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Abstract

Agricultural soils are net sources of atmospheric carbon globally. However, they
have the potential to be carbon sequesters if managed using climate-smart agriculture
(CSA) management practices that can improve global soil organic carbon (SOC) stocks.
These practices are necessary to limit climate change and safeguard soil productivity
and global food security. Soil also incorporates a wide range of environments that can
comprise diverse microbial communities. Microbes serve important roles in
decomposition of C and mineralization of N and are regulated by a variety of abiotic and
biotic factors that can be influenced by different fertilizers, such as mineral and organic
fertilizers. Additionally, soils serve as a primary sink and source of trace metals,
especially in agricultural settings. Agricultural practices can lead to substantial heavy
metal addition to soils through the use of fertilizers and pesticides. Whether soils serve
as sinks or sources of trace metals depends on a wide range of factors that dictate their
retention capacities for these metals.

The first chapter of this dissertation explores the effects of tree crop agriculture
on soil carbon sequestration, with an emphasis on citrus and avocado groves in
Southern California. It was found that tree crop agriculture may be a viable means of
balancing both food production and carbon sequestration. The second chapter
examines how mineral versus organic fertilizer treatments compare regarding their
effect on nitrogen cycling, nitrogen uptake, and microbial communities in avocado and
citrus groves. Contrary to expectations, there were no substantial differences observed
within the target variables, although this outcome may be due to not much time having
passed after fertilization treatments. The third chapter investigated the effect of long-

term mineral versus organic fertilizer application on trace metal concentrations in soil



through sequential extractions. Both the DTPA and BCR extraction results suggest that
organic fertilizer treatments increase bioavailability of Cu. Zn bioavailability was also
found to increase with organic fertilizer per the DTPA extraction results and the XRF
data, and Cr bioavailability was found to increase with organic fertilizer per the BCR
extraction results.

Overall, this dissertation demonstrates the potential of tree crop agriculture for
soil carbon sequestration and sets the foundation for future research comparing mineral
and organic fertilizers on soil properties, with specific insights on how these fertilizers

differ regarding trace metal bioavailability.



Introduction

Several agricultural soils are CO- sources because of soil disturbance and heavy
cropping, emitting 5—6 Gt COz-eq yr' (Kantola et al., 2017). In 2020, agriculture
contributed 11.2% of total gas emissions in the United States (USDA 2022; Figure 2).
While agricultural soils are net sources of atmospheric carbon globally, if managed
using climate-smart agriculture (CSA) management practices they also have the
potential to be carbon sequesters (Bai et al., 2019). Some of the most effective CSA
techniques include applying biochar amendments to soils, adding cover crops, and
minimizing soil tillage (Bai et al., 2019). Enhanced weathering is another means by
which carbon can be sequestered in agricultural soils, where crushed silicate rock is
added as a soil amendment (Kantola et al., 2017). Finally, adjusting agricultural
methods based on the regional climate can help minimize soil carbon losses (Sun et al.,
2020). Efforts to improve global soil organic carbon (SOC) stocks are required to
sequester atmospheric carbon to limit climate change in order to safeguard soll

productivity and global food security (Bhattacharya et al., 2010).

The long-term balance among the additions of organic carbon from various
sources and its losses through various pathways modify SOC stock in a specific area
(Bhattacharya et al., 2010). For a long time, organic carbon content has been identified
as a crucial component of soil quality, and therefore, conservation of SOC in cropland
soils is a chief factor of the productivity and long-term stability of agricultural systems
(Huang et al., 2010). Changes in carbon soil pools are usually linked to changes across
carbon fluxes in terrestrial ecosystems (Chen et al., 2015). The precise method in which

nitrogen regulates the carbon-cycle is still mainly unclear, which is a significant issue in



model projections of future climates and ecosystems (Lu et al., 2011). Fruit tree
ecosystems have the potential to remove C at a rate similar to those of forests;
however, the C sink function of fruit tree ecosystems and the regulating ecosystem

services have received relatively little attention (Montanaro, 2017).

Soil structure maintenance, including the formation of aggregates, is an important
component of soil health and affects its ability to support food production and provide
other ecosystem services (Kibblewhite et al., 2008). Soil aggregates are stable,
amalgamated structures that are classified into different size classes (Bucka et al.,
2019). Soil aggregation and structure is a significant characteristic of soil fertility by
influencing root growth, spreading, and uptake of water and nutrients, while aggregates
simultaneously aid in resistance to erosion (Huang et al., 2010). Soil organic matter
(SOM) serves as a binding agent for aggregates, which are organized hierarchically (Six
et al., 2004). SOC is closely linked with a wide array of physical, chemical, and
biological properties of soil, thereby playing a key role in soil processes and functioning
(Huang et al., 2010). Conventional agricultural practices, such as tilling, destroys soil

aggregates (Tebrugge, 2003).

Micronutrients are elements that plants need in smaller quantities for growth in
contrast to primary macronutrients like nitrogen, phosphorus, sulfur, and potassium
(Hansch & Mendel, 2009). Plants indicate diverse requirements for particular
micronutrients; however, there are elements that are commonly acknowledged to be
essential for all higher order plants which include chloride (Cl), boron (B), iron (Fe),
copper (Cu), nickel (Ni), manganese (Mn), molybdenum (Mo), and zinc (Zn) (Hansch &

Mendel, 2009). Micronutrients serve obligatory roles in the biosynthesis of proteins,



nucleic acids, growth materials, gene expression, metabolism of carbohydrates and
lipids, stress tolerance, etc. via involvement with various physiologically active
molecules and several enzymes (Aftab & Hakeem, 2020). With the use of traditional
mineral fertilizers (NPK) and little/no use of organic fertilizer, widespread micronutrient

deficiencies are occurring (Behera et al., 2019).

Zinc has emerged as the most widespread micronutrient deficiency in soils and
crops worldwide (Das & Green, 2016). Zinc deficiency is a global public health problem,
leaving ~2 billion people at risk for deficiency of this trace metal (Bafaro et al., 2017).
Zinc deficiencies are common in many subtropical areas where avocados are grown

(Crowley et al., 1996).

The productivity of many ecosystems is regulated by nitrogen availability
(Vitousek et al., 2002). Nitrogen can be lost as particulate matter through the burning of
biomass, volatilization into a gas, and nitrate leaching (Davidson et al., 2007). The
production of reactive N through anthropogenic activities such as N fertilization,
agricultural N2 fixation, and combustion of fossil fuels has comprehensive
consequences on productivity, ecosystem functions, biodiversity, and climate change

(Hietz et al., 2010).

Soil microbial communities are regulated by abiotic and biotic factors such as soill
moisture, soil texture, soil temperature, seasonality, and vegetation type (Mellado-
Vasquez et al., 2019). Various communities of microbes differ in their capacity to adapt
to differing soil nutrient levels, and under recurring fertilizer applications, microbial
growth and activity can be altered due to physical, chemical, and biological changes

(Wu et al., 2021). Research has long focused on the effect of agricultural management



on biodiversity of higher organisms, and assessing microbial diversity has only recently
become more accurate in the light of high-resolution sequencing (Hartmann et al.,
2015). Sustainable agriculture is characterized by fungal dominance in soil microbial
communities and a higher microbial metabolic efficiency compared to conventional

agriculture (Chavarria et al., 2018).

Ideally, agricultural practices will prioritize both food production and climate
change mitigation. Avocados are a major California crop and recommendations for
growers are vital given a growing need to adapt sustainable agricultural practices
particularly with intensifying climate change effects. Over the course of the next three
chapters, we will address some concerns with cultivating avocados, citrus, tomatoes,

and corn in California.



