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and Greenhouse Gas Emissions in Agroecosystems
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The transferability of excess wasted organic materials, such as agricultural and forestry
residues into materials like biochar and compost, to be used as a nutrient-rich organic soil
amendment for food production has been viewed as an ecological approach to enhance
soil ecosystem services. In this dissertation a variety of research techniques and
experiments were used to investigate the effects of different locally produced biochar and
also biochar dairy manure co-composts on soil hydrological properties, GHG emissions,
nitrogen leaching, and crop productivity. The dissertation is divided into three main
research chapters. In the first chapter, we generated moisture retention curves for seven
biochar derived from wasted orchard materials e.g. almond shell, walnut shell, and
almond pruning, using a mobile pyrolizer unit. More specifically, we used the water
sorption film approach to determine specific surface area for the different biochar and
incorporated the data into a model to assess its influence on soil moisture content.
Additionally, three of the biochar (one from each feedstock) were also selected and used
in two 109 days incubation studies to investigate biochar influence on soil respiration
under different moisture levels. In the second chapter, numerical simulation was
performed (5-years impact) on the three selected biochar to assess its impacts on soil
hydrological properties and plant uptake dynamic for common cropping systems with
dissimilar irrigation practices. Lastly, in the third chapter the three selected biochar were
co-composted with fresh dairy manure for 45 days then used as soil amendment in a 133
day outdoor soil-tomato column study. Leaf chlorophyll content, canopy coverage, and
GHG measurements were taken throughout the season as proxy for crop productivity and
soil emissions as influenced by soil treatments. Results from chapter one show that
walnut shell biochar has the greatest surface area while almond shell derived biochar has
the most positive effect on moisture retention and soil respiration. Next, our 5-years
numerical simulation shows that application of biochar at 5% enhanced water
conservation by reducing seasonal soil evaporation loss and allowing for more root water
uptake. However this positive effect varied between cropping systems and is substantially
greater in the rainfed compared to irrigated system. In the last chapter, results from our
soil-tomato study show greater positive effect on soil ecosystem services e.g. nitrogen
retention and crop productivity, from biochar-dairy manure co-compost soil treatments
compared to the control. However crop yield was constrained by external factors such as
plant water stress.
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Chapter 1.
Introduction

The balance between food production and ecological stewardship is a crucial relationship
for the sustainability of agriculture. Though food production is a necessity for human
welfare, it is also a major contributor to various environmental issues (e.g. hon-point
source pollution caused by leaching, field runoff, and soil degradation) and climate
change through mass emission of various greenhouse gases (GHG), such as methane
(CH,), carbon dioxide (CO2), and nitrous oxide (N2O) (Crippa et al., 2021). In recent
years there has been a growing interest aimed at improving farm ecological footprint by
closing the different leakages in agricultural settings, hence transforming traditional
systems into agroecosystems. One such research area involves the circular uses or
conversion of different wasted organic materials (e.g. agricultural residues) into nutrient-
rich organic soil amendments, such as biochar (Wang et al., 2019; Xiao et al., 2017; Yin
et al., 2021). Biochar, a porous and recalcitrant material (Lehmann et al., 2006)
commonly synthesized from different organic wasted streams using thermal pyrolysis has
been suggested as an approach to mitigate environmental degradation and alleviate the
impacts of climate change. Primarily, biochar recalcitrant and high sorption attributes is
believed to promote soil carbon sequestration while enhancing biological activities and
reducing GHG emissions (Ghezzehei et al., 2014; Jones et al., 2011; Kameyama et al.,
2012; Major et al., 2012). In agricultural systems, biochar plus soil sorption can delay the
movement of both water and essential nutrients which give crops and soil microbes more
time for uptake (Kameyama et al., 2012; Major et al., 2012), thus increasing farm water
and nutrients use efficiency.

The porosity and high surface area of biochar is assumed to allow for more internal and
external sites for adsorption of water and nutrients. Hypothetically, once in the soil
biochar can influence soil characteristics, e.g. cation exchange capacity (CEC), soil
organic matter (SOM), soil porosity and physical structure, which ultimately effect soil
hydraulic properties (Masiello et al., 2015; Villagra-Mendoza & Horn, 2018). The change
and interaction of these soil characteristics directly related to the diversity and
functionality of the microbial community, controlling their role in nutrients cycling and
dictating whether nutrients in the soil profile is easily available for plant uptake,
susceptible to leaching, or chemically converted into volatilized compounds. This led to
the belief that amending soil with biochar stimulates resiliency in soil and soil biota,
especially under adverse environmental conditions (e.g. drought) (Manzoni et al., 2012;
Wang et al., 2020). A literature review by Ali et al. (2017) on biochar potential to lessen
abiotic stress, such as drought and salinity, also linked its resiliency potentials to the
material physical and chemical characteristics, and positive interaction with soil
microorganisms. Although the mechanisms and relationships between biochar, soil, and
biological activities is still unclear. Furthermore, conflicting research observations has led
to a continuous dispute in regard to the overall benefits of this organic material once
applied to soil. Studies have shown both a beneficial (Abel et al., 2013; Ajayi et al., 2016;
Arthur et al., 2015; Kameyama et al., 2012; Liu et al., 2011; Villagra-Mendoza & Horn,
2018; Zhou et al., 2018) and negligible (Jeffery et al., 2015; Lanza et al., 2016; Pressler et
al., 2017; Wiersma et al., 2020) effect of biochar on different soil properties (e.g.
hydraulic properties), GHG emissions, and crop productivity. More so, the literature has
exhibited inconsistency when factoring in feedstock types and environmental interactions



(e.g. soil type and climatic factor). Given this constraints the assertion that biochar opens
a holistic pathway toward sustainable agriculture requires more scientific evidence.

1.1 Research Objectives

The overall objectives in this dissertation are listed below. Briefly, the research objectives
were designed to address four major interrelated research questions. (1) How does
biochar influence soil water retention characteristics, especially in the mid to dry range of
the water potential spectrum? Hence, can we assess the linkage between different biochar
and their physical characteristics, such as specific surface area to its sorption capability,
thereby evaluating how soil water retention is altered? (2) Can the addition of biochar
extend the biologically active range of soil water potential? (3) Does co-application of
biochar with other organic amendment, such as composted dairy manure, alter soil
hydraulic properties and influence plant productivity? (4) How does biochar and dairy
manure co-compost influence the overall fates of soil nitrogen (N)?

Obijective 1. Develop a mathematical model and conduct laboratory measurement to
determine the effect of different biochar on soil water retention (5% w/w), specifically at
the mid to dry moisture region.

Objective 2. Assess how different biochar (5% wi/w) affects soil respiration by altering
soil hydrological properties using laboratory incubation experiments.

Obijective 3. Quantify the effects of locally-produced biochar (5% w/w) on soil water
retention and crop yield under two cropping systems with different irrigation schemes
and across climatic years using numerical modeling.

Obijective 4. Determine the effect of different biochar and dairy manure co-compost
combinations (5% w/w) on soil hydrological properties, GHG emission, and crop
productivity.

Objective 5. Evaluate the environmental fates of N from different biochar dairy manure
co-composts for a commonly farmed coarse-textured soil.

1.2 Organization of the Dissertation

The research objectives stated above are organized into three different chapters and a
final conclusion. Here objectives 1 and 2 are investigated in Chapter 2, objective 3 is
assessed in Chapter 3, and objectives 4 and 5 are investigated in Chapter 4. Lastly,
Chapter 5 is the summary of the main findings from all chapters.
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Chapter 2.

Seven biochars and their impact on moisture retention
and respiration rate of a coarse -textured soil, exclusively
at the mid to dry water regions

Abstract

Here we test the hypothesis that soil water status and soil respiration can be augmented
with biochar amendment due to an increase in water affinity, specifically at the mid to
dry water spectrum. We tested the wettability of seven biochars, made from different
orchard residues e.g. almond shell, walnut shell, and almond pruning, using the water-
vapor sorption isotherm (WSI) method. The water-retention characteristics were
evaluated using film sorption theory and used to infer the specific surface area (SSA).
Results were further extended to infer the implication of biochar addition on moisture
retention of a coarse-textured soil at 5% application rate (w/w) and compared with
measured data. Additionally, of the seven biochars three were selected for our lab
experiments based on feedstock type and non-hydrophobic nature. Two 109 days lab
incubation trials were conducted to assess the influence of biochar on soil respiration
under different moisture conditions. In the first incubation study, moisture content in all
treatments was sustained at 1.01 MPa throughout the experimental duration. In the
second incubation, treatments were air dried for six hours after every gas measurement
until water content was extremely dry. Soil carbon dioxide (CO,) emissions were
measured every two-six days consecutively. Findings from our study reveal an increase
in soil moisture retention with application rates, particularly noticeable at the wilting
point region. Biochar derived from almond shells had the most influence on soil moisture
regime. In addition, we also detected higher soil respiration from almond shell biochar
amended soil. SSA varies among biochars, with walnut shell biochar yielding the highest
SSA. The results indicate that biochar enhancement of water retention can play a
significant role in countering moisture stress in drying coarse-textured soils.

2.1 Introduction

With only limited space and natural resources available, a dramatic increase in both
system and resource use efficiency in food production is necessary to sustain a growing
human population, especially under adverse climatic conditions. The conversion of
wasted organic materials, e.g. agricultural residues, into useful soil organic amendments
will be an essential approach to enhance soil ecosystem services and crop productivity.
Biochar, a material synthesized from different organic waste streams, e.g. municipal,
agricultural, and forestry wastes, using thermal pyrolysis is an option to help alleviate the
impacts of climate change and better soil ecosystem services (Lehmann et al., 2006).
Primarily, biochar recalcitrant and high sorption attributes is believed to promote soil
carbon sequestration while enhancing biological activities and reducing greenhouse gas
emissions (GHGs) (Delwiche et al., 2014; Ghezzehei et al., 2014; Kameyama et al.,
2012; Jones et al., 2011; Major et al., 2012;). One important hypothesized effect of
biochar addition to soil is its potential to increase water retention capacity. The
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mechanism for this effect is that biochar provides very large wettable surface area that
increases the affinity of biochar treated soils to water (Downie et al., 2012; Laird et al.,
2010; Leng et al., 2021).

In cropping systems, biochar plus soil sorption can delay the movement of water and
essential nutrients which give plants and soil microbes more time for uptake (Kameyama
etal., 2012; Major et al., 2012), thus increasing farm water and nutrient use efficiency.
This led to the hypothesis that amending soil with biochar stimulates resiliency in soil
and soil biota, especially under adverse environmental conditions (e.g. drought)
(Manzoni et al., 2012; Wang et al., 2020). A literature review by Ali et al. (2017) on
biochar potential to lessen abiotic stress, such as drought and salinity, also linked its
resiliency potentials to the material physical and chemical characteristics, and positive
interaction with soil microorganisms. Though, the majority of biochar-soil studies were
conducted under conditions where water is not a constrained variable (e.g. at field
capacity) and therefore may not truly capture the effect biochar has on soil hydrology
(Arthur et al., 2015) and microbes, particularly at the dry end of the soil water curve.
Additionally, exposure to unfavorable conditions can influence the overall soil
productivity by altering microbial health, e.g. extensive periods of drought (Manzoni et
al., 2012). Thus, there is a need to assess the extent to which soil water status and soil
respiration is influenced by biochar additives under drier water conditions.

2.1.1 Water Film Approach to Determine Specific Surface Area

Determining the specific surface area (SSA) of biochar is a key measurement to
understand its sorption capacity and potential effect on soil hydraulic properties. SSA is a
physical property defined as the surface area per unit mass of the solid (Pennell, 2002). In
soil, adsorption of water to soil at low matric potential (less than -10 MPa) has been well
correlated to SSA and clay content (Arthur et al., 2013; Arthur et al., 2016; Ledo &
Tuller, 2014; Tuller et al., 1999) and is often described as the film water thickness of the
soil due to the van der Waals surface force (Tuller et al., 1999; Tuller & Or, 2005).
Several methods have been used to measure SSA (e.g. ethylene glycol monoethyl ether
(EGME), N.-BET, CO; adsorption), among them is the water vapor sorption isotherm
method. The WSI method was proposed by Tuller and Or (2005) as a more practical
means to inversely estimate soil SSA. The approach uses a vapor pressure (relative
humidity) measurement of the sample under equilibrium state to infer its water content at
a given temperature, using the well-known Kelvin equation (Equation 1) which relates
change in vapor pressure to surface curvature. Film water thickness can then be derived
using Equation 2, which describes film water thickness as a function of matric potential
(lwamatsu & Horii, 1996) using a Hamaker constant, which represent solid-vapor
interaction, while neglecting forces such as electrostatic and hydration (Tuller & Or,
2005). Given that gravimetric water content (6m) is also known, SSA can be determined
by setting gravimetric water content equal to film water thickness, as described by Tuller
and Or (2005) and shown in Equation 3.
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Where (y,,) is soil water potential, (83) is the relative vapor pressure, M,, is the molecular
0

weight of water (0.0083 kg mol?), R is ideal gas constant (8.31 J K** mol?) T is absolute
temperature (K), and p,, is the density of water (1000 kg m3).
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Where h is the water film thickness, Ag,; is the Hamaker constant for solid-liquid-gas (set
at 1.90E-19J), p,, is the density of water, and ¥ is the matrix potential, assuming that
one layer monolayer of water is 3.50E2° meter.
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Where 6,, is the gravimetric water content, A,,; is the Hamaker constant for solid-liquid-
gas (set at 1.90E-19 J), p,, is the density of water, and ¥ is the matrix potential, and S is
the specific surface area.

Theoretically, since biochar is a porous media with similar sorption attributes as soil, the
relationship between relative humidity and matric potential can also be used to generate
the water vapor sorption isotherm for biochar using Equation 2 and biochar SSA using
Equation 3. Surprisingly, the use of WSI to evaluate biochar or biochar-soil SSA has
been scarcely limited (Arthur et al., 2016; McLaughlin et al., 2012). In the literature the
N2 BET gas adsorption approach has been the common method used to define biochar
surface area, despite its known inadequacy in complex permeable media (Arthur et al.,
2013) and costly price.

2.1.2 Research Objective

The research objective in this study was to assess the water retention potential of different
locally produced biochar and also its effects on soil respiration. Our aim was to infer
biochar SSA using the film sorption theory and gauge its influence on soil water retention
for a coarse-textured soil commonly found in the Central Valley of California, using a
5% mass-based mixing model. Model validation was performed by comparing model
prediction with soil-biochar moisture retention dataset at 5% application rates (w/w).
Additionally, a 10% application rate was also assessed. Furthermore, we also conducted
lab incubation experiments to evaluate the effects of these biochar on soil respiration
under different moisture regimes. We hypothesized that biochar synthesized from
different feedstocks, e.g. almond shell and walnut shell, have disparate SSA and water
sorption characteristics, but an overall positive influence on soil respiration compared to
unamended soil.

2.2 Materials and Method

2.2.1 Biochar

Seven different biochars were tested for their moisture retention potential. In addition, a
Control or unamended soil and two application rates (5% and 10% w/w) were also
evaluated, each treatment had three replications for a total of 66 samples. All biochars
were derived from local orchard waste materials that underwent slow pyrolysis at 300-
350 °C using a mobile rotational pyrolyzer. Of the seven biochars, two were made using
almond shell (AS-1 and AS-2), three from walnut shell (WS-1, WS-2, BCW), and two
from almond pruning (ATC-1 and ATC-2). Table 1 shows the bulk density of each
biochar and its absorbance to 1,1,1,2-tetrafluoroethane (R134a) at 100 °C. As noted bulk
density was higher for WS-1 and WS-2, whereas WS-2 and ATC-1 yielded higher



absorbance to R134a. Likewise, Table 1 also shows the hydrophobicity test for each
respective treatments and biochar mixtures, measured using the water droplet penetration
test (WDPT) (n = 9). Four of the biochar were very repulsive to water, with AS-1 and
ATC-2 having extremely repellent nature and WS-1 and BCW being strongly repellent.
Note that hydrophobicity disappears in the biochar soil mixture (Table 1). The soil used
as the Control and for the biochar mixture were collected from a grassland near the UC
Merced Castle Facility (37.3732 °N, -120.577 °W) and classified as Atwater loamy-sand
series in the taxonomic class coarse-loamy, mixed, active, thermic Typic Haploxeralfs.
This well drained Alfisol soil originated from sandy alluvium created by erosion of
granite from the Sierra Nevada (Arkley, 1962).

