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Abstract

The Conservation Reserve Program (CRP) is a USDA program introduced in 1985 to
reduce soil erosion by increasing vegetative cover of highly erodible land. Participa-
tion in the CRP is done via contracts (10 - 15 years in length) and currently the total
area of land under contract is set to decline as per the 2014 Farm Bill. The Texas
High Plains (THP) leads the US with >900,000 ha enrolled in CRP. A potential long-
term benefit of CRP is to increase soil organic matter and to improve soil structure
leading to increased water infiltration. Our objective was to evaluate the feasibility of
using stable isotopes of water to measure and compare infiltration of rain in land
under CRP management to land under continuous dryland cotton in the THP. For
this purpose we selected two sites, with soils in the Amarillo series, enrolled in CRP,
one for 25 years and the second site for 22 years. Results from several rain events
showed that stable isotopes of water are a method that can be used to evaluate the
depth of rainwater infiltration for soils under CRP and dryland management.
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1. Introduction

The THP is characterized by frequent droughts and a semiarid climate where annual
average rain is about 440 mm and annual potential evapotranspiration is about six
times the average rainfall [1] [2]. In addition, the monthly coefficient of variation for
rain is >70% and during the crop growing period, from May to September, ~49% of the
rain events are <10 mm and these events tend to be of high intensity and of short dura-

tion [3]. In the THP the combination of frequent droughts and rainfall patterns that are
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subject to runoff is problematic for dryland agriculture where the only source of water
for crop production is from effective rain, i.e., net water stored in the soil. The harvest
of rainwater for agriculture in dry regions is a subject of much research, and of interest
is to determine agronomic management practices that may lead to increase infiltration
of rain [4] [5].

The Conservation Reserve Program (CRP) was introduced in 1985 to reduce soil
erosion by converting highly erodible land from agricultural production to native
grassland. The CRP has numerous benefits including increased carbon sequestration
and microbial diversity through the conversion of highly erodible cropland to grass-
lands [6] [7]. An additional effect of returning a field to native grassland over an ex-
tended period of time is to increase rainwater infiltration. We speculate that this in-
crease may be due to a buildup of soil organic matter leading to an improved soil
structure conducive to reduce water runoff from rain events of high intensity and of
short duration, which are prevalent in the THP. However, the rate and magnitude of
changes in soil physical properties and in soil organic matter varies and the factors that
impact these changes are not well known [8]. The 2014 Farm Bill replaced the previous
13 million ha enrollment cap for CRP with limits declining to 10 million ha in 2017 and
2018. Each year, expiring CRP contracts results in the conversion of restored CRP land
back to cropland. This trend is potentially reversing multiple ecological benefits of CRP
including reduced soil erosion as well as carbon sequestration potential and microbial
biodiversity [6] [7].

An additional factor to consider in the management of dryland cropping systems on
the THP is the effects of climate change, which has been suggested to cause an increase
in the intensity of rain events [9]. The intensity of these rain events generally leads to
runoff of the rainwater and the amount of above ground biomass is a critical compo-
nent that affects runoff. In the THP, the soil surface of dryland production systems re-
mains bare for most of the year except for the portion of the growing season where soil
surface coverage varies depending on crop type and rain received. On a bare soil, rain-
water runoff is due to the rapid saturation of the soil surface causing swelling of the clay
particles that slow the infiltration rate of additional rainfall. This leads to runoff to sur-
rounding and adjacent low areas such as drainage ditches or playa lakes and is water
that is not available for crop production [6]. The amount of runoff might be decreased
through conversion of agricultural fields into grassland through the CRP program.
However, the impact of these potential benefits is not well characterized [6]. Therein,
the importance of understanding the long-term impacts of CRP and how it affects the
water balance of dryland production systems in the THP.

