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EXECUTIVE SUMMARY

Through implementation of the Lower Colorado River Multi-Species
Conservation Program (LCR MSCP), the Bureau of Reclamation (Reclamation)
will be creating over 8,000 acres of habitat, nearly 6,000 acres of which will be
planted with cottonwood and willow. Much of the habitat creation is being
implemented on the historic flood plain, which no longer receives overbank
flows. As aresult, irrigation is planned to manage habitat for many LCR MSCP
target species. This report presents the results of a pilot project to demonstrate
how Reclamation can use existing soil moisture monitoring technology to develop
quantitative management targets and monitor for successes in achieving those
targets. For this pilot project at Palo Verde Ecological Reserve Phase 2 (PVER2),
GeoSystems Analysis, Inc. (GSA), monitored irrigation distribution and soil
moisture levels between June 2012 and July 2013. The objectives of the project
were to:

1. Determine plant-available water across the site as a function of soil types.

2. Determine the rate of water infiltration at different locations as a function
of soil types.

3. Determine movement of irrigation water across PVER2 by evaluating
irrigation and soil moisture distribution from irrigation gates to the far end
of the field.

4. Determine the soil moisture conditions and presence or absence of water
in areas of >50-percent (%) canopy closure before and during breeding
season of southwestern willow flycatchers.

The pilot study was also designed to evaluate different levels of monitoring
technologies and determine whether or not the chosen instruments and
methodologies met expectations or need modification and how the results

from the pilot study can be applied to a larger scale, longer-term soil moisture
monitoring program at LCR MSCP habitat creation sites. To complete these
objectives, GSA intensively characterized soils at the site and installed four levels
of automated irrigation and soil moisture monitoring stations. The stations tested
varying levels of data collection from basic monitoring for the presence of surface
water up to detailed soil moisture monitoring at various depths.

The soil characterization and monitoring designs were based on previously
established vegetation monitoring plot locations. Depending on the station level,
soil characterization methods included soil texture and bulk density (the degree of
compaction), infiltration rates (the rate at which water enters soils), and moisture
retention characteristics. Monitoring parameters included irrigation distribution
and presence or absence of surface water, soil moisture, and soil matric potential
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at the surface and various depths through the root zone. Finally, remote sensing
and meteorological data were used to estimate ET, rates to determine whether
irrigation rates were meeting plant water demand.

Key observations for the project were as follows:

e Monitoring systems were programmed to provide data every 30 minutes.
This provided a near continuous dataset that was able to measure irrigation
frequency, time of duration, soil saturation, and moisture status with high
precision over the monitoring period.

e Following instrument installation, onsite fieldwork was limited to
approximately one visit per month for a half day to retrieve all automated
data.

e Soil moisture in the root zone was maintained at a level sufficient for
vegetation between irrigation events. Irrigation application met or
exceeded estimated evapotranspiration (ET) on a check-by-check basis.

e Higher surface sand content generally resulted in higher infiltration rates
(water penetrated the soil faster), greater losses of soil moisture to
groundwater, and lower soil moisture between irrigation periods. Less
water was required to irrigate finer-textured (less sandy) checks.

e Irrigation took between 10 to over 50 hours to travel from the north to
south end of the checks. Travel times were reduced, and irrigation
distribution uniformity improved with higher flow rates for both fine-
textured and coarse (sandy) soils. The use of higher flow rates would
improve irrigation efficiency and reduce water use, especially in sandy
areas.

e Soil saturation was observed only during and soon after irrigation. Soils
were near saturated for less than 20% of the time between March 1 and
July 31, 2013. Soil moisture monitoring data indicated that the fine-
textured soils at PVER2 remained saturated at the surface for longer
periods of time despite generally receiving less applied water.

e Surface water was only present during irrigation, which accounted for less
than 10% of the time between March 1 and July 31, 2013. The amount
of inundation was higher for locations closer to the irrigation source
regardless of soil type.

The results from the PVERZ2 irrigation and soil moisture monitoring pilot project

indicate soil moisture monitoring can be used to assist in managing habitat
restoration sites to:
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e Determine optimal irrigation frequency to maintain sufficient soil moisture
to maintain vegetation.

e Quantify surface soil saturation and soil moisture levels over time to
determine if soil moisture goals are being met.

Recommendations based on the results of the pilot study include:

1. Soil characterization to include texture and infiltration measurements is a
moderate cost tool to evaluate the potential for maintaining moist soils and
supporting riparian vegetation. These should be used to characterize
target restoration areas, support restoration design for improved riparian
habitat, and target areas of high soil moisture.

2. lrrigation monitoring sensors are inexpensive tools to evaluate irrigation
efficiency and distribution. These should be used at restoration sites
where there is uncertainty regarding water distribution and inundation
periods and/or to document the performance of designed features such as
swales.

3. Soil moisture monitoring sensors are moderate cost tools to evaluate soil
moisture retention, plant water use, and percent saturation between
irrigation events. These could be used at restoration sites where there is
uncertainty regarding plant-available soil moisture, areas where irrigation
rates may need to be modified/reduced, or areas that may be managed to
enhance surface soil moisture to enhance willow flycatcher habitat. Soil
moisture sensors should be used at the surface (in combination with
irrigation sensors) for saturation and inundation monitoring and in the root
zone for plant water availability and use monitoring. The recommended
number of sensors for the root zone at a given location is dependent on the
depth to groundwater.

4. Given secure irrigation supplies and relatively high moisture status
observed in the pilot study, soil matric potential sensors are a high cost
tool that provides marginal improvement over soil moisture sensors in
determining plant water use and soil moisture retention. These sensors
would only provide valuable information at sites where soil moisture
maintenance is likely to be more difficult than at PVER2 or where
Reclamation wants to minimize irrigation frequency for more drought-
tolerant species such as honey mesquite.
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5. Sensor responses at PVER2 indicate that an irrigation sensor monitoring
frequency of 30 minutes is useful at locations furthest removed from the
irrigation checks since these locations are not inundated for extended
periods during each event. The monitoring frequency near the irrigation
checks could be reduced to less than once per hour due to inundation
periods typically over 10 hours for every irrigation event. Soil moisture
status changes more gradually, and thus, monitoring frequency of once per
several (e.g., 4) hours would likely provide more than sufficient temporal
resolution.

ES-4



1.0 INTRODUCTION
1.1 Background

Through implementation of the Lower Colorado River Multi-species
Conservation Program (LCR MSCP), the Bureau of Reclamation (Reclamation)
is tasked with the creation and maintenance of habitat to conserve 26 covered
species while potentially benefitting 5 additional evaluation species. To achieve
these objectives, the Habitat Conservation Plan specifies the creation of

8,132 acres of various habitat types, including 5,940 acres of cottonwood-willow
cover (Reclamation 2004, 2011). Revegetation is being implemented in the
historic Colorado River flood plain. However, the Colorado River is highly
regulated, which reduces river level fluctuations and prevents overbank flows
(Briggs and Cornelius 1998). In conjunction with river management to

supply seasonal irrigation needs, the amplitude of groundwater level fluctuation
is reduced and out of phase with natural seasonal variability (i.e., higher
riverflows and groundwater elevations are present in the summer when
irrigation requirements are highest) (Busch and Smith 1995).

As a result of river management, irrigation will be required to support planted
vegetation where the groundwater depth is too great to satisfy plant transpiration
demand (Hartwell et al. 2010). Irrigation is also useful as a management tool to
leach excessive salts from the soil profile and support native, salt-intolerant
riparian vegetation (GeoSystems Analysis, Inc. [GSA] 2011, 2014). Irrigation
will also be required to provide inundated or moist soils in created cottonwood-
willow habitats as specified in conservation measures for the federally endangered
southwestern willow flycatcher (Reclamation 2004). Previous studies of willow
flycatcher habitat along the San Pedro and Gila Rivers have indicated that
flycatchers are more likely to utilize areas with high soil moisture that are near
surface water (Paradzick 2005). Monitoring in existing willow flycatcher habitat
sites on the lower Colorado River (LCR) has likewise indicated that riparian
patches with high soil moisture and/or local inundation are more likely to support
this species (McLeod et al. 2008a, 2008b).

Previous soil moisture and surface inundation monitoring along the LCR has been
accomplished during bird surveys and annual vegetation monitoring. In the case
of bird monitoring projects, monitoring has been conducted periodically during
the breeding season using point measurements with a hand-held time domain
reflectometry (TDR) probe (McLeod and Pellegrini 2013).

Irrigation efficiency has not been determined for LCR MSCP restoration plots.
High irrigation efficiency at restoration sites would allow Reclamation to support
vegetation and provide moist soils while minimizing the volume of irrigation.
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High levels of surface roughness (resistance to flow presented by dense
vegetation and/or plant litter accumulation), predominantly sandy soils, and large
plot sizes can inhibit irrigation efficiency. Consequently, there is a need for
improved soil moisture and irrigation monitoring to assist Reclamation in meeting
the objectives of the LCR MSCP. Through contract No. R12PD30081: Soil
Moisture Monitoring at PVER2, GSA completed a pilot project for Reclamation
to evaluate methods for monitoring irrigation distribution, presence of surface
water, and soil moisture availability at Palo Verde Ecological Reserve (PVER)
Phase 2 (PVER2), an LCR MSCP habitat creation site approximate 10 kilometers
north of Blythe (Riverside County, California). The four objectives for this
project developed to assist Reclamation in achieving the associated management
goals follow:

Objective 1: Determine plant-available water across site and soil type (via
water content, matric potential, and moisture retention characteristic (MRC)
curves, at least 3 depths).

Management Goal: Evaluate the health and structural patterns of
vegetation across each site, relating soil moisture data and vegetation
monitoring data, which will lead to implementation of a more efficient
irrigation schedule based on all available relevant data.

Objective 2: Determine the rate of infiltration (inches per hour) of
irrigation water measured throughout the site (include at least 3 depths).
Soil type/texture must be part of the methodology.

Management Goal: Increase knowledge on how quickly water is absorbed
into the soil at PVER2 and how absorption rates differ across the site and
soil type/texture. This information, along with vegetation composition and
leaf litter depth, will help guide adaptive management decisions concerning
effectiveness and efficiency of irrigation at PVER2.

Objective 3: Determine the movement of irrigation water across PVER2
checks by evaluating soil moisture across the gradient from irrigation slide
gates to the opposite ends of the field after each irrigation cycle.

Management Goal: In conjunction with objective 2, management will
evaluate whether or not irrigation water is moving across the entire site in a
uniform and efficient manner. All relevant data (including soil moisture,
vegetation, and litter data) will be used to guide adaptive management of the
site.
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Objective 4: Determine the presence of surface water and near-surface
moist soil conditions (within the top 2 inches of soil) in areas of >50%
canopy closure at PVER2 prior to and during the flycatcher breeding season
(from mid-March through the first week of August). These plot locations
will be used for evaluating surface water and moist soil conditions across
the site for objective 4 ONLY.

Management Goal: Knowing if surface water and moist soil are present
within areas of >50% canopy closure will be useful for adaptive
management of the site in order to provide habitat patches that meet the
flycatcher’s soil moisture requirements. Data from objectives 1-3 will also
contribute to adaptively managing the site to meet the flycatcher
requirements by knowing how long the soil stays moist at different depths
and whether or not the irrigation water is reaching all areas of the field.

1.2 Soil Characteristics and Moisture Monitoring

Soil moisture data can be presented in many different units, and interpretation of
the results requires some background. The following summary is based on
Natural Resources Conservation Service (NRCS) (1997).

The soil matrix is comprised of soil and void space (volume occupied by air or
water). The amount of void space is also referred to as soil porosity, and the
porosity and pore size distribution within a soil volume is a function of soil
texture (i.e., percent [%] sand, silt, and clay) and structure. Generally, coarser
(sandier) soils have larger pores but less overall porosity than finer (e.g., loam,
clay) soils.

Soil dry bulk density describes the soil mass per unit volume and is a function of
soil texture and soil structure. Generally, coarser (i.e., higher percent sand) and
more compacted soils have higher bulk densities. For a given soil texture, the size
and volume of pores decreases as bulk density increases.

