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ABSTRACT
Impacts of Fertility on Physiological Stress, Photosynthetic Activity, and Crop
Development in Salanova Lettuce
Sarah Miller
The agricultural industry is one of the main drivers of soil degradation due to
conventional crop production methods and overuse of soil which results in accelerated
erosion, loss of soil fertility, acidification, and salinization (Lal, 2015). Loss of soil
fertility from degradation can be detrimental to crop production as plants grown under
nutrient limited conditions show signs of physiological stress and reduced photosynthetic
rates leading to reduced yields (Zangani et al., 2021). Organic crop production and
fertilizers are viable alternatives to conventional methods as they improve soil fertility
and the physiological and biological properties of soil (Ilahi et al., 2021). This research
investigates the impacts of soil nutrient conditions from organic fertilizer (No Fertilizer,
Medium Fertilizer, High Fertilizer) on physiological stress, photosynthetic rate, and crop
development of Salanova lettuce (Lactuca sativa) – a crop of economic importance. A
secondary aim of the study was to evaluate the relationship between plant stress,
photosynthetic rate, and plant growth in lettuce in order to find an ideal organic fertilizer
regime that maximized plant height and yield. Stomatal conductance and chlorophyll
fluorescence were measured to evaluate plant stress and photosynthetic rate while leaf
area index, plant height, and yield were measured to evaluate crop development. The leaf
area index, stomatal conductance, chlorophyll fluorescence, plant height, and yield of
lettuce were very similar in each treatment – No Fertilizer, Medium Fertilizer, and High
Fertilizer. These results indicate that there was no significant difference between the three
organic fertilizer levels on physiological stress, photosynthetic rate, or crop development
of Salanova lettuce. Additionally, when evaluating the relationship between stomatal
conductance chlorophyll fluorescence and yield in each treatment, stomatal conductance
and chlorophyll fluorescence were not found to be significant predictors of plant height
or yield in any of the treatment groups. There is a possibility that the No Fertilizer group
did not experience the same level of nutrient deficiency as the crops in previous studies
which could explain the differing results. Future experiments are recommended to
increase the sample size, do a more thorough analysis of soil nutrient conditions prior to
planting, and to evaluate more plant growth variables.
Keywords: nutrient stress, soil degradation, photosynthetic rate, crop production, lettuce
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1. INTRODUCTION
The primary focus of the agricultural industry is to maximize yield in order to provide
food for the billions of people inhabiting our planet (Tal, 2018). To increase crop
production, large-scale conventional farms rely on the use of chemical fertilizers and
synthetic pesticides to provide 98.9% of the worlds food (Tal, 2018). These agricultural
methods have detrimental consequences to the environment which has resulted in the
agricultural industry being one of the main drivers of environmental pollution and soil
degradation (Seufert & Ramankutty, 2017). Soil degradation is a result of
mismanagement and overuse of soil for large-scale farming operations which leads to
accelerated erosion, depletion of soil organic carbon (SOC), loss of soil biodiversity, loss
of soil fertility, elemental imbalance, acidification, salinization, and also turns soil into a
net source of greenhouse gas emissions rather than a sink (Lal, 2015). Incidentally, soil
degradation impacts the quantity of food production by reducing crop yields through
increasing susceptibility to drought stress, elemental imbalance and fertility loss (Lal,
2009). Approximately 24 billion tons of topsoil is lost annually and as the global
population continues to rise, declines in agronomic production from soil degradation is
exacerbating food insecurity (Lal, 2009) (Liu et al., 2010).
Adequate ratios of nutrients are integral for proper growth and development of crops
(Govedarica-Lucic et al., 2020). Nutrient limited soils generate abiotic stress on crops
which impacts plant growth and development and induces physiological responses (dos
Santos et al., 2022). Plants that are grown under nutrient limited conditions have been
shown to have accelerated rates of maturation, decreased leaf chlorophyll content, and
decreased phosphoenolpyruvate carboxylase (PEPCase) activity which results in reduced
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leaf area and biomass yield (Zangani et al., 2021). Organic crop production is a viable
alternative that is free of synthetic inputs, has minimal environmental pollution, improves
soil fertility, and increases crop yield while remaining profitable (Papathanasiou et al.,
2012)(Organic Agriculture: What Is Organic Agriculture?, 2021). Organic fertilizers are
unique in their abilities to improve the physical and biological properties of soil by
increasing aggregate stability, decreasing soil bulk density, and enhancing the soils
microbial structure while providing plants with essential nutrients such as nitrogen (N),
phosphorus (P), and potassium (K)(Osman, 2013)(UC Sustainable Agriculture Research
and Education Program, 2017)(Ilahi et al., 2021).
To monitor physiological traits and efficiency in plants under nutrient stress, many
researchers use physiological parameters such as leaf stomatal conductance and
chlorophyll a fluorescence to quantify the impacts. Stomatal conductance estimates rate
of the gas exchange and transpiration through the stomata and is a function of the density,
degree and size of the stomatal opening (Pietragalla & Pask, n.d.). It it is the main plant
physiological regulation over photosynthesis and transpiration in relation to
environmental conditions and is commonly used as a proxy for measuring physiological
stress (Ewers, 2013). Chlorophyll fluorescence provides information about the efficiency
of photochemistry and is the measure of excess energy from photosynthesis that is reemitted as light (Maxwell & Johnson, 2000). Research has shown that crops grown in
stressful abiotic conditions have decreased stomatal conductance and chlorophyll
fluorescence which led to lower biomass accumulation in the studied crops (Broadley et
al., 2001) (Ciompi et al., 1996)(Reddy & Matcha, 2010) (Zangani et al., 2021). The
majority of research on stress and physiological responses is done in relation to water and
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salinity stress, so further research on nutrient stress physiology is critical as soils continue
to degrade.
Lettuce (Lactuca sativa) is a crop of great economic importance in the United States
and more specifically, the central coast of California. The Food and Agricultural
Organization of the United Nations estimated a production of approximately 4.4 million
metric tons of lettuce in in 2020 (FAOSTAT, n.d.). The USDA reported that production of
head lettuce in California in 2021 totaled 24.9 million cwt with a planted area of 76,000
acres and the estimated value reaching approximately $728 million USD (Keough, 2021).
The central coast of California is a major area of lettuce production and includes regions
such as Monterey, San Luis Obispo, San Benito, Contra Costa, and Santa Clara Counties
(Jackson et al., n.d.). Due its significance, lettuce is a good candidate to investigating
crop response to changing nutrient conditions along the central coast.
The objective of this study was to investigate the impacts of soil nutrient conditions
from organic fertilizer on physiological stress (stomatal conductance), photosynthetic rate
(chlorophyll fluorescence), and crop development of Salanova lettuce (Lactuca sativa). A
secondary aim of the study was to evaluate the relationship between plant stress,
photosynthetic rate, and plant growth in lettuce in order to find an ideal organic fertilizer
regime that maximized plant height and yield. We hypothesize that the lettuce grown in
the highest organic fertilizer treatment will have reduced physiological stress, increased
photosynthetic rate, and better overall crop development. Evaluating these indicators can
help determine if lettuce can be grown successfully under different organic fertilizer
regimes and replace harmful synthetic fertilizers that lead to soil degradation. Results of
this study can also supply important information to farmers growing lettuce in nutrient
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limited conditions and exemplify how they can enhance the physiological traits of lettuce
along the Central Coast using organic methods.
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2. LITERATURE REVIEW
2.1 Conventional Agriculture
As the global population expands, so has the agricultural industry to supply our
nutritional demands (Robertson & Swinton, 2005). This section expands on the
development of conventional agricultural and how it is leading us down a path to poor
environmental health.
2.1.1 History
The primary focus of the present-day agricultural industry is to maximize yield in
order to provide food for the billions of people inhabiting our planet (Tal, 2018). To
achieve this goal, farmers have turned to a “conventional model” for agricultural
production which was established in the United Kingdom in the 1940’s (Morgan &
Murdoch, 2000). The conventional model is highly focused on “productivism” due to
food shortages in wartime and post-war period and promoted technological
innovation aimed at increasing output and productivity (Morgan & Murdoch, 2000).
Today, the agricultural industry is dominated by conventional methods such as high
input of synthetic pesticides and mineral fertilizers and it is responsible for providing
up to 98.9% of the worlds food (Tal, 2018). While conventional crop production
methods enhance crop yield, they cause various negative environmental impacts.
2.1.2 Negative Environmental Impacts
There are many negative environmental effects that have been linked to
conventional farming practices. To begin, the domination of land across the globe
being used for crop production has caused massive habitat loss for species and
consequently has led to the reduction of global biodiversity (National Academy of
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Sciences, 2021). Another issue is that the agricultural industry is a major contributor
to greenhouse gas (GHG) emissions and as much as 30% of the total human-produced
emissions are linked to global food systems (Environment, 2021). Future predictions
for these emissions continue to grow because large-scale farming systems in order to
feed the global population (Smith & Gregory, 2013).
Synthetic and chemical additives that are commonly used in conventional
agriculture are also impacting groundwater and surface waters across the globe.
Leftover nitrogen from fertilizers migrate soil into our groundwater resources leading
to nitrate contamination, which has devastating effects including low blood oxygen
levels in children (blue baby syndrome) and gastric, bladder and esophageal cancer in
adults (Altieri, 1998). Finally, Soil mismanagement and land misuse from extractive
farming leads to soil degradation, which entails “accelerated erosion, depletion of the
soil organic carbon (SOC) pool and loss in biodiversity, loss of soil fertility and
