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ABSTRACT

The Southern Ocean surrounding Antarctica is one of the coldest and most thermally stable marine
environments on the planet and hosts a diverse and highly endemic array of life. Cold-blooded
organisms that have evolved in these waters share traits such as high temperature sensitivity, slow
pace of growth and development, large eggs, and prevalence of brooding. Little is known about
the reproductive ecology of one of its inhabitants, the Antarctic pycnogonid, or sea spider. We
investigated patterns of organic mass loss during early development in two species of brooding
sea spiders (Ammothea glacialiand Nymphon australeand found that development is largely
fueled by yolk reserves, though later larval stages in N. australemay supplement nutrition through
exogenous feeding while brooded. Due to climate change, the Antarctic has become one of the
fastest-warming regions on Earth, and the stenothermal organisms that inhabit the Southern Ocean
are now faced with developmental and physiological challenges caused by rising temperatures.
We examined the effects of small increases in temperature (-1.8, -0.4, +1 and +4 °C) on survival,
energetic content, and developmental timing of the embryos and larvae of the same two species of
sea spider as above, and two additional species of nudibranch (Tritoniella belli and Tritonia
challengeriany. We found that, while sea spiders exhibited minimal mortality across treatments,
nudibranch survival declined sharply at higher temperatures. Energetic content of embryos and
larvae was generally lower with warming, attributed to lower protein reserves, and developmental
length was shortened at higher temperatures. The estimated cost of development was lowest
at -0.4 °C or +1 °C for most species, suggesting that current ambient temperatures (-1.8 °C) may
be suboptimal for energetic efficiency of embryonic or larval development, and that future

warming beyond +1°C could lead to metamorphosis with lower energetic reserves. Climate change



is also predicted to increase both the frequency and intensity of marine heatwaves in the Southern
Ocean, where a severe event in 2022 saw temperature fluctuations of nearly 2°C in a single week.
We tested the ability of adult Antarctic snails (Neobuccinum eatonto acclimate to short-term
warming, using noninvasive infrared heart rate sensors. Following a two-week exposure to 4°C,
snails exhibited increased cardiac performance at warmer temperatures, demonstrating
physiological plasticity on a shorter timescale than previously recorded in other Antarctic taxa.
Together, these findings suggest that Antarctic marine invertebrates may exhibit resilience to
moderate warming up to +1°C, but higher temperatures could reduce energetic efficiency of early
development, with potential implications for juvenile survival and ecosystem stability under future

climate scenarios.
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CHAPTER I: BACKGROUND

The Antarctic marine environment and its inhabitants

The waters of the Southern Ocean harbor a diverse marine ecosystem with a high degree
of endemism (reviewed in Dell 1972, Dayton 1990, Clarke 1996). The evolutionary isolation of
these organisms has been attributed to the Antarctic Circumpolar Current (ACC), which has circled
the continent for approximately 23 to 25 million years, forming a physical barrier that restricts the
movement of marine species between regions (Lyle et al. 2007, Moore et al. 2018). Seasonality in
Antarctic marine environments are among the most pronounced in the world, with strong annual
fluctuations in light availability and phytoplankton production (Clarke 1988, Pearse et al. 1991).
In contrast, the highest latitudes of the Southern Ocean experience very little seasonal variation in
temperature, with seawater remaining close to its freezing point throughout the year (Clarke 1988).
In high-latitude marine environments such as McMurdo Sound, which is bordered by the
McMurdo Ice Shelf to the south and the Ross Sea to the north, benthic water temperatures peak at
+0.22 °C at the end of the austral summer in February (Cziko 2020) and fall to a low of -1.94 °C

in June, during the austral winter (Cheng and Detrich 2007, Cziko et al. 2014, Cziko 2021).

As a result of evolution in this cold, thermally stable environment, the ectotherms
inhabiting the Southern Ocean are highly stenothermal (Peck et al. 2002, Peck et al. 2004, Ericson
et al. 2012), with many only capable of functioning within a narrow temperature range (Somero
and DeVries 1967; Clarke and Johnston 1996; Peck 2002; Seebacher etal. 2005; Peck etal. 2007,
Portner etal. 2007). Peck et al. (2004) found that the Antarctic bivalve Laternulaelliptica and the
limpet Nacellaconcinna,display 50% failure in the essential activities of burying and righting

themselves respectively between 2 to 3 °C, and the Antarctic scallop Adamussiunecolbeckiloses
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the ability to swim at 2°C, attributing the failures to a loss of aerobic capacity. In particular,
Antarctic invertebrates are also known to have extremely poor acclimation capacity (Peck et al.
2010), with many studies showing no evidence of successful acclimation to warmer temperatures
(Peck et al. 2004, Peck et al. 2009, Peck et al. 2010), and those that do exhibit signs of acclimation

take months to do so (Bilyk and DeVries 2011, Morley et al. 2011, Peck et al. 2014).

Early life stages, parental care and provisioning in the Southern Ocean

The Antarctic marine environment is thought to play a major role in shaping reproduction
in Antarctic fauna, with many shared reproductive traits observed among the species inhabiting
this region (reviewed in Pearse et al. 1991). The first such characteristic is the slow pace of
development compared to tropical and temperate taxa (Bosch et al. 1987, Pearse et al. 1991,
Hoegh-Guldberg and Pearse 1995, Peck 2018). This difference has been particularly well-
documented in echinoderms, where Antarctic species develop four to nine times more slowly than
their temperate counterparts within their respective natural temperature ranges (Bosch et al. 1987,
Pearse et al. 1991, Stanwell-Smith and Peck, 1998). While temperature is considered the primary
factor behind this slow development (Hoegh-Guldberg and Pearse 1995), some researchers have
proposed that this slower developmental rate may be an adaptive strategy, allowing larvae to
metamorphose during predictable periods when food availability is high (Clarke 1982). Second,
many Antarctic marine species also produce large eggs compared to their relatives at lower
latitudes (Picken 1980, Pearse et al. 1991, Peck 2018), which has been suggested as reflecting
adaptation to, among other things, the prolonged periods of oligotrophy in the highly seasonal
Antarctic marine ecosystem and the consequently low food availability for feeding larvae (Thorson

1950, Picken 1980, Pearse et al. 1991). Third, a higher proportion of species in the Antarctic are



known to brood their offspring than in other regions (Thorson 1950, Poulin & Feral 1996).
Numerous hypotheses have been proposed to explain the prevalence of brooding in the Antarctic,
with little consensus (Clarke 1982, Pearse & Bosch 1994). One idea is that brooding evolved
because of the long developmental periods of Antarctic taxa, which could be disadvantageous if
mortality in the plankton is high (Thorson 1950, Vance 1973, Picken 1980, Pearse et al. 1991).
Others have suggested that mortality of pelagic larvae could be high in the Antarctic due to
frequent shifts in salinity and surface ice disturbance (Ostergren 1912, Picken 1980, Pearse et al.
1991). Finally, some researchers suggest that the high proportion of brooding species in the
Antarctic reflect radiations of taxa that have become geographically isolated within the Southern
Ocean, rather than solely as life-history adaptations to the Antarctic marine environment

(Ostergren 1912, Pearse & Bosch 1994).

Pycnogonids

Pycnogonids (phylum Arthropoda, class Pycnogonida), commonly known as sea spiders,
are an ancient group of chelicerates inhabiting benthic marine environments worldwide (Arnaud
and Bamber 1987), with approximately 1300 described species (Arango and Wheeler 2007). The
Southern Ocean hosts a diverse and abundant pycnogonid fauna, accounting for over 20% of the
world's documented sea spider diversity (Munilla and Soler-Membrives 2009), with most species
exhibiting brooding behavior. In these brooding species, males carry the embryos (Arnaud and
Bamber 1987, Bain 2003, Brenneis et al. 2017), and larvae hatch at various developmental stages
(reviewed in Bain 2003, Brenneis et al. 2017). However, little is known about key life history

parameters in pycnogonids, including inter- or intra-specific variation in maternal investment,



the composition and energy density of eggs and larvae, and the extent to which brooded larvae

rely on maternal reserves versus exogenous feeding for development.

In chapter 1, | investigated the utilization of endogenous energy during development
and explore whether larvae of sea spiders with brooded development feed while under
parental care.To accomplish this, | examined changes in organic mass (measured as ash-free
dry weight) across four stages of attaching larval development of two Antarctic pycnogonid
species: Ammothea glacialiglodgson 1907 and Nymphon australélodgson 1902.

Measurements of organic content of brooded embryos and larvae are a direct, quantitative
approach to understanding the energetics of development (Weil et al. 2019), and particularly

whether their development utilizes endogenous reserves, exogenous food, or a combination.

