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Abstract: Maintaining soil health and sustainable crop production has been challenged by climate
variability and wind erosion in semi-arid regions. To understand the initial effects of the transition
of tilled cotton systems to no-tillage with winter wheat as a cover crop, we sampled 18 commercial
grower sites from 2019 to 2022 in the Southern High Plains (SHP). We evaluated the soil biological
component, which often responds rapidly to changes in residue additions or minimized soil distur-
bance providing an early indication of changes in soil health, especially in the low organic matter soils
in this region. After two years, compared to tilled systems, no-till systems had significant increases in
ester-linked fatty acid methyl ester (EL-FAME) bacterial and saprophytic and AMF fungal markers,
enzyme activities of nutrient cycling, and various SOM pools, under both center-pivot irrigation
and dryland. Similar increases were also observed in two dryland sites sampled before and up to
two years after transition to no-till. Our study demonstrates the potential of no-tillage and cover
crops to improve soil health in cotton production in semiarid regions, and a framework for a soil
health assessment that links different soil health indicators with functions related to soil organic
matter, soil water, and biogeochemical cycling.

Keywords: soil health; tillage; cotton; dryland; cover crops; commercial fields enzyme activities

1. Introduction

Conservation tillage and the use of cover crops to improve long-term agricultural
sustainability and soil health have been adopted less widely in the semiarid Southern High
Plains (SHP) than other regions of the USA [1]. Maintaining soil function at a healthy level
can be difficult as this semiarid region has coarse, fragile soils with low soil organic matter
(SOM) content (typically < 1%) due to the low plant biomass production and limitations in
management choices due to low annual precipitation. The soils also have higher suscepti-
bility to wind erosion especially when bare or fallow. As predicted in earlier assessments by
the Intergovernmental Panel on Climate Change, this region has experienced increasingly
extreme weather variability in the past 20 years [2] and widespread land conversions from
irrigated to dryland management due to declining groundwater levels in the Ogallala
Aquifer, the predominant source of irrigation water for the region [3]. More frequent
drought cycles have been shown to reduce indicators of soil health including SOM and
microbial communities in agricultural soils [4,5]. However, our recent research suggests
remarkable increases in microbial community size and functioning after a drought event [6],
and that microbial communities were still more abundant and distinct in sorghum and
cotton rotations than cotton monoculture during a record drought in 2011 [4,5]. Overall,
the record drought in 2011 significantly decreased SOM in the soils evaluated in those
studies, highlighting the need to adopt conservation management for the region to be
prepared for future climatic extremes [4,5]. More recently, producers in this region are

Soil Syst. 2023, 7, 72. https://doi.org/10.3390/soilsystems7030072 https://www.mdpi.com/journal/soilsystems

https://doi.org/10.3390/soilsystems7030072
https://doi.org/10.3390/soilsystems7030072
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/soilsystems
https://www.mdpi.com
https://orcid.org/0000-0001-7203-7142
https://orcid.org/0000-0002-9918-6209
https://orcid.org/0000-0002-6962-6066
https://doi.org/10.3390/soilsystems7030072
https://www.mdpi.com/journal/soilsystems
https://www.mdpi.com/article/10.3390/soilsystems7030072?type=check_update&version=2


Soil Syst. 2023, 7, 72 2 of 16

attempting to transition to conservation tillage practices and use wheat as a cover crop
for cotton production despite the short-term difficulties of doing so in semiarid regions
with limited irrigation capacity. These conservation practices are valuable to increase the
biomass returned to the soil and to provide surface coverage, which lays the foundation to
increase soil water conservation and guarantee crop production for future generations.

Improved detection of early changes in soil health and their linkages with soil functions
in water-limited regions will help provide long term benefits such as improved soil water
conservation, enhanced stability in crop yields, and increased farm incomes. SOM is a key
indicator of soil health and water dynamics, though this relationship is influenced by
multiple factors [7]. Changes in SOM in agroecosystems can often take decades in arid
and semiarid regions, and increasing SOM enough to have a meaningful impact on soil
water holding capacity is extremely challenging in environments where an increase in SOM
by 1% often represents a doubling of baseline SOM stocks [8,9]. While soils in this region
have shown potential to be C sinks, even under perennial grasses it has been estimated
that it will take 74–77 years to return soil C to stocks found in undisturbed rangelands [9].
An assessment of more responsive physical, chemical, and biological indicators may better
represent soil health improvements for soils with low SOM with limited water for crop
production [10,11]. For example, soil microbial components often respond more rapidly
than some chemical parameters to changes in residue and organic amendment additions or
soil management [12], and recent studies by Kallenbach et al. [13] provided a direct link
of the microbial component to SOM formation and its ecophysiological controls. This can
explain how increases in fungal markers due to management changes have been detected
before changes in SOM in the SHP, even for coarse-textured soils with up to 55% sand
content [14]. Their changes represent increases in C sequestration, C use efficiency, and soil
aggregate formation [15]. Changes in microbial groups have been linked to an increase
in enzyme activities involved in biogeochemical cycling and SOM dynamics, including
different C pools such as particulate organic matter (POM), permanganate oxidable carbon
(POXC), and microbial biomass C (MBC) [16,17]. Establishing relationships between
various soil health indicators will lead to the development of a framework for soil health
management in water-limited regions.