elemental imbalance, acidification, and salinization” and the most severe consequence
of soil degradation is “that soil becomes a net source of GHG emissions (i.e., CO2 and
CH4) rather than a sink” (Lal, 2015). Limiting and preventing negative environmental
effects is a challenge that the agricultural industry is now facing.
2.2 Organic Agriculture
Proposed solutions to reverse agricultural damage include ecological approaches
where “crop and livestock production systems [are] managed as ecosystems, with
management decisions fully informed of environmental costs and benefits” (Robertson &
Swinton, 2005).
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Organic agriculture is one of the fastest growing agricultural segments in the
United States and has been in operation since the late 1940’s (Keough, 2021) (US EPA,
2015). Organic agriculture “eliminates the use of synthetic inputs, such as synthetic
fertilizers and pesticides, veterinary drugs, genetically modified seeds and breeds,
preservatives, additives and irradiation” and instead replaces them with site-specific
management practices free of artificial external agricultural inputs (Organic Agriculture:
What Is Organic Agriculture?, 2021). Organic farming practices have been directly
linked to maintaining and improving soil fertility, soil structure, soil biodiversity and
reduction in soil erosion (Flohre et al., 2011).
1.2.1 Organic Fertilizer
Additives that are biologically derived and naturally produced can be used as
organic fertilizers and pesticides within organic agriculture (US EPA, 2015).
Naturally made, organic fertilizing methods can maintain and improve soil fertility
(Altieri, 1998). The application of organic fertilizers on soils can “improve the
physical properties of the soil by improving aggregate stability and soil bulk density”
(Ilahi et al., 2021). Not only are the physical properties of soils improved by organic
fertilizers, but they “can also improve the biological and biochemical properties of the
soil and enhance the structure of the soil microbial community”(Ilahi et al., 2021).
While there are plentiful benefits to organic fertilizers, mismanagement and excess
nutrient application can still result in negative effects on the environment.
2.3 Plant Essential Nutrients
There are seventeen chemical elements that are recognized as essential for plants
(Osman, 2013). Of the seventeen essential nutrients nitrogen (N), phosphorus (P), and
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potassium (K) are often the most critical for growers to consider in crop production (UC
Sustainable Agriculture Research and Education Program, 2017).
2.3.1 Nitrogen (N)
Nitrogen is the element needed by plants usually in the largest amount because it
can be found in chlorophyll, proteins, enzymes, nucleic acids, and many other
compounds in plants (Osman, 2013). The building blocks of proteins, amino acids,
are created by biologically combining Nitrogen with Carbon, Hydrogen, Oxygen, and
Sulfur (Silva & Uchida, 2000). These amino acids form protoplasm which is the site
for cell division, and thus, impacts plant growth and development (Silva & Uchida,
2000). Nitrogen is also essential to plants because enzymes are made of proteins so it
is needed for all enzymatic reactions, it is a major component of chlorophyll so it is
necessary for photosynthesis, it is a component of several vitamins, and it improves
the quality and quantity of dry matter in leafy greens and protein in grain crops (Silva
& Uchida, 2000).
2.3.1.1 Nitrogen Deficiency
Nitrogen deficient plants have reduced synthesis of chlorophyll which can
lead to the yellowing of leaves (chlorosis) and if severe enough, the death and
dropping of leaves (Osman, 2013). N deficiency also negatively impacts growth
and results in plants being stunted and producing fewer branches and leaves due
to a reduction of cell division (Silva & Uchida, 2000). Crops with inadequate N
may also reach maturity faster (early flowering and fruiting), have lower protein
content in seeds and vegetative parts, and have significant reductions in quality
and yield (Osman, 2013)(Silva & Uchida, 2000).
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2.3.2 Phosphorus (P)
Phosphorus is required in lower amounts than nitrogen and other nutrients, but is
an essential component of nucleic acids (DNA & RNA), phosphoproteins,
phospholipids, sugar phosphates, enzymes, and energy-rich phosphate compounds
which control photosynthesis, respiration, cell division, and other plant growth
processes (Osman, 2013). P is also critical in developmental stages of growth because
it aids root development, flower initiation, and seed/fruit development and has also
been found to improve the overall quality of certain crops (Silva & Uchida, 2000).
2.3.2.1 Phosphorus Deficiency
In the early developmental stages, phosphorus deficiency leads to slow, weak,
and stunted growth and in the later developmental stages results in delayed
maturity and poor seed and fruit development (Silva & Uchida, 2000).
Phosphorus deficiency slows carbohydrate metabolism, including photosynthesis
and respiration, that causes a buildup of carbohydrates in leaves and turns them a
dark green color (Osman, 2013).
2.3.3 Potassium (K)
While potassium is not found in any organic or structural components of the plant
body, it is involved in the synthesis of organic compounds and is a predominant
player in enzyme activation, gas exchange, and osmotic regulation (Osman, 2013).
Potassium ions in the vacuoles of cells control the movement of water and solutes
throughout the plant by regulating osmotic potential and potassium ions in the guard
cells (Osman, 2013). Additionally, the opening and closing of stomata is also
controlled by potassium ions in guard cells which manage CO2, O2, and H2O vapor
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exchange with the atmosphere during photosynthesis, respiration, and transpiration
(Osman, 2013). Potassium also benefits plants by strengthening stalks and stems,
creating thicker leaf cuticles, and controlling plant turgidity which enhances disease
resistance in plants (Silva & Uchida, 2000)(Osman, 2013).
2.3.3.1 Potassium Deficiency
The most common symptom of K deficiency is chlorosis across leaves which
turns them yellow/brown and causes premature death and shedding (Osman,
2013). Also, due to the importance of K in photosynthesis, deficient plants have
slow and stunted growth and poorly developed root systems (Osman, 2013).
Some deficient crops develop weak or shortened stems and have reduced
production or size of seeds and fruits (Silva & Uchida, 2000)(Osman, 2013).
2.4 Stress Physiology in Plants
Plants stress is any external factor that affects plants development, production, or
processes (Singh et al., 2020). Stress in plants is commonly divided into two groups:
Abiotic stress factors which are environmental issues that disturb plant growth (light,
temperature, nutrient deficiency, drought, etc.) and biotic stress factors which are
biological harm that plants face (pathogens, pests, viruses etc.) (Singh et al., 2020).
Abiotic and Biotic stress factors pose a threat to plant growth and development and
induce physiological responses. Examples of physiological response mechanisms to
stress include photosynthesis, gas exchange, cell death, changes in cell wall composition,
nutrient translocation, transcriptional activity of genes, transposable elements, lipid
signaling metabolites, proteins, and antioxidant profile (dos Santos et al., 2022). For the
purpose of this study, physiological responses to nutrient stress will be concentrated on.
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2.4.1 Effects of Nutrient Stress on Physiological Traits
Physiological traits of plants can be impacted by limited soil nutrients.
Physiological factors that affect nutrient use efficiency in plants include: water
uptake, nutrient influx & efflux, rate of nutrient transport, higher shoot yield, higher
physiological efficiency, higher nutrient uptake and utilization, and root
characteristics such as length, and density of main, lateral, and root hairs (Baligar et
al., 2001). While the physiological traits in response to nutrient deficient scenarios
occur to enhance the survival of plants, there are still various negative impacts that
occur.
Plants that are grown under nutrient limited conditions have been shown to have
accelerated rates of maturation, decreased leaf chlorophyll content, decreased
phosphoenolpyruvate carboxylase (PEPCase) activity, and effects on quantum yield
of PSII photochemistry (Fv/Fm) which results in reduced leaf area and biomass yield
(Zangani et al., 2021). In nitrogen limited scenarios, the reduction in yield and plant
growth occurs because nitrogen is directly involved in photosynthesis as a component
of photosynthetic enzymes and chlorophyll content (Chapin, 1980). Thus, nitrogen
deficiency often leads to a reduction of the chlorophyll index and rubisco activity
which reduces photosynthesis (Zangani et al., 2021). To monitor physiological traits
and efficiency in plants under nutrient stress, many researchers use physiological
parameters such as leaf stomatal conductance and chlorophyll a fluorescence to
quantify these characteristics.
2.4.1.1 Stomatal Conductance
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Stomata are cell structures in the epidermis of leaves where water exits the
leaf via transpiration and C02 diffuses into the leaf tissue for photosynthesis
(Onyemaobi et al., 2021). Stomata respond to a variety of abiotic and biotic stress
stimuli from the environment and initiate closure under unfavorable conditions
(Agurla et al., 2018). During periods where water is limited, the stomata close to
reduce water lost to transpiration at the expense of C02 diffusion which reduces
the rate of photosynthesis (Chaves et al., 2009). A vast amount of studies
conclude that stomatal closure is triggered when roots sense drying in the soil and
tell the plant to regulate water loss through a chemical signal, the plant hormone
abscisic acid (ABA) (Loveys & Kriedemann, 1974)(Saradadevi et al., 2017).
While this response improves water use efficiency, the reduced level of
photosynthesis and transpiration rates may reduce crop growth, productivity and
potential yield of crops (Saradadevi et al., 2017). Plants have evolved to be highly
efficient at regulating the tradeoff between water loss and photosynthetic rate and
stomata adapt to local and global changes to manage this dilemma (Ewers, 2013).
Stomatal conductance is the main plant physiological regulation over
photosynthesis and transpiration (Ewers, 2013). Measuring stomatal conductance
is a common way to monitor plant stress through observing stomatal movements
(Farquhar & Sharkey, 1982). The stomatal opening is measured using the
conductance to diffusion which is impacted by the areal density and apertures of
stomata (Farquhar & Sharkey, 1982). Increased stomatal conductance is generally
an indication of low stress due to increased rates of photosynthesis and
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transpiration while decreased stomatal conductance is seen as an indication of
high stress (Vysotskaya et al., 2011).
2.4.1.1.1 Stress Response: Limited Soil Nutrients
There have been some studies that investigate the relationship between
stomatal conductance and nutrient availability. The following results for
stomatal conductance were found under nutrient deficit conditions:
•