Climate change and the Antarctic marine environment

Climate models predict that Antarctic sea surface temperatures will rise by between 0.5°C
to 1.7°C by 2100 (Chown et al. 2022), alongside a global increase in the frequency, intensity, and
duration of marine heatwaves (Hobday et al. 2016, Oliver et al. 2018). A marine heatwave is
defined as at least five consecutive days where sea surface temperatures exceed the seasonally
adjusted 90th percentile of historical records for a given location (Hobday et al. 2016). While less
frequent than in other oceans, nineteen such events were recorded in the Southern Ocean between
2002 and 2018 (Montie et al. 2020). As climate change progresses, understanding how Antarctic
organisms respond to both sustained warming and short-term temperature becomes increasingly

important (Meredith and King 2005, Clarke et al. 2007).



Thermal sensitivity is known to differ across various life history stages, with early stages
generally more susceptible to environmental stressors than adults across a wide range of species
and environments (Pechenik 1999, Byrne 2012, Byrne et al. 2013, Kroeker et al. 2013, Harvey et
al. 2013, but see Hamdoun and Epel 2007, Byrne et al. 2009, Peck et al. 2013, Przeslawski et al.
2015 for counterexamples). Thermal limitations during early life stages have been proposed as a
key factor restricting geographical distributions (Pechenik 1999, Byrne 2012, Peck 2018), and
understanding how early life history stages respond to warming is therefore essential for
identifying potential population bottlenecks (Pechenik 1999, Byrne 2012, Byrne and Przeslawski
2013, Pettersen et al. 2023). In Antarctic marine invertebrates, the early life history stages of
various species have exhibited faster development (Stanwell-Smith and Peck 1998, Byrne et al.
2013), elevated metabolic rates (Peck and Prothero-Thomas 2002, Woods and Moran 2008, Quetin
and Ross 1989), and a rise in abnormal development (Byrne et al. 2013, Bylenga et al. 2015) in

response to temperature increases of less than 4 °C.

It remains unclear whether early stages use greater or smaller amounts of energy when
developing at higher temperatures. Greater energy expenditure during development results in
metamorphosis with fewer reserves, which negatively affects juvenile quality (Phillips 2002,
reviewed in Pechenik 2006), larval survival (Moran & Emlet 2001), and recruitment (Marshall &
Keough 2007, Przeslawski & Webb 2009). Larvae of Antarctic marine invertebrates are more
thermally sensitive than those from temperate or tropical regions (Quetin and Ross 1989, Stanwell-
Smith & Peck 1998, Peck & Prothero-Thomas 2002, Peck et al. 2004, Woods & Moran 2008,
Byrne et al. 2013, but see Kapsenberg & Hofmann 2014 for a counterexample). Even slight
temperature increases could substantially alter energy reserves and, consequently, offspring

quality by the end of larval development.



In chapter 2, | characterized the effect of increasesin temperature on the survival,
changesin proximate composition and energy, and length of developmentalstagesof the
non-feedingembryosand larvae of four specief Antarctic marine invertebrate: two species
of pycnogonidand two specief nudibranch. | reared the embryos and larvae of all four species
at four temperatures (-1.8, -0.4, +1 and +4 °C) and measured the changes in protein, lipid, and
carbohydrate over time. These constituents were then converted to their energetic equivalents
(Gnaiger 1983) to assess overall energetic content at different temperatures. Using data on changes
in energetic content and in length of stage at different temperatures, | then estimated overall cost
of development to assess whether juveniles are likely to metamorphose with greater or lower

endogenous reserves under warming conditions.

Acclimation potential of Antarctic ectotherms

When faced with rising temperatures, species typically rely on one of three strategies:
adaptation, acclimation, or migration (Davis et al. 2005; Peck 2005; Clarke et al. 2007). First,
adaptation involves genetic changes that accumulate over generations, increasing a population’s
ability to survive and reproduce under new environmental conditions (Davis et al. 2005; Peck
2005). Second, acclimation involves physiological changes that allow individuals to maintain
functionality under new conditions (Peck 2005; Lagerspetz 2006). Third, migration allows
individuals to seek out more favorable habitats (Davis et al. 2005; Peck 2005). Finally, if none of
these responses are adopted, the species may face population declines or extinction (Clarke 1993;

Davis et al. 2005).

Among Antarctic marine ectotherms, acclimation is often considered the most likely

mechanism for persistence under warming conditions (Peck 2005; Somero 2010; Peck 2011),



largely because other options appear limited. Adaptation may be too slow to confer resilience to
warming, as many Antarctic species have long lifespans and generation times that hinder rapid
adaptation (Somero 2010; Peck 2011; Peck et al. 2014). Migration also presents a poor solution
due to the thermal uniformity of the Southern Ocean across vast distances (Peck et al. 2004; Clarke
et al. 2007; Peck 2005; Peck et al. 2014). However, despite acclimation being the most likely
avenue for Antarctic ectotherms to persist under climate change, most studies report little or no
evidence that individuals can acclimate to warmer conditions (Peck et al. 2009, 2010; Bilyk and
DeVries 2011; Peck et al. 2014; Peck 2018; Morley et al. 2024). Antarctic invertebrates are
particularly poor acclimators, even more so than fish (Peck et al. 2014), and can take up to nine
months to show signs of acclimation, if at all (Morley et al. 2011, Peck et al. 2014, Morley et al.
2024). Previous studies of acclimation in Antarctic invertebrates have thus far focused on long-
term exposure (on the time scale of months). As a result, it remains unclear whether Antarctic
marine invertebrates can adopt physiological responses to rapid temperature increases occurring

over shorter timescales.

The question of whether Antarctic invertebrates can acclimate to warming more quickly
than two months is especially relevant, given that temperature changes over much shorter periods
have already been observed in Antarctic waters. At Cziko Seamount in McMurdo Sound, for
instance, temperatures rose nearly 1.7 °C (from -1.475 to 0.22 °C) between January 10 and 17 in
2019, and remained elevated until February 3, a total duration of 24 days (Cziko 2020). More
recently, during a marine heatwave that occurred along the Western Antarctic Peninsula in January
2020, sea surface temperatures rose from +1.8 °C to +3.2 °C within just eight days, with the
heatwave lasting 12 days in total (Latorre et al. 2023). These events demonstrate that warming in

the Antarctic marine environment can occur and persist on the order of weeks. The ability to



acclimate over months (as shown in most studies of acclimation in Antarctic invertebrates) may
not help individuals cope with such short-term events, as by the time they acclimate, temperatures
would have likely returned to normal. Assessing the capacity for short-term acclimation is
therefore important for predicting how Antarctic invertebrates might cope with rapid temperature
fluctuations that are predicted to become more commonplace in the future (Chown et al. 2022;

Siegert et al. 2023).

In chapter 3, | evaluated the acclimation potential of the Antarctic buccinid gastropod
Neobuccinum eatonito short-term temperature increases using infrared heart rate
measurements.By comparing maximum heart rate, the temperature at which it occurs, and
Arrhenius breakpoint temperatures across acclimation treatments, | assessed whether individuals

could physiologically acclimate to warmer temperatures over a two-week period.
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CHAPTER II: MOVE OUT? NOT IN THIS ECONOMY: DEVELOPMENTAL

ENERGETICS OF BROODED EMBRYOS AND LARVAE OF ANTARCTIC

PYCNOGONIDS

ABSTRACT
Many marine invertebrates brood their young and use various strategies to impart energy to their
offspring, such as yolk reserves, parental secretion of nutrients, or laying of trophic eggs. In sea
spiders (Arthropoda: Pycnogonida), the male broods the eggs. Brooding is prolonged in many
Antarctic species, and larvae molt through several stages while clinging on to the egg mass. The
energetic cost of development and the source of this energy are both unknown. We characterized
patterns of organic mass loss in the developing embryos and larvae of two species of Antarctic sea
spider, Ammothea glacialisnd Nymphon australéBoth species brood larvae to an advanced stage,
with larvae undergoing three molts while clinging to the egg mass. We collected egg-bearing males
from four dive sites in McMurdo Sound, Antarctica, between October 2019 and January 2020. We
measured the ash-free dry weight (AFDW) of multiple subsets of five offspring from each stage,
with each subset sampled from a different egg mass. Organic mass declined significantly between
each consecutive stage for A. glacialis(total loss of 15.4 +3.2ug, 28.6% of the egg’s AFDW), and
between the egg, Stage | and Stage Il larva of N. australe(total loss of 25.3 + 3.7ug, 34.6% of the
egg’s AFDW). However, the Stage 11l larvae of N. australedisplayed a significant increase in
biomass as compared to the Stage Ils. While the source of this energy is yet unknown, it may be
due to exogenous feeding, either on siblings or organic detritus. Our findings suggest that
development is fueled largely by yolk reserves in brooding sea spiders, but that later stages of

some species may supplement nutrition by exogenous feeding.
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INTRODUCTION

Animals use a wide array of parental care strategies to provision their offspring (reviewed
in Trumbo 2012; Klug and Bonsall 2014). These traits are believed to evolve within a clade when
the accrued fitness benefits outweigh the costs that caretaking imposes on the parent (Clutton-
Brock 1991; Klug and Bonsall 2014). The benefits of parental care can include decreased offspring
mortality rates, accelerated offspring development, and enhanced size at metamorphosis (Klug and
Bonsall 2014). Costs can include increased energy expenditure by the parent as well as non-
physiological costs, such as increased rates of predation, parasitism, and injury (reviewed in
Alonso-Alvarez and Velando 2012).

