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ABSTRACT

Plant species are adapted to survive under specific ranges of temperature, water 

availability, and atmospheric CO2 concentration. Climate change-induced shifts in these 

environmental conditions have the potential to significantly affect nearly all terrestrial 

plants. A number of studies have explored the impacts of changing one or two of the 

conditions listed above, but few have examined the combined effects of all three. To 

study the cumulative influences of the three environmental conditions, 350 Mānoa lettuce 

(Lactuca sativa) plants were grown in indoor growth chambers. Within the chambers, 

plants were grown under varying degrees of CO2 concentration, water availability, and 

temperature for 21 days. At the end of this period, the leaf mass (biomass) of each plant 

was cut, dried, and weighed. Percent mortality and nitrogen content were also measured. 

Across all combinations of temperature and water availability, elevated CO2 

concentrations were associated with increased biomass production and survival rates. 

Survival and biomass decreased under high temperatures and both high and low water 

availability. The combination of environmental conditions that produced the largest 

amount of biomass was 750 ppm CO2, 80% of soil water capacity, and 24 °C while the 

treatment that produced the least amount was ambient CO2, 60% of soil water capacity, 

and 36 °C. Nitrogen content increased under high temperatures and water availability. 

These results suggest that although increased atmospheric CO2 levels have the potential to 

promote lettuce growth, lettuce yield is still likely to decrease in many regions due to the 

negative effects of high temperatures, drought, and flooding.
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1.0 INTRODUCTION

1.1 BACKGROUND

The terrestrial biosphere and human civilization are fundamentally dependent on 

plants. As the dominant primary producers in nearly all terrestrial environments, plants 

provide the biomass and energy that fuel terrestrial ecosystems, which store 

approximately 2,300 gigatons of carbon in the form of vegetation and soil [1]. The roots 

of grasses and trees mitigate erosion on both slopes and the coast [2] and can improve 

water capture and quality [3-4]. Plant based agriculture directly provides approximately 

82% of the global calorie supply [5], takes up half of the world’s habitable land area 

through plant farming and plant-dependent animal agriculture [5], and produces a total 

global value of well over four trillion US dollars a year [5]. Global forest products are 

worth approximately 244 billion US dollars a year [5] and 81% of the 450,000 

multifamily units built in the United States in 2023 were wood-framed [6]. Without 

healthy, stable plant communities, terrestrial biomes and human societies cannot exist.

1.2 EFFECTS OF CLIMATE CHANGE ON PLANT GROWTH

Due to the global importance of plants, any threats to plant life posed by climate 

change have the potential to lead to severe global consequences. All organisms are 

evolved to survive within certain ranges of environmental conditions and changes to 

these conditions can negatively impact the ability of an organism to survive within an 

environment [7]. Plants require water, atmospheric CO2, and a favorable temperature 

regime to survive, all of which can be significantly altered by the effects of climate 

change [7]. This study explores the individual and collaborative impacts of all three of 

these factors on the survival, growth, and nutritional quality of lettuce.
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1.2.1 IMPACTS OF HIGH TEMPERATURES

High temperatures present a threat to a number of plant functions, including 

photosynthesis, the production of biomass and reactive oxygen species (ROS), and 

reproduction. During extreme heat events, plants are known to experience damage to 

chloroplast protein complexes, chlorophyll, and grana stacks, all of which are vital to the 

normal functioning of photosynthesis [8-11]. This is compounded by alterations in the 

activity of vital enzymes such as Rubisco and chlorophyllase [8-9]. Due largely to this 

decrease in photosynthesis, many plant species have been observed to exhibit reduced 

rates of growth and biomass production under high heat conditions [8]. This reduction 

can lead to decreased yield in important food crops such as wheat, rice, and maize [10]. 

Heat-induced damage to enzymes and chlorophyll can also lead to the accumulation of 

dangerous ROS, such as superoxide, hydrogen peroxide, and hydroxyl radicals [8-10]. 

The presence of these molecules inside cells can lead to the irreversible oxidation of 

proteins, DNA, and fatty acids [12]. During periods of flowering and seeding, high 

temperatures can lead to poor seed production or sterility due to disturbances in 

reproductive organ development, the fertilization process, and embryo growth [8, 10, 13]. 

These disturbances are reflected in the seedlings of heat-impacted parent plants, which 

experience higher levels of mortality and lower growth rates [10]. All of these factors 

contribute to reduced plant success, which can lead to rippling effects on ecosystems and 

human communities.

1.2.2 IMPACTS OF LIMITED WATER AVAILABILITY
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Water stress due to drought can lead to many of the same impacts on plants as 

extreme heat, but for differing reasons. Leaf stomata often close under drought conditions 

to reduce evapotranspiration, but this also reduces CO2 uptake and, by extension, the 

amount of CO2 that is available for photosynthesis [14-16]. Low water availability also 

limits photosynthesis through chloroplast disfiguration, pigment synthesis reduction, 

disruptions to the thylakoid electron transport chain and Calvin cycle and, similarly to 

heat stress, a general reduction in the effectiveness of photosynthetic enzymes [14-16]. 

Many of these limitations can be attributed to the actions of ROS, which can also be 

created due to water stress-induced NADPH accumulation [9, 14]. As well as reducing 

carbon assimilation through impaired photosynthesis, water deprivation can limit plant 

growth by preventing water flow to new cells and inhibiting mitosis [14, 17]. This can 

lead to reductions in root and shoot development, leaf size, crop yield, and reproductive 

success [9, 14, 17]. Extended exposure to drought conditions has the potential to cause 

widespread leaf surface area reduction, leaf loss, air bubble formation in xylem tissue, a 

complete cessation of photosynthesis, significant metabolism disruption, and eventually 

plant death [9, 14-15].

