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ABSTRACT

URBAN AIR POLLUTION AND CLIMATE STRESSORS: EXPLORING NITROGEN
DIOXIDE PATTERNS AND HEAT WAVE IMPACTS IN HOLYOKE, MA

FEBRUARY 2025
NATHALIE BELTRAN VARGAS, B.A., SPRINGFIELD COLLEGE
M.A., UNIVERSITY OF MASSACHUSETTS AMHERST

Directed by: Raphael Arku
Directed by: Laura L. Figueroa

Climate change and air pollution are interconnected, with nitrogen dioxide (NO2) and
heatwaves intensifying in urban environments, exacerbating public health risks and impacting
urban agriculture. Therefore, we aimed to conduct a city-wide year-long measurement campaign
to understand the spatiotemporal patterns and concentrations of NO.. Also, we aimed to assess
the impact of heatwave exposure during early plant development on plant growth, phenology,
flowering, fruit production, and the abundance of floral and non-floral visitors. We measured
ambient NO: concentrations in Holyoke, MA, from August 2021 to 2022, using Ogawa passive
samplers. We collected 260 weekly NO; samples at 25 sites classified based on their land use
characteristics. Sites included ‘fixed’ (yearlong, n = 5) and ‘rotating’ (weeklong, n = 20)
locations. Results showed higher NO; concentrations during winter (>150 pg/m?®) compared to
summer (<3.4 ng/m?), with commercial and highly dense sites experiencing the highest mean
concentrations (17.09 pg/m?). Approximately 61% of rotating sites and 62% of weekly samples
from fixed sites exceeded WHO air quality guidelines. A mixed-effects model revealed that
weekly mean temperature, NDVI, and wind speed were the strongest predictors of NOx.
Additionally, we investigated the effects of heatwaves in urban environments using cherry

tomato plants as a model system. Plants (n = 96) were exposed to heatwave (HW:37.7°C) and



control (C: 28.8°C) conditions for 3 days during early development, then transplanted to pots and
moved to 3 sites. We performed various surveys to assess plant growth, flowering, phenology,
fruit production, and floral and non-floral visitors’ abundance. Heatwave exposure increased
total flower counts yet did not influence initial growth rate or weekly plant height, but when the
site with additional nutrient access was excluded, HW exposure significantly reduced plant
height. HW-exposed plants produced more mature and immature fruits, attracted more non-floral
visitors, and led to a delay in fruit ripening time. These findings highlight the dual challenges of
air pollution and climate stressors in urban environments, emphasizing the need to understand

their interactions to protect public health and support urban agriculture.
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CHAPTER 1

1.1.1 INTRODUCTION

1.1.2 Health effects associated with nitrogen dioxide (NO3)

Air pollution is a major environmental and public health concern worldwide. Both
ambient and household air pollution are associated with 6.7 million premature deaths, annually
(World Health Organization [WHO], 2022). Most of the deaths are from cardiovascular and
respiratory diseases (Jiang et al., 2016). In addition to the cardiovascular and respiratory systems,
air pollution has been shown to impact nearly every organ in the human body, from adverse birth
outcomes to neurodegenerative conditions (Dominski et al., 2021). Most of the current global
burden of air pollution is borne by low- and middle-income countries, where air pollution levels
remain detrimentally high (George et al., 2023).

In high-income countries, urban air pollution is a significant environmental health risk
factor for city dwellers. Major sources of urban air pollution include traffic emissions, residential
heating, dust from construction and roadways, and industrial activities (Hoffman et al., 2019).
Consequently, six key air pollutants—carbon monoxide (CO), lead (Pb), nitrogen dioxide (NO>),
ozone (O3), particulate matter (PMz s and PM o), and sulfur dioxide (SO») — are carefully
regulated and monitored. Since the establishment of the Clean Air Act in the 1970s, the federal
law that regulates air emissions, the United States has achieved significant reductions in all
criteria air pollutants, even alongside economic growth reflected in the rising gross domestic
product (U.S. Environmental Protection Agency [EPA], 2011). However, these improvements do

not eliminate the potential for adverse health outcomes, as health issues related to air pollution
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exposure still occur in urban areas (Mananga et al., 2024). Therefore, it is crucial to continue to
investigate how human health is affected by air pollutants.

Besides fine particulate matter (PM: 5), nitrogen dioxide (NOy) is the most common
urban air pollutant studied. NO; results from the oxidation of nitric oxide and is part of a group
of very reactive gases called nitrogen oxides (NOx), which are composed of nitrogen and oxygen
molecules and include nitric oxide, nitrogen monoxide, nitrous oxide, nitrogen trioxide, and
nitrogen pentoxide. As a byproduct of combustion, NO: pollution is produced by the combustion
of automobiles and power plants and the burning of fuels at very high temperatures. During fuel
combustion, nitrogen and oxygen combine at high temperatures to form nitric oxide (NO), which
converts to nitrogen dioxide (NO3). Compared to other criteria pollutants, NO; has a shorter
lifetime and more spatial heterogeneity, where the concentrations can vary significantly from one
location to the other, depending on the sources. While NO» can also come from naturally
occurring sources (e.g. volcanic eruptions, and forest fires), ~70% of all emissions can be linked
to anthropogenic sources (Boningari & Smirniotis, 2016, Salonen et al., 2019). In the
atmosphere, NO2 can react with other chemicals to produce secondary pollutants like ozone and
acid rain (EPA, 2023). Also, it is important to recognize that NO is an indicator species for other
pollutants that are equally harmful. For example, sources that emit NO> during combustion
processes from vehicles, power plants, and heating systems, can also emit other pollutants such
as PM, CO, SO», and volatile organic compounds (VOCs)(Matthaios et al., 2023; Bozkurt et al.,
2018).

With low solubility in water, NO> can penetrate deep into the respiratory system, where
it can diffuse through alveolar cells and capillaries, leading to respiratory illnesses. Specifically,

NO: exposure damages lung tissues by promoting lipid and protein oxidation through free
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radical generation, reduces immunity, and impairs infection resistance by altering macrophage
function (Boningari & Smirniotis, 2016; Petit et al., 2017). Overall, NO can produce a variety of
clinical responses depending on its concentration and duration of exposure (National Academies
Press US, 1998).

Long-term exposure to NO> has been shown to pose significant health risks. In a meta-
analysis, researchers evaluated the association between long-term NO; exposure and all-cause,
cardiovascular, and respiratory mortality, analyzing 1,349 studies to calculate pooled and
subgroup-specific hazard ratios (HRs). They found that each 10 ppb increase in annual NO»
concentration was associated with a pooled HR of 1.06 for all-cause mortality, 1.11 for
respiratory-related mortality, and 1.05 for cardiovascular mortality (Huang et al., 2021). This
analysis indicates that long-term NO: exposure increases mortality risk from various causes
independent of other common air pollutants. However, the adverse health effects of NO»
exposure are not limited to long-term exposure but are also present in the short term.

Another group of researchers conducted a systematic review to assess the link between
short-term NO- exposure and daily mortality, calculating random effects estimates across
different continents and globally. Their findings showed a positive association between NO; and
both all-cause and cause-specific mortality. Specifically, a 10 ppb increase in NO; was
associated with a 1.58% rise in all-cause mortality, a 1.72% increase in cardiovascular mortality,
and a 2.05% increase in respiratory mortality (Wang et al., 2021). Additional research has
demonstrated a connection between short-term NO: exposure and emergency department visits
for respiratory diseases in children, a population particularly vulnerable to air pollution. For
example, a study in China found that short-term NO: exposure was associated with increased

emergency visits for respiratory illnesses, particularly acute upper respiratory infections in
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children aged 0-5, as well as conditions like bronchitis and pneumonia (He et al., 2022). These
findings highlight the significant impact of NO: exposure on both short- and long-term health,
emphasizing the need for measures to reduce NO: levels and protect public health.
1.1.3 Disparities in nitrogen dioxide (NQO:) exposure

Multiple studies have shown the disparities in exposure to multiple air pollutants,
including NO2, across marginalized communities in the US (Cheesman et al., 2022; Clark et al.,
2014; Wang et al., 2023). Wang et al. (2023) found that while there has been a significant
decrease in the outdoor concentrations of NO: over time, racial and ethnic minorities are
disproportionately exposed to higher concentrations in comparison to the white population.
These inequities have persisted, and some have worsened over time. For example, a study
revealed that Black, Hispanic, Asian, and multiracial populations experience 15-50% higher
concentrations of NO> than the national average, while non-Hispanic whites experience 5-15%
lower concentrations (Hunter et al., 2023). Another study that investigated socioeconomic
disparities in air quality at public schools in the US found that schools with a higher proportion
of marginalized students living in poverty experienced higher concentrations of NO; and PM3 s
than those schools with a lower proportion of marginalized students (Chessman et al., 2022). The
disproportionate exposure to this hazardous pollutant poses serious health risks to low-income
and marginalized communities, underscoring the need to continue our efforts to understand NO>
sources, identify areas with the highest concentrations, and develop models to predict exposures
in areas where monitoring data remains sparse.
1.1.4 Air Quality in Massachusetts

One of the Clean Air Act requirements was the establishment of the National Ambient

Air Quality Standards (NAAQS) for common air pollutants (criteria air pollutants). These
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pollutants are carbon monoxide (CO), nitrogen dioxide (NO2), ozone (O3) particles (PMio and

PM>5), and sulfur dioxide (SO2) (NAAQS Table | US EPA, 2024b). These standards provide

public health protection for the general population, including protecting the health of sensitive
groups such as asthmatics, children, and the elderly (EPA). Between 1970 and 2020, combined
emissions of these criteria pollutants dropped by 78%, with many cities and states enjoying
improved air quality and attaining the NAAQS across the country (EPA, 2022). The CAA
requires each state to monitor outdoor air quality and develop and implement a plan to ensure
that all areas of the state maintain federal standards. In addition to the EPA’s air quality
standards, there is also the World Health Organization (WHO) air quality guidelines (AQGs),
which provide evidence-based recommendations for pollutant concentration limits aimed at
achieving cleaner air and safeguarding public health. Although the WHO air quality guidelines
are not legally enforced, they guide national governments across the world to develop policies to
reduce the population’s exposure to air pollution.