A fundamental aspect of parental care is the provisioning of offspring, and mechanisms for
provisioning are diverse. In many invertebrates, eggs contain yolk stores, which serve as an energy
source to sustain development until the larvae become capable of independent feeding (Jaeckle
1995, McEdward 1997, reviewed in Moran & McAlister 2009). Generally, larger eggs are linked
to greater endogenous reserves, increased larval survival rates and greater success in post-
metamorphic survival and growth (Emlet and Hoegh-Guldberg 1997, Podolsky and Moran 2006,
Marshall and Keough 2007, Przeslawski and Webb 2009). In addition to endogenous energy
reserves, the larvae of many species also rely on exogenous energy sources to fuel development.
These sources can include extra-vitelline nutrition provided by the parent (reviewed in Trumbo
2012, Blackburn 2014, Ostrovsky et al. 2016), in addition to larval feeding on exogenous
particulate material (reviewed in Klug and Bonsall 2014), or larval uptake of dissolved organic
matter from water (Deburgh and Burke 1983, Jaeckle and Manahan 1989, Shilling and Manahan

1990).
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The evolution of parental care and offspring provisioning strategies has received
considerable attention (Kamel et al. 2010, Alonso-Alvarez & Velando 2012, Klug & Bonsall
2014). One approach to understanding how life histories evolve is through "natural experiments,"
particularly the well-documented trend that, in many marine invertebrates, per-offspring parental
investment tends to increase with latitude. This trend has been observed both within species (Clare
& Gore 1992, Brey & Hain 1992, Lovrich et al. 2005, Moran & McAlister 2009, Peck 2018) and
among species (Thorson 1950, Levitan 2000, Moran & McAlister 2009). The Southern Ocean,
which encircles Antarctica, is a high-latitude, oceanographically isolated, and cold environment.
Many Antarctic marine species produce large eggs compared to their relatives at lower latitudes
(Picken 1980, Pearse et al. 1991, Peck 2018), which has been suggested as reflecting adaptation
to, among other things, the prolonged periods of oligotrophy in the highly seasonal Antarctic
marine ecosystem and the consequently low food availability for feeding larvae throughout much
of the year (Thorson 1950, Picken 1980, Pearse et al. 1991). Additionally, a higher proportion of
species in the Antarctic are known to brood their offspring than in other regions (Thorson 1950,
Poulin & Feral 1996). Numerous hypotheses have been proposed to explain the prevalence of
brooding in the Antarctic, with little consensus (Clarke 1982, Pearse & Bosch 1994). One idea is
that brooding evolved because of the cold-driven long developmental periods of Antarctic taxa,
which could be disadvantageous if mortality in the plankton is high (Thorson 1950, Vance 1973,
Picken 1980, Pearse et al. 1991). Others have suggested that mortality of pelagic larvae could be
high in the Antarctic due to frequent shifts in salinity and surface ice disturbance (Ostergren 1912,
Picken 1980, Pearse et al. 1991). Finally, some researchers suggest that the high proportion of

brooding species in the Antarctic reflect radiations of taxa that have become geographically
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isolated within the Southern Ocean, rather than solely as life-history adaptations to the Antarctic
marine environment (Ostergren 1912, Pearse & Bosch 1994).

Sea spiders (phylum Arthropoda, class Pycnogonida) are an ancient group of chelicerates
that are found in benthic marine habitats worldwide (Arnaud and Bamber 1987), with about 1300
species described (Arango and Wheeler 2007). The Southern Ocean harbors an abundant and
species-rich pycnogonid fauna, encompassing over 20% of the world’s known sea spider diversity
(Munilla and Soler-Membrives 2009), most of which brood their young. For brooding species,
males carry the embryos (Arnaud and Bamber 1987, Bain 2003, Brenneis et al. 2017) and larvae
hatch at a variety of stages (reviewed in Bain 2003, Brenneis et al. 2017). Some species brood until
the larvae hatch as tiny protonymphons (an early larval stage characterized by a pair of chelifores,
two pairs of larval legs, and a mouth-bearing proboscis located at the anterior end of the larva
(Hoek 1881, Arnaud and Bamber 1987, Bain 2003, Brenneis et al. 2017), at which point larvae
leave the brooded mass and begin an ectoparasitic lifestyle (“typical” and “atypical”
protonymphons in Bain 2003; “type 1” and “type 3” development in Brenneis et al. 2017). Other
taxa hatch as larger, yolk-filled protonymphons and cling to the brooded egg mass over multiple
molt stages (“attaching larva” in Bain 2003, “type 2” development in Brenneis et al. 2017).
Additionally, some brooding species develop past the protonymphon stage before hatching, and
emerge as an advanced larva that corresponds to more advanced instars in other pycnogonids
(“type 5 development in Brenneis et al. 2017). While our study focuses on brooding sea spiders,
a recent study has shown that not all species of sea spiders brood; in the Colossendeidae, eggs
develop on the benthos and hatch out as free-living protonymphon larvae (Moran et al. 2024).
While larval morphology and mode of development have been described for numerous species of

sea spiders (Bogomolova and Malakhov 2003, 2006, Bogomolova 2007, Cano and LOpez-
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Gonzalez 2009, Cano-Sanchez and Lopez-Gonzéalez 2010, 2013, Mercier et al. 2015, Alexeeva et
al. 2017, Brenneis and Arango 2019, Cano-Sanchez et al. 2020, Moran et al. 2024), very little is
known about other important life history parameters, like inter- or intra- specific variation in
maternal investment, composition and energy density of eggs and larvae, and the extent to which
brooded larvae of pycnogonids rely on yolk vs. exogenous feeding to fuel their development.
Feeding while brooded is one way that offspring can energetically supplement
development while still benefitting from parental provisioning and protection (Alonso-Alvarez and
Velando 2012). Exogenous acquisition of energy by larvae can shorten time to competence
(McEdward 1997), as well as enhance fecundity by reducing the amount of parental energy
invested in individual offspring (Strathmann 1978). While little is known about larval nutrition in
pycnogonids, the taxa that seem most likely to exhibit larval feeding while brooded are those with
protonymphons that remain on the egg mass through multiple molt stages (“attaching larva” in
Bain 2003, “type 2 development in Brenneis et al. 2017). In at least some species, attaching larvae
develop complete guts and feeding mouthparts while retained on the parent (e.g. Cano and Lopez-
Gonzalez 2009, Cano-Sanchez et al. 2020). One study by Nakamura (1981) found that the
attaching larvae of Propallenelongicepsdo not feed while brooded, and that the larvae only
develop a complete gut and begin to feed upon attaining a free-living stage. The assumption that
attaching larvae do not acquire exogenous energy while brooded has been generalized to sea
spiders as a whole, perhaps because so little is known about the ecology of sea spider development
(Bain 2003). However, even for adults, the diets and feeding ecology of pycnogonids are not well
understood and the literature contains notable errors and omissions (reviewed in Brenneis et al.

2017).
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To investigate the utilization of endogenous energy during development and to explore
whether larvae of sea spiders with brooded development feed while under parental care, we
examined changes in organic mass, measured as ash-free dry weight (AFDW) across four stages
of attaching larval development of two Antarctic pycnogonid species: Ammotheaglacialis
Hodgson 1907 and NymphoraustraleHodgson 1902. We expect to see a decrease in AFDW with
more advanced stage, consistent with larvae depleting endogenous reserves to fuel development.
Measurements of organic content of brooded embryos and larvae are a direct, quantitative
approach to understanding the energetics of development (Weil et al. 2019), and particularly

whether they may be acquiring energy from an exogenous source while brooded.