2.2.2 Soil Water Retention (Mid to Dry Region) & SSA

WP4C Dewpoint Potentiometer (METER Group, Pullman, WA) was used to measure the
water potential of different biochar samples at the mid to dry moisture region. This
instrument uses the chilled-mirror dewpoint method (Gee et al., 2002) to measure the
relative humidity of a given sample in equilibrium, at a given temperature and record the
matric potential associated. Sample preparation, measurement, and derived water
retention curves (WRC) followed a modified procedure described by Tuller and Or
(2005) for vapor sorption analysis of soil. Briefly, 1-2 g of biochar was transferred into a
disposable plastic sampling cup. The samples were moisturized by adding 2 g of DI water
(as uniform as possible), then capped and allowed to equilibrate for 24 hours. The biochar
samples were then weighed using a precision scale; this weight served as our initial wet
weight. All samples undergo analysis using the “precise mode” from the WP4C unit to
allow for a longer equilibrium duration and better accuracy. Once the instrument is
finished, the sample was re-weighed and air dried (for 2-5 h) prior to being recapped and
again stored away for equilibrium. This procedure was repeated 10-15 times before the
biochar samples were oven-dried at 100 °C for 48 hours to determine the gravimetric
water content. Similar to Tuller and Or (2005), film water thickness and biochar SSA was
calculated using the above Equations 2 and 3 with the driest point measured, assuming a
Hamaker constant of 1.90E-19 J (Watanabe & Mizoguchi, 2002) and one monolayer of
film water is 3.50E-10 m (Leao & Tuller, 2014). The stated assumptions yielded Figure
1, which shows that SSA can be determined when the water film covering the surface
area of the material is around one monolayer

2.2.3 5% Biochar Mass-based Moisture Retention Model & Application
Rates

Subsequently, biochar WP4C data is incorporated into the Peters (Peters, 2013) and Iden
and Durner (Iden & Durner, 2014) or PDI model (Equations 4, 5, 7, and 8) using a 5%
application rates (wt/wt) to predict its influence on water retention for the Atwater loamy-
sand soil. This PDI model incorporates both the van Genuchten capillaries saturation
function (Equations 3) and film adsorption (Equation 4 and 5) aspects of soil water
hydrostatics. Next, water potential measurement from soil amended with different
biochar at 5% and 10% (wt/wt) application rates was also performed using WP4C
potentiometer. The procedure for generating the soil moisture retention curve for the
mixtures is similar to that of the pure biochar samples. The main difference is the amount
of sample used per sampling cup, which is 5 g for the mixtures (e.g. 4.75 g soil + 0.25 ¢
biochar for 5%, and 4.50 g soil + 0.50 g biochar for the 10%).

6(h) = (95 - er)scap + 60,Saa (2.4)



Where Scqp is the water stored in capillaries and Saq refers to the water stored in adsorbed
films. 8 (m®m®) is the total water content, h (m) is the suction head, and 65 (mm) and 6,
(m®m3) are the saturated and maximum adsorbed water contents (Iden & Durner, 2014).
In order to meet the physical requirement that water content reaches zero, Scap IS
substituted by scaled version of the original functions:

r(h)—r(ho)

Scap(h) = 1—T'(ho) (2.5)

Where ho (m) is the suction head at oven dryness, and is set at 1088 m (Schneider & Goss,
2012), 1(h) is the van Genuchten unimodal saturation function (van Genuchten, 1980):

1 1-1/n
=[5 5 25
where a (m™?) and n (-) are shape parameters.
_ In(h/ho)—bIn (1+[he /AI"")
Saa(h) = (2.7)

In (ho /hq)

The parameter h, (m) is the suction head where non-capillary water reaches saturation, ho
as stated above is the suction head where water content reaches zero at oven dry
conditions. Saq (h) increase linearly from zero at oven dry to a maximum value of 1 at h,,
and b is the smoothing parameter (Iden & Durner, 2014) defined as:

b=01+ % {1 —exp [— (Q:irer)]z} (2.8)

2.2.4 Incubation Experiments

Of the seven biochars tested, three (AS-2, WS-2, and ATC-1) were selected to be used in
the lab incubation experiments. Since soil moisture retention as influenced by biochar
additives was a main interest in this study, the surface hydrophobicity of the material was
a main criteria used for selecting the biochar. Treatments for the incubation experiments
are shown in Table 2, which include the three selected biochars, a 5% application rate
(w/w) for each biochar, and Control. All biochars had a slightly repellent nature to water
and a pH of 9.42, 9.41, and 7.96, for AS-2, WS-2, and ATC-1 respectively. Chemical
characteristics such as C:N ratio, pH, EC, carbon, and nitrogen content of Control and the
three biochar are displayed in Table 3. As observed, carbon and nitrogen content were
lowest for the unamended soil and highest for biochar. For the incubation studies, 20 g of
pure biochar and 100 g of unamended soil or mixture were placed into a plastic jar (8.3
cm in diameter) and gently packed to a depth of 4.6 and 5.8 cm for pure and mixture,
respectively. For the mixture, 95 g of soil was mixed thoroughly with 5 g of biochar.
Each treatment has four replications for a total of 28 samples (7 treatments x 4
replications) per incubation experiment. Two different incubation experiments were
conducted at the same time. The first experiment, termed Moisture Dynamic (MD) from
hereafter, 40 g of DI water was applied to all treatments at the start of the incubated
period. After each gas measurement, the samples were air dried for six hours (~ 2 g of
water loss), capped, and set to equilibrate for two to six days before the next
measurements. This process is repeated again until samples moisture content falls below
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0.01 6m before raising the moisture back up to the original content. The second
experiment, termed Moisture Constant (MC) from hereafter, all treatments were kept at a
moisture content equivalent to 1.01 MPa throughout the entire incubation duration. MC
samples were checked and moisturized on a weekly basis. The required water was
applied using a spray bottle for adequate coverage for each sample. The initial moisture
content for treatments in both incubation experiments is displayed in Table 2. The
incubation period lasted 109 days for both experiments.

2.2.5 CO2 Measurements

Six K30 FR 10000 PPM CO; Sensors (Senseair, Delsbo, Sweden) were attached onto the
cap of the sampling jar (Figure S2.1). This CO2 sensor uses a hon-dispersive infrared
(NDIR) method to measure the CO, concentration (via diffusion) and has a range from 0
to 10,000 ppm. The sensor has an accuracy of + 30 ppm + 3 % of measured value and
repeatability of £ 20 ppm £ 1 % of measured value. These low-cost sensors have been
shown to be well reliable and accurate for in-situ CO, measurement (Brown et al., 2020;
Chopda et al., 2020). The sensors are connected to a PC computer and monitored using
GasLab™ Software. Gas measurements were conducted for 10 minutes with reading
taken every ten seconds. During this time, room temperature (°C), humidity (%), and
room pressure (kPa) were also measured (ten minutes duration) using temperature probe,
relative humidity sensor, and barometer (Vernier Science Education, Beaverton, OR).
After each measurement, the K30 CO; sensor is opened, and air is blown onto each
sensor to remove any CO; residue and potential contamination. All samples were
weighed before and after flux measurement to track moisture change. A hole (1.3 cm in
diameter) was also drilled into the top of all sample caps in order to avoid anaercbic
conditions or build up of CO; before the next measurement. In both experiments the first
CO; measurement was conducted on May 22, 2021 on dry samples, or before water was
applied

2.2.6 Statistical Analysis

Statistical analysis was performed for appropriate datasets using a one-way Analysis of
Variance (ANOVA). Datasets were checked for normality and homogeneity of variance
assumption. Tukey-HSD tests were used to distinguish significance among treatments.
Additionally, linear regression was also performed on estimated biochar SSA to SSA of
both 5% and 10% biochar application rates to evaluate statistical relationships.
Confidence interval for both analyses was set at the 95% level or p = 0.05. Statistical
analyses were conducted using the R package (R Core Team, 2020).

2.3 Results

2.3.1 Biochar WRC and 5% Application Model

Figure 2 shows the mean WRC for the seven biochars (n = 3) with standard error bar. As
observed, from 0.2 to 0.8 Om, we can see a clear separation of suction potential associated
to the same moisture content from the tested biochar. Between this moisture content, AS-
1, AS-2, and BCW biochar have substantially higher moisture retention compared to WS-
1, WS-1, ATC-1, and ATC-2. However, at suction potential from 10 to 100 MPa (very
dry moisture region), WS-2 exhibited more moisture retention than all other biochar.

Figure 3 shows the modeled 5% application rate soil water retention curve (SWRC) for
the Atwater loamy-sand soil, using the measured biochar retention data. Similar to the
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biochar WRC, the model predicted higher soil moisture retention for AS-1, AS-2, and
BCW biochar. The model also projected an increase in soil water available at both field
capacity (FC = 0.033 MPa) and permanent wilting point (PWP = -1.5 MPa) regions, for
all tested biochar compared to the Control or unamended soil. Again, this increase in
plant available water was greatest for AS-1, AS-2, and BCW biochar, ranging from 15%
to 25% (Figure 3)

2.3.2 WRC for 5% and 10% Application Rates

Figures 4 and 5 show the measured SWRC for 5% and 10% biochar application rates. As
observed, the Control had lower moisture retention potential compared to biochar
mixtures. For the 5% application rate (Figure 4), AS-1 and AS-2 mixtures show much
higher moisture retention than all other biochar mixtures. Surprisingly, the positive effect
on moisture retention for the 5% BWC mixture did not align with the WRC of the pure
BWC biochar (Figure 3) or what the 5% model predicted (Figure 3). At 10% application
rate, all biochar mixtures have substantially higher moisture retention compared to
Control (Figure 5), again with the highest retention potential detected for AS-1 and AS-2
biochar mixtures.

Table 4 shows the calculated SSA for all biochars, biochar mixtures, and Control using
the WSI method stated above. For the pure biochar, there was a highly statistical
difference (p <0.001) in SSA among the biochar, with the highest being WS-2 (159 m?/g)
followed by BCW (113 m?/g). SSA for all other biochar were statistically lower than
BCW and WS-2, but not from each other. As for SSA in the 5% and 10% mixtures, we
observed that Control yielded the lowest SSA (11 m?/g) in both cases, whereas WS-2
held the highest SSA (24 m?/g and 35 m?/g, respectively). All other biochar mixtures
were statistically greater than Control (p < 0.001) but lower than WS-2 mixture in each
respective rate. Furthermore, we also detected a general increase in SSA with biochar
application rates compared to Control (Figure S2.2). The correlation between estimated
biochar SSA and mixtures SSA yielded an R? = 0.8083 (5%) and R? = 0.8025 (10%);
both relationships were highly significant, with p = 0.0059 and 0.0064, respectively
(Figure S2.2).

2.3.3 COz2 Respiration from Incubation Experiments

Figure 6 shows the CO; flux (mmol C ms) taken throughout the 109 days incubation
period for the two lab experiments. For the incubation experiment where moisture was
sustained at 1.01 MPa or MC experiment, we observed that AS-2, both pure (Figure 6c)
and 5% mixture (Figure 6a) had the highest CO emission throughout most of the 109
days incubation period. In addition, CO, emissions for both pure and mixtures AS-2
followed an exponential decline. CO emissions for pure WS-2 and ATC-1 were similar
to each other, whereas 5% WS-2 were slightly greater than Control throughout the first
half of incubation. At the end of July or 60 days into the incubation, CO- flux was similar
for all 5% mixtures (Figure 6a). For the MD experiment, where samples were air dried
after each gas measurement, we also observed again that CO- flux was highest for the
pure AS-2 (Figure 6d) and 5% mixture (Figure 6b) throughout the entire incubation
period, although CO; flux fluctuated greatly.

Figure 7 shows the fitted respiration parameters for treatments in the MC incubation and
is separated into labile carbon pool (a), total CO; loss in mgC per gC (b), and rate of
decomposition (in mgC/gC/d) for both the fast and slow carbon pools at the initial stage
(Figure 7c and 7d). As observed, pure AS-2 biochar and AS-2 biochar mixture are the
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only treatments with significantly higher effect on total carbon loss (Figure 7b) and both
fast and slow decomposition rates (Figures 7c¢ and 7d) at the start of the incubation. WS-2
and ATC-1 both pure and mixture were similar to each other and to the Control. Figure 8
shows the CO-, flux, expressed in mgC/gC/d, plotted against moisture content (in g/g) for
the MD incubation and is separated by pure biochar and 5% biochar mixtures. For the
pure material, AS-2 biochar has the most effect on CO; flux at any given moisture
content, followed by WS-2 and ATC-1. When comparing the Control and biochar
mixtures, again we observed that CO- flux was highest for AS-2 biochar, whereas all
biochar mixtures yielded a much greater respiration slope compared to Control (Figure
8).

2.4 Discussion

2.4.1 Biochar and Mixtures SSA estimated using WSI Approach

As observed in Table 4, except for WS-2 and BCW, SSA was similar for most of the
tested biochars (~ 72 m?/g). This outcome is surprising since these biochar were made
using different orchard residues, but at the same time expected because all biochar were
created using the same pyrolyzer unit at the same pyrolysis temperature. Note that both
WS-2 and BCW are walnut shell derived biochar, similar to WS-1. We suspected the
variation in SSA among walnut shell biochar may be linked to the conditions of the
original raw feedstock (e.g. moisture content, feedstock age, etc.) prior to pyrolysis. For
example, drier biomass exposed to the same temperature, pyrolysis duration, and
residence time will undergo more physiochemical changes (via combustion) than wet
biomass of the same feedstock (Cha et al., 2016). A literature review conducted by
Weber and Quicker (2018) on biochar properties as influenced by different variables (e.g.
feedstock, temperature, and process design) also concluded that pyrolysis temperature has
the most dominate effect on biochar properties, particularly sensitive at 200 — 400 °C. In
this case it is possible that both WS-2 and BCW are walnut shell that have relatively
lower moisture content compared to WS-1 and the other orchard wastes. Other factors
that could potentially cause this disparity in SSA among the same feedstock is residence
time after pyrolysis, which has also been reported to have a major impact on biochar
specific area but is feedstock specific (Lu et al., 1995).