Despite limitations to implementing no-tillage in water-limited regions, it represents
reductions in energy requirements and the enhancement of several soil functions, including
soil erosion control, water conservation, soil biodiversity, fungal community development,
C sequestration, and enzymatic activity that drives nutrient cycling. However, we have
previously shown that no-tillage alone did not improve soil microbial parameters without
a winter cover crop for cotton systems in a dryland study conducted in the SHP [18].
The addition of a cover crop to no-till cotton systems increased soil microbial abundance
and functioning and did not reduce dryland cotton yields despite years of below average
precipitation for the region (470 mm). In a dryland corn-sorghum rotation, long-term
no-tillage and cover cropping stored 15% more organic C than the conventionally tilled
system [19]. Research from the Central and Northern Great Plains has demonstrated high
yield and economic profitability through improved crop and soil management practices
that maintained soil fertility and productivity, increased soil cover and biodiversity, and
reduced tillage intensity and frequency [20–23].

Much of the information we encountered on soil health under no-till production
comes from experiments performed in research plots [19,24,25]. While research plots have
a robust experimental design, on-farm research in commercial producer fields is needed
to include other crop and soil management comparisons and understand the large-scale
impact of new practices. However, they require flexibility to maintain the viability of
on-farm trials, which makes management unpredictable and limits the applicability of
these results [11]. Therefore, there is a need to better understand how to assess soil health
on a broad scale, under large commercial agricultural farms. We had the opportunity
to work with producers in the process of converting from conventionally tilled cotton
production to no-till production using winter wheat cover crops. Sites were selected from



Soil Syst. 2023, 7, 72 3 of 16

the same general area in Lubbock County (within 20 km) and represented common soil
types used in commercial cotton production. The first objective of this study evaluated
fields in the second year of transition from conventionally tilled production to no-tillage
and winter wheat cover cropping under different water management strategies (dryland,
center-pivot irrigated, and subsurface drip irrigated). This included a comparison to
reference sites under long-term conventionally tilled cotton management and to perennial
grasslands under the Conservation Reserve Program (CRP). For the second objective, we
continued to assess the transition to no-till cotton production with annual soil samplings
and repeated measures testing for the sites that had consistent management throughout
the following four years (2019–2022). This included two sites with sampling before and
after the transition to no-till and winter cover crop. Our four-year study offers a framework
for soil health assessment to continue evaluating these management transitions in water-
limited environments and link soil health with soil functions related to soil biogeochemical
cycling, soil organic matter, and productivity.

2. Materials and Methods
2.1. Sites Description

This study was conducted in producer sites within Lubbock County in the SHP in
Texas (33.45 and −101.85). This semiarid region generally experiences a mean annual
temperature of 17.1 ◦C and precipitation of 465 mm which is generally received from
April to October. Precipitation presented was measured at a West Texas Mesonet site
within 15 km of all fields [26]. Two measurements of the Palmer Drought Severity Index
(PDSI) are presented: (1) Lubbock International Airport, located north of the sites and
within 22 km, and (2) Tahoka, south of the sites within 33 km (National Centers for
Environmental Information).

Cotton (Gossypium hirsutum L.) was generally planted in mid-May and harvested
from October to December. Wheat (Triticum aestivum) was planted soon after harvest as
a cover crop and was terminated in March or April of the next year. Soil sampling (0–10 cm)
occurred after cotton harvest during December beginning in 2019 and continuing annually
through 2022 for sites as described in Table 1. Three samples were taken per site along
a 100 m transect, and each sample was analyzed independently. The average of the three
samples is presented and used for statistical analysis. Each sample was a composite of
subsamples from three near locations. The sites had sand content ranging from 45 to 71%
and clay content from 14 to 28%. The soil pH ranged from 7 to 8, with no distinct variation
due to management. Total C varied across these sites from 3.5 to 14.9 g kg−1 soil. The soils
sampled represent the predominant soil series for this region such as Amarillo (fine-loamy,
mixed, superactive, thermic Aridic Paleustalf), Olton (fine, mixed, superactive, thermic
Aridic Paleustolls), Acuff (fine-loamy, mixed, superactive, thermic Aridic Paleustolls) and
Estacado (fine, mixed, thermic, superactive, Aridic Palleustolls).