MATERIALS AND METHODS

I. Study taxa

Development of A. glacialis and N. australe has been described by Cano and Lo6pez-
Gonzélez (2009) and Cano-Sanchez et al. (2020), respectively, and the larval morphology and
brooded behavior of both are comparable to the “attaching larva” in Bain (2003) and “type 2”
development in Brenneis et al. (2017). Females of both species produce large, yolky eggs that the
males brood through hatching and three subsequent larval instars (Fig. 1). Each stage is separated
by a molt. Henceforth, we will refer to pre-hatched embryos and the subsequent three stages as A-
E, A-1, A-11, and A-111 A. glacialis) and N-E, N-1, N-11 and N-111 (N. australe) after the terminology

of Cano and Lopez-Gonzalez (2009) and Cano-Sanchez et al. (2020) (Fig. 2).
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ii. Collection

All collections were made by SCUBA divers at nearshore dive sites off of Ross Island,
Antarctica, between October 2019 and January 2020 and at depths of 5 to 40 m. Egg-mass-bearing
adults of A. glacialis were collected from three sites: Turtle Rock, Cape Evans Wall, and Cziko
Seamount (77° 44.639” S, 166° 46.175” E; 77° 38.407° S, 166° 31.068' E; 7° 38.927" S, 166°
31.873’ E respectively). N. australeoccurred at all three sites, but we collected egg-bearing adults
of this species from a different nearby location where they were abundant, the McMurdo Intake
Jetty (77° 51.069” S, 166° 39.855° E). After collection, animals were transported to the laboratory
in coolers containing chilled seawater and were kept in a flow-through seawater system maintained
at -1.5 °C to -1.0°C until embryos and larvae were removed from the adult ovigers for
measurements. We obtained young from 10, 8, 8, and 8 egg masses for A-E, A-1, A-1l and A-IlI
respectively, and 12, 10, 15, and 5 egg masses for N-E, N-1, N-1I and N-1lI (Fig. 2, Table 1).
Embryos from a single pycnogonid egg mass are likely to come from the same mother and be full
siblings (King 1970, Nakamura and Sekuguchi 1980, Barreto and Avise 2008, Barreto and Avise
2011); thus, we considered “egg mass” to be a biological replicate. Although males of both species
often carried multiple egg masses, we could not be certain that each came from a different mother;
hence, to avoid pseudoreplication, we never included more than one egg mass per male in our
analyses. However, we did sample multiple stages of development from single egg masses of A.
glacialiswhen possible, because this offered an opportunity to assess the effect of stage on AFDW

across development with a full-sibling brood.
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iii. Handling and photographing of egg masses, embryos, and larve

Each egg mass was removed from the male's ovigers using fine forceps. To obtain
individual embryos or larvae from an egg mass after it had been removed from the adult ovigers,
we gently scraped them off using a 10-pl plastic inoculating loop. In the small number of cases
where animals were damaged during this process, we discarded the damaged individual and
replaced it with another from the same mass. We then photographed each embryo or larva
individually, using a Jenoptik Gryphax Subra HD Camera and associated software (GRYPHAX
V1.1.10.6), under a Nikon SMZ-10 dissecting microscope. During processing, embryos and larvae
were kept in a dish of seawater maintained at temperatures below 0 °C using an Echotherm 1C20

cooling plate (Torrey Pines Scientific Inc., U.S.A.).

iv. Ash-free dry weight

Ash-free dry weight (AFDW) is a well-established method for measuring organic mass that
correlates well with overall energy across many taxa and developmental stages (Hartman and
Brandt 1995, Weil et al. 2019). To quantify AFDW, we first rinsed embryos and larvae for five
seconds in deionized water to remove salts, then placed them individually into pre-weighed, ashed
aluminum weighing pans (6 mm diameter by 2.5 mm height; 1611-1355, VWR International,
U.S.A.). Samples were dried at 60 °C for 16 h until they reached constant weight, weighed to
obtain dry mass, ashed at 450 °C for 4 h (again to a constant weight), and then re-weighed to obtain
ash weight. AFDW was calculated by subtracting each specimen’s ash weight from its dry weight.

We measured the AFDW of the first five individuals that were removed from each egg

mass at each stage for both species, except N-111, which were comparatively rare. Therefore, two
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egg masses of N-111 were represented by less than five larvae (n = 2 and n = 4). A. glacialis egg
masses were larger than N. australeand often contained larvae at several stages, so we sampled
two or three stages from five of the 34 egg masses of A. glacialis. A-11 and A-I11 from one egg
mass, A-E, A-l1 and A-1l from another egg mass, and A-I, A-Il and A-I11 from three other egg

masses.

v. Statistical analyses

All statistical analyses, data exploration, and graphing were performed using JMP Pro (v.
16, JMP Statistical Discovery LLC., Cary, NC, USA). A priori hypotheses were tested using linear
mixed models (LMM; personality: Standard Least Squares; method: Restricted Maximum
Likelihood (REML)), incorporating the random nested effect of brood to account for non-
independence among samples and to evaluate variance due to maternal effects, where applicable.
Individual model specifics are outlined below. Post-hoc analyses were performed on all pairwise
stage comparisons using Tukey-Kramer HSD, which corrects for unequal sample sizes between
groups by controlling the family-wise error rate. Random effects were assessed for normality using
quantile-quantile plots, while assumptions of homoscedasticity and the normal distribution of

residuals were examined through diagnostic residual plots to ensure the validity of the model.

v a.AFDW comparisons

To test for differences in AFDW between the four brooded stages within each species, and
to test for differences between the two species, we used a linear mixed-effects model (LMM) with
AFDW as the response variable, stage and species and their interactive effect as explanatory

variables, and egg mass ID as a random effect nested within stage (Model 1).
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To test whether patterns of change in AFDW were consistent when measured using only
egg masses that contained multiple stages of A. glacialis (which were full siblings of the same
chronological age), we used a LMM that considered only the five A. glacialis egg masses that
provided multiple stages, with AFDW as the response variable, stage as the explanatory fixed

effect, and egg mass ID as a random effect nested within stage (Model 2)

v b.Size and AFDW density of embs

To calculate volume of unhatched embryos, we first measured the radius of the longest axis
of the embryo (radius a) and the radius of the perpendicular axis (radius b) using calibrated
photomicrographs and the image analysis program ImageJ (v1.53c, National Institutes of Health,
USA). We then calculated the volume of each embryo as for a prolate spheroid using the formula
4/3  ab?. To determine whether the embryos of each species differed in size, we ran an LMM
using volume as the response variable, species as a fixed factor, and egg mass ID as a random
effect nested within species (henceforth Model 3).

To compare embryo densities between our species, we first characterized the relationship
between embryo AFDW and volume using a nested ANCOVA with In-transformed AFDW as the
response variable, In-transformed volume, species and their interactive effect as explanatory
variables, and egg mass ID as a random factor nested within species (henceforth Model 4). We
compared slopes and intercepts between species using a test for homogeneity of slopes via the

ANCOVA interaction term (“Compare slopes” function in JMP).
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v c.Handling of outliers

Preliminary examination of the ADFW data showed some data points that seemed
unrealistically high or low; for example, there were two individuals with negative AFDW (one A-
Il and one N-11). These values may have been artifacts of material introduced or lost during the
drying, ashing, and weighing processes. To assess whether these outliers could be influencing the
outcome of our analyses, we reran the models (as above) with a subset of individuals excluded.
First, we excluded individuals with negative values (one A-1l and one N-II). Second, we ran an
outlier analysis on AFDW of the remaining data points using Mahalanobis distance (a = 0.025), a
measure of how far a point lies from the center of its distribution (Ghorbani 2019, Etherington
2021), in the Multivariate Methods platform in JMP. Measurements identified as outliers were
excluded from further analysis. Then, another LMM on In-transformed AFDW was performed,
excluding the outliers that were identified (Fig. S1, two A-E, one A-I, one A-II, three A-I1II, two
N-E, one N-1, two N-11, and one N-111). Along with the two A-E and two N-E previously excluded,
we removed an additional A-E from the analyses of size and energy density because its longest
axis could not be determined from the photograph. In total, 13 individuals (of 371) were excluded
from Model 1, one individual (of 70) from Model 2, and five embryos (of 110) from Models 3 and

4.
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RESULTS

Outliers were excluded from all tables, graphs, and discussion of this paper unless
otherwise stated. Data and graphs with outliers included can be found in the supplementary
material (Fig. S1, Tables S1 to S4). When outliers were included in the models, there were some
changes to the means and standard errors of some calculated parameters for each stage, but the
direction and statistical significance of all contrasts discussed remained the same, with the
exception of the Species x Stage interaction in Model 1, which lost statistical significance at o =
0.05 when outliers were included (Table S2).

The overall morphology of the different larval stages of A. glacialis and N. australe
matched the descriptions of Cano and Lopez-Gonzalez (2009) and Cano-Sanchez et al. (2020)
respectively, with one exception: Cano-Sénchez et al. (2020) collected N-III as free-living

individuals, while the N-I11 in this study were found on the brooded egg mass.

i. Ash-free dry weight

There was a significant effect of stage, species, and their interaction on AFDW content
(Table 2: Model 1). We additionally found a significant effect of egg mass ID (random factor) on
AFDW for both species (Restricted maximum likelihood (REML) variance component = 58.2,

53.82% of total variance, Wald p < 0.001).