The application of these seven biochar to the Atwater loamy-sand soil significantly
enhances mixture SSA regardless of biochar type and increases with application rate.
This is evidenced by the strong correlation (R? > 0.8) between biochar SSA and mixtures
SSA shown in Figure S2.2, and the statistical difference shown in Table 4. This
observation proves that the water sorption isotherm method works well for inverse
estimation of biochar and biochar soil mixtures SSA. Similarly, Arthur et al. (2015) also
observed significant increase in SSA for coarse-textured soil amended with biochar and
manure at different application rates using the WSI approach. However in our study the
significant increase in SSA did not translate to an increase in soil moisture retention or
more specifically plant available water (discussed more in Section 4.2). The higher SSA
detected for WS-2 may be associated with the presence of more micropore which is the
main contributor to biochar surface area (Panahi et al., 2020). This could explain why
WS-2 retained substantially greater moisture at very dry suction potential (> 10 MPa),
compared to the other biochar (Figure 2).
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2.4.2 Biochar Influence on SWRC

In our study, soil water retention for the Atwater loamy-sand soil was enhanced by
biochar amendment. This was observed in both the soil hydraulic model using a 5%
application rate (Figure 3) and actual WRC measurement for biochar application rates
(Figures 4 and 5). The increase in moisture as predicted by the model ranges from less
than 5% to as great as 20% in water content at field capacity and wilting point regions.
The influence on SWRC from the 5% WP4C dataset was consistent with the model
prediction for most of the biochar but varied for BCW. As stated earlier, measured
moisture retention at 5% application rate for BCW biochar is considerably lower than
what the model predicted using WRC from the pure BCW. Currently, we don’t have an
appropriate explanation for this discrepancy. Though in the literature, it has been reported
that biochar water holding capacity is affected by multiple factors such as, surface
functional groups, total pore volume, porosity structure, and specific surface area (Zhang
& You, 2013). However, since we did not assess most of these variables, we are not able
to identify the causes for this observation. Another possibility could be the surface
hydrophobicity of BCW biochar (determined to be strongly repellent in Table 1) that
could prevent pore water sorption (Gray et al., 2014; Jeffery et al., 2015). However AS-1
was also classified as extremely hydrophobic, therefore this assumption is not probable.
Nevertheless, from the seven biochar tested, it seems that biochar derived from almond
shell using this mobile unit and at this temperature range has the most positive effect on
the coarse-textured soil water holding capacity. Similarly, Sanchez et al. (2022) also
observed an increase in moisture content for saline affected soil amended with almond
shell biochar (derived at 450 °C) using different application rates (5%, 10%, and 15%
wiw).

The difference between WS-2 which has higher SSA and greater moisture retention at
MPa > 10, and AS-1 and AS-2 biochar (lower SSA but greater moisture retention at MPa
< 10) may be linked to the difference in pore size distribution (e.g. macropore, mesopore,
and micropore) that makes up total pore volume of biochar (Brewer et al., 2014). As
previously stated, the higher SSA detected for WS-2 may be associated with the presence
of more micropore, which retained greater moisture in dry conditions by adsorption but is
less accessible for plant uptake (Panahi et al., 2020). Meanwhile the greater water
retention observed for both AS-1 and AS-2 may be due to the presence of more
macropores which allow for more storage of plant-available water due to higher pore
volume compared to micropore (Downie et al., 2012). In a lab study, Mollinedo et al.
(2015) evaluated five different biochar and its effects on moisture retention also detected
a significant increase soil water holding capacity (~25% increase compared to
unamended soil) and greater fitted water retention curve parameters corresponding to the
macropore and mesopore regions for biochar amended sandy loam soil. Furthermore, the
statistical consistency in SSA and moisture retention as observed to amplify with
increasing biochar application rate also support our assertion that adding these locally
derived biochar to soil can enhance moisture retention for commonly farmed coarse-
textured soil in the Central Valley.

2.4.3 Biochar Influence on Soil Respiration under Different Moisture
Conditions.

Soil water status has been recognized as one of the most important abiotic factors
influencing microbial activity and mineralization rates (Ghezzehei et al., 2019; Manzoni
et al., 2012). Soil water status is affected by soil physical properties, e.g. porosity, bulk
density, aggregation, and surface area, that are key factors in soil aeration, sorption, and
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transport of solutes in the soil profile. Hence, changes in these components can cause
disturbance in the microbial communities. In the case of biochar, incorporating the
material means physically altering soil structure (Blanco-Canqui, 2017), changing its
pore connectivity, thus hydraulic conductivity, and impacting water accessibility to soil
microorganisms. In our incubation experiments, CO- flux shows that the addition of a
carbon rich material like biochar enhanced respiration rate for the loamy sand soil,
particularly visible for almond shell biochar. In conditions where moisture is not a
limiting factor (sustained at 1.01 MPa) we observed that 5% AS-2 biochar application
increased the initial rate of decomposition for both fast and slow carbon pools compared
to unamended soil (Figure 7c & 7d). However, note that the labile carbon pool of AS-2
mixture is also substantially lower than WS-2 and ATC-1 mixtures (Figure 7a), which
implies that only a small fraction of the total C is bioavailable in AS-2 mixture
(compared to others). Nevertheless, that small fraction decomposes faster because of the
elevated water status (Figure 4) which results in more carbon loss (Figure 7b). This result
is astonishing especially since the moisture difference between Control and AS-2 biochar
mixture was not that great at 1.01 MPa (Table 2). Similarly, Smith et al. (2010) also
detected a substantial increase in cumulative respiration rate for biochar amended soil
using lab incubation study. Furthermore, we observed a peak in soil respiration rate after
water application followed by a rapid decline in CO; flux during the first three weeks of
the MC study. Other incubation studies have also observed a significant increase in soil
respiration after biochar incorporation especially during the initial incubation period,
which implied the present of labile carbon in biochar that affect short-term mineralization
rate (Farrell et al., 2013; Smith et al., 2010; Ulyett et al., 2014). For conditions where
moisture is a limiting factor, the application of biochar to the coarse-textured soil also
enhances soil respiration rate. This is observed by the increases in the CO; slope
(moisture dependence of flux) relative to Control in Figure 8. These observations support
our hypothesis that biochar addition to soil can increase microbial activity by prolonging
moisture accessibility to soil microbes (Gul et al., 2015; Lehmann et al., 2011).

2.5 Conclusion

In this study we were able to infer the specific surface area of different biochar using
water vapor measurement and film sorption theory. The film model shows that walnut
shell derived biochar WS-2 and BCW have the highest SSA. However, we observed that
at 5% and 10% application rates, almond shell derived biochar has a more remarkable
impact on soil water retention, specifically at the mid to dry moisture regions for the
loamy sand soil. For the modeled 5% application, the moisture retention predicted were
as much as 20-25% increase in water holding capacity for almond shell biochar,
compared to unamended soil. Biochar derived from almond tree chip and walnut shell has
negligible effect on predicted soil water retention capacity. Change in moisture content at
these soil water potential regions can have a profound effect on soil biota, influencing the
overall soil respiration rate. CO, measurement from the two 109 days incubation
experiments shows that almond shell biochar also has the most effect on soil respiration.
The application of 5% AS-2 biochar also enhances the initial decomposition rates and
total soil carbon loss. Our results reflect the immediate effect of biochar added to a loamy
sand soil and is encouraging for the use of locally produced biochar, derived from local
agricultural wasted organic materials using small-scale pyrolysis units.
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Figure 2-3 Modeled Atwater loamy-sand SWRC for 5% biochar application rate.
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Table 2-1. R134a absorbance, bulk density, and hydrophobicity of biochar and
mixtures.

Biochar R134a Bulk Density ~ *WDPT Class *5% *10%
(% wt /cm?®) (g/cm?) (s) (s) (s)
AS-1 0.31 0.35 >3600 Extremely repellent <1 21
AS-2 0.38 0.30 2.32 Slightly-repellent <1 <1
WS-1 0.97 0.44 4195 Strong repellent <1 <1
WS-2 3.74 0.46 6.27 Slightly repellent <1 <1
ATC-1 1.75 0.33 15.1 Slightly repellent <1 <1
ATC-2 0.51 0.35 >3600 Extremely repellent <1 15
BCW 0.57 0.26 166.46 Strong repellent <1 <1
Control N/A 1.48 <1 Non-repellent <1 <1

* Biochar R134a and bulk density provided by Dr. Hugh Mclaughlin
* Mean of nine measurements



24

Table 2-2. Initial Moisture for Incubation Experiments

Treatment Moisture Dynamic  Moisture Constant
(0m at 20 g water)”  (0m at 1.01 MPa)"

AS-2 0.526 0.659
WS-2 0.522 0.152
ATC-1 0.529 0.140
5% AS-2 0.221 0.041
5% WS-2 0.220 0.041
5% ATC-1 0.218 0.040
Control 0.216 0.029

* Mean of three replications

Table 2-3. Carbon and nitrogen content of soil and biochar.

Treatment C (%) N (%) C:N (%) pH EC (uS/cm)
Control 0.78 0.06 13.00 6.70 350.3
AS-2 68.4 0.94 72.58 9.42 5773
WS-2 72.5 0.44 163.9 7.96 1083
ATC-1 72.3 0.66 110.1 9.42 431.9

Table 2-4. Specific surface area for biochar, 5%, and 10% rates

Biochar SSA SSA 5% SSA 10%
(m?/g) (m?/g) (m?/g)
AS-1 69° 16° 23P
AS-2 74¢ 17° 21b
WS-1 68° 17° 19°
WS-2 1592 242 352
ATC-1 78¢ 16° 21
ATC-2 72¢ 17° 21P
BCW 113P 17° 22b
Control 11¢ 11¢
*SSA p < 0.001

*SSA 5% p <0.001
*SSA 10% p < 0.001



Chapter 3.

Impact of biochar amendments on soil water and plant
uptake dynamics under different cropping systems

Abstract

Application of biochar amendments in agricultural systems has received much attention
in recent years. In this study, we assess the 5-year impacts of biochar application on soil
water and plant interactions for an irrigated fresh market tomato and a rainfed pasture
cropping system. In particular, we focus on three varieties of locally-produced biochar
from agricultural waste materials — almond shell, walnut shell and almond pruning
residues that are pyrolyzed using a mobile pyrolysis unit. We used the soil hydrological
model HYDRUS-1D to explicitly track seasonal and annual soil water fluxes through
changes in water retention, drainage, evaporation, and plant water uptake under biochar
application. Modeling results show that the application of biochar at 5% increased soil
water availability within the top 20 cm for a rainfed system, irrespective of biochar
amendment type. This is clearly indicative of higher plant water uptake and greater water
use efficiency (WUE) under biochar application. In contrast, a similar biochar
amendment for the irrigated system did not affect WUE, instead reducing seasonal soil
evaporation loss and thereby reducing irrigation demand. In both cropping systems, year-
to-year variability in precipitation significantly impacted the total amount of water saved
under biochar application with certain amendments retaining more water than others.
Given that biochar application increased water retention irrespective of cropping systems,
we further used a simple approach to determine yield trade-off, if any, between control
and biochar treatments. Our economic balance clearly demonstrates that the water saved
by amending soil with biochar does not offset the yield disparity if compensated with
carbon credits and therefore, application of biochar should be actively considered for
both its direct and indirect benefits to potential greenhouse gas mitigation (e.g. diverting
orchard waste from open burning), water savings and soil health.

3.1 Introduction

The use of soil amendments in cropping systems has been well acknowledged as an
agronomic practice that leads to improved soil health and other benefits. Among various
materials, biochar is a substance that is increasingly gaining attention primarily due to its
high sorption potential (Delwiche et al., 2014; Jones et al., 2011; Kameyama et al., 2012;
Major et al., 2012). Biochar is a pyrolysis by-product and can be synthesized from waste
materials such as animal manure, leftover plant biomass, and woody material (e.g., dead
trees). The incorporation of biochar in soil has the potential to enhance soil carbon
sequestration (Lehmann et al., 2006) and change soil water status (Horel et al., 2019;
Kameyama et al., 2012; Novak et al., 2009; Villagra-Mendoza & Horns, 2018).

Soil water status is one of the most important abiotic factors controlling crop

productivity, and one that is affected by climatic conditions and soil physico-chemical
properties. A crucial aspect of biochar addition to soils is its potential to change the soil
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water status by increasing water retention capacity. One of the mechanisms for biochar to
do so is by providing a large wettable surface area that increases the affinity of biochar-
treated soils to water. Over longer time scales, elevated moisture retention can promote
biological activity that is expected to lead to biophysical aggregation of soil and
subsequent development of soil structure that promotes both infiltration and water
storage. However, the overall effects of biochar on soil physical and hydraulic properties
have not been consistent in the literature, especially varying across different cropping
systems. Studies have shown both beneficial (Abel et al., 2013; Ajayi et al., 2016; Arthur
et al., 2015; Kameyama et al., 2012; Kroeger et al., 2021; Villagra-Mendoza & Horns,
2018; Zhou et al., 2018) and negligible (Jeffery et al., 2015; Pressler et al., 2017;
Wiersma et al., 2020) effects of biochar on soil hydraulic and physical properties. Using
both laboratory and field measurements, Abel et al. (2013) observed a decrease in soil
bulk density, increase in pore volume, and increase in available water content near
wilting point for soils amended with biochar. Conversely, Major et al. (2012) detected no
significant changes in soil water content for biochar amended soil after multiple seasons
of maize-soybean rotation in Colombia. Similarly, biochar produced at two temperatures
(400 °C and 600 °C) was applied to two nature restoration grasslands (Jeffery et al.,
2015). After the end of the growing season, the authors did not detect any noticeable
change in moisture retention, aggregate stability, or saturated hydraulic conductivity
(Ksat) (Jeffery et al., 2015). Therefore, these field studies highlight the disparity in
observed soil water status under biochar applications across cropping systems and since
time of application. More importantly, even if more water is retained in biochar amended
soil during the growing season, it does not necessarily equate to more water for crops or
higher crop yields (Aller et al., 2017). Thus, the effects of long-term interactions between
biochar addition, soil types, and cropping systems remain poorly understood.

Given the complex and multiple interactions governing the impacts of biochar addition,
modeling studies have been used to study the impact of biochar amendment on crop yield
and overall environmental effects (Aller et al., 2018; Archontoulis et al., 2016; Horel et
al., 2019; Huang et al., 2020; Jellali et al., 2016; Kameyama et al., 2012; Lefebvre et al.,
2020; Lychuk et al., 2015; Major et al., 2012; Stylianou et al., 2021). For example,
Lefebvre et al. (2020) modified the RothC model to evaluate sugarcane biochar and its
potential for carbon sequestration in Brazil. Similarly, Lychuk et al. (2015) used the
Environmental Policy Integrated Climate (EPIC) model to simulate 20 years of biochar
impacts on maize yield and soil properties. Archontoulis et al. (2016) developed a
mechanistic model within Agricultural Production Systems sIMulator (APSIM) to
investigate the long-term effects of biochar on maize and wheat under different soils and
environmental conditions. Together, these studies have shown positive effects of
amending soils with biochar through modeling although describing the complexity of
these models is beyond the scope of the current study. However, a gap currently exists in
guantifying the impact of locally-produced biochar from mobile pyrolysis units and
connecting it to changes in soil hydraulic properties and crop yield under short- to mid-
term applications. In this regard, HYDRUS (Arora et al., 2011; Karandish & Simiinek,
2018; Simtnek et al., 2016; Turkeltaub et al., 2018) has been successfully used to
simulate biochar effects on soil hydraulic properties (Arabyarmohammadi et al., 2018;
Filipovi¢ et al., 2020; Horel et al., 2019; Wu et al., 2019). However, the majority of these
studies have focused entirely on short-term effects (e.g. 48 hours - 85 days) of biochar
application (Altdorff et al., 2019; Filipovi¢ et al., 2020; Horel et al., 2019; Stylianou et
al., 2021; Wu et al., 2019). For example, Wu et al. (2019) stimulated 48 hours of water
flow in soil amended with maize biochar (450 °C) at five different rates to topsoil (25
cm) and observed higher saturated water content (0s) and lower residual water content
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(6r) with increasing application rates. Horel et al. (2019) assessed biochar (600 °C)
influences on soil water and carbon dioxide (CO2) emission using four application rates
(0-5% wt/wt) for 85 days. They observed that soil hydraulic conductivity increased with
biochar application rates. In contrast to this study, Huang et al. (2020) observed lower
hydraulic conductivity in biochar amended soil compared to control. However, their
study was focused on evaluating the hydraulic performance of green roofs amended with
biochar (750 °C) using 15 cm soil column subjected to five hours of precipitation.
Therefore, even among these short-term focused studies, contradictory results pertaining
to soil hydraulic properties and water status have been reported, and these contradictions
have been primarily attributed to differences in biochar type, cropping system and
climatic conditions. To the best of our knowledge, very few studies have used numerical
models to simulate mid-term (2-5 years) impacts of biochar application on soil hydraulic
properties that specifically account for year-to-year climatic variability. To fill this gap,
this study was carefully designed to model the mid-term impacts of three different types
of locally-produced biochar on soil water retention and crop yield potential for a
representative field site located in Atwater, California. The field site typifies coarse-
textured soils prevalent in the Central Valley of California, which is one of the most
productive agricultural regions in the world. The primary goal of this study is thus to
guantify the effects of locally-produced biochar on soil water retention and crop yield
under two cropping systems with different irrigation schemes and across climatic years.
Our hypothesis is that adding locally-produced biochar to coarse textured soils will
enhance soil water retention and achieve greater crop productivity regardless of cropping
system or irrigation schemes but will vary significantly across wet and dry climatic
years.