The Massachusetts Department of Environmental Protection (MassDEP) has more than
twenty monitoring stations, where they forecast for ozone and particulates and collect data on
other criteria air pollutants. Based on its 2022 Air Quality Report, Massachusetts met the air
quality standards for all criteria pollutants, indicating that monitored pollutant levels across the
state remained within the allowable limits for that year. There were only four days in which
ozone concentrations exceeded the 8-hour national standard of 0.070 parts per billion (ppm) or
70 png/m? but not the WHO AQG of 100 pg/m?. This is likely due to the state’s use of fossil fuels
for heating, transport, and electricity, as fossil fuels are the primary source of air pollution in

Massachusetts (Landrigan et al., 2022). Despite the over-high quality of the state’s air quality,
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there are smaller environmental justice cities currently facing issues with air pollution (McIntyre
et al., 2024).

In 2019, air pollution was responsible for an estimated 2,780 deaths in MA. Among
these deaths, approximately 1,677 were due to cardiovascular disease, 2,185 to lung cancer, 200
to stroke, and 343 were related to respiratory diseases (Landrigan et al., 2022). It is important to
note that some deaths may be associated with multiple conditions. Therefore, the sum of cause-
specific estimates exceeds the total number of deaths. In addition, studies of traffic-related air
pollution across the state suggest that prenatal exposure can increase the risk of birth defects and
gestational diabetes mellitus while also resulting in smaller ultrasound biometric parameters
(e.g., fetal growth, head, and abdominal circumference, femur length, and biparietal diameter)
(Girguis et al., 2015; Fleisch et al., 2016; Gao et al., 2023).

Furthermore, disparities in air pollution exposure have been identified in MA. For
example, Rosofsky and colleagues quantified inequality by modeling PM> 5 and NO>
concentrations across the entire state and comparing those concentrations to race, ethnicity,
income, and education composition. By doing so, the researchers were able to identify the
populations most vulnerable to air pollution exposure. In general, they found that air pollution
inequalities exist, particularly, in urban areas and among the Hispanic population. Thus, the
results suggest that further research efforts should focus attention on these communities.
Therefore, the primary objective of this chapter is to examine the spatiotemporal distribution of
NO: concentrations in Holyoke, MA—a city largely composed of marginalized communities,
primarily Hispanics. It also seeks to develop a predictive model to identify factors influencing
these concentrations, with the ultimate goal of informing strategies to protect Holyoke residents

from the effects of air pollution.
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1.2.1 METHODS

1.2.2 Study Location

Our study was conducted in the city of Holyoke, MA (Figure 1). Holyoke is part of Hampden
County in Massachusetts, located East of the Mount Tom Range, and home to the Barnes
Aquifer, a major regional environmental resource. In addition, Holyoke is recognized for being
one of the first planned industrial cities in the world (Smith et al., 2013). During the 19" and 20
centuries, Holyoke, nicknamed the “Paper City,” was the world’s leading paper producer. At this
time, approximately 25 companies were producing various paper materials throughout the city.
At the same time, multiple textile mills also contributed to the city’s economy (Strahan, 2019).

Figure 1. Map of Holyoke, MA

/\ Fixed Sites

@ Rotating Sites

— Interstate and Major Roads
—— Secondary Roads

[ Holyoke

Map of Holyoke, MA, indicating the location of fixed and rotating sites as well as interstates,
major roads, and secondary roads.
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From the 1960s until 2014, there was a coal-fired power plant located in Holyoke along
the Connecticut River. Holyoke still reflects its industrial history through infrastructure such as
mills, old paper factories, and housing.

One of the most distinctive characteristics of Holyoke is that its population of 38, 238 is
~51.6% Hispanic. In terms of ethnicities, the population includes white (60.3%), Black or
African American (4.2%), two or more races (23.4%), Asian (0.8%), and American Indian and
Alaska Native (0.6%) (U.S. Census Bureau). The majority of Hispanic residents identify as
Puerto Rican, which is one of the largest Latino groups living in MA. Approximately 25% of the
state’s Puerto Rican residents live in Holyoke and Springfield (a large metropolis located several
miles south of Holyoke) (Granberry et al., 2020). Puerto Ricans began arriving in the region due
to the agricultural need during World War II and the Jones Act of 1917, which granted Puerto
Ricans citizenship (Granberry et al., 2020). This mass migration has helped shape the city’s
social, economic, and demographic qualities, all of which should be considered when
investigating health outcomes associated with air pollution (Clark et al., 2014).

In addition to having a large Hispanic population, 45.1% of Holyoke residents report
speaking a language other than English. Though nearly 80% of the population reports having
graduated from high school, only 20% have a bachelor’s degree or higher, compared to the
national average of 34.2% (U.S. Census Bureau). Holyoke is also a city with a high poverty rate
and a low median household income of $45,045, with an estimated 26.5% of the population
living in poverty. With a total of 15,062 houses and ~2.48 people per household (U.S. Census
Bureau), most of the residents live in the old housing stock. The sociodemographic
characteristics of Holyoke are key to the understanding of how air pollution and race, ethnicity,

and financial stability play a role in the concentrations of NO; that people experience. This is
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because communities where people have a lower socioeconomic status are unequally affected by
air pollution and are more susceptible to the effects of various pollutants because of access-
related disparities (Clark et al., 2023).

According to the Massachusetts Association of Community Development Corporations
(MACDC), the annual average age-adjusted rates of hospital admissions and emergency
department visits for asthma are 2-4 times higher for the City of Holyoke, Springfield, and
Brockton than across the state (cite). Additionally, the 2021 Massachusetts Department of Public
Health Annual Childhood Lead Poisoning Surveillance Report demonstrated that emergency
visits due to asthma per 10,000 people are around 4.5 times higher for Blacks (132.8) and
Hispanics or Latinos (142.4) than whites (29.5). Despite evidence of the disproportionate impact
of air pollution among these groups, only a few programs in Western MA focus on poor air
quality. Given the inequitable burden of asthma and the low number of programs focusing on
poor air quality, focusing on reducing air pollution may be more sustainable than relying solely
on asthma care services after disease onset.

1.2.3 Study Design

We conducted a city-wide year-long measurement for multiple air pollutants, including NO»,
to develop high-resolution spatial models to predict concentrations of these pollutants across the
entire city of Holyoke. Field measurements occurred between August 2021 and August 2022.
Weekly integrated NO> were collected at yearlong ‘fixed’ (n = 5) and weeklong ‘rotating’ (n
=25) sites (Figure 1). Sampling using a combination of fixed and rotating sites allowed us to
capture temporal (annual and seasonal) and spatial (geographic) variations in the measured data.
Sites were selected to represent different land use and source features of the city, including

geography, population density, road networks and traffic, neighborhoods, and the various
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industries. Before field deployment, the team secured approval from the mayor, health director,
housing authority, and multiple landlords following discussion of the purposes and goals of the
project. The rotating sites were operated in groups of five each week.

1.2.4 Nitrogen dioxide (NO:) measurement and analytical methods

Ogawa passive samplers were deployed to measure NO; concentrations. The Ogawa
samplers are cost-effective monitoring devices equipped with dual-inlet gas collection pads,
coated to chemically react with target gases including NO, NO,, SO, and Os. After exposure, the
collected pads are analyzed in the laboratory to determine the average gas concentrations over
the sampling period. Before deployment, the Ogawa samplers were carefully prepared by
following the established protocol (Ogawa & Co., Inc., USA). The samples were first cleaned
and preloaded in the laboratory and transported to the field in an airtight container to prevent
contamination. After the sampling, the samplers were resealed following the same cleaning and
handling procedures and transported in airtight vials. In the laboratory, the samples were stored
at 4°C until analysis.

To analyze the samples, Ogawa’s analytical protocol was followed, where the following
reagents were utilized: sulfanilamide solution, NEDA solution, color-producing reagent, nitrate
standard stock solution, and Nitrite working standard solution. Samples were extracted using
milli-Q-water and then, a color-producing reagent was added. Samples were then equilibrated at
room temperature for approximately 20 minutes. The amount of colored derivative produced was
determined by a spectrophotometer at a wavelength of 545 nm. Samples were measured three
times to ensure precision, and the average was taken to calculate the final concentrations. The
sampling time and total concentrations were used to calculate a linear calibration line from a

nitrite standard solution. The calibration line was corrected for temperature and relative
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humidity. After the absorbance was obtained, the solution concentration was calculated by taking
the absorbance and dividing it by the slope of the standard curve. Then, the collected weight was
calculated by taking the solution concentration and multiplying it by the volume and 1,000
(factor to convert PPM to PPB). Lastly, the concentrations of NO> were calculated by
multiplying the concentration conversion coefficient (aNO2) by the collected weight and
dividing it by the exposure time in minutes.

1.2.5 Data management and statistical analysis

One of the primary goals of this project was to understand how land use factors would be
influenced and vary in the community. Therefore, each site ( n=25) was classified into one of the
three land-use categories: (a) commercial/high-density residential (CHR) — areas with
commercial businesses, industrial activities, or government offices along with areas of high-
density residential features such as narrow paved or unpaved roads and low socioeconomic status
(SES); (b) low-density residential (LD) — areas exhibiting low-density residential features such
as high SES, medium to wide roads and sparsely populated; and (c) background (BG) — areas
with high green space with little to no direct influence from traffic.

Temporal/seasonal adjustments were conducted for all samples from the rotating sites. This
is because samples were collected in groups of five during different months and seasons. This
seasonal adjustment was implemented to remove temporal trends in the data and create annual
equivalents for comparison across all sites. For each sampling week, a temporal factor (TF) was
calculated as the ratio of the weekly mean value to the annual mean at all fixed sites.
Concentrations from the rotating sites were adjusted for time trends by dividing TF for each
respective week (Rivas et al., 2014). The rotating site concentrations were adjusted by using the

following equation:
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(CFixed site)j

TF = (CFixed site)

(CRO tating site )]

Rotating site . —
(¢ )J TF

Where (CFixed site) js the average NO, concentration at all fixed sites in the j measurement

week, (C FixedSite) jg the mean annual concentration at all fixed sites, (CiRomtmg Site)* j is the NO;
concentration measure at the 7 rotating site in the corresponding j measurement week.

Seasonally adjusted rotating site concentrations were used to assess the spatial patterns of
NO: in Holyoke, MA using land use characteristics while fixed-site data was used to examine the
annual mean concentrations and seasonal trends. It is important to note that the results of this
study were kept in micrograms per cubic meter (ug/m?) to allow for comparison with the WHO
annual NO; guideline of 10 pg/m>.