1.2.3 IMPACTS OF ELEVATED CO2 CONCENTRATIONS

Increased atmospheric CO2 concentration has the potential to mitigate some of the 

negative effects of water and temperature stress, but only to an extent. Exposure to CO2-

enriched air has been found to stimulate increased photosynthesis in a wide variety of 

plant species, which promotes higher levels of growth and biomass production [18]. This 

increase in primary production and carbon assimilation has the potential to slightly 

reduce the rate of rising CO2 concentrations, although it is unlikely to be significant 
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enough to provide any substantial mitigation of climate change [18-19]. Additionally, 

increased CO2 concentrations have been found to promote water use efficiency (WUE), 

which refers to the amount of water that is lost through evaporation for every unit of CO2 

assimilated [13, 18-19]. Increased WUE could allow plants to survive regional drying 

trends and exhibit higher levels of primary production under low water conditions [18-

19]. However, while improved WUE and photosynthetic capacity are clearly visible 

under ideal laboratory conditions, these improvements become less significant when 

other environmental factors such as competing species, nutrient limitation, and the soil 

microbiome are introduced [20-22]. Additionally, the effects of increased CO2 have been 

found to decrease over time as plants gradually acclimate to higher concentrations [19, 

22-23].

1.2.4 COMBINED IMPACTS

It is important to study temperature, water availability, and CO2 concentration 

simultaneously because these three factors can have interacting impacts on the health of a 

plant. One clear example of this can be seen in the case of stomatal conductance. The 

stomatal conductance of a plant is a measure of the exchange of gases like CO2 and water 

vapor through the stomata and is primarily controlled by the degree to which leaf stomata 

are opened or closed [24]. Increased atmospheric CO2 concentrations allow plants to 

obtain CO2 with lower stomatal conductance and water loss, which is why increased CO2 

levels tend to improve plant WUE [13, 18-19, 25]. Alternatively, stomatal closure due to 

severe drought conditions could partially negate any stimulatory effects of increased CO2 

[14, 25]. The problem of stomatal conductance can be complicated further by high 

temperatures, which can trigger stomatal closure or opening regardless of CO2 or water 
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availability [9, 26]. The impacts on photosynthesis and metabolism caused by any of the 

three can also play a role in the control of stomata and other plant functions [13]. 

Complex biological interactions such as those that control stomatal conductance can be 

found in most species and can play an important role in the survival of an organism [13]. 

However, many studies into the potential impacts of climate change do not take these 

complexities into consideration [13]. 

1.3 EFFECTS OF CLIMATE CHANGE ON PLANT NITROGEN CONTENT 

Aside from the effects of climate change on plant growth, changing climatic 

conditions - especially increases in atmospheric CO2 concentration - have the potential to 

negatively impact the protein content of crop plants. While it is true that increased CO2 

concentrations can encourage many crop plants to grow more quickly, numerous studies 

have found that food produced under elevated CO2 levels often has lower levels of 

protein [27-30] and nutrients [27, 30] when compared to crops grown under lower 

atmospheric CO2. Multiple possible explanations have been proposed for the 

phenomenon of reduced plant protein content under high CO2 concentration. One 

potential cause is the biomass dilution effect that occurs when plants produce a 

disproportionately large quantity of nonstructural carbohydrates due to atmospheric CO2 

enrichment, which can result in crops that have a lower nitrogen content per unit of 

biomass [31-34]. Increased photosynthetic efficiency at elevated CO2 concentrations can 

also increase photosynthetic nitrogen use efficiency by decreasing the need for 

photosynthetic enzymes and increasing carboxylation efficiency, thus reducing plant 

nitrogen demand and eventually crop nitrogen content [33, 35]. A third factor that can 

influence the nitrogen content of plant matter is decreased stomatal conductance at high 
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atmospheric CO2 concentrations, which reduces transpiration and slows down the uptake 

of nitrogen from roots [31, 33, 36]. Regardless of the cause or combination of causes that 

lead to lower nitrogen concentrations in crops grown under elevated CO2 concentrations, 

the decreased nutritional value of the food produced has the potential to partially negate 

the beneficial effects of faster growth rates.

1.4 LETTUCE AS A MODEL SPECIES

Lettuce was selected as a model organism to explore the impacts of climate 

change on plant growth because of its global economic importance, small size, fast 

growth rate, and sensitivity to changing environmental conditions. Lettuce is widely 

grown on both industrial and small farms around the world and is a relatively inexpensive 

and nutritious food source [37]. Over 26.8 million tons of lettuce were grown in 2017 

[37] and the total value of the 2020 global crop of lettuce and the related species chicory 

was approximately three billion US dollars [5]. Lettuce is useful as a model organism for 

studying climate change because it is a relatively small, fast-growing plant that has been 

shown to be particularly sensitive to changes in temperature and water availability [38-

39]. Any findings collected on lettuce could potentially be extended to other members of 

the Asteraceae family, which includes sunflowers, safflowers, chicory, and artichokes 

among at least 32,000 other species. However, it should be noted that different plant 

species can respond to climate change in very different ways and the response of lettuce 

to climate variation should not be expected to be exactly mirrored in other species [22].

1.5 HYPOTHESIS
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Our primary hypothesis for this study was that lettuce growth would be negatively 

impacted by both increasing temperatures and decreasing water availability, but that 

elevated CO2 concentrations have the potential to reduce the negative impacts caused by 

these two environmental factors. Additionally, we hypothesized that the lettuce biomass 

produced under elevated CO2 concentrations would have a lower nitrogen content than 

lettuce grown under ambient concentrations. 

2.0 METHODS

2.1 MORA LAB GROWTH CHAMBERS

This experiment utilized the Mora Lab Intelligent Plant Growing System (IPS) 

growth chambers (see Fig 1), which are located in the UH Mānoa Department of 

Geography and Environment [40]. Each of the ten chambers consists of a 2 m by 1 m by 

1 m metal frame enclosed by reflective insulating material and each is capable of 

containing up to 40 two-liter plant pots in five rows that are suspended approximately 0.2 

m above the bottom of the chamber. Lighting within the chambers is provided by 8 

Unifun grow lights located approximately 0.5 m above the top of the pots. The 

temperature, soil moisture, and CO2 availability within each chamber can be 

independently regulated, allowing researchers to study the effects of changing climate 

conditions on plant growth. 