Our first part of the study represented a complete evaluation of the two-year tran-
sition to cover crops and no-tillage under different water strategies. For example, there
were twelve sites in the first sampling in 2019 representing these different transitions
in management and water strategies (seven dryland, three center-pivot irrigated, and
two subsurface-drip irrigated). We were able to sample three sites under the Conservation
Reserve Program (CRP) under mixed native short grasses and three sites for the traditional
practice of conventionally tilled cotton monoculture as reference sites. Two of the three
references sites for the traditional practice of conventionally tilled cotton monoculture
(dryland) were converted to no-tillage after our first sampling in 2019, which represents
a before and after comparison of this transition to no-tillage and cover crops in our study
(sites #13 and 14 in Table 1).
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Table 1. Experimental information, soil properties determined in 2019, and cropping history of commercial grower sites sampled during the study.

Tillage and Water Management Cropping History Soil Properties (Determined in 2019)

Field
Size (ha)

Year No-Till
Began Soil Series

Sand Silt Clay EC 1 Total C

Site Irrigation 2019 2020 2021 2022 --------(%)------- pH (mS cm−3) g kg−1

Soil

1 109.6 2017 Dryland Ct (Wt) Ct (Wt) Ct (Wt) Ct (Wt) Acuff 71.3 14.7 14.0 7.7 227 3.5
2 12.4 Ct (Wt) Ct (Wt) Ct (Wt) Ct (Wt) Amarillo 62.3 20.0 17.7 7.4 256 4.8
3 16.5 Ct (Wt) Ct (Wt) Ct (Wt) Ct (Wt) Olton 62.3 19.3 18.3 7.3 246 4.8
4 13.8 Ct (Wt) -- -- -- Estacado 47.0 26.0 27.0 7.1 285 8.4
5 24.9 Ct(Wt) -- -- -- Olton 53.7 22.0 24.3 7.9 581 8.9
6 49.1 Ct (Wt) Ct (Wt) Ct (Wt) Ct (Wt) Acuff 69.0 15.3 15.7 7.4 169 4.6
7 9.6 Ct (Wt) Ct (Wt) Ct (Wt) Ct (Wt) Estacado 61.0 18.0 21.0 7.2 159 4.7
8 50.3 2017 Center Pivot Ct (Wt) Ct (Wt) Ct (Wt) Ct (Wt) Amarillo 61.7 19.3 19.0 7.8 675 6.5
9 50.3 Ct (Wt) -- -- -- Olton 57.7 19.3 23.0 7.4 432 6.3
10 22.8 Ct (Wt) Ct (Wt) Ct (Wt) Ct (Wt) Olton 61.0 18.7 20.3 7.9 487 6.9
11 28.6 2017 Subsurface Drip Ct (Wt) Ct (Wt) Ct (Wt) Ct (Wt) Estacado 53.7 21.3 25.0 7.3 453 8.2
12 21.8 Ct (Wt) Ct (Wt) Ct (Wt) Ct (Wt) Estacado 45.0 21.3 33.7 7.0 523 10.4
13 61.1 2019 Dryland Conv. Ct Ct (Wt) Ct (Wt) Ct (Wt) Acuff 64.3 18.0 17.7 7.9 211 3.6
14 25.4 Conv. Ct Ct (Wt) Ct (Wt) Ct (Wt) Estacado 49.0 21.3 29.7 8.0 391 6.5
15 23.9 Conv. Till Dryland Conv. Ct Conv. Ct Conv. Ct Conv. Ct Estacado 55.3 22.0 22.7 7.5 214 4.8
16 9.3 Grassland Dryland CRP CRP CRP CRP Estacado 69.0 16.0 15.0 7.7 443 12.0
17 14.4 Grassland Dryland CRP CRP -- -- Amarillo 62.0 18.0 20.0 7.4 313 8.2
18 65.2 Grassland Dryland CRP CRP -- -- Olton 45.7 28.0 26.3 7.4 368 14.9

Conv. Ct, Tilled cotton with winter fallow; Ct (Wt), No-Till cotton with winter wheat cover crop; CRP, Perrenial Grassland as part of the Conservation Reserve Program. Sites 13 and 14
were converted to no-till after the initial sampling, representing before and after measurements, which are presented in Table 3. “--” represents management change or disturbance, and
sampling was discontinued as a result. 1 EC, electrical conductivity.
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The second part of our study lasted from 2019 to 2022. Sites that remained consistent
in their management that we collected soil samples from every year for repeated measures
testing were: (1) dryland converted to no-till in 2017 (#1, 2, 6, 7), (2) center-pivot irrigation
converted to no-till in 2017 (#8 and 10), (3) drip-irrigated converted to no-till in 2017 (#11),
(4) dryland converted to no-till in 2019 (#13 and 14), and (5) reference sites for tilled cotton
(#15) and perennial grassland (#16).

