch (Vicia villosa Roth), and 7% radish (Raphanus 

sativus L.), by seed weight. Results indicate that R-NT and M-NT significantly increased in-

season water and did not reduce cotton yields compared to CT, which challenges the most 

commonly referenced reason for yield reduction on the THP. Herbage mass decomposition rates 

in the N immobilization study indicated that cover crop biomass production can potentially 

negatively impact N cycling potential, while supplemental N earlier in the season can increase 

cotton lint yield compared to existing Extension fertilizer application recommendations. 

Conservation management practices significantly increased biological indicators of soil health 
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relative to CT and, in some instances, to native rangeland. Combined, these results demonstrate 

the additive benefits of conservation practices on the semi-arid THP. Further work addressing the 

economic and social dynamics of these conservation practices is still needed before widespread 

adoption should be expected.  
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PIN   Supplemental N applied at pinhead square plus two weeks 

PLFA   Phospholipid fatty acids 

POxC   Potassium permanganate oxidizable carbon 
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PROC CORR  Correlation analysis 
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1. INTRODUCTION  

 

“Of the future of irrigation here in general, it may be said that there is 

opportunity for but the little indicated, at these widely scattered spots, but that this little 

will prove to be just that small amount needed for rendering practicable the utilization 

of the High Plains.” – W.F. Hutson, 1898 

 

Inexplicitly, life on the Texas High Plains (THP) is linked to water, either 

through precipitation or irrigation from the Ogallala Aquifer. The earliest settlers of the 

region diverted what little surface water they could find to increase crop and forage 

production and thus agriculture on the THP was born (Thoburn, 1931; Nostrand, 1996). 

By the late 1880s, the capacity to irrigate up to 400 ha was made possible through steam-

powered irrigation pumps and shallow wells (Hutson, 1898). In one report, Hutson 

(1898) lavishly reported, “many of these wells are capable of furnishing a supply almost 

inexhaustible to ordinary means of pumping.” Unfortunately, these conditions would not 

be as sustainable as Hutson predicted. Following World War II, irrigated land on the 

Texas Panhandle reached a high of 2.4 Mha in 1974 before declining to 1.6 Mha by 

1989 and then increasing again to 1.9 Mha by 2000 (Colaizzi et al., 2009). On the Texas 

Southern High Plains (SHP), the irrigated area decreased 22% from 1998 to 2018 

(USDA-NASS 1998, 2018). The decrease in irrigated lands on the THP is not only 

linked to decreasing water availability from the Ogallala Aquifer, but the environmental 
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and climatic conditions on the THP. Hutson could not have known how dire the situation 

would become just three decades later when the rains stopped. 

The Texas SHP encompasses approximately 54,300 km2 of west Texas with 

Lubbock located on the eastern edge of the region (Fig. 1.1). The soils of this region 

formed from eolian sediments accumulated since the late Miocene epoch and range in 

texture from loams in the southwest to clays in the northwest (Gustavson and Holliday, 

1999). A majority of the region consists of sandy loams and sandy clay loams. The two 

most prominent soil series are the Amarillo and Pullman series. Annual precipitation 

ranges from 310-560 mm (west to east) and the mean annual temperature ranges from 

14-18°C (north to south) (Bomar, 1983). Th predominant crops in the region include 

cotton (Gossypium hirsutum L.), sorghum (Sorghum bicolor L.), wheat (Triticum 

aestivum), and peanuts (Arachis hypogaea) (USDA-NASS, 2019). At more marginal 

sites (i.e., >90% sand, highly erodible soils) range and pasture systems dominate (Li et 

al., 2017). 

The combined effects of limited annual precipitation, elevated wind speed, and 

warm temperatures result in 200-500% greater evaporative demand than precipitation 

(Harris et al., 2014). To offset these losses from evaporation, crop producers on the SHP 

rely nearly 100% on groundwater as their irrigation source if water is available (Evett et 

al., 2020). The reliance on groundwater for irrigation in the SHP has resulted in a 15% 

decline in the saturated thickness of the Ogallala Aquifer in the region (McGuire, 2014). 

At current withdrawal rates, the SHP is expected to lose 35% of the irrigated cropland by 

2030. Advances in irrigation technology like low energy precision application center 
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pivots and drip irrigation have increased water use efficiency to >95% compared to 

furrow water systems (Lyle and Bordovsky, 1983). However, in some areas, irrigation 

well capacity has been depleted beyond the capacity to support irrigation at all 

(Bordovsky, 2019).  

Compounding the concern of decreasing the saturated thickness of the Ogallala 

Aquifer is the unknown impact climate change will pose in the future. Future estimates 

suggest that air temperatures will slightly increase, and precipitation will decrease in the 

SHP (Tebaldi et al.., 2006). Predictions suggest that the SHP will experience mean 

annual temperature increases of 2-3°C and an annual average decline in precipitation of 

30-127 mm by 2100 which will likely cause increases in irrigation water demand for the 

Ogallala Aquifer (Modala et al., 2017). Models utilizing three potential climate change 

scenarios indicated that evaporative demand would increase for the SHP resulting in up 

to 19.5% increases in irrigation requirement by 2090 (Awal and Fares, 2018). These 

losses in irrigation capacity may force some crop producers to convert to dryland 

cropping systems. Lascano et al. (2020) modeled potential cotton production in Amarillo 

and Pullman soil series given three (low, average, and high) precipitation scenarios. 

Their results indicated that in the Pullman (clay loam) series, cotton producers could 

expect profitable dryland yields in the average and high precipitation years. However, in 

the Amarillo (fine sandy loam) series, producers would not generate a profit regardless 

of rainfall. With so much unpredictability in the future of cropping systems on the SHP 

and limited information provided through modeled studies, it is important to generate a 
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dataset in the environment with local growing standards to demonstrate best 

management practices for cotton producers in this region.  

 

 

Figure 1.1 Soil textural map of the Texas High Plains (Reprinted from Baird, 

2015). 

 

The Agricultural Complex for Advanced Research and Extension Systems (AG-

CARES) is located 100 km south of Lubbock near Lamesa, TX, USA (32° 46‵ 22‶, 101° 
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56‵ 18‶). The site is a collaborative effort between the Texas A&M AgriLife Research 

and Extension Center at Lubbock and the Lamesa Cotton Growers. Overall, the goal of 

this site is to conduct research relevant to regional crop producers and demonstrate the 

best management practices that can allow these producers to be successful. The research 

trials described in Chapters 2-4 were conducted at AG-CARES. The mean average 

temperature and annual precipitation at AG-CARES is 16.3°C and 475 mm, respectively 

(Fig. 1.2). Soil at the site has been described as an Amarillo fine sandy loam, a 

benchmark series with significant distribution in the region (USDA-NRCS, 2016).  

 

 

Figure 1.2 Monthly average wind speed, temperature, and precipitation at the 

Agricultural Complex for Advanced Research and Extension System, Lamesa, TX, 

USA. 

 

In 1998, Drs. Wayne Keeling and Kevin Bronson established a trial to evaluate 

the impact of a recently released herbicide, Roundup® (glyphosate), on traditional and 
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conservation (no-tillage, rye cover crop) cotton cropping systems (Lewis et al., 2018). 

The experiment was designed to compare two continuous cotton cropping systems: 

conventional tillage, winter fallow (traditional management practices for cotton) and no-

tillage with a rye (Secale cereal L.) cover crop during the traditional fallow period. 

Through careful management and a team of dedicated scientists, this trial would become 

the only long-term conservation experiment for cotton production in west Texas. Over 

the years, this led to important discoveries in N management following cover crops 

(Bronson et al., 2001), soil C management (Lewis et al., 2018), soil water improvements 

with conservation agriculture (Burke et al., 2021; 2022), cotton lint yield response to 

conservation (Lewis et al., 2018), improvements in soil physical properties with 

conservation practices (DeLaune et al., 2019), and nutrient cycling dynamics of cover 

crops (Burke et al., 2019). Central to the discoveries made at AG-CARES was the desire 

of the researchers to improve agricultural production in the region by demonstrating best 

management practices that can empowering agriculturalists to achieve sustainability, 

both economically and environmentally.  

These tenants are the foundation for this dissertation which builds upon years of 

regionally focused research to improve sustainable cotton production and translate best 

management practices directly to producers. However, despite all our knowledge, little is 

still known about the long-term synergistic impacts of no-tillage and cover cropping in 

semi-arid cotton production. The overall goal of this dissertation was to present the 

impacts in soil chemical, physical, and biological properties following the long-term 
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adoption of conservation management in continuous cotton production. Specific 

objectives included:  

1. Investigate the claim that cover crops reduce soil water leading to a decline in 

cotton lint yield compared to traditionally grown cotton. 

2. Evaluate how N management practices impact cotton lint yield in traditional 

and conservation cotton cropping systems.  

3. Quantify the long-term impacts of agronomic management on soil health 

parameters. 
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2. SOIL WATER DYNAMICS AND COTTON PRODUCTION FOLLOWING 

COVER CROP USE IN A SEMI-ARID ECOREGION 

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 in 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 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 

 

 Reprinted with permission from “Soil Water Dynamics and Cotton Production Following Cover Crop 

Use in a Semi-Arid Ecoregion” by Joseph Alan Burke, Katie Lynn Lewis, Paul Bradley DeLaune, 

Christopher Joseph Cobos, and Jack Wayne Keeling, 2022. Agronomy, 12, 1306, Copyright 2022 by 

Creative Commons Attribution (https://creativecommons.org/licenses/by/4.0/legalcode).  
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the cause of cotton lint yield decline observed from 2015 to 2017 in this deficit irrigated, 

semi-arid production system. 

 

2.1. Introduction 

During the Dust Bowl of the 1930s, approximately 5 Tg of topsoil was eroded 

from 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 (Zobeck et al., 2012). Since the Dust Bowl, agronomic 

conservation efforts such as reducing tillage and adopting crop rotations (Zobeck et al., 

2012) coupled with governmental land-use policies such as the Conservation Reserve 

Program (Young et al., 2018) have reduced wind erosion by 80% on the Great Plains. 

However, historic droughts (Cano et al., 2018) coupled with climate change have 

produced several haboobs reminiscent of the 1930s on the Texas High Plains (THP) 

(Kelley et al., 2021) where conservation practices have limited adoption (Prokopy et al., 

2019). 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 (Claassen et al., 2018). 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 (Prokopy et al., 2019). These 
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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 (Claassen 

et al., 2018). 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 $2.5 B in 

annual revenue for the state and nearly 25% of the USA exported cotton (USDA-ERS, 

2018; USDA-NASS, 2018). The cotton productive capacity of the THP is largely 

dependent on underground irrigation from the Ogallala Aquifer (Evett et al., 2020) 

where irrigation helps to minimize intermittent moisture stress that can be problematic 

for cotton production in the region (Wanjura et al., 2002). In the THP, precipitation or 

irrigation during the maturation phase ensures cotton yield (Bordovsky et al., 2015) and 

shortages during flowering can result in significant yield reductions (Simao et al., 2013; 

Snowden et al., 2014). Pumping of the Ogallala and limited recharge has led the aquifer 

to a 50% decrease in irrigation capacity since the 1950s (Evett et al., 2020). 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 (Lewis et al., 2018). The adoption of 

these practices in the region has been shown to increase carbon storage (Lewis et al., 
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2018), soil aggregation (Fultz et al., 2013a,b), biological activity (Acosta-Martinez et al., 

2017), nutrient cycling (Burke et al., 2019), and reduce a soils’ susceptibility to wind 

and water erosion (Colazo et al., 2010). 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 (Burke et al., 2021b) but resulted in yield decreases compared to 

traditional practices (Lewis et al., 2018). Prior to cover crop termination, soil water was 

depleted more where active cover growth was occurring than the fallow control in all 

three years of the study (Burke et al., 2021b). 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 more 

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 was 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 (Blanco-Canqui et al., 2011). 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 (Dabney et al., 2001; Balkcom et al., 2007; Nielsen et al., 2016; Homan et al., 

2018). The use of small grain cover crops resulted in reduced cotton lint yield of both 
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dryland and irrigated cropping systems (Baughman et al., 2007; Lewis et al., 2018). In 

the Northern THP, soil water and cotton yields were increased by 16 and 50%, 

respectively, compared to traditionally grown cotton in a dryland system  (Baumhardt et 

al., 2013). 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 (DeLaune et al., 2020).  