Soil water content is a general term for the amount of the soil matrix occupied by
water and is typically expressed as either gravimetric water content (GWC) or
volumetric water content (VWC). Gravimetric water content is the ratio of water
mass to soil mass; volumetric water content is the volume of water per total soil
volume. Soil moisture monitoring instruments typically determine VWC,
whereas gravimetric water content is determined by taking soil samples and
measuring their wet and dry weights. A soil’s VWC can be determined from its
GWC by multiplying the GWC by the soil dry bulk density. Saturation is
achieved when all pore space in the soil volume is occupied by water. Thus, the
VWC required to achieve saturation also varies based on soil texture, structure,
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and bulk density. The percent saturation is the percent of pore space occupied by
water (i.e., how close soils are to saturation) and provides a useful statistic for
determining the relative soil moisture.

The above water content parameters describe the amount of water in soils.
However, the availability of this soil moisture for plants is determined by soil
matric potential. Matric potential is the “suction” exhibited by soil that plant
roots must overcome to extract water. When soil is saturated, the matric potential
is 0 bars, and water will drain deeper into the soil profile until soil suction retains
the remaining VWC. The volumetric water content following drainage is denoted
field capacity (FC). As additional evaporation and transpiration (water use by
plants) occurs, water content decreases and matric suction increases. Without
additional irrigation or rainfall, water extraction by roots continues until matric
potential reaches the permanent wilting point (PWP), when cavitation and plant
death occurs. Water may still be in the soil, but it is held too tightly to the soil
matrix to be extracted by plant roots. The amount of soil water that is available
for plants therefore is the difference between FC and PWP, also known as
available water holding capacity (AWC).

There are large differences in AWC between different soil textures. Sandy and
very clayey soils typically provide low AWC because either the soil water drains
too quickly and field capacity is low (sands) or soil moisture is held too tightly
and the water content at PWP is high (clays). Consequently, maintaining high
soil moisture levels is difficult if soils are too sandy, but if soils are too clayey, the
low AWC may limit riparian obligate species that require well-drained soils.

Evapotranspiration is the combined amount of water removed from the soil via
direct evaporation plus transpiration by plants. Reference evapotranspiration
(ETo) is the amount of evapotranspiration that would occur for a well-watered
reference crop such as Bermudagrass or alfalfa. Often, actual evapotranspiration
(the amount of ET occurring in the area of interest, denoted by ET,) is estimated
by the product of a crop coefficient and ET, by more advanced algorithms (such
as in Nagler et al. [2007] for riparian vegetation on the LCR).

1.3 Irrigation Analysis

Irrigation is applied to replace water lost through drainage and ET, thus
supporting plant water demand. Additional irrigation may be applied to leach
salts from the root zone. To account for differences across species from a
management perspective, irrigation frequency is typically designed for a specified
management allowable depletion, a value between the soil field capacity and PWP
that will maintain acceptable plant vigor. For example, suggested management
allowable depletion for field crops per NRCS (1997) is 50% of the plant-available
water capacity, meaning that managers should allow soil moisture to decline to
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the midpoint VWC between field capacity and the PWP before irrigation occurs.
Optimal irrigation is achieved by applying enough water to return the rooting
zone soil moisture to field capacity once allowable depletion has been reached,
plus a fraction of additional water to leach soluble salts out of the root zone.

Typically, applied irrigation water is determined by monitoring the amount of
water applied to a given field. It can be expressed either as a total volume

(e.g., acre-feet) or as a depth of water per unit area (e.g., feet or meters). Depth of
applied water (AW) may vary with distance from the irrigation source. The
evenness of irrigation application (i.e., depth of irrigation applied) across a field is
termed distribution uniformity (DU). Distribution uniformity is a function of soil
hydraulic characteristics, irrigation flow rate, and resistance to flow exhibited by
vegetation. A lower infiltration rate, higher flow rate, and lower surface
roughness will result in increased DU.

1.4 Project Approach

For this project, we characterized surface and subsurface soils across PVER?2 and
installed a network of automated monitoring stations to determine plant-available
water, infiltration rates, irrigation distribution, and the presence of surface water
and near-surface soil moisture. Monitoring was completed over a period roughly
representing use by willow flycatchers during the nesting season (March 1
through July 31). Techniques used to accomplish the four specified project
objectives are briefly summarized as follows:

Objective 1: Determine plant-available water and variability across
PVERZ2: Automated soil moisture monitoring data were integrated with soil
hydraulic property data to determine surface and subsurface soil moisture
conditions and plant-water availability through the root zone.

Objective 2: Determine infiltration rates and variability across PVER2:
Infiltration testing was completed at representative locations across PVER2 to
determine infiltration rates and variability as affected by soil texture.

Objective 3: Determine irrigation water movement across PVER?2:
Automated monitoring was used to determine the time of irrigation arrival and
recession at each monitoring station. Data were integrated with infiltration
curves to estimate applied irrigation and determine irrigation efficiency.

Objective 4: Determine the presence of surface water and moist surface
soils at 2010 vegetation monitoring locations with greater than 50%
canopy: Automated monitoring data were used to quantify surface soil
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moisture and inundation in areas with dense vegetation to determine if
irrigation is providing sufficient surface moisture to satisfy habitat needs for
the southwestern willow flycatcher.

The schedule for tasks implemented to complete these objectives is provided
in table 1. Background information for PVER?2 is provided in section 2.0,
methods are presented in section 3.0, results are presented in section 4.0, and
a discussion and recommendations are provided in sections 5.0 and 6.0.
Attachment 1 provides a graphical summary of automated monitoring station
data, and attachment 2 provides infiltration curve fitting results.

Table 1.—PVERZ2 soil moisture monitoring timeline

Activity Date
Instrument purchase, construction, and preparation May 2012
Infiltration testing May 21, 2012 — May 24, 2012
Level 1 and Level 2 station installation May 21, 2012 — May 25, 2012
Geologic logging May 21, 2012 — June 1, 2012
Vegetation characterization May 21, 2012 — June 15, 2012
Level 3 station installation May 30, 2012 — June 1, 2012
Weather station installation June 1, 2012
Irrigation monitoring station installation June 2012 and February 2013
Data downloads June 2012 — August 2013
Soil moisture sampling June — November 2012

2.0 PROJECT SITE

This pilot project was completed at PVER2. The Palo Verde Ecological Reserve
encompasses approximately 1,352 acres on the California side of the Colorado
River north of Blythe, California (figure 1). PVER is subdivided into sites, with
the site number corresponding to the sequence of planting. PVER2 encompasses
one field of approximately 80 acres near the southern end of PVER (figure 2).

The site was planted in 2007 (Reclamation 2009) primarily with Goodding’s
willow (Salix gooddingii) and coyote willow (Salix exigua). The southern and
eastern portions of PVER2 contain significant amounts of Fremont cottonwood
(Populus fremontii). The as-built planting layout is shown on figure 3. The area
planted for a project with Northern Arizona University is primarily Fremont
cottonwood, but coyote willow is also abundant. The October 25, 2012, aerial
image on figure 4 shows the structural variation resulting from planting
schematics.
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Figure 1.—Location of PVER.
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(orange outline).



Soil Moisture Monitoring Pilot Study at
Palo Verde Ecological Reserve Phase 2

Total =71.8 Ac.
NAU = 18.9 Ac.
Total minus NAU =52.9 Ac.
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= 3 3 ; Distichlis spicata 20,592
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= 3 Populus fremontii 20,592
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Figure 3.—PVER2 as-built planting layout (from Reclamation [2009]).
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Figure 4.—October 25, 2012, PVER2 aerial image showing vegetation variation.
Available online (www.earth.google.com).

Border irrigation is used to water trees, whereby 10 “checks” (segments of
PVER?2 bordered by earthen berms) are watered independently from slide gates in
the irrigation lateral canal on the north edge of the site (see figure 3). Irrigation
water then travels north to south to the far end of each irrigation check. Based on
NRCS soil survey data, a range of soil texture types was anticipated at the site,
including primarily sandy loams on the western portion of the site and a mix of
silt loam, loam, and clay loam on the eastern portion of the site (figure 5).

11 ] T
24 i

NRCS Map Unit Symbol

20A 9 - Gadsden clay

9A - Gadsden loam

9A 11 - Gilman fine sandy loam

20A - Lagunita sandy loam
. 24 - Meloland sandy loam

20A ! l . 25 - Meloland clay loam

B z6 - Indo silt loam

' [ Field Border

11 | 9
25

Figure 5.—NRCS soil data for PVER2.
Available online (http://websoilsurvey.sc.egov.usda.qgov/App/WebSoilSurvey.aspx).
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3.0 METHODS

The project was completed through an assessment of site conditions in May and
June 2012 followed by automated monitoring from June 2012 through July 2013.
Soil characteristics were determined across the site, including physical properties
and infiltration rates. Then, automated monitoring systems were installed to
monitor root zone plant-water availability, movement and infiltration of
irrigation water, presence of surface water, and the level of surface soil moisture.
Environmental conditions were monitored to determine onsite ET, and to
document local weather conditions such as the contribution of rainfall to soil
moisture. Actual ET (plant water use) was estimated via remote sensing methods
and then compared with applied irrigation water to estimate net percolation.

As prescribed by the scope of work, the characterization and monitoring layout
was based on 22 long-term LCR MSCP vegetation monitoring plot locations, with
levels of analysis distributed to account for expected variation in soil texture
(based on NRCS soils data) and distance from the irrigation canal. Checks 4

and 8 were predicted to be sandy and loamy, respectively, so these checks were
selected for more intense observation to characterize the range of anticipated soil
conditions. To obtain directly comparable and intensive datasets for these soil
types, two Level 3 stations were sited and placed in Checks 4 and 8 at
approximately equal distances from the irrigation slide gates, and one Level 2
station was placed in each check toward the south end of the field. Then, six
additional Level 2 stations were placed, with four in sandy soils and four in loamy
soils (roughly split based on the percent of the area occupied by each soil
category) at varying distances from the irrigation slide gates. Level 1 stations
were placed at all remaining LCR MSCP long-term vegetation monitoring plots.
Irrigation stations were placed in Check 4 for 2012 monitoring, but were
distributed between Checks 2, 4, 5, 7, and 8 for 2013 as described in the following
sections. The resulting monitoring layout is shown on figure 6. The level of soil
characterization was based on the monitoring level for the given location.
Additional detail on characterization and monitoring methods is provided in the
following sections.

3.1 Environmental Conditions and
Evapotranspiration

It was initially planned to estimate ET, (water lost from the site via plant water
use and evaporation) using the crop coefficient method whereby daily ETy is
multiplied by a coefficient relating the water use of riparian vegetation to a
reference crop. To implement this method, a weather station was installed at the

11
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Figure 6.—PVER2 soil moisture and irrigation monitoring layout. Soil types are based on NRCS soils data (figure 5).
Numbers indicate the LCR MSCP long-term vegetation monitoring plot locations, and numbers in parentheses denote the monitoring level.
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south end of PVER2 Check 4 on June 1, 2012, to obtain local ET,. The station
was programmed to collect environmental data on an hourly and average daily
basis. Weather station components are summarized in table 2.

Table 2.—Weather station component summary

Component Purpose
CR1000 data logger® Sensor data collection and storage
03001-L wind sentry set” Windspeed and direction
HMP-60L temperature/relative humidity probe® Temperature/relative humidity
TE-525L rain gauge® Precipitation
Apogee CS-300L pyranometer® Solar radiation
Power supply, battery, and solar panel Power

& Campbell Scientific, Inc., Logan, Utah.

® R.M Young Company, Traverse City, Michigan.
¢ Vaisala, Inc., Boulder, Colorado.

4 Texas Electronics, Inc., Dallas, Texas.

¢ Apogee Instruments, Logan, Utah.

Daily summaries were obtained for windspeed, air temperature, relative humidity,
rainfall, and solar radiation. These data were used to calculate daily reference ET
using the Penman-Monteith dew point temperature method for daily time steps as
detailed in the 1998 publication from the Food and Agriculture Organization of
the United Nations.