Overall AFDW decreased across development in both species (Table 1). The decrease in
AFDW between each successive stage was not statistically significant for A. glacialis (post-hoc

Tukey-Kramer HSD, p > 0.05 in all comparisons). Stage A-I11 had significantly lower AFDW than
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A-E (difference = 16.24 + 1.5 ug, equivalent to 29.8 + 2.8% of embryo AFDW; Table 1; Fig. 3;
post-hoc Tukey-Kramer HSD, adjusted df = 29.6, t = 4.38, p < 0.001).

In N. australe differences in AFDW between each successive stage were statistically
significant at a = 0.05 (Fig. 3, post-hoc Tukey-Kramer HSD, p < 0.001 in all comparisons), except
between N-E and N-I1. AFDW was significantly lower in N-11 compared to N-E (difference = 25.26
+ 1.20 pg, equivalent to 34.9 + 1.6 % of embryo AFDW; Table 1; Fig 3; post-hoc Tukey-Kramer
HSD, adjusted df = 38.3, t = 6.97, p = 0.001). However, unlike A. glacialis, AFDW was
significantly higher in N-111 than in N-II (difference = 16.76 + 2.35 pug; Table 1, Fig. 3; post-hoc
Tukey-Kramer HSD, adjusted df = 38.3, t = 3.62, p = 0.005)).

In our analysis of embryos and larvae of A. glacialis sampled from the five egg masses
with multiple stages, we found a significant effect of stage on AFDW (Table 2: Model 2) that was
similar in magnitude and direction to the overall pattern (Fig. S2). Also similar to the larger data
set, the decrease in AFDW between each successive stage was not statistically significant (post-
hoc Tukey-Kramer HSD, p > 0.05 in all consecutive-stage comparisons). Egg mass ID again had
a significant effect on AFDW (Fig. S2, REML variance component = 29.02, 69.2% of total

variance, Wald p = 0.041).

ii. Embryo volume

We found a significant effect of species on embryo volume (Fig. 4, Table 2: Model 3). N.
australehad embryos that were, on average, 40.7 + 6.2% greater in volume than A. glacialis(Table
3; post-hoc Tukey-Kramer HSD, adjusted df = 20.4, p < 0.001). Egg mass ID had a significant

random effect on embryo volume (REML variance component = 0.00015, 38.79 of total variance,
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Wald p = 0.017), but not on AFDW density (REML variance component = 587.18, 9.4% of total

variance, Wald p = 0.31).

iii. Relationship between AFDW and volume of embryos

We found a significant effect of species and volume on AFDW of embryos, but there was
no interaction between the two terms (Table 2, Model 4). The slopes generated from regression of
In(AFDW) on In(Volume) were not significantly different between species (Table 4, Fig. 5; test
for homogeneity of slopes via ANCOVA interaction term, adjusted df = 100.4, t = 0.20, p =
0.84).The intercept of the linear relationship was significantly higher for N. australethan for A.
glacialis (Table 4; ANCOVA,; DF = 35.68, t =4.94, p <0.001). The random factor of egg mass ID
had a marginally significant effect on the relationship between embryo volume and AFDW (REML

variance component = 0.003, 27.8% of total variance, Wald p = 0.059).

DISCUSSION

We found a substantial overall decrease in AFDW across brooded development in both
species. AFDW for A. glacialis decreased by 28% between embryos and instar 3, whereas AFDW
for N. australedecreased by 33% through instar 2, then increased by 34% at instar 3. This pattern
strongly suggests that, like most organisms that brood, larvae of both species used maternally-
supplied energy from the egg to fuel at least some of their embryonic and larval development while
under parental care. The observed AFDW loss is broadly comparable to that reported for other
brooding arthropods, such as the decapod Homarusgammarusand the isopod Ligia oceanica

which lose 30.2% and 26.4% of their starting organic mass, respectively (Pandian 1970, 1972).
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Comparing the two species, N. australeproduced larger eggs with higher organic content
than A. glacialis, and the embryos and larvae of N. australedepleted a greater proportion of their
endogenous reserves than A. glacialisover brooded development, at least between the pre-hatching
stage and the stage just before exogenous energy acquisition (in A. glacialis, from A-E to A-111; in
N. australe from N-E to N-I1). Additionally, we found that the early embryos of N. australehave
greater AFDW density than A. glacialis, although little overlap was seen in volume between the
two species (Fig. 5). More surprisingly, we found an increase in AFDW between stages Il and 111
in N. australe which indicates that late-stage larvae of this species acquired exogenous energy
while being brooded on the egg mass; exogenous feeding by brooded stages has not previously
been reported for sea spiders.

In the present study, all N-I1I were attached to brooded egg masses when they were
collected, whereas Cano-Sanchez et al. (2020) inferred instar 111 to be a free-living stage as they
were not collected from egg masses on brooding males. This difference may be due to the way
animals were collected; Cano-Sanchez et al. (2020) sampled using a dredge, which may have
dislodged N-III larvae from the egg mass. We hand-collected ovigerous males brooding N-Ills.
An alternative hypothesis is that most N-Il1I may leave the egg mass soon after molting, and so
they might not be seen in small collections, such as the eight specimens that Cano-Sanchez et al.
(2020) based their descriptions upon. A third possibility is genetically-driven intraspecific
variation in the timing of departure of Stage Il1 larvae from the mass. N-I11 specimens from Cano-
Sanchez et al. (2020) were collected from the Drake Passage, while ours were collected from
McMurdo Sound in the Ross Sea (on the opposite side of the continent). Recent investigations into

the population structure of N. australefound that the species consists of a series of sub-populations

34



that are genetically distinct, yet morphologically indistinguishable from each other (Zehnpfennig
et al. 2024).

If N-I11 feeds exogenously while brooded, what are the larvae consuming and how? Marine
organisms demonstrate a wide variety of mechanisms for direct parental feeding of offspring,
including histophagy (larval consumption of liquid secretions from the parent), parentophagy
(offspring consuming parental tissue), adelphophagy (sibling cannibalism), and placentotrophy
(transfer of materials through a fusion of parental and embryonic tissues) (Blackburn 2014,
Ostrovsky 2016). We did not observe structures or behaviors associated with direct parental
provisioning in either species, although we cannot conclusively rule them out either. Based on our
observations of egg masses from field-collected animals, a more likely scenario is that later-stage
larvae fed on small organisms or organic detritus that they encountered while brooded. Particularly
for N. australe older egg masses often contained detritus and small organisms like diatoms,
nematodes, or amphipods (Fig. 1), which could be food sources. At our study site, adult N. australe
were often found partially buried, such that brooded larvae were in contact with the top layers of
sediment and would have had access to organisms and organic material there. Larval feeding, if it
occurred, was likely by the same mechanism adults use, suctorial feeding by the proboscis. In
support of this, on one occasion, an N-111 larva from a mixed laboratory culture (not on an adult)
was seen with orange material inside its proboscis, suggesting it had ingested animal or plant
material (Fig. S3). Exogenous feeding by brooded larvae is seen in other marine taxa; for example,
larvae of Aulactinia stella a sea anemone, obtain nutrition from material ingested by the adult,
while they are being brooded in the gastrovascular cavity (Mercier et al. 2016), and brooded larvae
of the oyster Ostreachilensisfeed on particulate matter that is brought into the mantle cavity of

the parent (Chaparro et al. 2001). Within the Chelicerata, some species of terrestrial spiders
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aggressively care for their broods and facilitate feeding by delivering prey items to their emergent
offspring (Gillespie 1990, Evans 1998, Ruch et al. 2014). In our study we did not observe any
obvious mechanisms for direct provisioning of larvae by the adults, so it seems more likely that
larval feeding is opportunistic and occurs when larvae come into contact with potential food.

Unlike N. australe we did not see a significant increase in AFDW between stage 11 and 111
of A. glacialis. A-lll larvae are thought to have a complete digestive tract (Cano and Lopez-
Gonzalez (2009), but our AFDW data suggest that either A-111 did not assimilate exogenous food,
or they assimilated food at levels that were not sufficient to offset energy expenditure. There was
a handful of individual A-I11 larvae with quite high AFDW, which could indicate those particular
individuals had fed more successfully. As for N. austale, there are many potential sources of
nutrition, but feeding by larvae was never conclusively demonstrated.

While several lines of evidence suggest that N-1l1 larvae feed on particulate material,
another possible avenue for increases in AFDW is uptake of dissolved organic material (DOM).
The uptake and metabolism of DOM has been demonstrated in numerous invertebrate phyla,
including molluscs (Manahan et al. 1982, Manahan and Crisp 1982, Jaeckle and Manahan 1989)
and echinoderms (de Burgh and Burke 1983, Shilling and Manahan 1990, Hoegh-Guldberg 1994),
and has been shown in the larvae of some Antarctic taxa (Peck 1993, Shilling and Bosch 1994),
including the lecithotrophic larvae of at least one brooding Antarctic echinoderm, Diplasterias
brucei (Applebaum et al. 2013). The extent of the energetic role of DOM uptake in supplying
energy for early development varies widely: it can supplement the drawdown of endogenous yolk
reserves to various degrees (Jaeckle and Manahan 1989, Shilling and Bosch 1994, Hoegh-

Guldberg 1994, Souza et al. 1999, Moran and Manahan 2004) or, in some cases, theoretically
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supply the entire metabolic cost of pre-feeding embryonic development (Shilling and Manahan
1990, Shilling and Manahan 1991).