The traditional field method to measure water infiltration is by using different types
of infiltrometers, Ze., single and double ring [10] [11], tension disc and pressure ring
[12]. These measurements are subject to effects due to soil cracks, soil crust, earthworm
holes and root channels, and to soil tillage management practices. Another method is to
use rainfall simulators [13] [14]. The theory and practice of tension disc and ring infil-

trometers is well established; however, the method is laborious and time-consuming.
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An alternative method that has emerged in hydrology is the use of stable isotopes of
water [15]-[17]. This method operates under the principle that rainwater has a different
isotopic signature than the soil water that is under static conditions prior to a given rain
event. The traditional methods to measure water infiltration can determine the depth of
water infiltration for a given rain event but they cannot differentiate water present in
the soil before the rain from the actual rainwater. However, using stable isotopes of wa-
ter allows the differentiation of soil water from rainwater. One method of identifying
the isotopic concentration of soil water is through cryogenic distillation [18]. This me-
thod requires the removal of all of the water in a soil sample prior to analysis. By taking
advantage of the fact that cryogenic distillation effectively dries a soil sample, the soil
gravimetric water content can be simultaneously obtained while extracting the soil wa-
ter for isotopic analysis. Using both gravimetric and isotopic techniques the depth of
soil water content changes can be identified gravimetrically and the difference in 8*0O
(%o) ratios from soil samples taken before and after rain events can determine the
depth of rainwater infiltration [19] [20]. Ideally, the gravimetric water can be converted
to a volume basis knowing the corresponding bulk density of the soil.

Infiltrometers measure the infiltration rate but do not account for runoff. However,
using stable isotopes of water allows tracking the depth of infiltration of the rainwater
and comparing runoff to adjacent fields, ie., CRP vs. bare soil. The objective of this
study was to investigate the feasibility of using stable isotopes of water to measure the
depth of infiltration of rainwater for a soil series (Amarillo Fine Sandy Loam) under
dryland cotton production and CRP. The fields under these two management practices
were adjacent to each other and were selected to minimize variability in rainfall be-

tween the two sites.

2. Materials and Methods
2.1. Site Description

Two sites were chosen for this study with similar soil types and with more than 24 years
under CRP contract. One site was in Lynn County TX where the soil was an Amarillo
(Fine-loamy, mixed, superactive, thermic Aridic Paleustalfs) soil series that spanned
across both the dryland and CRP fields (Figure 1(A) and Figure 1(B)) located 17.3 km
west of Tahoka TX. This site has been under CRP for 24 years enrolling in 1992. The
second site was located in Terry County TX also classified as an Amarillo soil series that
spanned from a dryland field across a road into an adjacent CRP field (Figure 1(C) and
Figure 1(D)) located 12.5 km east of Brownfield TX. This site enrolled in CRP in 1985

and thus has been under CRP management for 31 years.

2.2. Rainfall Events

Due to the extreme drought in the THP during the study period there were few rain
events and most of these events produced <10 mm of water (Figure 2). At each site,
rainwater was collected with a plastic rain gauge (Model 260-2531M, Nova Lynx Corp.,

Auburn CA), where ~5 mL of mineral oil was added prior to any rain. The mineral oil
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Figure 1. Images of field sites used for the study. (A) CRP site in Lynn County, and (B) adjacent
dryland cotton field in Lynn County; (C) CRP site in Terry County, and (D) adjacent dryland
cotton field in Terry County.
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Figure 2. Daily rainfall amounts (mm) measured at Terry and Lynn County locations from Feb-
ruary to December 2012.

acts as a barrier to evaporation of the rainwater and thereby maintains the isotopic
concentration until the rainwater was collected in a vial and sealed for storage. In Lynn
County the two largest rain events were recorded between the 7 and 14 May 2012 with
accumulations of 44 mm and the largest individual rain event during this period was
14.4 mm (Figure 2). The daily air temperature range for the 7 May was a low of 13.9 °C
and a high of 24.4 °C, and on the 14 May the low was 11.7 °C and the high was 17.2 °C.
The second largest rain event occurred 13 September 2012 with a total accumulation of

