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Abstract

Loss of natural habitats is one of the most critical threats to biodiversity. Habitat
restoration is a key strategy to re-establish degraded ecosystems and support the persistence and
colonization of pollinators and insects. Pollinator-focused restoration includes introducing floral
resources to landscapes to increase native insect pollinator abundance. However, climate change
is a major, intensifying threat globally, and insects are among the most affected groups
experiencing population declines across the biosphere. Habitat restoration projects and decisions
must consider climate change to ensure the effective functioning and resilience of restored
habitats, but anticipating the effects of climate change on insects is difficult. Both direct and
indirect effects of warming temperatures are expected to impact insect populations, but the
indirect effects remain poorly studied. It is unclear how nectar plants will respond to warming
temperatures and how these responses may impact insects. Since floral seed mixes are a key
component of habitat restoration, exploring how different floral species will respond to warming
temperatures, and how those responses may impact pollinators, is essential. The endangered
Eastern migratory population of monarch butterflies (Danaus plexippus) is at risk due to climate
change. Monarchs rely on nectar from late-season flowering plants in their breeding range in
Canada to fuel their migration south to Mexico. Thus, warming-induced declines in the nectar
quality of these plants may have critical conservation repercussions. Here, I used a field warming
experiment at the monarch’s northern range limit in Ontario, Canada, to examine 1) the
vegetative, floral, and nectar responses of 3 highly visited flowering species to warming, ii) the
variation of those responses across the 3 species, and iii) the subsequent impacts of these
responses on the body composition of adult monarchs. I found that the warming treatment

lowered nectar quality and availability of late-season flowering plants. These warming-induced



plant and nectar responses led to a decrease in the fat mass of monarchs who fed on the nectar of
warmed plants. These body composition measurements are important metrics for monarch
migration and overwintering survival. All three late-season flowering plant species experienced
declines in nectar quality; it is unclear if a pattern of adaptive capacity exists in these plants.
Therefore, habitat restoration projects should make planting decisions that are context-specific

for the needs of the pollinators and plant communities in a specific area.



Résumé

La perte des habitats naturels constituent I’une des menaces les plus graves pour la
biodiversité. La restauration des habitats est une stratégie clé pour rétablir les écosystémes
dégradés et soutenir la persistance et la colonisation des pollinisateurs et des insectes. La
restauration axée sur les pollinisateurs comprend I’introduction de ressources florales dans les
paysages pour augmenter 1’abondance des insectes pollinisateurs indigénes. Cependant, le
changement climatique est une menace majeure et croissante a I’échelle mondiale, et les insectes
font partie des groupes les plus touchés par le déclin de leur population dans la biosphére. Les
projets et les décisions de restauration des habitats doivent tenir compte du changement
climatique pour assurer le fonctionnement efficace et la résilience des habitats restaurés, mais il
est difficile d’anticiper les effets du changement climatique sur les insectes. Les effets directs et
indirects du réchauffement des températures devraient avoir un impact sur les populations
d’insectes, mais les effets indirects restent peu étudiés. On ne sait pas exactement comment les
plantes nectariféres réagiront au réchauffement des températures et comment ces réponses
peuvent avoir un impact sur les insectes. Etant donné que les mélanges de graines florales sont
un élément clé de la restauration des habitats, il est essentiel d’explorer comment différentes
especes florales réagiront au réchauffement des températures et comment ces réponses peuvent
avoir un impact sur les pollinisateurs. La population migratrice de I’Est du papillon monarque,
une espece en voie de disparition, est en danger en raison du changement climatique. Les
monarques dépendent du nectar des plantes a fleurs de fin de saison dans leur aire de
reproduction au Canada pour alimenter leur migration vers le sud, vers le Mexique. Ainsi, la
baisse de la qualité du nectar de ces plantes induite par le réchauffement pourrait avoir des

répercussions critiques sur la conservation. Ici, j’ai utilisé une expérience de réchauffement sur le



terrain a la limite nord de I’aire de répartition du monarque en Ontario, au Canada, pour
examiner 1) les réponses végétatives, florales et nectariféres de 3 espéces a fleurs trés visitées au
réchauffement, i1) la variation de ces réponses entre les 3 especes et iii) les impacts ultérieurs de
ces réponses sur la composition corporelle des monarques adultes. J’ai constaté que le traitement
de réchauffement diminuait la qualité du nectar et la disponibilité des plantes a fleurs de fin de
saison. Ces réponses des plantes et du nectar induites par le réchauffement ont conduit a une
diminution de la masse lipide des monarques qui se sont nourris du nectar des plantes
réchauffées. Ces mesures de la composition corporelle sont des parametres importants pour la
migration du monarque et la survie a I’hiver. Les trois especes de plantes a fleurs de fin de saison
ont connu une baisse de la qualité du nectar; il n’est pas certain que ces plantes présentent un
modele de capacité d’adaptation. Par conséquent, les projets de restauration des habitats doivent
prendre des décisions de plantation adaptées au contexte et aux besoins des pollinisateurs et des

communautés végétales d’une zone donnée.
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1. Introduction

Climate change is increasingly becoming a major factor in biodiversity loss, and over the
next 50-100 years, it is likely to rise to the forefront of threats to biodiversity (Arneth et al. 2020,
McElwee 2021). Climate change has caused a wide range of impacts on biodiversity, ecosystem
functions, and human welfare in recent decades (Habibullah et al. 2022, Shivanna 2022). Among
the most affected groups of animals are insects (Harvey et al. 2022). Many, but not all, insect
populations are declining across the biosphere due in part to climate change (Marshall et al.
2020, Harvey et al. 2022). However, it is difficult to anticipate the far-reaching community-level
effects of these changes (e.g., declines in flowering plants; Scaven and Rafferty 2013, Harvey et
al. 2022) because we do not have a good understanding of why insects’ response to climate
change has been so variable (Harvey et al. 2022).

The destruction of natural habitats is also an important threat to biodiversity (Fahrig 1997,
IPBES 2019, Prakash and Verma 2022, Christian 2023). Loss of habitat results in reduced
population sizes, leading to extinction (Fahrig 1997). To mitigate habitat loss, habitat restoration
has been a key strategy over recent decades (Gilbert and Anderson 1998, Miller and Hobbs
2007). The goal of restoration has traditionally been to re-establish degraded ecosystems to a
state that resembles their pre-disturbance condition. It can be an effective solution for recovering
communities at risk of extinction (Gawecka and Bascompte 2023). For example, hedgerow
restoration creates conditions of high floral resources that have been shown to increase the
richness of insect populations by supporting the persistence and colonization of pollinators
(M’Gonigle et al. 2015). Recent international agreements reaffirm the role of restoration in the
context of global change; The United Nations (UN) General Assembly (New York) declared

2021-2030 the Decade on Ecosystem Restoration, and the 2022 UN Convention of Biological



Diversity set a target to restore at least 30% of degraded ecosystems globally by 2030. Estimates
of the land area requiring restoration exceed 2 billion hectares globally, indicating an urgent need
to prioritize restoration projects (Minnemeyer et al. 2011, Jacobs et al. 2015).

Given the growing threat of climate change, there are increasing calls to ensure that habitat
restoration adequately considers it (Breed et al. 2013, Prober et al. 2019). Many restoration
projects are now required to evaluate the ability of a restored system to withstand impacts from
climate change and maintain its functioning and structure (climate-resilient restoration;
Simonson et al. 2021; Kharouba 2024); yet it remains difficult to measure this aspect of
restoration projects. An opportunity for maintaining plant-insect interactions lies in enhancing
the climate resiliency of restoration (Prober et al. 2015).

A key aspect of pollinator-focused restoration is the introduction of floral resources to
enhance landscapes and increase the diversity and abundance of native insect pollinators
(Garibaldi et al. 2014). This approach is based on the evidence that insect species diversity is
tightly linked with the diversity of floral resources (Benayas et al. 2009, Gordon and Kerr 2022).
Since a critical component of pollinator-focused restoration is the choice of seed mix in the
initial stages of restoration, effective pollinator restoration in a changing climate should consider
how those plant species respond to warming temperatures and how those plant responses then
influence the insects that interact with them.

The direct effects of warming, those that alter species’ physical environments, have been
relatively well documented in plants and insects. The physiology, phenology, and morphology of
both taxa are sensitive to warming on average (Scaven and Rafferty 2013, Fu et al. 2015,
Grainger and Gilbert 2017, Chmura et al. 2019). For example, consistent patterns of flowering

advancements in response to recent climate change have been found across the Northern



Hemisphere (Menzel et al. 2006, Lorer et al. 2024). In insects, temperature is related to changes
in biochemical and physiological rates (Gillooly et al. 2001, Kingsolver et al. 2013), as well as in
metabolism and body size (Lemoine and Burkepile 2012, Lemoine et al. 2013, 2014). For
example, insect body size has been found to decrease with warming temperatures (Tseng et al.
2018) due to a shortening of development time (Sheridan and Bickford 2011). Despite general
trends in broad taxonomic groups, substantial variation in the type and magnitude of response to
warming has occurred across species (Ge et al. 2015, Thackeray et al. 2016). For example,
warming has been found to delay late-season flowering plants while advancing early-season ones
(Sherry et al. 2007, Chmura et al. 2019), and larger-bodied insect species shrink
disproportionately more than smaller-bodied ones under warmed conditions (Tseng et al. 2018,
Wonglersak et al. 2021).

Part of this variation may relate to the multitude of ways that the indirect effects of
warming can manifest. For insects, the indirect effects of warming, those that reflect changes
mediated by at least one other interacting species (often plants), are complex and poorly
understood (Jamieson et al. 2012, Kharouba and Yang 2021). One of the key indirect effects of
warming on insects occurs via warming-driven changes in the availability of food resources
provided by plants. For example, stronger climate change-driven phenological advancements in
plants than insects increase the potential for phenological mismatch between plants and their
insect pollinators and may reduce nectar availability for nectar feeders (Berggren et al. 2009,
Ovaskainen et al. 2013). Warming-induced physiological stress in plants may also negatively
impact pollinators and nectivores due to decreased floral rewards (Saavedra et al. 2003, Moss

and Evans 2022, de Manincor et al. 2023).