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 (Keeling et al., 1989, 1996; Lewis et al., 2018; Burke et al., 2019; 

Burke et al., 2021b). As stated previously, the use of cover crops in this region can 

substantially reduce soil susceptibility to wind erosion (Colazo et al., 2010). Small grains 

perform this function better in the semi-arid THP because they require smaller amounts 

of moisture to get established and their growth physiology helps to slow wind across the 

soil surface reducing wind erosion (Keeling et al., 1989, 1996; Lewis et al., 2018). 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 (Keeling et al., 1989). 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 
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soil water prior to cover crop termination but increase soil water during active cotton 

growth. 

 

2.2. Materials and Methods 

2.2.1. 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°46’22”, W 101°56’18”; 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 yr. 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 (USDA-

NRCS, 2016). 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 (Lewis et al., 2018; Burke et al., 2019; DeLaune et al., 2019). 

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 
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(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 2.1). 

The cropping sequences are graphically summarized in Fig. 2.1. 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 
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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 (Lewis et 

al., 2018).



 

 

 

 

 

Figure 2.1 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. 

 

 

 



 

 

 

 

2.2.2. 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 (McGeehan and Naylor, 1988). 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 (Mehlich, 1984). Soil pH and EC were determined in a 1:2 

soil to deionized water slurry utilizing a pH probe and conductivity electrode (Rhoades, 

1982; Schofield and Taylor, 1955). An additional soil core was collected from each plot 

to determine the bulk density (ρb) at 0 to 15, 15 to 30, and 30 to 60 cm (Blake and 

Hartge, 1986).  

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 
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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 (Pabuayon et al., 

2019; Burke et al., 2021b). 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 

is 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] 

where θ represents VWC (m3 m-3) and t represents sampling date (Burke et al., 2018). 

The same formula was used to determine changes of 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) (Roth et al., 2013; Burke et al., 2021b). Runoff and deep drainage were assumed 

negligible because the field is 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 
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irrigation during the study period based on methodologies common to the region (Roth 

et al., 2013; Pabuayon et al., 2019; DeLaune et al., 2020; Burke et al., 2021b).  

 

2.2.3. 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 x treatment was determined, 

and due to a significant year effect, treatment means were evaluated within year. Year x 

treatment effect was not significant. Normality was determined using the Shapiro-Wilks 

test and all data was 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).  

 

2.3. Results and Discussion 

2.3.1. Temperature, precipitation, and irrigation 

Monthly mean temperature followed similar trends from 2018-2020 (Fig. 2.2) 

(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 yr average. Increases in temperature were more likely 

observed in May and June of the study period compared to the long-term average. 
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Annual precipitation was 342, 300, and 195 mm in 2018, 2019, and 2020, respectively, 

which was 39, 58, and 144% lower than the 30-yr 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 2.1). 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 coincides with peak cotton water demand (Grimes and Yamada, 

1982). 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 (Cano et al., 2018).  
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Figure 2.2 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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Table 2.1 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. 

 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 

 

2.3.2. Soil characterization and cover crop herbage mass 

Soil characteristics are presented in Table 2.2 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 was 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 (Ward et al., 2017). This 
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phenomenon has been observed in other semi-arid cropping systems (Fultz et al., 2013; 

Lewis et al., 2018). The reduction in soil pH observed in this study can increase soil 

nutrient availability in semi-arid ecosystems (Thomas et al., 2007; Lopez-Fando and 

Pardo, 2009). 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 where 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 (Lopez-Fando and Pardo, 2009). 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 (Gabriel et al., 2012). We hypothesize that the increased biomass 

production with R-NT compared to M-NT from 2015 – 2020 (Fig. 2.3; Lewis et al., 

2018) 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 

depth. Cropping systems had no impact on RB, 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 is likely due to carbonate pedogenesis common to semi-arid regions (USDA-

NRCS, 2016). 
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Table 2.2 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). 

Cropping  

system 
pH EC1 ρb

 2 TN3 NO3
--N P K Ca Mg S 

 --- dS m-1 g cm-3 mg kg-1 

 0-15 cm 

   CT 7.7 a4 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 

1Electrical conductivity; 2Bulk density; 3Total nitrogen; 4Signficiant differences between 

cropping systems within depth (P < 0.05). 

 

While there were no significant differences in ρb between treatments at any 

depths, RB 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 
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been observed in the past (DeLaune et al., 2020). This increase in ρb would likely not 

restrict cotton or cover crop root growth but may influence infiltration and percolation of 

irrigation and precipitation (Howard and Gardner 1963; Blanco-Canqui et al., 2018; 

DeLaune et al., 2019). Earlier investigations of this cropping system showed little 

differences 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 (DeLaune et al., 2019). It is uncommon in our 

region for producers to implement no-tillage without cover crops because the limited 

amount of biomass 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 is 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 (Blanco-Canqui and Ruis, 2018) and preferential flow paths (Meek et al., 1992; 

Mitchell et al., 1995). 

The adoption of conservation management practices (i.e. R-NT and M-NT) had a 

significant effect on nutrient availability (Table 2.2). 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 (Bronson 

et al., 2001; Schipanski et al., 2014; White et al., 2020). In parts of the USA, cover crops 

are used to reduce NO3
--N leaching, however, in semi-arid regions where leaching is 
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limited and biomass decomposition is slowed, NO3
--N uptake and immobilization may 

result in limited plant-available N at planting (Acharya et al., 2019). 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 (Wagger, 

1989). 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 (Keeling et al., 1996). On the THP, an evaluation 

of seeding rates showed that there was no significant difference in rye or wheat 

production regardless of seeding rate (Richardson et al., 2011). 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 (Pypers et al., 2007). 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 (Nuruzzaman et al., 2006). 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 
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(Bronson et al., 2001). Like NO3
-
-N, S showed significant increases at the 30-60 cm 

depth compared to the 0-15 and 15-30 cm depths. This is most likely the result of S 

leaching over time through over-application of S fertilizer (Bronson et al., 2001). 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 (Jorquera et al., 2008), reduction in soil pH 

(Bordovsky et al., 1994), P cycling enzyme activity (Nyakatawa et al., 2000), and 

microbial diversity (Boquet et al., 2004). 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 2,406 to 4,629 kg DM ha-1 during the 

duration of the study (Fig. 2.3). Rye herbage mass ranged from 2,528 to 4,629 kg DM 

ha-1 and M-NT herbage mass ranged from 2,406 to 4,560 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 (Lewis et al., 2018). 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 (DeLaune et al., 2019). 
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The authors attributed the herbage mass production to planting date and precipitation in 

March & early April. Like our study, their cover crops were seeded following cotton 

harvest in November which is 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 limits the legume production in our system. While non-

cereals account for 50% of our cover crop seed mixture by weight, they produce less 

than 1% of herbage mass at termination annually (data not shown). Interseeding cover 

crops directly into established cotton in mid-September is not possible within our 

cropping system because cotton harvest aids (applied in October) would be 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 

(DeLaune et al., 2019). Additional research is needed to understand the primary driver of 

herbage mass production in semi-arid ecoregions.  
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Figure 2.3 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. Cover crop treatment 

means within year with the same letter are not different at P < 0.05. Differences were not 

determined in 2018 and 2020. Error bars represent standard error of the sample mean. 

 

2.3.3. Cotton lint yield and water use efficiency 

Cotton lint yield ranged from 540 to 853 kg lint ha-1 in 2018 to 2020 (Fig. 2.4). 

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).  
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Our results complicate an already complicated understanding of the effects of 

conservation management practices on cotton lint yield in semi-arid regions. Previous 

studies show both increases (Keeling et al., 1996; Hanks et al., 2007; Baumhardt et al,, 

2013; Otte et al., 2019; DeLaune et al., 2020; Cao et al., 2021; Sinha et al., 2022) and 

decreases (Wagger, 1989; Lewis et al., 2018) 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 (Lewis et al., 2018; Burke et al., 

2021b). 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 (Alonso-

Ayuso et al., 2020), and additional N fertilization may be required for the subsequent 

cash crop to minimize yield loss (Wagger, 1989). However, given increased N fertilizer 

input costs and limited availability from disrupted supply chains (Tennakoon et la., 

2006), 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 (Nuruzzaman et al., 2006; Krueger et al., 2011; Nielsen et al., 2015). 
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Figure 2.4 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 CT, R-NT, and M-NT, 

respectively. 

 

Cotton water use efficiency ranged from 0.96 to 3.04 kg lint ha-1 mm-1 from 2018 

to 2020 (Table 2.3). 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 (1800 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 

(Unger and Vigil, 1998; Alfonso et al., 2020; Burke et al., 2021b). The lack of 

differences in water use efficiency between treatments supports our hypothesis that 
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water is not the most limiting factor for cotton production in these systems (Lewis et al., 

2018; Burke et al., 2021b). 

 

Table 2.3 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. 

 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 

 

2.3.4. Soil water dynamics 

2.3.4.1. 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 

(Fig. 2.5a-c). In 2018, soil water was generally greater following cover crops (R-NT and 

M-NT) than CT throughout the growing season (Fig. 2.5a). Conversely, in 2019 and 

2020 profile soil water was greater in CT compared to R-NT and M-NT prior to cover 

crop termination (Fig. 2.5b,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 
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any treatment in 2018. This is likely due to the limited amount of precipitation received 

from September 2017 (Lewis et al., 2018) – 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 

(Burke et al., 2021b), 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 (Fig. 2.5a). 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 (Wagner-Riddle, et al., 1997, 

Moebius-Clune et al., 2008). 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 (Burke et al., 

2021b). 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 (Mulumba and Lal, 

2008), increased infiltration deeper into the soil profile via fine root channels (Dabney et 

al., 2001; So et al., 2009; DeLaune et al., 2019; DeLaune et al., 2020), and increased soil 

aggregation (Mirsky et al., 2011; Mitchel et al., 2015; Keene et al., 2017). 



 

 

 

 

 

Figure 2.5 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 CT, R-NT, and M-

NT, respectively. 

 

 

 



 

 

 

 

During active cotton growth (0-150 DAP), soil water was not different between 

treatments in 2018 (Fig. 2.5a) but was significantly greater in R-NT and M-NT 

compared to CT at most sampling points in 2019 and 2020 (Fig. 2.5b-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 (Burke et al., 2021b). On average, there was 

greater precipitation during that evaluation 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 (Baumhardt et al., 2013). 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 (Fig. 2.6a-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 (Fig. 2.6a). In 2019, Δwater ranged from -1.38 (72 DAP, M-NT) to 2.54 

(127 DAP, CT) mm day-1 (Fig. 2.6b). In 2020, Δwater ranged from -2.44 (107 DAP, M-

NT) to 1.76 (76 DAP, M-NT) mm day-1 (Fig. 2.6c). 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 
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and 2020, decreases in Δwater were greatest with M-NT and R-NT between 71 and 77 

DAP compared to CT. 