21 mm (Figure 2) with a daily air temperature range from a low of 12.2 °C to a high of
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18.9 °C. For Terry County, rain events were recorded from the 7 to 14 May 2012 with
accumulations of 68 mm with the largest individual rain event of 27.5 mm. On the 7
May the daily air temperature ranged from a low of 13.9 °C to a high of 24.4 °C and on
the 14 May the air temperature ranged from a low of 11.1 °C to a high of 17.8 °C.
Another large rain event occurred on 13 September 2012 with accumulations of 22 mm
(Figure 2) and with a daily air temperature range from a low of 12.2 "C to a high of

17.2 °C. The values of air temperature were calculated with the algorithm given by [3].

2.3. Soil Sampling

Soil sampling was done every 4 - 6 weeks until a rainfall event occurred, thereafter soil
sampling was done approximately 3 days later. The pre-rain soil samples represented
the soil environment under a stable condition without any rainwater input. The soil
samples were collected using a hydraulic soil sampler (Model GSRTS, Giddings Ma-
chine Sampler, Windsor CO) mounted on a tractor. A 25-mm soil core was sampled
down to a depth of 2.4 m. The soil cores were then processed in the field by cutting
them into 0.01-m subsamples to a depth of 0.3 m and thereafter fourteen 0.15-m sub-
samples were taken to a depth of 2.4 m. Due to the accumulated number of soil samples
from sampling all four sites at a single time only one core was taken per field per sam-
pling day to represent the entire field. The soil from these subsamples were then placed
directly into pre-weighed ignition tubes and sealed with rubber stoppers and placed in a
cooler. Thereafter, samples were placed in a freezer for storage until they were extracted
by vacuum distillation. The extraction method used was cryogenic vacuum distillation
[18]. The samples were removed from the freezer and placed in liquid nitrogen for 20
minutes to assure they were completely frozen. The ignition tube containing the soil
sample was then placed on the cryogenic distillation apparatus and the extraction was
allowed to progress for 60 minutes as described in [18]. The water collected from the
distillation was then sealed with Parafilm®, placed in a water bath, and allowed to thaw.
The liquid water was then placed in a 2 mL vial and analyzed using the Liquid Water
Isotope Analyzer (Model DLT-100, Los Gatos Research, Mountain View CA) to deter-
mine the isotopic composition of the soil water and analyzed using the International

Atomic Energy Agency (IAEA) protocol for isotopic analysis of liquid water [21].

3. Results and Discussion

This study was conducted during 2012 and 2013, which was among the driest years due
to a prolonged drought in the THP, resulting in soil gravimetric water contents of <5%
in the surface 0.1 m and water contents of less than 10% to a depth of 0.3 m (Figures
3-6). Due to this drought there were few significant large rain events, and the single
rain largest event was 27.5 mm on 7 May 2012 in Terry County (Figure 2). The pres-
entation of results is done by County and it follows.

3.1. Lynn County

The total rainfall amounts were lower in Lynn County during the study period with the
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Results from soil cores taken from a field in Lynn County under dryland cotton management before and after a 21-mm rain event.
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Results from soil cores taken from a field in Lynn County under CRP management before and after a 21-mm rain event.
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Figure 3. Measured soil gravimetric water content and water isotopic data for dryland and CRP fields in Lynn County to a depth of 0.6 m

before the 25 August 2012 (Black) and after the 18 September 2012 (Blue). During this period a 21-mm rain event was measured at the site.