A study evaluating the response of lettuce to nitrogen limited
conditions found that reduced stomatal conductance during periods of
N deficiency limited growth of the lettuce. The researchers suggested
the explanation that “nitrogen limits gas conductance across stomata or
limits leaf morphology by reducing cell division and cell expansion in
epidermal cells”(Broadley et al., 2001).

•

A study investigating the effects of nitrogen and phosphorus levels on
seed yield, foliar stomatal conductance and photosynthetic response of
rapeseed (Brassica napus L.) found that plants grown under low levels
of nitrogen and phosphorus resulted in decreased gas exchange due to
decreased stomatal conductance and lower biochemical performance
of chloroplasts (Zangani et al., 2021). Researchers stated that this data
and result was consistent with the explanation given above by
Broadley et al. (2001).

•

A study quantifying nitrogen effects on castor bean (Ricinus
communis L.) development, growth, and photosynthesis resulted in
decreased leaf area and photosynthesis of castor bean plants which led
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to lower biomass accumulation. When analyzing the data, the
researchers also discovered that photosynthesis and stomatal
conductance declined linearly with lower leaf N. The researchers
concluded that low nitrogen levels caused photosynthesis to decline
because of greater stomatal resistance and less biochemical efficiency
of chloroplasts (Reddy & Matcha, 2010).
2.4.1.2 Chlorophyll Fluorescence
Measuring Chlorophyll fluorescence is one of the most widely used
techniques in plant physiology to probe photosynthesis and can be recorded with
great precision (Kalaji et al., 2014). The technique is popular because it shows
detailed information on the state of photosystem II (PSII) with ease and at a
relatively low cost to the user (Murchie & Lawson, 2013). Further, it has a major
role in understanding the fundamental mechanisms of photosynthesis, response of
plants to environmental change, genetic variation, and ecological diversity
methods (Murchie & Lawson, 2013).
The principle of chlorophyll fluorescence originates with chlorophyll existing
within a leaf as a pigment. There are three processes that exist in competition with
each other when light energy is absorbed by chlorophyll molecules: they can drive
photosynthesis (photochemistry), be re-emitted as heat, or they can be re-emitted
as light (fluorescence) (Murchie & Lawson, 2013). Therefore, the measurement of
chlorophyll fluorescence emission provides insight into the quantum efficiency of
photochemistry and heat dissipation of the plant (Murchie & Lawson, 2013).
Because photochemistry is used to provide energy and reducing power for C02
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assimilation, it is very important for plant photosynthesis and ultimately
productivity (Murchie & Lawson, 2013).
Chlorophyll fluorescence is a popular parameter in many abiotic stress studies
where researchers analyze plant responses to temperature effects, drought stress,
salinity stress, nutrient deficiency stress, heavy metal stress, etc. (Kalaji et al.,
2016). As plants become more stressed by abiotic conditions, chlorophyll
fluorescence decreases in with the physiological state of the vegetation (Ni et al.,
2015).
2.4.1.2.1 Stress Response: Limited Soil Nutrients
Chlorophyll a fluorescence measurements/techniques have been used in
several studies as a stress indicator and to monitor physiological changes in
plants.
•

A study looking into the effects of nitrogen deficiency on leaf gas
exchange and chlorophyll fluorescence parameters in sunflowers
found that under nitrogen limited conditions, the total chlorophyll
content decreased significantly by approximately 50%. However, the
chlorophyll fluorescence parameters that indicate efficiency of
photochemistry of PSII were not affected, showing that light reactions
of photosynthesis do not appear to be influenced by nitrogen
deficiency (Ciompi et al., 1996).
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3. METHODS
3.1 Experimental Design

Figure 1.1: Experimental layout at the Cal Poly SEF containing three blocks with three raised beds
(treatments) per block.