Fig 1. One of the Mora Lab IPS growth chambers with the door open (picture by 

author)
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2.1.1 TEMPERATURE REGULATION

The temperatures of the chambers are regulated by custom-made IPS temperature 

controllers (Fig 2) [41]. Each of these devices controls a small heater and air conditioner 

contained within the chambers as well as the day-night light cycle. When temperatures 

inside the chamber are below the set temperature - as determined by a built-in PT100 

probe - the controller turns on the heater for short bursts at regular intervals until 

temperatures reach the desired level. When temperatures are too high, the controller turns 

the air conditioner on steadily until chamber temperatures match the set temperature. To 

ensure a consistent temperature throughout the chamber, two fans provide constant air 

circulation. 

Fig 2. Picture of the IPS temperature controller with key features labeled (picture 

by author)

The controller allows the operator to regulate the temperature and day-night light cycle of 

each chamber, shown on the display (A) and controlled by a dial (B). Temperature is 

measured by a PT100 temperature probe (C). The top two outlets (D) on the side of the 

controller provide 110V AC power, the third outlet (E) turns the grow lights on and off 

based on the programmed day-night cycle, and the bottom two outlets (F) power an air 

conditioning unit and heater than turn on and off based on the internal temperature of the 

chamber. 

2.1.2 WATERING GANTRY

The amount of water provided to the plants and thus the soil moisture within each 

pot was based on the field capacity of the growth medium. The field capacity of a soil is 

.CC-BY 4.0 International licenseavailable under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 18, 2025. ; https://doi.org/10.1101/2025.08.13.670242doi: bioRxiv preprint 

https://doi.org/10.1101/2025.08.13.670242
http://creativecommons.org/licenses/by/4.0/


12

the maximum amount of water it can contain without the effects of gravity causing any of 

the water to drain downwards [42]. For this experiment, the field capacity of the media 

used - coarse vermiculite - was approximately determined by saturating a known weight 

of media in a pot with drainage holes in the bottom, covering the top of the pot to prevent 

evaporation, and re-weighing the pot after three days. The initial and final weights were 

used to determine the weight of water that could be contained by a given volume of 

media. By determining the field capacity, the amount of water provided could be 

expressed as a fraction of the maximum weight of water the medium could contain.

The quantity of water added to each pot was controlled by the IPS robotic 

watering gantry [43]. This machine consists of a motorized rolling carriage that contains 

five load cells that control five water spigots, one for each row of pots. When the 

machine is switched on, it rolls parallel to the rows of pots until it detects the presence of 

a magnet, which are placed at the front of each column of pots. Upon stopping, the 

machine rises upwards and the five load cells determine the weight of each pot in the 

column. If the weight of a pot is below the programmed level, the spigot releases water 

into the pot until it reaches the desired weight. This process is repeated until every 

column has been weighed and watered, at which point the gantry returns to the starting 

point. See Fig 3. for an image of the gantry in a lifted position. 

Fig 3. Picture of watering gantry with a row of pots lifted for weighing and watering 

(picture by author)

When turned on, the motorized gantry (A) rolls along the track until the magnetic sensor 

(B) detects the presence of a magnet. The gantry then raises and weighs each pot 
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individually. If the weight of a pot is below the set weight, the five spigots (C) add water 

to each pot until they reach the set weight. The gantry then lowers and moves on until it 

detects the next magnet. Water is provided by a tube (D) connected to an outside water 

source.

2.1.3. CO2 REGULATION

Elevated atmospheric CO2 concentrations were simulated by the addition of pure 

CO2 gas from an external gas canister. The addition was controlled by a custom CO2 

regulator designed by Camilo Mora, Kyle McDowell, and Yang Zhong. These devices 

constantly measure the CO2 concentrations inside each chamber and add a short burst of 

gas whenever concentrations drop below the desired level. In the chambers without 

elevated CO2 levels, a corner of the door of the chamber was left slightly open to allow 

the air in the chamber to mix with the external atmosphere. Because the ambient CO2 

concentration was influenced by the number of people in the building, CO2 levels in the 

ambient chambers ranged from 430-520 ppm daily. 

Fig 4. Picture of the IPS CO2 regulator (picture by author)

Tube A draws in air from the chamber to measure CO2 concentration. A plastic bottle (B) 

is used to capture excess moisture before it reaches the device. If CO2 concentrations are 

below the set level, a pulse of pure CO2 is added via tube C. This CO2 comes from tube 

D, which is attached to an external CO2 canister. (Picture by author)

2.2 LETTUCE GROWTH PROCEDURES
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For this experiment, Mānoa lettuce (Lactuca sativa) plants were grown under a 

range of potential climate change conditions. Lettuce seeds - purchased from the UH 

Mānoa CTAHR seed project - were sprouted in SkinnyBunny rock wool cubes which 

were then transplanted to pots of ThermoRock coarse vermiculite in the growth chambers 

at the 2-4 leaf stage. All plants were approximately the same size and age upon planting. 

Before planting, ten grams of Island Supreme 16:16:16 NPK fertilizer was mixed in with 

the top three centimeters of vermiculite in each pot. After allowing the seedlings to 

acclimate to the pots for one week under the range of soil moisture levels that would be 

used in the experiment, the chambers were closed and the temperature and CO2 

conditions in each were set. Of the ten chambers, half were left at ambient CO2 

concentration, which ranged from 430-520 ppm daily. CO2 concentrations in the other 

five chambers were elevated to 700 ppm, meant to represent global CO2 concentrations in 

2100 under moderate emissions (SSP2-4.5) [44]. Within each group of five chambers, the 

daytime temperatures of the chambers were set at four-degree intervals from 20° C to 36° 

C. At night, temperatures inside each chamber were decreased by five degrees. Within 

each chamber, each row of pots was given a different degree of soil moisture, ranging 

from 100% of field capacity to 60% of field capacity. Machines were watered once a day 

for the duration of the experiment. Grow lights were turned on for 12 hours a day to 

simulate a day-night cycle. Once these conditions were established, the lettuce plants 

were allowed to grow for 21 days before harvesting. See Fig. 5 for an image of the 

interior of a growth chamber during the growing period.