Results from soil cores taken from a field in Lynn County under dryland cotton management before and after a 43 -mm rain event.
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Results from soil cores taken from a field in Lynn County under CRP management before and after a 43 -mm rain event.
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Figure 4. Measured soil gravimetric water content and water isotopic data for dryland and CRP fields in Lynn County to a depth of 0.6 m
before the 20 April 2012 (Black) and after the 17 May 2012 (Blue). During this period a 43-mm rain event was measured at the site.
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Results from soil cores taken from a field in Terry County under dryland cotton management before and after a 22-mm rain event.
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Results from soil cores taken from a field in Terry County under CRP management before and after a 22-mm rain event.
Gravimetric Water Content (%) 6180 (%o) of Soil Water
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Figure 5. Measured soil gravimetric water content and water isotopic data for dryland and CRP fields in Terry County to a depth of 0.6 m
before the 25 August 2012 (Black) and after the 18 September 2012 (Blue). During this period a 22-mm rain event was measured at the site.

Results from soil cores taken from a field in Terry County under dryland cotton management before and after a 68-mm rain event.
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Results from soil cores taken from a field in Terry County under CRP management before and after a 68-mm rain event.
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Figure 6. Measured soil gravimetric water content and water isotopic data for dryland and CRP fields in Terry County to a depth of 0.6 m
before the 20 April 2012 (Black) and after the 17 May 2012 (Blue). During this period a 68-mm rain event was measured at the site.
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two largest individual rainfall amounts of 14.4 mm and 21 mm (Figure 2). Due to the
drought, the soil gravimetric water content was low especially in the upper 0.2 m with
values of less than 10% and values as low as 3% closer to the soil surface (Figure 3 and
Figure 4). Due to the low soil water content prior to the rain event there was little soil
structure, e, loose soil, near the surface that caused mixing when the soil cores were
inverted prior to being cut and processed for isotopic analysis. The usual isotopic soil
water profile for the water present in a bare soil was also not well delineated in the
pre-rain sampling due to mixing of the top soil layers during sampling (Figure 3). After
the 0.1 m soil depth, the usual pattern of decreasing isotopic enrichment with soil depth
was measured [16] [22] [23]. After the 21 mm rain event on 13 September 2012 the
sampled gravimetric water content showed that rain infiltrated to a soil depth of ap-
proximately 0.20 m. The isotopic profile of the soil water after the rain event shows
depletion of the soil water in the upper 0.16 m of the soil profile. This depletion is due
to the movement of the rainwater into the soil profile containing highly enriched water
at very low volumes. The peak at 0.16 m and 4.2 &'*O (%o) is the point where the dilu-
tion of the soil water present ceases and the isotopic composition of the soil water
tended to approach that of the pre-rain sample suggesting that rainwater infiltration
did not exceed this soil depth (Figure 3).

The results from the adjacent field under CRP contract showed a slightly deeper in-
filtration of rainwater compared to the adjacent dryland cotton field (Figure 3). The
results from the gravimetric water content taken from the soil cores showed an increase
in water content to a depth of 0.3 m compared to that of the pre-rain samples. The iso-
topic data set is missing a data point at 30 cm due to the sample vial being broken. The
isotopic profile of the soil water also suggested that the rainwater did not infiltrate past
0.3 m with the depletion in isotopic signature above 0.3 m and approaching similar
values to that of the pre-rain sample after a 0.3 m soil depth.

The pre-rain soil samples taken on 20 April 2012 in the dryland field again illustrate
the extreme drought that occurred at the time of sampling with soil gravimetric water
contents of less than 5% down to 0.2 m and deeper soil water contents not exceeding
10% (Figure 4). The field had recently been deep plowed and as a result the isotopic
profile of the soil water content varied over the first 0.1 m, with the common profile of
isotopic depletion with depth resolving after 0.1 m (Figure 4). Following a week of
scattered rain the site had three rain events of 14, 10, and 9 mm (Figure 2). The meas-
ured soil gravimetric water content from the soil cores showed the rainwater infiltrating
to 0.30 m and thereafter approaching similar values to that of the pre-rain samples
(Figure 4). The soil cores taken from the adjacent CRP site also showed infiltration to a
depth of 0.3 m cm as described by the measured soil gravimetric water content (Figure
4). The isotopic soil profile also showed rainwater infiltration to a depth of 0.3 m as il-

lustrated by the peak of enrichment of the post-rain at a 0.3 m depth (Figure 4).