2.2. Soil Health Indicators

Field-moist soil samples were sieved to 4.75 mm within 4 days of sampling, and a sub-
sample was air-dried after sieving. Samples taken in 2019 were evaluated for soil texture in
a commercial laboratory by the hydrometer method (Ward Laboratories, Kearney, NE). Soil
pH and electrical conductivity (EC) were measured in our laboratory from a 1:1 mass to
mass mixture of water and air-dried soil. The microbial community size and composition
were characterized in all samples (field-moist) collected in the study (2019–2022) by the
Ester-linked fatty acid methyl ester (EL-FAME) method following a modified protocol of
Schutter and Dick [27] and further described by Li et al. [28]. The samples were analyzed
in a 6890N GC (Agilent Technologies, Santa Clara, CA, USA) using ultra-high purity H2
as a carrier gas through a fused silica capacity column (25 m × 0.32 mm × 0.25 µm) and
into a flame ion detector. GC temperature and pressure and FAME identification were
conducted using the MIDI PLFA method (Microbial ID, Inc., Newark, DE, USA). FAMEs
were quantified with methyl nonadecanoate as an internal standard using the method of
Zelles [29]. FAME indicators used were: (1) Saprophytic fungi: 18:2ω6c, (2) arbuscular
mycorrhizal fungi: 16:1ω5c, (3) bacteria: i15:0, a15:0, i16:0, a16:0, 16:1ω7c, 10-Me 16:0, i17:0,
a17:0, 17:1ω8c, cy17:0ω7c, 10-Me 17:0, 18:1ω9c, 18:1ω7c, 18:1ω5c, 10-Me 18:0, cy19:0ω7c.

Soil organic matter (SOM) dynamics were evaluated using different pools of SOM that
included the microbial biomass C (MBC) and microbial biomass N (MBN), permanganate
oxidizable C (POXC), and total soil C and N. Soil organic C was measured in air-dried
subsamples from all years (ground in a rotary grinder) in dry combustion (950 ◦C, protocol
ISO 13878) using a CN828 analyzer (LECO corporation, Saint Joseph, MI, USA). POXC was
determined in all samples every year according to the method described previously [30,31].
The microbial biomass C (MBC) and N (MBN) were evaluated for all sites sampled in 2019
using the chloroform fumigation-extraction technique [32,33] that distinguishes the organic
C and N extracted from the fumigated (24 h) and non-fumigated (control) soil quantified by
a TOCV/CPH-TN analyzer (Shimadzu Corp., Kyoto, Japan). To quantify MBC and MBN,
the difference between fumigated and non-fumigated values were calculated using a kEC
factor of 0.45 [34] and kEN factor of 0.54 [35], respectively.

Functions related to biogeochemical cycling and SOM dynamics were evaluated in
all samples every year via a combined enzyme assay which determines simultaneously
the activities of β-glucosidase, β-glucosaminidase, acid phosphatase, and arylsulfatase to
represent C, C and N, P, and S cycling, respectively [36].

2.3. Statistical Analyses

All statistics were performed using R software Version 4.1.1 [37]. Statistical differences
in properties standardized by Total C after two years of transition to no-till cover cropping
were calculated using Analysis of Variance (ANOVA) and protected pairwise comparisons
between all systems (Table 2). Repeated measures ANOVA was used to compare changes
over time in dryland and center-pivot irrigated from 2019 to 2022, representing years
2–5 of conversion. ANOVA and protected pairwise comparisons were used to compare
years 1–3 of transition to sampling prior to transition in two dryland sites, which were
sampled before and after the conversion. Modeling of changes in soil Total C content
over time in row-cropped agroecosystems during transition to no-till cover cropping was
performed in the same manner used in previous chronosequence studies in this region [38].
Initially, irrigation, irrigation type, and silt + clay content were used as predictors, and
only silt + clay was found to be statistically significant. The model was then re-run with
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only silt + clay as the predictors. Total C was then predicted based on silt + clay using
this model, and changes over time were measured using a linear model that found only
irrigation was a significant factor, with dryland and irrigated sites presented separately.

Table 2. Changes in selected soil properties standardized by soil total carbon after two years of no-till
cover crop cotton production compared to tilled cotton cropping and grassland controls addressed
with our first sampling in 2019.