Fig 5. Lettuce growing in the chambers
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2.3 DATA COLLECTION

The three variables that were recorded in this experiment were plant mortality, 

leaf dry biomass, and leaf nitrogen content. Throughout the experiment, plant mortality 

across all treatments was recorded regularly as determined by visual inspection. After 21 

days, each plant was cut at the base and all aboveground biomass was collected, dried for 

24 hours at 70 °C in a Fisher Scientific Isotemp Oven, and weighed with a Ohaus 

Adventurer scientific scale. Following this process, three random samples from different 

plants within each experimental group (each unique combination of temperature, water 

availability, and CO2 treatments) were sent to the UH Mānoa Agricultural Research 

center to be tested for nitrogen content, which can be used as a proxy for protein content. 

For experimental groups that had 3 or less living plants remaining by the end of the 

experiment, all remaining plants were tested. After data collection was complete, the 

information we collected on mortality, leaf mass, and protein content was processed via 

regression analysis in R. 

2.4 DATA ANALYSIS

All data collected in this study was analyzed using code designed by [40]. To 

adequately represent the nonlinear relationships between the different independent 

variables examined in this experiment, this code used regression analysis to describe the 

interactions of the three environmental factors studied. To determine the best model for 

this analysis, several possible models were compared and the one that produced the 
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smallest AIC value while also containing both temperature and water was selected to 

process the data. Of the six models used in the regression analysis for this study, five 

incorporated both first and second order polynomials. Lower order components were 

included in any models that featured interaction terms. See S1 Table for the models used 

in the data analysis. Figures 6 through 11 were created in RStudio 4.3.1 by plotting the 

raw data produced by the regression analysis on contour plots with subplots that represent 

the individual interactions between pairs of variables. 

3.0 RESULTS

3.1 STATISTICAL ANALYSES

Regression analysis found that, although most predictor variables used in this 

experiment were not statistically significant, the regression models fit the data in five out 

of six models in S1 Table. The model comparing the effects of water availability and 

temperature on leaf mass under elevated CO2 concentrations was the only model in which 

either of the predictor variables had p-values under 0.05. In all other models, the p-values 

for the t-statistics of the predictor variables ranged from 0.05 to 1, indicating a lack of 

statistical significance for individual variables. See S2 Table for specific p-values for 

predictor variables. With this being said, the p-values for the F-statistics of nearly every 

regression model were well below 0.05, the only exception being the model examining 

nitrogen content under elevated CO2. These p-values indicate that, as a whole, five of the 

six models were generally accurate representations of the expected values of the response 

variables. 
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3.2 MORTALITY

The effects of the environmental conditions studied in this experiment on plant 

mortality are compiled in Figs 6 and 7.

Figs 6 & 7. Impacts of temperature and water availability on lettuce mortality under 

ambient (LC) and elevated (HC) CO2 concentrations. 

The central figures (6A & 7A) show the combined impacts of temperature and water 

availability on mortality, with darker colors representing higher survival rates. See 

contour lines for specific mortality rates, which range from 0 for complete mortality to 1 

for complete survival. The upper subplots (6B & 7B) show the relationship between 

mortality and water availability alone and the lower subplots (6C & 7C) show the 

relationship between mortality and temperature alone.

As seen in Fig 6, the highest survival rates were found under low temperatures 

and low water availability. Mortality increases at a relatively linear rate as both 

temperature and water availability increase. In Fig 7, mortality also increases at a linear 

rate with increasing temperatures, but soil water availability has a very limited impact on 

mortality. Overall, mortality was lower under elevated CO2 concentrations than under 

ambient conditions. 

3.2.1 RELATIONSHIP WITH TEMPERATURE 

High mortality rates occurred across most chambers used in this experiment, with 

mortality generally increasing with temperature. However, neither the ambient nor 

elevated CO2 chambers experienced a consistent increase in mortality with increasing 
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temperatures. For the ambient CO2 chambers, the coldest chamber experienced the lowest 

mortality (34%), yet the second coldest chamber was tied for the second highest mortality 

(89%). For the elevated CO2 chambers, the lowest mortality rate (14%) occurred in the 

second coldest chamber, with the coldest chamber having the third highest mortality rate 

(34%). Both the ambient and the elevated chambers set at 36 °C experienced 100% 

mortality, although it took the elevated chamber 14 days longer to reach complete 

mortality. See Table 1 and S1 and S2 Figs for a more complete comparison of 

temperature and mortality at the end of the experiment and over time.

Table 1: Final percent mortality of lettuce plants at ambient or elevated CO2 

concentrations under different temperature regimes

Daytime 
temperature (°C)

Final percent mortality 
at ambient CO2 (%)

Final percent mortality 
at elevated CO2 (%)

 Increase in survival 
between ambient and 
elevated CO2 (%)

36 100 100 0

32 89 74 125

28 43 23 35

24 89 14 650

20 34 34 0

3.2.2 RELATIONSHIP WITH SOIL WATER CONTENT

Soil water content had a very small effect on lettuce mortality in the elevated CO2 

chambers, with a <2% increase in mortality as water availability increased from 60% to 

100%. This effect was more pronounced in the ambient CO2 chambers, where plants 

experienced an 18% increase in mortality as water availability increased. See Table 2 and 
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S3 and S4 Figs for a comparison of mortality over time for plants grown under different 

soil water content levels. 

Table 2: Percent mortality of lettuce plants at ambient or elevated CO2 concentrations 

under different water availability regimes.

Soil water 
availability

Final percent mortality 
at ambient CO2 (%)

Final percent mortality at 
elevated CO2 (%)

100% 83 49

90% 71 51

80% 57 31

70% 71 51

60% 63 43

3.2.3 RELATIONSHIP WITH CO2 CONCENTRATION

Chambers with elevated CO2 generally experienced lower mortality rates than 

those with ambient CO2 concentrations, with an average mortality rate of 45% compared 

to the 69% average mortality found in ambient chambers. See S5 Fig for a comparison of 

mortality and CO2 concentration over time. 