Recent research has indicated that water use by riparian vegetation cannot be
reliably predicted by ET, and crop coefficients. As summarized by Hartwell et al.
(2010), ET of cottonwood and willow has been observed to range from 40% when
water is scarce to over 500% of ET, when water is abundant. As an alternative,
water use by vegetation can often be estimated from water content data; daily
changes in water content data from one day to the next can be used to estimate ET
(as described by Shah et al. [2012]). However, as discussed in section 3.4, soil
moisture in the root zone at PVER2 during the monitoring period was usually
greater than field capacity, meaning that drainage comprised a large portion of the
change in water storage in the soil profile. Determining the amount of water lost
through ET only would have required quantification of water loss to groundwater,
which was not a component of the project. As an alternative, existing ET models
for riparian vegetation on the LCR were reviewed for use on this project.

Nagler et al. (2013) used previous evapotranspiration data (Nagler et al. 2007) for
a Fremont cottonwood field at the nearby Cibola National Wildlife Refuge Unit 1

13
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Conservation Area to develop an algorithm to estimate ET, based on ET, data
obtained from the Parker, Arizona, AZMET station and Moderate Resolution
Imaging Spectrometer (MODIS) satellite imagery (equation 1).

ET, = ET,[1.65(1—e ) —0.169] Equation 1

where ET, is the actual evapotranspiration, ETj is reference evapotranspiration,
and EVI is the enhanced vegetation index obtained from the MODIS sensor on the
EOS-1 Terra satellite. The point selected for EVI retrieval was the approximate
center of PVER2 (11S 728667E 3730269N) to ensure that the pixel did not
overlap the edge of the site. For consistency with the model calibration dataset,
the Parker AZMET station was used to obtain ET, for the algorithm as opposed to
using the weather station installed at PVER?2 for this project. Data were available
on a typical frequency of 16 days (range of 7 to 24 depending on the number of
satellite passes). Cumulative ET, was estimated for the years 2009 through 2012,
and for March 1 through July 31, 2013, to provide an estimated AW amount that
would be required to replace water lost through ET.

Total applied water for PVER2 Checks 2, 4, 5, 7, and 8 between March 1 and
July 31, 2013 (estimated as detailed in section 3.4), was compared with ET,
during this period to estimate how much AW was lost to percolation.

3.2 Soil Characterization

Soil characterization consisted of physical and hydraulic property testing
carried out via in-situ testing, laboratory analysis, and correlation of key soil
characteristics with soil texture. Table 3 summarizes the soil properties
characterized at PVER2, the methods used, and the number of locations and
samples. The methods were detailed more extensively in GSA (2013a), but are
summarized in the following sections. Infiltration testing and data analysis is
detailed in section 3.5.

3.2.1 Soil Texture

Percent sand, silt, and clay were determined for all Level 1, 2, and 3 monitoring
stations via a hydrometer-calibrated visual-manual method as described in GSA
(2013a). The distribution of percent sand for surface soils was interpolated
between stations as described in section 3.8. The interpolation was used to
estimate percent sand at each irrigation sensor location.
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Table 3.—Summary of soil properties characterized at PVER2

Soil property

Method

Sampling location(s)

Physical properties

Soil texture

Visual-manual
(hand texture)
ASTM D-2488-09a

— Surface soil at all Level 1-3 station locations (26)

— Sensor depths for all Level 2 and Level 3 stations
(12 stations x 3 depths = 36)

— Saoil profiles at Level 2 and 3 stations to 6 feet
below ground surface (12 stations, number
dependent on layers observed)

Laboratory particle
size distribution

ASTM D-421-63

Five of the core samples collected for bulk density

Bulk density

Methods of Soil Analysis
(MOSA) Part 4,
Method 2.1.2

Level 2 and Level 3 stations at 12, 36, and 72 inches
below ground surface (12 stations x 3 depths = 36)

Hydraul

ic properties

Infiltration rates

Single-ring cylinder
infiltrometer method
(Bouwer et al. 1999)

One at each Level 2 and Level 3 monitoring station
(12 total)

Laboratory saturated
hydraulic
conductivity (Ksa)

MOSA Part 4,
Method 3.4.2.3

Sixteen core samples that represented the observed
range of soil types across PVER2

Moisture retention
characteristics

MOSA, Part 4,
Method 3.3.2

3.2.2 Moisture Retention Characteristics

Moisture retention characteristics were determined for 16 core samples collected
across PVER?2 as detailed in GSA (2013a). These results were used to estimate
FC and at the PWP for these and all other 1, 3, and 6-foot soil moisture sensor
locations. For tested locations, the van Genuchten model (van Genuchten 1980)
was used to estimate these VWC levels. For other sensor locations, the values
were used from the tested soil core sample that had the most similar percent sand,

silt, and clay.

3.3 Automated Monitoring

Soil moisture and irrigation monitoring was accomplished through a network of
41 stations of 4 different levels. Monitored parameters and sensor counts for each
station level are described in table 4. In terms of project objectives, the station
types achieved the project objectives as follows:
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e Irrigation Monitoring Stations: Objective 3 (irrigation water
movement) and objective 4 (presence of surface water). Also contributed
to objective 1 (plant-available water) by estimating the amount of AW at
each location.

e Level 1 Stations: Objective 3 (irrigation water movement) and objective
4 (presence of surface water and moist soils). Also contributed to
objective 1 (plant-available water) by estimating the amount of AW at
each location.

e Level 2 Stations: Objective 1 (plant-available water), objective 3
(irrigation water movement), and objective 4 (presence of surface water
and moist soils).

e Level 3 Stations: Objective 1 (plant-available water), objective 3
(irrigation water movement), and objective 4 (presence of surface water
and moist soils).

Fifteen irrigation monitoring stations, 14 Level 1 stations, 8 Level 2 stations, and
4 Level 3 stations were established as shown on figure 6. Sensor models used for
each station are summarized in table 4, and the objectives for each sensor type
are listed in table 5. Irrigation sensors were comprised of a resistance sensor
developed by GSA for this project that detects if water is present between
stainless steel bolts. EC5, 10HS, and 5TE sensors are capacitance probes used

to estimate VWC. 5TE sensors also monitor soil temperature and electrical
conductivity (EC). Advanced tensiometers and heat dissipation sensors monitor
soil matric potential. Advanced tensiometers directly measure the soil suction on
a porous ceramic cup, but are limited to the relatively “wet” range of greater than
approximately -0.4 bars. If matric suction increases, cavitation occurs and the
sensor must be re-wetted by adding water to the top of the access tube. Heat
dissipation sensors measure the rate of dissipation of a heat pulse generated by the
sensors. These sensors are useful for relatively dry soils (i.e., matric potential
values to -40 bars), but lose resolution when matric potential is less than 0.1 bars.
Sensors are described in further detail, including the calibration methods for site
conditions, in GSA (2013a). Additional information on each of the monitoring
station levels is provided in the following sections.

3.3.1 Irrigation Monitoring Stations

Irrigation monitoring stations are comprised of irrigation sensors wired to
modified Tidbit UTBI-003 data loggers (Onset Computer Corporation, Bourne,
Massachusetts). Data loggers were encased in PVC pipe for protection and
affixed to rebar stakes. The irrigation sensor was installed immediately adjacent
to the data logger (figure 7). Fifteen irrigation monitoring stations were installed
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Table 4.—Observation objectives for automated monitoring stations

Monitoring station type
Irrigation
Monitored parameters monitoring | Level 1 | Level 2 | Level 3

Irrigation/inundation X X X X
Surface soil moisture X X X
Rooting profile soil moisture X X
Soil matric potential X
Sensor model Sensor count

Irrigation® 1 2 1

EC5 soil moisture” 0 2 1

10HS soil moisture” 0 0 3 3
STE sol motus o | o | o | a
Advanced tensiometer® 0 0 0 2
Heat dissipation sensor® 0 0 0 2

# GeoSystems Analysis, Tucson, Arizona.
® Decagon Devices, Pullman, Washington.
¢ Campbell Scientific, Inc., Logan, Utah.

Table 5.—Sensors used for automated irrigation and soil moisture monitoring

Sensor model

Monitoring goal

Data output

Irrigation Irrigation and inundation Water present or absent
EC5 Surface soil saturation Soil VWC
10HS Rooting zone plant-available Soil VWC
water
5TE Measure VWC, temperature, and | Soil VWC, temperature, and EC

EC

Advanced tensiometer

Rooting zone soil matric potential
(wet range®)

Matric potential

Heat dissipation sensor

Rooting zone soil matric potential
(dry rangeb)

Matric potential

& Saturation (0 bars) to -0.4 bars.
® 0.1 to -40 bars.
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Tidbit Datalogger

Irrigation Sensor

Figure 7.—Schematic of an irrigation monitoring station.

in five irrigation transects across Check 4 between June 11 and June 14, 2012
(three stations per transect (see figure 6) to determine variation of irrigation
duration on a very intensive scale. Data were reviewed after the 2012 season.
Irrigation progression and recession were approximately linear, so for 2013,
irrigation stations were distributed across five checks to enhance irrigation
monitoring across soil types. Stations were placed at the beginning (north) end of
these checks to determine when irrigation started and stopped, at the end (south)
of irrigation checks to determine if and when water reached the far end of the
field, and then placed intermediately between other monitoring stations (Level 1,
2, or 3), which also provided irrigation monitoring data. Irrigation stations were
reinstalled for the 2013 monitoring period on February 26.

3.3.2 Level 1 Monitoring Stations

One irrigation sensor and one EC5 sensor were installed approximately15 feet
east and west of the central Decagon EM50 data logger (Decagon Devices, Inc.,
Pullman, Washington) as shown on figure 8. Irrigation sensors were installed

as described for irrigation monitoring stations. EC5 sensors were inserted
vertically to the length of the sensor (2 inches). Sensor wires were protected in
1-inch polyethylene irrigation tubing and buried between the sensors and the data
logger.

3.3.3 Level 2 Monitoring Stations

An irrigation sensor and EC5 sensor were installed approximately 10 feet north of
an EM50 data logger (figure 9). 10HS soil moisture sensors were installed at 1, 3,
and 6 feet below ground surface within one borehole.
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Figure 8.—Schematic of a Level 1 monitoring station.
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Figure 9.—Schematic of a Level 2 soil moisture monitoring station.

3.3.4 Level 3 Monitoring Stations

Level 3 stations consisted of 18 sensors—2 advanced tensiometers, 2 heat
dissipation sensors, 3 10HS, 3 5TE, 1 ECS5, and 5 irrigation sensors—controlled
by a central CR1000 data logger (Campbell Scientific, Inc., Logan, Utah) as
shown on figure 10. Soil moisture monitoring instruments were placed
approximately 10 feet north of the data logger in an east to west transect of five
boreholes spaced approximately 2 feet apart (one borehole for 5TE sensors, one
for heat dissipation sensors, one for 10HS sensors, one for the 3-foot advanced
tensiometer, and one for the 6-foot advanced tensiometer). Irrigation sensors
were distributed across the check as shown on figure 10.
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Figure 10.—Schematic of a Level 3 soil moisture monitoring station.

3.3.5 Maintenance and Troubleshooting

GSA staff visited the site once per 2 weeks between June and July, 2012, and then
approximately once per month through July 2013 to review sensor functionality.
Damaged sensors were repaired or replaced.

3.4 Plant-Water Availability Analysis

For Level 3 stations, matric potential was directly obtained from advanced
tensiometer and heat dissipation sensor readings and compared with significant
thresholds (i.e., FC and PWP). For Level 2 and Level 3 stations, rooting zone
moisture status was also estimated from 10HS sensor VWC readings. Volumetric
water content at field capacity and PWP was assessed as described in

section 3.2.2. Summary statistics were obtained for each sensor location via
Excel to determine the percent of the time the soil matric potential exceeded

field capacity and PWP between March 1 and July 31, 2013. Additionally, the
maximum “depletion” observed during the period was determined for every 10HS
sensor location. Depletion (equation 2) is a number describing how close water
content is to the permanent wilting point, with a value of 0 indicating that water
content is at or above field capacity, and a value of 1 indicating that water content
is at or below the PWP.