3.2 Materials and Method

3.2.1 Modeling Strategy

Numerical models can be beneficial tools to elucidating impacts of biochar addition in
agricultural field environments, especially when considering year-to-year climate
variability and associated changes in soil water status. Herein, 1-D variably-saturated
flow modeling was applied to improve our understanding of the application of biochar on
coarse-textured soils representative of California’s Central Valley. While using the same
soil representation, we implemented several numerical scenarios to quantify the range of
soil water retention and crop yield possible under different irrigation strategies and
cropping systems. In particular, we used two different cropping systems that are common
in California’s agriculture: a natural rainfed grassland (perennial system) and an irrigated
fresh-market tomato soil profile. Further, a control (soil profile without biochar) and three
types of biochar amendments were used to quantify how inherent biochar properties may
act to increase or decrease soil water retention and consequently crop yield in these
vadose zone environments (Figure 3.2). As illustrated in Figure 3.1, Atwater loamy-sand
was used to represent the top 0-50 cm and sandy loam soil was used to represent the
bottom 51-100 cm across all soil columns (NRCS, Soil Web Survey). Apart from the
control, biochar amendments were incorporated within the top 20 cm of the soil profile
and were applied one time at the start of the simulation (January 1, 2016). More details
on soil and biochar characteristics are described below. Overall, 8 model simulations (2
cropping systems x 4 soil columns) were run for a period of 20 years, with the first 15
years as spin up time and the last 5 years capturing drastically different climate years and
consequences of wet-dry transitions on soil retention status under biochar application.
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3.2.2 Model Setup

Hydrus-1D (Siminek et al., 2001, 2003) was used for all simulations. The model domain
was set up as a one dimension 100 cm soil column divided into 100 layers or 1 cm
uniform spatial discretization. As suggested above, three soil layers were defined as
biochar application zone, Atwater loamy sand and sandy loam soil. Apart from the
control, the first layer was set at 0-20 cm depth and classified as the zone of biochar
application.

The model was run for a period of 20 years with maximum temporal discretization set at
0.125 day. The upper and lower boundary conditions were set as atmospheric conditions
with surface runoff and free drainage, respectively.

In Hydrus-1D, variably-saturated flow along the soil profile is described using Richards’
equation as follows:

=5 KW (5 +1)] (3.1)

The hydraulic conductivity function K(h), which is required to solve the Richards equation,
is described using a set of closed-form equations (Mualem, 1976; van Genuchten, 1980):

17my2
_ 6(h)—6r 6(h)—6r\m
K(h) - Ksat( 6s—0r ){1 N [1 B ( 0s—0r ) ] } (3'2)
_ 0s—0r
O(h) = Or + (3.3)
=1-2 3.4
m=1--= (3.4)

where 0(h) is the measured volumetric water content [L3L"] at the suction h [L] that is
taken positive for increasing suctions. The parameters 6r and s are the residual and
saturated water contents [L3L], respectively, Ksat is the saturated hydraulic conductivity
[LT?], e [L2], n[-], m [-], and | [-] are empirical parameters determining the shape of the
hydraulic conductivity functions. In particular, o [L™!] is related to the inverse of the air
entry suction, n [-] is a measure of the pore-size distribution, and I [-] reflects pore
discontinuity and tortuosity of the flow path. Soil hydraulic parameters used for all model
simulations are described in the next section.

Plant root distribution and water uptake were modeled in HYDRUS using the associated
Feddes parameters for each respective crop, assuming no solute stress. Other relevant
model parameterization including biochar characteristics and meteorological forcing in
support of numerical analyses are described in detail below.

3.2.3 Biochar & Soil Water Retention Curves (SWRC)

Three biochar treatments applied in this study were derived from local waste materials
corresponding to almond shell (AS-2), walnut shell (WS-2), and almond pruning (ATC-
1) residues that underwent slow pyrolysis at 300-350 °C using a mobile pyrolysis unit
(see Supplemental Figure S3.1). These biochar were selected from a patch of seven tested
biochar produced by the mobile unit as a means to lessen the surplus of orchard waste in
the Central Valley and potential enhancement to soil ecosystem services (Thao et al., in
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preparation). To emphasize, California alone supplies roughly 80% of world almonds
(100% of United States) (USDA-FSA, 2015) with an estimated 505,857 harvested
hectares in 2020 (USDA-NASS, 2020). Yet to produce 1 kilogram (kg) of nut conveyed
0.6 kg of almond shell and 2.5 kg of husk by-products, generating 2.7 million dry metric
tons of almond wastes annually (Aktas et al., 2015). In addition, by using locally derived
biochar from mobile pyrolysis units, we aim to minimize the materials transportation
cost, thus lowering farm capital expense.

Soils (topsoil from 0-15 cm) used in this study were collected from a grassland near the
UC Merced Castle Facility (Lat: 37.3732° Long: -120.5775°) and classified as Atwater
loamy-sand series. This well drained Alfisol soil originated from sandy alluvium created
by erosion of granite from the Sierra Nevada (Arkley, 1962). The method used to develop
moisture retention curve for soil organic treatments followed the vapor sorption analysis
for porous media described in Tuller and Or (2005). Soil water retention curves (SWRC)
from the mid to dry region were determined for the control and all biochar amended soils
(5% wt/wt) using WP4C dew-point potentiometer (Thao et al., in preparation). More
importantly, soil hydraulic parameters (o, n, 0r) were estimated using SWRC by
minimizing the sum of squared errors between the model and measured volumetric water
content data. Moisture retention from the wet region was extrapolated for each treatment
using the above soil hydraulic parameters and average-weighted porosity (Figure 3.2).

Additionally, measured physical and chemical properties of the Atwater loamy-sand and
retrieved NRCS soil properties for the sandy loam layers are provided in Tables 3.1 and
3.2. As noted in Table 3.1, bulk density (pb), and soil organic matter (SOM) decrease
with depth. In contrast, cation exchange capacity (CEC) and plant available water (PAW)
are greater in the lower soil layer, compared to the upper layer. Soil erodibility or K
factor also increase with depth. These trends can be attributed to soil particle size
distribution (sand, silt, and clay percentage) and plant residue differences in the top and
bottom soil layer.

All model simulations were carried out using hydraulic properties fitted directly to
measured SWRC data as described above, except for porosity and Ksat (Table 3.3). For
the 5% biochar amended soils, an average-weighted porosity was calculated using the top
soil layer porosity (0.44) and porosity assessments of 0.8, 0.53, and 0.55 for individual
biochar comprised of AS-2, WS-2, and ATC-1, respectively (Brewer et al., 2014). In
contrast, Ksat for individual soil layers was estimated using the pedotransfer function
(Rosetta Lite and the class pedotransfer of Carsel and Parrish) on the basis of soil particle
size distribution and bulk density (Schaap et al., 2001). Bulk density for 5% amended
soils were weight-averaged similar to porosity calculations.

3.2.4 Cropping Systems

As suggested above, two different cropping systems that are common to California
agriculture were assessed through numerical modeling. The first is a natural rainfed
grassland (perennial system) that has an effective rooting depth of 50-cm (USDA-NRCS,
1997). Grassland or commonly referred to as pasture is essential for rangeland vegetation
and livestock agriculture (Forero et al., 2003). The second system is an irrigated fresh-
market tomato field (annual system) with an effective rooting depth of 60-cm (USDA-
NRCS, 1997). This crop holds a major role in the California vegetable industry, with the
majority of acreage harvested in the Central Valley (Le Strange et al., 2000).
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In order to capture plant water root uptake and control irrigation trigger, four observation
nodes were positioned at regularly-spaced depth intervals of 20, 40, 60 and 80 cm within
the modeled domain. Through this approach, the top two sensors lie within the effective
root zone and the rest, below (Figure 3.1). For the irrigated tomato, the irrigation
threshold was set to trigger at -150 cm pressure head at the topmost observation node.
This is considered to be a typical threshold for coarse textured soils (Lopez, 2014).

3.2.5 Meteorological Forcing

Daily evapotranspiration (ET) and precipitation data to drive model simulations were
retrieved from the Merced CIMIS station (#148). Of this, the first 15 years (2000-2015)
were used in the spin-off simulation to achieve steady state soil moisture profiles.
Following this, the model was run for another five years (2016-2020), which forms the
basis of this study.

Mean potential ET, and precipitation for the 15 years spin-off and five years simulation
are shown in Table 3.4. As shown, annual ET, were similar in both the spin-off and
simulated period, averaging at about ~1390 mm. Annual precipitation on the other hand
varied among simulated years, with 2016, 2017, and 2019 receiving 100 mm (~4 inches)
more rain than the 15-years average, 2018 being a normal year, and 2020 being a dry year
(100 mm less). Such precipitation variability provides a natural scenario to test the impact
of biochar application across years.

3.2.6 Crop Yield and WUE

To determine if changes in water retention properties in biochar-amended soils act to
increase or decrease crop productivity, the cumulative plant root water uptake function
was taken as a proxy for plant performance or crop yield at the 5™ year. Other studies
have used this function to estimate crop yield as well (e.g., Ben-Gal & Shani, 2003). The
mean yield report for rainfed pasture (Forero et al., 2003) and fresh market tomato (Le
Stranger et al., 2000) was used as the reference yield for the Control. Subsequently, the
difference in cumulative root water uptake among treatments were converted
accordingly, e.g. 5% increase in root water uptake equates to 5% increase in yield.
Additionally, WUE was calculated by dividing the final yield against the sum of water
applied, expressed as ton per hectare per meter of water applied.

3.3 Results

3.3.1 Impact of Biochar Application to Rainfed Pasture

Hydrus-1D simulation for the rainfed pasture shows that biochar treatment significantly
changed moisture profiles especially within the top 20 cm, as compared to the control
(Figures 3.3a & 3.3b) (also see Supplemental Figure S3.2). The difference ranged from 1
to 9% higher moisture content for AS-2 compared to Control (see Table S3.1). Figure
3.4a and b further demonstrate that the model predicted substantially higher soil moisture
content for both top (20-cm & 40-cm) and bottom observation nodes (60-cm & 80-cm)
for all biochar-amended soils (Figure 3.4b) than the control (Figure 3.4a) (also see
Supplemental Figures S3.3 & S3.4). These differences were greatest during the first two
and a half years but diminished in the following years. Across years, soil moisture
differences between biochar and control were least during the peak of the rainy season
when maximum soil moisture was observed and greatest during the summer season. In
this regard, noted differences began to decline in 2018 (1000 day mark on Figure 3.4).
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This could be because of the drastically lower precipitation amount (~100 mm) in 2018
that followed the previous wet years (2016 & 2017).

In order to explicitly track how year-to-year variability in precipitation impacts other
hydrologic components, Figure 3.5 demonstrates the differences in cumulative soil
evaporation and water fluxes for biochar-amended and control soil profiles under the
rainfed system. As illustrated in Figure 3.5, cumulative soil evaporation was highest for
the control and lowest for AS-2 and WS-2 derived biochar (Figure 3.5a). This difference
between biochar-amended soil and control equates to roughly 17 cm (or 170 mm) of
water lost due to soil evaporation. This loss to evaporation can be further confirmed by
tracking the surface and bottom fluxes for all soil profiles, thereby accounting for any
water lost from the bottom of the domain. Figure 3.5b demonstrates greatest surface and
lowest bottom fluxes for the control implying that rainwater was mostly lost to
evaporation, with a small amount of water percolating below the effective rootzone for
this soil profile, as compared to biochar-amended soils (Figure 3.5b). Interestingly, both
AS-2 and WS-2 show highest predicted surface and bottom fluxes, thereby indicating
significant water retention in these biochar-amended soils with decreased evaporation
rates. Comparatively, ATC-1 demonstrated an intermediate evaporation rate and modest
water retention within the soil profile. Taken together, these findings suggest that biochar
amendments in coarse-textured soils increase water retention by reducing soil
evaporation loss, while allowing for more drainage for a rainfed pasture system. Similar
findings have been observed in other studies (Abel et al., 2013; Altdorff et al., 2019;
Arthur et al., 2015; Ginal et al., 2018; Kroeger et al., 2021; Mollinedo et al., 2015;
Stylianou et al., 2021), supporting the belief that even 5% biochar augmentation can
increase water retention within coarse textured soils.

3.3.2 Pasture Yield and WUE

Since the pasture was a rainfed system, all treatments received the same amount of
applied water by precipitation (~ 0.05 acre-inch or 1731 mm). Table 3.5 shows the
pasture yield and WUE at the end of the 5-year simulation period for control and biochar-
amended soils. Assuming that yield for the control is 12.9 ton/hectare (average yield for
rainfed pasture in CA) (Forero et al., 2003), Table 3.5 shows that control has the lowest
yield (12.9 ton/ha) and lowest WUE (7.452 ton/ha/m) at the end of the fifth year,
followed by ATC-1 (13.64 ton/ha & 7.879 ton/ha/m). Comparatively, WS-2 (14.09 ton/ha
& 8.139 ton/ha/m) and AS-2 (14.03 ton/ha & 8.105 ton/ha/m) have the highest yield and
WUE. These results are not surprising since significant water retention was obtained
from WS-2 and AS-2 that specifically diminished soil evaporation loss, which would
leave more water for plant root uptake. This water retention led to an 5.75%, 8.75%, and
9.25% increase in pasture yield for ATC-1, AS-2, and WS-2, respectively (Table 3.5).

3.3.3 Impact of Biochar Application to Irrigated Fresh-market Tomato

For the irrigated fresh-market tomato, predicted soil water content for control and biochar
amended soils are shown in Figure 3.6. For the irrigated system, moisture content in the
top soil layer (Figure 3.6a) was predicted to be constantly higher than the bottom soil
layer (Figure 3.6b) across control and biochar amendment types (see Supplemental
Figures S3.5 & S3.6). Additionally, observation nodes at different soil depths showed
similar moisture fluctuations; an expected outcome since the irrigation threshold is
identical for all soil profiles. However, in contrast to the model prediction for the rainfed
system, we detected much higher soil moisture content within the top 20-cm soil depth
for the control (Figure 3.7a) than the biochar amended soils (Figures 3.7b) (also see
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Supplemental Figure S3.7). The difference ranged from 1 to 32% higher moisture content
for the Control as compared to AS-2 (see Table S3.2). One explanation for this behavior
is that more irrigation was triggered for the control as compared to biochar amended
soils. This can be further confirmed by comparing evaporation losses across soil profiles.
Figure 3.8a demonstrates higher cumulative evaporation for the control (543 cm) and
ATC-1 biochar (545 cm) as compared to WS-2 (511 cm) and AS-2 (500 cm), similar to
the rainfed system (Figure 3.8a). In fact, the maximum difference in cumulative soil
evaporation rates was obtained between control and AS-2 amended soils and equates to
approximately 430 mm of water lost. This higher evaporation rate observed in the control
causes the -150 cm pressure head threshold to be reached more frequently, which triggers
more irrigation. Additionally, both cumulative bottom and surface fluxes were predicted
to be highest for the control, followed by ATC-1 (Figure 3.8b). This implies that not only
evaporation losses were greatest, but more water percolated down below the effective
rootzone for the control than biochar amended soils. Quantifying these differences,
control yielded 17.5%, 14.0%, and 7.4% more drainage than AS-2, WS-2, and ATC-1,
respectively.