It is uncertain whether warming-driven changes in nectar translate into changes in insect
pollinator fitness and performance. Takkis et al. (2015) predicts that floral resources may
increase when warming conditions still fall within a plant’s optimal thermal range, thus
benefitting pollinators. However, when warming leads to temperatures above the optimal thermal
range, nectar volume and sugar content should decline, leading to negative consequences for
pollinators (Takkis et al. 2015). Similarly, Moss and Evans (2022) found that a 1.5°C increase in
temperature reduced total floral abundance by nearly 40% and reduced nectar volumes by over
60% in two wildflower species, Lamium purpureum and Veronica persica. There are several
ways warming temperatures may negatively affect insect pollinators, such as lower floral
attractiveness and fewer floral resources (Saavedra et al. 2003, Descamps et al. 2021a, de
Manincor et al. 2023).

The monarch butterfly (Danaus plexippus), an endangered migratory species in Canada
and the United States, is primarily threatened by the loss of suitable habitat, declines in its host
plant, milkweed (Asclepias syriaca), and climate change (Brower et al. 2012, Zylstra et al. 2021).
Research on the effects of climate change on the monarch has focused primarily on the overall or
direct effects (but see Kharouba and Yang 2021), which include larval relative growth rate,
consumption, and mortality rates (Zalucki 1982, Lemoine et al. 2014, 2015, Kharouba and Yang
2021).

Despite growing research and public interest in monarch conservation, it remains unclear
how their nectar plants respond to warming temperatures (Takkis et al. 2015, Descamps et al.
2021b) and how these changes impact monarchs. Since they convert sugar from nectar into fat in
their bodies to use as a primary energy source (Alonso-Mejia et al. 1997, Brower et al. 2006,

Sinclair and Marshall 2018), monarchs rely on high-quality nectar to fuel their fall migration to



Mexico and for energy reserves (Brower et al. 2006). Therefore, monarchs could encounter an
increased risk of extinction if high-quality nectar sources are threatened by climate change.

Here, I use a field warming experiment in Ottawa, Canada, to determine the effects of
warming on monarchs mediated through changes in nectar resources of three frequently used
late-season nectar plants. I use a novel experimental design that allowed for the isolation of
indirect effects from the direct effects of warming by allowing adult monarchs to feed on
warmed nectar while spending non-feeding times outside of the warming treatment. I test a series
of predictions concerning the effects of warming on three plant species and the monarch. First, if
the magnitude of experimental warming goes beyond the plants’ optimal thermal range, then the
plant's vegetative and floral development and nectar production will be negatively impacted.
Otherwise, warming will have no direct impact. Second, given the similarity in life history
strategies of the three plant species and their co-occurrence in the same community, they likely
have similar optimal thermal ranges and thus will respond similarly to the experimental
warming. I use relative stem growth, timing of flowering onset, number of flowers, nectar
sucrose concentration, and nectar volume as measures of vegetative and floral development and
nectar production.

Finally, given that nectar quality has been related to insect flight performance,
metabolism, and life history traits (Lebeau et al. 2016, Damien et al. 2020, Nicolson 2022), the
direction of the effects of warming on the floral resources of the nectar plants will be the same
for the monarchs. For example, if warming leads to declines in nectar quality and availability,
then the body condition of adult monarchs will decline. I expect that the fat mass of the
monarchs will track more closely with changes in nectar sucrose concentration than lean mass

and water mass because sugar from nectar is primarily converted to fat mass (Brower et al.



2006). To test the prediction, I will use a feeding experiment and measure body composition
metrics (wet and fat mass, protein, and water content) of the adult monarchs. These metrics are

important for successful migration and reproductive success in monarchs (Sinclair and Marshall

2018, Enriquez and Visser 2023).

2. Methods

2.1 Study Area

I conducted a field warming experiment from June 8 to September 25, 2023, at the
Fletcher Wildlife Garden (FWG)-Canadensis Botanical Garden (CBG) complex in Ottawa,
Ontario, Canada (Figure 1a). FWG is a roughly 6-hectare wildlife refuge and garden managed by
a volunteer committee of the Ottawa Field-Naturalists’ Club since 1990. Before then, it was
agricultural land managed by Agriculture and Agri-Food Canada. CBG is 13.8 ha of semi-
managed meadow of which we used an approximate 4.5 ha portion of. The complex is located

next to the Rideau Canal and 4 kilometres from the urban core of Ottawa.

2.2 Study System

2.2.1 Monarch Butterfly

The Eastern population of the monarch butterfly undergoes an annual long-distance
migration from their breeding grounds in south-eastern Canada and the eastern United States to
their overwintering grounds in oyamel fir forests in Mexico (Brower 1996). Population sizes of
the monarch have fluctuated greatly over the last 30 years, but the general pattern is a consistent,

dramatic decline (Brower et al. 2012, Semmens et al. 2016). As a result, it is currently listed as



‘Endangered’ under Canada’s Species at Risk Act (Environment and Climate Change Canada,
2023).

Monarch population declines have been attributed to many factors, including the
degradation of forests in overwintering areas in Mexico due to illegal logging (pre-1990s), loss
of breeding habitat in the United States and Canada as a result of glyphosate use (mid-1990s to
mid-2000s), and severe weather impacting resources and survival (Brower et al. 2012, Shirey
and Ries 2023). Most recently (post-2005), climate change has been determined to be a primary
driver of monarch declines (Shirey and Ries 2023). Zylstra et al. (2021) found that breeding-
season weather conditions were the most important factors in explaining monarch summer
population size (with extreme temperatures resulting in lower expected monarch counts), which
is directly related to the size of the overwintering population. A recent study also suggested that
the majority of forest degradation in monarch overwintering grounds in Mexico since 2007 is
due to climate change challenges rather than illegal logging, as previously thought (Zylstra et al.
2020).

Monarchs are a multivoltine species with two to three distinct breeding generations in
Southern Ontario and Quebec between June and September, followed by a third or fourth
migratory generation that does not breed until the following spring (Brower et al. 2006). While
adults of breeding generations have a life span of two to five weeks, the migratory generation of
monarchs can live up to nine months (Brower et al. 2006). The females of this late-season,
migratory generation are in reproductive diapause, a state that conserves energy by suppressing
non-essential physiological functions (Kostal 2006). The monarchs in this study were reared

during the late season to align with the migratory generation in reproductive diapause.



2.2.2 Nectar Plant Species

I used three late-season nectar sources that are frequently used by the monarch butterfly
in the Ottawa region (Figure 2; Pekos et al. sub.). They are also on native plant seed lists used in
Ottawa for habitat restoration projects, such as by the Canadian Wildlife Federation. The species
reproduce sexually via seeds and vegetatively via short rhizomes.

Symphyotrichum novae-angliae (New England Aster) is a forb in the family Asteraceae
that flowers from August to late October. It is native to central and eastern North America and
grows in typically moist habitats, including meadows, prairies, marshes, fens, forest edges, and
disturbed anthropogenic sites (National Plant Data Team, 2024).

Solidago canadensis (Canada Goldenrod) is a tall forb in the family Asteraceae that
flowers from July through October. It is native to northeastern and north-central North America
and can grow under many conditions. It is often one of the first plants to colonize an area after a
disturbance (National Plant Data Team, 2024).

Monarda fistulosa (Wild Bergamot) is a forb in the family Lamiaceae that flowers from
July to September. It is native to much of North America, typically growing in dry fields,
thickets, and clearings (National Plant Data Team, 2024).

Phylogenetically, S. canadensis and S. novae-angliae are more closely related, as both

belong to the Asteraceae family.

2.3 Warming Experiment

2.3.1 Experimental Design

On June 8, 2023, I placed 15 open-top chambers (OTC) and 15 control chambers on

existing stems of S. novae-angliae, S. canadensis, and M. fistulosa (single species per chamber,



five chambers per species) at FWG. Each OTC was paired with a nearby (<2m) control chamber
of the same plant species (known together as a ‘pair’) to ensure the same conditions for each.
The 15 control chambers were built with the same dimensions as the OTCs using PVC piping.
The distance between pairs was greater than 6 meters to minimize the risk of genetic similarity
between replicates due to vegetative reproduction.

Location selection for enclosures was based on the availability of each nectar plant
species to ensure relatively equal cover percentages of each plant species within the chambers
and the avoidance of daytime shading from trees, which would affect the effectiveness of the
OTCs. The experimental enclosures were located in four areas of FWG: the ‘Butterfly Meadow’,
‘Milkweed Field’, ‘Old Field’, and ‘Canadensis Garden’ (Figure 1b). The Butterfly Meadow is a
well-maintained area (e.g., removal of invasives, targeted planting) with many wildflowers and is
highly visited by the public. It is sheltered from the wind by rows of coniferous trees to the west
and northwest. The Milkweed Field is a less-maintained area surrounded by coniferous trees on
three sides and slightly away from a wide path often used by visitors. The Old Field is
maintained with mowing to remain in the early stages of succession and is dominated by grasses
and wildflowers. The Canadensis Garden is the least maintained of all the sites and is a large
stand of mostly goldenrod. It is mowed once per year at the end of the season but otherwise
unmaintained. Enclosures for S. novae-angliae were placed in the Old Field, Butterfly Garden,
and Milkweed Field (Table S1, Figure 1b). Enclosures for S. canadensis were in the Canadensis
Garden and Butterfly Garden (Table S1, Figure 1b). Enclosures for M. fistulosa were in the
Milkweed Field and Butterfly Garden (Table S1, Figure 1b).

In early August, in preparation for the addition of monarchs to the experiment, a fine

white mesh tulle was wrapped around the PVC frame of control chambers so that monarchs



(when added) would encounter the same physical barrier to get to the nectar in the flowers (i.e.,
monarchs would have to fly up over chamber sides to get into chamber) as they would with the
OTCs. To ensure visual similarity between treatments, OTCs were also wrapped in the same fine
white mesh tulle.

From August 15-30, 2023, I built 30 square 2-meter x 2-meter insect enclosures over the
OTC and control chambers using steel garden poles, bamboo poles, and fine white mesh (Figure
3b). The design of the enclosures allowed the monarchs to spend their non-feeding time outside
of the chambers. This allowed me to isolate the direct (i.e., warmed monarchs) and indirect
effects of warming on monarchs (i.e., warmed nectar) and ensure that the monarchs were not
directly warmed in non-feeding times. Any flowers in the space between the chamber and the
mesh enclosure (~30 cm) were removed (and cut back throughout the season, as needed) so that

nectar was only available inside the chamber.