 

 

 

 

 

Figure 2.6 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 CT, R-NT, and M-NT, respectively. 

 



 

 

 

 

2.3.4.2. Soil water at depth 

Soil water at depth for the evaluated cropping systems from 2018 to 2020 is 

presented in Fig. 2.7. 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 (Fig. 2.7a-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 to 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 (Fig. 2.7 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 (Fig. 2.7 

e,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 (Fig. 2.7 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. 
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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 (Fig. 2.7); 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 (Burke et al., 2021b). 

When winter precipitation is limited on the THP, proper termination timing can help to 

offset water cost associated with the cover crop (Bronson et al., 2001; White et al., 2020) 

and allow the systems to recover the maximum amount of water from spring 

precipitation events (Burke et al., 2021b). 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 the general yield decline observed intermittently 

in these systems in 2016, 2017 (Lewis et al., 2018), and 2020 is caused by N 

immobilization following cover crop termination (White et al., 2020).  
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Figure 2.7 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 CT, R-

NT, and M-NT, respectively. 

 

Changes in soil water at depth followed similar patterns in 2018 and 2020 but 

were not similar in 2019 (Fig. 2.8). In 2018, there was a 23% greater increase in the 

change of soil water with R-NT and M-NT compared to CT between -30 and -20 DAP to 

a 50 cm depth (Fig. 2.8a-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 changes of 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 change in soil water at 

depth were observed overall in R-NT and M-NT compared to CT (Fig. 2.8g-i). From -30 
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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 for R-NT and M-NT, 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 (Fig. 

2.8). This suggests precipitation and irrigation interception and storage was greater 

following cover crops. While there were no significant differences in RB at any depth, 

the increase in RB at the 30-60 cm depth might indicate there is a potential plow pan 

within that depth (Table 2.2). Other evaluations at the site showed a significant increase 

in penetration resistance and RB at depth in CT compared to R-NT(DeLaune et al., 

2019). 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 (Fig. 2.8). Depletion of soil water throughout the 

profile in 2018 and 2020 were 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 (Meek et al., 1992; Schipanski et al., 2014) which 

allowed them to utilize additional soil water compared to the traditional cotton 

(Pabuayon et al., 2019).  
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Figure 2.8 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 
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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 CT, R-NT, and M-NT, respectively. 

 

2.4. Conclusions 

In semi-arid regions, water is often the primary limiting factor for agricultural 

production. This yield loss can be minimized with irrigation from surface and 

groundwater sources, however, in 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. These results are among the few studies demonstrating the benefit 

in water dynamics of cover crops in  coarse-textured 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 
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that any agronomic practices to reduce soil water loss be adopted for continued 

agricultural production in the region. 
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3. NITROGEN MANAGEMENT TO INCREASE COTTON PRODUCTION IN 

CONSERVATION CROPPING SYSTEMS 

Abstract 

 The use of conservation management practices, like cover crops and no-tillage, is 

common in semi-arid cropping systems to reduce wind erosion. However, the use of 

these practices can also reduce cotton lint yield. The purpose of this study was to 

determine the impact of nitrogen (N) management in conservation cropping systems to 

increase cotton lint yield. Two experiments were conducted at the Agricultural Complex 

for Advanced Research and Extension Systems in Lamesa, TX, USA. The first 

experiment utilized litterbags in 2020 and 2021 to determine cover crop decomposition 

rates following termination. In 2020, approximately 75% of the cover crop biomass 

remained 128-d following termination while approximately 25% of the biomass 

remained 128-d after termination in 2021. The differences in decomposition rate 

between 2020 and 2021 are likely the result of significant differences in biomass 

production between the two years. The second experiment utilized four N fertilization 

timings to determine the impact of supplemental N fertilization on cotton yields 

following cover crop termination. An early-season application of N either preplant or 

post-emergence resulted in significantly greater cotton lint yields following cover crops 

in 2018 and 2019, but not 2020. Supplemental N did not increase cotton lint yield in the 

traditionally grown cotton. These results demonstrate that N management practices that 

account for potential N immobilization following cover crops can significantly increase 
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cotton lint yield and decrease the potential yield loss associated with conservation 

management practices in semi-arid regions.  

 

3.1. Introduction 

Conservation management practices such as no-tillage and cover cropping have 

grown in popularity along with interest in regenerative agricultural production. In semi-

arid cotton growing regions like the Texas High Plains (THP), producers utilize cover 

crops and reduced tillage to protect the soil surface from wind erosion; however, these 

conservation management practices have been shown to decrease cotton lint yield 

compared to traditionally grown cotton (Lewis et al., 2018). Research in the region has 

demonstrated that cover crops limit early-season water availability but increase in-

season water availability during active cotton growth (Burke et al., 2021; 2022), which 

indicates that water is likely not the yield decline culprit.  

Previous studies have demonstrated the need for additional nitrogen (N) 

fertilization following cover crops to minimize the yield loss associated with N 

immobilization (Bronson et al., 2001; Nevins et al., 2020). In semi-arid west Texas, an 

additional 34 kg N ha-1 overcame the yield reductions following cover crops and resulted 

in significantly greater cotton lint yields compared to traditionally grown cotton 

(Bronson et al., 2001). Bronson et al. (2001) recommended this supplemental N 

application at the pinhead square cotton physiological stage. It is important to note that 

these results were ascertained utilizing pre-transgenic cotton varieties that are not 

commonly grown on the THP currently since the introduction of transgenic varieties in 
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the early 2000s. Pabuayon et al. (2020) found that modern, transgenic cotton varieties 

utilize similar quantities of N as a historic variety, but it takes up a greater proportion of 

nutrients earlier in the growing season. The increase in early-season nutrient uptake 

could potentially result in late-season nutrient deficiencies if following the current Texas 

A&M AgriLife Extension nutrient application recommendations following cover crops 

on the THP. 

The overall goal of this research is to better understand how the use of 

conservation cropping systems in semi-arid cotton production influences nutrient cycling 

potential and lint yield. Two experiments were conducted to explore that goal. The first 

experiment was designed to calculate the rate of cover crop decomposition and 

determine the impact of cover crop termination on soil nutrients and water dynamics. 

The second experiment was designed to evaluate how supplemental N fertilization can 

be used to minimize the yield loss associated with the adoption of reduced tillage and 

cover crops. The objective of these experiments was to determine (1) the decomposition 

rate and nutrient cycling potential of cover crop herbage mass following termination in 

semi-arid cotton cropping systems and (2) the role of N management to maintain cotton 

lint yield in conservation cropping systems. We hypothesized that cover crop 

decomposition rate will be dependent upon herbage mass production which will cause 

differing rates of N immobilization following cover crop termination.  

 

3.2. Materials and Methods 

3.2.1. Experiment One – Herbage mass, decomposition, and nutrient cycling 



 

63 

 

3.2.1.1. Site description and experimental design 

The first experiment was conducted in long-term research plots at the 

Agricultural Complex for Advanced Research and Extension Systems (AG-CARES) 

located near Lamesa, TX (N 32°46’22”, W 101°56’18”; 919 m a.s.l.). The soil series has 

been described as an Amarillo fine sandy loam (fine-loamy, mixed, superactive, thermic 

Aridic Paleustalfs) (USDA-NRCS, 2016). Prior to the study initiation, conventionally 

tilled cotton had been grown continuously for at least 50 yr. In 1998, a study was 

initiated to evaluate the impact of the recently released glyphosate tolerant cotton in two 

continuous cotton cropping systems: 1) conventional tillage and winter fallow; and 2) 

no-tillage and rye (Secale cereal L.) cover crop. The treatments were arranged as a 

randomized complete block design with three replications. Plots were 76 m long and 16 

rows wide (1.04 m centers) for the conventional treatment and 32 rows wide for the no-

tillage, rye cover treatment.  

In 2014, the no-tillage, rye cover crop plots were split into two 16-row plots to 

add a mixed species cover crop treatment. Treatments for the experiments presented here 

from 2020 to 2021 were three continuous cotton cropping systems arranged as a 

randomized complete block design with three replications and included: 1) conventional 

tillage and winter fallow (CT); 2) no-tillage and rye cover crop (R-NT); and 3) no-tillage 

and mixed species cover crop (M-NT). The cover crop mixture included 22.5 kg PLS ha-

1 rye, 14.9 kg PLS ha-1 hairy vetch (Vicia villosa Roth), 4.5 kg PLS ha-1 Austrian winter 

pea (Pisum sativum L.), and 3.2 kg PLS ha-1 radish (Raphanus sativus L.). The cover 

crops were seeded following cotton harvest in each year of the study on 21 Nov 2019 
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and 4 Dec 2020 at a rate of 45 kg ha-1 using a no-till grain drill. Cover crops were 

terminated on 27 March 2020 and 9 April 2021 with glyphosate in the potassium salt 

form at a rate of 2.3 L ha-1.  

Cotton (DP 1646 B2XF, Bayer Crop Sciences, St. Louis, MO) was planted on 18 

May 2020 and 12 May 2021 at a rate of 131,000 seeds ha-1. On 26 June 2021, a series of 

thunderstorms produced a micro-downburst that was recorded at AG-CARES (National 

Weather Service, 2021). Wind speeds peaked at 193 kmph resulting in complete cotton 

crop failure. Cotton was replanted across all treatments on 6 July 2021. Due to the 

timing of the replant, cotton lint yield and quality were significantly reduced compared 

to average production (Keeling et al., 2021). Irrigation and fertilization were equal 

across all plots in all years. From May to Sept 2020, the plots received 290 mm 

irrigation and 173 mm precipitation. Additionally, they received 134.5 kg N ha-1 as urea 

ammonium nitrate (UAN, 32-0-0). Cotton was harvested on 31 Oct 2020 and 17 Nov 

2021. 

 

3.2.1.2. Sampling protocol and analysis 

Prior to termination in each year, cover crop aboveground biomass was harvested 

randomly from a 1 m2 area at ground level between tractor tire tracks. Collected biomass 

was dried at 60°C for 7-d and ground to 2 mm sieve in a Wiley mill (Model 4, Arthur H. 

Thomas Company, Philadelphia, PA). Herbage mass on a dry weight basis was 

calculated. Nitrogen uptake was determined by multiplying the N concentration by the 
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herbage mass produced. Total C and N values were determined through combustion 

analysis (McGeehan and Naylor, 1988). 

An additional 1 m2 of biomass was collected from each of the two cover crop 

treatments for the decomposition study. The fresh harvested biomass from each of the 

three replications for both the rye and mixed species was homogenized prior to weighing 

and adding to litterbags. Previously constructed nylon 200 µm litterbags measuring 15 × 

20 cm (Bar Diamond Inc., Parma, ID) were filled with 15.4 and 7.4 kg biomass ha-1 

(fresh weight) for 2020 and 2021, respectively (Dubeux et al., 2006). The litterbags 

containing the herbage mass samples were installed the day following cover crop 

termination. In the field, litterbags were secured to the soil surface within the harvested 

biomass quadrants. This is done for two reasons: first, the treatments in this study have 

been chemically terminated and are therefore not actively growing, and second, 

placement outside of the harvested quadrants would represent double the amount of 

biomass inputs if the litterbags were placed there. A total of 108 litterbags were used in 

each cropping season (2 treatments × 3 plot replications × 3 within plot replications × 6 

incubation times). Litterbags were collected at random from each plot 0, 4, 8, 16, 32, 64, 

and 128 d after cover crop termination (DAT). After collection, samples were 

transported to the lab, brushed to remove extraneous soil, weighed, and oven-dried at 

60oC for 72 h and weighed again. Biomass decomposition rate was fitted using a 

logarithmic decay curve.  