To assess seasonal differences, specifically between Summer/Fall and Winter/Spring, we
utilized R (Version 4.4.2; R Core Team, 2021) to perform a t-test comparing NO» mean
concentrations across these periods. This analysis allowed us to determine whether there was a
significant seasonal variation in the observed concentrations. Furthermore, to explore differences
among site classifications—categorized as CHR, LD, and BG—we performed a one-way
ANOVA using the “aov” function in R (R Core Team, 2021). This approach enabled us to assess
whether NO: levels varied significantly based on site types, providing insights into the impact of
land-use characteristics on air quality.

To evaluate how multiple predictors influence NO2 concentrations in the city of Holyoke, we
fitted a mixed effect model where NO, was added as a fixed effect and NO2_ID and week year

were added as random effects to account for differences across different locations, weeks, and
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years (2021 and 2022). All numeric variables included in the model were standardized using the

scale function in R.

1.2.6 Determinants of NO: concentration in Holyoke

We employed standard regression model techniques, leveraging a spatially dense air
pollution monitoring network and incorporating potential predictor variables typically derived
from Geographic Information Systems (GIS) (Hoek et al., 2008). We reviewed findings from
previous Land Use Regression (LUR) studies (Adamkiewicz et al., 2010; Mavko et al., 2008) to
guide the selection of the predictor variables and buffer sizes around the measurement sites. We
used 100 m, 200 m, and 300 m buffers as the most relevant for this project. This approach aimed
to capture variations in dispersion patterns, scales of influence (local and background sources),
and the geographical extent within Holyoke, MA. Using QGIS, we calculated the total length (in
meters) of features such as road categories (interstates and secondary roads) and rivers/streams.
We also estimated within each buffer the normalized difference vegetation index (NDVI).
Additionally, we utilized the ‘worldmet’ R package (Carslaw, 2023) to retrieve meteorological
data, including temperature, relative humidity, wind speed, and wind direction through the
National Oceanic and Atmospheric Administration's (NOAA) Integrated Surface Database
(ISD). All meteorological predictors were averaged weekly to align with the measurement data.
Table 1 shows the candidate variables that were selected based on their spatial or temporal
plausibility with the emission and dispersion of air pollution particularly NO», in urban
environments which was guided by the results of previous LUR models (Larkin et al., 2017; Cai

et al., 2020; Cheewinsiriwat et al., 2016) and data availability.
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Table 1. Description of candidate spatial predictor variables

Variable (type) | Variable sub-categories | Source Spatial statistics
Road network a. Interstate and MassGIS tigger Sum of length of roads
major roads roads within buffer (m)
b. Secondary roads
Land Use a. Commercial/High- | Collected data NA
density residential
b. Low-density
residential
c. background
Normalized NA United States Average NDVI value
Difference Geological Survey - | within the buffer
Vegetation Landsat 8 imaginary
Index (NDVI) (30m X 30 m)
Rivers and NA MassGIS rivers and | Sum of length of rivers
waterways streams and waterways (m)
Meteorological a. temperature Worldmet package R | Average weekly value
parameters b. relative humidity
c. wind speed
d. wind direction
Months of the Seasons Collected data NA
year Time

Table shows all potential predictor variables used to build the models. The final models include a
subset of these predictors chosen during the model selection process. Three circular buffer sizes
with radii of 100 m, 200 m, and 500 m were considered. NA: not applicable.

We regressed the measured pollutant concentrations against site-specific geospatial

predictors representing emission sources and dispersion patterns. First, we perform a Pearson’s

correlation (r) matrix using the “cor” function in R to evaluate their associations with the

measured NO> and among themselves. The strength of the association was used to identify

variables most strongly associated with NO,. Figure 2 shows the magnitude of the association by

squaring the r.
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Figure 2. R-squared values
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R-squared values show the proportion of variance in the response variable explained by each
predictor variable. Positive correlations are indicated in red, while negative correlations are
shown in green. Variables are ordered by their R-squared values, highlighting the relative
strength of associations.

1.2.7 Model development

To ensure the appropriate development of our model, we assessed the distribution of our
data to determine whether it followed a normal distribution or exhibited skewness. The NO>
concentrations were found to be skewed. Consequently, we applied a log transformation to the
data prior to conducting further analysis (Figure 3). We applied a forward stepwise regression
procedure by systematically including in the model predictor variables with buffer radius that has
the highest correlation with measured NO- concentrations. Selection of subsequent variables was
made based on the magnitude of their added contribution to the model with a cut-off criterion of

at least a 1% increase in adjusted R? and p-value < 0.05. Collinearity between variables was

24



assessed with a variable inflation detector (VIF) function from the R “car” package (Fox, 2019),
and variables were excluded for VIF > 3. The process of variable selection continued until the
inclusion of additional variables no longer improved the model.

Figure 3. Histogram of unlogged and logged nitrogen dioxide (NO:) concentrations
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1.3.1 RESULTS
1.3.2 Spatial patterns

We collected a total of 260 valid weekly samples from both fixed (n = 5) and rotating
(n=20) sites during the one-year measurement campaign. The season-adjusted mean (SD) NO»
concentrations across all the rotating sites was 13.68 pug/m? (10.18 pg/m?), with concentrations
ranging from 2.17 pg/m? to 55.14 ug/m?3 (Table 2). Sites located in CHR areas experienced the
highest mean concentration of 17.09 pg/m?* followed by LD areas (7.92 ug/m?) and the least at
BG sites (5.50 ug/m?). Sites in the CHR tended to record some of the highest NO» concentrations
(Figure 4). The annual equivalent at the rotating sites showed that NO> concentrations across
Holyoke were meeting the US EPA standard of 99.64 ug/m?. However, nearly 61% of the sites

exceeded the WHO guideline of 10 pg/m? (Figure 5.)
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Figure 4. Seasonally adjusted weekly NO> concentrations for rotating sites
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Bar plot shows the seasonally adjusted weekly NO» concentrations among each rotating site. The
dashed line represents the current WHO Air Quality Guideline for NO,.

Table 2. Mean and standard deviation (SD) by site type

Measurement (nug/m?)
Site Type Fixed Rotating All
CHR 25.89 (21.80) 17.09 (10.87) 24.25 (21.62)
LD 11.38 (10.55) 7.92 (3.45) 11.61 (10.43)
BG 13.56 (11.01) 5.50 (4.95) 13.71 (10.91)
All Sites | 20.53 (19.75) 13.68 (10.18) 19.69 (18.95)

Table shows the mean and standard deviation in ug/m? across all site types and combined.

A one-way ANOVA comparing NO> concentrations by site type (CHR, LD, and BG)

revealed a statistically significant difference in mean NO> concentrations across groups (F =

3.783, p =0.0361). With p-value < 0.05, we can conclude that there is evidence that at least one

site classification differs significantly from the other. Turkey’s HSD Test of multiple

comparisons found no statistically significant differences between LD-BG (0.9246) and CHR-
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BG (0.1305). The difference between LD and CHR sites is marginally non-significant (p = >
0.05, but close to 0.05).
1.3.3 Temporal Patterns

The overall mean annual NO, concentrations at the five fixed (year-long) sites were 20.53
pg/m? (19.75) pg/m?. Site-specific annual means ranged from 12.28 ug/m? to 25.10 pg/m?.
Across the five fixed sites, ~1% of the weekly samples exceeded the US EPA standard, and 62%
exceeded the WHO guideline. Three sites saw over 75% of their weekly data surpassing the
WHO guideline (Figure 6). Two of these sites also registered the highest levels above the US

EPA standard (101.4 ug/m? and 163.7 ug/m?).

Figure 5. Box plot of the distribution of NO; at the fixed sites
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Box plot showing the distribution of NO; concentration at the fixed (year-long) sites. Dotted red
lines indicate the WHO air quality guidelines and EPA air quality standards.
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1.3.4 Seasonal Patterns
Individual weekly NO, concentrations ranged from < 3.4 pug/m? in the summer to over

150 pg/m? in the winter. The winter seasonal mean NO> concentration of 47.8 pug/m? (28.5

ug/m®) was significantly higher than summer levels (47.8 vs 14.3 pg/m?, p =< 0.001) (Figure 7).

There were 4 weeks in the winter where the levels exceeded the WHO guideline, compared to
weeks in the summer. Although there were only four weeks of exceedances during the winter,
their exceptionally high levels significantly influenced and drove the majority of the observed
results.

Figure 6. Seasonal variation of NO> concentrations at the fixed sites
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Box plot shows the seasonal variation of NO; concentrations at the fixed (year-long) sites and
statistical significance. Dotted red lines indicate the WHO air quality guidelines and EPA air
quality standards.
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1.3.5 Mixed Effect Model Results

The mixed effect model results showed that weekly average temperature, NDVI within a
200 m buffer, and weekly mean wind speed are key predictors influencing NO:> concentrations.
The variables explained ~51% of variations in the fixed effects components. The weekly average
temperature has a strong negative association with NO2 concentrations, with a slope estimate of -
0.614 (95% CI: -0.753, -0.476). NDVI within a 200 m buffer also exhibits a negative relationship
with NO» concentrations, with a slope estimate of -0.288 (95% CI: -0.414, -0.161), indicating
that areas with greater vegetation density are associated with lower NO» levels. Similarly,
weekly mean wind speed negatively impacts NO; levels, with a slope estimate of -9.174 (95%
CI: -0.311, -0.038). In contrast, rivers within a 200m buffer and secondary roads within a 300m
buffer do not significantly influence NO; concentrations, with slope estimates of -0.102 (95% CI:
[-0.2475, 0.0436]) and 0.170 (95% CI: [-0.0133, 0.3523]), respectively. Overall, the findings
highlight the importance of environmental factors such as temperature, vegetation, and wind
speed in influencing NO> concentrations.

Table 3. Mean association of log NO> with spatial predictor variables in the final model

Predictors Buffer sizes | Coefficient (95% CI) | Fixed effects R?

Weekly mean NA -0.614 (- 0.061, 0.199) 0.31
temperature

Rivers and streams 200 -0.102 (- 0.753, -0.476) 0.38

Secondary roads 300 0.170 (- 0.248, 0.044) 0.40

NDVI 200 -0.288 (- 0.414, 0.161) 0.44

Weekly mean wind NA -0.174 (-0.311, -0.038) 0.51

speed

Predictors of NO, concentration with slope coefficients, 95% confidence intervals, and
cumulative R? for fixed effects. Buffer sizes indicate the spatial scale of analysis, while the
cumulative R? reflects the proportion of variance explained by fixed effects in the mixed-effects
model.
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1.4.1 DISCUSSION

We conducted a city-wide year-long campaign to understand the spatial and temporal
variations of NO> concentrations in Holyoke, MA, and to evaluate their potential determinants.
We found that the city is meeting the US EPA annual standard for NO,. However, most areas in
the city are exceeding the WHO’s international health-based guidelines. Notably,
commercial/high-density residential areas experienced the highest concentrations in comparison
with low-density residential areas and background sites. NO2 concentrations were also
significantly higher during the winter/spring than in summer/fall, with the highest exceedances
occurring in the winter. Temperature, green vegetation, and wind speed are explained as the most
significant predictors of NO: concentrations in the city of Holyoke, collectively explaining ~51%
of the model's variance.