3.3 LEAF MASS

The effects of the environmental conditions studied in this experiment on lettuce 

leaf dry biomass are compiled in Figs 8 and 9.

Figures 8 & 9: The impacts of temperature and water availability on lettuce dry leaf 

mass under ambient (LC) and elevated (HC) CO2 concentrations. The central figures 

(8A & 9A) show the combined impacts of temperature and water availability on lettuce 
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leaf mass, with darker colors representing higher leaf masses. See contour lines for 

average dry leaf mass, which is given in grams. The upper subplots (8B & 9B) show the 

relationship between leaf mass and water availability alone and the lower subplots (8C & 

9C) show the relationship between leaf mass and temperature alone.

In the ambient CO2 chambers, leaf mass was highest at low temperatures and 

medium-high water availability. Generally speaking, temperature had a greater effect on 

leaf mass than water availability in the ambient chambers. In the elevated CO2 chambers, 

leaf mass was highest at medium temperature and water availability. In the elevated 

chambers, both temperature and water availability had large impacts on leaf mass. 

Between the two groups of chambers, leaf mass was generally higher under elevated than 

ambient CO2 concentrations. 

3.3.1 RELATIONSHIP WITH TEMPERATURE 

In ambient chambers, the average dry leaf mass of surviving plants decreased 

with increasing temperature. The highest average leaf mass of plants grown in ambient 

chambers was 0.346 g in the 20 °C chamber, a value that consistently decreased with 

increasing temperature until reaching 0 g in the 36 °C chamber. When including dead 

plants - which are considered to have a leaf mass of zero - in the data, leaf mass still 

declined with increasing temperature, but with less consistency. Most notably, there is a 

large dip in average leaf mass at 24 °C due to high mortality, even though the average 

mass of living 24 °C plants was the second highest of all plants grown in ambient 

chambers. 
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In elevated chambers, the average dry leaf mass of surviving plants was highest in 

the 24 °C chamber (0.510 g) and decreased with increasing temperature until again 

reaching 0 g at 36 °C. This trend was generally mirrored when including dead plants in 

the calculations, although there is a dip in the data at 32 °C due to high mortality. When 

comparing chambers with elevated CO2 concentrations with ambient chambers set at the 

same temperature, almost all elevated chambers have larger average leaf masses, 

regardless of whether dead plants are included or not. See Table 3 and S6 and S7 Figs for 

more information on the relationship between temperature, average dry leaf mass, and 

CO2 concentration.

Table 3: Average leaf masses of elevated and ambient chambers set at different 

temperatures. When included in the average, dead plants were given a leaf mass of 0 g.

Ambient CO2 Elevated CO2

Temperature 
(°C)

Average dry 
leaf mass (g) 

Average dry leaf mass 
(g), including dead 

plants 
Average dry 
leaf mass (g) 

Average dry leaf mass 
(g), including dead 

plants 

20 °C 0.346 0.228 0.312 0.205

24 °C 0.221 0.025 0.510 0.437

28 °C 0.196 0.118 0.401 0.309

32 °C 0.076 0.009 0.304 0.078

36 °C 0.000 0.000 0.000 0.000

3.3.2 RELATIONSHIP WITH SOIL WATER CONTENT 

In chambers with ambient CO2 concentrations, dry leaf biomass generally 

increased with increasing soil water content, with the highest average biomass (0.354 g) 

occurring at 100% field capacity and the lowest (0.136 g) occurring at 60% field 
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capacity. However, when mortality was taken into consideration by including zero values 

for dead plants, the highest average biomass (0.146 g) occurred at 80% field capacity. 

Lettuce grown in chambers with elevated CO2 followed a similar pattern, with the highest 

dry biomass occurring at 80% field capacity regardless of whether mortality is considered 

in the calculation or not. In both ambient and elevated chambers and whether or not 

mortality was included, plants grown at 60% field capacity always had a lower average 

dry biomass than plants grown at 100% field capacity. See Table 4 and S8 and S9 Figs 

for information on the relationship between soil water availability, average dry leaf mass, 

and CO2 concentration.

Table 4: Average dry leaf masses of elevated and ambient chambers set at different soil 

water contents. When included in the average, dead plants are given a leaf mass of 0 g. 

Ambient CO2 Elevated CO2

Soil water 
content (%) 

Average dry 
leaf mass (g) 

Average dry leaf mass 
(g), including dead 

plants 
Average dry 
leaf mass (g) 

Average dry leaf mass 
(g), including dead 

plants 

100 0.354 0.061 0.411 0.188

90 0.278 0.087 0.512 0.249

80 0.341 0.146 0.528 0.332

70 0.165 0.042 0.318 0.154

60 0.136 0.043 0.220 0.107

3.3.3 RELATIONSHIP WITH CO2 CONCENTRATION

Under elevated CO2 concentrations, lettuce plants that survived until the end of 

the experiment had an average dry leaf biomass that was approximately 59% greater than 
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that of plants grown under ambient concentrations. This difference became more 

prominent when mortality was considered, as the average dry leaf biomass of elevated 

CO2 plants was over 171% greater than that of ambient plants when dead plants were 

included as zero values. See Table 5 for information on the relationship between average 

dry leaf mass and CO2 concentration.

Table 5. Total and average leaf masses of elevated and ambient chambers. When 

included in the average, dead plants are given a leaf mass of 0 g. Total Dry Leaf Mass 

refers to the sum of the dry leaf mass of all surviving plants grown under ambient or 

elevated CO2 concentrations.

Total Dry Leaf 
Mass (g)

Average Dry Leaf 
Mass (g)

Average Dry Leaf Mass (g), including 
dead plants 

Ambient 
CO2 13.278 0.255 0.076

Elevated 
CO2 36.032 0.405 0.206

3.4 NITROGEN CONTENT

The effects of the environmental conditions studied in this experiment on lettuce 

leaf nitrogen content are compiled in Figs 10 & 11.

Figs 10 & 11. The impacts of temperature and water availability on lettuce nitrogen 

content under ambient (LC) and elevated (HC) CO2 concentrations. 