3.2. Terry County

The total rainfall amounts were higher for Terry County than for Lynn County over the
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study period with the two largest individual rainfall amounts of 27 mm on 7 May 2012
and 22 mm on 13 September 2012 (Figure 2). The results from the soil gravimetric wa-
ter content again showed the severity of the drought with values less than 10% to a soil
depth of 0.6 m for both the dryland and CRP fields (Figure 5 and Figure 6). After the
22 mm rain on 13 September 2012 the soil gravimetric water content showed an in-
crease in water content to a depth of approximately 0.26 m for both the dryland and
CRP fields (Figure 5). The isotopic soil water profile closely resembled the gravimetric
results with depletion in the 80 (%o) composition of the soil water due to influx of
rainwater (Figure 5). At a soil depth of 0.24 - 0.26 m the isotopic profiles converged
and showed a similar trend suggesting that rainwater did not infiltrate past this point
for either the dryland or CRP field (Figure 5).

The 27-mm rain event that occurred on 7 May 2012 gave different results than those
for the 22-mm rain event that occurred later in the year. In this case the soil gravimetric
water contents showed an increase in soil water to a depth of 0.45 m after the rain event
(Figure 6). The results from the isotopic soil water profile suggested that the rainwater
did not infiltrate past 0.26 and 0.30 m for the dryland and CRP field sites, respectively
(Figure 6).

While the results from individual rain events suggested that using stable water iso-
topes to determine the depth of rainwater infiltration is useful to a depth of 0.30 m,
rainwater infiltration beyond this depth was less obvious. While the isotopic soil water
profile past 0.3 m began to show the pattern observed by [19] [24], the actual values are
different for the pre- and post-rain profiles with the post-rain values being more enriched
than the pre-rain samples (Figure 6). This difference could be due to mixing of the
highly enriched water present in the top 0.3 m as it was moved deeper into the soil pro-
file instead of through piston type flow; however, the differences could be attributed to
natural spatial variation in the stable isotope composition of the soil water across the
field. To the best of the authors knowledge the spatial variability of the isotopic soil wa-
ter profile has not been addressed. Our results suggested that to quantify rainwater in-
filtration depths using stable isotopes of water it is necessary to determine its spatial
distribution. This implies that both rainfall and depth of infiltration have to be meas-
ured at adequate densities to describe their spatial distribution. The measurement of rain-
fall is well-established using rain gauges that measure both rate and amount, but lack-
ing is information regarding the number of samples needed to characterize rainfall dis-
tribution across say a 1/4-section of land (65 ha). Conversely, information on the spatial
distribution of rainwater infiltration depth is also not available. However, it is possible to
obtain information on the spatial distribution of rainwater depth by measuring surrogate
soil properties that are easily measured, e.g., soil texture, soil organic content, penetration
resistance, soil bulk density, macro-aggregate stability, that are known to impact water in-

filtration as suggested by [8]. This is a subject matter for future research of our unit.

4. Conclusion

As expected, there were small increases in the depth of rainwater infiltration in land
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managed under CRP compared to adjacent dryland cotton fields; however, the rainfall
amounts were small so that the differences measured could be simply due to natural
variation. On the THP 95% of the rain events produce 25 mm of rain or less and as
such the results presented here therefore suggested that generally there was little dif-
ference in the depth of rainwater infiltration observed under dryland or CRP manage-
ment. It is likely that for larger rain events the effect of increased soil structure occur-
ring under CRP management would yield deeper rainwater infiltration; however, the
spatial variation of isotopic composition of soil water deeper than 0.3 m should be first
defined and this is a topic of further investigation. Nevertheless, our objective was met
and we conclude that stable isotopes of water are a method that can be used to deter-

mine the depth of rainwater infiltration under field conditions.
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