2.3.2 Warming Treatment

As described above, [ used OTCs as a passive warming treatment on three plant species.
OTCs have been shown to significantly alter temperature and minimize unwanted effects such as
modified precipitation and humidity (Marion et al. 1997, De Frenne et al. 2010, Welshofer et al.
2018). While OTCs have been frequently used in plant ecological studies (Marion et al. 1997,
Kudernatsch et al. 2008, De Frenne et al. 2010, Welshofer et al. 2018), they have not been
widely used in insect studies (but see Dollery et al. 2006, Grainger and Gilbert 2017). It is even
more rare to study flying insects the way I have here because it has been difficult to keep flying
insects enclosed with OTCs without also including the direct impacts of warming on insects

(e.g., Yang et al. 2021).
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The OTCs used in this study had an aluminum frame and polycarbonate sides, measuring
1.2 m? at the bottom, tapering to a 0.9 m square opening at the top (Figure 3a).
Photosynthetically active radiation (350 to 750 nm) spans the visible light portion (380 to 700
nm) of the electromagnetic spectrum (McCree 1971). The polycarbonate sides are estimated to
allow 86% visible and ultraviolet light transmission and <5% infrared light transmission (De

Frenne et al. 2010).

2.4 Measurements

2.4.1 Temperature and Soil Moisture

Hourly temperature measurements were taken using 12 HOBO temperature data loggers
(Onset HOBO Pendant Temperature/Light 64K Data Logger, £0.53°C) in six treatment pairs
across the 30 experimental units (Figure 1b). From June 6 to July 17, 2023, the loggers were
pegged to the ground in each chamber. Temperature measurements from this time were quite
variable, and I found inconsistent differences between warming and control chambers. After
further analysis, there was a non-significant difference in temperature between the warmed and
control chambers during this time period (Figure S1). This was likely because of ground
temperature impacting logging, differences in the amount of ground cover, and the loggers’
proximity to open air through the spaces at the bottom of the chambers. Therefore, after July 18,
loggers were hung from 15 cm tall garden posts where there was greater distance from chamber
openings and where ground temperature effects would be minimized. Only measurements taken
after this position modification of the loggers are included in the analysis.

To compare soil moisture between warming treatments, I measured soil moisture in each

of the 30 chambers using a bi-metal probe (RapiTest Moisture Meter) that measures conductivity
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and indicates moisture content on a scale from 1-10. I placed the probe into the soil and allowed
the meter to settle (~ 5 sec.) before I recorded the reading. I measured the soil moisture in each of
the four corners and the centre of the chamber 1-2 times per week during the experiment. I then
took the daily average of those values.

I also analyzed soil moisture measurements from June 19 to August 15, 2024. The data
came from a field warming experiment in the same location and with the same OTC and control
design as mine. Soil moisture was measured in each of the 30 chambers using a more accurate
and precise moisture meter (Fieldscount TDR 100) which measures % volumetric water content.

Otherwise, the sampling methods were the same as in 2023.

2.4.2 Plants

In early June 2023, I flagged and labelled 10 random stems from each chamber using a 1
m? quadrat square with 4 lengths of thin rope, strung horizontally and vertically, perpendicular to
each other, creating a 5x5 grid. I flagged and labelled the 10 stems closest to the string
intersections. I measured the height of each labelled stem 1-3 times per week throughout the
season. Height measurements were taken from the root crown to the apical leaf of the main stem.
I made 6466 stem height observations from June 9 to October 11, 2023.

Floral measurements of each flagged stem were taken from July 5 to October 11, 2023. 1
recorded the phenophase of all the flowers 1-3 times per week using flower phenophase
classification protocols from the USA-National Phenology Network. Here, I considered
‘flowering onset’, or the date of first open flower, as my phenophase. I was not able to record the
end of flowering, and thus the total flowering time, because the floral period for S. canadensis

and S. novae-angliae ended after the experimental period (Figure 2). I also counted the number
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of open flowers or floral units on each of the 10 labelled stems to get a measure of reproductive
output. A flower was considered open when the petals revealed the reproductive structures. I
only considered number of flowers for S. novae-angliae and M. fistulosa because of the difficulty
in accurately counting the number of open S. canadensis flowers due to the small size of the
flowering heads.

Most plant species that are known food sources for Lepidoptera are sucrose-dominant,
with more than 60% sugar coming from sucrose (rather than glucose or fructose) (Wolff 20006).
Therefore, I used nectar sucrose concentration as an estimate of nectar quality. I placed 15 cm x
20 cm mesh fruit protection Organza bags over open flowers 24 hours before nectar extraction in
order to exclude nectar feeders from visiting the flower before nectar measurement and allow the
flower to replenish nectar. I first extracted nectar from flowers using microcapillary tubes with
tube volumes ranging from 1-8uL depending on the size of the flower (Drummond Microcaps). I
avoided measuring nectar if it had rained within 24 hours, and all measurements were taken
between 08:00 and 11:00 to minimize time of day effects. I measured nectar sucrose
concentration by displacing the nectar from the microcapillary tubes onto a handheld low-
volume refractometer (Eclipse 0-50 °BRIX Handheld Refractometer). Nectar sucrose
concentration was measured in degrees BRIX, which is a measure of the dissolved solids in a
liquid. One degree of BRIX is one gram of sucrose in 100 grams of solution. The sucrose
concentrations reported in the nectar of the three species used here (see Figure 5d) are similar to
those reported for butterfly-pollinated flowers, which generally have concentrations between 20-
25°BRIX (Nicolson and Thornburg 2007, Willmer 2011).

I measured nectar volume by measuring the length of the nectar column in the

microcapillary tube before displacement onto the refractometer, then calculating the volume of
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the nectar from the known length and volume of the microcapillary tube and the length of the
nectar column (Vaectar = Viube™® Lunectar/Luube).

For S. canadensis and S. novae-angliae, the flowers were too small to extract nectar using
standard-size microcapillary tubes. To overcome this, [ used a Bunsen burner in the lab to melt
the tubes and slowly pulled the glass using forceps to make the tube narrower in the middle
before breaking it apart and using the narrow ends to extract nectar (methods from Corbet 2003).
As aresult, I could not calculate the nectar volume of S. canadensis or S. novae-angliae because
the internal volume of the microcapillary tubes were no longer standardized. Further, despite
modifications to the microcapillary tubes, the small size of the S. canadensis flowers made nectar
collection difficult, resulting in a small sample size for measurements of nectar sucrose

concentration (n=15, compared to M. fistulosa n=155, S. novae-angliae n=97).

2.4.3 Monarchs

From July 18 to August 2, 2023, I caught five female and five male adult monarchs from
the Canadensis Botanical Garden at FWG. I mated pairs outdoors in one of three enclosures (140
x 60 x 60 cm Pop-up Cage, Watkins & Doncaster) in a courtyard at the University of Ottawa. In
each enclosure, I placed one male with one or two female adult monarchs at a time with 4-5
young, potted common milkweed (Asclepias syriaca) plants for oviposition. These plants were
grown from seed in controlled growth chambers (CONVIRON GEN1000 and Biochambers
model LTCB-19) at the University of Ottawa on a 20°C/25°C 16:8 L:D cycle. For food, I
included a 10 cm plastic bowl filled with a 20% white sugar water solution and a sponge so that
the adults could land and feed while in the enclosures. I replaced the sugar water daily to avoid

fermentation.
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I checked for eggs daily and transferred eggs immediately to 16 oz clear containers with
mesh lids for ventilation in the growth chambers. Each larva was raised in its own container to
avoid egg cannibalism. I reared the larvae on a 21°C/27°C 16:8 L:D cycle to mimic the
photoperiod of late summer/early fall. I fed them daily with leaves from the same young A.
syriaca plants grown in the growth chambers, as well as with leaves from established 4. syriaca
plants along the Ottawa River. Early instars (instars 1-3) were fed young leaves from the
chamber-grown milkweed, and older instars were fed larger leaves from the river-grown
milkweed. Larvae were allowed to feed ab libitum. Pupae remained in the growth chambers with
the same environmental conditions until eclosion.

I introduced the first set of adults into the experiment on August 19, 2023. Once the
monarchs’ wings were fully expanded after eclosion (~5-12 hrs), I added them to the
experimental enclosures at FWG. Until August 28, only female monarchs were used in the
experiment to avoid sex effects. However, due to seasonal time constraints and rearing more
males than females, males were also included in the experiment from August 28 to September
14. The adults were allowed to feed ab libitum on the nectar in the chambers for five days.

I weighed the mass of the adults on days 0, 1, 3, and 5 to ensure that I had weight
measurements in case they did not survive to the end of the trial. To weigh them, I gently
removed the butterflies from the enclosures and placed them immediately in a small container on
a high-sensitivity scale (Sartorious Research R300S Analytical Balance Digital Laboratory
Scale). The scale was tared with the small container before each monarch measurement. The
scale was on-site at FWG to minimize travel, stress, and the length of time monarchs were

removed from the experiment. On average, the monarchs were removed from the experiment for
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less than one hour per day. In total, there were 59 completed 5-day feeding trials from August 20
to September 21, 2023.

At the end of the feeding trial, the adults were humanely euthanized and sent to Western
University for further analysis to determine if nectar quality impacted the monarchs' body
composition metrics. Monarch samples were analyzed for wet, fat, lean, and water masses
following protocol from (Marden 1989). Wet mass is the body mass of the adults before analysis:
the monarchs were placed in individual envelopes and weighed, with the envelope weight
subtracted to obtain the total mass of the butterfly. Given the strong correlation between the
weight of live adults on day 5 of the feeding trial and the weight of preserved samples (R?>=0.90),
[ used wet mass as an estimate of total mass instead of the weight measurements taken in the
field. Wet mass was likely a more accurate body mass measurement because it was taken after
the monarchs had been euthanized rather than in the field, where it was difficult to get them to
stay still for the measurements.

After their wet mass was measured, the monarchs were transferred, in envelopes, to a
drying oven set to 70°C, where they remained for three days until a constant mass was reached.
Monarchs were re-weighed to obtain their dry mass. The difference between wet and dry mass
represents the water mass, which was used here as an indicator for level of hydration. Given that
monarchs are unable to land on bodies of water to drink without drowning, they rely on nectar as
a major source of moisture and to avoid dehydration (Contreras et al. 2022). Their large ratio of
surface area to volume means they face a high potential for desiccation, leading to mortality if
water intake is low enough (O’Donnell 2022). Finally, monarchs need water to successfully
migrate and survive overwintering because they feed and drink less through this period than

during the breeding season (Brower et al. 2006, Sanchez-Tlacuahuac et al. 2023).
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To measure dry fat mass, the monarchs then underwent petroleum ether extraction in a
Soxhlet extractor. This extraction process removes all lipids except for the membrane
phospholipids. The monarchs were re-dried for another 8 hours and re-weighed, with the
difference in dry weight before and after extraction representing the butterfly's total lipid mass
(or dry fat mass). Dry fat mass is one of the most important measurements of body composition
for monarchs migrating south (Dockx 2012) because monarchs rarely feed over the winter,
especially during the first half (Sanchez-Tlacuahuac et al. 2023). They manage their energy
stores for migration and overwintering by entering reproductive diapause and depressing their
metabolic rates, slowly consuming energy reserves (Sinclair and Marshall 2018, Enriquez and
Visser 2023). They use lipids as their primary overwintering fuel (Sinclair and Marshall 2018),
and then rely on those same lipid stores to fuel their initial spring flight from overwintering sites
to their first breeding sites (Brower et al. 2006). Lipid conservation over the winter has been
linked to spring fitness, with the persistence of many insect populations being linked to
overwintering success (Sinclair and Marshall 2018). Fat content has also been frequently related
to overall condition in insects, with higher fat mass generally resulting in better condition
(Zwaan et al. 1991).