Depletion 1 YWC - PWP Equation 2
FC — PWP
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where VWC is the current volumetric water content, PWP is the volumetric water
content at the permanent wilting point, and FC is the volumetric water content at
field capacity.

3.5 Infiltration Analysis

Cylinder infiltrometer methods were used to determine the rate of infiltration at
all Level 2 and Level 3 stations. The results were fitted to a power function in
TableCurve 2d (Version 5.0, Systat Software, Inc., San Jose, California), to obtain
k and a parameters for the Kostiakov formula (equation 3).

| =kt Equation 3

where | is the total infiltration, t is the time of inundation, and k and a are fitting
parameters. k and a values were plotted versus surface soil percent sand, and
regression was used to provide predicted infiltration parameters for all irrigation
monitoring stations and irrigation sensors at Level 3 monitoring stations.
Inundation data were used to estimate AW as detailed in section 3.4.

3.6 Irrigation Distribution Analysis

The duration of inundation was determined for every irrigation sensor location for
each irrigation event. The Kostiakov formula developed for that location (refer to
section 3.5) was used to convert the duration of infiltration to an AW depth.
Applied water estimates were tabulated in Excel. Data for Checks 2, 4, 5, 7,

and 8 were then input into ArcGIS 10.1 (Esri, Redlands, California) to interpolate
duration of irrigation presence and the depth of AW using methods described in
section 3.8. To show the distribution of applied water across PVER2 between
March and the beginning of August, total AW was interpolated for all irrigation
monitoring sensors.

Additional analyses were completed for each irrigation event for the more
intensively monitored Checks 2, 4, 5, 7, and 8 to assess irrigation “distribution
uniformity.” The lowest quarter DU statistic was obtained via equation 4 for
every irrigation event and the total AW between March 1 and July 31, 2013.

AW,
AW

total

DU, = Equation 4
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where DU, is the lowest quarter distribution uniformity, AW, is the overall

ota

average depth of water applied, and AW, is the average depth of water applied

for the 25% percentile of the field (i.e., the quarter of the field that receives the
lowest amount of irrigation). The volume of applied water for the irrigation check
was estimated by multiplying the AW depth by the check area. In the absence of
precise estimates of flow rates in the irrigation canal during each irrigation event,
this method was used to approximate the total flow volume and flow rate. For
each event, the total AW was divided by the time that irrigation was present at the
northernmost irrigation sensor.

3.7 Surface Water and Moist Soil Analysis

The presence of surface inundation was determined using irrigation sensors as
described above. The duration of inundation was obtained for each irrigation
event and was summed for March 1 through July 31, 2013. The percent of this
period for which the surface was inundated was determined by dividing the
number of sensor readings for which surface water was present by the total
number of sensor readings between March 1 and July 31, 2013.

Surface soil saturation was determined based on EC5 sensor data. Sensor
readings for the last irrigation event of the monitoring period were used to
estimate saturated VWC at each location as follows. Irrigation sensor readings
for each station location were used to determine the time of irrigation arrival. The
VWC for the surface EC5 1 hour after irrigation arrival was used to estimate
saturation water content. The duration and percent of time for which surface
volumetric water content exceeded 25, 50, 75, and 95 of the estimated saturated
VWC was determined March 1, through July 31, 2013. The results were
interpolated across PVER2 using ArcGIS to show the spatial distribution of
moist soils at the site. Finally, irrigation sensor and EC5 results were plotted
graphically for the last monitored irrigation event to observe how soil texture
affected the duration of soil saturation after the surface was no longer inundated
with irrigation water.

3.8 Spatial Analysis

Geographic Information System (GIS) spatial analyst tools were used to analyze a
variety of data from PVER2. These data included soil texture, soil moisture, AW,
and duration of inundation. Table 6 provides a summary of data that was
interpolated, the interpolation methods used, measurement locations, and data

types.
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Interpolated parameter

Spline
interpolation
(tension type)®

Spline with
barriers
(extrapolation)®

Barriers applied

Point data source

Soil texture X X PVER 2 boundary Level 1-3 monitoring
stations
June 30 — July 2, 2013 X PVER 2 Checks 2, 4, Irrigation monitoring
Duration of inundation 5,7,and 8 sensors
June 30 — July 2, 2013 X PVER 2 Checks 2, 4, Level 1-3 monitoring
Applied water 5,7, and 8 stations; irrigation
(centimeters) monitoring sensors
March 1 — July 31, 2013 X PVER 2 Checks 1-9 Level 1-3 monitoring
Applied water stations; irrigation
(centimeters) monitoring sensors
Applied water — Actual X PVER 2 Checks 1-9 Level 1-3 monitoring
evapotranspiration stations; irrigation
monitoring sensors
Percent of time soil was X PVER 2 Checks 1-9 Irrigation monitoring
inundated sensors
(March 1 — July 31, 2013)
Mean percentage of X PVER 2 Checks 1-9 Level 1-3 monitoring
saturation stations; irrigation
(March 1 — July 31, 2013) monitoring sensors
Percent of time saturation X PVER 2 Checks 1-9 Level 1-3 monitoring

exceeded 25, 50, 75, and
95%
(March 1 — July 31, 2013)

stations; irrigation
monitoring sensors

2 GIS default settings were used unless otherwise specified.

The data were interpolated between measurement points and extrapolated

to the outer boundary of PVER?2 or the irrigation check boundaries as
appropriate. Interpolation was performed using the tension-type spline method
with default values used for weight and number of points. This method
minimizes curvature of contours while ensuring that interpolated values are equal
to measured values at measurement points. This type of interpolation was
selected because it constrains interpolated data within the approximate range of
measured data, and prevents projection of unrealistic values in areas where data
are sparse or there is a large gradient between selected points.

Extrapolation was applied where the location of measurement points limited the
extent of interpolated outputs, but it was helpful to see trends projected to the
boundaries of the study area. In these cases, the “spline with barriers” tool was
used with boundaries set in accordance to the data being interpolated, either an
irrigation check or the entire PVER?2 study area. In most cases, Check 10 was
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excluded from the extrapolated area due to lack of data collection points in the
check. The default value was used for output cell size, and a smoothing factor
was not specified.

4.0 RESULTS

Summarized results through July 31, 2013, are presented in the following
sections. Instrument calibrations and all field and laboratory soil characterization
results are detailed in GSA (2013a).

4.1 Environmental Conditions and
Evapotranspiration

PVER2 weather station data are presented in section 4.1.1 to show seasonal trends
and observed local precipitation. Actual ET, estimated from remote sensing data,
are presented in section 4.1.2.

4.1.1 Weather Station Data

Data from the weather station are presented in table 7. As anticipated, the site is
subject to high temperatures during the summer and consistently high solar
radiation. Monsoonal rainfall events were observed in July 2012 and 2013. For
reference, ET, data for the Parker, Arizona, AZMET station are also provided

in table 7. Much higher ET, was observed for the Parker weather station

due to lower relative humidity and higher temperatures (data available at
http://cals.arizona.edu/azmet/08.htm). The average daily relative humidity and
temperature are presented on figure 11, and total daily solar radiation results are
presented on figure 12.

4.1.2 Satellite Imagery Data

Annual evapotranspirative demand, as calculated by MODIS, is provided in

table 8. Actual ET averaged 1.06 of ET since 2009. This result is higher than
the estimated 0.83 for Fremont cottonwood and 1.01 for Goodding’s willow from
Hartwell et al. (2010). The average of 1.78 meters of evapotranspiration is also
higher than annual ET (1.2 meters per year) previously observed for Fremont
cottonwood trees at Cibola National Wildlife Refuge Unit 1 Conservation Area
(Nagler et al. 2007). This result might be due to higher water application at
PVERZ2, as riparian trees transpire more water when it is more abundant (Hartwell
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Table 7.—Weather station data for duration of monitoring period

Soil Moisture Monitoring Pilot Study at
Palo Verde Ecological Reserve Phase 2

Air temperature Parker,

Total (°C) Arizona

Minimum | Maximum Mean solar AZMET

relative relative relative radiation Mean weather

humidity humidity humidity (M.Jm‘2 windspeed Rainfall Calculated ETg station ETp
Year Month (%) (%) (%) month'l) (ms'l) Mean | Max. Min. (mm)? (mm/monthb) (mm/month)

June 10.1 91.7 51.9 527.2 0.474 25.9 43.0 11.1 0.0 121.1 256.54

July 16.0 97.1 64.8 745.3 0.336 27.6 38.2 19.6 51.3 146.7 220.98

August 25.8 96.0 71.0 705.2 0.250 28.9 42.6 18.9 60.2 135.5 213.36

2012 | September 16.3 96.0 68.3 603.6 0.192 25.8 39.7 15.0 1.8 92.9 162.56
October 13.6 96.4 67.0 540.9 0.197 19.0 36.7 5.2 4.3 52.3 119.38
November 14.9 96.7 65.2 393.5 0.141 13.9 29.7 -0.3 0.0 25.7 73.66
December 15.1 97.5 65.2 348.6 0.303 10.7 27.5 -1.1 14.7 31.7 55.88
January 7.6 96.8 47.7 384.9 0.527 8.9 25.7 -6.2 23.9 46.3 73.66
February 51 97.5 51.1 455.0 0.660 11.0 27.7 -25 3.3 65.5 91.44

March 7.3 96.2 46.3 609.1 0.387 16.9 35.5 0.8 0.3 97.4 149.86

2013 April 5.8 94.2 43.9 720.1 0.606 19.3 35.2 4.9 0.0 123.6 218.44
May 4.9 94.0 44.9 821.7 0.686 23.0 37.3 9.0 0.0 153.9 248.92

June 9.8 92.0 53.5 828.4 0.338 25.9 41.7 13.4 0.0 156.1 251.46

July 18.0 94.6 65.0 735.8 0.345 29.3 42.8 16.4 52.3 149.6 231.14

2 Millimeters.

® Reference evapotranspiration estimated using the dew point temperature method for daily time steps per Food and Agriculture Organization (1998).
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Table 8.—Reference and actual ET estimated via the Parker, Arizona,
AZMET weather station and MODIS imagery data

Total ETy Total ET,
Year Average EVI (meters) (meters) ET./ET,
2009 0.50 1.83 1.91 1.05
2010 0.50 1.65 1.70 1.03
2011 0.46 1.61 1.76 1.09
2012 0.46 1.62 1.76 1.08
Mean 0.48 1.68 1.78 1.06

et al. 2010). The seasonal distribution of ET, (figure 13) shows how daily water
demand varied from approximately 1 millimeter per day in the winter to over

9 millimeters per day in the summer. Cumulative ET for March 1 through July
31, 2013, estimated from MODIS data, is presented on figure 35. These data
indicate that to replace ET between March 1 and July 31, a total of approximately
1 meter of water would need to be applied.
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Figure 13.—Reference and actual ET for PVER2 estimated via MODIS satellite
imagery.
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4.2 Soil Characterization

Soil texture and bulk density data are summarized in section 4.2.1, moisture
retention characteristics are presented in section 4.2.2, and infiltration results are
presented in section 4.5. Full datasets for soil texture, bulk density, soil moisture,
field and laboratory hydraulic test results, and MRCs are presented in GSA
(2013a).

42.1 Soil Texture

Surface soil texture data collected from 26 samples during sensor installation
were used to develop an interpolated distribution of surface sand percentage for
PVER?2 (figure 14). Sandier soils (greater than 75% sand) are prevalent on the
north and west portion of PVER2 (approximately 25% of the site), and sandy
loams (finer) dominate the remainder of the site. The east to west trends were
generally in agreement with NRCS soil data (see figure 5), although field data
detected areas of finer-textured soils on the southern portions of all checks. Finer
textures were not anticipated on southern portions of Checks 1-4 based on NRCS
data. For discussion in the remainder of the report, soils at the site were
generalized as “sandy” or “loamy” (greater or less than 75% sand, respectively).
These soil classification breaks are included in subsequent figures.