DOM can be abundant in the Ross Sea where our two species were collected, though its
concentration is dependent on parameters such as light availability, ice coverage, and onset of
plankton blooms (Dayton 1990, Manahan et al. 1990, Grebmeier and Barry 1991, Hulth 1997,
Carlson 2000). Arthropods were once assumed incapable of DOM uptake due to the barrier of their
exoskeleton (Southward and Southward 1982, Preston 1993). However, DOM uptake has
subsequently been demonstrated in many arthropods, including euphausiid shrimp (McWhinnie
and Johanneck 1966), copepods (Chapman et al. 1981), brachiopods (Ruotsalainen et al. 2010),
and the larvae of spiny lobsters (Souza et al. 1999, 2010). The integument of sea spiders contains
numerous pores and channels that function in oxygen uptake (Lane et al. 2018), along with other
functions, such as secretion, excretion, and support of sensory structures (Arnaud and Bamber
1987); these could provide a potential route for uptake of DOM across the cuticle. If pycnogonid
larvae can utilize DOM during development, this may partially offset their need to catabolize egg
energy reserves during development, extending the amount of time that they can survive on
endogenous reserves and potentially allowing metamorphosis with greater energetic stores and/or
body size.

If NE-III larvae are capable of obtaining sufficient energy to fuel further growth and
development through particulate feeding and/or DOM uptake, why do larvae remain on the parent
instead of immediately departing the egg mass once they are capable of feeding? One advantage
may be that if larvae can acquire food while brooded, they can grow and develop to larger and
later stages while still gaining protection from the parent. However, the protective benefits of

brooding have rarely been demonstrated in sea spiders. Burris (2011), working with a temperate
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species from the Pacific Northwest, found that a predator (a tidepool shrimp) could easily remove
egg masses from brooding males, suggesting little protective benefit under those particular
conditions. However, Antarctic sea spiders are generally considerably larger than temperate ones
(Arnaud and Bamber 1987, Child 1995, Moran and Woods 2012, Shishido et al 2019), and for
larger species the brooded mass may be carried out of the reach of small benthic predators.
Similarly, brooding may allow embryos and larvae to develop away from the benthic boundary
layer, where oxygen availability is typically lower (Hall et al. 1989), thus potentially allowing
access to higher oxygen levels. However, further investigation is needed to fully understand the
extent of the protective benefits provided by the brooding behavior of Antarctic pycnogonids.

Both DOM uptake and particulate feeding could have offset mass loss in the species and
stages studied, and the remaining mass loss was likely caused by two other primary factors; (1)
depletion of yolk to fuel development and maintenance metabolism, and (2) ecdysis (molting).
Like other arthropods, sea spider larvae molt between each stage, shedding their exoskeleton
(Nakamura 1981, Arnaud and Bamber 1987). While we did not measure the organic content of the
discarded exoskeletons (exuvia), the pycnogonid exuvium contains chitin (Arnaud and Bamber
1987), a polysaccharide that combusts during the ashing process (Raymont et al 1964), so some of
the AFDW loss measured across development was likely due to shedding of the exuvium rather
than being metabolized for energy. A handful of studies on other aquatic arthropods have shown
that that mass loss due to molting by larvae ranges from <5% of total larval AFDW in the hermit
crab PagurusbernhardugAnger 1989) to as much as 8-9% in the spider crab HyasaraneuqAnger
et al. 1984).

While the percentage of larval AFDW lost through molting in sea spiders has not been

quantified, an estimated 5% loss per molt between hatching and Stage 111 would result in a ~13%
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reduction from pre-hatching organic biomass. This accounts for ~44% of the total mass lost during
that period in A. glacialis and 37% in N. australe While some arthropods consume their shed
cuticle for energy and nutrients (reviewed in Merzendorfer and Zimoch 2003), it seems unlikely
for the larvae of our two pycnogonid species, as observations of egg masses containing later-stage
larvae reveal numerous exuviae; thus, the molts are likely to constitute a net loss of organic
material.

Another notable pattern in our data was the intraspecific variation in the AFDW and
volume of embryos and larvae. When other factors were accounted for (Stage, Species), Egg mass
ID was a significant source of variance in all models, accounting for 53.82% of total variance in
Model 1 (AFDW vs species and stage) and 27.8% in Model 2 (AFDW vs volume and species in
embryos). Some of this variance was likely attributable to differences in embryonic or larval age
between individuals of the same stage but from different egg masses. For both species, N-E and
A-E included all prehatching stages, from recently fertilized embryos to embryos that were close
to hatching from the egg envelope. Older embryos should have less AFDW than younger ones.
Similarly, older hatched larvae at any stage (I-111) should have lower AFDW than other younger
larvae at the same stage.

Another likely source of inter-brood variance in AFDW is maternal effects. Maternal
effects are defined as any influence on offspring phenotype that is not attributable to the offspring's
genotype, the direct action of non-maternal environmental factors, or a combination of these
elements (Lacey et al. 1998, Marshall et al. 2008). This broad definition encompasses a wide range
of variables, such as maternal size, age, and nutrition, the environmental temperature and food
availability experienced by the mother, and many others (reviewed in Marshall et al. 2008).

Offspring provisioning is one of the most pervasive of maternal effects and can have far-reaching
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effects on juveniles and adults (Emlet and Hoegh-Guldberg 1997, Podolsky and Moran 2006,
Marshall and Keough 2007, Marshall et al. 2008, Przeslawski and Webb 2009).

As one way to distinguish between development/age and maternal effects, we separately
assessed AFDW and volume of early cleavage stage (2 or 4 cells) embryos of N. australefrom
five egg masses (different fathers and presumably different mothers). A one-way ANOVA showed
a significant effect of egg mass ID on AFDW and egg volume (Tables S5 and S6). This result is
consistent with the effects of egg mass ID in the larger data set. However, egg mass 1D (maternal
effects) explained more of the variance in the early cleavage embryos (80%) than in the full data
set (50%). Because early cleavage embryos are at the very beginning of development, differences
in age within stage are minimal, meaning that most of the variance is likely due to maternal effects.
In contrast, in the full dataset, egg mass ID explained a lower proportion of variance, suggesting
that as embryos develop, additional factors, such as differences in age within stage or other
unknown influences, contribute more to variance. This pattern suggests that maternal effects
account for a larger proportion of variance in earlier developmental stages but contribute less in
later stages, where age-related or other factors play a greater role.

This study presents the first insights into patterns of AFDW change during development in
Antarctic pycnogonid larvae, characterizing how endogenous reserves are used over development
in this previously unstudied group. Comparisons between the two species reveal that N. australe
produced larger eggs with higher organic content, and exhibited a greater proportional drawdown
in organic content between stages than A. glacialis. AFDW increased in Nymphoraustralelarvae
at Stage 111, suggesting those larvae feed before departing the egg mass. This may allow late-stage

larvae to benefit from parental care while energetically supporting their own development.
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TABLES

Species Stage # # embryos Mean AFDW Max. Min.
egg or larvae (ng) AFDW | AFDW (ug)
masses (H9)
Ammothea |A-E 10 48 544+25 68.7 39.9
glacialis
A-l 8 39 479+19 63.2 329
A-ll 8 38 413+£21 54.1 27.3
A-lll |8 37 39.4+29 68.4 14.8
Nymphon N-E 12 58 73.3+£29 92.0 53.8
australe
N-I 10 49 63.6 £ 3.3 89.8 43.9
N-11 15 68 48.8 + 3.8 74.6 24.8
N-111 |5 21 65.5+4.8 94.5 39.4

Table 1 AFDW content (ug) by stage in A. glacialisand N. australeembryos and larvae. Grand
means and their associated standard errors (SE) are reported, calculated from the mean AFDW
and SE of embryos or larvae within each egg mass. Maximum and minimum AFDW values
represent the highest and lowest individual AFDW measurements recorded per stage in the data

set.
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Model Factors DF DFDen F-ratio P
1 Group: Brooded stages of both species
Response: Mean AFDW
Species 1 673 70.4 <0.001
Stage 3 671 20.2 <0.001
Species x Stage 3 671 3.93 0.012
2 Group: A. glacialis masses providing > one
stage
Response: Mean AFDW
Stage 3 101 8.5 0.004
3 Group: Pre-hatching embryos of both species
Response: Embryo volume
Species 1 204 425 <0.001
4 Group: Pre-hatching embryos of both species
Response: AFDW per individual
Species 1 35.7 24.4 <0.001
Volume 1 100.4 21.3 <0.001
Species x VVolume 1 100.4 0.1 0.75