The experiment was conducted at the Student Experimental Farm (SEF) at California
Polytechnic State University, San Luis Obispo from March of 2022 through June of
2022. The SEF is a two-acre farm that is used for graduate and undergraduate student
experiments since 1989 (Home – Calpoly Student Experimental Farm, 2021). Within the
student experimental farm, this experiment took place in the fenced off region next to the
fallow field which contains 32 raised beds measuring 8 ft by 4 ft by 1 ft. Soils in the
raised beds were comprised of 40% Cal Poly compost, 40% sand and 20% coconut coir.
16

Soil tests were conducted by Cal Poly students in the Spring 2022 Natural Resource
Ecology course. The soil texture within the raised beds is a sandy loam with an average
compaction depth of 23.08 centimeters and infiltration rate of 196 inches/hour. Chemical
components of the soil included an average Nitrogen level of 71.33 ppm, electrical
conductivity (EC) of 0.38 microsiemens/cm, and a pH of 6.87.
Each crop bed had a set of three calibrated drip lines for irrigation throughout the
experiment. The watering regime for the crops included three 40-minute watering
sessions each week. Additional water was supplied via hand watering in the case of high
heat events.
Lettuce was chosen due to its agronomic and commercial importance in the
United States, and more specifically in California. This is also the same species of lettuce
that was used in the previous graduate research experiment at the SEF in 2021which was
very successful under the growing conditions at the SEF. The seeds were transplanted
into greenhouse trays on February 16, 2022 and transplanted into raised beds on April 1st,
2022.
There were three treatments tested in the study: lettuce crops grown without the
addition of any organic fertilizer, lettuce crops grown with a medium level of organic
fertilizer (2 cups / 320 grams), and lettuce crops grown with a high level of organic
fertilizer (4 cups / 640 grams). The organic fertilizer chosen was Dr. Earth, which has a
ratio of 4-4-4 of nitrogen (N), phosphorus (P), and potassium (K), which is a fairly
standard ratio for crop production. Each treatment was replicated in three raised beds,
with a randomized block design (Figure 1). The treatments and replications of this
experiment are limited due to a crop failure that forced a major modification to the
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original project design. If repeated, more fertilizer treatments levels and repetitions are
recommended.
Each bed in the experiment contained four rows of lettuce with seven crops per
row, totaling to 28 lettuce crops per raised bed. Thus, the sample size was a total of 252
lettuce crops grown across all nine beds in the experiment, but sample size was adjusted
to different sampling methods.
3.2 Data collection
3.2.1 Plant Height
Plant height is the measure from the top of the soil surface to the tallest part of the
plant. Plant height data was collected six times during the duration of the experiment
on April 4th, April 12th, May 2nd, May 9th, May 23rd, and June 2nd of 2022.
Measurements were taken from the two center rows of each treatment bed and six
lettuce crops per row were measured. Thus, a total of 12 height measurements per
treatment were collected. Plant height measurements were taken by the same three
research assistants each week in order to keep consistency of the measurements.
Rulers were used and measurements were taken in centimeters.
3.2.2 Leaf Area Index
The leaf area index (LAI) is a measurement of the density of a canopy and
specifically is the measurement of leaf tissue per unit of group area (Bréda, 2003).
LAI measured the canopy cover of each crop bed and was conducted twice during the
experiment – April 18th and May 8th of 2022. LAI measurements were taken from 10
sample locations on a transect at 40, 60, 80, 100, 120, 140, 160, 180, 200, & 220 cm
along a tape measurer going across each raised bed. We then took a 4-inch string with
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a weight on the bottom and slowly dropped it on a crop at each cm increment. The
number of leaves that came into contact with the string were recorded for each of the
10 sample locations which resulted in a total of 10 LAI measurements per treatment
bed. The 10 LAI measurements were then averages across each raised bed to give an
overall Mean LAI score to each treatment rep.
3.2.3 Stomatal Conductance and Chlorophyll Fluorescence
We measured and analyzed the stomatal conductance and chlorophyll levels of
the crops to see photosynthetic efficiency and plant stress under differing nutrient
conditions. These measurements were taken using an instrument called a LI-600
Porometer and Fluorometer (LiCOR) five times during the experiment on April 25th,
May 2nd, May 9th, May 23rd, and June 2nd of 2022. On the first collection date two
randomly selected plants (one in each of the two middle rows) were sampled in each
of the 9 raised beds. These crops were marked by an agricultural flag so that stomatal
conductance and chlorophyll fluorescence measurements could be taken on the same
plant during each collection date. We choose to keep the sampled plants consistent in
this portion of the experiment to see how photosynthesis levels and plant stress effect
the crops over time (Meyer & Green, 1981). Further, because we took plant height
measurements from the flagged plants on the same dates as the stomatal conductance
and chlorophyll fluorescence, this gives us the option to link the physiological traits
with plant height/growth during the statistical analysis phase.
3.2.4 Yield
Yield is the measure of the “sellable biomass” from the lettuce crops. Low
quality lettuce that was damaged due to herbivory or disease was not included in this
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measurement. There were two harvests conducted during the experiment: one on May
10th and one on June 9th of 2022. The lettuce was harvested with a knife by cutting
approximately two inches above the root collar and removing the entire “head”. The
sellable biomass per crop species was collected from each bed, measured on a scale in
grams, and recorded. The sellable biomass for each of the flagged crops was also
recorded to obtain an individual yield measurement for the 18 crops. Once the yield
per bed was quantified, the three bed totals were added together for a per-treatment
total yield.
3.3 Data archiving
The data was originally handwritten on pre-made worksheets while in the field other
than the stomatal conductance and chlorophyll inflorescence. The handwritten method
was chosen for its ease when conducting manual measurements in a field setting.
Following field collection days, the data was inputted into Excel spreadsheets to ensure
proper organization and protection from losing data. The chlorophyll fluorescence and
stomatal conductance measured by the LiCOR tool were downloaded to a computer and
exported into an excel spreadsheet after collection. We thoroughly checked these
measurements as they were being taken to avoid any technical mistakes leading to
skewed data and results.
Multiple photos of the beds and the crops were taken during the duration of the
experiment and uploaded to a google doc. Google docs was chosen for its easy sharing
capabilities.
3.4 Statistical Analysis
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Statistical tests were used to compare the effects of fertilizer treatments on the
following variables: plant height, LAI, stomatal conductance, chlorophyll fluorescence,
and yield. Statistical tests were conducted in JMP Pro 16 software, and statistical
significance was defined as a £ 0.05. Data observations for lettuce crops that died due to
erroneous harvesting techniques were excluded from statistical analyses to avoid
influence on the results.
Data was analyzed using a mixed model to determine statistical significance between
treatments for plant height, chlorophyll fluorescence, and stomatal conductance. The
mixed model has a random effect for block, which controls for the correlation of plants
within the same raised bed. An Analysis of Variance (ANOVA) test was conducted for
each day of data collection for plant height, LAI, stomatal conductance, and chlorophyl
fluorescence to determine significance throughout the growing cycle. If there was a
significant difference between fertility treatments, a Tukey’s HSD Test for multiple
comparisons was run to distinguish which groups differed.
Two regression analyses were conducted; one to investigate the relationship between
stomatal conductance, chlorophyll fluorescence, and plant height and another to
investigate the relationship between stomatal conductance, chlorophyll fluorescence, and
yield. The first standard multiple regression was performed to assess the ability of
stomatal conductance and chlorophyll fluorescence to predict plant height in each
treatment. This analysis was only conducted on data collected before the first harvest as
some lettuce crops died and created an unequal sample size. The second standard
multiple regression was performed to assess the ability of stomatal conductance and
chlorophyll fluorescence to predict plant yield in each treatment. This analysis only
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included stomatal conductance and chlorophyll fluorescence data taken on 5/09/2022 (the
day before the first harvest) and the yield data from 5/10/2022 (the first harvest).
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4. RESULTS
4.1 Leaf Area Index
The LAIs of lettuce increased with crop maturity across all three treatments (Figure
4.1 and Table 4.1). During the first observation, the High Fertilizer treatment had the
highest average LAI of 0.60, the Medium Fertilizer treatment had a slightly lower
average LAI of 0.57, and the No Fertilizer treatment had the lowest LAI of 0.33. After
the crops matured, the High Fertilizer treatment still had the highest average LAI of 1.77,
followed by the Medium Fertilizer treatment which had an average LAI of 1.47, and the
No Fertilizer treatment once again had the lowest LAI value of 1.4.