Soil samples were collected for soil characterization following cover crop 

termination on 31 March 2021 to a depth of 60 cm. Composites of three, 5.1-cm 
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diameter cores per plot were collected using a Giddings probe (Giddings Machine Co., 

Windsor, CO) and were divided into 0-15, 15-30, and 30-60 cm depth increments. The 

samples were dried at 60°C for 7 d and ground to pass a 2-mm sieve. Soil pH and 

electrical conductivity (EC) were determined from a 1:2 soil to deionized water slurry 

with a pH probe and conductivity electrode (Schofield and Taylor, 1955; Rhoades, 

1982). Soil total N (TN) was determined through combustion (McGeehan and Naylor, 

1988). Nitrate-N (NO3
--N) was determined colorimetrically following cadmium 

reduction of soil samples extracted with 2 M KCl (1:10 soil/extractant ratio) and 

analyzed using flow injection spectrometry (FIAlab Instruments, Bellevue, WA, USA). 

Mehlich III extractable nutrients including P, K, Ca, Mg, and S were measured using 

inductively coupled plasma spectroscopy (Mehlich, 1984). An additional soil core was 

collected per plot to determine bulk density (ρb) at the same depth increments as the 

other soil samples. 

 

3.2.1.3. Statistical approach and analysis 

An analysis of variance was conducted for all parameters using a generalized 

linear mixed model (PROC GLIMMIX) using SAS version 9.4 (SAS Institute, Inc., 

Raleigh, NC, USA) with cropping system included as a fixed effect and replication as a 

random effect. Year and Year × Cropping System effects were determined, and due to a 

significant Year effect, means were evaluated within Year. Year × Cropping System 

effect was not significant. Means of treatment effects were compared within sample time 

using Fisher’s least significant difference (LSD) at P < 0.05.  
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3.2.2. Experiment Two – Supplemental N fertilization 

3.2.2.1. Site description and cropping system management 

The second experiment was initiated in 2018 to evaluate the impact of N 

fertilizer application timing on cotton lint yield following a rye cover crop terminated in 

March of each year (CCRC), and in a conventional tillage, winter fallow system (CC) at 

AG-CARES. The N treatments were replicated within each cropping system and 

included: 1) FP plus an additional 34 kg N ha-1 applied prior to planting cotton (PRE); 2) 

FP plus an additional 34 kg N ha-1 applied three weeks after cotton emergence (POS); 

and 3) FP plus an additional 34 kg N ha-1 applied at pinhead square plus two weeks 

(PIN) compared to a control that represented farmer’s practices within the region (134.5 

kg N ha-1). Treatment 3 was based on Texas A&M AgriLife Extension soil fertility 

recommendations (Bronson et al., 2001). Treatments were arranged as a randomized 

complete block design within cropping system with three replications.  

Cotton (DP 1522 B2XF) was planted on 16 May 2018 (replanted on 7 June 

2018), 19 May 2019, and 21 May 2020 at 131,000 seeds ha-1. The cotton was harvested 

on 26 Nov 2018, 31 Oct 2019, and 30 Oct 2020. The plots received 295, 274, and 282 

mm of total irrigation in 2018, 2019, and 2020, respectively. Due to the extreme weather 

event described in experiment one this experiment was not conducted in 2021. Soil at the 

site has been described as an Amarillo fine sandy loam.  
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3.2.2.2. Sampling protocol and analysis 

Prior to cotton planting in each year, three composited soil cores (5-cm diameter) 

were collected per plot to a depth of 60 cm using a Giddings probe. The soil samples 

were divided into 0-15, 15-30, and 30-60 cm depth increments and dried at 60°C for 7 d 

and ground to pass a 2-mm sieve. In addition to the general soil characterization analyses 

described in Experiment 1, the soil samples were also analyzed to determine 

micronutrient concentrations in the 0-15 cm depth and organic C (OC) and TN 

throughout the soil profile. Soil micronutrients including Fe, Zn, Mn, and Cu were 

extracted using diethylenetriaminepentaacetic acid (DTPA) and measured using 

inductively coupled plasma spectroscopy (Lindsay and Norvell, 1978). Soil OC and TN 

was determined using dry combustion (Storer, 1984; McGeehan and Naylor, 1988; 

Schulte and Hopkins, 1996). An additional soil core was collected per plot to determine 

bulk density at the same depth increments as the other soil samples. Cotton nitrogen use 

efficiency relative to the control (FP) was calculated as the difference of the lint yiueld 

from the control ling yield divided by the kg N ha-1). Cotton lint yield was determined 

after mechanically stripping the cotton bolls from the plant after defoliation at harvest 

and then ginning the lint from the seed. 

 

3.2.2.3. Statistical approach and analysis 

Analysis of variance for all parameters was calculated using a randomized 

complete block design with three replications (PROC GLIMMIX, SAS 9.4, 2015). 
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Significant means of treatment effects were compared among treatments within year 

using Fisher’s least significant difference (LSD) at P < 0.05 for all analyses.  

 

3.3. Results and Discussion 

3.3.1. Experiment 1 – Herbage mass, decomposition, and nutrient cycling 

3.3.1.1. Soil characterization 

There were no significant differences between treatments within depth for RB, K, 

and Mg (Table 3.1). Soil pH decreased with the inclusion of no-tillage and cover crops 

compared to CT at the 0-15 cm depth. This reduction in pH is likely the result of 

increased C inputs and rhizodeposition that stimulated microbial activity thus reducing 

the pH through the production of carbonic acid (Ward et al., 2017). There were no 

significant differences between treatments in EC at the 0-15 and 30-60 cm depth. 

However, there was a significant reduction in EC at 15-30 cm with the adoption of 

conservation management practices. Conservation practices, such as no-tillage and cover 

crops have been shown to decrease EC in semi-arid cropping systems through the uptake 

of salts into the cover crop biomass and creation of preferential flow paths that allow 

water to percolate deeper into the soil profile translocating salts (Gabriel et al., 2012). 

Sodium concentrations significantly decreased at the 0-15 cm depth with R-NT and M-

NT compared to CT. This is likely due to the cover crop biomass reducing 

evapotranspiration from the soil surface (Mulumba and Lal, 2008; Burke et al., 2021).  

Soil TN and P followed a similar trend where there was an increase in TN and P 

at the 30-60 cm depth with the use of cover crops and no-tillage. This was likely due to 
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increased rooting density deeper in the profile with the cover crops that can result in 

increased microbial activity and diversity (Nyakatawa et al., 2000; Boquet et al., 2004; 

Jorquera et al., 2008). Unlike TN and P, NO3
--N was significantly reduced following no-

tillage and cover crops in the 0-15 and 15-30 cm depths. Nitrogen immobilization 

following cover crops is common in climates with reduced decomposition rates and is 

likely the cause of reduced NO3
--N levels in this study (Acharya et al., 2019). 

Interestingly, there was a significant increase in NO3
--N in the R-NT system compared 

to CT and M-NT at the 30-60 cm depth. Additional research is needed to better 

understand this phenomenon. There was generally greater S content in the 0-15 cm depth 

compared to the 30-60 cm depth across all cropping systems with greater S in CT 

compared to M-NT at 15-30 cm. This result contrasts with previous soil characterization 

studies of the site and needs further investigation before conclusions can be drawn 

(Lewis et al., 2018; Burke et al., 2022). 



 

 

 

 

Table 3.1 Soil characterization of samples collected at the Agricultural Complex for Advanced Research and Extension 

Systems, Lamesa, TX, USA in March 2021 at soil depths 0-15, 15-30, and 30-60 cm from the conventional tillage, winter 

fallow (CT), no-tillage rye cover crop (R-NT), and no-tillage mixed species cover (M-NT) treatments.  

 

1Bulk density; 2Electrical conductivity; 3Organic carbon; 4Total nitrogen; 5Different letters within column and depth indicate 

significant differences (P < 0.05) between cropping systems.

BD
1

S

g cm
-3

CT 1.34 7.2 a
5

295 3.0 21.4 a 79 327 1116 861 78 161 a

R-NT 1.42 6.8 b 213 3.6 2.3 b 88 351 966 691 45 93 b

M-NT 1.36 6.8 b 231 3.3 3.9 b 90 390 940 787 44 105 b

CT 1.55 7.3 394 a 1.8 125 24.5 a 49 257 1069 a 849 81 a 159

R-NT 1.59 7.3 217 b 1.9 97 6.7 b 45 287 823 b 743 56 ab 115

M-NT 1.52 7.1 197 b 1.8 84 1.9 c 52 287 818 b 761 40 b 111

CT 1.58 7.3 368 2.1 b 176 b 15.8 b 13 b 245 1285 1008 74 181

R-NT 1.57 7.2 372 3.5 a 344 a 28.3 a 20 a 268 1195 1032 80 199

M-NT 1.43 7.2 426 3.3 a 306 a 19.3 b 22 a 258 1155 1088 73 206

0-15 cm

15-30 cm

30-60 cm

Management

Practice

pH EC
2

OC
3

TN
4

Na 

mg kg
-1

242

313

214

P K Ca Mg

--- μmhos cm
-1

g kg
-1

NO3-N



 

 

 

 

3.3.1.2. Cover crop herbage mass production and decomposition 

Cover crop herbage mass, N concentration, potentially available N, and C:N are 

presented in Table 3.2. There was no difference between any parameters in either year 

(P = 0.742). However, there was a significant decrease in cover crop herbage mass from 

2020 to 2021 (P = 0.001). The observed decrease in biomass production was likely 

caused by decreased precipitation in the winter of 2020 coupled with below-average 

temperatures from January-March 2021. Previous results from the study site indicate that 

the 2021 biomass produced is the least amount recorded in the last six years (Lewis et 

al., 2018; Burke et al., 2022).  

The decrease in biomass production also subsequently resulted in a significant 

decrease in the amount of potential N available to the subsequent cotton crop. The 

potential N available in the 2020 growing season from the cover crop herbage mass 

would be sufficient to meet average cotton lint goals for the region if 100% of the 

biomass could be mineralized during active cotton growth (Bronson et al., 2001).  

 

Table 3.2 Cover crop herbage mass production, N concentration, potential N availability, 

and C:N for rye and mixed species cover crops grown at the Agricultural Complex for 

Advanced Research and Extension Systems, Lamesa, TX, USA in 2020 and 2021. There 

were no significant differences for any measured parameter within any year (P < 0.05). 