Table 2 Summary of statistical results from all linear mixed-effects models. Group indicates the
data set (or subset) which was used to specify the model. Boldface p-values are statistically
significant at a = 0.05. All models included egg mass ID as a random factor: in models 1 and 2,
nested within Stage; in models 3 and 4, nested within Species.
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Group #egg | #embryos Parameter Mean Max. | Min.
masses (= 1 SEM)
AFDW (ug) 545+2.38 68.7 39.9
Pre-hatching .
embryos of L0 s Radius a (mm) 0.324 +£0.008 0.363 | 0.290
Ammothea Radius b (mm) 0.266 +0.007 | 0.304 | 0.229
glacialis
Volume (mm?3) 0.096 + 0.006 0.130 | 0.074
AFDW (ug) 73.0+28 92.0 53.8
Pre-hatching .
embryos of b 8 Radius a (mm) 0.356 = 0.008 0.403 | 0.306
Nymphon Radius b (mm) 0.300 £ 0.008 0.341 | 0.258
australe
Volume (mm?) 0.136 + 0.008 0.179 | 0.093

Table 3 Measurements of AFDW, radius a, radius b, and volume of the pre-hatching embryos of
A. glacialisand N. australe Means and standard errors (SE) were calculated from the means and

SE of embryos within each egg mass.

Group # egg masses | # embryos | Intercept Slope
Pre-hatching embryos of

Ammotheaylacialis 10 47 4,78 £ 0.28* 0.306 + 0.137
Pre-hatching embryos of |, 58 4.96 +0.18* 0.339 + 0.088
Nymphoraustrale

Table 4 Intercepts and slopes from the regression of In AFDW vs In volume for each species of
pycnogonid, from Model 4. Asterisks (*) indicate significant differences in intercepts between

species at a = 0.05.
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Figure 1 Adult Antarctic pycnogonids and brooded stages as seen on the egg mass. a- e
Ammothea glacialisa Adult male brooding multiple egg masses. The proboscis is labelled to
show the anterior end of the animal. b Egg mass with unhatched embryos. ¢ Egg mass with A-I
larvae. A-I larvae are distinguished from unhatched embryos by the clear presence of paired
chelicerae at the anterior end of A-I. d Egg mass with a mix of A-11 and A-111 larvae. e Egg
mass containing mostly A-I11 larvae, and one A-ll larva. f -] Nymphon australd. Adult male
brooding an egg mass. The proboscis is labelled to show the anterior end of the animal. g Egg
mass with early, two-celled embryos. h Egg mass with N-I larvae and detritus. Older N.
australeegg masses with post-hatching larvae usually contain more detritus than newly-laid
egg masses. i Egg mass with N-11 larvae and detritus. j Egg mass with mostly N-I11 larvae, and
some N-1l larvae. A-E, A-1, A-Il, A-111: embryo, Stage I, Stage 11, and Stage 11 larvae of A.
glacialisrespectively. N-E, N-I, N-1I, N-I11: embryo, Stage I, Stage Il, and Stage IlI larvae of
N. australerespectively. Scale bar = 1 mm for all images. Photo credit for f: Steve Rupp.
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Figure 2 Dorsal view of the pre-hatched embryos and first three post-hatching stages of
Ammothea glaciali¢A-E through A-111) and Nymphon austral@-E through N-I11), after
removal from their brooded egg masses. Scale bar =1 mm.
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Figure 3 Organic mass (AFDW) of embryos and first three post-hatching stages of Ammothea
glacialisand Nymphon australewvith outliers removed. Small black points represent the mean
AFDW of 2-5 embryos or larvae haphazardly sampled from a single egg mass, with error bars
indicating £1 standard error around the mean. Large colored points represent the grand mean
AFDW for each stage, calculated from the means of individual egg masses, with error bars
showing £1 standard error around the grand mean. Within each species, groups that do not
share a letter have significantly different least-squares means at a = 0.05, as determined by
post-hoc Tukey-Kramer HSD tests.
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Figure 5 Relationship between In AFDW (ug) and In volume (mm?) for embryos of A. glacialis
(blue) and N. australe(red). Each point represents the mean In AFDW and In volume of three to
five embryos sampled from a single egg mass. Error bars are £1 standard error around the mean.
Shaded areas represent the 95% confidence interval around the regression line.
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CHAPTER I1l: SOME LIKE IT (A LITTLE HOT): EFFECT OF

TEMPERATURE ON SURVIVAL, ENDOGENOUS RESERVES, AND

DEVELOPMENT OF THE EMBRYOS AND LARVAE OF FOUR SPECIES OF

ANTARCTIC INVERTEBRATE

ABSTRACT

A central paradigm in Antarctic marine biology is that Southern Ocean ectotherms are highly
stenothermal; however, the effects of temperature on early development in Antarctic marine
invertebrates remain poorly understood. Higher temperatures may accelerate development but
increase rates of energy use, potentially affecting larval quality and survival. In this study, we
characterized the effect of temperature on survival, utilization of endogenous reserves, and length
of stage of embryos and larvae of two species of sea spider (Ammothea glacialiand Nyrnphon
australe and two species of nudibranchs (Tritoniella belliand Tritonia challengeriangcollected
in McMurdo Sound, Antarctica. Single broods (sea spiders) or egg masses (nudibranchs) were
collected from the field and divided into five subsets of embryos/larvae. One subset was
immediately frozen at -80°C as a day-0 sample, and others were incubated at -1.8°C, -0.4°C, +1°C,
and +4°C for 60 days (day-60 samples) before assessment of survival proportion and biochemical
analysis. To assess length of stage at different temperatures, a different set of animals was raised
at the same four temperatures and observed over 223 days. Survival differed by taxon; nudibranch
mortality increased at higher temperatures, with all stages of one species (T. challengeriana
exhibiting 100% mortality at +4 °C, whereas sea spiders had nearly no mortality across treatments.

Energetic content of most species and stages was generally lower at higher temperatures, driven
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by lower protein content, except in sea spider embryos which had greater energetic content at
higher temperatures due to higher lipid content. Warmer temperatures consistently shortened
developmental stages, with the greatest difference between -1.8°C and -0.4 °C. We then used our
estimates of the effects of temperature on energy and length of stage to calculate “cost of
development” at different temperatures, and found that cost of development was generally lowest
at either -0.4 or +1 °C. Because water temperatures are at or very close to -1.8 °C in marine
environments in the high Antarctic for most of the year, these findings suggest that these species
may live below their thermal optimum for energetic efficiency most of the time. Estimated cost of
development was generally highest at +4 °C, suggesting that these species may reach

metamorphosis with fewer reserves if water temperatures rise that high.

INTRODUCTION

The cold waters of the Southern Ocean support a rich and diverse array of life, with a high
degree of endemism (reviewed in Dell 1972, Dayton 1990, Clarke 1996). The evolutionary
isolation of these organisms has been attributed to the Antarctic Circumpolar Current (ACC),
which has circled the continent for approximately 23 to 25 million years, forming a barrier that
limits the exchange of water and marine life between regions (Lyle et al. 2007, Moore et al. 2018).
Antarctic marine environments are among the most seasonal in the world, with strong annual shifts
in light availability and phytoplankton production (Clarke 1988, Pearse et al. 1991). At the
Southern Ocean’s highest latitudes, temperatures are maintained close to the freezing point of
seawater (-1.8 °C) for most of the year (Clarke 1988). Temperatures also show little seasonal

variation (Clarke 1988); around McMurdo Sound, which is bordered by the McMurdo Ice Shelf to
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the south and the Ross Sea to the north, records show that benthic water temperatures rise during
the austral summer, reaching approximately +0.2 °C in February (Cziko 2021), and remain close

to -1.8 °C through much of the winter (Cheng and Detrich 2007, Cziko et al. 2014, Cziko 2021).

Antarctic species have developed physiological, biochemical, and life history traits which
are thought to be shaped by millions of years of evolution under these cold and thermally stable
conditions. Many Antarctic ectotherms are highly stenothermal, with even slight temperature
increases leading to physiological failure or mortality (Peck 2002, Peck et al. 2004, Peck 2005,
Pdrtner 2006, Portner et al. 2007). Compared to their temperate and tropical counterparts, Antarctic
ectotherms typically exhibit slow growth, low metabolic rates, extended larval development, and
heightened sensitivity to temperature changes across various physiological processes (e.g.
Stanwell-Smith & Peck 1998, Peck & Prothero-Thomas 2002, Peck et al. 2004, Moran & Woods
2008, Peck 2016). As climate change progresses, understanding how warming will influence the
physiology and survival of these Antarctic taxa becomes increasingly important (Meredith and
King 2005, Clarke et al. 2007). Projections suggest that by 2100, Antarctic sea surface
temperatures could rise by between 0.5°C to 1.7°C, along with other changes such as freshening
of coastal systems and ocean acidification, potentially altering species distributions and the

biodiversity of Southern Ocean ecosystems (Chown et al. 2022).