Cotton Agroecosystems

Tilled No-Till and Winter Wheat Cover Crop CRP

Soil Property Dryland Dryland Center Pivot Drip Grassland

(mg kg−1 soil)
Microbial Biomass C 39.6 (9.5) 42.0 (7.0) 41.2 (8.8) 29.4 (7.7) 37.6 (8.7)
Microbial Biomass N 1.97 (0.24) b 2.41 (0.26) b 2.88 (0.26) ab 2.37 (0.37) b 3.69 (0.46) a

POXC 35.7 (1.4) 39.0 (1.6) 41.3 (1.2) 42.9 (1.5) 39.8 (1.3)
(mg p-nitrophenol kg−1 soil h−1)

CNPS Activity 16.6 (3.4) 28.5 (3.1) 24.2 (2.5) 23.5 (3.8) 23.4 (4.9)
FAME (nmol g−1 soil)
Total 14.8 (0.6) c 21.9 (0.6) b 22.2 (2.2) ab 23.6 (1.0) ab 28.6 (4.6) a

Bacterial Sum 6.8 (0.3) b 10.1 (0.4) a 10.6 (1.0) a 10.3 (0.4) a 10.8 (1.6) a
Saprophytic Fungi (18:2ω6c) 0.70 (0.08) b 1.35 (0.10) a 1.21 (0.18) a 1.37 (0.12) a 1.01 (0.25) ab

AMF (16:1ω5c) 0.36 (0.04) b 0.44 (0.03) b 0.54 (0.11) b 0.45 (0.05) b 5.09 (1.37) a

Mean and standard error are shown. Different letters indicate differences according to ANOVA-protected pairwise
comparisons (p > 0.05). Tilled Dryland, n = 3; No-Till Dryland, n = 7; No-Till Center Pivot, n = 3; No-Till Drip,
n = 2; CRP, n = 3. POXC, permanganate oxidizable carbon; CNPS, combined soil enzyme activity.

3. Results and Discussion
3.1. Role of Management Practices on Soil Health and Functions in a Water-Limited Region

Many studies in water limited regions have shown improvements in soil health indica-
tors with reduced tillage and more diversified rotations, together with benefits in yields and
economic returns [39]. This included an increase in soil microbial properties and SOM in
cold semiarid environments of eastern Wyoming [12] and North Dakota [39] to the hot, dry
environment of eastern New Mexico [19]. Similarly, cover crops and irrigation enhanced soil
enzyme activities and promoted soil microbial community development [40,41]. Several
on-farm and research station experiments across the Central High Plains have demon-
strated that crop diversification and reducing the frequency of summer fallow periods
through cropping intensification can improve chemical, biological, and physical metrics
of soil health, supporting improved profitability [42]. In a study under dryland research
plots conducted in the SHP, the use of rye as a cover crop in a cotton rotation with sorghum
increased microbial biomass N by up to 63% and soil enzyme activities between 21 and
37% compared to a sorghum and cotton rotation within the first three years [18]. The study
reported that the yield produced or the above ground rye biomass during winters was not
significant compared to forage or grain sorghum ranging from as low as 42.6 to 304 kg ha−1

depending on the year; however, the soil under the crop rotations with winter rye showed
significant improvements to MBN and enzyme activities after three years.

In our study, which was conducted in commercial fields in the SHP, producers used
wheat as a cover crop due to commodity pricing at the time of planting and for the eventual
saving in seed cost. Our sampling in 2019, representing two years after conversion to no-
tillage with wheat cover crop for cotton production, showed significant increases in many
soil health indicators within these systems that varied in water management strategies
(Table 2). The soil MBN was significantly lower in continuous conventionally tilled cotton
than in no-tilled center-pivot or drip irrigated no-tilled cotton and was not significantly
different from no-till dryland sites. It was also interesting that the soil MBN was not
significantly different under no-tilled center-pivot fields and CRP, POXC, MBC and CNPS
activity were also not significantly different across these sites; however, differences were
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found for FAME profiles. Bacterial and saprophytic fungi FAME markers were lower in
conventionally tilled cotton sites compared to no-tillage cover crop sites with different
irrigation strategies and CRP. The AMF marker was not different among agricultural sites,
but was significantly higher under CRP sites which are known as undisturbed grasses for
over 15 years.

For the second part of the study in which soil samples were collected from 2019 to
2022, irrigated sites that were sampled at year two of the initiation of no-tillage and the
wheat cover crop showed 33% higher total FAMEs compared to dryland counterpart sites
(Figure 1). Bacterial markers and the AMF FAME markers measured from irrigated land
doubled in concentration in the four years after transitioning to conservation management,
whereas dryland areas only had a moderate increase in these FAMEs. This trend was
also evident for other measured soil health indicators, demonstrating the importance
of irrigation for encouraging soil microbial activities and processes. For example, SOM
accumulation measured via POXC was also impacted in the no-tilled and cover crop
irrigated site compared to the dryland sites, more than doubling since the first years of
establishment (Figure 2). These trends in POXC can be significant for future changes
in the microbial communities and their processes, as this assessment reflects different C
sources in soils as substrates for microbial metabolism. We also found higher combined
enzyme activities of C, N, P, and S nutrient cycling in the no-till and cover crop sites that
were irrigated compared to dryland sites; however, the differences were not as high as
with other soil health indicators. The key trend found for SOM dynamics was a strong
positive relationship of total C and clay content across agricultural sites. Figure 3A revealed
a change in total C across the sites with the transition to no-tillage and cover crop for both
irrigated and dryland management (Figure 3B). The response was more linear in irrigated
sites, which had higher total C than dryland sites.