Our findings of higher levels in high-density residential areas align with findings from
previous studies (Stroshnider et al., 2017; Zhang et al., 2024), which also observed elevated NO-
concentrations in high-density urban areas compared to rural zones. Findings are consistent with
others that found higher NO; levels in urban areas and during winter seasons. For instance,
studies in New Jersey found that the highest concentrations of NO2 were experienced during the
winter than in summer (Roberts-Semple et al., 2012; Foskinis et al., 2024). One of the potential
explanations for this trend can be attributed to the seasonal planetary boundary layer height
conditions and subsequent lower median wind speeds in fall and winter and a change in the
diurnal wind pattern by season which can affect the dilution of air pollutants (Kendrick et al.,
2015). In addition to the height of the boundary layer, temperature inversions can play a
significant role in the concentrations of air pollutants. For example, when the boundary layer is

lower, especially during inversions, it traps pollutants near the ground, while a higher boundary
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disperses them more effectively (Zhanqing Li et al., 2017). Altogether, these patterns may
explain some of the patterns observed during the study.

Other additional explanations may be related to the use of natural gas for heating during
the winter (Ozgen et al., 2020) and the role of temperature on cold engine starts. Based on the
US EPA, a cold start is defined as a start when the engine has been off for over 12 hours (US
EPA, 2021a). The cold start phase of the gasoline direct injection is typically associated with less
vaporized fuel spray and lean combustion, which can, in turn, generate more air pollutants, and
the catalytic converter cannot be optimally efficient under low catalyst temperatures (Tu et al.,
2020). Tu et al. (2020) observed that during the first trip of the day, after an overnight soak, the

average NOx was 384% and 299% higher than the emission rate on the second trip of the day.

The mixed effect model showed that temperature was inversely related to nitrogen
dioxide (NO2). This may be explained by the photochemical reactions that occur in the presence
of sunlight. When sunlight is abundant, NO: reacts to form ozone (Os) through a series of
processes. In this cycle, NO: is broken down, and nitric oxide (NO) is formed. This NO then
reacts with free radicals generated by volatile organic compounds (VOCs) to regenerate NOx,
completing the cycle (Nguyen et al., 2022). During warmer temperatures, this process is more
active, and much of the available NO- is converted into ozone. As a result, NO2 concentrations
decrease during the summer and spring months, while ozone levels rise. This seasonal dynamic
is consistent with observed trends: higher O3 concentrations during warmer months and elevated
NOx (NO + NO) levels during fall and winter, when cooler temperatures and reduced sunlight

slow these photochemical reactions (Souza et al., 2024).
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Our study also emphasized the significant role of wind speed in influencing NO:
concentrations. Numerous land-use regression models have identified wind as a key predictor of
NO: levels. Roman-Cascon et al. (2023) conducted a study comparing the relationships between
wind and NO-, as well as turbulence and NO:, during winter and summer using sonic
anemometers placed at two locations: one atop a building and the other near a roadway. Their
findings revealed that turbulent variables correlated more strongly with pollutant concentrations
at street level, while wind speed was a better predictor when measured from the terrace-level
anemometer. Their analysis of turbulent diffusion behavior during winter showed that turbulence
typically decreases during the evening transition, leading to the highest NO: concentrations.
However, later at night, thermally driven winds often develop, which help disperse pollutants.
These findings are consistent with our results, which demonstrate an inverse relationship
between wind speed and NO: concentrations. They also underscore the importance of wind in
mitigating air pollution, as stagnant conditions can lead to prolonged exposure to pollutants,

especially in cities (Keshavarzian et al., 2022).

The study also demonstrated an inverse relationship between NDVI (Normalized
Difference Vegetation Index) and NO: concentrations. Prathibha et al. (2023), as part of the
Green Heart Louisville prospective cohort study, used Ogawa passive samplers to assess long-
term, hyperlocal exposure to nitrogen oxides. Their research explored the connections between
urban vegetation, local air quality, and cardiovascular health, revealing an inverse correlation
between NO: levels and NDVI. This relationship is further supported by other studies, such as
Larkin et al. (2017), which also found a negative association between NDVI and NO.. Areas
with higher vegetation cover are often located in less disturbed, background sites, which tend to

have fewer anthropogenic sources of pollution, thus contributing to lower NO: concentrations.
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The mixed effect model showed no statistical significance between NO> concentrations
and secondary roads. Typically, roadways tend to be highly influential (Larkin et al., 2017).
However, roadways were not apparent in the model’s prediction. Another study found a similar
pattern when Terry et al. (2024) conducted a study using Ogawa passive samplers to monitor
NO: concentrations at 15 sites in Philadelphia, Pennsylvania, USA, over two weeks during the
fall, winter, and spring seasons. The predictor variables in their analysis included land use and
land cover buffers, traffic counts, and distances to various types of roadways. Surprisingly,
despite incorporating road-associated variables into the final model, the influence of roadways
on NO: levels was not strongly evident, which aligns with our findings.

The motivation for this study stemmed from Holyoke's significant public health challenge
with pediatric asthma cases (MACDC, 2023). One of our primary findings highlights that NO-
concentrations in the area exceed the World Health Organization (WHO) air quality guidelines
but remain within the U.S. Environmental Protection Agency (EPA) standards. This discrepancy
highlights the need to examine health impacts even at levels below the EPA threshold. For
example, in response to the WHO's revised annual mean NO: standard from 40 pg/m?to 10
pg/m?, Chen et al. (2024) conducted a meta-analysis of 11 studies published after the WHO's
initial assessment. Their findings demonstrated a heightened risk of all-cause, cardiovascular,
and respiratory mortality associated with long-term exposure to ambient NO2, with pooled risk
ratios of 1.03 (95% CI: 1.02—-1.05), 1.07 (95% CI: 1.04-1.10), and 1.03 (95% CI: 1.02—-1.05) per
10 pg/m? increase in NO:z. These results further emphasize the potential health risks posed by
NO: exposure, even at concentrations below regulatory standards.

It is important to note that the number of high asthma cases in the city of Holyoke, MA

might be influenced by other factors other than ambient NO> concentrations. For instance, the
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number of asthma cases may be related to the air quality indoors rather than outdoors. For
example, a study estimated NO> exposure and health consequences using emissions and
concentration measurements from over 100 homes where the use of gas and propane stoves
increased long-term NO; exposure by 4.0 parts per billion volume on average across the United
States, 75% of the WHO’s exposure guideline, where they indicate that this increased exposure
likely causes approximately 50,000 cases of current pediatric asthma from long-term NO>
exposure alone (Kashtan et al., 2024). Children living in urban neighborhoods often experience
urban exposures that contribute to pediatric asthma morbidity, including exposure to pest
allergens, mold, and endotoxins (Grant & Wood, 2022). They also experience disparities
associated with the social determinants of health, such as increased poverty, poor housing
quality, obesity, and chronic stress, which can exacerbate the complications associated with
asthma (Grant & Wood, 2022). Further studies would benefit from incorporating data from
multiple factors to understand the complexity of asthma, especially among marginalized

communities.

1.4.2 Strengths and Limitations of the Study

One of the notable strengths of this study is its focus on a city predominantly composed
of marginalized groups who are disproportionately burdened by respiratory disease. By
examining NO> concentrations in Holyoke, MA, we contribute to understanding the
environmental challenges faced by smaller, underserved urban areas. This research emphasizes
the importance of stricter standards to protect vulnerable populations and highlights the
relevance of studying air quality in smaller cities, which are often not studied.

One of the main limitations of this study is its geographic scope, which is restricted to

Holyoke, MA, limiting the generalizability of the findings to other regions. It is also important to
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note that our values represent weekly averages and do not account for daily variations.
Additionally, the model did not include several potentially important predictors, such as
meteorological variables (e.g., mixing layer depth, solar radiation, and water vapor mixing ratio),
population density, or proximity to major and secondary roads (Wang et al., 2024). Future
research should aim to address these gaps by incorporating these variables into the analysis.
Furthermore, testing smaller buffer sizes, such as 50 meters, could be valuable, as previous
studies have highlighted their significance when evaluating candidate variables (Babaan et al.,
2024; Terry et al., 2024). Lastly, this study did not analyze nitric oxide (NO), which could
provide additional insights into the dynamics of NO: concentrations and traffic-related sources
(Carslaw, 2005). Future steps include collecting additional key predictor variables and assessing
their influence using smaller buffer sizes. This approach will facilitate the development of a
concentration surface map for unmeasured locations, based on the predicted concentrations for
Holyoke, MA.
1.4.3 Conclusion

In conclusion, our study shows the critical importance of understanding the
spatiotemporal patterns of ambient NO: concentrations in urban areas, particularly those with
large populations of vulnerable groups. These findings can significantly contribute to developing
targeted strategies aimed at protecting communities most at risk. Furthermore, our analysis
highlights the role of key variables such as NDVI, temperature, and wind in predicting NO:
levels. By integrating these insights, our study advances the understanding of air pollution
dynamics and provides a foundation for informed decision-making to mitigate environmental

health risks in the city of Holyoke, MA.
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CHAPTER 2
2.1.1 INTRODUCTION

Climate change profoundly alters ecosystems, impacting plants and their interactions
with pollinators (Trunschke et al., 2024). Heatwaves, or periods of two or more consecutive days
of highly elevated day and night temperatures are becoming longer and more frequent around the
world (Perkins-Kirkpatrick & Lewis, 2020). Heatwaves can influence plant traits, growth, and
phenology, and can shape their interactions with arthropods (Mishra et al., 2023; Blaise et al.,
2022). These changes in interactions can disrupt critical ecosystem services such as pollination,
threatening natural biodiversity and agricultural productivity (Osman & Shebl., 2020).
Understanding how these dynamics unfold is essential to predict and mitigate the cascading
effects of climate change on biodiversity and ecosystem function.