Chapter 1: Long-term impacts of agriculture on carbon, nitrogen, and trace metal
storage
Abstract

Agricultural soils are net sources of atmospheric carbon globally. However, they
have the potential to be carbon sequesters if managed using climate-smart agriculture
(CSA) management practices that can improve global soil organic carbon (SOC) stocks.
These practices are necessary to limit climate change and safeguard soil productivity
and global food security. Soil plants and microorganisms take in atmospheric carbon
and store it as SOC, which is contained within soil aggregates. Soil aggregates are
stable structures that can be assigned to different size classes. POM is more sensitive
to and has quicker response times to management practices and can be used as an
indicator of turnover changes in soil organic matter (SOM). Therefore, carbon and
nitrogen are more stable in microaggregates than macroaggregates. High yield
agricultural practices, which are traditionally used in row crop ecosystems that do not
have a high rate of CO2 removal, have been concerned with adding only macronutrients
without any regard for micronutrients. However, fruit tree ecosystems have the potential
to remove CO: at a rate similar to those of forests. Therefore, avocados and citrus, the
two of the most valuable tree crops grown in CA, might have a very different impact on
soils than row crop ecosystems. This study examined this through the lens of long-term
agriculture of avocado and citrus in native Southern California soils. While it was found
that basic soil composition was unaltered by the introduction of tree crops, soils
supporting tree crops had higher concentrations of both carbon and nitrogen. Moreover,

nutrient concentrations also differed between grove and reference soil samples to



varying degrees. Ultimately, the findings of this study demonstrate that tree crop
agriculture may be a viable means of balancing both food production and carbon
sequestration.

Introduction

Avocados and oranges are considered to be two of the six most valuable crops
for CA (Lobell et al., 2006). Avocados are native to Central America and the West Indies
and 1856 was the first recorded planting of an avocado tree in California (CA)
(California Department of Food and Agriculture, n.d.). Avocados are sensitive to frost
and are primarily grown along the southern coast (California Department of Food and
Agriculture, n.d.). San Diego leads CA in the production of avocados, accounting for
47% of CA avocado market value (EPA, 2015). The introduction of citrus fruits to CA
dates to 1769 and the first planted orchard was recorded in 1804 (California Department
of Food and Agriculture, 2016). Commercial citrus production in CA comprises 30% of
citrus production and 42% of national value in the United States (California Department
of Food and Agriculture, 2013).

Soil structure maintenance, including the formation of aggregates, is an important
component of soil health and affects its ability to support traditional food production and
provide other ecosystem services (Kibblewhite et al., 2008). Soil plants and
microorganisms take in atmospheric carbon and store it as soil organic carbon (SOC)
which is contained within soil aggregates. Soil organic carbon (SOC) is directly related

to the formation and stability of aggregates (Huang et al., 2010; Tripathi et al., 2014).

Microaggregates form within macroaggregates and particulate organic matter

(POM) from roots aids the formation of aggregates (Six et al., 2004). Therefore, POM



could not be easily available for degradation due to being physically stabilized in
aggregates and also composed of carbon that is biologically resistant (Zhou et al.,

2010).

SOM consists of a range of pools that fluctuate in their physical and chemical
characteristics, turnover rates, and decomposability (Liao et al., 2006). In order to better
manage agricultural systems, a more comprehensive knowledge is needed to
understand how nutrients, particularly carbon and nitrogen are stored in soil. SOM is
mainly stabilized in stable microaggregates, while across soil types and perturbations,
alterations in the turnover rate of macroaggregates can influence SOM stabilization (Six
et al., 2004). POM can have a turnover time ranging from months to years and is
composed of fine root fragments and organic debris (Zhou et al., 2010). POM is easily
decomposable for soil microbes and also acts as a nutrient pool for plants short-term
(Zhou et al., 2010). Older SOM is usually more resilient to decay and contained in
microaggregates, which are frequently found within macroaggregates that are combined
together by roots and fungal hyphae (Liao et al., 2006). POM is more sensitive to and
has quicker response times to management practices and can be used as an indicator
of turnover changes in SOM (Zhou et al., 2010). Therefore, carbon and nitrogen in

microaggregates will be more stable than in macroaggregates.

An important component of organic matter dynamics is the formation of soll
aggregates that aid in stabilizing soil structure, which is significant for aeration of soils
and their resistance to erosion (Grunwald et al., 2016). Microaggregates display slower

turnover rates and greater stability in comparison with macroaggregates, indicating that



microaggregates are more valuable for long-term carbon sequestration (Huang et al.,

2010).

Levels of SOC can be controlled via crop rotation and fertility maintenance, which
is inclusive of inorganic fertilizers and organic manure, tillage methods, and other
cropping system components (Bhattacharya et al., 2010). As the human population
continues to grow, there will be a need for increased efficiency of agricultural systems
and land use changes. Concurrently, present agricultural lands will need to be cultivated
intensively and efficiently (Schlesinger & Andrews, 2000). Alterations in soil organic
matter and nutrient pools following the conversion of native systems to agriculture have
been well recognized (Compton & Boone, 2000). As climate change affects
temperature, precipitation, and other agricultural related variables, it will have
multifaceted impacts on global food security (Jia et al., 2019). This will lead to more land

use change which in turn can exacerbate global climate change.

Food security is a growing concern globally, related to obtaining food, and the
quality and variability of food (Tripathi et al., 2015). Traditionally, high yield agricultural
practices have been concerned with adding only macronutrients without any regard for
micronutrients (Imtiaz et al., 2010). Crops harvest both macro- and micronutrients from

the soil, effectively mining the soil of its nutrients (Imtiaz et al., 2010; Jones et al., 2013).

Micronutrients are engaged in almost all metabolic and cellular activities, such as
gene regulation, hormone perception, etc. (Hansch & Mendel, 2009). Many vital metal
ions are redox-active which serves as a source for their existence as catalytically active
cofactors in metalloenzymes (Hansch & Mendel, 2009). A shortage of micronutrients

leads to significant constraints on productivity, stability, and sustainability of soil (Aftab &



Hakeem, 2020). Zinc is of particular interest in avocado cultivation because it is often
deficient in many subtropical areas where avocados are grown, leading to issues in fruit

quality and tree health (Crowley et al., 1996).

Many studies show row crops contribute to depletion of micronutrients and loss
of soil carbon, especially in arid or semi-arid regions (Smith et al., 2008; Imtiaz et al.,
2010; Jones et al., 2013). However, fruit tree ecosystems have the potential to remove
CO: at a rate similar to those of forests (Montanaro, 2017). Therefore, avocados and
citrus, the crops analyzed in this study, might have a very different impact on soils. The
main hypotheses of this research are that grove soils could have a net positive effect on
the formation of larger macroaggregates, C and N storage, and micronutrient

concentrations.

Methods
Field site and sampling

The study site for this research project is the avocado and citrus grove that is
situated on Santa Margarita Ecological Reserve (SMER). SMER was established in
1962, is managed by San Diego State University (SDSU), and comprises land owned
by SDSU, the SDSU Research Foundation, the U.S. Bureau of Land Management, the
California Department of Fish and Wildlife, and the Nature Conservancy. The grove was
acquired by SDSU circa 1996, and for the first 20 years it was managed by an
agricultural company that administered fertilization treatments and harvested the crops.
Since 2014, the grove has been left largely undisturbed by humans, apart from being

watered and harvested. The grove comprises 20-acres and lies approximately between



117°11°47.09” W and 117°11°17.68” W, and 33°26°03.68” N and 33°25'55.88" N. The

region has a 30-year (1981-2010) rainfall average of 358 mm/yr.

- D i T
\ L3 3A4. .
SN Zone 3A%;, ¢ :

Google Earth

Figure 1. Map of field site with zones and sample points indicated. Yellow pins indicate

grove samples, teal pins indicate reference samples.

Three zones were chosen based on elevation and drainage patterns on Google
Earth. Each zone was subdivided into two subzones that had comparable elevation and
drainage patterns. Six reference points were also identified for comparison with grove

soils (Figure 1).

From each subzone, six soil collection points were randomly chosen. If a
collection point was on a tree or right by the base of a tree, the actual collection point
was moved three feet away from the tree. Soil samples were collected from all the
subzones over a period of three weeks in October of 2019. An additional six reference

samples were collected from surrounding native soils over a period of two weeks in
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January 2021. The soil samples were collected with the use of a 15cm trowel that was

plunged into the soil and lifted out in order to keep the aggregates intact.