Table 9 presents the calibrated particle size distribution for subsurface samples

at Level 2 and Level 3 monitoring stations. Soil texture data for the soil profile is
available for Checks 2, 3, 4, 5, 6, and 8 where Level 2 and Level 3 stations were
installed (see figure 6). Typically, the percent sand increased with depth. Orange
highlighted cells in table 9 indicate subsurface layers in Checks 5, 6, and 8 that
did not follow this trend (these samples were finer-textured than those above). In
these cases, the hydraulic properties of the soil profile are likely to be controlled
by subsurface properties as opposed to the surface soil.

4.2.2 Moisture Retention Characteristics

Moisture retention characteristics for analyzed soil cores are provided in table 10.
Higher percent sand was correlated with lower water content at field capacity

(p = 0.001, R? = 0.55), meaning that more water would be retained in soils after
irrigation for finer-textured soils. Higher percent sand was also correlated with
lower water content at the permanent wilting point (p <0.001, R? = 0.56), but a
higher percent sand also resulted in lower available water capacity (water content
at field capacity minus water content at the PWP, p <0.01, R® = 0.45). These
results mean that with higher percent sand, less water is retained following
irrigation, and therefore, less water is available to maintain surface soil moisture
and replace water use by vegetation. Assignment of these key MRC levels for
VWC sensors at other locations is provided in table 11.
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Figure 14.—Interpolation and extrapolation of the surface soil percent sand at PVER?2.
Numbers indicate the station name, with the monitoring level in parentheses.
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30

Table 9.—Calibrated soil particle size distributions for Level 2 and Level 3 monitoring

stations®
Depth Particle size fraction (%)
Irrigation (inches
Station ID check below
ground
surface) Sand Silt Clay
0-2 55 33 12
12 55 33 12
9(2) 2 36 76 20 4
72 82 16 2
0-2 64 30 7
12 64 30 7
62(2) 3 36 80 17 4
72 84 14 2
0-2 73 22 5
12 83 15 3
26(L3) 4 36 83 15 3
72 85 13 2
0-2 66 27 7
12 78 19 3
CaL3) 4 36 83 15 2
72 86 13 2
0-2 43 43 13
12 58 33 9
103(2) 4 36 84 14 2
72 84 14 2
0-2 81 16 3
12 85 14 2
47(2) 5 36 77 19 4
72 85 14 2
0-2 68 26 7
12 68 26 7
12(2) 6 36 48 41 12
72 84 14 2
0-2 48 41 12
12 48 41 12
107(2) 6 36 55 32 13
72 85 14 2
0-2 59 30 12
12 59 30 12
CaN(L3) 8 36 55 28 16
72 77 18 5
0-2 48 39 13
12 48 39 13
53(2) 8 36 47 37 16
72 72 23 6
0-2 54 33 13
12 54 33 13
C8s(L3) 8 36 41 33 26
72 77 16 7
0-2 39 45 16
12 39 45 16
C8(2) 8 36 80 17 3
72 76 20 5

# Orange highlighted cells indicate relatively fine-textured subsurface soil textures.
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Table 10.—MRC summary for root zone water content monitoring

locations
Depth
Irrigation | (inches below
MRC #° Station check ground surface) | FC PWP
1 99(2) 2 33-39 11 1
2 62(2) 3 9-15 5 3
3 62(2) 3 33-39 4 4
4 C4(3) 4 9-15 17 5
5 103(2) 4 0-6 24 9
6 26(3) 4 0-6 13 5
7 26(3) 4 33-39 7 3
8 C4(3) 4 69-75 12 1
9 47(2) 5 0-6 11 3
10 107(2) 6 9-15 23 6
11 12(2) 6 0-6 22 5
12 12(2) 6 9-15 28 9
13 53(2) 8 0-6 19 8
14 C8N(3) 8 0-6 26 9
15 C8S(3) 8 34-40 42 14
16 C8(2) 8 69-75 8 2

% The reference number applied to the soil sample.

4.3 Automated Monitoring

Examples of data from each type of sensor at PVER?2 are presented in
sections 4.3.1 through 4.3.4 to demonstrate capabilities of the equipment.
Complete station data are presented in graphical form in attachment 1.

4.3.1 Irrigation Sensors

The following figures summarize the response of irrigation sensors at two Level 1
stations: 93 (1), in a loamy surface soil (55% sand), and 67 (1), in a sandy surface
soil (77% sand). Figure 15 shows the response of sensors to irrigation events at
Station 93 (1) over the entire study period. Irrigation events are indicated by the
sharp decrease in sensor output values; a cutoff value of 3,000 was used (i.e., less
than 3,000 indicated irrigation presence, greater than 3,000 indicated irrigation
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Table 11.—MRC summary for root zone water content monitoring locations

Depth Depth
Station | (feet) | MRC #* | FC PWP | Station | (feet) | MRC#* | FC | PWP
1 12 28 9 1 12 28 9
12(2) 3 5 24 9 107(2) | 3 13 19 | 8
6 7 7 3 6 8 12 1
1 8 12 1 1 5 24 9
47(2) 3 1 11 1 C8(2) 3 7 7 3
6 8 12 1 6 16 8 2
1 13 19 8 1 7 7 3
53(2) 3 13 19 8 26(3) 3 7 7 3
6 6 13 5 6 8 12 1
1 4 17 5 1 1 11 1
62(2) 3 3 4 4 C4(3) 3 7 7 3
6 7 7 3 6 8 12 1
1 14 26 9 1 14 26 9
99(2) 3 1 11 1 |csn@) | 3 14 26 | 9
6 7 7 3 6 1 11 1
1 14 26 9 1 14 26 9
103(2) | 3 7 7 3 |css@ | 3 15 42 | 14
6 7 7 3 6 16 8 2

% The MRC reference applied to the sensor based on similar soil particle size distribution (refer
to table 9).

absence). The blue box in the figure signifies when irrigation is present.

Figure 16 compares the irrigation sensor response to an individual irrigation
event in loamy versus sandy surface soils. The arrival of irrigation for both soil
types is clearly indicated by the sharp decrease in sensor output values. Sensor
responses to the end of inundation were more gradual at loamy sites than with
sandy site due to lower infiltration rates in loamy soils (section 4.5).

Irrigation sensors wired to Tidbit data loggers (as used for irrigation monitoring
stations) provided similar response to irrigation. However, sensor outputs were
converted by the data logger to temperature readings in degrees Fahrenheit. Field
and laboratory testing showed that temperature outputs were typically -150 for
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Figure 15.—Example of irrigation sensor data collected for the monitoring period.
Note: Periods of irrigation are indicated by sharp decreases in sensor output values
(< 3,000, blue shaded box).
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dry conditions and 250 for inundated conditions (inundation). For these sensors
(irrigation monitoring stations), a cutoff value of 50 was used (i.e., greater than
50 indicated irrigation presence, less than 50 indicated irrigation absence).

4.3.2 ECH20-5TE Sensors

5TE sensors measure soil moisture as well as temperature and soil salinity. The
sensor measures soil salinity as the bulk conductivity of the surrounding medium.
Figure 17 provides an example of soil EC data for Station C4 (3). Spikes in
salinity indicate solubilization of salts in the soil matrix during irrigation events.
Salinity remained very low (less than 1 deci-Siemen per meter throughout the
monitoring period and would not be anticipated to result in salinity stress for
native riparian vegetation.
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Figure 17.—Station C4 (3) specific conductance as estimated by ECH20-5TE
sensors.
Note: One-foot sensor was nonfunctional from August 2012 — August 2013.

Many 5TE sensors malfunctioned during the project, and thus, the results were
very limited for soil temperature and salinity. Sensors were returned to the
manufacturer for analysis. While these sensors could potentially provide essential
feedback on soil salinity levels, their durability for field applications on the LCR
IS uncertain.
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4.3.3 Soil Moisture Sensors

Soil moisture sensors were installed in the soil surface at Level 1 stations (see
figure 8) and in surface soils and four depths through the soil profile for Level 2
and Level 3 monitoring stations (see figures 9 and 10).

The following figures summarize the response of irrigation and soil moisture
sensors at two Level 2 stations, 53 (2), in loamy soil (average 54% sand across
sensor depths), and 62 (2), in sandy soil (average 73% sand across sensor depths),
which were located approximately the same distance from the irrigation canal.
Figures 18 and 19 present volumetric water content data for all monitored depths
for the entire monitoring period. Figures 20 and 21 show VWC for the same
stations during a single irrigation event. Movement of water through the soil
profile during each irrigation event was evident at both stations. The loamy site
was wetter (higher VWC) between irrigation events compared to the sandy site.
The 6-foot below ground surface sensor at the loamy site did not respond sharply
to individual irrigation events, indicating relatively slow movement of water
through the soil profile. In contrast, the 6-foot sensor at Station 47 (2) responded
sharply to irrigation events and then quickly returned to baseline values, which
indicates irrigation water quickly moving through the soil profile to and beyond
6 feet below ground surface. In general, surface soils dried faster between
irrigation events in sandy soils (e.g., Station 62 (2)) as compared to loamy soil
(e.g., Station 53 (2)). Additionally, depths up to 3 feet below ground surface
drained more extensively between irrigation events in sandy soils.

4.3.4 Soil Matric Potential Sensors

Soil matric potential sensors were installed at the four Level 3 monitoring
stations. Soil matric potential as measured by advanced tensiometers is shown on
figure 22 for Station 26 (3). Lower values (more negative) indicated drying of
soils at depth. Spikes in values (less negative) indicate irrigation events. Positive
pressures indicate saturation of the soil profile above the sensor depth. Advanced
ternsiometers at all four station locations show delay in wetting at 6 feet below
ground surface in comparison to 3 feet below ground surface because of the time
required for water to move down through the soil profile. Relatively high matric
potential for the 3-foot depth in November 2012 caused cavitation of the sensor at
this depth, which indicates that maintenance of these sensors would be required
periodically, consisting of re-wetting the sensor from the soil surface.

Figure 23 provides an example of soil matric potential as measured by heat
dissipation sensors at the same station (26 (3)). Data indicate significant drying of
soil between irrigation events at the 1-foot depth, with less drying occurring at

3 feet. When the 3-foot advanced tensiometer cavitated in November 2012,

the heat dissipation sensor at this location more effectively monitored matric
potential. Data from all four stations indicate that soil matric potential was much
less than the PWP (-15,000 centimeters) throughout the study period, indicating
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Figure 18.—Soil moisture at Station 53 (2), a loamy soil location.
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Figure 19.—Soil moisture at Station 47 (2), a sandy soil location.
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Figure 20.—Soil moisture at Station 53 (2), a loamy soil location, during an
individual irrigation event.

0.5

Volumetric Water Content, cm3/cm?3

0 |
% % o o % % % % % % %
N o o i i w = s A AN A
EUAR RSP\ S\ P\ S\ P\ S\ P\ PN
Date

0-2in m1ft A3ft @61t

Figure 21.—Soil moisture at Station 47 (2), a sandy soil location, during an
individual irrigation event.

37



Soil Moisture Monitoring Pilot Study at
Palo Verde Ecological Reserve Phase 2

400

200
E
Q
T 0
g o ——
o
%-200 % : ‘
= * —
B0 || 2 2 it 3
= c . l' 3 : - ¥ i
= ‘0 " i
3 © 2 M l §
? goo | £ R | 3

g t $ 4
) 1§ i
-800 $ .
3 ___| Cavitated
v < Sensor
_1000 T T T T T T T T T T T T || || T T T T T T
VRN VRNV o)
**@@Q&ﬁ**%&‘@**¢ @@@
Date
+ 3ftbgs 4 Bftbgs Field Capacity

Figure 22.—Station 26 (3) soil matric potential as measured by advanced

tensiometers.

0 ‘.
-500

£
o
5 -1000 i Sensor —
= ® Equilibriation
5 o
o c
Qo _ 41
= 1500 g !
] o
= c
= n ®
3 ©
9 2000 || ®

(%]

£

k3
-2500 !
q} q)-\q’ ,\q, N \q/@'\q’@@%@ NCEIAN \'5 \“’ '\'5 "b’{b K2 '\'b '\“*‘ @'@6\%6
&&&§®$®@®§&¢§&&&&@§&&®9
Date
+ 1ftbgs s+ 3ftbgs Field Capacity

Figure 23.—Station 26 (3) soil matric potential as measured by heat dissipation

Sensors.