Average Leaf Area Index

Leaf Area Index

First Collection (4/18/2022)

Second Collection (5/8/2022)

2
1.8
1.6
1.4
1.2
1
0.8
0.6
0.4
0.2
0

No Fertilizer

Medium Fertilizer

High Fertilizer

Treatment
Figure 4.1: The average leaf area index of lettuce for each treatment (No Fertilizer, Medium
Fertilizer, and High Fertilizer) on two collection dates (bars represent standard deviation).

There was not a significant difference in LAI on the first or second collection date
between treatments – High Fertilizer, Medium Fertilizer, No fertilizer (Table 4.1). The
large p-value of 0.654 for the first collection date and 0.637 for the second collection date
indicate that based on the experiment, the null hypothesis that fertilizer has no effect on
LAI cannot be rejected.
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Table 4.1: The mean and standard deviation of the Leaf Area Index of lettuce crops under each
treatment (No Fertilizer, Medium Fertilizer, High Fertilizer) from the two data collections.

Treatment
No Fertilizer

LAI First Collection
0.33 +/- 0.29

LAI Second Collection
1.40 +/- 0.26

Medium Fertilizer

0.57 +/- 0.35

1.47 +/- 0.51

High Fertilizer

0.60 +/- 0.45

1.77 +/- 0.611

4.2 Stomatal Conductance and Chlorophyll Fluorescence
The stomatal conductance and chlorophyll fluorescence measurements of lettuce
under each treatment (No fertilizer, Medium Fertilizer, and High Fertilizer) fluctuated
during the experiment. There were 6 lettuce crops per treatment (18 data points) that were
evaluated on five days of data collection. The stomatal conductance over time varied
slightly between each of the treatments (Figure 4.2). The treatments showed similar
trends for the first three collection days with stomatal conductance measurements that
increased from the first to the second collection date and then decreased from the second
to the third the collection date. On the fourth collection date, the High Fertilizer treatment
and the No Fertilizer treatment increased again, while the Medium Fertilizer treatment
continued to decrease. On the fifth collection date, the Medium Fertilizer and No
Fertilizer treatments increased, and the High Fertilizer treatment decreased.
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Figure 4.2: Stomatal Conductance measurements collected at five different dates for the designated
lettuce crops in each treatment. The points represent the six designated lettuce plants for each treatment
– High Fertilizer, Medium Fertilizer, and No Fertilizer. The line illustrates the fluctuation in the average
stomatal conductance over the course of the experiment.

The lettuce from the High Fertilizer treatment had the highest average stomatal
conductance of 0.336, the No Fertilizer treatment had an average of 0.328, and the
Medium Fertilizer treatment had the lowest average stomatal conductance of 0.242
(Table 4.2). The average stomatal conductance values are within the margin of error as
reflected by the standard deviations. When all collection dates were considered, there was
not a significant difference in stomatal conductance between High Fertilizer (M=0.34,
SD=0.25), Medium Fertilizer (M=0.24, SD=0.18), and No Fertilizer (M=0.33, SD=0.18)
treatments as indicated by the large p-value of 0.151 which provides a measure of the
statistical significance of the null hypothesis. The large p-value indicates that based on
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the experiment, the null hypothesis that fertilizer has no effect on stomatal conductance
cannot be rejected.
Table 4.2: The means and standard deviations for stomatal conductance and chlorophyll fluorescence
of lettuce crops under each treatment (No Fertilizer, Medium Fertilizer, High Fertilizer) from all
dates of data collection.

Treatment
No Fertilizer

Stomatal Conductance
0.33 +/- 0.18

Chlorophyll Fluorescence
0.52 +/- 0.19

Medium Fertilizer

0.24 +/- 0.18

0.44 +/- 0.42

High Fertilizer

0.34 +/- 0.25

0.48 +/- 0.18

Due to the observed variation in stomatal conductance towards the end of the
experiment, individual mixed models were run for each collection date as well. The
individual mixed models for all five collection dates did not show a significant difference
in stomatal conductance by treatment. The large p-values from the individual mixed
models (First collection p-value = 0.29; Second collection p-value = 0.72; Third
collection p-value = 0.68; Fourth collection p-value = 0.65; Fifth collection p-value =
0.58) reinforces the previous finding that the null hypothesis, fertilizer has no effect on
stomatal conductance, cannot be rejected.
The chlorophyll fluorescence measurements had minor variation across each
treatment (Figure 4.3). The chlorophyll fluorescence slightly decreased from the first to
the second collection day across all three treatments. The chlorophyll fluorescence of the
High fertilizer treatment increased on the third collection day, decreased on the fourth,
and increased again on the fifth day. The chlorophyll fluorescence of the Medium
fertilizer treatment decreased until the third collection date, increased on the fourth, and
then slightly increased on the fifth collection date. The chlorophyll fluorescence of the

26

No fertilizer treatment decreased until the fourth collection date, and then increased on
the fifth collection date.

Figure 4.3: Chlorophyll fluorescence measurements collected at five different dates for the designated
lettuce crops in each treatment. The points represent the six designated lettuce plants for each
treatment – High Fertilizer, Medium Fertilizer, and No Fertilizer. The line illustrates the fluctuation
in the average chlorophyll fluorescence over the course of the experiment.