Soil fractionation (water stable aggregates)

The collected soil was weighed, airdried, and then weighed again. After the soil
was airdried, approximately 100g from each sample was weighed and sieved in a 19-
liter bucket. Exact weights were recorded per sample. The sieve sizes used were 2000,
500, and 250 microns, which were stacked from largest to smallest size. These sizes
were chosen to look at larger macroaggregate stability. The bucket was filled with water
up to half the topmost sieve in order to not let the soil get washed over the side. This
was then set on a rotator at 75RPM for 5 minutes. Each soil fraction was separately

dried in a drying oven set at 100°C. After drying, the soil was weighed again.

The oven-dried soil fractions as well as the original bulk soil were used for the
carbon and nitrogen analysis. Approximately, 20-40mg were weighed in Costech
5x9mm tin capsules. Exact weights were recorded per sample. The capsules were then
pressed into compact cubes and stored for mass spectrometry analysis. The prepared
tin capsules were run on a Costech Analytical Elemental Combustion System coupled

with a Thermo-Finnegan Mass Spectrometer.

Diethylenetriaminepentaacetic acid (DTPA) & HNOs extraction

DTPA extractions were done according to Lindsay and Norvell (1978) and HNO3
extractions were done according to Groenenberg et al. (2017). The extractions were
analyzed using PerkinEImer Inductively Coupled Plasma (ICP-OES). DTPA extractions
were conducted to ascertain the availability of trace metals to plants, while HNOs3

extractions were conducted to determine how metals are occluded in particles. Both

11



these methods were utilized because organic matter can either bind metals and make
them unavailable or chelate them (Fan et al., 2016) which makes them easier to be

accessed by plants (Zhang et al., 2016).

Soil texture analysis, POM & organic matter

Texture and particle size analysis was done by standard methods laid out by
Smith and Mullins (1991), and the sieve sizes used were 2000, 500, 250, and 63
microns. POM was obtained by using the density separation method (Strickland &
Sollins, 1987). After density separation from the mineral soil, the light organic fraction
was captured on a filter, rinsed, dried, and weighed. Organic matter content was

evaluated through combustion (Salehi et al., 2011).

Statistical analysis
Statistical analyses were conducted with R-Studio and Microsoft Excel. ANOVAS
and pairwise t-tests were used to determine significance. Statistical analyses were

conducted on log-converted values to ensure equal variance.

Results

There were no significant differences between grove and reference soil samples
regarding average percent POM, average percent organic matter, percent gravel,
percent sand (coarse, medium, fine), percent silt, and percent clay (Table 1). There was
a significant difference regarding pH (Table 1). The masses of texture analysis fractions
were similar across both reference and grove soil samples for all soil fractionation sizes

(Table 1).

12



Table 1. Basic soil composition measurements for reference and grove soil samples.

Asterisk indicates a significant difference.

R |Grove
pH* 6.39 | 7.50
Average %POM | 2.07 | 0.82
%gravel 11.30( 9.86

%coarse sand |18.29]22.09
%medium sand |16.46| 18.84
%fine sand 24.86(21.55
%osilt 23.18|24.74
%clay 592|292

The weighted nitrogen concentration was significantly higher in soil samples from
the grove than in samples taken from the reference site, but only in the soil fractionation
containing particles with diameters greater than 2000 ym (Figure 2a). In all other
fractionation sizes, there was no difference in weighted nitrogen concentration between

reference samples and grove samples.
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Figure 2. a) Weighted concentration of nitrogen in different soil fractionation classes
between grove and reference samples. b) Weighted concentration of carbon in different
soil fractionation classes between grove and reference samples. c) Mass of aggregates
in different soil fractionation classes between grove and reference samples. Asterisks

indicate significant differences (p<0.05).

Similar to nitrogen, the weighted carbon concentration was also significantly
higher in soil samples from the grove than in samples taken from the reference site in
the soil fractionation containing particles with diameters greater than 2000 um (Figure
2b). Also similar to nitrogen, in all other fractionation sizes, there was no difference in

weighted carbon concentration between reference samples and grove samples.
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The mass of aggregate fractions was significantly higher in grove soil samples
than in reference samples within the >2000 um soil fractionation (Figure 2c). However,
the inverse was true in the other soil fractionation sizes; for the 250-500 ym and 500-
2000 pm fractionations, the mass of aggregate fractions was higher in the reference soll

samples than in those from the grove.

Nitrogen and carbon concentrations were higher for both the fractionated
(sumNagg and sumCagg) and unfractionated (Bulk_N and Bulk_C) grove soil samples

than they were in the reference samples (Figure 3 a & b).

|
1

25

m Ref ®mGrove

— i (V)
S (O] S

(9]

Carbon cocnentration (mg/g)

sumNagg Bulk N sumCagg Bulk C

Figure 3. a) Nitrogen concentrations in the sum of soil fractionation classes (sumNagg)
and total unfractionated soil (Bulk_N). b) Carbon concentrations in the sum of soil
fractionation classes (sumCagg) and total unfractionated soil (Bulk_C). Asterisks

indicate significant differences (p<0.05).

DPTA extractions indicated differences in concentrations of Mn, Fe, and Zn
between grove and reference soil samples (Figure 4). Mn and Zn concentrations were

higher in grove soil samples, while Fe concentration was greater in the reference soil
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samples. There was no difference between grove and reference soil samples with

regards to Cu concentration.
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Figure 4. DTPA extractions of Cu, Mn, Fe, and Zn in grove and reference soils.

Asterisks indicate significant difference (p<0.05).

The average concentrations of acid-extractable elements in non-combusted soill
were higher in grove soil samples with regards to K, Mg, P, Zn, and Mn than in
reference soil samples (Figure 5). However, there was no difference in average
concentrations in acid-extractable elements between grove and reference soil samples

with regards to Ca, Fe, and Na.
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Figure 5. Comparison of grove and reference soil samples regarding average
concentration of acid-extractable elements in non-combusted soil. Asterisks indicate

significant difference (p<0.05).

The difference in the concentration of Fe between combusted and non-
combusted soils was greater in reference soil samples than in grove soil samples
(Figure 6). However, the converse was true of Mn, with the difference in concentrations
between combusted and non-combusted soils being greater in grove soil samples. The
difference in the concentration of P between combusted and non-combusted soils was

similar in both grove and reference soil samples.
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Figure 6. Comparison of grove and reference soil samples regarding organic matter-

associated elements. Asterisks indicate significant difference (p<0.05).

Discussion

Given that there was no difference in basic soil composition between grove and
reference soils (Table 1), it is safe to assume that any differences between the two soill
types regarding nutrient composition can be attributed to the introduction of non-native
vegetation to the grove. The grove did not have any fertilizer amendments in five years
prior to soil sample collection. Leaf litter was a source of organic matter and soil cover
for grove soils. Nitrogen and carbon concentrations were higher in grove soil samples
than in reference soil samples for the >2000um soil fraction (Figures 2 a & b).
Additionally, the mass of aggregate fractionations was greater in grove soil samples for
the >2000um soil fraction but lesser in grove soil samples for the smaller fraction sizes

(Figure 2c). The mineral associated organic matter (MAOM) likely had little influence
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over the C and N storage due to no significant difference found between the bulk soils

and the aggregates (Figure 3).

The overall higher concentrations of carbon and nitrogen in grove soils (Figures 2
& 3) are contrary to traditional agriculture which breaks up aggregates through tillage
(Zheng et al., 2018). Macroaggregates are especially susceptible to being broken down
as they are composed of organic-binding agents that are more rapidly degradable than
those found in microaggregates (Scow, 1997). Due to less disruption, native soils
would tend to have better macroaggregate stability and consequently higher carbon and
nitrogen concentrations in the larger aggregates. It is possible that there may not have
been as much tilling involved when fertilizer amendments were regularly added until
2014, resulting in the preservation of the larger aggregates in the grove soils. Also, the
supply of organic matter in the form of leaf litter likely contributed to better aggregate
formation and stability in grove soils, as fresh litter substrates contribute to

macroaggregate formation (Howe & Smith, 2021).