Finally, lean mass was measured as the remaining weight of the butterfly after water and
lipid extraction. It is used as a proxy for the total amount of protein in the butterflies and may
also be related to additional energy reserves for migration (Giulivi and Ramsey 2015). Lean
mass is the muscle tissue equivalent of all the body parts containing water (O’Regan et al. 2012)

and also includes chitin (exoskeleton) and non-lipid organ tissues.
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2.5 Statistical Analysis

Overview

All statistical analyses were performed using R 4.1.2 (R Core Team 2021). The analysis
was split into three sections: environmental models, where I investigated the difference in
environmental conditions between the OTCs and control, plant models, where I examined the
effect of the warming treatment and other covariates on plant growth and development, and
monarch models, where I examined the effect of the warming treatment and other covariates on
monarch body composition. Linear mixed effects models (LME) using package Ime4 (Bates et
al. 2015, 2022) were used for the environmental models. For the ‘number of flowers (integer)’,
‘flower onset (integer)’, ‘nectar sucrose concentration (percentage)’, and ‘soil moisture
(percentage)’ models, I used generalized linear mixed models (GLMM) using the glmmTMB
package (Brooks et al. 2017, 2023). In all LMM and GLMM models, ‘pair (n=15; an OTC and
adjacent control)’ was included as a random effect with a specified intercept to control for the
within-visit correlation of observations. Given model overfitting, I used simple linear models
(LM) for ‘plant relative stem growth’ and ‘monarch body composition’ models (R Core Team
2021).

For all models, I visually inspected residuals plots to check linearity, normality, and
homoscedasticity assumptions. I applied data transformations (square root) as necessary to meet
normality assumptions and used a GLMM where assumptions still could not be met. I checked
the goodness of fit of the models by generating conditional and marginal R-squared values of
LME models and conditional and marginal pseudo-R-squared values of GLMM using the

performance package (Ludecke et al. 2021). I used the package ‘DHARMa’ (Hartig, 2022) to
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test for under/overdispersion in the GLMMs. Figures 4-7 were created using ggplot2 (Wickham
2016, Wickham et al. 2023).

All two-way interaction terms were initially included in the models but were only
retained in the final models and reported in the main body of the thesis if they were statistically
significant (P<0.05) or potentially biologically significant (P<0.08). Otherwise, interactions were
dropped from the final models and only reported in the supplemental material (Table S4). When
DOY was included as an interaction term, it was centered on the mean to improve the
interpretability and stability of the model estimates. To compare differences between levels of
categorical variables, I used a TukeyHSD pairwise comparison test (Table S5). The sample size

for all models is available in Table S3.

2.5.1 Environmental Models

2.5.1.1 Temperature

To determine the mean daytime temperature difference between the OTC and control
chambers over the season, I calculated the mean daily temperature (°C) between 8:00 and 20:00
in each chamber. I used an LME model with treatment and DOY as fixed effects and pair as a
random effect (Table S2).

I also tested for differences in daily temperature fluctuation between warming treatments
(maximum daily temperature—minimum daily temperature) and differences in nighttime
temperatures (i.e., 20:00-8:00) using LME models with treatment as a fixed effect and pair as a

random effect (Table S2).

19



2.5.1.2 Soil Moisture

To determine the soil moisture difference between the OTC and control chambers during
each of the 2023 and 2024 seasons, I used the average soil moisture per chamber for both years.
In 2023, soil moisture was measured on a scale from 1 to 10, and in 2024, soil moisture was
measured by % volumetric water content. I used a GLMM with beta distribution and logit
transformation to remove the constraints of bounded and percentage data for both years. I ran
separate models for each year and included warming treatment and DOY as fixed effects (Table

S2).

2.5.2 Plant Models

2.5.2.1 Relative Stem Growth

To estimate relative stem growth, I focused on the period of most rapid growth that
occurred before flowering began (DOY 193 for M. fistulosa, 221 for S. canadensis, 243 for S.
novae-angliae; Figure 2). I calculated the relative change in stem height from day 1 until the date
of flower onset of each labelled plant stem ((final height-initial height)/initial height).

To determine if the warming treatment influenced relative stem growth, I used a linear

model. I modelled relative stem growth as a function warming treatment and species (Table S2).

2.5.2.2 Phenology

To determine if the warming treatment influenced the timing of flowering onset, I used a
GLMM with gamma distribution because of overdispersion (mean:variance = 221.9:412.5) and

non-normality of the continuous variable. I used the day of year of flower onset for each of the
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10 flagged stems in each chamber as the response variable and modelled it as a function of the

interaction between warming treatment and species with pair as a random effect (Table S2).

2.5.2.3 Number of Flowers

To determine if the warming treatment influenced the number of flowers, I modelled the
number of open flowers per stem as a function of warming treatment and species, with pair and
DOY as crossed random effects to account for repeated sampling on different days throughout
the season (Table S2). I used a GLMM with negative binomial distribution and logarithmic link
because the number of open flowers was not normally distributed and was overdispersed
(mean:variance = 5.2:30.8). Negative binomial probability distribution has been shown to be the

best approach for overdispersed data (Welsh et al. 2000).

2.5.2.4 Nectar Sucrose Concentration and Volume

To determine if the warming treatment influenced nectar sucrose concentration, |
modelled it as a function of warming treatment and species, with pair and DOY as crossed
random effects to account for repeated sampling on different days throughout the season (Table
S2). I used a GLMM with logit transformation to remove the constraints of percentage data. To
determine if the warming treatment influenced nectar volume in M. fistulosa, I included it as a
fixed effect, with pair and DOY as crossed random effects to account for repeated sampling on

different days throughout the season (Table S2).
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2.5.3 Monarch Models

To determine if the warming treatment indirectly influenced monarch body composition
through nectar, I modelled each metric of body composition (n=4; wet mass, fat mass, lean mass,
and water mass) as a function of warming treatment, plant species, sex (to account for
physiological variation between sexes; 2-level factor), DOY of eclosion (to account for seasonal
trends), and body length (to account for the monarch’s inherent size upon eclosion) (Table S2),
using a linear model. I checked for multicollinearity between independent factors using Variance
Inflation Factor (VIF) and they did not warrant further investigation. All body composition
metrics were square root transformed to meet normality assumptions. The interaction between

warming treatment and sex was included in water mass model (Table S2, Table S4).

3. Results

3.1 Environmental Effects of Open-Top Chambers

The average daily range of temperatures for the OTCs was 17.6-32.8°C (range:15.2°C),
and the average daily range of temperatures for the control chambers was 17.6-32.3°C (range:
14.7°C). The highest recorded temperature in the OTCs was 45.7°C, while the highest in the
control chambers was 43.5°C.

The mean daytime temperatures of the OTCs were 0.57°C warmer than the control
chambers (0.028SE, F=4.181,522, p=0.04, Table 1, Figure 4a). Daytime temperatures decreased
throughout the season (-0.090°C/day (0.0081SE), F=122.361,537, p<0.001; Table S4, Figure 4a)

The OTCs and control chambers had the same level of daily temperature fluctuation

(0.59°C (0.0044SE), F=1.761. 533, p=0.19; Table 1).
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The nighttime temperatures of the OTCs were weakly warmer than the nighttime
temperatures of the control chambers (0.45°C (0.24SE), F=3.401.481, p=0.066; Table 1, Figure
4b).

In 2023, there was no difference in soil moisture between OTCs and control plots (-1.1%
(7.8SE), z=-1.351,179, p=0.18; Figure 5a). However, in 2024, OTCs were drier than control
chambers (-1.3% (4.2SE), z=-3.11,171, p<0.005; Figure 5b).

In 2023, soil moisture increased over the season (2.4%/day (0.19SE), z=12.291,179,
p<0.001; Figure 5a), whereas it decreased over the 2024 season (-0.51%/day (0.1SE), z=-

3.291,169, p<0.001; Figure 5b).

3.2 Plant Responses

3.2.1 Relative Stem Growth

Overall, the OTCs did not affect the relative stem growth of the plants (18% (3.1SE),
F=0.51270, p=0.48; Table 2, Figure 6a). There was no interaction between warming treatment and
species (F=0.222.6s8, p=0.81). Relative stem growth differed across species (F=29.382270,
p<0.001; Table 2, Figure 6a): S. novae-angliae grew more than both M. fistulosa (1.8%
(0.036SE), t=-5.041270, p<0.0001) and S. canadensis (2.9% (0.039SE), t=-7.501.270, p<0.0001;
Table S5, Figure 6a). M. fistulosa grew more than S. canadensis (1.1% (0.038SE), t=2.78,

p<0.0001; Table S5, Figure 6a).
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3.2.2 Phenology

The timing of flowering onset was not different between the warming treatments (0.0021
days (0.003SE), z=0.71,177, p=0.48; Table 2, Figure 6b). There was no interaction between the
warming treatment and species (z=0.401,175, p=0.68; Table S4). The timing of flowering onset
was different between species (z=8.02,177, p<0.005; Table 2, Figure 6b): M. fistulosa flowered
before S. canadensis (-0.094 days (0.012SE) z=-5.07int, p<0.0001), and S. novae-angliae (-0.19
days (0.017SE), z=-10.99int, p<0.0001; Table S5, Figure 6b). S. canadensis flowered before S.

novae-angliae (-0.098 days (0.019SE), z=-5.24inf, p<0.0001; Table S5, Figure 6b).

3.2.3 Number of Flowers

The number of flowers on stems in the OTCs was lower than in the control chambers (-
0.25 flowers (0.055SE), z=-4.621,531, p<0.001; Table 2, Figure 6¢). There was no interaction
between warming treatment and species (z=-0.181,530, p=0.86; Table S4). Symphyotrichum
novae-angliae had more flowers than M. fistulosa (1.35 flowers (0.30SE) z=3.761, 531, p<0.001;

Table 2, Figure 6¢).