3.3.4 Tomato Yield and WUE

Similar to the rainfed system, we analyzed differences in crop yield and WUE due to
application of biochar for irrigated tomatoes (Table 3.6). Here, total water applied was
greatest for the control at 15670 mm (~37.4 acre-inch), followed by ATC-1 at 15080 mm
(~33.4 acre-inch), WS-2 was 13,780 mm (~25.5 acre-inch), and lowest was AS-2 at
13380 mm (~23.3 acre-inch). As suggested above, more water applied to the control is
linked to higher evaporation demand for this soil profile. Interestingly, the highest crop
yield was also associated with the control as opposed to the rainfed system. In
comparison, there is a significant difference between water applied to yield for the
irrigated system (Table 3.6). When comparing control against AS-2, the model applied
14.6% more water in the control, and the yield return was 15.2%. In the case for control
versus WS-2, the model applied 12.1% more water with a 13.9% increase in yield return.
For control versus ATC-1, the model applied 3.8% more water, but the yield increase was
only 2.6%. Therefore, a critical question to ask is if there is any economic tradeoff
between yield gained to water saved under biochar application. In other words, does the
increase in crop revenue for the control (due to higher yield) offset the cost of pumping
more water? Likewise, does the water saved (reduced irrigation) by amending the soil
with a 5% biochar offset the yield disparity? This economic tradeoff is discussed in the
next section. Note that a discrepancy in WUE among control and biochar amendments
was not observed; WUE was 2.916 ton/ha/m, 2.899 ton/ha/m, 2.852 ton/ha/m, and 2.951
ton/ha/m for the control, AS-2, WS-2, and ATC-1, respectively (Table 3.6).

3.3.5 Tomato Economic Trade-off

Given the price of fresh market tomatoes in California is $39.4/CWT (USDA-NASS,
2020), the total revenue for each treatment is $16070 for control, $13638 for AS-2,
$13811 for WS-2, and $15635 for ATC-1. As expected, the control holds the highest
economic value since it produced the most yield under an irrigated system. When
comparing the differences in revenue, control yielded $2432, $2259, and $435 more
returns than AS-2, WS-2, and ATC-1, respectively (Table 3.7). To further assess if the
return on yield offsets the cost of pumping more water, we assume a conventional pump
with a flowrate of 100 GPM. Given this background, the price of water per acre-feet is
$70 (for Merced County in 2017), and operation cost of $7.17/hr. ($0.14/KWH * 48
KWH/hr. + $0.45 maintenance), the total cost for running the pump is $1213 for control,
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$756 for AS-2, $827 for WS-2, and $1084 for ATC-1 (see Supplemental). Consequently,
the difference in pump cost for the control versus biochar amendments returns a saving of
$539, $455, and $153, for AS-2, WS-2, and ATC-1 (Table 3.7). Based on these
calculations, our analysis indicates that the yield revenue gained by pumping more water
is greater than the revenue gained from water saved with biochar amendment for the
irrigated fresh-market tomato system. Under these circumstances, in order to capture the
higher yield revenue a tomato grower will choose to apply more water, given water
accessibility is not a constraint and the cost of water remains the same.

3.4 Discussion

3.4.1 Biochar Application under Rainfed versus Irrigated Systems

In this study, we found both similarities and differences in the impact of biochar
application to cropping systems that have varying irrigation practices. In the rainfed
system, biochar enhanced both pasture yield and WUE by reducing cumulative
evaporation and increasing soil moisture retention, which led to greater plant water
uptake. In these simulations, these outcomes are directly linked to changes in soil
hydraulic properties of biochar amended soils. Interestingly, similar outcomes have been
reported in other studies and attributed to soil retention properties, e.g. increase in surface
area of biochar amended soils (Horel et al., 2019; Novak et al., 2009; Sarkhot et al.,
2013) and hydraulic conductivity (Kameyama et al., 2012; Villagra-Mendoza & Horns,
2018).

Similar to the rainfed system, we also observed a reduced cumulative evaporation for
biochar amended soils under an irrigated fresh tomato system. In this irrigated system,
crop yield was considerably impacted by biochar application. While WUE for the
irrigated system was similar for the control and biochar, the control yielded the highest
crop yield. We suspect that the imputed soil hydraulic parameters from the SWRC and
Ksat (Table 3.3) influenced plant root water uptake and drainage in the simulation. To
test this speculation, we lowered the irrigation threshold for biochar amendment and
observed higher yield but also more cumulative bottom flux (data not shown). It’s also
likely that the higher Ksat attributed to biochar treatment allowed more infiltration in
both cropping systems, thus reduced soil evaporation loss. For the rainfed system, these
factors positively influence crop productivity and ecosystem services. However these
benefits are lessened for the tomato system since irrigation in the model is set to trigger at
the same threshold across treatments. This could explain why WUE was similar across
treatments for the irrigated tomato system (Table 3.6). In comparing WUE between the
two cropping systems, yield per unit of water applied is substantially higher in the rainfed
system as compared to the irrigated system across all treatments (Figure 3.9).

3.4.2 Comparison across Biochar Types

Of the three biochar that were tested, AS-2 and WS-2 bore superior effects on crop yield
and WUE for the rainfed grassland. ATC-1 holds an intermediary effect on crop and soil
productivity in the rainfed system, and showed behavior similar to the control for the
irrigated system. In comparing across these biochar-amended soils, our numerical
analysis highlighted that water retention characteristics were most sensitive to the o
parameter. Because ATC-1 biochar has a larger size in comparison to AS-2 and WS-2
(visual observation), and since o is inversely correlated to particle size, a lower a value
was assigned to ATC-1. These differences in water retention properties were therefore
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translated to differences in evaporation, other hydrologic fluxes and crop yield across
control and biochar treatments.

3.4.3 Indirect Benefits of Biochar Application

Various biochar economic studies have concluded that the direct benefits of biochar itself
may not offset the price of conventional practices (Bach et al., 2016; Galinato et al.,
2011; Marousek et al., 2019), especially if the positive effect is not observed
immediately. We observed this in our irrigated tomato simulation where the yield returns
by irrigating more frequently outweigh the revenues returned from water saved by adding
biochar. Contemporarily, unless the addition of biochar breakeven or generates more
revenues (e.g. Keske et al., 2020), farmers may view this approach as a precarious
investment. As a response, many authors have suggested the need to include indirect
benefits linked to adopting biochar practices. These indirect benefits include global
warming potential, soil carbon sequestration, and carbon credits (Bach et al., 2016;
Galinato et al., 2011; Roberts et al., 2010; Sahoo et al., 2019; Thengane et al., 2020).
Given that a carbon market exists to incentivize carbon sequestration, the greenhouse gas
emissions avoided by diverting and converting waste materials into biochar while
accounting for the carbon sequestered can make this approach a profitable investment
(Galinato et al., 2011; Sahoo et al., 2019; Thengane et al., 2020). For example, one ton of
biochar produced can sequester ~2.5 ton of CO2 (Puettmann et al., 2020; Roberts et al.,
2010; Thengane et al., 2020), hence a grower that applied 10 ton/ha of biochar can
potentially sequester 25 ton of CO2 back into the ecosystem. Considering a mean carbon
price of $102 USD/ton CO2 (Thengane et al., 2020), the grower can attain a carbon credit
of $2550. Based on this setting, applying biochar to our irrigated tomato system may
compensate for the revenue difference if we account for the carbon credit. Other indirect
benefits include higher nutrient use efficiency (Ghezzehei et al., 2014; Sarkhot et al.,
2013), thereby reducing farm fertilization expenses, enhancing microbial health (Ali et
al., 2017; Wang et al., 2020), and removing public health concerns, e.g. pesticide
application (Delwiche et al., 2014; Jones et al., 2011; Li et al., 2018).

Furthermore, our numerical simulation clearly shows that the application of biochar
resulted in positive gains for the non-irrigated pasture as compared to the irrigated tomato
system. For agronomic implication, the uses of biochar may be extended to widespread
practice such as non-irrigated cover crop to enhance yield and water storage, especially
during the winter rain season. Thus, non-irrigated setting may be a lower hanging fruit for
biochar application before it can be applied to irrigated agriculture.

3.4.4 Model Limitations

In our economic analysis, we assumed that water is not a limiting factor, and that the
price of pumping water remains constant throughout the five-year simulation.
Realistically this is not the case, especially for the California Central Valley where
drought and groundwater overdraft are critical concerns (Medellin-Azuara et al., 2016;
Waterhouse et al., 2021). Moreover, rules and regulations such as the Sustainable
Groundwater Act make it harder for farmers to pump groundwater in the absence of
surface water. In some cases, water may not be accessible for purchase or pumping at all.
We also did not consider the costs associated with the production and application of
biochar to each system. In the literature, the price of biochar varies greatly and is
dependent on multiple factors, such as feedstock, transportation cost, technology, and
pyrolysis methods (Robert et al., 2010; Sahoo et al., 2019; Thengane et al., 2020).
Nevertheless, our biochar was derived from local agriculture waste materials and
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specifically made using a mobile pyrolysis unit. Since transportation cost is a big portion
of the overall material cost (Marousek et al., 2019; Robert et al., 2010), this is expected to
significantly reduce the biochar price. Our overall aim was to analyze the impact of
biochar that is generated locally from waste residues available on the farm and directly
used in the farm itself. In addition, our biochar was created using slow pyrolysis at
temperatures around 300-350 °C. Biochar can be produced from various technologies,
e.g. gasification, slow pyrolysis, fast pyrolysis, etc., and at a range of temperatures (300-
900 °C). Each variation creates biochar with different characteristic and physicochemical
properties. Also, biochar was only applied once at the start of the simulation period,
hence we did not consider the effects of biochar aging on soil properties. In the literature,
biochar aging can either positively (e.g. oxidation of biochar that open up pore space) or
negatively (e.g. pore space clogged with clay particles) influence biochar physiochemical
properties and retention potential (Wang et al., 2020). Similarly, we were not able to
factor in the effects of field operation e.g. tillage, in the model; physical disturbance that
can influence soil water accessibility. For the rainfed pasture (a perennial system), this
effect may be negligible. However soil physicochemical properties and moisture
retention may be greatly impacted for annual crops such as the irrigated tomato, which
require field operation. Lastly, our datasets used in HYDRUS and the model itself have
constraints and assumptions. The model setup is chosen to best represent our cropping
systems, available datasets, and to answer our research questions. HYDRUS limitations
are not discussed here, and readers are encouraged to see Simtinek et al. (2016) for more
information.

3.5 Conclusion

In this study, we used HYDRUS-1D model to evaluate the mid-term effects of three
different types of locally-produced biochar on soil water and plant interactions for a
coarse textured soil. Our results demonstrated that biochar amendments increased
moisture retention and reduced cumulative evaporation under a rainfed system. These
changes in water components allowed for more plant water uptake to occur, over a longer
time period, thereby increasing crop yield. For an irrigated fresh-market tomato, biochar
amendments reduced soil evaporative loss and reduced irrigation application but resulted
in a lower crop yield. Across cropping systems, positive WUE was observed in the
rainfed system but not in the irrigated system with biochar application. WUE was
substantially greater for the non-irrigated grassland, supporting the assertion that biochar
may be more beneficial under natural rainfed cropping systems. Among the different
types of biochar, ATC-1 was found to be inferior to AS-2 and WS-2 due to differences in
soil hydraulic parameters, especially those related to the particle size (i.e. a). Overall, our
findings indicate that biochar has the potential to enhance farm water usage by reducing
soil water losses and can be a profitable investment, although indirect benefits such as
carbon credit and cost reduction from mobile pyrolizer must be considered.
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Figure 3-3 Moisture profile over time for rainfed control (A) and rainfed AS-2 (B). Solid
black line represents the initial soil moisture content (day zero), and solid red line is
moisture content in August for the 5th year. All other curves represent yearly moisture
content for the month of August.
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Figure 3-7 Moisture profile over time for irrigated control (A) and irrigated AS-2 (B).
Solid blue line represents the initial soil moisture content (day zero), and solid red line is
post-season soil moisture content (August) for the 5th year. All other curves represent
yearly post-season (August) moisture content.
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Solid blue line represents the initial soil moisture content (day zero), and solid red line is

post-season soil moisture content (August) for the 5th year. All other curves represent

yearly post-season (August) moisture content.
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Table 3-1. Physical Characteristics of soil layers used in model simulations
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Soil layer Bulk Density Sand Silt Clay PAW *Soil
(g/em’®) (%) (%) (%) (cm/cm) Erosion
Atwater 1.48 82.9 8.61 8.46 0.08 0.15
loamy sand
Sandy loam 1.38 66.0 19.0 15.0 0.12 0.24
* K factor for soil erosion
Table 3-2. Chemical Characteristics of soil layers used in model simulations
Soil layer SOM C N C:N CEC Ca K Mg pH
(%) (%) (%) (cmol  (cmol- (cmol  (cmol
-c/kg)  ckg)  -ckg)  -c/kg)
Atwater 1.70 0.78 0.06 13.0 4.87 3.97 0.51 0.17  6.70
loamy sand
Sandy loam  0.50 N/A NA NA 750 N/A N/A  NA 670

N/A = not available



Table 3-3 van Genuchten Parameters used in model simulations

Treatment 0, 05 o n Db Ksat
(g/cm?)  (cm/days)”
Control 0.007 0.44 0.011 1.526 1.48 144.3
5% AS-2 0.009 0.51 0.045 1.389 1.24 242.1
5% WS-2 0.014 0.45 0.039 1.418 1.34 202.8
5% ATC-1 0.009 0.46 0.029 1.431 1.26 234.9
Sandy-Loam 0.054 0.42 0.024 1.460 1.38 54.90

Table 3-4 Annual ET, and precipitation

Year ET. Precipitation *
(mm) (mm)
2000-2015* 1397 298
2016 1419 449
2017 1375 407
2018 1393 271
2019 1360 412
2020 1424 191

a Day 0 for the simulation start at January 1%, 2016
* 15 years average

Table 3-5 Non-Irrigated Pasture Water Applied & Yield
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Treatment Total Water Root Water Yield ? WUE Yield
(m) Uptake (mm) (ton/ha) (ton/ha/m) Comparison*
(%)
Control 1.731 800 12.90 7.452
5% AS-2 1.731 870 14.03 8.105 8.75
5% WS-2 1.731 874 14.09 8.139 9.25
5% ATC-1 1.731 846 13.64 7.879 5.75

8129 ton/hectare is average pasture yield (May-October) in California (Forero et al., 2003).
* 1 - Biochar/Control = % Difference compared to Control.

Table 3-6 Irrigated Tomato Water Applied &. Yield Comparison

Treatment Total Root Water  Yield ? WUE Difference Difference

Water Uptake (ton/ha)  (ton/ha/m) Water Yield
(m) (mm) (%) (%)

Control 15.7 3030 45.7 2.916
5% AS-2 13.4 2570 38.8 2.899 -14.6 -15.2
5% WS-2 13.8 2610 39.3 2.852 -12.2 -14.0
5% ATC-1 15.1 2950 445 2.951 -3.80 -2.60

8 45.7 ton/hectare is average fresh-market tomato yield in California (Le Stranger et al., 2000).
* 1 - Biochar/Control = % Difference compared to Control.

Table 3-7 Irrigated Tomato Economic Comparison

Comparison $ Yield $ Water
Control vs AS-2 -2,432 539
Control vs. WS-2 -2259 455

Control vs ATC-1 -435 153




Chapter 4.