38




Soil Moisture Monitoring Pilot Study at
Palo Verde Ecological Reserve Phase 2

that vegetation stress would not be expected for vegetation at the site based on
soil moisture status. Higher matric potential was observed in loamier soils at
Stations C8S (3) and C8N (3) compared to Stations 26(3) and C4 (3), located in
sandier soils (see table 9).

4.3.5 Maintenance and Troubleshooting

Several sensors were damaged by animals prior to February 2013 and required
repair or replacement. To prevent further damage, a more robust second
generation of irrigation sensors (figure 24) was used to replace damaged original
versions at Level 1, 2, and 3 stations. Wire mesh cages were built and placed
over irrigation monitoring stations to provide additional protection (figure 25).

?

X

Figure 24.—First (left) and second (right) Figure 25.—Wire mesh cages
generation custom irrigation sensors. installed in February 2013 around

standalone irrigation monitoring
stations and surface sensors to
provide protection from animals.

As mentioned previously, reliability of 5TE sensors was less than anticipated, and
large-scale use is not recommended unless durability can be improved. Also,
advanced tensiometers at 3 feet below ground surface were subject to cavitation.
While not a sensor failure, using these sensors at this depth would likely require
annual maintenance at the beginning of each irrigation season.

4.4 Plant-Water Availability

Plant-available water in the root zone is summarized in table 12 in relation to
water content at field capacity and PWP. As would be anticipated based on
excess AW relative to ET, (figure 35), soil moisture to 6 feet below ground
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surface remained above the PWP (maximum soil water depletion was always less
than 1) for all stations and depths throughout the growing season. For three
monitoring locations, soil moisture was never below FC for any depth.

Table 12.—Rooting zone soil moisture availability summary for March 1 through July 31,

2013
Depth Depth
(feet (feet
below Days below
ground <FC Maximum ground | Days <FC | Maximum
Station | surface) (%%) depletionb Station | surface) (%) depletion
1 6 0.44 1 94 0.65
12 (2) 3 84 0.60° 107 (2) 3 0 0.00
6 61 0.62 6 49 0.30
1 11 0.55 1 78 0.43
47 (2) 3 0 0.00 C8 (2) 3 0 0.00
6 0 0.00 6 0 0.00
1 0 0.00 1 0 0.00
53 (2) 3 0 0.00 26 (3) 3 0 0.00
6 0 0.00 6 0 0.00
1 40 0.73 1 0 0.00
62 (2) 3 0 0.00 C4 (3) 3 0 0.00
6 0.00 6 0 0.00
1 73 0.68 1 0 0.00
99 (2) 3 95 0.85 C8N (3) 3 1 0.05
6 0 0.00 6 0 0.00
1 50 0.46 1 16 0.20
103 (2) 3 1 0.34 C8S (3) 3 100 0.96
6 0 0.00 6 0 0.00

# The percent of days when average water content was less than field capacity.
® The maximum depletion observed for any sensor reading during the monitoring period.
¢ Orange highlighted cells indicate locations and depths that exceeded 50% depletion at least

once during this period.

The higher depletion for Stations 99 (2), 107 (2), and C8 S(3) were likely due to
less AW at these locations, as all of these stations are located on the southern
portion of each check (figure 36). Finer-textured soil less than 3 feet below
ground surface at Station 12 (2) likely prevented water from infiltrating to this
depth. Water transpired by plants was not replaced during irrigation and resulted
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in higher depletion at the 3-foot and 6-foot sensors at that station. Soil was
extremely coarse for the 1-foot depth at Station 47 (2) (see table 9). As a result,
this soil layer drained quickly after irrigation due to low field capacity, and little
water was available to satisfy water demand. Station 62 (2) received less
irrigation than other sandy soil locations. Based on the comparison of AW to
ET,, higher depletion would have been anticipated for southern portions of
Checks 2, 4, 6, and 8. The lack of extensive depletion could be due to plants
using groundwater in addition to irrigation water. Following irrigation,
groundwater elevation has been observed to dramatically increase, potentially
into the rooting zone of native riparian species (GSA 2014).

4.5 Infiltration Rates

The amount of infiltration versus time for cylinder infiltrometer test locations is
shown on figure 26. In general, as the percent sand in the surface soil increased,
so did the observed infiltration rate. However, stations with the highest (81%)
and lowest (39%) surface soil sand content did not follow this trend. The 81%
sand location (Station 47 (2)) showed an intermediate infiltration rate, which is
likely due to an underlying soil layer with finer texture (section 4.2.1) that slowed
down infiltration. The outlier with the least amount of sand (Station C8 (2), 39%
sand) initially had the highest infiltration rate. It was likely that roots below the
cylinder test location caused preferential flow through the soil profile, as

Station C8 (2) had the highest tree density of all the cylinder infiltrometer test
locations. After approximately 30 minutes, the infiltration rate for this location
slowed dramatically, indicating that infiltrated water had reached an underlying,
more restrictive layer.

The Kostiakov formula parameters, which characterize the rate of infiltration over
time, are presented in table 13 for each infiltration test location. R? values for all
relationships in this table were greater than 0.98 (refer to attachment 2). To use
these infiltration relationships to estimate infiltration rates at other locations,
linear regression was used to predict k and a parameters from the percent sand at
the soil surface. k and a were plotted versus percent sand and then fitted with a
line using TableCurve2d. Stations 47 (2) and C8 (2) were identified as outliers
after the initial line was fit. The k parameter for Station C8 (2) was more than two
standard deviations from the fitted line. Once this point was masked from the
dataset, the k value for Station 47(2) was then more than two standard deviations
removed from the fitted line. Once those two outliers were masked, no other
points were outside of two standard deviations for either the k or a parameter.

The resulting regression of Kostiakov parameters versus percent sand is shown on
figure 27. The regression equations (table 14) were applied to all irrigation sensor
locations. Station C8(2) was more than two standard deviations from the fitted
line and was thus masked.
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Figure 26.—Cumulative infiltration versus time results for cylinder infiltration tests.

Table 13.—Kaostiakov formula parameters
fitted to cylinder infiltration curves for Level 2
and Level 3 monitoring stations

Kostiakov

formula
Percent parameters

Station surface sand k a
C8(2)°* 39 9.69 | 0.42
103 (2) 43 5.02 | 0.61
107 (2) 48 423 | 061
53 (2) 48 3.75 | 0.55
C8s (3) 49 219 | 052
C8N (3) 55 3.03 | 055
99 (2) 55 5.66 | 0.60
62 (2) 64 9.62 | 065
C4(3) 64 8.76 | 0.65
12 (2) 68 8.65 | 0.70
26 (3) 72 9.92 | 0.70
47 (2) 81 6.21 | 0.68

& Orange highlighted cells indicate outliers
identified by the curve fitting software and thus
not used for regression of k and a versus percent
surface sand.
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Figure 27.—Regression for Kostiakov k and a parameters versus percent sand.

Table 14.—Kostiakov formula regression results applied for irrigation sensor locations

Parameter® df° R? F(p) m b
k 9 0.73 21.3(0.002) 0.255 -8.34
a 9 0.60 11.8(0.01) 4.8E-3 0.338

& Parameters for the Kostiakov formula (equation 3).
® Indicates degrees of freedom (df), F-value (F), p-value (p) and coefficients for the predictive
equation Y = mX + B, where Y is the result (either k or a), m is the slope, and B is the y-intercept.

4.6 Irrigation Distribution

The progression of irrigation across irrigation Check 2 for the event on July 2,
2013, is shown on figure 28. Data for other checks for this event are shown in
subsequent figures. Irrigation progression was approximately linear for Checks 2
(sandy soil, highest flow rate) and 7 (loamy soil, lower flow rate). Irrigation
progression in Check 4 was nonlinear; water quickly progressed approximately
one-third of the way down the check and then traveled more slowly across the
remainder of the check. High infiltration rates in the sandy northern portion of
this check and a lower flow rate relative to Check 2 likely caused this result.
Irrigation progression in Check 5 followed a similar pattern to Check 4, but
irrigation was ceased before water arrived at the furthest monitoring station in the
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Figure 28.—lIrrigation sensor results for irrigation Check 2, July 2, 2013, irrigation
event with an estimated flow rate of 6.1 cubic feet per second.
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Figure 29.—Irrigation sensor results for irrigation Check 4, July 1, 2013, irrigation
event with an estimated flow rate of 3.2 cubic feet per second.
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Figure 30.—Irrigation sensor results for irrigation Check 5, July 1, 2013, irrigation
event with an estimated flow rate of 4.3 cubic feet per second.
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Figure 31.—Irrigation sensor results for irrigation Check 7, June 30, 2013, irrigation
event with an estimated flow rate of 1.8 cubic feet per second.
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Figure 32.—lIrrigation sensor results for irrigation Check 8, June 30, 2013, irrigation
event with an estimated flow rate of 0.9 cubic foot per second.

check. Check 8 was irrigated with the lowest flow rate, which resulted in uneven
irrigation distribution and the lack of irrigation detection at 1,024 feet down the
check. However, irrigation was still detected at the southern end of the check
within 20 hours. Lack of detection at 1,024 feet likely indicates that the entire
width of the check was not inundated at this distance, but instead passed to the
side of the irrigation sensor.

The time of inundation during the June 30 to July 2, 2013, irrigation event is
interpolated for these five irrigation checks on figure 33. As discussed above,
inundation duration was greater near the irrigation canal within each irrigation
check. For the western checks, this means that the duration of inundation was
greater for sandy areas. Inundation duration was much lower for the checks on
the eastern portion of the field, which was likely due to the irrigation contractor
stopping irrigation at this check earlier due to the rapid progression of water down
the field. The interpolations of AW created by applying the Kostiakov formula to
the duration of inundation data are shown on figure 34.

Irrigation distribution statistics for the monitoring period are summarized in

table 15. The average volume required to irrigate each check ranged from 2.2 to
11.5 acre-feet, with higher volumes required for sandy checks (2, 4, and 5). Mean
lowest-quarter DU (mean AW for the 25th percentile divided by the overall check
mean) ranged from 0.09 to 0.32. Distribution uniformity was higher for the
loamier Check 7 compared to the much sandier Check 4. However, Checks 2

and 5 had similar uniformity despite Check 2 being much sandier. Irrigation
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Figure 33.—Duration of inundation for June 30 — July 2, 2013, irrigation event at PVER2.
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Figure 34.—Estimated AW for June 30 — July 2, 2013, irrigation event at PVER?2.
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Table 15.—Summary irrigation application statistics for intensively monitored checks

Flow rate
Applied water (cubic feet
Susré?lce (acre-feet) per second) DU,,"
sand Mean Mean
Check | n® (%)b (S9 Range (S) Range Mean (S) Range

2 8 69 8.4(1.27) | 6.1-10.1 |5.2(1.1) | 3.5-6.1 | 0.26 (0.09) | 0.12-0.34

14| 63 9.3(1.63) | 7.4-11.9 | 3.1(0.4) | 2.4-4.0 | 0.19 (0.04) | 0.12-0.26

8 50 3.4(0.34) | 3.0-41 |1.9(0.3)| 1.4-2.3 | 0.32(0.13) | 0.18-0.53

4
5 8 70 11.5(2.85) | 6.4-15.8 | 4.6 (0.7) | 3.7-5.9 | 0.30 (0.14) | 0.15-0.52
7
8

9 47 2.2(0.66) | 1.5-3.6 |1.0(0.4) | 0.4-1.8 | 0.09(0.04) | 0.03-0.15

% Number of observed irrigation events, which included irrigation events in Check 4 between June 2012 and
Jul)é 2013, and in Checks 4, 5, 7, and 8 between March 1 and July 31, 2013.
Mean of interpolated percent sand in surface soils.
¢ Standard deviation.
4 Lowest-quarter distribution uniformity.

efficiency for Check 8 was lowest of all checks despite being comprised of the
finest-grained soils. These results are likely due to the lower irrigation flow rate
for Checks 7 and 8 and insufficient irrigation duration to reach the south end

of the checks for a subset of events. Despite having the lowest DU, Check 8
required much less water per irrigation event. While there is no universal value of
distribution uniformity for satisfactory system performance, the values at PVER2
should be considered low. Border irrigation in favorable soils can result in DU of
over 90% (NRCS 1997).