3.2.4 Nectar Sucrose Concentration and Nectar Volume

Nectar sucrose concentration was lower in warmed plants than in control plants (-
0.27°BRIX (0.066SE), z=-4.031,229, p<0.001; Table 2, Figure 6d). There was no interaction
between the warming treatment and species (p=0.84; Table S4). Species differed in their nectar

sucrose concentration (z=-3.02,229, p<0.005; Table 2): M. fistulosa had higher sucrose
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concentration than S. canadensis (0.99°BRIX (0.33SE), z=2.99, p<0.01) and S. novae-angliae

(0.70°BRIX (0.21SE), z=2.58, p<0.05; Table S5, Figure 6d).

The nectar volume of M. fistulosa was the same between warming treatments (0.072uL

(0.057SE), F=1.611,143, p=0.21; Table 2).

3.3 Monarch Responses

3.3.1 Wet Mass

The warming treatment did not influence adult monarch wet mass (-0.028g (0.018SE),
F=1.18151, p=0.18; Table 3; Figure 7a). There was no interaction between the warming treatment
and plant species (F=0.48250, p=0.62), nor with DOY (F=0.162.50, p=0.69), nor with sex
(F=1.782,50, p=0.19; Table S4).

Wet mass was weakly predicted by body length (0.015g (0.0065SE), F=3.641.51, p=0.063;
Table 3), with larger body lengths leading to higher wet mass. Wet mass did not differ across
plant species (F=0.592,51, p=0.56; Table 3, Figure 7a), nor across sexes (0.012g (0.026SE),
F=2.57151, p=0.12; Table 3), nor with seasonality (0.0030g (0.0027SE), F=0.191 51, p=0.89;

Table 3).

3.3.2 Fat Composition

Adult fat mass was lower in the OTCs than in the control treatment (-0.038g (0.016SE),
F=3.17151, p<0.05; Table 3, Figure 7b). There was no interaction between the warming treatment
and plant species (F=0.55250, p=0.59), nor with DOY (F=0.142.50, p=0.71), nor with sex

(F=0.122,50, p=0.73; Table S4).
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Monarchs who eclosed later in the season had higher fat mass (0.0052g (0.0024SE),
F=4.68151, p<0.05; Table 3). Adult fat mass did not differ across plant species (F=0.222 51,
p=0.80; Table 3, Figure 7b), nor across sexes (F=0.031, 51, p=0.87; Table 3), nor across body

lengths (F=0.301, 51, p=0.59; Table 3).

3.3.3 Lean Composition

Adult lean mass was not influenced by the warming treatment (-0.015g (0.0011SE),
F=0.41:51, p=0.41; Table 3, Figure 7c). There was no interaction between the warming treatment
and plant species (F=1.832,50, p=0.17), nor with DOY (F=0.782,50, p=0.38), nor with sex
(F=0.692,50, p=0.42).

Adult monarchs with larger body lengths had higher lean mass (0.013g (0.0039SE),
F=11.74151, p<0.005; Table 3). Adult lean mass did not differ across plant species (F=0.9221,
p<0.53; Table 3, Figure 7c), nor across sexes (F=0.63151, p=0.56; Table 3), nor with seasonality

(F=0.99151, p=0.37; Table 3).

3.3.4 Water Composition

Adult water mass was not influenced by the warming treatment (-0.0046g (0.013SE),
F=1.56151, p=0.22; Table 3, Figure 7d). There was no interaction between the warming treatment
and plant species (F=0.152,50, p=0.86; Table S4), nor with DOY (F=0.0742,50, p=0.79; Table S4).
There was a weak interaction between warming treatment and sex, where the warming effect was
lower on males than on females (-0.064g (0.036SE) F=3.081,51, p<0.08; Table 3).

The water mass of monarchs depended on sex (0.037g (0.020SE) F=6.371,51, p<0.05;

Table 3), where males had higher water mass than females. Adult water mass weakly depended
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on body length, with larger body length leading to higher water mass (0.010g (0.0047SE)
F=3.231,51, p=0.07; Table 3. Adult water mass did not differ across plant species (F=0.3521,

p=0.84; Table 3, Figure 7d) nor with seasonality (F=0.20151, p=0.62; Table 3).

4. Discussion

Using a field experiment, this study explored the direct effects of a warming treatment on
the stem growth, phenology, and nectar characteristics of three late-season flowering plants and
the subsequent impact of these changes on monarch wet mass and body composition. The
warming treatment led to a decrease in nectar sucrose concentration and fewer flowers on each
stem. I showed that adult monarchs who fed on the nectar of plants in the warmed treatment had
lower overall fat mass compared to monarchs who fed on control nectar. This suggests that the
warming treatment led to lower nectar quality and availability for the monarch. Lastly, I found

that the effects of the warming treatment were consistent across all three plant species.

4.1 Plant Responses to Warming Treatment

4.1.1 Decrease in nectar sucrose concentration

The warming treatment led to a decrease in nectar sucrose concentration. This finding is
in line with my prediction and consistent with some studies that found high temperatures
decrease the nectar sucrose content (Scaven and Rafferty 2013, Takkis et al. 2015); however, it is
inconsistent with a study that found the opposite relationship (de Manincor et al. 2023). One
explanation for this inconsistency may be the environmental context of the studies. The summers
in Ottawa are humid (Environment and Natural Resources, n.d.), whereas summers in Riverside,

California, USA, where de Manincor et al. (2023) took place, are dry. Drier conditions could
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increase evaporation, resulting in higher nectar sucrose concentrations and reduced nectar
volume. Indeed, in the one species where I was able to measure nectar volume (M. fistulosa),
nectar volume was not influenced by the warming treatment. Therefore, it may be important to
consider ambient humidity in combination with warming when predicting how nectar sucrose
concentrations will change in the face of climate change.

Heat stress, especially during thermally sensitive developmental periods such as floral
development and flowering, may result in physiological responses such as fewer flowers,
modified floral features, smaller corolla, and changes in biomass per flower, which can lead to
metabolic responses such as decreased nectar sucrose concentration (Takkis et al. 2018, Borghi
et al. 2019, Jagadish 2020). If these changes disrupt pollination, it could lead to negative

consequences for plant fitness and cascading effects on pollinators who feed on the nectar.

4.1.2 Decrease in number of flowers

I found that the average number of flowers per stem was lower in the OTCs relative to
the control chambers. This was consistent with my prediction that warmer temperatures would
negatively impact floral development. High temperatures can be a source of heat stress for
plants, which can cause them to produce fewer flowers (Saavedra et al. 2003). Increased
temperatures resulting in fewer flowers are consistently found across warming experiments (Liu
et al. 2012, Moss and Evans 2022, de Manincor et al. 2023).

As flower number strongly influences the reproductive success of animal-pollinated
plants (Sun et al. 2018), my results suggest that climatic warming may impact the fecundity of
flowering plants. This may have cascading effects on the pollinators that depend on them

(Saavedra et al. 2003). As a caveat, while I found that the number of flowers per stem was lower
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in OTCs relative to the control, I did not measure the total number of stems in the chambers, so it
is possible that stem abundance increased (see Moss and Evans 2022) leading to a higher number
of total flowers in the community. Though, anecdotally, I did not notice any dramatic changes in
the density of plants, and the length of the warming treatment was likely not long enough to see
that effect. Future studies should investigate the total number of stems in each chamber and the
number of flowers per stem to determine if the relationship between warming treatment and

flower number per stem is related to the number of stems.

4.1.3 No effect on relative stem growth

The warming treatment did not change the relative stem growth of the three plant species
used here. This was not consistent with my prediction that warmer temperatures would
negatively impact vegetative development. However, warmer temperatures that are not above a
species’ optimal thermal range generally accelerate plant growth by lengthening the growing
season and increasing metabolic rates, leading to higher rates of primary production
(Kudernatsch et al. 2008, Jamieson et al. 2012, Tait and Schiel 2013). It could be that the
magnitude of the warming effect from the OTCs was not large enough and/or above the species’
optimal thermal ranges to impact the relative stem growth of the plants. It could also be that the
respiration rates of the plants also increased with the warming treatment. Respiration rates
exponentially increase with experimentally warmed conditions, and if respiration increases more
strongly than photosynthesis, increased respiration may diminish the effects of increased

photosynthesis (Atkin et al. 2005, King et al. 2006).
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4.1.4 No effect on flower onset

The warming treatment did not change the date of flower onset. This was contrary to my
prediction, as temperature is a primary driver in regulating plant phenology (Parmesan and Yohe
2003, Jamieson et al. 2012, Thackeray et al. 2016). There is considerable evidence from
observational and experimental studies that there has been an advancement in the timing of
flowering with climate warming (e.g., Hollister and Webber 2000, McEwan et al. 2011, Rafferty
et al. 2020). However, substantial interspecific variation in the degree and direction of change in
timing has also been observed (Stuble et al. 2021). It is possible that I did not find responses
because the 1) magnitude of the warming effect of the OTCs was not great enough, ii) the start of
the warming treatment was not early enough, or iii) the study species are not considered early-
season species. The cues plants use for the timing of flowering often occur earlier in the season
and sometimes more than a year earlier (Evers et al. 2021). For example, the timing of flowering
onset is strongly influenced by the timing of budburst, so it is possible that the warming
treatment was not started early enough, before budburst occurred, to influence flower phenology
(Ettinger et al. 2018). Many studies show that earlier-season species (e.g., those that flower
before the peak of summer heat) have experienced larger phenological shifts due to climate
change than later-season species in the same community (Sherry et al. (2007); Chmura et al.
2019). Since the plant species in this study are late-season species that flower in the second half
of summer, this may explain why I did not find an effect of the warming treatment on the timing

of flowering.
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4.1.5 Consistent responses across plant species

The effect of the warming treatment on the responses I measured was consistent across
plant species. I did not find any responses where the effect of the warming treatment depended
on species. This aligns with my prediction that since these three plant species share similar life
history strategies, such as seasonality, reproductive methods, and seeding strategies, it is
reasonable to expect similar responses to warming. Future studies should consider species with
more divergent life history strategies, phenological patterns, and physiological tolerances to heat
stress. They should explore whether the consistent responses observed in this study extend to a
broader range of species and if certain traits offer resilience against climatic changes.

It is likely that I am underestimating the response of S. canadensis to the warming
treatment since I was unable to count the number of flowers, and extraction of nectar from the
flowers was very difficult. Thus, I did not find effects of the warming treatment as hypothesized.
However, in comparison, a study that was successful in extracting nectar from the small flowers
of S. canadensis found much higher levels of nectar sucrose concentration than I did (Jachuta et

al. 2020).