The effects of different biochar-dairy manure co-
composts on soil hydraulic properties, nutrients retention,
greenhouse gas emissions, and tomato productivity;
observations from a soil column experiment

Abstract

Finding feasible solutions for sustainable food production is challenging. Here we try to
understand the balance between crop productivity and ecological stewardship using
agroecological based soil management strategies. More specifically, we evaluated the
potential of different organic materials such as dairy manure compost and different
biochar manure co-composts, derived locally from agricultural wastes, to enhance soil
ecosystem services. We assessed their impact on soil hydrological properties, nutrient
retention, greenhouse gas emissions, and crop productivity using data collected from an
outdoor tomato column study. Results from the experiment showed biochar co-composts
yielded substantial improvement to soil health by minimizing loss of essential nutrients
such as NO3-N and NH4*-N, sustained tomato yield, and improved crop water use
efficiency. However, yield response to soil organic amendment is constrained by external
factors such as irrigation strategies, with treatments under deficit irrigation greatly
impacted. Overall, we observed a positive effect of adding biochar manure co-composts
to soil, although best management practices are needed to optimize crop productivity and
avoid unintentional consequences.

4.1 Introduction

Maintaining a balance between food production and ecological stewardship is crucial for
the sustainability of agriculture and human welfare. Still, farming systems like crop and
animal production are known to be associated with several environmental issues, directly
linked to soil and nutrient management such as non-point source contamination caused by
leaching and field runoff. Common farming operations (e.g. irrigation scheduling and soil
compaction caused by farm machinery) can also lead to unintended consequences and
loss in farm revenue. Equally, the annual surplus of wastes generated from agriculture
production also convey a high degree of ecological risks, particularly linked to climate
change with modern practices like open burning and stockpiling of animal waste (e.g.
dairy manure). These practices emit substantial greenhouse gas (GHGS), such as methane
(CHa,), carbon dioxide (CO2), and nitrous oxide (N-O) back into the atmosphere (Crippa
etal., 2021).

Alternatively, diverting and converting these wastes into material like biochar and
compost to be used as a nutrient-rich organic soil amendment for crop production has
been viewed as an ecological technique to enhance soil ecosystem services (Wang et al.,
2019; Xiao et al., 2017; Yin et al., 2021). Many studies have investigated and observed a
positive effect of incorporating biochar and compost on soil health (Abideen et al., 2020;
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Chen et al., 2020; Cooper et al., 2020; Shin et al., 2018) and plant growth (Bashir et al.,
2020; Obadi et al., 2020; Teodoro et al., 2020). However, the process of creating organic
materials such as compost also releases considerable GHGs (Nordahl et al., 2023;
Sénchez et al., 2015; Yin et al., 2021). By contrast, composting with biochar has been
shown to significantly reduce GHG emission during the composting process (Harrison et
al., 2022; Xiao et al., 2017) and may yield a superior organic soil amendment (Sanchez
et al., 2018; Wang et al., 2019). An extensive literature review conducted by Agegnehu et
al. (2017) highlights the greater potential of biochar co-compost to positively impact soil
ecosystem services, as compared to biochar or compost alone. Similarly, a more recent
meta-analysis conducted by Wang et al. (2019) also reveals a substantial gain in yield
(39.7%) for cereal crops grown with biochar co-compost, though much remains unknown
about how agroecosystems respond to biochar co-compost application (Gao et al., 2023).
Furthermore, balancing ecological stewardship and high levels of crop production
remains a difficult task to resolve (Tully & Ryals, 2017). Few controlled studies have
examined the agronomic and environmental effects of soil organic amendment like
biochar manure co-compost on soil health, GHGs emission, and crop productivity.

4.1.1 Research Objectives

The overall research objective in this study is to understand the balance between
agroecological based soil management and crop productivity. We assessed different soil
organic amendments (e.g. manure compost and biochar manure co-compost) that are
derived locally from agricultural waste materials (e.g. dairy manure and different orchard
wastes). We hypothesized that the application of all soil organic amendments will have
positive effects on soil health, more specifically soil hydraulic properties and nutrient
retention, and enhance crop productivity, while also reducing environmental impacts on
typical agricultural soils in the Central Valley of California. To test this hypothesis, we
conducted and discussed here findings from an outdoor tomato column study.

4.2 Materials and Methods

4.2.1 Tomato Column Experiment

The soil column experiment was conducted outside at University of California, Merced,
next to the greenhouse facility (37.364 °N, -120.422 °W) during the summer (July) of
2022 and lasted until early winter (November) 2022. The experiment was conducted
outside rather than in the greenhouse to expose the plant to actual, fluctuating climatic
conditions. The soil used in the column study was collected from an experimental field
site and classified as a loamy, thermic Natric Durixeralf USDA Soil Taxonomic family
(soil order: Alfisols) (Gao et al., 2023). The experimental design was a complete
randomized block design with three blocks (Figure S4.1). The main factor was the soil
organic amendments, which consisted of five different treatments, a no amendment
(Control), dairy manure compost (Compost), almond shell biochar manure co-compost
(ASB), walnut shell biochar manure co-compost (WSB), and almond clipping biochar
manure co-compost (ACB). Each soil organic amendment was applied at a 5% (w/w)
application rate and was thoroughly mixed, then backfilled into the top 15-cm. The
biochars used for the co-composting process were products derived from local
agricultural wastes using a rotational mobile pyrolyzer at temperature around 350°C -
400°C (Figure S4.2). Each biochar was then added to fresh dairy manure using a 5%
mixture rate (w/w) and composted for 42 days using lab compost reactors (Harrison et al.,
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unpublished data). The sub-factor was irrigation schemes, where half of the treatments
within each block were irrigated at full crop water demand or crop evapotranspiration
(ETc) while the other half were irrigated at 75% ETc, a practice known as deficit
irrigation. The deficit irrigation served as a means to evaluate the influence of these soil
organic amendments on plant productivity given that water is a constraining variable in
drought prone agricultural regions such as California. A total of 30 columns (5 treatments
X 2 irrigation x 3 replication) were established. The soil column was made from a
polyvinyl chloride (PVC) tube with a 15 cm diameter top, a circumference of 53 cm, and
a height of 70 cm. The bottom of each column was capped, and a drainage line attached
to a 12 oz plastic bottle was installed at the bottom to capture leachate.

4.2.2 Column Measurement

Organic beefsteak tomato (Solanum lycopersicum) was chosen as the crop for the column
study. The rationale for selecting this crop is because it followed the wheat-tomato crop
rotation at the field site (Gao et al., 2023). In addition, tomato holds a major role in the
California vegetable industry, with the majority of acreage harvested in the Central
Valley (USDA-NASS, 2020). This tomato variety is generally planted from March
through July in the region. The column was spaced 30.5 cm apart from each other on a
wooden stand, similar to standard field spacing. Tomato was transplanted on July 13,
2022 and harvested by November 23, 2022, a total of 133 growing days. Measurements
used as proxy for plant productivity as influenced by soil treatments and irrigation
regimes were fractional green canopy and leaf chlorophyll content. Plant canopies (n = 3)
were estimated using the Canopeo apps developed by Patrignani & Ochsner (2015) and
images were taken at a height of 50 cm above the plant canopy near solar noon. Leaf
chlorophyll content was measured using the SPAD 502 meter (Spectrum Technologies,
Plainfield, IL, USA) on three youngest mature leaves in each plot (n = 9). The SPAD 502
is a portable and nondestructive technique used to estimate leaf chlorophyll
concentrations (Xiong et al., 2015) and has been shown to greatly enhance nitrogen
fertilization management (Ghosh et al., 2020). In addition, we also monitored fruit set in
each plot throughout the season and used the observation as an indicator of plant stress.

Daily tomato ET. was calculated by multiplying the reference ET generated by the
nearby CIMIS station (#148) by a specific crop coefficient (kc) for tomatoes grown in the
Central Valley region (Hanson & May, 2006). Excluding the water used to bring the
initial soil condition to field capacity and plant establishment, a total of 558 mm and 432
mm of water was applied to the 100% and 75% ET. plot, respectively. Furthermore, a
total of 168 kg N/ha was applied to all plots; separated into three equal applications (56
kg N/ha, applied in August, September, and October 2022). At harvest, tomato fruits
were picked from each plot and weighted. Fruit juice was then extracted from all fruit and
used for sugar content determination. Sugar concentration (%) was measured using a
handheld Brix Refractometer with the capacity to measure sugar density in solution from
0-90%. This specific unit also includes automatic temperature compensation (between
10°C to 30 °C) with an accuracy of + 0.2%. A total of three sugar measurements were
conducted for each plot (n = 3). Plant biomass was determined by oven drying the
aboveground biomass at 100°C for 48 hours. Water use efficiency (WUE) and nitrogen
use efficiency (NUE) was calculated by dividing the respective yield in each plot with
total water and nitrogen applied.
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4.2.3 Soil Hydrological Properties

Since soil hydrological properties as influenced by different soil organic amendments is a
main interest, moisture retention curves (n = 3) were established for all soil organic
treatments and control using the WP4C Dewpoint Potentiometer (METER Group,
Pullman, WA). The method used to develop moisture retention curve followed the vapor
sorption analysis described in Tuller & Or (2005) and reported in Thao et al.
(unpublished data). The moisture retention curve of a substance describes its potential to
hold onto water in the presence of different suctions. For field application, understanding
the retention curve is extremely critical as moisture is directly linked to many factors
such as plant available water, nutrient leaching, biota activity, and GHGs emission.
Measurement of hydrophobicity, or the repulsive nature of a material to water, was also
performed for all experimental treatments (n = 9) using the water droplet penetration test
(WDPT).

Similarly, soil moisture sensors were also essential tools in the column experiment. Ten
soil moisture sensors connected to two EM50 data loggers (METER Group, Pullman,
WA) were installed in the deficit irrigation plots in Block 2 (randomly selected). Of this,
five Decagon 5EM sensors with the capacity to measure soil moisture and temperature
were installed at 20 cm depth, or right below the zone of application, to monitor moisture
retention near the active rootzone (referred to as surface moisture from hereafter). Five
Decagon 5TE sensors, with the capacity to measure soil moisture, temperature, and bulk
electrical conductivity (EC) were also installed in the same plot at 50 cm soil depth to
monitor moisture movement within the profile (referred to as subsurface moisture from
hereafter). Moisture sensors were installed one month before transplant to allow for
environmental acclimation. The two data loggers were set to take readings every hour and
soil moisture data were collected on a weekly basis.

4.2.4 Greenhouse Gas Emissions

GHG (CO2, CH4, and N,O) sampling was conducted using a cavity ring-down laser
spectrometer Picarro Gas Analyzer (Picarro G2508, Picarro Inc., Santa Clara, CA) with a
five minute continuous flux reading. The unit is connected to a closed system static
chamber (26 cm in diameter and 13 c¢m tall). Gas fluxes (nmol m2s™) were calculated in
the Picarro Soil Flux Processor program using the exponential model developed by
Hutchinson & Mosier (1981) to account for nonlinear changes in headspace
concentration (Gao et al., 2023; Harrison et al., 2022). GHG emissions were measured
five different times throughout the season: at preplant or after soil treatment
incorporation, after the first, second, and third fertilizer applications, and post-harvest. A
PVC chamber (26 cm in diameter fitted down to 15 cm and 30 cm in height) was attached
to the tomato column for gas sampling. As the plant canopy developed and expanded, the
canopy was carefully packed inside the chamber to avoid physical damage. After each
sampling, gas concentrations were given time to return to ambient concentration before
the next measurement.

4.2.5 Nutrient Retention and Soil Analysis

We evaluated the soil organic treatments' potential to retain essential nutrients, such as
nitrate nitrogen (NOs-N) and ammonium nitrogen (NH4*-N), by collecting and analyzing
leachate and soil samples. We are particularly interested in these two forms of inorganic
nitrogen since they are the primary nitrogen sources for plant uptake but are also highly
susceptible to leaching, and are a major environmental and public health concern in the
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state (Harter et al., 2002). After the post-harvest GHG sampling, we conducted a flush on
the soil column. Hence, each column was given a total of 102 mm (~ 4 inch) water to
flush out any residual nutrients within the soil profile. Leachate samples were then
collected from all plots twice, the day after the flushing event and five days afterward,
following a large precipitation event. Leachate samples collected in both respective dates
were thoroughly mixed, and a subsample from each was taken for inorganic nitrogen
analysis. After the flushing event, soil samples were taken from each column at five
depths intervals (0-15, 20-30, 30-40, 40-50, and 50-60 cm) by cutting the entire column
into different sections. Moisture content for each sample was determined by oven drying
a subsample at 100 °C for 48 hours. For soil analysis, 6 g of soil were mixed with 30 mL
of 2M KCI and shaken for one hour. Samples were then filtered using Whatman #1 filter
papers into a 50 mL centrifuge tube and frozen at -4 °C degree prior to inorganic nitrogen
analysis. NOs-N and NH4+-N concentration (mg L) and amount (mg kg Dry Soil) was
determined for leachate and soil samples by the microplate colorimetric techniques using
the vanadium-chloride method and salicylate-nitroprusside method, respectively
(Mulvaney et al., 1996).

4.2.6 Statistical Analysis

Statistical analyses were done using the R package (R Core Team, 2020). All datasets
were subjected to the Normality (Shapiro-Wilk) and Homogeneity of Variance
(Levene’s) tests. When necessary, datasets that failed to meet the assumptions of
ANOVA were log-transformed prior to analyses. A two-way Analysis of Variance
(ANOVA) was performed to determine statistical differences among treatments for
measured parameters for the tomato column experiment, with statistical significance
established at the 90% confidence interval or p < 0.1. Tukey-HSD tests were used to
distinguish significance among treatments. In addition, linear regression was also
performed on tomato yield datasets with leaf chlorophyll content and canopy coverage.

4.3 Results
4.3.1 Crop Productivity

4.3.1.1 Crop Yield

No statistical difference was detected for aboveground biomass of tomato plants as
influenced by soil organic amendments (p = 0.465) or irrigation regime (p = 0.396). For
tomato fruit, although we observed greater yield in the amended treatments compared to
the control, the difference was also not significant (p = 0.653). Significant treatment
difference however was detected for irrigation regime (p = 0.065) with fruit yield in the
100% ET. greater than the 75% ET. (Figure 4.1a). As for sugar content, significant
differences were observed for treatment (p = 0.013), irrigation (p = 0.074), and
interaction between treatments and irrigation levels (p = 0.001). Since interaction was
observed, the sugar dataset was separated by soil organic treatment and reanalyzed as a
one-way ANOVA. For treatments irrigated at deficit rate, sugar concentration in WSB
(5.89%), Compost (5.89%), and Control (5.50%) were significantly lower than ASB
(8.33%) (Table S4.1). ACB had intermediate sugar concentration (7.11%) and was not
significantly different from the other treatments. For treatments irrigated at 100% ET.,
WSB (6.50%) and Compost (7.11%) again has significantly lower sugar content
compared to ASB (8.22%), ACB (10%), and Control (9.56%) (Table S4.1). When
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comparing fruit sugar content with irrigation regimes, we see much higher concentration
in the 75% ET. treatments, compared to its 100% ET. counterpart (Figure 4.1b).

4.3.1.2 Water Use Efficiency and Nitrogen Use Efficiency

We did not see any statistical differences in WUE, expressed as ton/hectare of tomato
yield per meter of water applied, for soil organic treatments (p = 0.722). A significant
difference was detected for irrigation regimes (p = 0.078), again with WUE in 100% ETc
greater than 75% ET. (Figure 4.2). NUE, expressed as ton/hectare of tomato yield per kg
of N applied, in the column study followed WUE, with no difference detected for soil
treatments (p = 0.653) but was present for irrigation regimes (p = 0.065), with greater
NUE observed in 100% ET. plots (Figure S4.3).