 

Cover Herbage

Year crop mass N Potential N C:N

kg ha
-1

g kg
-1

kg ha
-1

----

2020 Rye 4630 3.1 142 13

Mixed 4560 3.1 141 13

2021 Rye 1156 3.0 35 13

Mixed 974 3.0 29 13



 

73 

 

Herbage mass decomposition rates were different between to the two years the 

study was conducted (Figure 3.1). Decomposition rates were greater in 2021 compared 

to 2020. Biomass quality likely played an important role in the differences in 

decomposition rates between the two years (Talbot & Treseder, 2012). Based on the 

decomposition curves (Figure 3.1), approximately 75 and 28% herbage mass remained 

during peak cotton bloom, and subsequently, peak nutrient demand in 2020 and 2021, 

respectively. Despite differences in decomposition rate, the increased herbage produced 

in 2020 would have released 35 and 34 kg N ha-1 for R-NT and M-NT, respectively, 

compared to 25 and 21 kg N ha-1 released in 2021 for R-NT and M-NT, respectively. 

With complete cotton failure in 2021, it is impossible to compare these theoretical N 

release rates with crop uptake. Additional research is needed to better understand these 

dynamics in our semi-arid cropping systems. However, complete mineralization of cover 

crop herbage mass is unlikely to occur during a period where the subsequent cotton crop 

could directly benefit from the residue N (Wagger et al., 1998). A laboratory incubation 

utilizing fresh cover crop biomass harvest from the long-term tillage trial in Lamesa, TX, 

USA (Lewis et al., 2018) demonstrated that the cover crop input significantly stimulated 

the microbial communities which increased C mineralization 77% and primed existing 

soil organic matter in no-till systems with cover crops compared to the traditional tillage 

plots (White et al., 2016).  

 

The primary ecosystem benefit of cover crops in west Texas is their ability to 

reduce soils susceptibility to wind erosion (Zobeck & Van Pelt, 2012). Utilizing the 
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herbage mass and decomposition rate for 2020, it may be possible in our cropping 

systems to plant cover crops only in alternate years while still achieving the desired 

ecosystem benefit of cover crops for this region. While additional research would be 

needed to verify the observation made in 2020, it is theoretically possible that if 

sufficient biomass could be grown in ideal years, it might be enough to reduce 

erodibility over two growing seasons. The 2020 growing season was a record year for 

biomass production so additional research would be needed to ensure this is a possible 

solution for west Texas cotton producers. 



 

 

 

 

 

 
Figure 3.1 Herbage mass decomposition following cover crop termination at the Agricultural Complex for Advanced Research 

and Extension Systems, Lamesa, TX, USA for A) 2020 and B) 2021. There was no difference (P = 0.724) between treatments 

in remaining biomass at any sampling point in either years (P < 0.05).
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3.3.2. Experiment 2 – Supplemental N fertilization 

3.3.2.1. Soil characterization 

For Experiment 2, soil samples were collected in Mar 2018 for summary purposes. 

Generally, soil pH, NO3
--N, P, and Na were similar between CC and CCRC. However, Ca, Mg, 

and S were greater in the CCRC than the CC system, especially at depth. The lack of numerical 

differences between the CC and CCRC cropping systems might be caused by the age of the 

systems (established 2014). In the long-term cropping system (established in 1998), greater 

differences between the traditional and conservation cotton cropping systems were observed 

(Lewis et al., 2018; Burke et al., 2022). 

 

Table 3.3 Soil characterization of samples collected at the Agricultural Complex for Advanced 

Research and Extension Systems, Lamesa, TX, USA in March 2018 at soil depths 0-15, 15-30, 

and 30-60 cm from the conventional tillage, winter fallow (CC) and conservation tillage, rye 

cover (CCRC) treatments. 

 

 

3.3.2.2. Cotton lint yield 

Cropping 

system pH EC NO3
-
-N P K Ca Mg S Na

----- µmhos cm
-1

CC 7.5 180 7 40 197 583 571 14 39

CCRC 7.8 363 9 50 325 787 837 48 56

CC 8.0 126 7 26 172 619 645 5 52

CCRC 7.8 270 8 19 242 1495 811 32 64

CC 8.0 400 8 7 215 1284 862 54 102

CCRC 7.9 511 10 6 179 4178 906 76 101

0-15 cm depth

mg kg
-1

15-30 cm depth

30-60 cm depth
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In 2018, cotton lint yield in the CC system was greatest with the PRE application of N 

followed by POS, and finally FP and PIN (Fig. 3.2). Cotton lint yields were 26 and 7% greater 

for the PRE and POS systems, respectively, while PIN was 5% less than the FP N fertilization 

systems. For CCRC, cotton lint yield was 43% greater with POS followed by PRE (22%) and 

then PIN (15%) compared to FP. The difference in N response may be due to two factors: 

nutritional demands of modern cotton varieties (Pabuayon et al., 2020) and overcoming N 

immobilization by microbes following cover crop termination (Nevins et al., 2020). The 

response of the added N in the CC system is likely driven by supplementing the nutritional 

demands of modern cotton varieties that require similar amounts of N to historical varieties but 

earlier in the growing season compared to those historical cultivars (Pabuayon et al., 2020). 

However, the yield response to added N in the CCRC system is likely driven by overcoming N 

immobilization following the cover crop (Nevins et al., 2020). 
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Figure 3.2 Cotton lint yield from harvest 2018 following different N application timings. Mean 

concentrations followed by the same letter within cropping system are not different at P<0.05 by 

Fisher’s protected LSD. The vertical bars represent the standard error of the mean. Farmers 

Practices (134 kg N/ha), Additional 34 kg N/ha applied three weeks after emergence, and 

additional 34 kg N/ha applied at pinhead square plus 2 weeks are denoted as FP, Emerg + 3 wks, 

and PHS + 2 wks, respectively. 

 

In CC, cotton lint yields were not different between the N fertilization strategies in 2019 

(Fig. 3.3). There was a significant increase in cotton lint yield in CCRC in the PRE compared to 

the other N fertilization strategies. There was a 21% increase in lint yield in the PRE system 

compared to the FP. The 2019 growing season received greater precipitation compared to 2018 

and 2020 which likely increased the overall yield potential (P = 0.01). In 2020, there was no 

significant difference between any of the N fertilization treatments in both the CC and CCRC 

cropping systems. Despite the lack of differences, there was a 6, 13, and 7% increase in cotton 

lint yield in the CCRC system using the PRE, POS, and PIN N fertilization systems, 

respectively. 
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Figure 3.3 Cotton lint yield from harvest 2019 following different N application timings. Mean 

concentrations followed by the same letter within cropping system are not different at P<0.05 by 

Fisher’s protected LSD. The vertical bars represent the standard error of the mean. Farmers 

Practices (134 kg N/ha), Additional 34 kg N/ha applied three weeks after emergence, and 

additional 34 kg N/ha applied at pinhead square plus 2 weeks are denoted as FP, Emerg + 3 wks, 

and PHS + 2 wks, respectively. 

 

Overall, cotton lint yield in the CCRC system was 33, 30, and 18% greater with PRE, 

POS, and PIN N fertilization strategies, respectively, compared to the FP for the CC system and 

20, 19, and 6% greater with PRE, POS, and PIN N fertilization strategies, respectively, compared 

to the FP for the CCRC system. This data challenges the current AgriLife Extension 

recommendation that supplemental N fertilization following a cover crop of 34 kg N ha-1 should 

be applied at pinhead square plus two weeks. Economic analysis of the return on investment 

additional N applications needs to be conducted. 

 



 

80 

 

 

Figure 3.4 Cotton lint yield from harvest 2020 following different N application timings. There 

were no significant differences between treatments within cropping system. The vertical bars 

represent the standard error of the mean. Farmers Practices (134 kg N/ha), Additional 34 kg N/ha 

applied three weeks after emergence, and additional 34 kg N/ha applied at pinhead square plus 2 

weeks are denoted as FP, Emerg + 3 wks, and PHS + 2 wks, respectively. 
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3.3.2.3. Nitrogen use efficiency 

Table 3.4 2018 nitrogen use efficiency (NUE) of conventional tillage, winter fallow (CC) and 

conservation tillage, rye cover cropping systems at the Agricultural Complex for Advanced 

Research and Extension Systems, Lamesa, TX, USA. Mean values with the same letter within 

year are not significantly different at P < 0.05. Additional 34 kg N ha-1 applied three weeks after 

emergence, and additional 34 kg N ha-1 applied at pinhead square plus 2 weeks are denoted as 

Emerg + 3 wks, and PHS + 2 wks, respectively. 

 

 

In 2018, NUE was not increased with additional N in the CCRC system relative to the FP 

(Table 3.4). However, in the CC system, there was a significant increase in NUE in the PRE N 

fertilization system compared to POS and PIN systems. In 2019, there was no difference in NUE 

for the CC system (Table 3.5). Both the POS and PIN N fertilization systems resulted in 

decreases in NUE compared to the FP. For the CCRC system, NUE was significantly greater in 

the PRE N fertilization system compared to PIN which POS was significantly different from 

either the PRE or PIN systems. In 2020, there was no difference in NUE for either the CC or 

CCRC cropping systems relative to the check (Table 3.6). However, NUE was greater with the 

CCRC system compared to the CC system.  

Nitrogen Cont. Cotton (CC) CC, Rye Cover

Management

Farm practice 

(135 kg N ha
-1

)
--- ---

Preplant              

(+34 kg N ha
-1

)
5.52 a 4.85

Emerg + 3 wks      

(+34 kg N ha
-1

)
1.50 b 9.62

PHS + 2 wks       

(+34 kg N ha
-1

)
-1.17 c 3.40

P -value 0.001 0.076

---------------------------------NUE, over check (kg lint kg N 
-1

)--------------------------------
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Table 3.5 2019 nitrogen use efficiency (NUE) of conventional tillage, winter fallow (CC) and 

conservation tillage, rye cover cropping systems at the Agricultural Complex for Advanced 

Research and Extension Systems, Lamesa, TX, USA. Mean values with the same letter within 

year are not significantly different at P < 0.05. Additional 34 kg N ha-1 applied three weeks after 

emergence, and additional 34 kg N ha-1 applied at pinhead square plus 2 weeks are denoted as 

Emerg + 3 wks, and PHS + 2 wks, respectively. 

 

  

Nitrogen Cont. Cotton (CC) CC, Rye Cover

Management

Farm practice 

(135 kg N ha
-1

)
--- ---

Preplant              

(+34 kg N ha
-1

)
0.89 6.47 a

Emerg + 3 wks      

(+34 kg N ha
-1

)
-1.85 2.57 ab

PHS + 2 wks       

(+34 kg N ha
-1

)
-2.30 -0.38 b

P -value      0.402      0.015

---------------------------------NUE, over check (kg lint kg N 
-1

)--------------------------------
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Table 3.6 2020 nitrogen use efficiency (NUE) of conventional tillage, winter fallow (CC) and 

conservation tillage, rye cover cropping systems at the Agricultural Complex for Advanced 

Research and Extension Systems, Lamesa, TX, USA. Mean values with the same letter within 

year are not significantly different at P < 0.05. Additional 34 kg N ha-1 applied three weeks after 

emergence, and additional 34 kg N ha-1 applied at pinhead square plus 2 weeks are denoted as 

Emerg + 3 wks, and PHS + 2 wks, respectively. 