It should be noted that the fertilizer treatments administered to the grove soils
until 2014 only added NPK, so they would not have directly impacted bioavailability
concentrations of Mn, Zn, Fe, and Cu. It is likely that Cu and Fe concentrations are
naturally high in the regional soil’s parent materials, which would explain why their
bioavailability concentrations were relatively high in the reference soils (Figure 4).
Avocado and citrus trees take up Fe (Pestana et al., 2011; Salazar-Garcia, 1999) which
could explain why Fe concentrations were significantly lower in the grove soil samples.
Although both avocado and citrus also take up Cu (Mattos-Jr et al., 2023), Cu is also

associated with disease in avocado crops (Ramirez-Gil et al., 2021), which could
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explain a reduced uptake and why there was no difference among grove and soil
samples regarding Cu concentrations. Additionally, Cu concentrations in avocados have
been documented to be less than Fe concentrations (Reddy et al., 2014). While
micronutrients like N, P, and K are commonly reported as deficient in soils globally,
micronutrients including Zn, Fe, Cu, and Mn are also often found deficient (Shukla et al.,
2021). The higher concentrations of Mn and Zn in grove soil samples could be an
indication that the avocado and citrus trees are mining the soil for these micronutrients
(Buckeridge et al., 2022), bringing them to the upper layers of the soil where they would
not normally be present. Additionally, leaf litter inputs could be returning them to the

upper layers of the soil.

The differences observed between grove and reference soil samples with regard
to nutrient concentrations in the acid-extractable results (Figure 5) provides an
indication of what elements have greater bioavailability but not any information
regarding the concentrations of these elements occluded in oxides. The higher
bioavailability concentrations of P and K in grove soil samples could be due to the
previous NPK fertilization amendments. The higher bioavailability concentrations of Mg,
Mn, and Zn in grove soils can likely be explained by avocado and citrus plants mining
for these micronutrients and leaf litter resupply (Buckeridge et al., 2022). The relatively
high concentrations of Mg in both the grove and reference soil samples suggests that in
addition to being mined by the grove trees, Mg is also likely supplied by the soil's

regional parent materials.

The results shown in Figure 6 give an indication of the relative concentrations of

elements occluded in oxides. The difference between grove and reference soil samples
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regarding Fe concentrations is likely due to Fe being present in the soil’s regional parent
materials, with some portion of it being converted into a form that can be absorbed by
the citrus and avocado trees, resulting in a lower concentration in the grove soils as
avocado and citrus trees take up Fe (Pestana et al., 2011; Salazar-Garcia, 1999). The
higher concentration of Mn in grove soils is likely due to the citrus and avocado trees
mining for Mn, with a portion of the mined Mn being occluded in oxides with the addition
of organic matter supplied by leaf litter. The similar levels of P in the grove and
reference soils suggest that in the five years between the last application of fertilizer and
the collection of samples, the avocado and citrus trees had already withdrawn the

added P.

As the effects of climate change continue to be exacerbated by exponentially
increasing levels of greenhouse gases, there is a pressing need for carbon
sequestration. One significant avenue in this endeavor is the conversion of agricultural
soils from atmospheric carbon sources to carbon sinks. ldeally, agricultural practices will
prioritize both food production and climate change mitigation. However, this can only be
made possible with a comprehensive understanding of a soil’'s composition and how it
can be affected by the plants it sustains. This study examined this through the lens of
long-term agriculture of tree crops, specifically avocado and citrus, in native Southern
California soils. While it was found that basic soil composition was unaltered by the
introduction of tree crops, soils supporting tree crops had higher concentrations of both
carbon and nitrogen. Moreover, nutrient concentrations also differed between grove and

reference soil samples to varying degrees. Ultimately, the findings of this study
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demonstrate that tree crop agriculture may be a viable means of balancing both food

production and carbon sequestration.
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Chapter 2: Short-term impacts of mineral versus organic fertilizer treatments on
nitrogen cycling and microbial communities
Abstract

Organic fertilization is used as an alternative to mineral N fertilization and has
many advantages including reducing the need for chemical N application and enhancing
nitrogen use efficiency. The consequences of replacing mineral fertilizer with organic
fertilizer can vary because of complex interactions with the organic fertilizer substitution
rate, overall nutrient supply, and the cropping system utilized. Organic fertilization
fosters the accumulation of soil N reserves, which signifies the ecosystem has the
capacity to sequester N. The use of organic fertilizers has also led to a decrease of the
global warming potential in some agricultural systems. Additionally, microbes serve
important roles in decomposition of C and mineralization of N and are regulated by a
variety of abiotic and biotic factors that can be influenced by different fertilization
approaches. The objective of this study was to research how mineral versus organic
fertilizer treatments compared regarding their effect on nitrogen cycling, nitrogen
uptake, and microbial communities in avocado and citrus groves. Contrary to previous
studies comparing organic and mineral fertilizer treatments, there were no substantial
differences observed within the target variables, although this could be due to not much
time having passed after fertilization treatments. This study sets a foundation for future

research and serves as a baseline for short term fertilization results.
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Introduction

Nitrogen (N) is an essential element in nutrition due to its elevated requirement
by plants for the formation of proteins, nucleic acids, vitamins, hormones, chlorophyll
pigments, and other organic compounds; essentially it is physically incorporated in most
catalytic molecules (Fikry et al., 2020). Additionally, nitrogen influences the absorption
and allocation of all other elements and is specifically important to trees during flowering
and fruiting (Fikry et al., 2020). Humanity uses approximately 83 million tons of N
annually and 50% of the global population relies on nitrogen fertilization for food
production; of those using N fertilizer, 60% employ it for major cereal crops such as rice,
wheat, and maize (Alkhaldi et al., 2012). Many ecosystems worldwide are still limited by
Ndespite adaptations to utilize this nutrient efficiently (Galloway et al., 2004). The
limitation of productivity due to N, although natural, makes supporting agriculture to feed
a growing human population unsustainable. Thus, anthropogenic activity results in

substantial alterations of the N cycle in air, land, and water (Galloway et al., 2004).

The global manufacturing of reactive N has approximately doubled compared to
preindustrial times(Galloway et al., 2004) and because reactive N does not persist in the
atmosphere for long periods, variation in local deposition depends on regional industrial
and agricultural activities (Hietz et al., 2010). N use efficiency is low because merely
50% of fertilizer N applied is taken in by crops, 2-5% is retained in the soil, and the
remaining 45-48% leaches into groundwater or is discharged into the atmosphere
(Toselli et al., 2019). Agricultural N leaching accounts for approximately 80% of the 1.2
million tons of N that discharges into the Gulf of Mexico leading to hypoxia (Wolz et al.,

2018). Continued application of chemical fertilizer leads to imbalances of soil nutrients
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and contributes to soil acidification and salt accumulation, resulting in the loss of N (Wu
et al., 2021). Conversely, constant cropping without utilization of fertilizers leads to
decrease of soil nutrients and negatively alters biochemical parameters (Wu et al.,

2021).

Organic fertilization is used as an alternative to mineral N fertilization and has
many advantages: augmenting the availability of all nutrients, reducing soil salinity,
enriching soil fertility, increasing water retention and soil organic matter, enhancing
biological activity of microflora, natural hormones, and antibiotics, reducing the need for
chemical N application (Fikry et al., 2020) and enhancing nitrogen use efficiency (Wei et
al., 2020). The consequences of replacing mineral fertilizer with organic fertilizer can
vary because of complex interactions with the organic fertilizer substitution rate, overall
nutrient supply, and the particular cropping system utilized (Wei et al., 2020). Organic
fertilization strategies foster the accumulation of soil N reserves which signifies the
ecosystem has the capacity to sequester N (Toselli et al., 2019). When organic fertilizer
is used, it leads to a decrease of the global warming potential by 116 kg CO2 eq ha' in

maize systems (Wei et al., 2020).

Babbar & Zak (1994) examined shaded and unshaded coffee agroecosystems
and found that shaded coffee farms had higher N availability, but lower leaching rates
than the unshaded farms, indicating that N losses are reduced under a multi-crop
scenario. Utilizing '°N labeled fertilizers, Hamid & Sarwar (1976) found that ammonium
nitrate was utilized more than urea in wheat crops when fertilizer was added in a six
split application strategy. Patnaik (1965) studied isotopically marked ammonium sulfate

to differentiate between soil and fertilizer derived N and traced the transference of
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fertilizer N within rice crops, finding that only 30-40% of applied fertilizer is retrieved in

the plant.