4.2 Monarch Responses to the Warming Treatment

4.2.1 Mixed effects on body composition components

I found that monarchs who fed on warmed nectar had lower fat mass. This was expected
given that I found a decrease in nectar sucrose concentration and the number of flowers in the
warmed treatments. Monarchs convert sugar from nectar into fat in their bodies to use as a
primary energy source (Alonso-Mejia et al. 1997, Brower et al. 2006, Sinclair and Marshall

2018).
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Notably, the decreases in fat content measured in individuals who fed on warmed nectar
could be biologically significant. The fat content of non-reproductive monarchs, like the ones
used here, has previously been measured to be between 0.019 and 0.037 g and was found to
decrease by 24-51% during the overwintering period (James 1984). A similar decline in fat mass
during migration was also seen by Gibo and McCurdy (1993). The average fat content of
monarchs who fed on control nectar in this experiment was 0.026 g, which falls in this expected
range. Conversely, monarchs who fed on warmed nectar had an average fat content of 0.017 g,
which is below the minimum measured by James (1984). Given that stored lipids are important
fuel for the fall migration, for survival during their overwintering period (Brower et al. 2006),
and to fuel the start of the spring migration (Enriquez and Visser 2023), a reduction of fat mass
in monarchs who feed on lower-quality nectar from the warming treatment has the potential to
put additional stress on the population.

In contrast, the lean mass of monarchs who fed on warmed nectar was not different
compared to those who fed on control nectar. This was expected, given that nectar is not
typically a good source of protein. Most of the protein in adult monarchs is thought to be
accumulated during the larval stage while feeding on milkweed leaves, which are a good source
of protein (Campbell and Carr 1987). Though not a high protein source, nectar does contain 16
of the 20 amino acids, which some butterflies are capable of consuming and using to build
protein (Nepi et al. 2012, Borghi et al. 2019). Monarchs may use this protein as additional energy
reserves for migration (Giulivi and Ramsey 2015). My results suggest that climatic warming will
not have an impact on the availability of key amino acids in nectar and thus no impact of

monarch lean mass.
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Third, the water mass of monarchs who fed on warmed nectar was not different than
those who fed on control nectar. This is inconsistent with my prediction that the water mass of
monarchs would decrease with warming. I expected that the warming treatment might increase
nectar water evaporation, since humidity is inversely proportional to the rate of water
evaporation, and nectar tends to equilibrate with ambient humidity (Villarreal and Freeman 1990,
Nicolson 2022). This would result in a decrease in the water content available to monarchs.
However, this effect may have been minimized here due to Ottawa's high ambient humidity
levels. My results suggest that monarch populations preparing for migration in Southern Ontario

and Ottawa may not be at high risk of dehydration due to warming effects on plants.

4.2.2 Dependency of water mass on sex

I found that the effect of the warming treatment on water mass was slightly lower for
males than females and that males had higher water mass than females. This finding may be the
result of differences in hydration or tissue water retention needs or energy metabolism
differences between the sexes because of reproductive investments. For example,
spermatophores are composed of 89.5% water and 10.5% organic compounds, and there is
evidence that males place water directly in the spermatophores to minimize the energy
expenditure that females would incur to do so (Pham 1997). This indicates that water may be an
important resource for males. While water may also be a limiting component for egg production
(Marshall 1982), the selection on females to maintain water reserves may not be as strong as in

males, especially given that monarchs used were in reproductive diapause.

33



4.3 Monarch Responses to Other Variables

4.3.1 Consistent responses across plant species

The body composition components did not respond differently to different plant species.
This was surprising given that species differed in their nectar sucrose concentration and number
of flowers regardless of treatment. A potential explanation for this discrepancy is the possibility
of compensatory feeding of nectar by the monarchs; consuming more food in response to
decreases in dietary nutrients (Simpson et al. 1989). Monarchs may do this either by eating larger
meals or by feeding more often when nectar quality is lower (e.g., on S. canadensis but see
section 4.1.5; Simpson et al. 1989). Given that the nectar sucrose concentration differed across
species, adult monarchs may have compensated for lower quality nectar by consuming more and
thus increasing their fat or water mass, eliminating any species-level differences. In the larval
stage, monarchs are known to compensate for host plant quality by consuming more milkweed
when quality is low (Lavoie and Oberhauser 2004). Nectarivorous birds will increase the volume
of nectar consumed when the nectar has lower sucrose concentrations (Nicolson and Fleming
2003). Despite potential compensatory feeding, monarchs who fed on warmed nectar were
unable to compensate to overcome differences in nectar sucrose concentration, as evidenced by a

decrease in fat mass due to the warming treatment.

4.3.2 Seasonal changes in fat mass

The fat mass of monarchs who eclosed later in the season was higher than those who
eclosed earlier in the season. This effect may be in part due to greater pressure later in the season

to accumulate energy stores in preparation for migration. Higher fat mass in later-season
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monarchs may also be the result of seasonal changes in the milkweed leaves they were fed as
larvae. Most monarch larvae in the study were fed milkweed leaves grown from seed in growth
chambers during their first three instars and milkweed leaves collected by the Ottawa River in
their later instars. However, the earliest monarchs that emerged from their eggs were exclusively
fed milkweed from growth chambers while it was still abundant. In contrast, the latest monarchs
were fed diets of Ottawa River milkweed leaves after the potted plants had been fully depleted. It
is important to note that this does not necessarily indicate a seasonal effect of milkweed on
monarchs. Throughout the season, monarch larvae were fed young milkweed as they have been
shown to grow fastest on younger plants (Yang et al. 2020), but the source of the milkweed was
different at the beginning and the end of the experiment. While I have yet to find evidence that
the fat content of milkweed leaves may differ between potted and wild plants, this is a possible

explanation for this relationship.

4.3.3 Body length related to lean and wet masses

Adult monarchs with larger body lengths had higher wet and lean masses. The strong
relationship between monarch body length and lean mass suggests that it may be a reliable
predictor, potentially allowing for noninvasive estimates of lean mass without the need to
sacrifice individuals for analysis. However, this body length relationship is weaker for wet mass
and does not exist for fat mass or water mass, thus limiting the utility of body length as a

predictor for body composition overall.

Body mass was included in the models to control for the inherent size of the monarchs
upon eclosion. While there are many factors that influence insect body length (temperature,

latitude, metabolic rate; Atkinson 1996, Sheridan and Bickford 2011), one important factor is
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larval diet (Nicholls et al. 2021), particularly for monarchs. Since milkweed is the main source of
protein for monarchs (Campbell and Carr 1987), it follows that larvae with larger body lengths

also have higher lean mass as adults, the result of the milkweed they fed on as larvae.

4.4 Effectiveness of OTCs

The magnitude of the daytime warming effect of the chambers used in this study was, on
average, 0.57°C, which, with current global warming predictions, is likely to occur within the
next few decades, likely by the middle of the century (Calvin et al. 2023). Other studies using
passive-warmed OTCs report a wide range in the magnitude of the temperature increase (0.7-
1.8°C) (Marion et al. 1997, Dollery et al. 2006, Kudernatsch et al. 2008, Welshofer et al. 2018).
The OTC warming effect found here is less than what is predicted by climate projections in
Ontario, which estimate that average temperatures will rise by as much as 3°C to 8°C over the
next century (Gough et al. 2016). Climate projections from the Climate Atlas of Canada (2019)
indicate that under a High Carbon Scenario (RCP 8.5), the typical hottest day in Ottawa will rise
from 33.7°C (1976-2005) to anywhere between 35.6°C and 42.4°C (2051-2080). Therefore, my
results represent a conservative picture of the effects of future climatic warming.

As for virtually all field-warming experiments, my warming treatment likely altered
environmental variables I addition to temperature (e.g., CO2 concentrations, UV-B radiation;
Wolkovich et al. 2012). Most notably, it is likely that the OTCs reduced soil moisture to some
extent, as demonstrated by the results from 2024. This is consistent with a previous study that
used a similar-sized OTC, albeit the effect in the study differed across sites (Welshofer et al.
2018). In any case, the effects of soil moisture possibly confounds the effects of warming on

plant and monarch responses to the warming treatment (Borghi et al. 2019). However, several
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lines of reasoning suggest minimal soil moisture-related effects of the warming treatment
including finding no change in nectar volume in M. fistulosa, nor in monarch water mass with
the warming treatment. Anecdotally, I did not find any indications of drought stress in plants in
the warming treatment based on the most commonly documented symptoms, such as signs of
scorching, yellowing or limp leaves, leaf rolling or brittleness, flower sagging, wilting, or
premature fall (Seleiman et al. 2021). Thus, it could be that the decreases in soil moisture in the
warming treatment may not be biologically meaningful. Nonetheless, to be precautionary, I have
tried not to attribute OTC effects to be simply due to their warming effect but to the effect of the

treatment overall.

4.5 Limitations

As the focus of this experiment was monarchs, I did not disentangle the direct effects of
warming from the indirect effects on the focal plants included in the study. Plants were exposed
to the existing insect community until the mesh enclosures were added in mid-August.
Therefore, for part of the season, plants would have experienced direct effects of warming (and
other environmental effects) from the OTCs and indirect effects of warming experienced by
pollinators and herbivores that entered the chambers or were already present at the start of the
experiment. However, the plant responses I observed here are comparable to many other OTC
experiments, which also only measured the response of plants to the overall effects of warming
(Marion et al. 1997, De Frenne et al. 2010, Welshofer et al. 2018).

I am not able to differentiate the effects of seasonality from plant species in the study.
Despite all three plant species being late-season species, they had different flowering times

(Table S5, Figure 2). As a result, seasonality is likely confounded with plant species. However,
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as this was a field experiment with the aim of closely mimicking natural conditions, my results
can provide important lessons for management (see next section). Future experiments that select

species with more overlapping flowering periods are needed.

4.6 Implications for Habitat Restoration

Most habitat restoration has focused on the restoration of vegetation (i.e., bottom-up),
with few targets centered on fauna and even fewer on animal-plant interactions (Genes and Dirzo
2022). My results have implications for pollinator-focused restoration. First, nectar availability
and quality could decrease with climate change. As such, habitat restoration projects should aim
to select plants that thrive in warming conditions and continue to provide optimal nectar
resources for pollinators. These may include introduced plants with high adaptive capacity or
those from more southern regions that have already adapted to warmer temperatures (Liu et al.
2017, Schlaepfer and Lawler 2023, Kharouba 2024).