Despite losing reference sites for conventionally tilled cotton due to changes in man-
agement, we observed dramatic differences between the conservation irrigated or dryland
sites and the reference site used throughout the four years of the study (Figures 1 and 2).
Additionally, we also sampled two sites (sites #13 and 14, Table 1) before planting the wheat
cover crop and representing their last tillage at that point, which allowed a calculation of
the percent of change in these soil health indicators since the first year of the transition
from conventionally tilled cotton management to these conservation management practices
(Table 3). This assessment confirmed changes occur in the soil health indicators by the
second year of this conversion. For example, total FAMEs were increased by 60% by year
two with respect to the initial sampling before conversions. Among soil microbial commu-
nity groups, the AMF marker showed a remarkable increase of 100% when compared to
the baseline sampling before conversion. These increases in AMF for these dryland sites
are important for a water-limited region as it has been suggested that AMF contributes to
SOM pools through their exudates, live biomass, and necromass [16,38,43], and increases
macroaggregate formation and stability [44]. The increase in this microbial marker for this
comparison differs from the sampling in 2019 (representing two years of the conversion).
Thus, confirming this trend is important as it can be ecologically significant in a changing
climate because this microbial group can also be linked to increases in many functions
related to water and nutrient availability to crops, and higher resilience of the community
to climatic extremes. The combined assay for four different enzyme activities that evaluates
enzymes involved in functions related to nutrient cycling showed an increase of almost
50% due to winter wheat as a cover crop with no-tillage. The increase in combined enzyme
activities includes the assessment of β-glucosidase activity and β-glucosaminidase activity,
which are involved in the degradation of most predominant polysaccharides, cellulose,
and chitin, respectively. Our assessments suggest that many of the soil health indicators
were not impacted until year two, demonstrating more time is needed for microbes to
decompose the wheat biomass enough for it to be incorporated into SOM pools.
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Figure 1. EL-FAMEs (total and microbial indicators) in sites under center-pivot irrigated (n = 2) and
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conversion. The CRP grassland and conventionally tilled dryland control sites are reference only.
Filled symbols represent treatments means; open symbols represent individual sites. Different letters
indicate differences according to repeated measures ANOVA.

3.2. Challenges to No-Tillage and Cover Crop Management in Semiarid Cropping Systems

Before exploring the response of soil health indicators to cover crops and no-tillage in
the SHP, it is necessary to recognize that the scenarios for eliminating summer fallow and
how it affects the subsequent crop yield, net system productivity, and water availability vary
significantly within the Ogallala Aquifer region. The SHP is experiencing a rapid decline of
the Ogallala Aquifer water table due to low rainfall compared to other regions within the
U.S. High Plains, which together, with the use of irrigation to sustain cotton production,
has exceeded the aquifer recharge [45–47]. Transitioning to no-tillage and the use of a cover
crop have been challenging to the producers in this region due to high evapotranspiration
compared to the Northern High Plains. These factors make producers concerned about
the water available to sustain crop yields after a cover crop within the cropping system.
However, a study by Burke et al. [48] found that the adoption of conservation practices
did not significantly reduce cotton lint yield compared to conventionally tilled winter
fallow cotton from 2018 to 2020, representing 21–23 years in irrigated research plots in
the SHP. The researchers observed that soil water was initially depleted under cover
crops but was greater during the growing season following cover crop termination due
to the increased capture and retention of water. The researchers also reported that water
depletion and recharge were more dynamic through the soil profile with conservation
practices compared to the conventionally tilled system [48]. Similar results of initial soil
water depletion but greater cropping system soil water storage and water use efficiency,
leading to 9–26% greater corn (Zea mays L.) yield and 18–32% greater sorghum [Sorghum
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bicolor (L.) Moench] silage yield were observed in forage corn and sorghum rotations in
eastern New Mexico [49,50]. Another study in the SHP in research plots managed under
dryland conditions did not find differences between cotton yields in a no-tilled cover crop
(rye) cotton-sorghum system compared to sorghum-cotton and continuous cotton systems
after five years [18]. This suggested no negative impacts on crop yields following cover
crops in these dryland systems during the five year-study from 2003 to 2007. The study also
showed significant inter annual changes in the biomass produced by all crop components
of the systems evaluated, including cotton, due to the extreme fluctuations in precipitation
between study years. These extreme climatic conditions of the SHP could have prevented
the management history of cover crops from showing benefits in the cash crop yields at
the end of the study in year five. Studies on the effect of annual climate variability in the
SHP including a historically intense drought in 2011 [5,6,18] highlight another challenge to
maintain the management history and consistent biomass production with cover crops to
leave an additive fingerprint on soil health indicators.
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Figure 2. (A) Permanganate-oxidizable carbon (POXC), and (B) combined soil enzymatic activity (CNPS)
in sites under irrigated (n = 2) and dryland (n = 4) no-till cotton production sampled from 2019 to 2022,
representing years 2–5 of no-till conversion. The CRP grassland and conventionally tilled dryland
control sites are reference only. Filled symbols represent treatments means; open symbols represent
individual sites. Different letters indicate differences according to repeated measures ANOVA.
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Figure 3. (A) Linear relationship between total soil carbon and soil clay+silt content during the first
sample year. Y = 0.223X − 3.11, R2 = 0.827 *** (p > 0.001, n = 14). Linear model testing significance
of irrigation, irrigation type, and silt + clay content found only silt + clay content (p > 0.001) was
significant; (B) changes over time during transition to no-till cover cropping in C standardized by
silt + clay content-based model. Dark gray area around lines represents 95% confidence interval
according to Loess smoothing (n = 54).