 

 

3.4. Conclusions 

Conservation management practices reduce the susceptibility of soil to wind erosion, but 

farmers have concerns regarding their potential to reduce yields following the adoption of 

conservation practices on. However, variable herbage mass decomposition rates following cover 

crop termination complicate our understanding of these systems and potentially increase 

producers’ hesitancy to adopt conservation management practices. These studies highlight the 

importance of supplemental N fertilization following cover crop termination and prior to planting 

cotton as a way to not only decrease yield loss potential but to yield greater lint than from 

traditional fertilizer applications. Texas cotton producers should consider implementing an 

additional application of N earlier in the growing season compared to existing Extension 

Nitrogen Cont. Cotton (CC) CC, Rye Cover

Management

Farm practice 

(135 kg N ha
-1

)
--- ---

Preplant              

(+34 kg N ha
-1

)
-0.13 1.78

Emerg + 3 wks      

(+34 kg N ha
-1

)
0.03 3.44

PHS + 2 wks       

(+34 kg N ha
-1

)
-0.51 1.93

P -value 0.927 0.662

---------------------------------NUE, over check (kg lint kg N 
-1

)--------------------------------
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recommendations following a cover crop. Additional research is needed to better understand if 

these yield benefits can be replicated in dryland cropping systems.  
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4. IMPACT OF CONSERVATION AGRICULTURE ON BIOLOGICAL INDICATORS OF 

SOIL HEALTH 

Abstract 

 Understanding of soil health has substantially increased since the 1990s, however, soil 

health in semi-arid cropping systems is poorly understood, especially biological indicators of soil 

health. The goal of the research described in this chapter is to quantify biological indicators of 

soil health in a long-term cotton cropping system relative to native rangeland. Soil samples were 

collected at 0-5, 5-10, 10-35, 35-75, and 75-100 cm depth intervals from 28 May to 2 June 2018 

from three continuous cotton cropping systems at the Agricultural Complex for Advanced 

Research and Extension Systems, Lamesa, TX, USA, and a native rangeland (NAT) located near 

Wellman, TX, USA. The three cropping systems were: 1) conventional tillage and winter fallow, 

CT; 2) no-tillage and rye cover, R-NT; and 3) no-tillage and mixed species cover, M-NT). 

Samples were analyzed for soil organic C (SOC), potassium permanganate oxidizable C (POxC), 

autoclaved citrate extractable proteins (ACE), potential enzyme activities (β-glucosidase, BG; β-

glucosaminidase, NAG; acid and alkaline phosphatase, AcidP, AlkP; and arylsulfatase, Sulf), 

and microbial community structure utilizing phospholipid fatty acids. Results indicate that SOC, 

POxC, and ACE were significantly greater in R-NT and M-NT compared to NAT and CT at 0-5 

and 5-10 cm depth. From 10 to 100 cm, SOC, POxC, and ACE were generally greater in NAT 

compared to the other systems. Soil microbial community biomass and diversity were greatest in 

the NAT while potential enzyme activities were greatest in the R-NT and M-NT systems. 

Carbon, N, and P cycling enzymes were most strongly positively correlated with gram-negative 

bacteria, arbuscular mycorrhizal fungi, and fungi while gram-positive bacteria and actinomycetes 

were most negatively correlated with those same enzymes. These results highlight that 
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intensively managed conservation cropping systems can improve soil health by stimulating 

microbial activity due to their nutrient cycling potential especially in semi-arid cropping systems. 

 

4.1. Introduction 

While traditional soil conservation efforts began on the Texas High Plains following the 

Dust Bowl to reduce wind erosion, producers are hesitant to adopt the modern soil health 

movement. Soil health has been described as the continued capacity of soil to perform a function 

that sustains humans. To achieve this goal, the Natural Resources Conservation Service (NRCS) 

has outlined four methods for promoting soil health: 1) manage more by disturbing less, 2) 

diversify with crop diversity, 3) keep living roots throughout the year, and 4) keep the soil 

covered as much as possible (NRCS, 2012). In traditional row crop agricultural production, the 

primary function of soil is to produce a crop. However, extreme weather events and the looming 

threat of climate change have prompted a shift in thinking to utilize historical conservation 

efforts in combination with the principles of soil health. When coupled with the principles of soil 

health, there are several management practices to support this goal, including reduced tillage and 

cover crops during traditional fallow periods. Despite significant investment from the NRCS, 

private conservation organizations, and Texas A&M AgriLife Research and Extension, the 

adoption of these practices remains low  compared to other cotton-growing regions of the USA 

(Claassen et al., 2018). The adoption of these practices might be impeded by farmers’ concerns 

regarding how these practices can potentially reduce their crop yield.  

Two commonly referenced concerns with the adoption of cover crops is the utilization of 

limited precipitation by the cover crop over the subsequent cotton crop and the potential 

immobilization of N following termination of the cover crop. One potential mechanism to 
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increase widespread adoption of conservation efforts is to highlight the secondary ecosystem 

service benefits of those practices. Of all the proposed soil health metrics, biological indicators 

of soil health have received considerable interest for their potential ability to rapidly measure and 

therefore identify increases in cropping system sustainability (Sanaullah et al., 2020; Lazicki et 

al., 2021; Nunes et al., 2021). A majority of soil health research has focused on carbon (C) 

management as it is a driver of soil biology and nutrient cycling (Follet at el., 1987; Nelson and 

Sommers, 1996). Subsequently, several soil health metrics have been proposed to relate their 

function to agricultural productivity (Haney et al., 2006; Nakajima et al., 2015; Moebius-Clune 

et al., 2016). However, these metrics need to be evaluated in semi-arid ecoregions such as the 

Texas High Plains, where biological C pools are relatively small (Blair et al., 2001; Bronson et 

al., 2004). The potential to increase soil C, and potentially biological indicators of soil health, is 

large in semi-arid cropping systems with low soil organic matter highlighting the potential for 

cropping systems to sequester large amounts of atmospheric carbon dioxide if the systems can be 

optimized (Lewis et al., 2018; Burke et al., 2019).  

The purpose of this study was to perform the first, comprehensive assessment of soil 

health in semi-arid cotton cropping systems of west Texas and to understand the relationship 

between biological indicators of soil health. These results will complement the existing research 

evaluating nutrient cycling (Lewis et al., 2018; Burke et al., 2019), water dynamics (Burke et al., 

2021, 2022), physical properties (DeLaune et al., 2019), and cotton production (Lewis et al., 

2018; Burke et al., 2022).  
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4.2. Materials and Methods 

4.2.1. Site description and experimental design  

Two research sites were used for this study. The first was a native rangeland under blue 

grama (Boutelous gracilis), sideoats grama (Bouteloua curtipendula), buffalograss (Bouteloua 

dactyloides), little bluestem (Schizachyrium scoparium), prairieclover (Dalea purpurea), 

bundleflower (Desmanthus leptolobus), and mesquite (Prosopis glandulosa) (NAT) located near 

Wellman, TX (33o 3’ 37”, -102o 24’ 24”), has not been plowed for at least 80 years although the 

site was likely never plowed because the land was not owned prior to those records (K. Attebury, 

personal communication, 31 May 2018). The second is a continuous cotton cropping system 

located at the Agricultural Complex for Advanced Research and Extension Systems (AG-

CARES) near Lamesa, TX (32o 46’ 22”, -101o 56’ 18”), contained three treatments with a 

randomized complete block design with three replications that included: 1) continuous cotton 

with fallow during winter (CT); 2) no-tillage with rye cover (R-NT); and 3) no-tillage with 

mixed species cover (M-NT). The mixed species cover included hairy vetch (Vicia villosa Roth), 

Austrian winter field pea (Pisum sativum L.), rye (Secale cereal), and radish (Raphanus sativus 

L.). Both cover crop treatments were planted using a grain drill at 45 kg ha-1 with the mixture 

comprised of 50% rye, 33% winter field pea, 10% hairy vetch, and 7% radish by weight. Cotton 

was planted annually as the cash crop. For additional information regarding the cropping system 

management practices refer to Lewis et al. (2018) and Burke et al. (2019).  

 

4.2.2. Sampling protocol and soil analysis 

Soil samples were collected to a 100-cm depth using a hydraulic soil probe (Giddings 

Machine Company, Windsor, CO, USA) on 31 May 2018 and 1 June 2018 for the NAT and AG-
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CARES locations, respectively. Soil cores were subdivided into 0-5, 5-10, 10-35, 35-75, and 75-

100 cm depths. The 0-5 and 5-10 cm depths were chosen to help characterize the microbial 

community structure and function while the 10-35, 35-75, and 75-100 cm depths were chosen 

because they correspond to the major soil horizons. The soil at both sites was classified as an 

Amarillo series, a benchmark soil of the Southern High Plains of Texas and is described as a fine 

sandy loam (fine-loamy, mixed, superactive, thermic Aridic Paleustalfs) with a pH of 7.5 

(USDA-NRCS, 2016).  

Soil organic carbon (SOC) was determined using instrumental combustion at the Texas 

A&M AgriLife Extension Soil Water and Forage Testing Lab in College Station, TX, USA 

(McGeehan and Naylor, 1988; Nelson and Sommers, 1996). Potassium permanganate oxidizable 

C (POxC) was determined by reaction with dilute permanganate according to Weil et al. (2003). 

Briefly, 2.5 g of air-dried soil was reacted with dilute potassium permanganate (KMnO4) while 

shaking for 120 s on a reciprocating shaker (120 strokes min-1). After shaking, the soil slurry was 

allowed to settle for 10 min in darkness and then 0.2 mL of the supernatant was transferred to a 

50 mL centrifuge tube containing 20 mL of DI H2O. The diluted supernatant was read on a 

spectrophotometer at 550 nm and POxC was calculated as: 

POxC (mg kg-1) = [0.02 mol L-1 – (a + bz)] ×  

(9000 mg C mol-1) × (0.02 L solution Wt-1) 

where 0.02 mol L-1 is the initial concentration of the KMnO4 solution, a is the intercept of the 

standard curve, b is the slope of the standard curve, z is the absorbance of the unknown soil 

sample, 9000 mg is the amount of C oxidized by 1 mol of MnO4 with Mn7+ reduced to Mn4+, 

0.02 L is the volume of the KMnO4 solution reacted with soil, and Wt is the amount of soil in 

kilograms used in the reaction.  
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Four, colorimetric enzyme assays were conducted during this study: 1) β-glucosidase (EC 

3.2.1.21, BG), which is responsible for hydrolyzing complex sugars (Eivazi and Tabatabai, 

1988); 2) β-glucosaminidase (EC 3.2.1.30, NAG), which is responsible for the degradation of 

chitin (Parham and Deng, 2000); 3) acid (EC 3.1.3.2, AcidP) and alkaline phosphatase (EC 

3.1.3.1, AlkP), which are responsible for the hydrolysis of phosphomonoesters into 

orthophosphates (Tabatabai and Bremner, 1969); and 4) arylsulfatase (EC 3.1.6.1, Sulf), which is 

responsible for the hydrolysis of ester-bonded S (Tabatabai and Bremner, 1970). The enzyme 

activities were determined using 0.5 g of air-dried soil with their appropriate substrate and 

incubated for 1 h at 37°C at their optimal pH as described by Tabatabai (1994) and Parham and 

Deng (2000). The enzyme activities were determined in triplicate using air-dried soil ground to 

pass a 2-mm sieve with one control where the substrate was added after the incubation and 

subtracted from the average sample value.  