In citrus and avocado crops, N management is dependent upon different
seasons for growth and development; in California from April to November there is rapid
uptake of N but from November to March there is no net uptake of N (Khalsa et al.,
2018). Requirement for N is low from December to February because of remobilization
from shoots to fruit which fulfills fruit N demand (Khalsa et al., 2018). As the trees
become established, the quantity of N allotted to vegetation reduces and for avocado
yield, the timing of N appears to be more impactful than the overall N rate (Khalsa et al.,

2018).

Soil incorporates a wide range of environments that can comprise diverse
microbial communities (Fierer, 2017). Microbes serve important roles in decomposition
of C and mineralization of N (Wu et al., 2021). The predominant rate determinant of
microbial processes is soil temperature (Lal 2004; Oertal et al., 2016; Tang et al., 2018).
The biogeochemistry of N is predominantly reliant on redox reactions facilitated by
microorganisms, and to a reduced degree on long-term recycling via the geosphere
(Canfield et al., 2010). Over the course of evolution, a limited number of microbes
evolved the capability of converting N2 to reactive nitrogen such as NH3, NH4, etc.
(Galloway et al., 2004). Microbes introduce nitrogen into the soil to meet growth
requirements at high carbon to nitrogen ratios; while at low carbon to nitrogen ratios,
nitrogen is emitted into the ecosystem because it is in surplus for growth requirements
(Chapin et al., 2002). In the previous chapter it was found that basic soil composition

was unaltered by the introduction of tree crops, and that soils supporting tree crops had
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higher concentrations of both carbon and nitrogen. The investigation of microbial
community composition could provide a novel glimpse into soil health of a managed

ecosystem.

The tracer technique has been used extensively in the investigation of nutritional
problems of crops (NOmmik, 1966). While much research has been done on more
traditional crops, there is scarce data examining how mineral versus organic fertilizer
affects avocado trees and examining how different forms of "N cycle through avocado
soil. The objective of this study was to research how mineral versus organic fertilizer
treatments compared in regard to their effect on nitrogen cycling, nitrogen uptake, and

microbial communities.

Methods
Field site

The study site for this research project is the avocado and citrus grove that is
situated on Santa Margarita Ecological Reserve (SMER). SMER was established in
1962, is managed by San Diego State University (SDSU), and comprises land owned
by SDSU, the SDSU Research Foundation, the U.S. Bureau of Land Management, the
California Department of Fish and Wildlife, and the Nature Conservancy. The grove was
acquired by SDSU circa 1996, and for the first 20 years it was managed by an
agricultural company that administered fertilization treatments and harvested the crops.
Since 2014, the grove has been left largely undisturbed by humans, apart from being
watered and harvested. The grove comprises 20-acres and lies approximately between
117°11°47.09” W and 117°11°17.68” W, and 33°26°03.68” N and 33°25'55.88” N. The

region has a 30-year (1981-2010) rainfall average of 358 mm/yr.
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Fertilizer treatment

The grove was divided into six sections. Half the sections received mineral
fertilizer (B zones) and the other half received organic fertilizer (A zones) (Figure 1a).
Ten trees were randomly selected in each section and were labeled by nailing a tag

onto the bark. From the pre-labeled trees, two focal trees from each section (12 plots

> p3Bl

Google Earth

total) were selected for the experiments described below. The b 1
mineral fertilizer used was YaraMila 15-15-15 and the organic
fertilizer used was BioFlora Crumbles. The fertilizer treatments were

added to the soil on October 22, 2021.

Figure 1. a) Map of SMER grove.

b) Nitrogen label experiment
setup.

m
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Nitrogen labels

Ten days after fertilization, 1m x 1m plots were established within the dripline of
each focal tree (Figure 1b). Soil cores were constructed using PVC pipe, with a length
of 15cm and a diameter of 3.75cm. Resin bags were constructed from nylon stocking
material and 10g of mixed bed ion exchange resin (Dowex® Marathon™ MR-3
hydrogen and hydroxide form). Resin bags were inserted at the bottom of each core
and held in place with plastic end caps, with holes drilled to allow drainage. The cores
were then placed back into their original holes, except the t0 cores, which were used for

background >N measurements.

The cores were injected with 5N labels (glycine, NH4, NO3). The '°N labels (98
atom%) were injected into soil cores using a 50cc syringe and a 2mm stainless steel
tube, crimped at the end to avoid blockage with soil, with slits near the tip to allow
egress of solution. "°N solutions were injected evenly along the profile of the soil core by
pulling out the syringe while depressing the plunger. Based on estimates of saill
volumetric water content, a final soil pore water concentration of 1uM of >N label was
added, at least one order of magnitude lower than typical soil concentrations so that the
labeling treatment did not appreciably increase the total concentration of NH4, NO3 or

glycine.

Soil cores were sampled at one month (t1) and five months (t2) after >N label
injection. Soils and resins were extracted in 25ml KCI (2M) per 10g. NHs and NO3
concentrations were measured with colorimetric methods adapted for plate reader
(Lipson et al., 2010). Total N in extracts was analyzed as NO3 after persulfate digestion

(Hosomi & Sudo, 1986). "°N isotopic ratios of NO3, NH4 and total N in extracts were
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measured by diffusion onto acidified GF/A glass filter disks, followed by stable isotope

mass spectrometry using a Thermo Finnigan DeltaPlus (Stark & Hart, 1996).

Leaf sampling

Leaf sampling was done according to agricultural procedures laid out in
Selladurai & Awachare (2020) on October 29, 2021. Mature leaves were collected from
quadrants around each tree. The four quadrants around each tree were selected to
correspond with the northern, southern, eastern, and western sides of the tree to

account for sunny versus shady sides. Leaves were collected at a height of 185 cm.

Genomic sampling and sequencing and microbial community analyses

Ten soil samples (15 cm depth, 3.75 cm diameter) were collected from each plot
in March 2022, and returned to the laboratory where subsamples were immediately
frozen at -20C for DNA extraction (QIAGEN DNeasy PowerSoil Kit). DNA was
quantified using both a nanodrop spectrophotometer and a qubit fluorometer. Shotgun
metagenomes were sequenced with lllumina Hi-Seq (paired-end 300 bp,
GeneWiz/Azenta). The Department of Energy Systems Biology Knowledgebase
(KBase) was used to process the raw read libraries (Trimmomatic, FastQC) and
produce Kaiju taxonomy & FAMA profiles of nitrogen-cycling genes (Arkin et al., 2018).
The average total number of sequences was 39,672,404 for the five mineral soll

samples and 40,165,077 for the five organic soil samples.

Statistical analysis
Statistical analyses were conducted with R-Studio. ANOVAs, Kruskal-Wallis

tests, Relative abundance graphs and NMDS plots, and pairwise t-tests were used to
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determine significance. Statistical analyses were conducted on log-converted values

when needed to ensure equal variance.

Results

Percent N was higher in leaf samples taken from trees growing in soils treated
with mineral fertilizer in comparison to those from soils treated with organic fertilizer

(Figure 2). Leaves from both soil types had percent N values above 2%.
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Figure 2. Percent nitrogen in leaves one week after fertilization between mineral and
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organic fertilizer treatments. Asterisk indicates p-value < 0.05.

The labeled glycine was different from labeled NH4 and NO3 across both t1 and
t2 for 8'°N (Figure 3). 8'°N in t0 was also different from t1 and t2. There were no

differences between mineral and organic treated soils regarding &'°N.
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Figure 3. Bulk soil enriched with "®N-Glycine and '>N-NH4 across three different time
periods, mineral versus organic fertilizer treatment, and "N labels (Glycine, NHs, NO3).
Significant difference was found between the °N labels with the t1 Glycine label being
significantly different from other labels. Time period t0 was also significantly different

from t1 and t2.

For extracted NO3z and NH4, 85N differed between soils and resins across all >N
labels (Figure 4). However, there was no difference between soils treated with organic

versus mineral fertilizers regarding 5'5N.
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Figure 4. a) Relative difference in ®N and "N for NOs extracts in time period t1, across
mineral versus organic fertilizer treatment, and '°N labels (Glycine, NHa4, NO3).
Significant difference was found between soil and resin. b) Relative difference in >N
and "N for NH4 extracts in time period t1, across mineral versus organic fertilizer
treatment, and "°N labels (Glycine, NH4, NO3). Significant difference was found between

soil and resin.