Applied water between March 1 and July 31, 2013, is interpolated for PVER2
Checks 1 through 9 on figure 36. Similar trends were observed as for the

event spanning June 30 through July 2, 2013. Cumulative AW and ET, during
this period are shown on figure 35 and summarized in table 16. Overall, applied
water in Checks 2, 4, and 5 greatly exceeded water loss through evaporation and
transpiration. For these three checks, more than half of the water applied is lost
through percolation. Conversely, AW in Checks 7 and 8 was very similar to ET,,
and little percolation would be expected overall. Soil moisture sensors confirmed
this result, as 6-foot sensors in Stations C8 (2) and C8S (3) showed little response
to irrigation (attachment 1). As shown previously on figure 36, the distribution of
AW was not even across the site. Thus, percolation also varied across the site,
with water applied in excess of ET, in the sandy areas on the north and west
portion of the site resulting in the highest percolation (figure 37).
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Figure 35.—Actual ET and estimated AW between March 1 and July 31, 2013.
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Table 16.—Estimated irrigation water balance for
March 1 through July 31, 2013

Cumulative
AW Percolation
Check (centimeters?) (centimetersb)
2 273 169
4 305 200
5 374 269
7 111 6
8 82 0

? Estimated from summed interpolations of irrigation
events.

® Estimated as AW minus ET..
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Figure 36.—Estimated AW between March 1 and July 31, 2013, interpolated and extrapolated for PVER2.
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Figure 37.—Estimated AW minus ET, for March 1 through July 31, 2013, interpolated and extrapolated for PVER2.
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4.7 Surface Water and Moist Soils

47.1 Surface Water

The percent of the time for which soil was inundated during the 2013 avian
nesting season is interpolated on figure 38. Inundation was provided by
irrigation, so these values correspond to areas for which irrigation was present
longer during irrigation events. Inundation was present for less than 9% of the
time between March 1 and July 31, 2013.

4.7.2 Surface Soil Moisture

The mean percent saturation for PVER surface soils between March 1 and

July 31, 2013, is shown on figure 39. Despite receiving much more AW during
the season (see figure 36), sandy soils on the northwest portion of the site had
lower percent saturation, which is due to rapid drainage following irrigation
events in sandy soils (refer to section 4.3.3). Generally, as percent sand increased,
the percent saturation decreased, except for the southern portion of Check 8. This
was due to less AW in this area, as some irrigation events were not long enough
to water the entire field (e.g., figure 32).

The percent of time that surface soil saturation was above 25, 50, 75, and 95% is
shown on figure 40. In sandy areas of the field, saturation was above 25% for
approximately half of the time between March 1 and July 31, 2013. On the loamy
portion of the site, saturation percent was almost always above 25%. Soil
saturation was less than 50% for over half of the season at all monitored locations.
Saturation was rarely above 95%, even at the finest-textured soil location at the
south end of Check 8. These data indicate that even with application of over

6 meters of water between March 1 and July 31, sandy soils at the site did not
maintain near-saturated levels (see figure 36). Conversely, despite receiving
approximately 10% of the irrigation of sandy locations, fine-textured soils on the
south end of Check 8 maintained the highest saturation levels of any monitoring
location. This location is near areas predicted to have clay soils per NRCS soils
data (see figure 5).

5.0 DISCUSSION

The combination of off-the-shelf and custom automated monitoring equipment
used for this project was effective in quantifying the parameters of interest.
Automated systems are especially useful for irrigated sites where soil moisture
status changes rapidly during and after irrigation events and remote sites where
frequent site visits are labor and cost intensive.
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Figure 38.—Percent of the time between March 1 and July 31, 2013, that soils were inundated at PVER2.
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Figure 39.—Mean percent saturation for surface soils at PVER2 between March 1 and July 31, 2013.
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Figure 40.—Percent of time between March 1 and July 31, 2013, that PVER2 surface soil saturation exceeded
25% (A), 50% (B), 75% (C), and 95% (D).
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The GSA irrigation sensors were able to easily detect the arrival of irrigation.
The end of irrigation (recession) was easily detected as well for sandy soils. The
recession of irrigation in finer-textured soils was less clear, which was likely due
to residual moisture between sensor bolts on the soil surface. The first generation
sensor was also susceptible to disturbance by wildlife. The second generation
sensor eliminated concern for animal disturbance, but a slow response to
irrigation recession in loamy soils remains. This may have been due to the bolts
being exposed immediately above the cap on the PVC pipe and accumulation of
soil and litter on the sensor. Insulating the bolts slightly above the PVC pipe
should minimize this effect and provide a more precise estimate of when surface
water is no longer present. An advantage to the GSA irrigation sensors is that
installation does not need to be permanent. Because they are installed at the soil
surface, they can be easily removed and reinstalled in different locations. These
sensors can also be wired to several data logger models. We recommend using
low-cost data loggers (such as the Decagon EM50s used for this project or Hobo
data loggers from Onset Computer Corporation, Bourne, Massachusetts), which
are a relatively small investment compared to more advanced data logger types.

Soil moisture sensors were mostly successful. Decagon EC5 sensors were
effective for monitoring soil moisture in the top 2 inches of soil. A protective
cover is recommended to prevent animals from chewing on sensor wires.

Similar to the GSA irrigation sensors, surface EC5s can be easily removed and
reinstalled. Decagon 10HS sensors were very reliable; no sensor failures occurred
during the monitoring period. When these sensors are installed at depths of over
1 foot below ground surface, they are generally left in place because excavation
often results in accidental damage. Thus, it is recommended that these sensors be
installed permanently. When coupled with laboratory assessment of soil MRCs,
these sensors can also be used to predict soil matric potential. While not
providing as precise estimates of matric potential as advanced tensiometers and
heat dissipation sensor probes, the EC5 or 10HS sensors require only a simple
calibration, do not require maintenance if soils become excessively dry, and can
be used with relatively inexpensive EM50 data loggers compared to the advanced
data loggers required for the matric potential sensors used for this project.

Soil matric potential sensors were also successful. Heat dissipation sensors were
appropriate for depths up to 1 foot below ground surface due to frequent drying
and high matric potential. At 3 feet below ground surface, matric potential
varied between optimal ranges for heat dissipation sensors and advanced
tensiometers. High matric potential during the winter (i.e., periods of lower
irrigation frequency) did cause cavitation of advanced tensiometers, so adding
water to the sensors once per year would be needed if installed at this depth.
Cavitation was not observed for 6-foot advanced tensiometers because of less
drying between irrigation events.

Monitoring for the pilot project has provided baseline information for PVER2.
Current irrigation management is shown to be sufficient to support vegetation.
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However, current irrigation management does not result in areas of extended
surface soil saturation at PVER2. Results from the pilot project are discussed in
terms of the project objectives in the following sections.

5.1 Objective 1: Plant-Available Water

Between March 1 and July 31, 2013, ET, for PVER2 was estimated at
approximately 1 meter of water. Based on the measured duration of surface water
and the soil infiltration characteristics at different irrigation sensor locations,
applied water ranged from less than 0.5 to over 6.5 meters depending on the
location within the check (locations near the north end of the field received more
water) and the soil texture (fine-textured soils received less AW due to lower
infiltration rates). Despite this large range in irrigation application, sensor data
indicated that soil moisture in the root zone was more than adequate for riparian
vegetation, and soil dryness did not exceed the PWP for any location or depth
observed. Thus, it is projected that irrigation frequency could be reduced for the
site while maintaining acceptable vegetation condition. If irrigation frequency
was reduced, followup monitoring should be completed to ensure that soil salinity
and vegetation health are not being adversely affected. Previous modeling has
suggested that a reduction in irrigation at PVER2 would not result in soil
salinization (GSA 2013b).

5.2 Objective 2: Infiltration Rates and Variability

Infiltration rates varied across the site. For tested locations, the amount of water
that infiltrated over a 1 hour period ranged from less than 1 inch to approximately
4 inches. Higher soil sand content generally resulted in higher infiltration rates.
However, in one case, high surface sand content effects were mitigated by
underlying restrictive fine-textured soil. At another, high infiltration rates were
observed at a location with fine-textured soils; this was likely due to high root
density at this location, which allowed preferential flow of water through the
near-surface soils.

Where the soil profile was sandy, irrigation water quickly moved through the
rooting zone and drained once irrigation ceased, and thus, soil moisture contents
were generally low between irrigation events. Applied water in these sandy soils
percolates into groundwater and quickly leaves the site via groundwater flow
(GSA 2014). Locations with fine-textured soil layers retained more water in near-
surface soils, so less water percolated through the root zone.
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5.3 Objective 3: Irrigation Water Movement

Irrigation took from approximately 10 to over 50 hours to travel from the north to
south end of the checks depending primarily on the flow rate. Slow travel of
irrigation water was likely due to high infiltration rates in the checks with sandy
soils and lower irrigation flow rates in checks with loamy soils. At PVER2,
vegetation density and litter buildup did not vary sufficiently to determine
whether these parameters affected the irrigation distribution.

Irrigation distribution was generally poor, with DU (the ratio of low application
area to overall area) between 3 and 53%. lIrrigation distribution was generally
improved with higher irrigation flow rates that exceed the soil infiltration
capacity. Despite fine-textured soils and associated lower infiltration rates,
irrigation DU in Checks 7 and 8 was not markedly higher, which is likely due to
much lower irrigation flow rates applied to these checks compared to the sandier
checks. However, these checks did require less water per irrigation event. It is
likely that irrigation distribution would be improved if a higher irrigation flow
rate, such as the mean 4.5 cubic feet per second applied at Check 5, could be
applied for other checks. The higher resulting irrigation efficiency should also
result in a lower overall volume of irrigation required for the site.

5.4 Objective 4: Presence of Surface Water and
Moist Soils

Soil inundation (presence of surface water) occurred only during irrigation and
ranged from less than 1% of the time during the season on the southern portion of
the field to approximately 8% near the irrigation canal. Although it is unclear
what level of surface soil saturation constitutes “moist soil” in terms of willow
flycatcher habitat, the monitoring data allowed quantification of the amount of
time that soil moisture is above any level of saturation. Near-saturated soils,
defined for the purposes of this report as 95% of the estimated saturation for each
location, were only present during and soon after irrigation (ranging from 0 to
15%, the time between March 1 and July 31, 2013, with a mean of 5%).

The mean surface soil saturation between March 1 and July 31, 2013, ranged from
25 to 54% with a site-wide average of 38%. Despite being inundated for more
time during the season and receiving more irrigation, sandy soils were less
saturated than loamy soils. Although the station received less than 25% of the
water of some sandy locations, Station 93 (1), with only 55% sand, was the
wettest between March 1 and July 31, 2013.
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6.0 RECOMMENDATIONS

Soil characterization, irrigation monitoring, and soil moisture monitoring has the
potential to guide LCR MSCP conservation area irrigation management. This
will help Reclamation support vegetation and maintain moist soils for riparian
bird habitat quality while minimizing water diversions. The PVER2 soil moisture
monitoring pilot project indicates that established techniques from agricultural
and research applications can be adapted to address key management questions
for the LCR MSCP.

Soil characterization, specifically soil texture profiling and infiltration testing,
provides data on infiltration rates and soil moisture retention that will allow
Reclamation to develop realistic soil moisture goals. For example, portions of a
conservation area with fine-textured soils or a restrictive subsurface layer could
likely maintain higher saturation between irrigation events, whereas areas with
continuously sandy soil profiles will not retain as much soil moisture. These
data, in turn, can be used to optimize planting plans, for example, to target high
moisture-retaining soils for cottonwood-willow cover types and utilize sandier
soils for facultative riparian species such as mesquite.