Microbially available organic N was determined through the autoclaved citrate 

extractable (ACE) protein method originally proposed by Wright and Upadhyaya (1998) with 

modifications by Hurisso et al. (2018). Briefly, 3 g of air-dried soil was weighed into 40-mL 

glass vials, and 24 mL of 20 mM sodium citrate solution (pH 7.0) was added. The vials 

containing the soil-sodium citrate solution were shaken on a reciprocating shaker (120 strokes 

min-1) for 5 min and then autoclaved for 30 min at 121°C (103 kPa). The samples were then 

vortexed to resuspend the soil particles. A 2-mL aliquot was transferred to a microcentrifuge 

tube and centrifuged at 10,000 × g for 3 min. The supernatant (1 mL) was transferred to a new 

microcentrifuge tube for further processing that same day. In a 96-well chimney-bottom culture 

plate, 10 µL of the supernatant was added to each well along with 200 µL of Pierce BCA protein 

reagent (Sigma-Aldrich, Inc. St. Louis, MO, USA). The plate was sealed and incubated at 61.5°C 
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on a heat block for 1 hr. After 1 hr, the seal was removed and the absorbances were measured at 

562 nm on a spectrophotometer. A standard curve was prepared using bovine serum albumin for 

each plate.  

Soil microbial community structure was determined with total phospholipid fatty acids 

(PLFAs) profiles by the Soil Health Assessment Center at the University of Missouri. An aliquot 

of fresh soil samples were packaged and store on ice after sample collection in the field. Within 

24-h the samples were flash frozen with liquid N and lyophilized before shipment to the 

University of Missouri (Labconco, Kansas City, MO, USA)The PLFAs were calculated as 

microbial abundance using the sum of biomarkers from C14:0 to C20:0 with methanolysis of 

phospholipids analyzed by gas chromatography (Buyer and Sasser, 2012). The high-throughput 

nature of the extraction and analysis reduces the resolution of the peaks and certain isomers 

cannot be identified. The microbial communities identified through this analysis included: gram-

negative bacteria (G-), gram-positive bacteria (G+), anaerobic bacteria, actinomycetes, fungi, 

arbuscular mycorrhizal fungi (AMF), and eukaryotes. Microbial communities were categorized 

using Sherlock Software version 6.0 (MIDI Corp, Newark, NJ, USA). While PLFA analysis was 

conducted on all depths, relative abundance was only determined on the 0-5 and 5-10 cm depths 

for the purposes of this evaluation.  

 

4.2.3. Statistical design and calculations 

Analysis of variance for all parameters was calculated using a randomized complete 

block design with three replications (PROC GLIMMIX, SAS 9.4, SAS Institute, Inc., Raleigh, 

NC, USA). Means of treatment effects were compared among treatments using Fisher’s least 

significant difference (LSD) at α = 0.05 for all analyses. Spearman correlation coefficients were 
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utilized to determine the relationship between all treatments at P < 0.05 using PROC CORR in 

SAS. Principal component analysis (PCA) was conducted using SigmaPlot 14.5 (Systat 

Software, Palo Alto, CA, USA).  

 

4.3. Results and Discussion 

4.3.1. Soil carbon and nitrogen fractions 

There was a significant depth and system effect on SOC, PoxC, and ACE proteins 

(Figures 4.1, 4.2, 4.3). Soil organic C was significantly greater in the R-NT and M-NT systems 

compared to NAT and CT at the 0-5 and 5-10 cm depth (Fig. 4.1). Conversely, at 10-35 cm, 

SOC was significantly greatest in the NAT and CT systems compared to R-NT and M-NT. There 

was no significant difference between treatments in SOC at the 35-75 cm depth. At 75-100 cm, 

NAT was significantly greater than the CT, R-NT, and M-NT systems. In the CT system, SOC 

was relatively unchanged throughout the soil profile compared to the other treatments. There was 

no difference between the R-NT and M-NT systems at any depth. Through a 1 m depth, NAT 

has the greatest SOC storage compared to R-NT, M-NT, and CT.  

Soil organic C stocks (0-100 cm depth) were greatest in the NAT, followed by R-NT, M-

NT, and finally CT. Relative to the CT system which served as the control in this evaluation, 

NAT increased SOC stocks by approximately 13 Mg ha-1 compared to 5 and 6 Mg ha-1 for the 

M-NT and R-NT systems, respectively (Fig. 4.1 B). These results indicate a potential average C 

sequestration rate of approximately 0.25 to 0.30 Mg SOC ha-1 yr-1 with the conversion of CT to 

R-NT or M-NT over a 20 yr period.  

Others have previously observed the benefits of conservation management practices, such 

as no-tillage and cover crops, to increase C sequestration (Fultz et al., 2013; Bowels et al., 2014; 
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Lewis et al., 2018; Burke et al., 2019; Sanjui et al., 2021); however, this process is not well 

understood in semi-arid climates where plant net primary productivity is reduced, and 

decomposition rates can be greater than more temperate regions (Liski et al., 2003). In a previous 

study conducted north of Lamesa in Lubbock, TX, McDonald et al. (2019) found that four years 

after the adoption of conservation management practices there was no significant difference in 

SOC between CT and a R-NT system. Li et al. (2017) demonstrated that following the 

conversion from cotton production to reseeded native rangeland it would take approximately 11 

yr to significantly increase SOC. Additional research is needed to understand the timeline of 

SOC accumulation in our soils so producers can make the most impactful decision regarding 

their farms.  
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Figure 4.1 Soil organic carbon (SOC) concentrations (A) and profile SOC (B) at depth under 

different agricultural management practices. Error bars represent standard error of the sample 

mean. Asterisks represent significant differences between treatments within depth (P < 0.05). 

Conventional tillage, no-tillage rye cover, no-tillage mixed species cover, and native rangeland 

are denoted as CT, R-NT, M-NT, and NAT, respectively. 

 

Potassium permanganate oxidizable C followed a similar trend as SOC (Fig. 4.2) and was 

significantly correlated (R2=0.65, P < 0.0001). The R-NT and M-NT systems led to significant 
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increases in POxC at the 0-5 and 5-10 cm depth compared to the NAT and CT systems. This 

trend reversed at the 10-35 cm depth with the NAT system having significantly greater POxC 

concentrations compared to the M-NT system. Since POxC represents a fraction of SOC that is 

considered to be the most mineralizable fraction for microbes (Weil et al., 2003), it is likely that 

increase in POxC observed in the R-NT and M-NT systems is caused by increased 

rhizodeposition and C inputs from the cover crops (Burke et al., 2019). These increases in fresh 

C inputs stimulate microbial activity which can help to cycle nutrients (Wagger et al., 1998) and 

improve soil physical characteristics (Fultz et al., 2013). Culman et al. (2012) have also shown 

that POxC is most sensitive to management changes compared to other C fractions which can 

make it a useful metric to track changes in soil organic matter.  

 

Figure 4.2 At depth potassium permanganate oxidizable carbon concentrations under different 

agricultural management practices. Error bars represent standard error of the sample mean. 

Asterisks represent significant differences between treatments within depth (P < 0.05). 

Conventional tillage, no-tillage rye cover, no-tillage mixed species cover, and native rangeland 

are denoted as CT, R-NT, M-NT, and NAT, respectively. 
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Soil proteins ranged from 96 to 453 mg kg-1 and were generally less than other semi-arid 

soils (Geisseler et al., 2019). Similar to both SOC and POxC, ACE proteins were significantly 

greatest in the R-NT and M-NT systems compared to CT and NAT at the 0-5 cm depth (P = 

0.026). At the 5-10 cm depth, R-NT and M-NT were greater than CT but were not different from 

the NAT system (P < 0.001). There were no differences in ACE proteins between systems at the 

10-35, 35-75, or 75-100 cm depths. In the CT system, ACE proteins did not change throughout 

the soil profile regardless of depth. Soil proteins have been linked to several soil health 

improvements including soil aggregation (Wright and Upadhyaya, 1996; Wright et al., 1999; 

Rillig et al., 2002; Fine et al., 2017), crop productivity (Wright et al., 1999) and land-use change 

(Halvorson and Gonzalez, 2006).  

 

Figure 4.3 Autoclaved citrate extractable proteins at depth under different agricultural 

management practices. Error bars represent standard error of the sample mean. Asterisks 

represent significant differences between treatments within depth (P < 0.05). Conventional 

tillage, no-tillage rye cover, no-tillage mixed species cover, and native rangeland are denoted as 

CT, R-NT, M-NT, and NAT, respectively. 
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Our results demonstrate the potential impact of conservation management practices to 

increase SOC relative to CT and low input NAT systems near the soil surface. While these 

increases in the top 10 cm of the soil profile are substantial, these increases are not sustained 

deeper in the soil profile. The lack of increases in SOC at depth with the R-NT and M-NT 

systems relative to the CT and NAT systems is likely the result of limited cover crop root 

exploration in these semi-arid soils where winter precipitation is limited (Nevins et al., 2020; 

Burke et al., 2021; 2022).  

 

4.3.2. Soil microbial community structure and function 

Significant differences in the relative abundance of soil microbial community structure 

were observed in the G+, AMF, and anaerobes with significant increases in these communities 

with NAT compared to CT, R-NT, and M-NT (Fig. 4.4). There were no significant differences in 

relative abundance between any of the cotton cropping systems. Gram-negative, G+, and 

Actinomycetes represented the greatest relative abundance within each treatment, respectively. 

These results are similar to other studies (Murphy et al., 2011; Patkowska et al., 2016). 

Significant increases in anaerobes, AMF, and G- bacteria are likely linked to differences in the 

plant communities between NAT and the cotton cropping systems which selects for more diverse 

microbial communities (Bu et al., 2020). The addition of no-tillage and cover crops in semi-arid 

cotton production has been shown to increase microbial biomass at a greater rate than rotation 

with an alternate crop like sorghum (Sorghum bicolor L.) alone (Acosta-Martinez et al., 2011). 

Microbial communities in sandy soils like the Amarillo series also recover more slowly from 

disturbances associated with drought and heat compared to loamy soils (Acosta-Martinez et al., 

2014a). Since 2018 was a milder drought compared to the 2011 drought and in the early stages 
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when soil samples were collected, it is possible that additional sampling in Fall 2018 or 

subsequent years might have resulted in similar differences as noted by Acosta-Martinez et al. 

(2014a). Currently (11 June 2022), west Texas is experiencing the 12th driest year in the past 128 

years (National Weather Service, 2022). Samples should be collected now and annually for 

several years to track changes in soil microbial community composition and function following 

this drought event. Collecting this information from the long-term research plots at AG-CARES 

could yield valuable results helping us to understand how cropping systems react to drought and 

identify opportunities to make our cropping systems more resilient to drought and heat waves in 

the future.  

 

Figure 4.4 Functional composition of the soil microbial community in the 0-10 cm depth by 

management practice. Error bars represent standard error of the sample mean. The asterisks 

indicate significant differences at P < 0.05 between management practices. Conventional tillage, 

no-tillage rye cover, no-tillage mixed species cover, and native rangeland are denoted as CT, R-

NT, M-NT, and NAT, respectively.  
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Potential soil enzyme activities were significantly greater in the R-NT, M-NT, and NAT 

systems compared to CT for BG, NAG, and AlkP (Fig. 4.5-4.7). There were no significant 

differences between treatments at depth for potential AcidP and Sulf enzyme activity (data not 

shown). Potential BG activity was significantly greater in R-NT compared to the other treatments 

(Fig. 4.5). In 2018, there was generally greater cover crop herbage mass in the rye system 

compared to the mixed species cover (Fig. 2.3). This likely stimulated microbial activity that 

increased the production of extracellular BG to break down that rye herbage mass (Sainju et al., 

2015). The quantity and quality of C inputs in the soil can impact BG activity in the soil and 

likely explains the increase in BG activity in R-NT compared to M-NT or NAT (Patkowska et 

al., 2016 Sainju et al., 2021).  