The central figures (10A & 11A) show the combined impacts of temperature and water 

availability on lettuce percent nitrogen content, with darker colors representing higher 

nitrogen content. See contour lines for average lettuce nitrogen content, which is given in 
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percentage of total dry biomass. The upper subplots (10B & 11B) show the relationship 

between nitrogen content and water availability alone and the lower subplots (10C & 

11C) show the relationship between leaf mass and temperature alone. These figures do 

not include nitrogen data from the 36 °C chambers, as no living plants remained in said 

chambers by the end of the experiment. 

In Fig 22, the highest leaf nitrogen content was found at high temperature and 

water availability. This decreased under medium temperatures before slightly increasing 

again at the lowest temperature. In general, temperature had a more important effect on 

nitrogen content than water availability. In Fig 23, the highest nitrogen levels were again 

found at high temperatures and water availability. Temperature again generally had a 

more important effect than water availability. Between the two figures, there is little 

average difference in nitrogen content between ambient and elevated CO2 concentrations, 

with elevated chambers leading to slightly higher nitrogen content.

3.4.1 RELATIONSHIP WITH TEMPERATURE 

In regard to temperature, the highest average percent nitrogen found in dry leaf 

samples occurred in the 32 °C chambers for both ambient and elevated CO2. These values 

- 6.92% and 6.76% respectively - were also the highest average nitrogen content values 

found in any of the chambers. In the ambient chambers, N content decreased with 

decreasing temperature until increasing again at 20 °C. The lowest average N content of 

all chambers (5.44%) was found at 20 °C and ambient CO2. The elevated chambers 

expressed a less definite relationship between temperature and N content, with a decrease 

in N content when temperatures decreased from 32 °C to 28 °C but few changes in N 

.CC-BY 4.0 International licenseavailable under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 18, 2025. ; https://doi.org/10.1101/2025.08.13.670242doi: bioRxiv preprint 

https://doi.org/10.1101/2025.08.13.670242
http://creativecommons.org/licenses/by/4.0/


25

content between the other three chambers. See Table 6 and S10 Fig for information on 

the relationship between temperature, CO2 concentration, and nitrogen content.

Table 6: Average nitrogen content of dry lettuce leaf biomass grown under different 

temperatures and under ambient and elevated CO2

Temperature 
(°C)

Average Nitrogen Content Under 
Ambient CO2 (%)

Average Nitrogen Content Under 
Elevated CO2 (%)

20 6.14 5.89

24 5.44 6.10

28 5.63 5.92

32 6.92 6.76

3.4.2 RELATIONSHIP WITH WATER AVAILABILITY 

Within the elevated chambers, there was a small increase in N content with 

increasing soil water content. The highest average N content found in elevated chambers 

(6.158%) was at 100% field capacity and the lowest (5.992%) was found at 70%. There 

was less of a trend within ambient chambers, as the highest value (6.27%) was found at 

90% field capacity and the smallest (5.53%) was found at 80%. See Table 7 and S11 Fig 

for more information on the relationship between water availability, CO2 concentration, 

and nitrogen content.

Table 7: Average nitrogen content of dry lettuce leaf biomass grown under different 

levels of water availability and under ambient and elevated CO2

Soil Water Content 
(%)

Average N Content (%) Under 
Ambient CO2

Average N Content (%) Under 
Elevated CO2
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100 6.098 6.158

90 6.286 6.071

80 5.531 6.123

70 5.670 5.992

60 6.196 6.008

3.4.3 RELATIONSHIP WITH CO2

CO2 concentration had little effect on lettuce leaf nitrogen content. On average, 

plants grown under ambient CO2 concentration had a dry leaf biomass that was 5.93% 

nitrogen and plants grown under elevated concentrations had an average dry leaf biomass 

that was 6.08% nitrogen. 

4.0 DISCUSSION

4.1 IMPLICATIONS OF CLIMATE CHANGE IMPACTS ON LETTUCE GROWTH 

AND MORTALITY

Because of the wide variety of environments lettuce is grown under and the 

differing ways that these environments could be impacted by climate change, it is 

difficult to make any concrete, overarching predictions as to how climate change could 

affect global lettuce harvests. With this being said, our research generally suggests that 

climate change has the potential to improve lettuce growth and survival due to the 

beneficial effects of elevated CO2 concentrations. However, this improvement could be 

negated by the deleterious effects of high temperatures, drought, and/or flooding. These 

tentative conclusions are largely supported by similar studies, which are discussed below. 
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4.1.1 CO2 IMPACTS

As predicted by our hypothesis, elevated CO2 concentrations led to larger plant 

biomass and improved plant survival across all treatments. This increase in productivity 

is likely due primarily to the photosynthesis-promoting effects of increased CO2 

availability [45-46]. Our data also suggests that increased CO2 concentrations improve 

lettuce thermal tolerance. As shown in Figs 16 and 17, while lettuce biomass increased 

with decreasing temperature under ambient CO2 concentration, under elevated 

concentrations biomass was greatest at approximately 25 °C. The relationship between 

biomass and water availability, on the other hand, is roughly the same under both ambient 

and elevated CO2 concentrations. The similar relationship between water availability and 

biomass in both ambient and elevated treatments suggests that improved water use 

efficiency due to elevated CO2 concentrations does not have a significant effect on lettuce 

grown under the levels of water availability used in this study.

Comparing our research to the literature shows that the relationship we found 

between CO2 availability and biomass yield is supported by the findings of [27, 45-47] , 

all of whom found that elevated CO2 concentrations increased lettuce biomass production. 

[47] also found that artificially elevating CO2 concentrations led to an increase in the 

optimal temperature for lettuce cultivar biomass growth from 25 °C to 30 °C. However, 

when comparing the growth rates of lettuce grown under a wide range of CO2 

concentrations, [45] found that increasing CO2 levels gave diminishing returns in biomass 

increases once concentrations surpassed 800 ppm. 