4.3.2 Soil Hydrological Properties

4.3.2.1 Moisture Retention Curves & Hydrophobicity

Moisture retention curves for treatments in the tomato column study (n = 3) are shown in
Figure 4.3. Here we clearly see that moisture retention in the control is substantially
lower than moisture retention from the soil organic amendments (Figure 4.3). In other
words, at the same gravimetric water content, water in the organic treatments is held at a
much greater force than the control. When assessing the hydrophobicity of each material,
other than the Control all other soil organic amendments were found to be extremely
hydrophobic (Table S4.2). Note that hydrophobicity was observed only on the pure
materials and not on the mixed soil (data not shown).

4.3.2.2 Surface and Subsurface Moisture

Moisture at the 20 cm surface level shows that deficit WSB and deficit Control had much
higher moisture content throughout the entire growing season, compared to surface
moisture observed in the deficit Compost and deficit ASB treatments (Figure S4.4a). At
the 50 cm subsurface, moisture content in the deficit WSB and Compost treatments is
much higher than the Control, ACB, and ASB (Figure S4.4b). This same pattern is also
reflected in the bulk EC detected by the subsurface sensors (Figure S4.4c).

4.3.3 Nutrient Retention

4.3.3.1 Soil and Leachate NOs™-N and NH4*-N

Post flushed soil NOs-N and NH4*-N with depth for the column experiment is shown in
Figure 4.4. For treatment in the 100% ET., we see relatively similar NOs-N (< 0.5 mg
NOs™-N/ kg Dry Soil) throughout the soil profile for WSB, Compost, and ACB (Figure
4.4a). Control was similar to the organic amendments up until 50 cm and 60 cm. At these
depths we observed a spike in soil NO3-N for the Control. For 75% ET., except for ASB,
soil NOs-N increased with depth for all treatments (Figure 4.4b). After 30 cm, soil NOs™-
N was greater for the ACB treatment compared to the others. Figure 4.4c reveals soil
NH4*-N with depths for the 100% ET.. Soil NH4*-N was similar for all treatments up
until 30 cm. After this depth, Compost and WSB have a decline in soil NH"-N, whereas
ASB, ACB, and Control have a spike in soil NHs"-N. Soil NH4*-N in the deficit irrigation
plots was generally lower compared to the fully irrigated plots. We also observed a
similar soil NH4*-N pattern for all treatments with depth in the deficit plots (Figure 4.4d).
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Leachate NOs-N and NH,*-N concentration (mg L) for the tomato column study is
displayed in Figure 4.5. For NOs™-N, no statistical significance was detected for soil
treatments (p = 0.658); though the Control was much higher in concentration (Figure
4.5a). We did however observe a significant difference with irrigation regimes (p =
0.094), with leachate NOs™-N statistically greater in the 75% ET. plots compared to
concentration in the 100% ET.. No statistical difference was detected for leachate NH4*-
N across soil treatments (p = 0.994) or irrigation level (p = 0.477) (Figure 4.5b).

4.3.3.2 GHG Emissions

Table 4.1 shows soil GHG emissions at different periods in the column study. At
preplant, a significant difference was detected for CO, emission among treatments (p =
0.095), with emission from WSA (16.95 mg CO, m s1) greater than Control (7.24 mg
CO, m?2s1). Emissions from ASB, ACB, and Compost were not statistically different
from each other or from WSA and Control. No statistical difference was observed for
CH., and N,O emission at preplant. Differences in CO2 emissions measured after the first
fertilization event were not significant among soil treatments but were statistically greater
in the 75% ET. plots compared to 100% ET. (p = 0.027). No statistical difference was
observed for CH, and N,O across soil treatments and irrigation regimes. GHG emissions
measured after the second fertilization were not significantly different across soil
treatments and irrigation level. Similarly, gas measurement taken after the third
fertilization was not statistically different across treatments and irrigation for CO; and
CH.. After the third fertilization event, a significant difference was detected for N,O
emission as influenced by soil treatments (p = 0.03). As shown in Table 4.1, deficit ACB
has the highest N,O emission (3621 ng NoO m2 s1), followed by 100% ET. ACB (2655
ng N2O m? s1), whereas N,O was lowest in the deficit WSB (-2897 ng N.O m2s?),
followed by deficit Compost (-1859 ng N.O m s%). In general, there was a positive N,O
flux in the fully irrigated treatments and a negative flux (uptake) in the deficit plots on
this particular day. GHGs emissions taken at post-harvest were not significantly different
across soil treatments and irrigation level.

4.4 Discussion

4.4.1 Influence on Crop Productivity

The application of organic amendments to soil is a means to restore soil carbon stocks,
mitigate GHG emissions, enhance soil ecosystem services, and sustain crop productivity
(Lehmann & Kleber, 2015; Longbottom et al., 2022). However, in this study we observed
that the response of crop yield to soil organic amendments varied with irrigation
strategies. Although we observed greater yield with soil treatments (Figure 4.1a), this
effect was not statistically different. It appears that yield was more constrained by
environmental factors such as water availability. As indicated, most of the statistical
differences were detected for irrigation schemes (e.g. fruit, sugar content, leachate NO3z™-
N, WUE, and NUE).

4.4.2 Crop Productivity under Irrigation Schemes

Plant measurements such as leaf chlorophyll content and fractional green canopy may
help us understand why no significant difference was observed in yield across soil
organic treatments, but differences were observed for irrigation schemes. Fractional green
canopy was not significantly different for soil treatments, except for canopy taken in
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September where ambient temperature was high (Table S4.3). During this date, plant
canopy in the deficit irrigation plots was statistically smaller than the fully irrigated plots
(p =0.0123). This may be an indicator of plant water stress. After this period, seasonal
temperature dropped and plant canopy in the deficit plots was able to recover and was
comparable to the 100% ET. (Table S4.3). This may be the reason why we did not see
statistical differences in plant biomass. On the other hand, SPAD meter reveals that in
most cases leaf chlorophyll content in ACB, Compost, and Control were significantly
lower compared to WSB and ASB (Table S4.4). This observation was true across
treatments and irrigation regimes (Table S4.4). Leaf chlorophylls are essential for
photosynthesis and can be used as a proxy for photosynthetic potential (Suplito et al.,
2020; Xiong et al., 2015). In general, plants will expand their canopy in order to intercept
as much photosynthetic available radiation as possible for consumption. Therefore, in
theory we should see a difference in plant productivity given that a positive relationship
for tomato biomass to mean leaf chlorophyll content was observed (r> = 0.288, p =
0.0022) (Table 4.2). Yet a superior relationship was also detected for biomass to
fractional green canopy (r? = 0.594, p < 0.0001) (Table 4.2), and since plant canopy was
not statistically different across soil treatments or irrigation regimes, the effects leaf
chlorophyll imposed onto biomass may have been overshadowed.

Fruit yield was significantly affected by irrigation regimes with yield in the
deficit plots much lower compared to the full irrigation. This could be linked to the
observation stated above where the plant may have been water stressed. Possibly, there
could be negative chronic effects on fruit development even after the plant canopy
recovered, e.g. canopy development at the cost of fruit yet. Studies have shown reduced
yield for tomatoes that were exposed to water stress conditions (Cui et al., 2019;
Medyouni et al., 2021; Patané et al., 2010). Another assumption is stress induced
premature fruit in the 75% ET., which is supported by fruit-set count taken throughout
the season. Figure 4.6 shows the fruit-set count at different dates with the y-axis being
treatment replications. Hence, a treatment reaching three implies that all replications for
that treatment set fruit on that particular date. As observed, treatments receiving the
deficit rate set fruit earlier in the season compared to the fully irrigated plots.
Furthermore, both deficit ASB and ACB had only two replications that produced fruit,
while deficit Compost did not set fruit until later in the season. Since the fruit was
developed prematurely, fruit may be smaller in size but higher in sugar content at harvest
due to longer maturity. Deficit Compost has the lowest yield among the 75% ET.
treatments, whereas Control has the lowest yield among the 100% ET.. Similar to deficit
ASB and ACB, Control in the 100% ET. also has only two replications that set fruit. It is
possible that the low yield in the 100% ET. Control was caused by nutrient stress. This is
revealed in both soil and leachate samples where Control has much higher soil NOz-N
and NH."-N residuals with depths and concentration (Figures 4.4 & 4.5). Since Control
was irrigated at full ET,, the water may have pushed available nitrogen below the
rootzone.

4.4.3 Influence on Soil Hydrological Properties

In this column study, moisture retention curves developed for all soil treatments show
higher water retention potential for the different organic amendments (Figures 4.3),
although actual soil moisture retention under climatic conditions varied. Moisture sensors
installed below the zone of application in deficit treatments exhibit similar moisture
patterns for WSB and Control, both were relatively higher than ASB, ACB, and
Compost. All organic amendments displayed higher moisture at the 50 cm subsurface
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region compared to Control (Figure S4.4b). This indicates that more water is percolating
down in the profile for soil with co-composts amendments, which can be a positive effect
for groundwater recharge but a concern for nutrient leaching. However, both yield and
leachate NO3-N and NH4*-N in the deficit plots were not statistically different across soil
treatments (discussed more in Section 4.4). This observation may be linked to augmented
soil structure stemmed by more microbial activity from the added organic materials
(Anderson et al., 2011). The increase in microbial activity in conjunction with organic
matter decomposition may strengthen soil pore connectivity and allow for better water
flow (Baiamonte et al., 2019; Bohara et al., 2019). Several studies have detected
improvement in soil aggregate stability from soil amended with biochar and manure co-
compost (Chen et al., 2020) and attributed the findings to enhanced microbial growth
(Cooper et al., 2020; Sanchez-Monedero et al., 2018).

4.4.4 Influence on Soil Nutrient Retention

Nutrient retention is critical for crop production and is a major factor for understanding
the balance between soil management and crop productivity (Tully & Ryals, 2017; Wu &
Ma, 2015). Improvement in nutrient retention can lead to increased yield potential,
decrease environmental impacts, while raising farm revenue by reducing fertilizer
expenses. In our study, we observed greater potential of biochar co-composts to retain
more inorganic nitrogen (NO3-N and NH."-N) while also maintaining crop yield.
Inorganic nitrogen in both soil and leachate were generally lower in co-compost
treatments as compared to Control. This is visibly shown in plots that were irrigated at
full crop water demand (Figure 4.4a, 4.4c). Since fruit yield in the 100% ET. was not
affected, this is evident of greater retention at high irrigation rate. When comparing
nitrogen loss across irrigation regimes, we observed higher soil NO3-N with depth
(Figure 4.4a, 4.4b) and leachate NO3-N (Figure 4.5a) in the deficit plots as compared to
the 100% ET.. This result is expected as more nitrogen should be retained with less water
percolation (Di & Cameron, 2002). The irrigation flush after harvest then leached out the
preserved nitrogen in the deficit plots. Results from our experiments are aligned with
numerous leaching studies that shown high potential of biochar to adsorb NOs™-N and
NH4*-N (Bohara et al., 2019; Knowles et al., 2011; Kuo et al., 2020; Shin et al., 2018;
Zheng et al., 2013).

445 Influence on GHGs

No major differences were detected for CH4 and N2O emissions taken at different dates
across soil treatments and irrigation schemes. CO however was higher for the WSB co-
compost treatments at the preplant period compared to Control. This could be due to
rapid mineralization of the organic material after soil incorporation (Baiamonte et al.,
2019; Bohara et al., 2019). Following this, the higher CO, emission detected in the deficit
plots after the second fertilization may be associated with more available oxygen.
Oxygen limitation conditions, e.g. moisture content greater than field capacity, is known
to have a negative effect on soil respiration (Ghezzehei et al., 2019; Manzoni et al.,
2012). Note that average CO, emission was generally higher in deficit plots compared to
fully irrigated plots (data not shown).

4.4.6 Offset between Agroecological based Soil Management vs Crop
Productivity

Figure 4.7 presents the main findings from our column experiment, divided into three
major sections as influenced by soil organic treatments: 1) soil hydrological properties, 2)
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soil nutrient retention and greenhouse gas emissions, and 3) crop productivity. As
illustrated, all sections are interconnected so changes in one section, either negatively or
positively, yield responses from the other two. For instance the increase in soil NO3z-N
and NH4"-N retention from co-composts treatments (Figure 4.4a, 4.4c¢) was triggered by
higher moisture retention (Figure 4.3), however crop yield was only sustained and not
enhanced. Here soil hydrological properties here were not only affected by organic
treatments but also by irrigation inputs. It is possible that yield was not affected by soil
treatments because available nutrients were leached below the active rootzone with
irrigation (Gao et al., 2020). The nutrients that were retained may be bound to the organic
materials making it not available for plant uptake (Yao et al., 2012). This could explain
why we observed higher soil NOs-N with depth (Figure 4.4b) and leachate NO3-N
concentration (Figure 4.5a) in the deficit plots while yield across soil treatments was not
impacted.

The response of plants to soil organic amendments and irrigation strategies further
complicates the system. For instance, no difference in tomato biomass was detected
across soil treatments and irrigation regimes (Table S4.1), yet fruit yield was significantly
impacted in the deficit rate (Figure 4.1a). Likewise, tomato canopy was similar in size
throughout the season for all plots (Table S4.3), but leaf chlorophyll content in WSB and
ASB were constantly higher than ACB, Compost, and Control (Table S4.4) across
irrigation schemes. In particular, the higher leaf chlorophyll content in WSB co-compost
may be an indicator of greater nutrient uptake, as revealed in the yield for 100% ET..
These observations demonstrate plant natural resiliency to adverse conditions but do
convey a yield tradeoff (Dutta et al., 2020; Husen, 2021). Here the positive effects from
organic treatments as reflected in higher leaf chlorophyll content and greater soil nutrient
retention may be overshadowed by plant physiological response to water stress. Across
soil organic treatments, manure compost under deficit rate underperforms in both yield
and WUE compared to co-compost treatments.

Ultimately, by adding organic amendment to agricultural soil our goal is to increase crop
yield by improving moisture and nutrient uptake (Lehmann & Kleber, 2015). But nutrient
retention from organic amendment is less effective under common irrigation practices
(Gao et al., 2020). In a 3 year field study, Gao et al. (2020) observed highest N leaching
in biochar treated plots subjected to high irrigation frequency. Yet we also risk stressing
the plant and reducing yield potential if we lower the amount of water applied (Medyouni
et al., 2021). This shows the intricate nature when trying to couple crop production with
ecological management. Moreover, handling such tasks requires a personnel (e.g. farmer
or farm manager) to have extensive knowledge in soil, crop, irrigation, and
environmental science. This may be a reason why such practices have not been adopted
by farmers (Swinton et al., 2015). Similar to the 4R Nutrient Stewardship (Johnston &
Bruulsema, 2014) there may be a need to develop best management practices guidelines
for soil organic amendments.

4.5 Conclusion

Overall, we observed positive effects of adding organic amendment such as biochar
manure co-compost to soil. We observed greater nutrient retention and crop water use
efficiency, but yield response varied and is constrained by irrigation strategies. Our
results also show that using biochar manure co-composts as a soil organic amendment
has greater potential to positively affect soil ecosystem services, as compared to using
organic amendment such as compost alone. Most critically, the transferability of excess
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wastes from the agriculture sector into a product with potential to sustain crop
productivity, lessen ecological concerns, and alleviate climate change may open a holistic
route toward sustainable food production.
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Figure 4-1 Tomato fruit yield (a) and sugar content (b). Mean of three replications with
standard error bar.
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Table 4-1 Mean greenhouse gas emissions (n = 3), measured with Picarro Gas Analyzer.
Data analyzed using a two-way ANOVA, followed by Tukey-HSD test given statistical
significance detected. Value with letters indicate statistically significant (p < 0.10) among
soil treatments, whereas value with the * asterisk indicates statistical significance across

irrigation level.