In our study, the extreme climatic conditions found within 2019–2022 may have
resulted in the variable biomass returned by the cover crops every year, which can affect
the consistent or even additive increase in soil health indicators with time for the SHP.
For example, the study year 2019 had above-average precipitation. However, there was
a drought from 2019 to 2020 resulting in lower water availability than normal in soils
in 2020 as reflected in the PDSI values of −3 (Figure 4). Precipitation was higher again
during the summer of 2021 and the PDSI values were increased. However, there was
no other precipitation event from August 2021 to the next year in May 2022. This can
explain the variation in total FAMEs and many FAME markers observed in this study
(Figures 1 and 2). Overall, three of our four sampling times occurred during periods of
negative PDSI values reflective of extremely dry conditions in soil. Similar fluctuations
were found in another study conducted in the same region between 2018 and 2020 which
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reported a decrease in total FAMEs, total fungi, and functions related to nutrient cycling
represented by multi-enzyme activities [11].

Table 3. Changes in selected soil properties during the first three years (2020–2022) of conversion to
no-till cotton cropping relative to baseline sampling the final year of tillage (2019) in two dryland
sites (#13 and 14 in Table 1).

Soil Property 2019 2020 2021 2022

Year 1 Year 2 Year 3

POXC (mg kg−1 soil)
Value 172 (46) 178 (48) 170 (35) 222 (17)

% Change - 3 −1 29
CNPS Activity (mg p-nitrophenol kg−1 soil h−1)

Value 74 (6) 65 (14) 108 (16) 119 (17)
% Change - −12 46 61

FAME Total (nmol g−1 soil)
Value 71 (19) 55 (12) 114 (20) 115 (40)

% Change - −23 61 62
Bacterial Sum

Value 32.7 (10.0) 26.5 (6.3) 56.7 (11.1) 56.2 (21.3)
% Change - −19 73 72

Saprophytic Fungi (18:2ω6c)
Value 3.75 (1.76) 2.12 (0.44) 5.72 (0.41) 5.98 (2.75)

% Change - −43 53 59
AMF (16:1ω5c)

Value 1.68 (0.17) 1.28 (0.15) 3.61 (0.11) 3.33 (0.42)
% Change - −24 115 ** 98 **

Mean and range (n = 2) are shown. % change for 2020-2022 compared to baseline sampling in 2019. ** represents
significant change at p < 0.01 according to ANOVA-protected pairwise comparisons. POXC, permanganate
oxidizable carbon; CNPS, combined soil enzyme activity.
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Figure 4. Palmer Drought Severity Index (PDSI, represented by lines) at two weather stations within
22 km and 33 km of producer sites, and monthly precipitation (blue bars) at a weather station within
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negative (orange background) and positive numbers (green background) represent drought and
increased moisture, respectively. Soil sampling date represented by a black arrow for each year.
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3.3. Ecological Implications of the Results of This Study in Commercial Fields: Knowledge Gaps
and Limitations for Future Research