Elevated temperatures significantly impact plant physiology, disrupting fundamental
processes that underpin growth and productivity. High temperatures induce oxidative stress,
increase water loss, and decrease overall plant growth (Hasanuzzaman et al., 2013). Heat stress
can also disrupt dry matter partitioning and photosynthesis, reducing the efficiency of energy
capture and assimilation. The physiological impacts can include damage to the photosynthetic
apparatus and impaired metabolic functions, limiting plant vigor and development (Bita &
Gerats, 2013). Elevated temperatures also decrease the net assimilation rate, a key measure of
how plants convert absorbed energy into biomass, thereby hindering growth and productivity
(Vernon et al., 1963). These physiological disruptions show the susceptibility of plants to rising
temperatures and how heat exposure can reduce future plant productivity in a warming climate.

The effects of extreme heat extend to developmental processes, particularly flowering

and reproduction. Heat stress caused by temperature fluctuations can alter protein structures,
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delaying key developmental stages, such as flowering initiation, and reducing reproductive
success (Tun et al., 2021). Extreme heat further exacerbates these issues by reducing the net
photosynthesis rate and decreasing non-structural carbohydrate concentrations in leaves, which
are vital for energy storage and plant development. This physiological imbalance results in fewer
flowers, lower yields, and reduced fruit sets unless plants are supplemented with additional water
(Borghi et al., 2019). These temperature-induced physiological disruptions highlight the
heightened vulnerability of plants during critical growth and reproductive phases. Understanding
how rising temperatures impact plant physiology, floral traits, and phenology is essential for
developing adaptive strategies to mitigate these effects. From safeguarding metabolic processes
to enhancing water use efficiency, addressing these challenges is critical for ensuring plant
health, development, and productivity in the face of increasingly extreme climate conditions.

Beyond affecting plant traits, climate change can also disrupt plant phenology—the
timing of life-cycle events—by delaying or accelerating blooming in various plant species
(Craufurd and Wheeler, 2009). This shift in the timing of blooming can indirectly influence
pollinator behavior by altering plant attractiveness, potentially leading to reduced pollination
success (Descamps et al., 2021). Flower visitation is closely tied to insect abundance and the
synchronization between the insects' flight periods and the plant's blooming phase (Fisogni et al.
2015). For instance, Rafferty & Ives (2010) showed that for plants that usually bloom at the same
time each year, an earlier shift in phenology resulted in a decrease in floral visitors. In addition to
plant phenology, extreme temperature exposure to plants during early bloom can also alter
pollinator behavior. For example, in a similar study, Walters et al. (2024) demonstrated that heat
stress exposure during early bloom significantly reduces the attractiveness of plants to

pollinators, with female blue orchard bees (Osmia lignaria) laying 70% fewer eggs on heat-
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stressed blueberry (Vaccinium corymbosum). These findings highlight the potential for climate
change, particularly elevated temperatures, to disrupt plant-pollinator interactions, reduce
pollination efficiency, and threaten both biodiversity and agricultural productivity.

Climate change poses significant threats to plant-pollinator interactions, influencing crop
production and biodiversity (Vasiliev et al., 2021; Prather et al., 2012). Pollinator-dependent
crops play a critical role in nutrition as they provide key vitamins, minerals, and antioxidants
(Eilers et al., 2024). The absence of animal pollination could reduce total agricultural production
by 3% to 8% (Aizen et al. 2009), underscoring the vital role of pollinators in maintaining food
systems. These challenges are further exacerbated in low-income areas, where urban heat
islands, limited green spaces, and environmental inequities place additional strain on pollinator
habitats and crop production efforts (Pandey & Gosh, 2023).

Fruits and vegetables, such as tomatoes, can play a key role in providing nutrition for
community members in low-income areas, being a staple in community gardens and urban farms
due to their fast growth, high nutrient content, and gastronomical versatility (Richardson &
Arlotta, 2022). Moreover, tomatoes account for a high proportion of human fruit consumption in
many parts of the world (Wang et al., 2023), and their yields can be improved through biotic
pollination (Bashir et al., 2017). However, in tomatoes, increased temperatures of 5°C have
experimentally been shown to reduce the duration of fruit growth by five days and decrease the
accumulation rates of fresh and dry matter (Ruiz-Nieves et al. 2020). Any negative impact on
their cultivation could have significant consequences. The reduction in the duration of fruit
growth and accumulation rates of fresh and dry matter show the vulnerability of tomato
production to climate warming, emphasizing the need for strategies to sustain crop yields and

quality in a changing climate. The effects of extreme temperatures are especially pronounced in
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human-modified landscapes, such as urban environments, where the effects of heatwaves are
intensified through the heat island effects (Moriarty & Honnery et al., 2014).

Given the potential climate change-driven physiological impacts on plants and the
disruptions of plant-pollinator interactions in tomato production systems, we experimentally
evaluated the role of heatwaves on plant traits and indirect consequences for pollinator attraction
using tomatoes grown in urban areas. The study area was primarily community gardens, as they
can harbor diverse pollinator groups (Neumann et al., 2024). We evaluated whether plant
exposure to simulated heatwave conditions influenced plant growth (final height and growth
rate), flowering (number of flowers and phenology), and fruit development (number of immature
and mature fruit and phenology). We assessed whether heatwave exposure impacted the
abundance and diversity of floral and non-floral visitors to the plants. We predicted that
heatwave exposure would reduce plant growth, and delay flowering and fruit phenology,
ultimately reducing the number of mature fruits developed. Furthermore, we predicted that
heatwave exposure would decrease the number of floral visitors and increase the number of non-
floral visitors. Understanding how climate change, particularly heatwaves, impacts plant health
and pollination is crucial for developing strategies to mitigate these stresses, especially in
vulnerable low-income urban environments. Our study will provide valuable insights into these

dynamics, which will help in the design of effective strategies to address these challenges.

2.2.1 METHODS

2.2.2 Plant Model
The plant model for this project was cherry tomato (Solanum lycopersicum var. cerasiforme,
variety ‘super sweet 100°), selected because it is often grown in community gardens and urban

areas (Richardson & Arlotta, 2022). Solanum plant species, such as cherry tomatoes, rely on
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buzz pollination—a process in which bees use vibrations to release pollen from flowers with
specialized morphologies (Cooley & Vallejo-Marin, 2021). Plant plugs were purchased from
Western Growers Inc. (~15 cm tall; n = 96). Each plant was given a unique identification number
and transferred to two plant growth chambers (model 73-1122, Caron). The plants remained in
the chambers for four days (June 3™, 2024, to June 6", 2024) under standard conditions of 28.9°
C from 6:00 AM-6:00 PM and 23.9 ° C from 6:01 PM-5:59 AM (temperature selected based on
NOAA'’s National Weather Service, n.d.) and watered daily to ensure all plants had
approximately equal moisture. After the four days, the plants were either exposed to heatwave or

control conditions.

2.2.3 Experimental Heatwave Exposure

A key feature of heatwaves is a reduction in variation between daytime and nighttime
temperature (Habeeb et al., 2015), being defined as a period of two or more consecutive days
where the daily minimum apparent temperature is higher than the 85th percentile of historical
temperatures for the area (USGCRP et al., 2017). As such, the plants were randomly placed into
two treatments: a heatwave treatment group (HW) (n = 45) exposed to a constant 37.8° C for
three consecutive days (Extreme Heat Safety Tips, n.d.), and a control group (C) (n = 45)
exposed to 28.9° C from 6:00 AM-6:00 PM and 23.9 degrees Celsius from 6:01 PM-5:59 AM
from June 7, 2024 to June 10", 2024 (temperatures were selected based on records from
NOAA'’s National Weather Service that were geographically relevant for the city of Holyoke,
MA). We acknowledge that this experimental design does not include the fluctuation in day and
nighttime temperatures; the temperatures were selected as extreme conditions and would benefit
from complementary studies that include a range in daily maximum and range of temperature

fluctuation. After completing the exposure treatments, the plants were transplanted into 3.5-

40



gallon pots filled with a loam and compost mixture sourced from Martin’s Farm Compost and
Mulch.
2.2.4 Site Selection and Field Season Duration

Figure 7. Sampling sites

Pollinator Sites
= |nterstates.and Major Roads
~— Secondary Roads

Holyoke

Map of Holyoke, MA with yellow figures indicating the sites chosen for the study (La Piedra
Garden, Youth Garden, and Holyoke Community College). This map also shows interstates,
major roads, and secondary roads and the city’s location within the state of Massachusetts.

The plants were established at three sites in the city of Holyoke in Massachusetts: two
community gardens (Youth Garden and La Piedra Garden) and the greenspace of a community
college (Holyoke Community College, HCC) (Figure 1). We selected sites with a similar
proportion of developed land in a 1-mile radius around the site (calculated using Beescape:
average = 76%, range = 59% - 77%; Prestby et al., 2022). Plants were deployed June 11%, 2024,
and monitored until August 22", 2024. It is important to note that 7 days after deployment in the
field, a naturally occurring heatwave took place on June 18" through June 20%, 2024, with

temperatures reaching up to 105°F or 40.55°C (Cote, 2024), and thus half of the plants were
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exposed to two consecutive heatwaves (one experimental and one naturally occurring) while the
other half was exposed to one (naturally occurring).

At one of the sites (Youth Garden), the HW plants were placed in an area of the garden
later discovered to have highly fertile potting soil, while the C plants at that site were placed in
standard soil (grass), which resulted in the HW plants rooting through their pots and having
access to more nutrients than the C. At the other two sites, both the HW and C plants were all
placed on standard soil (grass). Thus, the data are analyzed for all sites combined as well as for
La Piedra and Holyoke Community college separately, removing Youth Garden, given the
potential impact of additional nutrient access.

2.2.5 Plant Growth and Phenology Surveys

Sites were watered and surveyed weekly, with the following data collected: the height of
each tomato plant was measured once per week (weekly survey), while the number of flowers
and immature/mature fruits was recorded three times per week (daily survey). Plant height was
measured in centimeters (cm) using a measuring tape (the tallest branch of each plant was
straightened and measured). Weekly height measurements began on the deployment date (June
11th, 2024) and continued throughout the study period. To investigate plant growth, we
calculated growth rates over the first two weeks post-experimental warming as an initial
assessment of plant growth (June 17, 2024, to July 2, 2024). We calculated the initial growth rate
for each plant as the proportional change in height between these two-time points ((final —
initial)/initial).