Preplant WSA ASB ACB Compost Control
COz (mg CO,m?s) 16.95a 13.47 ab 11.71ab 12.67 ab 724 b
CHq4 (ng CHysm2s%) 24.46 19.79 112.6 85.51 15.84
N2O (ng N2O m2s?) 897.9 888.3 922.1 615.5 526.2
1%t Fertilization

CO,-100% ET. (mg CO, m2s?) 30.41 26.55 24.38 29.69 31.62
CH4-100% ET. (ng CHsm2 s) 131.9 422.3 395.9 -642.2 228.7
N,0-100% ET. (ng N.O m2s?) 13517 2655 1724 17138 4827
CO,-75% ET. (mg CO,m? s%) 32.59 36.69 * 35.48*  3597* 33.79
CH4-75% ET. (ng CHam2 s%) 167.2 184.8 281.5 281.5 369.5
N20-75% ET. (ng N2Om2 s?) 4586 3621 5069 2896 -241.4
2" Fertilization

C02-100% ET. (mg CO2m2s?) 14.92 22.86 18.39 11.01 21.72
CH4-100% ET. (ng CHam2 s%) 0.00 51.91 193.55 52.79 105.57
N20-100% ET. (ng N.O m2s?) -1521 2341 -1279 3621 -555.2
CO,-75% ET. (mg CO; m? s?) 16.03 14.43 17.67 15.11 19.36
CH4-75% ET. (ng CHam2 s2) -20.23 193.6 131.9 140.8 -5.890
N20-75% ET. (ng N2O m? s%) 482.8 796.6 1448 965.5 4104
3" Fertilization

C0,-100% ET. (mg CO;m2 st 23.03 25.56 23.51 11.97 35.77
CH4-100% ET. (ng CHsm2 s) -167.2 67.74 -404.7 87.98 58.94
N20-100% ET. (ng N.Om?s')  -161.7bcd  313.8bc 2655ab  362.1hbc 1859 ab
CO,-75% ET. (mg CO,m? s 31.62 22.30 30.15 30.34 31.89
CH4-75% ET. (ng CHsm? s?) 343.1 -281.5 87.98 -290.3 219.9
N20-75% ET. (ng N,Om2s?) -2897 d -941.4 bc 3621 a -1859 ¢ -627.6 bc
Post-harvest

C0,-100% ET. (mg CO2m2s?) 1.230 1.470 0.600 1.690 1.570
CH4-100% ET. (ng CHam2 %) -11.44 7.650 -64.22 52.79 11.44
N20-100% ET. (ng N2O m2s?) 161.7 1448 79.66 -917.3 482.8
CO,-75% ET. (mg CO,m? s 1.09- 1.450 1.300 1.010 1.330
CH4-75% ET. (ng CHsm? s?) 19.35 87.98 64.22 11.44 32.55
N20-75% ET. (ng N2Om2s?) 482.8 -7483 -1159 1279 989.7

*Preplant CO2 Treatment p = 0.095
*1% Fertilization CO2 75% ET. Irrigation p = 0.0271
*3rd Fertilization N2O ETc Treatment p = 0.03



Table 4-2 Relationship between yield vs mean chlorophyll content and fractional green
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canopy.
Variables Slope  Intercept R? p-value  Significance Std Error
Biomass vs SPAD 3.677 -160.9 0.288 0.0022 e 1.094
Biomass vs F¢ 2.542 -0.970 0.594  6.2E-07 falaiale 0.397
Fruit vs SPAD 0.363 +21.56 0.002 0.8141 ns 1.530
Fruit vs Fc 0.242 +37.50 0.004 0.7439 ns 0.735
Brix vs SPAD 0.297 -9.110 0.220 0.0088 e 0.105
Brix vs F¢ -0.029 +7.916 0.008 0.6196 ns 0.057

*Level of significance: * p < 0.1, ** p <0.05, *** p < 0.01, **** p <0.001, ns indicates p > 0.1



Chapter 5.
Conclusion

Using a variety of research approaches, e.g. laboratory measurement, numerical
modeling, lab incubation experiments, and outdoor soil column study, we investigated the
ecological and agronomic effects of different biochar and also biochar dairy manure co-
composts, derived from local wasted organic materials, on soil ecosystem services. In
Chapter 2, findings from our study reveal an increase in soil moisture retention with
biochar application rates (5% and 10% w/w), particularly noticeable at the wilting point
region. Biochar derived from almond shells had the most influence on soil moisture
regime and soil respiration. Although specific surface area varies among the tested
biochars, with walnut shell biochar yielding the highest SSA. In Chapter 3, our numerical
simulation shows that the application of biochar at 5% (w/w) increased soil water
availability within the topsoil for a rainfed pasture system, irrespective of biochar
amendment type. In contrast, a similar biochar amendment for the irrigated fresh market
tomato system did not affect water use efficiency, instead reducing seasonal soil
evaporation loss and thereby reducing irrigation demand. In both cropping systems, year-
to-year variability in precipitation significantly impacted the total amount of water saved
under biochar application with certain amendments retaining more water than others. In
Chapter 4, findings from our tomato column study revealed positive effects of adding
biochar manure co-composts to soil. We observed greater nitrogen retention and crop
water use efficiency, but yield response varied and is constrained by irrigation strategies.
Our results further show that using biochar manure co-composts as a soil organic
amendment has greater potential to positively affect soil ecosystem services, as compared
to compost alone. Overall, results from all three chapters support the notions that
converting wasted organic materials into nutrient-rich organic soil amendment can have a
positive effect on soil hydrological properties and ecosystem services and may open a
holistic route toward sustainable food production.
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Appendices

Appendix A: Supplemental for Chapter 2

Figure S2.1. Incubation samples and K30 FR 10000 PPM CO- sensors.
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Figure S2.2. Relationships between biochar SSA to biochar mixtures SSA.



Appendix B: Supplemental for Chapter 3

Figure S3.1
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Figure S3.1. 1X-Mobile Pyrolysis Unit used to create biochar at 300-350 C.

Table S3.1. Moisture difference for rainfed Control and AS-2 at the top 20 cm.

Soil Depth  August 2016  August 2017  August 2018  August 2019  August 2020

(cm) (%) (%) (%) (%) (%)
0 0.01 0.01 0.01 0.01 0.01
1 0.02 0.01 0.01 0.01 0.01
2 0.03 0.01 0.01 0.02 0.02
3 0.04 0.01 0.02 0.02 0.02
4 0.05 0.01 0.02 0.02 0.02
5 0.05 0.01 0.02 0.02 0.02
6 0.06 0.01 0.02 0.02 0.02
7 0.06 0.01 0.02 0.02 0.02
8 0.06 0.01 0.02 0.02 0.02
9 0.06 0.02 0.02 0.02 0.02
10 0.06 0.03 0.02 0.02 0.02
11 0.07 0.04 0.02 0.02 0.02
12 0.07 0.04 0.02 0.02 0.02
13 0.07 0.05 0.02 0.02 0.02
14 0.07 0.05 0.01 0.02 0.02
15 0.07 0.05 0.01 0.02 0.02
16 0.07 0.06 0.01 0.02 0.02
17 0.07 0.06 0.01 0.02 0.02
18 0.07 0.06 0.01 0.02 0.02
19 0.07 0.06 0.01 0.02 0.02
20 0.09 0.07 0.00 0.00 0.00

* AS-2 - Control = Moisture Difference
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Rainfed WS-2
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Figure S3.2. Moisture profile over time for rainfed WS-2 (C) and rainfed ATC-1 (D).
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Table S3.2. Moisture difference for irrigated Control and AS-2 at the top 20 cm.

Soil Depth  August 2016 August 2017  August 2018  August 2019 August 2020

(cm) (%) (%) (%) (%) (%)
0 -0.1374 -0.1003 -0.1301 -0.3245 -0.1996
1 -0.1212 -0.0936 -0.1107 -0.278 -0.1845
2 -0.1103 -0.0883 -0.0984 -0.226 -0.1737
3 -0.1021 -0.0836 -0.0894 -0.1926 -0.1651
4 -0.0958 -0.08 -0.0826 -0.1723 -0.158
5 -0.0906 -0.0767 -0.077 -0.1581 -0.1523
6 -0.0862 -0.074 -0.0727 -0.1474 -0.1469
7 -0.0824 -0.0717 -0.0687 -0.1386 -0.1425
8 -0.0794 -0.0697 -0.0654 -0.1312 -0.1384
9 -0.0763 -0.0678 -0.0627 -0.1243 -0.1346
10 -0.0738 -0.0662 -0.06 -0.1186 -0.1313
11 -0.0716 -0.0649 -0.0578 -0.1131 -0.1282
12 -0.0696 -0.0639 -0.0558 -0.1084 -0.1252
13 -0.0677 -0.063 -0.0541 -0.1038 -0.1224
14 -0.066 -0.062 -0.0523 -0.0994 -0.1199
15 -0.0647 -0.0611 -0.0508 -0.0955 -0.1177
16 -0.0634 -0.0604 -0.0494 -0.0918 -0.1153
17 -0.0622 -0.0598 -0.0483 -0.0881 -0.113
18 -0.061 -0.0594 -0.0474 -0.0847 -0.111
19 -0.0599 -0.0589 -0.0463 -0.0816 -0.1091
20 0.0006 0.002 0.014 -0.0229 -0.0488

* AS-2 - Control = Moisture Difference
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Figure S3.5. Seasonal moisture content for irrigated WS-2 biochar.
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Figure S3.7. Moisture profile over time for irrigated WS-2 (C) and irrigated ATC-2 (D).

Note: Energy cost of applying water

Assume a conventional pump with 100 GPM & operation cost of $7.17/hr ($0.14/KWH *
48 KWH/hr + $0.45 maintenance)
https://www.eia.gov/electricity/monthly/epm_table_grapher.php?t=epmt 5 6 a
https://www.farmprogress.com/compare-costs-irrigation-pumping

Control = 1,015,570 gal / 100 GPM = 10,156 min / 60 min/hr = 169.3 hrs * $7.17 =
$1,213

AS-2 = 632,694 gal / 100 GPM = 6,327 min / 60 min/hr = 105.4 hr * $7.17 = $756
WS-2 = 692,434 gal / 100 GPM = 6,924 min / 60 min/hr = 115.4 hr * $7.17 = $827
ATC-1=906,953 gal / 100 GPM = 9,069 min/ 60 min/hr = 151.2 hr * $7.17 = $1,084

Control vs AS-2 = $ 457 + $82 (cost water/AF) = + $539
Control vs WS-2 = $ 386 + $69 (cost water/AF) = + $455
Control vs ATC-1 =$ 129 + $24 (cost water/AF) = + $153


https://www.eia.gov/electricity/monthly/epm_table_grapher.php?t=epmt_5_6_a
https://www.farmprogress.com/compare-costs-irrigation-pumping

Appendix C: Supplemental for Chapter 4

Summer 2022 Soil Column Experiment: Tomato
Location: UCM Greenhouse
Latitude: 37.363991 Longitude: -120.422444
Experiment Duration: July 2022 - December 2022
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Figure S4.1. Column Experimental Design

Figure S4.2. 1X Mobile Pyrolizer

Table S4-1. Tomato yield. Dataset analyzed using a two-way ANOVA, followed by
Tukey-HSD test given statistical significance detected. Value with letter’s indicate

15"
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statistically significant (p < 0.10) among soil treatment, whereas value with the * asterisk
indicate statistical significance across irrigation level.

Yield WSA ASB ACB Compost Control
Biomass 100% ET. (@) 32.2 47.3 26.3 31.0 66.7
Biomass 75% ET. (g) 45.9 35.9 48.1 49.8 54.0
Fruit 100% ET. (g) 68.9 52.6 45.9 48.9 * 22.0
Fruit 75% ET. (g) 27.0 31.3 37.2 11.3 29.5
Brix 100% ET. (%) 5.89b 8.33a 7.11ab 5.89b 550b
Brix 75% ET. (%) 6.50 b 8.22a 10.0 a* 7.11 b* 9.59 a*

Table S4-2 Water Droplet Penetration Test

Column Treatment *WDPT (s) Class
Control <1 Non-repellent
Compost > 3600 Extremely repellent
ASB 5% > 3600 Extremely repellent
WSB 5% > 3600 Extremely repellent
ACB 5% > 3600 Extremely repellent

*Mean of 9 measurements.
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Figure S4.3. Nitrogen Use Efficiency, expressed in ton/hectare/ kg of N applied. Mean of
three replications with standard error bar.
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Figure S4.4. Surface, subsurface moisture, and subsurface electrical conductivity in

tomato study (a, b, and c)

Table S4-3 Mean fractional groundcover (n = 3), measured with the Canopeo Apps. Data
analyzed using a two-way ANOVA, followed by Tukey-HSD test given statistical
significance detected. Value with the * asterisk indicate statistical significance across

irrigation level.

Date Irrigation WSB ASB ACB Compost  Control
Fec (%) Fc (%) Fc (%) Fc (%0) Fc (%0)
7-25-2022 100% ETc 0.007 0.007 0.007 0.007 0.008
75% ETc 0.007 0.007 0.007 0.007 0.008
8-19-2022 100% ETc 4.47 5.37 5.15 5.95 4.74
75% ETc 4.47 5.37 5.15 5.95 4.74
9-14-2022 100% ETc 20.47* 13.16 14.40* 15.72* 14.72*
75% ETc 7.77 9.57 9.21 10.13 9.44
10-7-2022 100% ETc 28.84 17.42 20.87 23.12 28.15
75% ETc 20.35 21.14 18.62 24.82 22.81
10-26-2022 100% ETc 30.41 28.15 18.75 27.88 34.88
75% ETc 30.70 26.78 30.25 36.37 34.23
11-14-2022 100% ETc 17.38 24.51 11.40 15.80 22.53
75% ETc 16.85 16.09 17.65 13.57 20.04

*9-14-2022 Irrigation p = 0.0123
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Table S4-4. Mean plant chlorophyll content (n = 3) measured throughout the season
using the SPAD 502 meter. Data were analyzed using a two-way ANOVA, followed by

Tukey-HSD test given statistical significance detected. Value with letter’s indicate

statistically significant (p < 0.10) among soil treatment, whereas value with the * asterisk

indicate statistical significance across irrigation level.

Date Irrigation WSB ASB ACB Compost ~ Control
7-25-2022 100% ETc 49.70 51.15 49.00 49.76 51.35
75% ETc 49.70 51.15 49.00 49.76 51.35
8-19-2022 100% ETc 59.68 a 61.08 a 55.03 b 59.58 a 57.23a
75% ETc 59.68 a 61.08 a 55.03 b 59.58 a 57.23a
9-14-2022 100% ETc 59.95a 54.73ab 55.79ab 50.27 b 56.31 ab
75% ETc 5750ab 58.02a 56.18 ab 54.46 b 53.49 ab
10-7-2022 100% ETc 58.98a 59.88ab 56.94ab 53.12b 56.36 b
75% ETc 59.79a 5593ab 60.26ab 58.19ab* 56.24b
10-26-2022 100% ETc 58.84 61.20 56.38 60.01 56.52
75% ETc 65.59 * 64.18 63.74 * 65.27 * 66.50 *
11-14-2022 100% ETc 46.47ab  54.49a 4460 b 4540b 46.98 ab
75% ETc 52.52 51.87 53.82* 51.21 50.19

*8-19-2022 Treatment p = 0.00438

*9-14-2022 Treatment p = 0.0186

*10-7-2022 Treatment p = 0.0083, Treatment x Irrigation = 0.0025
*10-26-2022 Irrigation p = 3.01E-011

*11-14-2022 Irrigation p = 0.0015, Treatment x Irrigation = 0.0714