Irrigation monitoring sensors are inexpensive, mobile tools that can be used to
monitor irrigation distribution and/or surface soil inundation. As irrigation
monitoring tools, these sensors can be used to obtain baseline data on irrigation
efficiency where irrigation distribution is a concern. As inundation monitoring
tools, these sensors can be used to determine the amount of time that surface
water is present at LCR MSCP conservation areas, for example, in existing
southwestern willow flycatcher habitat locations and/or in features such as swales
designed to enhance habitat conditions.

Soil moisture sensors are moderate cost tools to evaluate plant-available soil
moisture in the root zone. These sensors could be used in conservation areas
where root zone soil moisture is uncertain or where a reduction in irrigation
frequency is desired. Additionally, these sensors can be installed in surface soils
to determine moist soil presence for southwestern willow flycatcher habitat
requirements. This application could be useful for quantifying surface soil
moisture abundance in existing southwestern willow flycatcher habitat to
establish management goals and/or quantify the success of management changes
designed to enhance habitat quality at riparian habitat restoration areas.

Soil matric potential sensors provide direct information on the availability of soil
moisture in the root zone to support vegetation. However, these sensors are a
marginal improvement over soil water content sensors at a much higher cost when
considering the need for more advanced data loggers and associated equipment.
The sensors would be recommended for Reclamation for sites with very poor soil
moisture retention and/or high depths to groundwater where higher matric
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potential would be anticipated compared to PVER?2 or at sites where Reclamation
may want to minimize irrigation frequency for species such as mesquite with
higher drought tolerance than cottonwood and willow.

The high density of monitoring implemented for this project is likely not feasible
for all LCR MSCP conservation areas. Instead, we recommend analyzing
representative locations or sites within each conservation area that should
represent the range of anticipated soil conditions. Results from one growing
season of automated monitoring could be used to establish baseline conditions
and provide irrigation recommendations. A second year of monitoring could be
used to monitor the effects of implementing those recommendations. Thereafter,
the monitoring equipment could be left in place to collect long-term data or
relocated to a different site to repeat the assessment.

Conversely, in areas where adaptive management might be implemented to, for
example, enhance surface soil moisture, or reduce irrigation frequency to save
irrigation water, or increase irrigation flow rates to increase irrigation efficiency
and decrease required irrigation volume, a high monitoring density may be
justified at least in the early stages of the project. Once results were conclusive,
monitoring density could be reduced so that a representative subset of monitoring
locations is left intact to monitor long-term trends.
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Figure 1-1.—Irrigation sensor data from PVER2_4 _L1.
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Figure 1-2.—Volumetric water content at 0-2 inches below ground surface at PVER2_4 L1
estimated using ECH,O-EC5 volumetric water content probes.
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Figure 1-3.—Irrigation sensor data from PVER2_15 L1.
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Figure 1-4.—Volumetric water content at 0-2 inches below ground surface at PVER2_15 L1
estimated using ECH,O-EC5 volumetric water content probes.
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Figure 1-5.—Irrigation sensor data from PVER2_21 L1.
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Figure 1-6.—Volumetric water content at 0—2 inches below ground surface at PVER2_21 L1
estimated using ECH,O-EC5 volumetric water content probes.
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Figure 1-7.—Irrigation sensor data from PVER2_40 L1.
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Figure 1-8.—Volumetric water content at 0—2 inches below ground surface at PVER2_40_L1
estimated using ECH,O-EC5 volumetric water content probes.
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Figure 1-9.—lIrrigation sensor data from PVER2_43_L1.
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Figure 1-10.—Volumetric water content at 0-2 inches below ground surface at PVER2_43 L1

estimated using ECH,O-EC5 volumetric water content probes.
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Figure 1-11.—Irrigation sensor data from PVER2_45 L 1.
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Figure 1-12.—Volumetric water content at 0-2 inches below ground surface at PVER2_45_ L1
estimated using ECH,O-EC5 volumetric water content probes.
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Figure 1-13.—Irrigation sensor data from PVER2_50_L1.
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Figure 1-14.—Volumetric water content at 0-2 inches below ground surface at PVER2_50_L1
estimated using ECH,O-EC5 volumetric water content probes.
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Figure 1-15.—Irrigation sensor data from PVER2_60_L1.
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Figure 1-16.—Volumetric water content at 0-2 inches below ground surface at PVER2_60_L1
estimated using ECH,O-EC5 volumetric water content probes.
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Figure 1-17.—Irrigation sensor data from PVER2_67_L1.
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Figure 1-18.—Volumetric water content at 0-2 inches below ground surface at PVER2_67_L1
estimated using ECH,O-EC5 volumetric water content probes.
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Figure 1-19.—lIrrigation sensor data from PVER2_71_L1.
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Figure 1-20.—Volumetric water content at 0-2 inches below ground surface at PVER2_71_L1
estimated using ECH,O-EC5 volumetric water content probes.
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Figure 1-21.—Irrigation sensor data from PVER2_85_L1.
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Figure 1-22.—Volumetric water content at 0-2 inches below ground surface at PVER2_85_L1

estimated using ECH,O-EC5 volumetric water content probes.
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Figure 1-23.—Irrigation sensor data from PVER2_93 L1.
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Figure 1-24.—Volumetric water content at 0-2 inches below ground surface at PVER2_93 L1

estimated using ECH,O-EC5 volumetric water content probes.
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Figure 1-25.—Irrigation sensor data from PVER2_97_L1.
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Figure 1-26.—Volumetric water content at 0-2 inches below ground surface at PVER2_97_L1
estimated using ECH,O-EC5 volumetric water content probes.
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Figure 1-27.—Irrigation sensor data from PVER2_122 1.
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Figure 1-28.—Volumetric water content at 0-2 inches below ground surface at PVER2_122_L1
estimated using ECH,O-EC5 volumetric water content probes.
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Figure 1-29.—Irrigation sensor data from PVER2_12_| 2.
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Figure 1-30.—Volumetric water content at PVER2_12 L2 estimated using an ECH,0O-ECS5 for
0-2 inches and ECH,0-10HS for all other depths.
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Figure 1-31.—Irrigation sensor data from PVER2_47 L2.
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Figure 1-32.—Volumetric water content at PVER2_47 L2 estimated using an ECH,O-ECS5 for
0-2 inches and ECH,0-10HS for all other depths.
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Figure 1-33.—Irrigation sensor data from PVER2_53 L2.
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Figure 1-34.—Volumetric water content at PVER2_53_L 2 estimated using an ECH,0O-EC5 for
0-2 inches and ECH,0-10HS for all other depths.
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Figure 1-35.—Irrigation sensor data from PVER2_62_1 2.
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Figure 1-36.—Volumetric water content at PVER2_62_L 2 estimated using an ECH,O-ECS5 for
0-2 inches and ECH,0-10HS for all other depths.
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Figure 1-37.—Irrigation sensor data from PVER2_99 L2.
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Figure 1-38.—Volumetric water content at PVER2_99_L 2 estimated using an ECH,0O-EC5 for
0-2 inches and ECH,0-10HS for all other depths.
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Figure 1-39.—lIrrigation sensor data from PVER2_103 L2.
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Figure 1-40.—Volumetric water content at PVER2_103 L2 estimated using an ECH,0O-EC5 for
0-2 inches and ECH,0-10HS for all other depths.
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Figure 1-41.—Irrigation sensor data from PVER2_107_L2.
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Figure 1-42.—Volumetric water content at PVER2_107_L2 estimated using an ECH,0O-ECS5 for
0-2 inches and ECH,0-10HS for all other depths.
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Figure 1-43.—Irrigation sensor data from PVER2_C8_L2.
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Figure 1-44.—Volumetric water content at PYER2_C8_ L2 estimated using an ECH,0O-ECS5 for
0-2 inches and ECH,0-10HS for all other depths.
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Figure 1-45.—Irrigation sensor data from PVER2_26_L 3.
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Figure 1-46.—PVER2_26_L3 volumetric water content as estimated by ECH,0O-EC5 (0-2 inches)

and ECH,0-10HS (1-, 3-, and 6-foot) sensors.
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Figure 1-47.—PVER2_26 L3 soil bulk electrical conductivity as estimated by ECH,O-5TE

Sensors.

All sensors had failed as of 05/12/2013.

400

200

-200

Matric Potential, cm
IS
(=]
(=]

o)
S
1S]

-800

-1000

o
|

VRN
'\ '\ &S M

f1> SRR '\ AN R o o )
@\"’ e}"' B «a%q,\ oJ\\ @\‘5,@“' NIt q>"' NP rb\“" "o S QP Al

)

W A\

I \049
NOENEN () Q

Date

*3ft AB ft

N ANIEENY

Figure 1-48.—PVER2_26_L3 soil matric potential as measured by advanced tensiometers.
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Figure 1-49.—PVER2_26_L3 soil matric potential as measured by heat dissipation sensors.
Smaller numbers indicate more negative potential and therefore drier soil.
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Figure 1-50.—Irrigation sensor data from PVER2_C4_L3.
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Figure 1-51.—PVER2_C4_L3 volumetric water content as estimated by ECH,O-EC5 (0-2 inches)
and ECH,0-10HS (1-, 3-, and 6-foot) sensors.
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Figure 1-52.—PVER2_C4_L 3 soil bulk electrical conductivity estimated by ECH,O-5TE sensors.

1-26



400

200
£
o 0 -
]
= =]
°
o
g -400
g
-600
-800
-1000 —
'b N0 O A N f1> SRR 4}
ng éﬂ’ \ ng ‘¢~ §3§§L Q§hd§>r§b Q\dis’dglng N Qﬁb \\(§§isb Q§‘£;b
Date
*3ft AB ft

Figure 1-53.—PVER2_C4_L3 soil matric potential as measured by advanced tensiometers.
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Figure 1-54.—PVER2_C4_L3 soil matric potential as measured by heat dissipation sensors.
Smaller numbers indicate more negative potential and therefore drier soil.
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Figure 1-55.—Irrigation sensor data from PVER2_C8_L3N.
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Figure 1-56.—PVER2_C8_L 3N volumetric water content as estimated by ECH,O-EC5

(0-2 inches) and ECH,0-10HS (1-, 3-, and 6-foot) sensors.
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Figure 1-57.—PVER2_C8_L3N soil matric potential as measured by advanced tensiometers.
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Figure 1-58.—PVER2_C8_L3N soil matric potential as measured by heat dissipation sensors.

Smaller numbers indicate more negative potential and therefore drier soil.
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Figure 1-59.—Irrigation sensor data from PVER2_C8_L3S.
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Figure 1-60.—PVER2_C8_ L3S volumetric water content as estimated by ECH20-EC5 (0-2 inches)
and ECH20-10HS (1-, 3-, and 6-foot) sensors.

1-30



Bulk Electrical Conductivity, dS/m

Date
¢1ft m3ft a6t

Figure 1-61.—PVER2_C8 L3S soil bulk electrical conductivity as estimated by ECH,O-5TE
sensors. All sensors had failed as of 11/13/2012.
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Figure 1-62.—PVER2_C8_L3S soil matric potential as measured by advanced tensiometers.
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Figure 1-63.—PVER2_C8_L3S soil matric potential as measured by heat dissipation sensors.
Smaller numbers indicate more negative potential and therefore drier soil.
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ATTACHMENT 2

Infiltration Curve Fitting Results
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26 L3 Infiltration
Egn 8156 Power (a,b)
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47 L2 Infiltration
Egn 8156 Power (a,b)
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53 L2 Infiltration

Egn 8156 Power (a,b)
'2=0.98441432 DF Adjr"2=0.9792191 FitStdErr=0.36363675 Fstat=442.13032
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99 L2 Infiltration

Egn 8156 Power (a,b)
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103 L2 Infiltration

Egn 8156 Power (a,b)
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107 L2 Infiltration
Egn 8156 Power (a,b)
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C4_L3 Infiltration
Egn 8156 Power (a,b)
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C8_L2 Infiltration
Egn 8156 Power (a,b)
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C8_L3N Infiltration

Egn 8156 Power (a,b)
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C8_ L3S Infiltration
Egn 8156 Power (a,b)
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