During each daily survey, the number of flowers open at the time of observation was
recorded. Fruits were classified as follows: mature fruits exhibited full maturation signs, such as

a deep red color and softness to the touch, while immature fruits were green, firm, and typically
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smaller in size. Plants were watered until the soil was moist, as needed. To evaluate the timing of
key phenological events in plants, we analyzed flowering and fruiting phenology across different
sampling rounds. For each plant, we calculated the earliest sampling round when flowers were
observed (first bloom round) and the earliest round when mature fruits appeared (first mature

fruit round). These metrics allowed us to quantify phenological timing at an individual level.

2.2.6 Floral and Non-floral Visitor Surveys

Each site was surveyed three times per week (the order in which the sites were visited was
randomized). During each survey, we recorded temperature, wind, cloud cover, and treatment.
Temperature was obtained from the Weather Channel app, using the recorded temperature for the
city at the time of the survey. Wind conditions were assessed visually and categorized as still,
light breeze, or windy. Cloud cover was estimated based on the amount of light reaching the
focal patch, and categorized as full sun, partial shade, or full shade.

We conducted visual surveys of the floral visitor communities visiting the tomato plants.
Plants from each treatment group (control and heatwave) were monitored for 15 minutes. We
tallied the number of visitors that made contact with the reproductive parts of the flowers. The
visitor taxa were classified as: bumble bees (Bombus spp.), honey bees (4Apis mellifera),
carpenter bees (Xylocopa virginica), sweat bees (Halictidae, primarily Augochlorini), syrphid
flies (Syrphidae), butterflies and moths (Lepidoptera), and “other”. The “other” category
included all floral visitors touching the reproductive parts of the plants, including wasps and
other insects that the team was unable to clearly identify in the field.

Non-floral visitors present on the plants were assessed for each plant once per week. Insects
touching the reproductive parts of the flower during the survey were not counted. The taxonomic

resolution of this survey was to the Order level, including spiders (Araneae), beetles
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(Coleoptera), flies (Diptera), true bugs (Hemiptera), moths and butterflies (Lepidoptera), and
“others”. The “other” category included insects not belonging to the insect orders listed above
and insects that we were unable to identify. This assessment was conducted categorically from
June 17%, 2024, to July 18", 2024 (A = 0 individuals, B = 1-10, C = 11-20, D = 21+). We
observed that most of the plants did not exceed the “A” category (70% of observations) and thus
after July 18" recorded the exact number of insects present for the remainder of the season
instead of as a category. Floral and non-floral visitor surveys were not conducted on days with
high winds or extensive cloud cover. Windy conditions were defined as days when leaf
movement was substantial enough to interfere with observations, while high cloud cover referred
to overcast days with minimal direct sunlight on the focal patch.
2.2.7 Surrounding Plant Species Richness

Using iNaturalist (iNaturalist, 2008), we recorded the presence of plants surrounding the
focal patch once a week. With the data collected, we calculated the surrounding plant species
richness. This was done by grouping the data by site and date and counting the number of unique
plant species observed in each grouping.

2.3.1 STATISTICAL ANALYSIS

2.3.2 Applications, Software, and Packages

All analyses were performed using R (Version 4.4.2; R Core Team, 2021) using
generalized linear mixed models (GLMM) using either the R package ‘lme4’ (Bates et al., 2015)
or glmmTB (Brooks et al., 2017) to determine the effects of temperature on floral visitors, plant
growth, flowering, and fruit development. We evaluated the effect of the heatwave treatment on
the initial plant growth rate, weekly plant height measurement, initial number of flowers

produced (during the first two sampling dates in which height was recorded ), total number of
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flowers produced, flower phenology (time when flowers first observed), total number of fruit
(immature and mature fruit), and fruit phenology (time when fruit first observed). To evaluate
the total number of immature fruits and non-floral visitor abundance, zero-inflated models were
fitted. Models varied in whether they were analyzed at an individual plant level (n = 96 total
plants equally divided by the two treatments), a daily observation level (n = 288, 3 days of
sampling per week), or a weekly observation level (n = 761, dates when height was measured).
We included site as a random effect in all models, and the unique ID of each plant and sampling
date as additional random effects for the weekly observation level analyses (Table 1).
Significance was determined using the Anova function of the ‘car’ package (Weisberg, 2019).
Model assumptions were verified using the R package ‘DHARMa’ before modeling to ensure
proper fit (Hartig, 2024). After evaluating each model's assumptions, we found that the total
number of flowers, immature fruits, and fruit phenology models violated the Levene test for
homogeneity of variance. Despite this limitation, the models performed well in meeting all other
assumptions. Lastly, to assess the differences among floral visitors, we used the ‘emmeans’
package (Lenth, 2024) and ‘dplyr’ (Wickham et al., 2023) packages to analyze and visualize the

differences between groups.

Table 4. Plant model summaries

Response Model Unit of Distribution
replication and link
function
1. Initial growth rate in | initial growth rate ~ Individual Gaussian
the field (log heatwave (heatwave vs plant level (n | distribution
transformed) control[treatment]) + =96, equally | Link =
(1]site)]) divided Identity
among both
Factors: heatwave (control treatments)
vs heatwave), site_name
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Numeric: Growth rate
defined as height (2 weeks
post heatwave exposure) —
initial height (immediately
after the heatwave exposure)
/ initial height

2. Weekly measurement | Height of tomato Weekly Gaussian
of plant height (cm) | plants[height cm] ~ observation (n | distribution
heatwave (heatwave vs =761, 96 Link =
control[treatment]) + plants Identity
(1]site_name) + (1|individual | measured
plant once a week
measurements[unique_id]) + | for 8§ weeks)
(1|date)
Factors: treatment, site name
and date
Numeric: height and
unique _id (plant ID)
3. Initial number of Number of flowers by the Daily Poisson
flowers end of the first week observation distribution
[n_flowers]~ heatwave level (n = Link = log
(heatwave vs 288), 96
control[treatment]) + plants
(1|site_name) measured
during the first
Factors: treatment and 3 days of
site_name sampling
Numeric: number of flowers
by the end of the second
week
4. Total number of Total number of flowers ~ Individual Negative
flowers heatwave (heatwave vs plant level (n | binomial
control[treatment]) + =96, equally | distribution
(1|site_name) divided Link = log
among both
Factors: treatment, site name | treatments)
Numeric: total number of
flowers
5. Flower phenology Flower phenology (sampling | Individual Poisson
(time when flowers round [numeric] of first plant level (n | distribution
first observed) bloom) ~ heatwave =96, equally | Link = log
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Factors: treatment and site
name

Numeric: sampling round

(heatwave vs divided
control[treatment]) + among both
(1]site_name) treatments)
Factors: treatment and site
name
Numeric: sampling round
6. Fruit phenology Fruit phenology (sampling Individual Negative
(time when fruit first | round [numeric] of when plant level (n | binomial
observed) plant produce fruit for the =96, equally | model
first time) ~ heatwave divided Link =
(heatwave vs control) + among both nbinom?2
(1]site) treatments)
Factors: treatment and site
name
Numeric: sampling round
7. Total number of Immature fruit ~ heatwave | Individual Negative
immature fruits (heatwave vs plant level (n | binomial
control[treatment]) + (1[site) | = 96, equally | distribution
divided Link =
Factors: treatment, site name | among both nbinom?2
and date treatments)
Numeric: number of
immature fruits
Fruit phenology Fruit phenology (sampling Individual Negative
(time when fruit first | round [numeric] of when plant level (n | binomial
observed) plant produce fruit for the =96, equally | model
first time) ~ heatwave divided Link =
(heatwave vs control) + among both nbinom?2
(1]site) treatments)
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Table 5. Floral and non-floral visitor models summary

control [treatment]) + plant
richness + (species_group) +
(1| site_name) + (1 | date)

Factors: heatwave (control vs
heatwave), species_group,
site_name and date

Numeric: abundance of floral
visitors and plant richness

Response Model Link function
9. Abundance of floral- | abundance of floral visitors ~ | Negative binomial
visitor heatwave (heatwave vs distribution

Link = nbinom?2

10. Abundance of non-
floral visitor

abundance of non-floral
visitors ~ heatwave
(heatwave vs control
[treatment]) + plant richness
+ (herbivore groups) + (1 |
site._ name) + (1 | date)

Factors: heatwave (control vs
heatwave), herbivore groups,
site_name and date

Numeric: abundance of non-
floral visitors and plant
richness

Poisson distribution
Link = log

2.3.3 Statistical analysis applied to models

To evaluate the effects of treatment on initial growth rate, flower and fruit phenology,

and the total number of mature and immature fruits and flowers, we used a generalized linear

mixed model (GLMM) with individual plants as the unit of replication. Treatment was included

as a fixed effect, and sites were modeled as a random effect. Initial growth rate was modeled

using a Gaussian distribution with an identity link function, while the flower phenology model

and total number of mature fruits model were fitted using a Poisson distribution with a log link




function. In contrast, the fruit phenology model and the total number of immature fruits models

were fitted using a negative binomial distribution with a nbinom?2 link function.

Weekly measurements of plant height (cm) were modeled with treatment as a fixed effect
and sites, individual plants, and dates as random effects, following a normal distribution with an
identity link function. The initial number of flowers was modeled using a Poisson distribution
with a log link function. The abundance of floral and non-floral visitors was modeled using
multiple fixed effects, including treatment, plant richness, morphological groups, and non-floral
visitor groups. The models included site and date as random effects. The abundance of floral
visitors was analyzed using a negative binomial distribution with a nbinom?2 link function,
whereas the non-floral visitor model was analyzed using a Poisson distribution with a log link
function. This approach allowed us to capture the variation in plant and visitor responses across
treatments and sites while accounting for additional sources of random variation where

appropriate.

2.3.4 Statistical Evaluation of Models Excluding Youth Garden

We wanted to understand the influence and effect of the confounding factor associated
with the youth garden (additional exposure to nutrients in the HW treatment compared to the C).
We re-analyzed all of the variables excluding data from this site and reported statistically

significant differences in the main results and all results in supplementary text.

2.4.1 RESULTS

2.4.2 Plant Growth
Initial heatwave exposure did not significantly influence initial plant growth rate (}* =

0.30, df =1, p = 0.58 (Figure 8A). There was no significant effect on the weekly plant height (y>
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=2.53,df=1,p=0.11) (Figure 8B). However, when youth garden was excluded, we found a
statistically significant effect between treatments (y*> = 17.65, df = 1, p =< 0.001), where HW
exposure resulted in a decrease in a weekly plant height of approximately 5.95 cm compared to
the control (Figure 8D).