The lettuce from the No Fertilizer treatment had the highest average chlorophyll
fluorescence of 0.52, the High Fertilizer treatment had an average of 0.48, and the
Medium Fertilizer treatment had the lowest average of 0.44 (Table 4.2). The average
chlorophyll fluorescence values are within the margin of error as reflected by the
standard deviations. When all collection dates were considered, there was not a
significant difference in chlorophyll fluorescence between High Fertilizer (M=0.48,
SD=0.18), Medium Fertilizer (M=0.44, SD=0.24), and No Fertilizer (M=0.52, SD=0.19)
treatments as indicated by the large p-value of 0.376 which provides a measure of the
statistical significance of the null hypothesis. The large p-value indicates that based on
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the experiment, the null hypothesis that fertilizer has no effect on chlorophyll
fluorescence cannot be rejected.
There was also not a significant difference in chlorophyll fluorescence between
treatments for the five individual collection dates (First collection p-value = 0.93; Second
collection p-value = 0.80; Third collection p-value = 0.37; Fourth collection p-value =
0.99; Fifth collection p-value = 0.30). The large p-values from the individual mixed
models reinforce the previous finding that the null hypothesis, fertilizer has no effect on
chlorophyll fluorescence, cannot be rejected.
4.3 Plant Height
The height of the lettuce varied between each fertilizer treatment during the duration
of the experiment (Figure 4.4). On the first collection date after planting the lettuce
(4/12/2022), the crops under the medium fertilizer treatment had the highest average
height while the high fertilizer treatment had the lowest average height. On the second
collection date (4/15/2022), the no fertilizer treatment had the highest average height
while the high fertilizer treatment had the lowest average height once again. For the rest
of the collection dates (5/2/2022, 5/9/2022, 5/23/2022, & 6/2/2022), the lettuce grown
under the high fertilizer treatment had the highest average height followed by the medium
fertilizer treatment, leaving the no fertilizer treatment with the lowest average height.
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Average Plant Height
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High Fertilizer
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Figure 4.4:The average height (cm) of lettuce in each treatment (No Fertilizer, Medium Fertilizer, and
High Fertilizer) on six days of data collection (bars indicate standard deviation). The first harvest,
indicated by the red line, was conducted between the fourth and fifth collection date.

An ANOVA was performed to compare the effect of fertilizer treatment on plant
height for each day of data collection (Table 4.3). There was a significant difference in
plant height on the third collection date, May 2, 2022, between High Fertilizer (M=7.66,
SD=0.93), Medium Fertilizer (M=5.42, SD=1.11), and No Fertilizer (M=5.83, SD=0.68)
treatments as indicated by the small p-value of 0.0017* which provides a measure of the
statistical significance of the null hypothesis. A Tukey’s HSD Test for multiple
comparisons found that the mean value of plant height was significantly different
between the High Fertilizer treatment and the Medium Fertilizer treatment with a p-value
of 0.0021* and was also significantly different between the High Fertilizer treatment and
No Fertilizer treatment with a p-value of 0.0098* on the third collection date. The small
p-value indicates that based on the experiment, the null hypothesis that fertilizer has no
effect on plant height can be rejected for the third day of data collection. This result
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suggests that fertilizer did have a significant effect on plant height in lettuce crops in the
High fertilizer treatment group during the third week of the experiment.
There was not a significant difference in plant height between treatments for the other
five collection dates (First collection p-value = 0.73; Second collection p-value = 0.15;
Fourth collection p-value = 0.34; Fifth collection p-value = 0.50; Sixth collection p-value
= 0.49). The large p-values from the ANOVA’s suggest the finding that the null
hypothesis, fertilizer has no effect on plant height, cannot be rejected.
The plant height was also analyzed using a mixed model to compare the effect of
fertilizer treatment on plant height overall (not by date). There was not a significant
difference in overall plant height between High Fertilizer (M=6.35, SD=2.83), Medium
Fertilizer (M=5.10, SD=3.16, and No Fertilizer (M=6.00 SD=2.77) treatments. The large
p-value of 0.184 indicates that the null hypothesis that fertilizer has no effect on plant
height cannot be rejected when looking at the data from the experiment cumulatively.
Table 4.3: Means and standard deviations of plant height of lettuce crops under each treatment (No
Fertilizer, Medium Fertilizer, High Fertilizer) from all dates of data collection. * Shows significance
at the 95% confidence level.
First
Collection
2.52 +/- 0.67

Second
Collection
4.92 +/- 0.65

Third
Collection
5.83 +/- 0.68*

Fourth
Collection
7.92 +/- 1.46

Fifth
Collection
5.00 +/- 1.61

Sixth
Collection
9.83 +/- 2.93

Medium
Fertilizer

2.58 +/- 0.65

4.00 +/- 0.84

5.42 +/- 1.11*

7.42 +/- 1.36

3.83 +/- 3.01

7.33+/- 5.75

High
Fertilizer

2.83 +/- 0.85

4.08 +/- 1.01

7.66 +/- 0.93*

8.58 +/- 1.16

5.25 +/- 1.57

9.66 +/- 2.44

Treatment
No
Fertilizer

4.4 Yield
The greatest yield came from the lettuce grown under the ‘No Fertilizer’ treatment
which had a total yield of 27,611.30 grams. The second highest yield was from the High
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Fertilizer treatment which had a total yield of 24,873.00 grams. The lowest total yield
was 23,776.70 grams from the Medium Fertilizer treatment.
There was not a significant difference in total yield between High Fertilizer
(M=8291.00, SD=2428.16), Medium Fertilizer (M=7925.57, SD=1430.14), and No
Fertilizer (M=9203.77, SD=1902.42) treatments ; 0.33 (2); p = 0.726.

Total Yield
First Harvest (5/10/2022)

Second Harvest (6/9/2022)
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High Fertilizer

15000
10000
5000
0

Treatment
Figure 4.5: The total yield of lettuce for each treatment (No Fertilizer, Medium Fertilizer, and High
Fertilizer) from both harvests during the experiment.

4.5 Results of Regression Analysis
The first standard multiple regression was performed to assess the ability of stomatal
conductance and chlorophyll fluorescence to predict plant height in each treatment. The
second standard multiple regression was performed to assess the ability of stomatal
conductance and chlorophyll fluorescence to predict plant yield in each treatment.
4.5.1 Predicting Plant Height
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The regression analysis was conducted for the flagged lettuce crops in each
fertility treatment with stomatal conductance, chlorophyll fluorescence, and the
product of stomatal conductance and chlorophyll fluorescence predicting plant height
(Table 4.4). The product of stomatal conductance and chlorophyll fluorescence was
included in order to avoid multicollinearity after stomatal conductance and
chlorophyll fluorescence were found to be strongly correlated with one another.
Stomatal conductance was not found to be a significant predictor of plant height
in any of the treatment groups (High Fertilizer p-value = 0.80; Medium Fertilizer pvalue = 0.64; No Fertilizer p-value = 0.11). Chlorophyll fluorescence was not found
to be a significant predictor of plant height in any of the treatment groups (High
Fertilizer p-value = 0.58; Medium Fertilizer p-value = 0.11; No Fertilizer p-value =
0.75). The product of stomatal conductance and chlorophyll fluorescence was also not
found to be a significant predictor of plant height in any of the treatments (High
Fertilizer p-value = 0.46; Medium Fertilizer p-value = 0.33; No Fertilizer p-value =
0.83). Due to the large p-values, there is not sufficient evidence to conclude that
stomatal conductance, chlorophyll fluorescence, or the product of stomatal
conductance and chlorophyll fluorescence have a true effect on plant height in any of
the fertility treatments. This conclusion applies to Salanova lettuce grown under
similar conditions as those in our study at the Cal Poly SEF.
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Table 4.4: Regression results predicting plant height from stomatal conductance, chlorophyll
fluorescence, and stomatal conductance * chlorophyll fluorescence for each treatment. There were
no significant predictors for plant height.