4.1.2 TEMPERATURE IMPACTS
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Within both the ambient CO2 group and the elevated CO2 group, our data suggests 

that the success of Mānoa lettuce declines rapidly at high temperatures and that the 

cultivar cannot survive at temperatures exceeding 36 °C. This supports our initial 

hypothesis, which predicted that lettuce growth would be negatively impacted by 

increasing temperatures. This could be due to a number of factors, including damaged 

cellular apparatuses, impaired enzyme function, and the accumulation of reactive oxygen 

species [8-10]. Biomass and survival both increased at lower temperatures, with the 

optimum temperature for lettuce grown under elevated CO2 falling around 25 °C and the 

optimum temperature under ambient CO2 falling around 20 °C or lower. This is notable, 

as the Mānoa lettuce cultivar is ordinarily known to grow poorly at temperatures above 

20 °C [48].

The relationship between temperature and lettuce growth has been explored by a 

number of studies, but there is limited consensus as to the nature of this relationship. 

Studies by [49-50] have found that lettuce biomass increased as temperature increased 

from 20 °C to 24 °C and 25 °C to 33 °C, respectively. However, studies by [51-52] found 

that biomass decreased as temperatures increased from 20 °C to 30 °C and 14 °C to 21 

°C, respectively. This discrepancy could be due to different lettuce cultivars having 

differing optimal temperatures, as demonstrated by [53-55]. 

4.1.3 WATER AVAILABILITY IMPACTS

Although temperature had a greater impact on plant survival and yield, water 

availability also played an important role in lettuce growth and survival. Our findings 

from both elevated and ambient treatments suggest that the optimum level of substrate 

water content for Mānoa lettuce grown in coarse vermiculite is approximately 80% of the 
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experimentally determined field capacity of the media. This differs from our hypothesis, 

which theorized that lettuce growth would be greatest at the highest level of water 

availability. The decrease in lettuce productivity at lower water availability could be due 

to lower rates of water flow to new growth [14, 17] or closed stomata reducing the 

amount of CO2 available for photosynthesis [14-16]. At higher water availability, it is 

possible that waterlogging could lead to root oxygen deprivation, which can have 

detrimental effects on the uptake of water and nutrients [56-57]. 

Other studies on the effect of water availability on lettuce have also found that 

both drought and waterlogging can have negative impacts on lettuce biomass production. 

When growing lettuce plants under both waterlogging and drought stress, [58] found that 

waterlogging had a larger negative impact on plant growth than drought. Both [59-60] 

compared the effects of waterlogging and water restriction on different lettuce cultivars 

and found that, although both water extremes reduced plant growth, the degree of this 

impact depended on the cultivar being grown. Additionally, the soil microbial content of 

a growing media can modify the effects of both drought stress [61-62] and waterlogging 

[61, 63-64] on plant growth and survival. Thus, the lack of a robust microbial community 

in the growth medium we used could have further influenced the response of the 

experimental plants to water availability.

4.2 IMPACTS OF CLIMATE CHANGE FACTORS ON NITROGEN CONTENT

Based on our findings, it appears that lettuce percent nitrogen content may 

slightly increase when both temperature and water availability are at high levels. The data 

suggests that this increase may be less prominent under elevated CO2 concentrations, 

which could potentially lead to reduced nutritional quality in lettuce under climate change 
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conditions. However, under lower temperature and water availability conditions, the 

nitrogen contents of lettuce plants grown under ambient and elevated CO2 concentration 

were more similar. These findings partially support our hypothesis that lettuce nitrogen 

content would decrease under elevated CO2 concentrations, but only at high temperatures 

and with abundant water availability. With this being said, the small sample size of high 

temperature lettuce that was available for testing reduces the reliability of this prediction. 

Our findings regarding the impacts of climate change on lettuce nitrogen content 

are partially supported by the literature, although few studies have examined the impacts 

of climate change on lettuce nitrogen content specifically. One study by [27] examined 

lettuce and spinach plants grown under elevated CO2 concentrations and found that 

increased concentrations typically led to decreased concentrations of nitrogen, potassium, 

and phosphorus in the leaves of both species. However, a review of 54 studies by [30] 

found that, although the protein content of almost all crops decreased when grown under 

elevated CO2, leafy vegetables did not experience a significant decrease in protein 

content. With this being said, the same study also found that increased CO2 

concentrations led to a decrease in nitrate in leafy vegetables of 18.8%, which could 

contribute to a decrease in total nitrogen content [30]. In regards to temperature, some 

studies have concluded that lettuce protein content increases with warming conditions 

[49] while others have reported the opposite trend [65]. It is also possible that the higher 

levels of nitrogen under high temperatures and lower water availability could be due to 

the smaller size of surviving lettuce plants under these conditions, as the reduced amount 

of nonstructural carbohydrates in smaller plants could lead to a larger quantity of nitrogen 

per unit of biomass [31, 33-34]. 
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4.3 LIMITATIONS

Because our experiment took place under laboratory conditions, there are several 

areas in which our research conditions differed from the conditions lettuce would grow 

under in a farm setting. For one, the media used to grow our lettuce was vermiculite, a 

sterile, inorganic media that lacks the microbiome found in most organic soils. 

Vermiculite also has a high water capacity that allows it to hold a larger amount of 

moisture than many organic soils. Additionally, because the pots used in the IPS system 

lack drainage holes, there was no opportunity for excess water or nutrients to escape from 

each pot. This lack of drainage has the potential to promote the proliferation of harmful 

microorganisms and increase waterlogging. Microbial growth could also be encouraged 

by low ventilation, which promoted high humidity levels inside the chambers. Finally, 

growing indoors eliminates pressures from pests, weeds, or adverse weather conditions, 

all of which can influence plant growth in outdoor settings.