There was no difference regarding mineralization rates between mineral and
organic fertilizer treatments for t1 (p-value = 0.2002) and t2 (p-value = 0.8728) (Figure
5), nor was there a significant difference between mineral and organic treatments for

either time period (t1 p-value = 0.2002; t2 p-value = 0.631) when looking at net
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nitrification (Figure 6). Additionally, there was no significant difference between mineral
and organic treatments for either time period (t1 p-value = 0.2623; t2 p-value = 0.2002)

when looking at potential leaching (Figure 7).
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Figure 5. Average mineralization rates between mineral and organic fertilizer treatments

for 11 and t2.
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Figure 6. Average net nitrification rates between mineral and organic fertilizer treatment

for t1 and t2.
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Figure 7. Average potential leaching rates for mineral and organic fertilizer treatment
between t1 and t2. There was no significant difference between mineral and organic

treatments for either time period.
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Microbial relative abundance was similar across soils treated with organic and

mineral fertilizers, with nearly 48% of the abundance consisting of Proteobacteria,

followed by Actinobacteria (~18%), then Planctomycetes (9%) and all other remaining

taxa (Figure 8).
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Microbial relative abundance in the native soil differed from grove soil with
Actinobacteria comprising ~38%, followed by Proteobacteria (~37%), Acidobacteria

(~4%), and all other remaining taxa (Figure 9).
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Figure 9. Relative abundance of soil microbes in native soils from SMER. Data obtained

from Pérez Castro et al. (2019).

NMDS results indicate no difference in soil microbial composition when

comparing soils treated with organic versus mineral fertilizer treatments (Figure 10).
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Figure 10. NMDS of soil microbes between the mineral and organic treatment. Random

jiggle was applied to increase visibility of plot points.

The only nitrogen functions that were found to be different between soils treated

with mineral versus organic fertilizers were ammonium oxidation and nitrate assimilatory

reduction (Table 1).

Table 1. Average nitrogen functions between mineral and organic fertilizer treatments.

Standard errors are shown in parentheses. Asterisks indicates a p-value of <0.05.

Nitrogen functions

Ammonification

Anaerobic ammonium oxidation

Denitrification

Nitrate dissimilatory reduction
Nitrite assimilation
Nitrogen fixation

Urease

Average mineral Average organic

2.324 (0.325)

0.082 (0.021)
3.489 (0.209)

5.836 (0.333)
4.272 (0.131)
0.024 (0.006)
6.281 (0.214)

2.227 (0.204)

0.054 (0.011)
3.345 (0.170)

5.211 (0.293)
4.449 (0.144)
0.014 (0.003)
6.079 (0.259)
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Discussion

Selladurai & Awachare (2020) determined that optimal N concentrations in
leaves should be between 2 and 2.5 percent. The leaf N concentrations found in this
study were within these optimal concentrations for both the mineral and organic
treatments (Figure 2). The mineral fertilizer treatment indicates that the avocado trees
have greater N uptake because leaves had higher percentages of N. However, since
the organic fertilizer treatment also fell within the optimal range, it cannot be
conclusively stated whether avocado trees benefit more from either fertilizer treatment

regarding N uptake over a short period of time after fertilization.

Labeled glycine is retained in soil more than labeled inorganic N (Figure 3). This
demonstrates that glycine would be available to plants for more extended periods of
time (Aghaye Noroozlo et al., 2019). Future fertilizer applications for avocado groves
should consider using more reduced forms of N (such as glycine) over traditional

inorganic forms.

It appears that available N in the form of NH4 is more easily retained in soil than
in the form of NO3, which leaches out of the soil in greater quantities (Figure 4), which
aligns with previous findings (Mancino & Troll, 1990). This is true for both mineral and
organic fertilizer treatments, indicating that neither one is superior for conserving N in
the form of NOs. There was no difference in net mineralization rates and net nitrification
rates between mineral and organic fertilizer (Figures 5 & 6). The lack of difference in
nitrification rates between these two types of fertilizer has been observed in a previous
study (Zhang et al., 2012). However, emerging trends indicate that mineral fertilizer

does increase both mineralization and net nitrification rates over the short-term, but over
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the long-term both fertilizer treatments have similar effects (Figure 5). Potential N
leaching rates were not found to be different between mineral and organic fertilizer
treatments (Figure 7), which is contrary to previous findings (Wang et al., 2015). This
could be due to soil sampling shortly after initial fertilization, but after longer periods, this
site could follow other findings and organic treatments could lead to a reduction in N

losses.

This study did not find a difference in microbial communities between soils
treated with mineral versus organic fertilizers (Figures 8 & 10). While this runs contrary
to previous studies (Zhong et al., 2010; Li et al., 2015), it is possible that not enough
time passed between fertilizer treatment initiation and soil sampling. However, the
microbial communities between grove soils differed from the native soil with the grove
soil showing an increase of Proteobacteria and Planctomycetes and a reduction of
Actinobacteria. This indicates that the agriculture in the grove is shifting native microbial
community populations, although the diverse microbial community in the grove soils
suggests that tree crop agriculture does not adversely affect soil health. The decrease
in relative abundance of Actinobacteria could suggest reduced environmental stress in
the grove compared to native shrublands, as this phylum was associated with drought
and climatic extremes (Pérez Castro et al., 2019). Findings related to ammonium
oxidation and nitrate assimilatory reduction were found to be different between mineral
and organic treatments (Table 1). The mineral treatment led to higher ammonium
oxidation functions (Sun et al., 2022) and lower nitrate assimilatory reduction functions.
Li et al. (2020) found that mineral fertilization led to increases in nitrate assimilatory

reduction gene functions; however, Nardi et al. (2004) established that organic fertilizer
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treatments saw higher increases in nitrate reductase in comparison to mineral

treatments.

There is little research examining whether mineral or organic fertilizers are better
suited for avocado groves. Over a short period after fertilization treatments, it is hard to
determine whether mineral or organic fertilizer treatments are superior in the growth of
avocado crops. However, the fate of '>N-labeled glycine compared to inorganic N forms
over the course of this study indicates that mineral fertilizer was more rapidly lost from
soil. Furthermore, the similarity of mineralization rates between mineral and organic
fertilizer treatments after 5 months indicates that organic fertilizer may be a more
efficient N application practice. It is possible that a combined approach of utilizing both
organic and mineral fertilizers could be optimal for soil health, as the large organic
matter inputs to the system from leaf litter could moderate the negative impacts of
mineral fertilizer, such as soil degradation and reduced microbial diversity. Additionally,
mineral fertilizer decreases microbial mining for nutrients from organic fertilizer, which
sometimes leads to C loss via priming effects (Abdalla et al., 2022). This study sets a
foundation for future research and serves as a baseline for short term fertilization
results. Further research must be done on the SMER grove site to track long-term
trends between mineral and organic fertilizer treatments. Avocados are a major
California crop and recommendations for growers are vital given a growing need to
adapt sustainable agricultural practices particularly with intensifying climate change

effects.
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Chapter 3: Long-term impacts of mineral versus organic fertilizers on trace metal
storage in tomato and corn crops
Abstract

Soils are a primary sink and source of trace metals, especially in agricultural
settings. Agricultural practices can lead to substantial heavy metal addition to soils
through the use of fertilizers and pesticides. Whether soils serve as sinks or sources of
trace metals depends on a wide range of factors that dictate their retention capacities
for these metals. This study investigated the effect of long-term mineral versus compost
fertilizer application on trace metal concentrations in soil through sequential extractions.
DTPA extractions indicated a significant difference in bioavailability of Cu, Mn, and Zn
between soils treated with compost versus mineral fertilizers. In soils treated with
compost fertilizer, there was a slightly greater bioavailability of Cu, a substantially higher
Zn bioavailability, and a lower Mn bioavailability than there was in soils treated with
mineral fertilizers. There was no significant difference in the bioavailability of Fe
between soils with different fertilizer treatments. BCR extractions indicated that there
was no significant difference in concentrations of trace metals in the acid-extractable,
reducible, and oxidizable soil components. There were significant differences in
concentrations of Cr and Cu in the BCR residual components, as well as the total
concentrations found through XRF. In all cases, concentrations were higher in the soils
treated with compost fertilizer. Overall, both the DTPA and BCR extraction results
suggest that organic fertilizer treatments increase bioavailability of Cu. Zn bioavailability

was also found to increase with organic fertilizer per the DTPA extraction results and
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the XRF data, and Cr bioavailability was found to increase with organic fertilizer per the

BCR extraction results.