Figure 8. Box plot of plant growth and height
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Box plots of plant growth and height including and excluding Youth Garden, the site with
additional access to nutrients. A) Initial growth rate calculated from the first week after
deployment to the field. B) weekly height measurement in cm of tomato plants between
treatments. C) weekly height measurements in cm of tomato plants between treatments excluding
Youth Garden. To indicate statistical significance, we used (n.s) for non-significant results and
(***, p <0.001) for significant results.

2.4.3 Flower and Fruit Phenology
The heatwave exposure did not significantly affect flower phenology, as indicated by the
timing of the first bloom (¥*> =0.231, df = 1, p = 0.630) (Figure 9A). In contrast, the fruit

phenology model revealed a statistically significant shift in fruiting patterns under heatwave
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treatment compared to the control (y*> = 5.23, df = 1, p = 0.022). The positive effect estimate (f =
0.112) suggests that the experimental heatwave delayed the fruiting period relative to the control
group (Figure 9B). Notably, this pattern persisted even after excluding the youth garden site (> =
110.5,df=1, p=<0.001).

Figure 9. Plant and fruit phenology box plots
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Box plots of plant and fruit phenology. A) the phenology of tomato plants, specifically the timing
of the first flowering and fruiting events, under heatwave (HW) and control (C) treatments. The
first flowering round represents the earliest sampling round when flowers were observed, while
the first mature fruit round indicates (B) the earliest period when mature fruits were recorded,
under heatwave (HW) and control (C) treatments. To indicate statistical significance, we used
(n.s) for non-significant results and (***, p < 0.001) for significant results.

2.4.4 Flower Count
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The heatwave treatment (HW) had no significant impact on the number of flowers in
bloom by the end of the first week (Figure 10A). The estimated effect size was minimal (-0.019
on the log scale), with no evidence to support a difference in flower counts between heatwave
and control conditions (¥* = 0.0098, df = 1, p = 0.921). In contrast, the heatwave treatment
significantly increased the total flower counts (estimate = 0.19, > =11.15, df =1, p =< 0.001),
with heatwave-exposed plants producing 22% more flowers compared to controls (Figure 10B).

Figure 10. Box plot of number of flowers
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Box plots of number of flowers. A) Initial number of flowers observed during the first week of
sampling under two treatments: heatwave (HW) or Control (C). B) Total number of flowers
shows flower counts by treatment throughout the season by each plant. This boxplot compares
the number of flowers observed under (HW) or (C) treatments from the beginning (June 17,

52



2024) to the end of the field season (August 22, 2024). To indicate statistical significance, we
used (n.s) for non-significant results and (***, p <0.001) for significant results.

2.4.5 Fruit Production

We found a statistically significant effect of HW treatment on immature fruit production
whereby plants produced, on average, approximately 65 more immature fruits compared to the
control group (Estimate = 0.240, SE = 0.01, Figure 11A). Similarly, heatwave exposure had a
statistically significant effect on mature fruit production (y* = 104.45, df = 1, p =< 0.0001).
Plants subjected to heatwave conditions produced, approximately 2 more mature fruits compared
to the control group (Figure 11B). Excluding youth garden resulted in the same patterns (y* =
16.66, df = 1, p =< 0.001). Overall, the results indicate that heatwave conditions significantly
increased the production of mature and immature fruits while accounting for variability across

sites.
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Figure 11. Box plots of fruit production
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Box plots of fruit production. A) The total number of immature and B) mature fruits by
treatments of heatwave (HW) or control (C) over the entire sampling period. To indicate
statistical significance, we used (n.s) for non-significant results and (***, p < 0.001) for
significant results.

2.4.6 Abundance of Floral Visitors

When evaluating floral visitor abundance under controlled and heatwave conditions, the
models indicated no statistically significant effect of the heatwave treatment on floral visitor
abundance (> = 0.0048, df = 1, p = 0.94). Similarly, plant richness surrounding the tomato plants
had no statistical effect on floral visitor abundance (y* = 1.85, df =1, p = 0.173), but was

significant after youth garden exclusion (¥* = 13.39, df = 1, p=<0.001). To explore potential
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differences in abundance among morphological groups at each site, we performed an analysis of

variance (ANOVA), which revealed a significant variation in floral visitor abundance among

morphological groups (> = 149.84, df = 6, p < 0.05). Post-hoc pairwise comparisons were

conducted to further examine differences across morphological groups. The estimated marginal
means indicated that Syrphid flies were the most abundant group, with an estimated abundance

of 1.94 (95% CI: 1.13). Overall, Syrphid flies emerged as the most common group observed

across sites and treatments (Figure 12A).

Figure 12. Bar plots of floral and non-floral visitors
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Bar plots of floral and non-floral visitors.A) Shows the distribution of floral visitor abundance by
morphological group under control (C) and heatwave (HW) conditions. Morphological group of
floral visitors include syrphid flies (total syrphids), bumble bees (total bumblebee), sweat bees
(total _sweat bee), and other groups with lower abundances, such as lepidopterans
(total lepidoptera), honey bees (total _honeybee), and carpenter bees (total carpenter bee). B)
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Shows the distribution of non-floral visitor abundance by insect orders under (C) and (HW)
conditions. Non-floral visitor groups include insects the Hemiptera, Diptera, Coleoptera orders
and “Other”. “Other” refers to any other insect on the plant during the survey.

2.4.7 Non-floral Visitor Abundance

Hemipterans were the most common insect order across all treatments and in the entire
sampling period (Figure 12B). Treatment, surrounding plant species richness, and non-floral
visitor groups (Hemiptera, Diptera, Coleoptera, and other) significantly influenced non-floral
visitor abundance. The HW treatment had a strong positive effect on non-floral visitor abundance
(Estimate=1.371, p = < 0.0001), indicating that the abundance of non-floral visitors under
heatwave conditions is approximately 3.93 times higher than in the control group. Similarly,
surrounding plant species richness had a significant positive association (Estimate = 0.33, p <
0.0001), with each additional unit increase in surrounding plant species richness corresponding

to a 38% increase in abundance.

Among the non-floral visitors, HW exposure had the strongest effect on the insect order
Hemiptera (Estimate = 2.33, p =< 0.0001), suggesting a substantial increase in abundance
associated with this group. Diptera also showed a significant positive effect (Estimate = 1.53, p <
0.0001), while the other non-floral visitor groups had a smaller yet significant effect (Estimate =
0.90, p = 0.012). Further testing showed that HW treatment (y* = 61.14, df = 1, p =< 0.001),
surrounding plant species richness (y~ = 57.81, df = 1, p =< 0.001), and non-floral visitor groups,
including the insect orders Hemiptera, Diptera, Coleoptera and other (y* =92.88, df =3,p =<
0.001), all contributed significantly to variation in the response. These findings highlight the
strong effects of heatwave treatment, species richness, and non-floral visitor abundance,

particularly Hemiptera, in driving the observed patterns in the response variable.
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2.5.1 DISCUSSION

This study explored the impact of heatwave exposure to plants on plant growth,
flowering, and fruit development, as well as floral and non-floral visitors. Heatwave exposure
resulted in no statistically significant differences in initial growth rate and weekly plant height.
After the exclusion of youth garden, a statistically significant reduction in weekly plant height
was observed under HW exposure. While there was no difference in the onset of flower bloom
between treatments, HW exposure induced a delay in fruit emergence compared to the control
group. The heatwave treatment had no significant effect on the number of flowers by the end of
the first week, yet increased the total flower counts relative to the control. These findings
highlight the complex effects of heatwave exposure on plants and the need to continue to
investigate these complexities.

Heatwave exposure to plants during early development resulted in no statistically
significant effects in initial growth rate. Likewise, HW exposure did not influence weekly plant
height. However, after youth garden exclusion, the model showed a significant decrease in plant
height. These findings align with previous research, which highlights the detrimental effects of
heat stress on plant development. Studies have shown that heat stress during early growth stages
disrupts key physiological processes related to flowering, reproductive success, growth, and
phenology (Hasanuzzaman et al., 2013; Tun et al., 2021; Craufurd and Wheeler, 2009), which is
similar to what we observed on weekly plant height after exclusion. Similarly, Toki¢ et al. (2023)
found that heatwave exposure in Solanum lycopersicum plants led to a reduction in the number
of roots, yellowing of leaves, stem bending, leaf wilting, and increased production of heat shock

proteins that ultimately affected plant growth. It is important to emphasize that these patterns
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were observed after youth garden exclusion, which shows how detrimental heatwave exposure
can be for plant growth and how additional access to nutrients may serve as a mitigation strategy.

Our models for total immature and mature fruits revealed significantly higher tomato
production under HW treatment, where elevated temperatures enhanced fruit yield. Despite site-
specific differences in nutrient availability, the overall patterns of mature fruit production
remained consistent even after exclusion. This suggests that temperature effects on fruit
production were largely independent of localized nutrient conditions. These findings contrast
with studies like Camejo et al. (2005), which reported that high temperatures negatively
impacted photosynthetic activity, fruit development, and maturity, ultimately leading to reduced
tomato yields. These results highlight the complex and context-dependent effects of heat stress
on plant development, emphasizing the need for further research to understand the mechanisms
driving these divergent responses.

Heatwaves delayed the development of fruits, yet did not influence flowering phenology.
Understanding the effects of elevated temperatures on plant phenology is crucial, as such shifts
can pose significant threats to food security and impact interactions with pollinators. For
example, rising temperatures are significantly shortening the growth phases of potatoes (Solanum
tuberosum), which are in the same genus as tomatoes (Naz et al. 2021). These findings align with
our results, thus emphasizing the impact of thermal trends on crop phenology, potentially
affecting productivity. Studies on other crops such as olives (Olea europea L.) have found
similar patterns, where the exposure to higher temperatures during early development has
resulted in the maturation period being forwarded and extended (Benlloch-Gonzalez et al.,

2019). These results highlight the importance of understanding how environmental stressors such

as elevated temperature can have a significant effect on fruit ripening time.
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Our study found that Syrphid flies were the most prominent floral visitors, followed by
bumble bees, sweat bees, other visitors, lepidopterans, honey bees, and carpenter bees. While
bees are often considered key pollinators, Syrphid flies also provide essential ecosystem services,
including pollination and pest regulation, particularly in urban and diverse landscapes (Tamara et
al., 2023). Although our floral visitor abundance model showed no significant differences
between treatments (HW or C), it reinforced the importance of Syrphid flies as potential primary
floral visitors in urban settings. Similarly, Olsson et al. (2021) demonstrated that Syrphid flies
contribute significantly to plant-pollinator networks, making numerous floral visits and
pollinating plant types not visited by bees. This study adds to the growing body of research
recognizing the vital role of non-bee pollinators in maintaining pollination networks and

supporting ecosystem health.