Second, all three of the plant species used here responded to the warming treatment
negatively and consistently. Therefore, until further studies on nectar quality and warming can be
completed, the priority should be planting a high diversity of species to increase the likelihood
that monarchs and other pollinators will have high-quality nectar available. Continuous
monitoring of restored habitats and the quality of the nectar of plants found there may be
beneficial to understanding the response of the community to climate change and would allow
land managers to adjust planting strategies as needed.

Land managers should also consider butterfly and pollinator requirements to make
effective restoration decisions. For example, while high sucrose nectar is important for creating

fat stores to fuel migration, butterflies may choose to consume more dilute nectars with lower
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sucrose concentrations to increase hydration (Willmer 1988, Nicolson 1998), especially as
climate change increases the risk of hydration (Chown et al. 2011, Arnold and Michaels 2017).
Therefore, choosing a variety of flowering plants with different sucrose concentrations will be

increasingly important under climate change scenarios.

5. Conclusion

I found that the experimental warming treatment significantly reduced the nectar quality
of late-season flowering plants. I show that monarchs that fed on this lower-quality warmed
nectar had negative implications for fat mass. Fat mass is an important energy source for
monarchs, fueling their migration to Mexico and sustaining them during overwintering. These
results suggest that monarch populations may experience reduced survival and lower migration
and overwintering success rates due to indirect effects of warming temperatures, mediated by
changes in nectar plant quality and availability.

These results have important implications for informing habitat restoration practices.
Future studies should take into account suggestions made here and also consider the responses of
additional plant-insect interactions to warming temperatures. The consideration of strategies for
habitat restoration, including planting a high diversity of flowering nectar plants as well as the
potential use of ‘non-native’ plants from more Southern regions that may be better adapted to
warming, may help mitigate the effects of climate change on pollinators (Kharouba 2024).
Careful ecological assessment is important to ensure long-term climate resiliency of restored

habitats.
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Tables

Table 1. Responses of mean daytime temperature (°C), nighttime temperature (°C), and

temperature fluctuation (°C) based on the warming effect of the open-top chambers (n=560

measurements from 12 loggers over 66 days) fit as linear mixed effects models. The table shows

the estimated effects (Estimate), standard error (SE), degrees of freedom (DF), F-values (F),

conditional (first) and marginal (second) R? values, and p-values (p) for the predictors warming

treatment, and DOY for mean daytime temperature (°C), with pair as a random effect. Bold font

indicates statistical significance (p<0.05).

Predictor

Estimate

SE

R2

Response Variable DF F p
Mean Daytime Treatment 0.57 0.28 1,552 4.18 0.22, <0.05
Temperature (°C) 0.19

DOY -0.090 0.0081 1,537 122.36 <0.001
Mean Temperature Treatment 0.59 0.044 1,553 1.76 0.004, 0.19
Fluctuation (°C) 0.03
Mean Nighttime Treatment 0.45 0.24 1,481 3.40 0.02, 0.066
Temperature (°C) 0.01
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Table 2. Vegetative and floral development and nectar production responses of three plant
species to the warming treatment of the Open-Top Chambers. Plant responses are relative stem
growth (%) (n=301), day of year of flower onset (n=183), number of flowers (n=147), nectar
sucrose concentration (°BRIX) (n=250), and nectar volume (uL) (n=155). Relative stem growth is
fit with a linear model, and nectar volume with a linear mixed effects model. Flower onset,
number of flowers, and nectar concentration are fit with generalized linear mixed effects models.
The table shows the estimated effects (Estimate), standard error (SE), degrees of freedom (DF),
F-values (F) for linear mixed effects models, the z-values for generalized linear mixed effects
models, and p-values (p). Conditional R? (first) and marginal R? (second) are reported for each
model. Fixed effects are warming treatment and species. Only warming treatment is included as
a fixed effect for nectar volume. Pair is a random effect for all models except for relative stem
growth. Day of year (DOY) is included as a random effect in the number of flowers, nectar

concentration, and nectar volume models. Bold font indicates statistical significance (p<0.05).

Response Variable Predictor Estimate  SE DF F/z R? p
Relative Stem Growth (%) Treatment 1.8 3.1 1,270 0.5 0.18 0.48
Species NA NA 2,270  29.38 <0.001
Flower onset (DOY) Treatment 0.0021 0.0030 1,177 0.7 0.96, 0.86 0.48
Species NA NA 2,177  NA <0.05
# of Flowers Treatment -0.25 0.055 1,531 -4.62 0.54,0.31 <0.001
Species NA NA 2,531  3.76 <0.001
Nectar Concentration (°BRIX) Treatment -0.27 0.066 1,229 -4.03 0.78,0.26 <0.001
Species NA NA 2,229 NA <0.01
Nectar Volume (uL) Treatment -0.072 0.057 1, 143 1.61 0.35, 0.01 0.21
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Table 3. Monarch body condition responses to indirect warming of the warming treatment from

the Open-Top Chambers. All monarch responses are square root transformed and include wet

mass (g) (n=59), fat mass (g) (n=59), lean mass (g) (n=59), and water mass (g) (n=59). All

models are fit with linear models. The table shows the estimated effects (Estimate), standard

error (SE), degrees of freedom (DF), F-values (F), R-squared values, and p-values (p). Fixed

effects are warming treatment, sex, species, day of year (DOY), body length, and biologically

significant two-way interactions (p<0.08). Bold font indicates statistical significance (p<0.05).

Response Variable Predictor Estimate  SE DF F R p
Wet Mass (g) Treatment -0.028 0.018 1,51 1.18 0.17 0.18
Sex 0.012 0.026 1,51 2.57 0.12
Species NA NA 2,51 0.59 0.56
DOY 0.0030 0.0027 1,51 0.19 0.89
Body Length 0.015 0.0065 1,51 3.64 0.063
Fat Mass (g) Treatment -0.038 0.016 1,51 3.17  0.15 <0.05
Sex -0.021 0.023 1,51 0.027 0.87
Species NA NA 2,51 0.22 0.80
DOY 0.0052 0.0024 1,51 4.68 <0.05
Body Length 0.0037 0.0057 1,51 0.30 0.59
Lean Mass (g) Treatment -0.015 0.011 1, 51 041 024 041
Sex -0.0010 0.016 1,51 0.63 0.56
Species NA NA 2,51 0.92 0.53
DOY 0.0016 0.0016 1,51 0.99 0.37
Body Length 0.013 0.0039 1,51 11.74 <0.005
Water Mass (g) Treatment -0.0046 0.013 1,51 1.56 023 0.22
Sex 0.037 0.020 1,51 6.37 <0.05
Species NA NA 2,51 0.35 0.84
DOY 0.0012 0.0020 1,51 0.20 0.62
Body Length 0.010 0.0047 1,51 3.23 0.07
Warming * Sex -0.064 0.036 1,51 3.08 0.08
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Figures

Figure 1. Locations of experimental sites in Ottawa, ON, Canada. a) Map of Ottawa. Fletcher
Wildlife Garden is highlighted in red. b) Map of Fletcher Wildlife Garden. A (brown) represents
the Discovery Centre, B (pink) represents the Butterfly Meadow (Monarda fistulosa n=4,
Solidago canadensis n=1, Symphyotrichum novae-angliae n=1), C (yellow) represents
Canadensis Garden (M. fistulosa n=0, S. canadensis n=4, S. novae-angliae n=0), D (purple)
represents the Old Field (M. fistulosa n=0, S. canadensis n=0, S. novae-angliae n=2), E (orange)
represents the Milkweed Garden (M. fistulosa n=1, S. canadensis n=0, S. novae-angliae n=1)
(Table S1). Black thermometer symbols represent the approximate location of a pair of HOBO

temperature loggers.
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Figure 2. Timeline of the field experiment from July 15 to October 15, 2023. The pink line
indicates the flowering period of Monarda fistulosa, the yellow line indicates the flowering
period of Solidago canadensis, and the purple line indicates the flowering period of
Symphyotrichum novae-angliae. The end of flowering for S. canadensis and S. novae-angliae
was not captured in the experiment, indicated by the arrows. Flowering end dates of all species
are estimates because the floral periods ended after the experimental period. Orange line and
shading indicate period of adult monarch inclusion in the experiment and time of monarch

feeding on each plant species.
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Figure 3. Experimental design of warming chambers and enclosures. a) open-top chambers on
stems of Solidago canadensis in the Canadensis Garden of Fletcher Wildlife Garden on June 9,
2023. b) an example of a pair of an open-top chamber (left) and control chamber made of PVC
piping (right) on stems of S. canadensis in the FWG-CBG complex on August 20, 2023. Both
chambers are wrapped in mesh tulle. Large enclosures made of steel garden pegs with mosquito
netting are built around the chambers with 30+ cm of clearance around all sides to allow space

for the monarchs to move around in the enclosures. The open-top chambers and PVC control

chambers are 1.5 meters tall and 1.2 meters wide at the base.
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Figure 4. Temperature (°C) variation across the season and between temperature treatments in
summer 2023. Shown is the (a) average daytime (08:00 to 20:00) temperature across the season
and two treatments (control (blue) and warmed (red) chambers); and (b) average nighttime
temperature (20:00 to 8:00) differences between temperature treatments. There was no seasonal
change in nighttime temperature (Table 1). In panel (a), the thin coloured lines represent daily
averages across six replicates of each treatment. The trendlines indicate the overall temperature
trend for each treatment during the observed period. Shading on bold lines represents 90%

confidence interval. Shown in panel (b) is the mean with 95% confidence intervals.
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Figure 5. Soil moisture responses to the temperature treatment (control (blue) and warmed (red)
chambers) and over the season in 2023 (a) and 2024 (b). In 2023, soil moisture was measured as
conductivity from 0 to 10. In 2024, soil moisture was measured as a ratio (volumetric water
content (VWC); the volume of water:volume of soil). In both panels, the bold line indicates the
seasonal soil moisture trend. For 2023, the predicted fit is based on a GLMM with soil moisture
as a function of DOY. In 2024, the predicted fit is based on a model with temperature treatment

and DOY. Shading around lines represent the 90% confidence interval.
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Figure 6. Plant responses to temperature differences (Control and Warmed). Shown is: a)
relative stem growth (cm), b) DOY of flower onset, ¢) number of flowers, and d) nectar sucrose
concentration (°BRIX). The black symbols indicate the mean estimate based on the raw data
with 95% confidence intervals for each species: Monarda fistulosa (circles), Solidago canadensis
(triangles), and Symphyotrichum novae-angliae (squares). The red line represents the overall
trend (when present) of model predicted values, illustrating the significant general effect of the
warming treatment across all species (Table 2). Means with 95% confidence intervals are shown.
“*” denotes a statistically significant effect based on model output (p<0.05). Letters represent

statistically significant pairwise comparisons between species (p<0.05).
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Figure 7. Monarch body condition and composition responses to temperature differences
(Control and Warmed). Shown is: a) monarch wet mass (g), b) monarch fat mass (g) ¢) monarch
lean mass (g), and d) monarch water mass (g). The black symbols indicate the mean estimate
based on raw data with 95% confidence intervals for each species: Monarda fistulosa (circles),
Solidago canadensis (triangles), and Symphyotrichum novae-angliae (squares) under each
treatment. The red line represents the overall trend (when present) of model predicted values,

s

illustrating the significant general effect of the treatment across all species (Table 3). denotes

a statistically significant effect based on model output (»<0.05).
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Appendix

Table S1. Incidence of each of the three plant species in each of the garden locations at Fletcher

Wildlife Garden (Figure 1b).