Introduction

Soils serve as a primary sink and source of trace metals, particularly in
agricultural settings (Parelho et al., 2014). Agricultural practices can lead to heavy metal
enrichment in soils because of liquid and solid manure, inorganic fertilizer, and pesticide
applications (Parelho et al., 2014). Soil properties such as texture, organic matter
content, ion-exchange capacity, oxide content, pH, specific surface area, and carbonate
content dictate the retention capacity for trace metals (Parelho et al., 2014). Once the
soil reaches this capacity it moves from serving as a sink to a source of trace metals
and can lead to adverse human health effects while simultaneously disrupting

ecosystem functioning (Parelho et al., 2014).

N, P, K, Ca, Mg, and S are considered to be vital macronutrients for plants; while
Cu, Fe, Mn, and Zn are micronutrients essential for plant nutrition because they serve
as co-factors for a variety of enzymes linked with the metabolism of diverse organic
molecules (Dhaliwal et al., 2019). Micronutrients like Fe, Ni, Cu, and Zn are crucial for
plants and soil microbes in trace amounts, but bioavailable versions of these nutrients
are usually deficient in natural settings (Boiteau et al., 2018). Zn, in particular, is often

deficient in soils across the United States (Zhang et al., 2016).

Typically, as soil pH rises, metal bioavailability decreases because of insoluble
oxyhydroxide formations (Boiteau et al., 2018). Across the grasslands of the Midwestern
United States, increased soil pH and calcium carbonate has been thought to cause iron

deficiency chlorosis and diminished biomass yields in plants (Boiteau et al., 2018).
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These grasslands are agriculturally important regions and serve as an important net
sink of greenhouse gases which has advanced broad interest in comprehending how
metabolic rates and ecosystem community dynamics are affected by nutrient and

nutrient metal deficiencies (Boiteau et al., 2018).

Raised levels of trace metals in soil can negatively affect soil microbial
communities (Khan et al., 2010), earthworms (Lourenco et al., 2011), nematodes
(Santorufo et al., 2012), and plants (Nagajyoti et al., 2010). Trace metals in the soil can
accumulate in less soluble forms, move to watersheds via leaching and erosion
(Nziguheba & Smolders, 2008), or enter the food chain leading to toxicity in animals and

humans (Parelho et al., 2014).

The addition of mineral fertilizers to agricultural soils can introduce trace metals
which are of concern because of their possible environmental risk (Nziguheba &
Smolders, 2008). Moreover, pure application of mineral fertilizers can lead to
micronutrient deficiencies (Zhang et al., 2015). Mineral fertilizers contribute only
macronutrients, forcing the plants to mine the soil for micronutrients which are then
permanently removed from the system with the plants during harvest (Somani, 2016).
The most common micronutrient deficiencies in crops are Zn deficiencies (Broadley et
al., 2007). A lack of Zn can lead to several health complications both in humans
(Hambidge & Krebs, 2007; Black et al., 2008) and plants (Broadley et al., 2007).
Regular dietary intake of Zn is also necessary for livestock to meet all their physiological

needs (Swain et al., 2016).

Application of various organic materials has been found to be an efficient

approach of improving nutrient use efficiency and soil fertility (Dhaliwal et al., 2019).
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Many cropping systems that have employed organic amendments have experienced
high crop productivity because it affects physical and chemical soil properties which
consequently influences crop micronutrient nutrition (Dhaliwal et al., 2019). Municipal
solid waste compost has been found to enhance micronutrient complex formation,
promote presence of useful soil organisms, decrease plant pathogens, improve soil
porosity, and raise water holding capacity, soil buffering, and cation exchange capacity
(Achiba et al., 2010). Organic fertilizers have also been used to make heavy metals

unavailable to plants (Rai et al., 2004; Davis & Wilson, 2005; Gadepalle et al., 2007).

Regardless of these advantageous results, organic fertilizers can be a significant
source of trace metal soil inputs in agriculture (Parelho et al., 2014). Organic fertilizers
can also result in either the mobilization or immobilization of heavy metals for plant
uptake (Davis & Wilson, 2005). Total concentrations of trace metals in soils with
compost applications offer inadequate indications of their bioavailability, mobility, and

reactivity capacity (Achiba et al., 2010).

Addition of organic fertilizers is linked to an increase in soil organic matter
(SOM), which in turn affects the degree to which micronutrients are transferred to plants
(Waijid et al., 2020). Previous studies have found that organic fertilizers can lead to an
increased uptake of both micronutrients and trace metals in plants (Zhang et al., 2015;
Wajid et al., 2020). In soil solution, a decrease in free cation concentrations could
develop because of metals binding to organic matter; however, enhancement of metal
phyto-availability at the root rhizosphere because of dissolution of these organo-metallic
complexes can increase total dissolved ion concentration which is dependent upon

mobility of metal-dissolved organic carbon (DOC) complexes and their dissociation
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kinetics (Dhaliwal et al., 2019). To a great degree, chelation of Zn and Fe with organic
matter leads to enhancement of root accessible forms of these nutrients and also
inhibits development of insoluble forms like soil carbonates and oxides (Dhaliwal et al.,

2019).

The interactions between organic matter and metals are complex and can appear
contradictory under different circumstances. Shuman (1975) found that the removal of
SOM using sodium hypochlorite lowered Zn sorption capacity Zn binding energy. On the
other hand, Trehan & Sekhon (1977) found that removal of SOM using traditional batch
experiments increased Zn sorption on soil. Wajid et al. (2020) found that the application
of manure increased the mobility of certain metals while decreasing the mobility of
others. Some organic fertilizers, such as biochar, help reduce the mobility of heavy
metals by altering soil redox potential (Gondek & Mierzwa-Hersztek, 2016). Bartog et al.
(2020) found that both mineral and organic fertilizers increased the concentrations of
trace metals including both micronutrients (Zn, Cu, and Fe) and Cd, but that annual
application of organic biogas-produced fertilizers did not lead to concentrations of toxic
metals that were any higher than those generated by NPK fertilizers and other organic

fertilizers, particularly cattle slurry fertilizers.

The purpose of this study was to investigate the effect of long-term mineral
versus organic fertilizer application on trace metal concentrations in soil using
sequential extractions to assess trace metal bioavailability. The hypotheses are 1)
organic fertilizer additions will lead to a greater increase in bioavailability of trace metals
to plants, and 2) organic fertilizer treatment will lead to more trace metal accumulation

over mineral fertilizer treatment.
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Methods
Field site

The field site is located at the Russell Ranch Sustainable Agricultural Research
Facility, University of California, Davis (Davis, California, USA; 38°32'47"N
121°52'28"W) (Wang et al., under review). The region has a Mediterranean climate
characterized by dry arid summers and wet winters (Wang et al., 2022). The soil is a
Rincon silty clay loam (fine, smectitic, thermic Mollic Haploxeralfs, 20% sand, 49% silt,

and 31% clay; 11 g C kg' C content; 1.30 g cm™ bulk density) (Wang et al., 2022).

The cropping system considered in this experiment comprised a 2-yr rotation of
processing tomato (Lycopersicon esculentum Mill.) and corn (Zea mays L.). Two fertility
management systems were tested with equivalent N inputs, based on either: 1) mineral
fertilizer (163 kg-N ha' year’, 50 kg-P ha"' year' and 50 kg-K ha' year'), or 2) poultry
manure compost (4 Mg ha™' applied yearly, including an incorporated winter cover crop

for the first four years) (Wang et al., 2022).

Organic matter and pH
Organic matter content was evaluated through combustion (Salehi et al., 2011).

The soil was tested using a soil water suspension ratio of 1:1.