Observed
Variable
Stomatal
Conductance
Chlorophyll
Fluorescence
Stomatal
Conductance *
Chlorophyll
Fluorescence

Statistic

High Fertilizer

Medium Fertilizer

No Fertilizer

p-value

0.80

0.64

0.11

DF
F Ratio
p-value
DF
F ratio
p-value
DF
F ratio

(3,23)
0.06
0.58
(3,23)
0.32
0.46
(3,23)
0.56

(3,23)
0.23
0.11
(3,23)
2.88
0.33
(3,23)
0.93

(3,23)
2.79
0.75
(3,23)
0.11
0.83
(3,23)
0.03

4.5.2 Predicting Yield
The regression analysis was conducted for the flagged lettuce crops in each
fertility treatment with stomatal conductance, chlorophyll fluorescence, and the
product of stomatal conductance and chlorophyll fluorescence predicting plant yield.
Only the stomatal conductance and chlorophyll fluorescence values from 5/09/2022,
the day before the first harvest, were evaluated in order to stay consistent with the
single yield value for each plant from the first harvest.
Stomatal conductance was not found to be a significant predictor of plant yield in
any of the treatment groups (High Fertilizer p-value = 0.18; Medium Fertilizer pvalue = 0.07; No Fertilizer p-value = 0.74). Chlorophyll fluorescence was not found
to be a significant predictor of plant yield in any of the treatment groups (High
Fertilizer p-value = 0.42; Medium Fertilizer p-value = 0.053; No Fertilizer p-value =
0.12). The product of stomatal conductance and chlorophyll fluorescence was not
found to be a predictor of plant yield in the Medium Fertilizer treatments (p-value
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=0.07) or in the No Fertilizer treatment (p-value = 21) but was found to be significant
in the High Fertilizer treatment which resulted in a small p-value of 0.043*. This
result shows that we have evidence that the level of stomatal conductance modified or
changes the effect of chlorophyll fluorescence on the mean yield of lettuce in the
High Fertilizer group. The significant interaction tells us that the effect of stomatal
conductance depends on chlorophyll fluorescence but does not allow us to conclude
that either has a significant effect on yield individually.
Table 4.5: Regression results predicting plant height from stomatal conductance, chlorophyll
fluorescence, and stomatal conductance * chlorophyll fluorescence for each treatment. * Shows
significance at the 95% confidence level.

Observed
Variable
Stomatal
Conductance
Chlorophyll
Fluorescence
Stomatal
Conductance *
Chlorophyll
Fluorescence