Fletcher Wildlife Garden Monarda fistulosa Solidago canadensis Symphyotrichum novae-angliae
Locations n=) n=) n=)

Butterfly Meadow 4 1 1

Canadensis Garden 0 4 0

Old Field 0 0 2

Milkweed Garden 1 0 1
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Table S2. Summary of models used in statistical analysis including model type, response

variables, predictor variables, random effects, and additional notes. The ‘Type’ column indicates

function used for the main model. ‘Response Variable’ specifies the dependent variable being

modeled, ‘Predictor Variables’ include the fixed effects in each model, and ‘Random Effects’

detail the random factors accounted for in each model. For sample size of each model, see Table

S3.
Model Type Response Variable Predictor Variables Random
Effects
OTC Treatment LMM Mean daytime Treatment + DOY Pair
temperature (°C)
Mean temperature Treatment Pair
fluctuation (°C)
Mean nighttime Treatment Pair
temperature (°C)
Soil Moisture GLMM (beta distribution, Soil moisture Treatment + DOY Pair
logit transformation)
Relative Stem LM Relative stem growth  Treatment + species
Growth
Flower Onset GLMM (gamma DOY of flower onset  Treatment + species Pair
(DOY) distribution) per stem
# of Flowers GLMM # of open flowers per  Treatment + species Pair +
(negative binomial) stem DOY
Nectar GLMM (beta distribution, ~ Nectar concentration ~ Treatment + species Pair +
Concentration logit transformation) DOY
(°BRIX)
Nectar Volume LMM Nectar volume Treatment Pair +
(uL) DOY
Wet Mass (g) LM Wet mass (g) Treatment + species +
sex + DOY + body
length
Fat Mass (g) LM Fat mass (g) Treatment + species +
sex + DOY + body
length
Lean Mass (g) LM Lean mass (g) Treatment + species +
sex + DOY + body
length
Water Mass (g) LM Water mass (g) Treatment * sex +
species + DOY + body
length

68



Table S3. Sample size across all models. For model details, see Table S2. Sample sizes are given as number of total measurements, as

well as size of each grouping, where appropriate. Sample sizes are given for each plant species (Monarda fistulosa, Solidago

canadensis, Symphyotrichum novae-angliae, Cirsium arvense, Asclepias syriaca, Sonchus oleraceus) and sex (Female:Male), where

necessary.
Model Type Response Variable Total Sample Size Species (n=) Control (n=) Warmed (n=)
(n5)
Temperature Mean Temperatures 560 measurements M. fistulosa = 110 measurements, 4 loggers 55 measurements, 2 loggers 55 measurements, 2 loggers
(°C) across 12 loggers
S. canadensis = 118 measurements, 2 loggers 59 measurements, 1 logger 59 measurements, 1 logger
S. novae-angliae = 332 measurements, 6 loggers 165 measurements, 3 loggers 167 measurements, 3 loggers
Soil Moisture 2023 Soil Moisture (%) 186 measurements M. fistulosa = 48 measurements, 10 chambers 26 measurements, 5 chambers 20 measurements, 5 chambers
across 26 chambers
S. canadensis = 88 measurements, 7 chambers 40 measurements, 4 chambers 48 measurements, 3 chambers
S. novae-angliae = 50 measurements, 9 chambers 24 measurements, 5 chambers 26 measurements, 4 chambers
2024 Volumetric Water 176 measurements C. arvense = 56 measurements, 10 chambers 28 measurements, 5 chambers 28 measurements, 5 chambers
Content (%) across 26 chambers
A. syriaca = 60 measurements, 10 chambers 30 measurements, 5 chambers 30 measurements, 5 chambers
S. oleraceus = 60 measurements, 10 chambers 30 measurements, 5 chambers 30 measurements, 5 chambers
Plant Relative Stem Growth 4563 observations M. fistulosa = 1117 observations, 100 stems 560 observations, 50 stems 557 observations, 50 stems
(%) across 300 stems
S. canadensis =1901 observations, 100 stems 951 observations, 50 stems 950 observations, 50 stems
S. novae-angliae = 1987 observations, 100 stems 1000 observations, 50 stems 987 observations, 50 stems
Flower Onset (DOY) 183 observations M. fistulosa = 90 observations, 10 chambers 47 observations, 5 chambers 43 observations, 5 chambers
across 26 chambers
S. canadensis = 36 observations, 7 chambers 16 observations, 4 chambers 20 observations, 3 chambers
S. novae-angliae = 57 observations, 9 chambers 33 observations, 5 chambers 24 observations, 4 chambers
# of Flowers 537 observations M. fistulosa = 479 observations, 10 chambers 257 observations, 5 chambers 222 observations, 5 chambers
across 19 chambers
S. novae-angliae = 58 observations, 9 chambers 34 observations, 5 chambers 24 observations, 4 chambers
Nectar Sucrose 250 measurements M. fistulosa =139 measurements 67 measurements 72 measurements
Concentration
(°BRIX) S. canadensis =15 measurements 10 measurements 5 measurements
S. novae-angliae =97 measurements 40 measurements 57 measurements
Nectar Volume (uL) 155 measurements M. fistulosa =155 measurements 74 measurements 81 measurements
Monarch Body Composition 59 monarchs M. fistulosa =14 monarchs 7 monarchs (F:M=7:0) 7 monarchs (F:M=7:0)

Analyses
(2

S. canadensis = 27 monarchs

11 monarchs (F:M=8:3)

16 monarchs (F:M=15:1)

S. novae-angliae = 18 monarchs

11 monarchs (F:M=5:6)

7 monarchs (F:M=6:1)
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Table S4. Results of interaction effects of the warming treatment. Temperature model output is

from a linear mixed effects model, relative stem growth and all monarch model output are from

linear models, and flower onset, # of flowers, and nectar concentration outputs are from

generalized linear mixed effects models. Species responses were estimated as: relative stem

growth (%), day of year of flower onset, number of flowers, and nectar sucrose concentration

(°BRIX). Monarch responses were estimated as square root transformations of: wet mass (g), fat

mass (g), lean mass (g), and water mass (g). The table shows the estimated effects (Estimate),

standard error (SE), degrees of freedom (DF), F-values or z-values (F/z), and p-values (p) for

each interaction. Bold font indicates potential biological significance of the interaction (p<0.08)

and inclusion in the model.

Model type Response Predictor Estimate SE DF F/z p
Variable
Temperature Mean Daytime Treatment * DOY -0.0097 0.016 1, 551 0.38 0.54
0
Plant Relative Stem Treatment * species NA NA 2,268 0.22 0.81
Growth (%)
Flower Onset Treatment * species NA NA 1,175 0.4 0.68
(DOY)
# of Flowers Treatment * species NA NA 1,530 -0.18 0.86
Nectar Treatment * species NA NA 2,227 NA 0.84
Concentration
(°BRIX)
Monarch Wet Mass (g) Treatment * species NA NA 2,50 0.5¢ 0.59
Treatment ¥ DOY -0.00086 0.0021 1,50 0.1¢ 0.69
Treatment * sex -0.068 0.051 1, 50 1.78 0.19
Fat Mass (g) Treatment * species NA NA 2,50 0.55 0.59
Treatment * DOY 0.00070 0.0019 1,50 0.14 0.71
Treatment * sex -0.016 0.045 1, 50 0.12 0.73
Lean Mass (g) Treatment * species NA NA 2,50 1.83 0.17
Treatment * DOY -0.0011 0.0013 1,50 0.78 0.38
Treatment * sex -0.025 0.031 1,50 0.69 0.42
Water Mass (g)  Treatment * species NA NA 2,50 0.15 0.86
Treatment * DOY -0.00042 0.0015 1,50 0.074 0.79
Treatment * sex -0.064 0.036 1,50 3.08 <0.08

70



Table S5. Post-hoc Tukey pairwise comparison results associated with Figure 6a, the

relationship between species and relative stem growth; Figure 6b, the relationship between

species and phenology; and Figure 6d, the relationship between species and nectar sucrose

concentration. Estimates for flower onset and nectar sucrose concentration are on the logit scale

and not response scale. Statistically significant comparisons (p<0.05) are in bold.

Predictor Variable Comparison between levels Estimate SE t/z p
Relative Stem Growth (%) M. fistulosa — S. canadensis 0.11 0.038 2.78 <0.05
M. fistulosa — S. novae-angliae -0.18 0.036 -5.04 <0.0001
S. canadensis — S. novae-angliae -0.29 0.039 -7.50 <0.0001
Flower Onset (DOY) M. fistulosa — S. canadensis -0.094 0.012 -5.07 <0.0001
M. fistulosa — S. novae-angliae -0.19 0.017 -10.99 <0.0001
8. canadensis — S. novae-angliae -0.098 0.019 -5.24 <0.0001
Nectar Sucrose Concentration M. fistulosa — S. canadensis 0.99 0.33 2.99 <0.01
(°BRIX) M. fistulosa — S. novae-angliae 0.70 0.21 2.58 <0.05
S. canadensis — S. novae-angliae -0.29 0.41 -0.72 0.75
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Figure S1. Average daytime (08:00 to 20:00) temperature (°C) variation across the study period
from June 8 to July 18 across two treatments: control (blue) and warmed (red) chambers. The x-
axis represents the day of the year, ranging from day 159 (June 8) to 199 (July 18). The thin lines
represent average daytime temperatures across six replicates of each treatment. The bold lines
indicate the overall temperature trend for each treatment during the observed period. Grey
shading on bold lines represents 95% confidence interval. Over the time period, the average
daytime temperature was 0.5°C lower in warmed chambers than control (0.1SE, Fi2917=15.1,

£<0.001).
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