Diethylenetriaminepentaacetic acid (DTPA) and Community Bureau of Reference (BCR)
extractions

DTPA extractions were done according to Lindsay and Norvell (1978) and BCR
extractions were done according to Sutherland and Tack (2002). The extractions were
analyzed using PerkinElmer Inductively Coupled Plasma (ICP-OES). DTPA extractions

were conducted to ascertain the availability of trace metals to plants, while BCR
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extractions were conducted to determine how trace metals were distributed across
various chemical fractions. Both these methods were utilized because organic matter
can either bind metals and make them unavailable or chelate them (Fan et al., 2016)

which makes them easier to be accessed by plants (Zhang et al., 2016).

Soil elemental composition by X-ray fluorescence:

To expand the range of elements used in delineating patterns of soil fertility from
Russell Ranch, Davis, soils were analyzed by energy-dispersive X-
ray fluorescence (ED-XRF) using a XEPOS-HE spectrometer (Ametek Corporation,
Berwyn, PA). Finely ball-milled samples (1.50-2.10g) were placed in a Teflon cup with a
Prolene membrane suspended over the bottom of the cup. X-ray fluorescence spectra
were acquired from four spots on each cup, count-rates averaged, and normalized
using a built-in (“TQ-powders”) routine and normalizing to the Compton backscatter.
The XRF detects elements with atomic numbers from Z=11 (Na) to Z=92 (U). QA/QC
samples traceable to the National Bureau of Standards [NBS-1572; Gaithersburg MD]
was measured on two occasions during XRF analyses, and values compared well to
Certificate values, though Certificate values do not exist for all elements detectable

by XRF.

Statistical analyses
Statistical analyses were conducted with R-Studio. ANOVAs were used to

determine significance. Microsoft Excel was used to examine correlations.
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Results

The DTPA extraction of trace metals indicated that there was a significant
difference in concentrations of Cu, Mn, and Zn between soils treated with compost
versus mineral fertilizers (Figure 1). In soils treated with compost fertilizer, there was a
slightly greater concentration of Cu, a substantially higher Zn concentration, and a lower
Mn concentration than there was in soils treated with mineral fertilizers. There was no
significant difference in the quantities of Fe between soils with different fertilizer
treatments. Of the trace metals identified through the DTPA extraction of soil treated
with compost, Fe comprised approximately 45% of the extraction, followed by Mn at
approximately 24%, then Zn at 19%, and finally Cu at 12%. Of those identified in the
mineral soil, Fe comprised approximately 46%, Mn 33%, Cu 11%, and Zn was at about

10%.
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Figure 1. DTPA extraction of trace metals (Cu, Fe, Mn, and Zn) from Russell Ranch soil
samples treated with compost and mineral fertilizers. Asterisks indicate statistical

significance (p < 0.05).
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The results of the BCR extraction indicated that there was no significant
difference in concentrations of trace metals in the acid-extractable, reducible, and
oxidizable components (Figure 2). There were significant differences in concentrations
of Cr and Cu in the BCR residual components, as well as the total concentrations found
through XRF. In all cases, concentrations were higher in the soils treated with compost
fertilizer. Concentrations of Zn were only found to be significantly different between soil

treatments through XRF, where it was also higher in soils treated with compost fertilizer.
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Figure 2. Comparison of BCR extraction-derived fraction concentrations (acid-
extractable, reducible, oxidizable, and residual) of trace metals (Cr, Mn, Fe, Cu, and Zn)
and XRF concentrations of the same trace metals. Asterisks indicate statistical

significance (p < 0.05).

There was a positive correlation between the concentration of Zn found in the

oxidizable fraction of the BCR extraction and the Zn concentration from the DTPA
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extraction, with a coefficient of determination of 0.7795 (Figure 3). This suggests that Zn
was stored in the organic fraction of the soil. The was no correlation found between the

amount of OM present in soil and soil pH (Figure 4).
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Figure 3. Correlation between DTPA extraction and BCR oxidizable fraction extraction

of Zn (units in pg/g).

Discussion

The results of the DTPA extraction of trace metals supported the hypothesis that
organic fertilizer additions will lead to a greater increase in bioavailability of trace metals
to plants with regard to Cu and Zn; however, the results did not support the hypothesis
with regard to Mn and Fe (Figure 1). Bioavailability of Cu and Zn was higher in soils
treated with organic fertilizer. Conversely, greater concentrations of Mn were available
to plants in soils treated with mineral fertilizers. The higher Mn concentrations found in
soils treated with mineral fertilizer could be due to soil redox potential or soil pH
(Appendix 1). There was no difference in bioavailability of Fe between fertilizer
treatments. The results of Cu and Zn are corroborated by those from a previous study

that found that trace metal concentrations were greater in maize grown from soils
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treated with organic fertilizer than they were in soils treated with mineral fertilizer (Wajid
et al., 2020). The authors also found an increase in bioavailability of all other trace
metals, but this is to be expected given that DTPA soil tests are only capable of
detecting Zn, Fe, Mn, and Cu (Lindsay & Norvell, 1978; Dhaliwal et al., 2013). In order
to detect Cr, other means of extraction were necessary. Although DTPA tests largely
focus on inorganic compounds that are not part of the oxidizable pool, it should be
noted that DTPA is more efficient than the acid-extractible component of the BCR
extraction in pulling out available metals because it is not associated with iron oxides or

organic matter.

BCR extraction results supported the hypothesis about greater trace metal
accumulation in soils treated with organic fertilizer regarding Cr and Cu, but not Mn, Fe,
or Zn, all three of which were found in similar concentrations between different fertilizer
treatments. XRF data suggested similar results, with the addition of Zn, which was also
found to be present in higher concentrations of soil treated with organic compost (Figure
2). Waijid et al. (2020) also found Cr and Cu concentrations to be higher in soils treated
with organic fertilizers in comparison to those treated with mineral fertilizers, although

they found all other trace metals to be higher as well.

Although there was a positive correlation between Zn concentrations in the DTPA
and BCR extractions, the Zn concentrations were much higher in the BCR oxidizable
fraction than those observed with the DTPA extraction (Figure 3). A possible
explanation for this is that the majority of Zn is stored in the organic fraction of the soil.

Another potential reason for the large difference in Zn concentrations found across
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these two extraction methods could be a difference in the quality of organic matter in

different soil samples.

Overall, both the DTPA and BCR extraction results suggest that organic fertilizer
treatments increase bioavailability of Cu. Zn bioavailability was also found to increase
with organic fertilizer per the DTPA extraction results and the XRF data, and Cr
bioavailability was found to increase with organic fertilizer per the BCR extraction
results. Other studies have also found these micronutrients to have greater
bioavailability in soils treated with organic fertilizer, although they have also detected
increases in other micronutrients as well (Dhaliwal et al., 2013; Wajid et al., 2020). In
contrast, one study found organic fertilizers reduced the bioavailability of some metals,

including Cr (Alam et al., 2020).

Follow-up studies would benefit from qualitative analysis of the changes in
organic matter between fertilizer treatments. Depending on the quality of the organic
matter, Zn could be in a more loosely available complex form in certain samples than it
is in others. It is possible that the availability of Fe for plant uptake is more dependent
on soil redox potential. When the soil gets reduced, iron oxides could be liberated and
thus, be more readily accessible to plants. Redox potential could also play a role in the
availability of other metals in that as the soil is oxidized, organic matter occludes the

metals, likely making them less available for plant uptake.
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Chapter 3: Appendix

Table 1. Treatment plots with respective OM% and pH.

Plot Treatment | OM% pH
2019 12 | Compost | 3.78 7.53
2019 14 | Compost | 4.71 7.42
2019 2 Compost | 4.68 7.46
2019 5 Compost | 4.04 7.42
2020 12 | Compost | 3.58 7.66
2020 14 | Compost | 5.12 7.37
2020 2 Compost | 3.85 7.34
2020 5 Compost | 3.68 7.09
2019 13 | Mineral 4.05 7.54
2019 3 Mineral 3.60 7.24
2019 7 Mineral 4.04 7.58
2019 9 Mineral 3.87 7.71
2020 13 | Mineral 3.78 7.85
2020 3 Mineral 3.82 7.48
2020 7 Mineral 3.63 7.54
2020 9 Mineral 3.57 7.56
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Figure 4. Correlation graph between OM (ug) and pH.
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