Even though our study showed no significance in HW exposure and floral visitor
abundance, extreme heat can potentially influence pollinator behavior by altering plant
attractiveness, with potential implications for pollination success (Descamps et al., 2021). In a
similar study, Walters et al. (2024) examined this relationship through a no-choice field cage
experiment, where blueberry (Vaccinium corymbosum), phacelia (Phacelia tanacetifolia), and
white clover plants (7rifolium repens), respectively, were subjected to either extreme (37.5°C) or
normal (25°C) temperatures during early bloom. Their findings revealed that female blue orchard
bees (Osmia lignaria) offered heat-stressed plants laid 70% fewer eggs compared to those
provided with non-stressed plants, suggesting that heat exposure makes plants less attractive to
pollinators. This study presents findings that contrast with ours, highlighting the need for future
research to further explore the vulnerability of plants during the early bloom stage and their

interactions with pollinators, despite the differing trends observed in our results.
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One of our key findings revealed a significant increase in the abundance of non-floral
visitors in the HW treatment group compared to the control. Notably, insects from the order
Hemiptera emerged as the dominant group. Most Hemipterans are herbivorous, and some, such
as aphids, are well-known agricultural pests (Javed et al., 2024). In a related study, researchers
investigated how simulated heatwaves influenced the hormone jasmonate (JA), which plays a
critical role in plant resilience to various environmental stresses, including herbivore attacks, also
using tomato as the model system. Their results demonstrated that herbivore-induced jasmonate
signaling at elevated temperatures can block stomatal opening and leaf hyponasty, leading to leaf
overheating, reduced photosynthesis, and inhibited growth (Havko et al., 2020). Furthermore, the
study showed that elevated temperatures significantly increased foliage consumption of tomato
plants by Manduca sexta in the treatment group compared to the control (Havko et al., 2020).
These results further support the results of our non-floral visitor model, where it is shown the
abundance of non-floral visitors is the highest in the HW group. However, it is important to note
that we did not measure herbivory, and incorporating such assessments could have provided

valuable additional insights.

It remains unclear whether the naturally occurring heatwave during the experimental
assay influenced these observed patterns. Studies have shown that the co-occurrence of
heatwaves can negatively impact plant-pollinator interactions (Siebers et al., 2015; Siebers et al.,
2017; Martinet et al., 2020; Nooten et al., 2024). Siebers et al. (2015) demonstrated that repeated
heatwaves over a one-year period reduced photosynthesis and increased oxidative stress, leading
to significant soybean (Glycine max) yield losses in the U.S. Midwest. Siebers et al. (2017)
found that repeated heatwaves during the reproductive stages of maize (Zea mays) negatively

impacted reproductive biomass and decreased photosynthesis. Beyond crops, Martinet et al.
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(2020) reported that simulated heatwaves affected fertility and reduced the attractiveness of male
bumble bees (Bombus terrestris, Bombus magnus, and Bombus jonellus). Additionally, Nooten et
al. (2024) observed that co-occurring heatwaves strongly reduced antennal responses to floral
scents in bumble bee species (Bombus terrestris and Bombus pascuorum), disrupting critical
plant-pollinator communication. These studies shine a light on the far-reaching impacts of
repeated heatwaves on both plant and pollinator systems. Future research should consider
evaluating repeated heatwaves regarding plant health and pollinator interactions to better

understand their influence.

At one of our study sites, the HW treatment included additional access to nutrients, which
may have contributed to stress alleviation. Nutrient supplementation has been shown to mitigate
abiotic stresses by enhancing plant resilience (Kumari et al., 2022). Nitrogen supplementation
during stress events can also increase heat tolerance by promoting chlorophyll biosynthesis,
enhancing photosynthetic activity, and improving solar radiation utilization (Waraich et al.,
2011; Hassan et al., 2005; Zhu et al., 2000). Similarly, potassium supplementation can help
plants cope with stress by regulating stomatal function, boosting photosynthesis, and improving
water uptake (Johnson et al., 2022). Youth garden exclusion resulted in a decrease in weekly
plant height, suggesting that additional nutrients might have played a role in mitigating heat

stress.

It is important to recognize that in a warming climate, multiple environmental stressors
often occur simultaneously. In this study, however, we focused solely on evaluating our
response variables in relation to elevated temperatures. As drought and heatwaves increasingly
coincide (Zhou et al., 2024), understanding their combined impacts on plants remains crucial.

The findings of Raja et al. (2020) highlight the significant physiological impacts of combined
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drought and heat stress on tomato plants. These stressors trigger increased production of proline
to help maintain cellular water balance but also lead to higher levels of reactive oxygen species,
lipid peroxidation, and reduced relative water content, resulting in dehydration and potential
membrane damage. The findings of Honglang et al. (2017) also demonstrate the detrimental
effects of combined drought and heatwave stress on cherry tomato seedlings, significantly
impairing plant growth, leaf gas exchange, and water relations. These findings highlight the
significant detrimental effects that compound events, such as drought and heatwaves, can have
on overall plant health. Future studies should consider assessing the effects of multiple stressors

on plants, individually and combined.

Our study highlights the multifaceted impacts of simulated heatwave exposure on plant
development and ecological interactions. HW exposure significantly increased the total number
of immature and mature fruits. In contrast, HW exposure had no significant impact on the initial
growth rate, weekly plant height, total flower production, early flowering, and floral visitor
abundance. The observed increase in non-floral visitors, particularly Hemipterans, under HW
conditions underscores how heat stress can influence insect populations and plant-insect
dynamics. These findings contribute to our understanding of plant and insect responses to heat
stress and provide valuable insights into the potential consequences of climate change for
ecological and agricultural systems in urban environments. Future studies should explore the
long-term and compound effects of heatwaves and other stressors to better predict and mitigate

their impacts on plant health, pollination, and food security.

2.5.2 Strengths and Limitations of the Study
One of the key strengths of this study is its contribution to understanding the effects of

heatwave exposure during early development in urban environments, where environmental
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stressors are often intensified. The study highlights the significance of non-bee floral visitors in
urban ecosystems, showing their role and relevance in these settings. It lays a foundation for
future research focused on developing strategies to mitigate the impacts of heat stress on

ecological systems and urban agriculture.

We acknowledge that this experimental design does not include the fluctuation in day and
nighttime temperatures; the temperatures were selected as extreme conditions and would benefit
from complementary studies that include a range in daily maximum and range of temperature
fluctuation. During the field season, plants in the heatwave group at the Youth Garden rooted
through their pots, allowing them greater access to nutrients compared to plants at other sites.
We analyzed the data excluding data from this site to understand how influential this
confounding factor was for our results. It is important to highlight that cherry tomato fruits
matured rapidly and frequently fell before measurements could be taken, which likely
contributed to the discrepancy between the total number of flowers and the total number of
immature and mature fruits. Our research was also restricted to three sites (Youth Garden,
Holyoke Community College, and La Piedra Garden), which limits the ability to assess site-level
variability. Increasing the number of study sites would enhance our ability to generalize findings
and account for site-specific differences. Since our study was conducted over a single sampling
season, incorporating multiple seasons in future research would provide a more comprehensive
understanding of the impacts of seasonal variation in temperatures and invertebrate abundance.
All study sites were located in Holyoke, Massachusetts, which may limit the generalizability of
our findings. Expanding future studies to include diverse geographic locations would help
capture broader environmental variability, strengthening our understanding of the ecological

impacts of heatwave exposure across different urban landscapes.
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Supplementary Text

To understand the influence of excluding Youth Garden on our results, the site
where HW-exposed plants had additional exposure to nutrients relative to the control, we
performed all analyses including and excluding this site. Here we present the results of excluding
Youth Garden from the analyses. To evaluate the effects of HW exposure on initial growth rate,
flower and fruit phenology, and the total number of mature and immature fruits and flowers, we
used a generalized linear mixed model (GLMM) with individual plants as the unit of replication
(n=96). Treatment was included as a fixed effect, and sites were modeled as a random effect.
Weekly measurements of plant height (cm) were modeled at the weekly level (n = 761) with
treatment as a fixed effect and sites, individual plants, and dates as random effects. The initial
number of flowers was modeled at the daily level (n = 288) with treatment as a fixed effect and
individual plants as a random effect. The abundance of floral and non-floral visitors was
modeled using multiple fixed effects, including treatment, plant richness, morphological groups,
and non-floral visitor groups. The models included site and date as random effects. We used the
same models and distributions as the models including Youth Garden to ensure proper

comparison.

Heatwave exposure resulted in no statistically significant differences between treatments
and initial growth rate (y*>= 1.17, df = 1, p = 0.27). While HW exposure resulted in a decrease in
weekly plant height (x> = 17.65, df = 1, p =< 0.001), by an average of 5.89 cm. For our flower
phenology model, HW exposure resulted in no statistically significant differences between
treatments (y*> = 0.2311, df = 1, p = 0.630). However, HW exposure resulted in a delay in fruit
phenology compared to the control group (%> = 110.5, df =1, p =< 0.001). In contrast, HW

exposure resulted in no statistically significant difference between treatments (y*> = 0.093, df =1,
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p = 0.76) and initial number of flowers and the total number of flowers (> =2.21,df=1,p =
0.13). Lastly, HW exposure resulted in no statistically significant differences between treatments
and immature fruit production (y*> = 0.76, df = 1, p = 383) whereas it resulted in a statistically
significant difference between treatments (y*> = 95.57, df = 1, p < 0.001) with HW-exposed plants

producing more mature fruits than the control group.

There were no statistically significant changes between treatments and the abundance of
floral visitors (%> = 0.0028, df = 1, p = 0.95). In contrast, surrounding plant species richness was
significant (> = 13.39,df =1, p=<0.001). We also found a significant variation in floral
visitor abundance among morphological groups (%> = 68.95, df = 6, p =< 0.001). The non-floral
visitors model showed no statistical significance between treatments (y*> = 0.57, df = 1, p = 0.44)
or surrounding plant species richness (y*> = 0.0087, df =1, p = 0.92), but showed statistical

significance among non-floral visitor groups (}* = 35.22, df =3, p =< 0.001).
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