 

Figure 4.5 Potential β-glucosidase enzyme activity as affected by agricultural management 

practices at depth. Error bars represent standard error of the sample mean. Asterisks represent 

significant differences between treatments within depth. Conventional tillage, no-tillage rye 

cover, no-tillage mixed species cover, and native rangeland are denoted as CT, R-NT, M-NT, 

and NAT, respectively.  
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 Potential NAG activity was significantly greatest at the 0-5 cm depth in the M-NT 

followed by the R-NT, NAT, and CT systems, respectively (Fig. 4.5). At the 5-10 cm depth, R-

NT and M-NT were significantly greater than the NAT and CT systems, while at the 10-35 cm 

depth potential NAG activity was greatest in CT compared to the other systems. In semi-arid 

west Texas, potential NAG activity was reduced with the addition of a native seed grass mix and 

N-fixing alfalfa (Medicago sativa) compared to ‘WW-B.Dahl’ cultivar of Old World Bluestem 

[Bothriochloa bladhii (Retz) S.T. Blake] ( Bhandari et al., 2018). The authors attributed the 

increase in potential NAG activity to overall increases in SOC, total N, and microbial biomass C 

and N. While there was significantly greater SOC with R-NT and M-NT compared to NAT and 

CT at 0-5 and 5-10 cm depths (Fig. 4.1), the cotton cropping systems had a variable effect on 

total N with significant increases in M-NT compared to CT in 2017 (Lewis et al., 2018) and no 

difference between treatments in 2020 (Table 2.2). However, other studies in the region have 

shown an increase in potential NAG activity with crop rotations compared to monoculture cotton 

production (Acosta-Martinez et al., 2011; 2014b). Additional research is needed to better 

understand the drivers of potential NAG activity in these semi-arid cotton production systems.  
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Figure 4.6 Potential β-glucosaminidase enzyme activity as affected by agricultural management 

practices at depth. Error bars represent standard error of the sample mean. Asterisks represent 

significant differences between treatments within depth. Conventional tillage, no-tillage rye 

cover, no-tillage mixed species cover, and native rangeland are denoted as CT, R-NT, M-NT, 

and NAT, respectively.  

 

 Differences in potential AlkP activity were observed in the 0-5, 5-10, 10-35, and 35-75 

cm depths (Fig. 4.6). In the 0-5 cm depth, the NAT, R-NT, and M-NT systems were significantly 

greater than CT, while at the 5-10 cm depth NAT was significantly greater than the R-NT and 

M-NT systems which were greater than the CT system. However, at the 10-35 and 35-75 cm 

depth where NAT was significantly greater than each of the R-NT, M-NT, and CT systems. The 

mean monthly temperature in May 2018 was 3°C greater than the 30-yr average (Fig. 2.2) which 

likely resulted in shifts in the microbial community compared to average years. Acosta-Martinez 

et al. (2014b) showed that increased air temperature resulted in significant increases in potential 

enzyme activities, especially in native and crop rotations compared to traditionally grown cotton. 

They attributed these increases in potential enzyme activities to a stress response to the heat 

which could potentially impact soil health and biogeochemical cycling. 
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Figure 4.7 Potential alkaline phosphatase enzyme activity as affected by agricultural 

management practices at depth. Error bars represent standard error of the sample mean. Asterisks 

represent significant differences between treatments within depth. Conventional tillage, no-

tillage rye cover, no-tillage mixed species cover, and native rangeland are denoted as CT, R-NT, 

M-NT, and NAT, respectively.  

 

4.3.3. Relationship between biological indicators of soil health 

Utilizing principal components analysis (PCA), approximately 56.7% of the variability in 

the data is explained with principal components (PC) one and two (Fig. 4.8). Principal 

component one centered around a majority of the biochemical indicators of soil health (SOC, 

POxC, ACE, BG, NAG, AlkP), while PC two was primarily driven by the microbial 

communities and the remaining biochemical indicators (Sulf and Acid-P). Other studies in the 

region have also shown that there is an inverse relationship between C, N, and P cycling 

enzymes and arylsulfatase, although those studies show a stronger positive relationship between 

C and N cycling enzymes and AcidP than we measured in our systems (Acosta-Martinez et al., 

2014a). However, their analysis was limited to cotton cropping systems and did not include a 
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NAT reference, perhaps this difference can account for the antagonistic relationship between C 

and N cycling enzymes and AcidP because their systems showed greater significant differences 

in AMF and fungi than we observed between our treatments and AMF can increase P scavenging 

through their hyphae (Moore-Kucera and Dick, 2008).  

Spearman correlation analysis was conducted to evaluate the relationships between the 

soil microbial community’s relative abundance and the biological indicators of soil health (Table 

4.1). The relative abundance for G-, AMF, and fungi were positively correlated with all soil 

health indicators except Sulf. Gram+ bacteria and actinomycetes were negatively correlated with 

SOC, POxC, ACE, BG, NAG, and AlkP. Anaerobes were not significantly correlated with any 

soil health parameter. Eukaryotes were only correlated with BG and AcidP. Overall, these results 

are consistent with other studies that show strong relationships between microbial communities 

of interest and biological indicators of soil health (Acosta-Martinez et al., 2014a; Bu et al., 

2020). Future microbial community compositional and functional studies in the long-term plots 

at AG-CARES should utilize more advanced microbial techniques (i.e., 16S DNA sequencing) to 

potential better understand the specific bacterial and fungal taxa correlations with 

biogeochemical cycling.  
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Figure 4.8 Principal component analysis of the biological indicators of soil health across 

agricultural management practices.   
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Table 4.1 Spearman correlation analysis between biological indicators of soil health and the relative abundance of the soil 

microbial community. Asterisks indicate significant difference at different levels (*P < 0.05, **P < 0.01, ***P < 0.001). 

  Gram- bacteria Gram+ bacteria Actinomycetes Anaerobes AM Fungi Fungi Eukaryotes 

Soil organic C     0.541***     -0.280**     -0.594***     0.019    0.537***   0.321**       -0.130 

PoxC     0.621***     -0.383***     -0.665***    -0.038    0.527***   0.202*       -0.117 

ACE proteins     0.397***     -0.248*     -0.430***    -0.070    0.413***   0.252*       -0.024 

β-glucosidase     0.827***     -0.542***     0.832***    -0.132    0.760***   0.384***       -0.203* 

β-glucosaminidase     0.688***     -0.422***     -0.676***    -0.100    0.619***   0.349***       -0.113 

Acid phosphatase     0.184*     -0.147     -0.044    -0.096    0.147   0.039       -0.237* 

Alkaline phosphatase     0.438***     -0.292*     -0.541***     0.021    0.525***   0.316**       -0.096 

Arylsulfatase     0.076     -0.070     -0.169*     0.168    0.084   0.058         0.138 



 

 

 

 

4.4. Conclusions 

This study was one of the first detailed evaluations of soil health and the 

relationship between biological indicators of soil health in semi-arid cotton cropping 

systems. The use of conservation management practices, such as no-tillage and cover 

cropping, increased all biological indicators of soil health relative to traditionally grown 

cotton. Some biological indicators of soil health were significantly improved with the 

conservation practices compared to the native rangeland reference. These results 

highlight the importance of intensively managed cropping systems to improve the 

biogeochemical functioning of semi-arid ecoregions. Coupling the improvements in 

biological parameters of soil health with the increases in physical and chemical 

parameters can help to enhance agricultural productivity and minimize the potential 

impacts of climate change on the region. Assuming a C credit of $68 Mg SOC-1 ha-1 yr-1, 

cotton producers utilizing no-tillage and cover crops on sandy, semi-arid soil in our 

region could expect to receive approximately $17 ha-1. Only considering the potential C 

credit value is likely not enough incentive for cotton producers on the THP to adopt 

these conservation practices. Communicating the ecosystem service benefits, such as 

increased water storage (Burke et al., 2019, 2021), enhanced soil fertility, and reduced 

susceptibility to wind erosion (Fultz et al., 2013), of conservation practices can 

potentially increase the adoption potential of these conservation practices in semi-arid 

west Texas. However, the yield decline associated cover crop use is a limitation to their 

adoption, especially for the M-NT system which has significantly greater input costs 

compared to the CT system (Lewis et al., 2018). Additional work by economists and 
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social scientists is needed locally to better understand the barriers to conservation 

management adoption by west Texas cotton producers. Linking these improvements in 

soil health to cotton lint production is essential to their continued adoption on the Texas 

High Plains, where adoption of conservation management practices has been limited. 

Continued soil health research in these long-term plots is essential to developing resilient 

cropping systems for the region.  
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5. CONCLUSIONS 

 

Agricultural production on the semi-arid Texas High Plains has been marked by 

resilient and dogged adaptation to climatic extremes, technological innovations, and 

social upheaval in the relatively short history of human settlement in the region. 

However, the combined economic, environmental, and social challenges mounting for 

modern producers are stressing the resolve of the normally robust west Texans. We set 

out to understand how intensively managed traditionally grown continuous cotton 

cropping systems responded to the inclusion of no-tillage and cover crops. Our results 

indicate that conservation management practices improve water interception and storage 

capacity, reduce evapotranspiration potential, increase soil carbon fractions, and 

stimulate microbial nutrient cycling when implemented into continuous cotton cropping 

systems. Unfortunately, conservation management practices can also reduce cotton yield 

if cover crop herbage mass becomes excessive. Cotton yield loss following cover crops 

can be minimized by increasing early-season N fertilizer applications to stimulate 

microbes and limit N immobilization to the subsequent cotton crop, challenging a 20-

year Extension recommendation. It is important to note that these benefits are possible 

because we possess the capacity to deficit irrigate our research site during periods of 

episodic drought. It is very unlikely that similar improvements in physical, chemical, and 

biological parameters would be possible in dryland cropping systems. The potential risk 

associated with adoption of conservation management practices in dryland cotton 

production should be carefully considered before attempting such practices. While we 
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have shown significant improvements in ecosystem services, more research is needed to 

understand the economic impacts of these conservation practices on-farm. Continued 

collaborative efforts between researchers and agricultural producers to address these 

critical issues will ensure the region is viable for generations to come.  



 

 

 

 

6. APPENDIX A 

Table 6.1 Soil microbial community in the 0-10 cm depth by management practice. Different letters within depth represent 

significant differences between cropping systems at P < 0.05. Conventional tillage, no-tillage rye cover, no-tillage mixed 

species cover, and native rangeland are denoted as CT, R-NT, M-NT, and NAT, respectively.  

 

 

Cropping system

CT 6079 c 4132 b 2402 b 225 c 569 c 539 c 153 b

R-NT 11974 b 9212 b 4881 a 475 b 1223 b 1178 b 431 a

M-NT 12605 b 9028 b 4690 a 484 b 1300 b 891 bc 407 a

NAT 16589 a 9554 a 4615 a 705 a 2226 a 1992 a 523 a

CT 5378 b 4322 b 2279 b 199 b 560 b 519 160

R-NT 7268 ab 6245 a 3745 a 297 a 806 a 582 218

M-NT 7849 ab 6446 a 3876 a 310 a 867 a 577 280

NAT 6954 a 5845 a 3865 a 314 a 979 a 541 151

Gram postiveGram negative

0.963 0.066

5-10 cm

0-5 cm

pmol g soil
-1

EukaryotesFungiAM fungiAnaerobesActinomycetes

<0.001

0.010 0.002 0.001 0.002 0.001

Microbial community

<0.001 <0.001 0.0030.003<0.001<0.001