Statistic

High Fertilizer

Medium Fertilizer

No Fertilizer

p-value

0.12

0.07

0.74

DF
F Ratio
p-value
DF
F ratio
p-value
DF
F ratio

(3,5)
4.19
0.42
(3,5)
1.01
0.043*
(3,5)
21.71

(3,5)
13.01
0.053
(3,5)
17.18
0.07
(3,5)
12.01

(3,5)
0.14
0.12
(3,5)
6.94
0.21
(3,5)
3.35
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5. DISCUSSION
This study was conducted in order to investigate the impacts of three organic fertilizer
treatments on physiological stress (stomatal conductance), photosynthetic rate
(chlorophyll fluorescence), and crop development of Salanova lettuce (Lactuca sativa).
The experiment also aimed to evaluate the relationship between these variables in order
to find an ideal organic fertilizer regime for Salanova lettuce that maximizes plant height
and yield. Studying alternatives to conventional farming methods is increasingly
important as the agricultural industry is currently a main driver of environmental
degradation (Seufert & Ramankutty, 2017). This research can provide valuable
information to farmers growing crops of economic importance, such as lettuce, and are
interested in organic methods. The results of this study indicate that there was no
significant between the three fertility levels on physiological stress, photosynthetic rate,
or crop development of Salanova lettuce. There were also no significant results predicting
plant height or yield from stomatal conductance and chlorophyll fluorescence indicating
that there was not an observed relationship between plant stress, photosynthetic rate, and
plant growth. The leaf area index, stomatal conductance, chlorophyll fluorescence, plant
height, and yield of lettuce were very similar in each treatment – No Fertilizer, Medium
Fertilizer, and High Fertilizer. While an ideal fertilizer regime to maximize plant height
and yield was not able to be recommended based on the results of this study, the data
suggest that the No Fertility level did not significantly impact on the yield of lettuce and
may not need supplemental nutrients as anticipated.
We hypothesized that lettuce grown in the high fertilizer treatment would have
reduced physiological stress, increased photosynthetic rate, and better overall crop
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development. The results for LAI, stomatal conductance, chlorophyll fluorescence, plant
height, and yield produced no statistical significance between fertilizer treatments.
Therefore, we reject the hypothesis and accept the null hypothesis that there is not a
significant difference in physiological stress, photosynthetic rate, and crop development
in lettuce grown in each fertilizer treatment – No Fertilizer, Medium Fertilizer, and High
Fertilizer.
In terms of crop growth, the LAI results indicate efficient use of space and light
capture by lettuce crops under all fertilizer treatments at the beginning and end of the
growing cycle. The leaf area index was slightly higher in the High Fertilizer treatment
which indicates that the increased level of nutrients may have contributed to a denser
canopy of lettuce crops. However, the difference in LAI values was extremely small,
varying only by only 0.3, and did not have statistical significance by treatment so this
conclusion cannot be made with certainty.
The plant height of lettuce showed efficient crop growth over the course of the
experiment and minor variance between each treatment. The High fertilizer treatment
originally had lettuce with shorter average plant heights for the first two collection dates
at the beginning of the growing cycle with Medium and No fertilizer lettuce crops
growing taller. For the following four collection dates in the study, the lettuce in the high
fertilizer group was the tallest on average of the three treatments. The additional nutrients
from the High Fertilizer treatment may have resulted in taller lettuce crops for the
majority of the experiment which aligns with our hypothesis that lettuce in the High
Fertilizer treatment would have better plant growth. Additionally, there was a statistically
significant difference in plant height between the three fertility levels on the third
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collection date (High Fertilizer = 7.66 cm; Medium Fertilizer = 5.42 cm; No Fertilizer =
5.83 cm). Thus, the fertility level did impact the plant height three weeks into the
growing cycle. The type of fertilizer that was used, pelletized organic fertilizer, has been
show to release nutrients into soils within 20-40 days from application (Monaci et al.,
2022). The third collection date, May 2nd 2022, was 31 days after the fertilizer was
applied to the soil so the increased plant height in the High Fertilizer treatment for this
date and the remainder of the experiment may be due to the additional nutrients that had
eventually been released from the pelletized fertilizer.
For the first harvest, the Medium Fertilizer treatment had a slightly higher yield than
the other two treatments. For the second harvest, the No Fertilizer treatment had the
highest yield of the three treatments which contrast with our hypothesized result that the
High Fertilizer would result in the highest crop growth. While not statistically significant,
these results may indicate that the No Fertilizer treatment was still fertile enough from the
original soil to produce the most biomass.
Although stomatal conductance and chlorophyll fluorescence was not significantly
impacted by treatment when evaluated cumulatively, there was still variation observed
during the 10-week experiment. Increased stomatal conductance and chlorophyll
fluorescence allows for increased rates of photosynthesis and transpiration and is
commonly used as an indication of low stress and high productivity (Vysotskaya et al.,
2011). The third and fourth collection date showed the lowest stomatal conductance and
chlorophyll fluorescence values over the extent of the experiment, thus, there was
increased plant stress and decreased photosynthetic activity on these two dates. The third
collection date was 6 weeks after planting when the lettuce had reached full maturity
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which may suggest a pattern when the lettuce has decreased productivity at the end of the
growing cycle.
The fourth collection date was after the first harvest, so low levels of chlorophyll
fluorescence and stomatal conductance indicate high levels of stress after harvesting.
Additionally, the fourth collection date did produce statistically significant difference in
stomatal conductance by treatment with the High Fertilizer group producing the highest
value. This may indicate that the higher level of fertilizer and nutrient availability in the
soil may have decreased the stress on the crops following a harvest. Although the High
Fertilizer did not significantly impact the lettuce during the entire experiment, the 4th
collection date result partially confirms our hypothesis that the lettuce grown in the High
Fertilizer treatment would experience less stress. Both stomatal conductance and
chlorophyll fluorescence increased through the fifth collection date for all treatments and
through the sixth collection date for some. A similar pattern where a most treatments had
decreased stomatal conductance and chlorophyll fluorescence on the sixth collection date
follows the same pattern of decreased photosynthetic activity once reaching maturity that
the crops showed for growing cycle before the first harvest as well.
The No fertilizer fertility level had the highest average chlorophyll fluorescence over
the course of the experiment; however, this mean was still within the margins of error
across the treatments (Table 4.2). The No fertilizer treatment also had the second highest
stomatal conductance of each treatment but only only 0.008 behind the highest value
from the High Fertilizer treatment. Although there were very minor differences between
the treatment groups, this result did contrast with our hypothesis that the High Fertilizer
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group would show the highest photosynthetic activity and lowest stress over the 10-week
experiment.
The No Fertilizer also had the highest overall yield of each treatment which suggests
that the decreased stress and increased photosynthetic activity may have contributed to an
increased biomass. This result of this study contrasts with other research whose findings
indicate that crops grown in stressful abiotic conditions have decreased stomatal
conductance and chlorophyll fluorescence which led to lower biomass accumulation in
the studied crops (Zhao et al., 2005). Research on the effects of nitrogen deficiency on
development, growth, and photosynthesis in multiple crops had higher yields when soils
were fertilized than when they were grown in nutrient deficient soils; fertilized castor
bean crops yielded 2.25 times more than nutrient deficient crops (Reddy & Matcha,
2010), fertilized rapeseed crops yielded 1.33 times more than nutrient deficient crops
(Zangani et al., 2021), and fertilized sorghum crops yielded 0.68 times more than nutrient
deficient crops (Zhao et al., 2005). However, there is a possibility that the No Fertilizer
group did not experience the same level of nutrient deficiency as the crops in previous
studies which could explain the differing results.
It was difficult to compare the Nutrient levels of the soils used in this experiment to
the nutrient levels in the previous studies because the crops were grown hydroponically
or in sand using nutrient solutions (Broadley et al., 2001)(Ciompi et al., 1996)(Reddy &
Matcha, 2010)(Zhao et al., 2005). The lettuce grown in soil without any fertilizer
treatment (No Fertilizer level) in this experiment contained a Nitrogen level of 71.33
ppm. The lettuce grown hydroponically in the other studies were given 210 ppm of N in
the beginning of the growing cycle but then it was emitted for the rest of the experiment,
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or the solution was deprived of nitrogen by eliminating KNO3 and Ca(NO3)2. However,
it does seem that the Nitrogen levels in the soils used in this experiment were higher than
those in other experiments, especially in the later in the growing cycle.
The relationship between plant stress, photosynthetic rate, and plant height in each
treatment was not statistically significant and did not provide evidence to conclude that
stomatal conductance, chlorophyll fluorescence, or stomatal conductance*chlorophyll
fluorescence have a true effect on plant height in each of the three treatments.
Additionally, when evaluating the relationship between stomatal conductance chlorophyll
fluorescence and yield in each treatment, stomatal conductance and chlorophyll
fluorescence were not found to be significant predictors of plant yield in any of the
treatment groups. The interaction term was significant, but this just tells us that the effect
of stomatal conductance depends on chlorophyll fluorescence but does not allow us to
conclude that either has a significant effect on yield individually. These results may be
due to the small sample size and variation between values in each for the variables. If the
relationship in one or all of the treatments did show that chlorophyll fluorescence and
stomatal conductance were influencing yield or plant height, we could make further
conclusions about the nutrient availability and its influence on the relationship between
plant stress, photosynthetic activity, and crop growth.
As mentioned in the introduction, the majority of research on stress and physiological
responses is often done in relation to water and salinity stress. The results of this study
may indicate that Salanova lettuce is not easily impacted by nutrient levels and may be a
better candidate for a water stress or salinity stress experiment.
5.1 Future Research
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In order to truly evaluate the effects of plant nutrient conditions on physiological
stress, photosynthetic rate, and crop development, the sample size for the study must
be much larger. The study was adjusted due to a major crop failure but the original
design, had all of the available raised beds in use (Figure 1). If the study was redesigned at the SEF, there should be triple the number of crops to study, 9 repetitions
instead of three, and 72 individual lettuce plants tested for stomatal conductance,
chlorophyll fluorescence, and plant height. Increasing the sample size would result in
a narrower margin of error, a higher confidence level, greater power, and would
increase the significance of the findings overall.
Another aspect of the study that could have influenced the results were the soil
nutrient conditions prior to the addition of fertilizer. Lab-grade soil tests were not able
to be conducted prior to the beginning of the study so the baseline nutrient levels
were calculated by hand. The soil at the SEF is very fertile because it is a mix of 20%
coconut coir, 40% manure, and 40% sand. The results suggest that the lettuce grown
in the treatment with no fertilizer could have had a satisfactory amount of nutrients
available. If each raised bed in the study had soil fertile enough for the lettuce to
successfully grow, then this could account for the similarities between treatments in
each of the tested variables. Lab-grade soil tests are recommended for each raised-bed
prior to the beginning of the study and researchers can use these results to influence
fertilizer levels for treatments or conclude that the soil is too fertile for an organic
fertilizer study.
To further study the relationship between plant stress, photosynthetic rate, and
plant growth, it may also be beneficial to collect data on more variables for crop
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growth and to collect more samples throughout the experiment. The LAI, plant
height, yield, stomatal conductance, and chlorophyll fluorescence were evaluated in
the study and with a very small sample size for each treatment. To see a better
representation of the interaction of these variables under the fertility treatments, larger
sample sizes for each treatment are recommended as well as collecting data from
multiple harvests. It is also recommended that each crop in the experiment is tested
for each variable instead of two representative crops per raised bed to collect a more
accurate representation of data per fertilizer treatment. Additional variables that can
be included to assess crop growth are shoot and root length, leaf number, leaf area,
relative water content, etc.

42

CONCLUSION
The results of this study indicate that there was no significant between the three
organic fertilizer treatments on physiological stress, photosynthetic rate, or crop
development of Salanova lettuce. The lettuce in each fertility treatment experienced
similar LAI, plant height, stomatal conductance, chlorophyll fluorescence and yield. This
study contrasts with the majority of research whose findings indicate that crops grown in
stressful abiotic conditions have decreased stomatal conductance and chlorophyll
fluorescence which led to lower biomass accumulation in the studied crops (Broadley et
al., 2001) (Ciompi et al., 1996)(Reddy & Matcha, 2010) (Zangani et al., 2021). There is a
possibility that the No Fertilizer group did not experience the same level of nutrient
deficiency as the crops in previous studies which could explain the differing results.
There is also the possibility that Salanova lettuce is a more suitable crop for water or
salinity stress experiments. Future experiments are recommended to increase the sample
size, do a more thorough analysis of soil nutrient conditions prior to planting, and to
evaluate more plant growth variables.
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