Other factors that could have contributed to inaccuracy in our data include CO2 

fluctuations and laboratory malfunctions. As mentioned previously, the ambient CO2 

concentrations in the lab were not consistent and depended largely on the number of 

people present in the building. On an ordinary day, this meant that CO2 levels in the 

laboratory ranged from approximately 430 ppm to 520 ppm. When the lab was actively in 

use for long periods of time, CO2 concentrations could reach as high as 600 ppm. As a 

result, the average CO2 concentration in the ambient chambers was well above the April 

2023 atmospheric CO2 concentration of 423 ppm [66] recorded by the Mauna Loa 

observatory. Additionally, the 20 °C chambers - which were the most energy-intensive - 

experienced two power outages each over the course of the experiment. During these 

.CC-BY 4.0 International licenseavailable under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 18, 2025. ; https://doi.org/10.1101/2025.08.13.670242doi: bioRxiv preprint 

https://doi.org/10.1101/2025.08.13.670242
http://creativecommons.org/licenses/by/4.0/


32

outages, the chambers warmed to room temperature (approximately 25 °C at night), lost 

all light if the outage occurred during the 12 hour “daytime”, and, in the case of the 

elevated CO2 chamber, returned to ambient CO2 concentrations for the duration of the 

outage. Although only two of these events occurred during the experiment and both 

lasted for less than 6 hours, power loss could have impacted lettuce growth rates. 

4.4 POSSIBLE FUTURE RESEARCH

There are multiple possible options for future research into the effects of climate 

change on lettuce and other plants. Because this study only examined the upper ends of 

the survivable spectrums of temperature and water availability, future research could 

explore the lower limits as well. Studying the lower limit of water availability under 

ambient and elevated CO2 is especially important, as elevated CO2 should theoretically 

allow lettuce to survive under drier conditions due to improved water use efficiency. For 

similar reasons, future research could explore the responses of lettuce plants to different 

nutrient concentrations. Plant nutrient uptake can be influenced by temperature, CO2 

concentration, and water stress, so it is fully possible that climate change could change 

the way lettuce interacts with soil nutrients [67-68]. Nutrient uptake can also be 

influenced by the soil microbiome, another factor that could be incorporated into future 

studies [61, 63]. Finally, there is a great need for more research into the effects of climate 

change on other lettuce cultivars as well as other food crops. Climate change impacts are 

highly species- and cultivar- specific, so the results of one study on one lettuce cultivar 

are not enough to provide accurate insight into the effects of environmental change on the 

global food system [22]. 
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5.0 CONCLUSION

It is highly likely that climate change will affect the global agricultural system, 

but the limited information available on the effects of climate change on crop plants can 

make it difficult to predict how future agricultural landscapes could function. To 

investigate the impacts of climate change on one particular crop - lettuce - we grew 

Mānoa lettuce under a wide variety of environmental conditions and observed the way 

lettuce growth was modified by changing conditions. We found that, although lettuce 

growth and survival was improved by increasing atmospheric CO2 concentrations, this 

benefit could be reduced or negated by the detrimental effects of high atmospheric 

temperatures and high or low water availability. Additionally, we found that climate 

change conditions have the potential to impact the nitrogen content of lettuce and may 

decrease protein content under high temperatures and waterlogged conditions. This 

information could be very useful for the lettuce farmers of today, as it suggests that 

lettuce yield could be improved in the future, but only if the area in which it is grown is 

not expected to experience significant temperature increases or increases or decreases in 

precipitation. Moving forward, it is vital that future studies explore the potential impacts 

of climate change on other plant and animal species. In order to adequately prepare for a 

future where climate change may radically alter the way organisms grow and function, 

the scientific community of today must invest time and resources into understanding the 

potential landscapes of tomorrow.
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Supporting figure and table captions:

S1 Table. The six models used in the regression analysis for this study, including 

AIC, R2, and p- values.

S2 Table. P-values for the individual predictor variables for the six models.
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S1 Fig. Percent mortality over time (days) at different temperatures under ambient 

CO2 conditions.

S2 Fig. Percent mortality over time (days) at different temperatures under elevated 

CO2 conditions.

S3 Fig. Percent mortality over time (days) for chambers set at different levels of soil 

water availability (% of maximum field capacity) under ambient CO2 

concentrations.

S4 Fig. Percent mortality over time (days) for chambers set at different levels of soil 

water availability (% of maximum field capacity) under elevated CO2 

concentrations.

S5 Fig. Average percent mortality over time (days) for lettuce grown under ambient 

and elevated CO2 concentrations.

S6 Fig. Average dry lettuce leaf mass (g) versus chamber temperature (°C) for 

plants grown under ambient and elevated CO2 concentrations. This figure only 

considers the average masses of plants that survived until the end of the experiment. 

S7 Fig. Average dry lettuce leaf mass (g) versus chamber temperature (°C) for 

plants grown under ambient and elevated CO2 concentrations, incorporating 

mortality. This figure considers both the average masses of plants that survived until the 

end of the experiment as well as the masses of plants that did not survive, the latter of 

which are considered to have a mass of 0 g.

S8 Fig. Average dry lettuce leaf mass (g) versus chamber soil water availability (% 

of field capacity) for plants grown under ambient and elevated CO2 concentrations. 
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This figure only considers the average masses of plants that survived until the end of the 

experiment. 

S9 Fig. Average dry lettuce leaf mass (g) versus chamber soil water availability (% 

of field capacity) for plants grown under ambient and elevated CO2 concentrations, 

incorporating mortality. This figure considers both the average masses of plants that 

survived until the end of the experiment as well as the masses of plants that did not 

survive, the latter of which are considered to have a mass of 0 g.

S10 Fig. Line graph showing average dry lettuce leaf N content (%) versus chamber 

temperature (°C) for plants grown under ambient and elevated CO2 concentrations. 

The solid line represents the average nitrogen content of dry leaf samples grown under 

ambient CO2 levels while the dotted line represents the same data for plants grown under 

elevated CO2 levels. This figure does not include nitrogen data from the 36 °C chambers, 

as no living plants remained in said chambers by the end of the experiment. 

S11 Fig. Line graph showing average dry lettuce leaf N content (%) versus chamber 

soil water availability (%) for plants grown under ambient and elevated CO2 

concentrations. 

The solid line represents the average nitrogen content of dry leaf samples grown under 

ambient CO2 levels while the dotted line represents the same data for plants grown under 

elevated CO2 levels. 
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