Transitioning to no-tillage and cover crops is challenging in water-limited regions with
extreme climatic conditions. In our study, the use of wheat as a cover crop with or without
irrigation was effective and ecologically beneficial over the first four years (Table 3). The
measured soil health indicators reveal improvements in microbial communities and their
processes within the first two years of transitioning to no-tillage with the use of winter
wheat compared to conventionally tilled cotton. Our findings of improvements to soil
health and functions related to SOM dynamics and biogeochemical cycling were based
on our first sampling conducted in 2019 representing the second year after conversion
compared to reference sites under conventionally tilled cotton. Additional confirmation was
obtained from the changes over four years from multiple sites sampled after two years since
their transition to wheat as a cover crop and the no-tillage practice, and by comparing the
percent of change in two sites sampled prior and after the transition to these conservation
practices. Our studies in producer fields need to consider other cover crops as producers
may use other alternatives depending on the economic return and management of residues
in their region during certain years. Studies by Acharya et al. [51] within the Southern
High Plains in Clovis, NM, distinguished the response of soil health indicators related to
chemical, physical, and biological parameters to the first four years of establishing different
cover crops (mixture of grasses, brassicas and legumes, grasses and brassicas, grasses
and legumes) for an irrigated forage corn–sorghum rotation in research plots. The study
also highlighted how SOC, SOC mineralization, microbial biomass C, mineral-associated
organic C (MAOC), and particulate organic C (POC) were greater under cover crops than
under no cover crops, but the effects were not consistent in all study years due to the
climatic variability experienced in the area.

Limitations for soil health initiatives include the lack of consensus for the most rel-
evant soil health indicators [52,53]. Thus, studies can vary on the soil health indicators
used. Our study included a set of indicators that represent different pools of soil organic
matter, pH, microbial properties, and enzyme activities involved in nutrient cycling, which
have responded to specific management strategies [54–56], cropping systems [55,57,58],
tillage [59], and climate variability [6] in many regions including the SHP. These indicators
have defined thresholds (i.e., rankings of poor to good) and have been benchmarked nation-
ally [60]. The biological and biochemical indicators have especially been documented as
those with higher sensitivity to management and relationships with soil processes [54,61].
Our study points to EL-FAME as the most sensitive to the management among other soil
health indicators used for producer fields, followed by POXC and then combined enzyme
activities. Producers could benefit from having the EL-FAME profiling as part of soil health
evaluations performed on their samples in commercial labs. Trends from total FAMEs and
microbial group markers including saprophytic fungi and AMF are associated with several
functions related to aggregate and soil stability, SOM dynamics, and we are close to linking
them to water conservation and resilience to drought [6].

A unique aspect of our research is the use of producer fields that demonstrated the real
challenges and limitations in transitioning to no-tillage and cover crop management every
year [11]. Although there were changes in management for certain sites which excluded
them from the study, the sites included in this study represented a consistent transition
to these management strategies for four consecutive years. A scale-up experiment at
the Kellogg biological station also shows high variability in the responses of soil health
indicators in landscape scale comparisons [62]. However, the study also shows that on-farm
and landscape scale studies are valuable because they show how multiple factors influence
landscape responses to management changes. For example, fields with high clay content
had a faster rate of SOC accumulation (Figures 1 and 2). Our study also showed the effect
of irrigation on soil microbial community composition due to extreme climate conditions
and variability experienced in this region, and by comparing between irrigation and no-
irrigation (dryland). Despite the importance of water for plant and biological activities,
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especially in the semiarid region, both irrigated and dryland sites showed a response of
the soil health indicators to these management transitions. At this early point in the study,
having fewer irrigated sites compared to dryland prevented elucidating any interactions
between water management strategies and the transition to no-till. The continuation of
this study, and potentially increasing the number of sites, will provide long-term trends
under different climatic conditions at producer fields and will offer a framework for soil
health assessment for these management strategies in a water-limited environment. Long-
term studies could also establish linkages between different soil health indicators and soil
functions related to soil water, biogeochemical cycling, soil organic matter, and productivity.

4. Conclusions

Our study demonstrated the potential of cover crops and no-tillage to improve agri-
cultural sustainability in water-limited environments by enhancing soil health indicators
linked to soil C sequestration, nutrient cycling, and soil water conservation. However,
solutions are unique for regions that experience different challenges to maintaining diverse
management options and cropping systems every year due to crop failure resulting from
frequent droughts. Thus, frequent samplings and the use of sensitive soil health indicators
linked to many functions including soil water are needed to make better recommendations
of changes in soil health in the SHP and other areas with limited water. Despite these
challenges, our study provides evidence that implementing conservation management
practices to increase soil health are effective even in water-limited production systems.
Early trends of the increases in soil health indicators within two years, especially within
the microbial communities including AMF due to no-tillage and incorporation of wheat
into the cropping system, are beneficial in functions relating to soil biodiversity, SOM,
biogeochemical cycling, and resilience to climate extremes. Long-term studies are needed
to follow these trends especially due to extreme climate variability including severe and
frequent droughts.
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