The early life history stages of Antarctic ectotherms may be particularly vulnerable to
warming, as early stages are generally more susceptible to environmental stressors than adults
across a wide range of species and environments (Pechenik 1999, Byrne 2012, Byrne 2013,
Kroeker et al. 2013, Harvey et al. 2013, but see Hamdoun and Epel 2007, Byrne et al. 2009, Peck
et al. 2013, Przeslawski et al. 2015 for counterexamples). Understanding how early life history

stages respond to environmental stressors like warming is therefore essential for identifying
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potential population bottlenecks (Pechenik 1999, Byrne 2012, Byrne and Przeslawski 2013,

Pettersen et al. 2023).

In response to temperature increases of less than 4 °C above their natural range, the early
life history stages of various Antarctic invertebrates have exhibited faster development (Stanwell-
Smith and Peck 1998, Byrne et al. 2013), elevated metabolic rates (Quetin and Ross 1989, Peck
and Prothero-Thomas 2002, Woods and Moran 2008), and a rise in abnormal development (Byrne
etal. 2013, Bylenga et al. 2015). However, it remains unknown how temperature affects the overall
cost of development. All else being equal, nonfeeding larvae that use more energy over
development metamorphose with fewer reserves, which can have negative effects on juvenile
quality (Phillips 2002, reviewed in Pechenik 2006), juvenile survival (Moran and Emlet 2001),
and recruitment (Marshall and Keough 2007, Przeslawski and Webb 2009). Antarctic marine
invertebrate larvae exhibit greater thermal sensitivity across numerous metrics of performance,
such as metabolic rate (Quetin and Ross 1989, Peck & Prothero-Thomas 2002, Woods & Moran
2008), development rate (Stanwell-Smith & Peck 1998), and survival (Byrne et al. 2013), than
those from temperate or tropical regions (but see Kapsenberg & Hofmann 2014 for a
counterexample). Even minor temperature increases could significantly impact energy reserves,

and therefore offspring quality, by the end of larval development.

Well-established patterns in the effect of temperature on body size in ectotherms, known
as the temperature-size rule (TSR), may offer insights into the mechanism underlying the effect of
temperature on energetic cost of development. The TSR refers to the observation that most
ectotherms raised at colder temperatures mature at larger sizes than when they are raised at warmer
temperatures, a pattern observed across a wide diversity of species (Atkinson 1994, Angilletta and

Dunham 2003, Forster and Hirst 2012). One leading hypothesis about the mechanism that leads to
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the TSR is that developmental rate increases more than growth rate in response to warming

(Atkinson 1994, Van der Have and Jong 1996, Atkinson and Sibly 1997, Forster and Hirst 2012).

A variation of the TSR extends to early life history stages; mothers in colder temperatures
often produce eggs and offspring that are larger than those of mothers in warmer temperatures
(Atkinson et al. 2001, Forster et al. 2011, Zuo et al. 2012, Robertson and Collin 2015), a pattern
termed as the “offspring size-temperature relationship” (OST) (Pettersen et al. 2019). As with the
TSR, the OST is thought to be attributable, at least in part, to different thermal sensitivities of
development and metabolism. In lecithotrophic organisms, embryos and larvae rely entirely on
endogenous reserves, typically provided in the egg as a combination of protein, lipid, and
carbohydrate, for energy to meet metabolic demands (Jablonski and Lutz 1983). In lecithotrophs,
the smaller size of juveniles produced at higher temperatures may result from a shift in the thermal
sensitivities of embryonic and larval metabolic rate (rate of energy expenditure) relative to
developmental rate (Efford 1969, Kamler 1992, Pettersen et al. 2019). If temperature increases
metabolic rate more than development rate, more energy will be consumed during development,
resulting in smaller offspring. Conversely, if temperature increases developmental rate more than

metabolic rate, less energy is consumed during development, and larger offspring are produced.

Building on these ideas, Marshall et al. (2020) formalized the ‘developmental cost theory’
(DCT) that modeled the relationship between overall cost of development (C), metabolic rate

(MR), and developmental time (D) as:
C=MRxD

Under this framework, any process that decreases the ratio of MR to D will result in C
becoming lower, and a process that increases MR relative to D will result in C becoming higher.

Marshall et al. (2020) additionally posits that an optimal temperature (Topt) exists where C is at its
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lowest for the organism: temperature’s effects on D and MR reduce the energetic efficiency of
development above and below Topt, leading to smaller offspring size. At temperatures cooler than
Topt, the authors proposed that C is higher because D increases more than MR decreases, and at
temperatures higher than Topt, C is also higher, but because MR is increased more than D is
decreased. In a meta-analysis of 71 species across seven phyla, the authors found that Topt Was
strongly correlated with the mid-point of the species' environmental temperature range (the
average of minimum and maximum temperatures recorded) (Marshall et al. 2020). However, the
authors did not provide evidence that Topt arises from the differing thermal sensitivities of MR and

D as described above.

While C can be directly quantified by measuring the depletion of energetic reserves across
all of development, this approach is difficult in Antarctic organisms due to their long
developmental times (e.g. Hoegh-Guldberg et al. 1991, Peck et al. 2006a, Moran et al. 2019).
Instead, dividing development into shorter stages and measuring metabolic rate (MR) and
development time (D) over these intervals allows for estimating C without tracking energy use
throughout the full developmental cycle. This staged approach has been used to evaluate the effect
of temperature on the energetic cost of development in Antarctic krill, up to the first feeding stage,
encompassing the embryonic, nauplius, and calyptopis stages (Ross and Quetin 1989), where the
authors found that endogenous reserves could sustain the larvae nearly twice as long at 0 °C than
at +1 or +2 °C. One way to estimate MR and integrate the cost of metabolism over time is to
measure changes in the mass of each major constituent type (protein, lipid, and carbohydrate)
present in individual embryos and larvae over time at different stage of development (e.g.
McClintock and Pearse 1986, Shilling and Manahan 1990, Marsh et al. 1999, Moran and Manahan

2003, 2004, Zamora et al. 2020). The proximate biochemical composition and utilization of
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endogenous reserves and energy metabolism during embryonic and larval development has been
widely studied in marine invertebrates (Shilling and Manahan 1994, Marsh et al., 2001, Moran
and Manahan 2003, Sewell 2005, Wu et al. 2014, Peters-Didier and Sewell 2017, Zamora et al.
2020, among many others), including Antarctic taxa such as echinoderms (McClintock and Pearse
1986, Shilling and Manahan 1994, Marsh et al 1999, Moore and Manahan 2007, Thatje et al 2018),
crustaceans (Clarke and Gore 1992, Thatje et al. 2004) and molluscs (Ahn et al. 2003). Broadly,
these approaches have been used to address key questions in reproductive ecology, including the
evolution of reproductive mode (McClintock and Pearse 1986, McAlister and Moran 2013, Thatje
et al. 2018) and resilience of early life history stages to various forms of environmental stress (e.g.

Shilling and Manahan 1994, Marsh et al. 1999, Thatje et al. 2004, Moore and Manahan 2007).

In this study, we described the proximate composition of the non-feeding embryos and
larvae of two species of pycnogonid and two species of nudibranch from the Southern Ocean, and
examined how a narrow range of temperatures (-1.8 to +4 °C) influenced survival, biochemical
composition, and energy content over a 60-day incubation. We further assessed developmental
timing by tracking larval development over 223 days at the same temperatures. We predicted that,
generally, rate of energy use would increase, and length of stage would decrease with increasing
temperature, consistent with studies on metabolic rate (Quetin and Ross 1989, Peck and Prothero-
Thomas 2002, Woods and Moran 2008) and development rate (Stanwell-Smith and Peck 1998) in
Antarctic taxa. Using the DCT framework, we estimated the cost of development (C) by estimating
the rate of energy use (MR) from differences in proximate composition between temperature
treatments and measuring length of stage (D) across temperatures. By integrating these measures,
we evaluated whether temperature altered overall energetic expenditure during discrete phases of

embryonic and larval development. Understanding how temperature affects the energy balance of
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development for embryos and larvae of Antarctic marine invertebrates will help predict potential

climate change impacts on larval quality.

MATERIALS AND METHODS

i. Study taxa

Our focal taxa consisted of four species of benthic invertebrates from two phyla: the sea
spiders Ammothegglacialis Hodgson 1907 and NymphonaustraleHodgson 1902 (Arthropoda,
Pycnogonida), and the nudibranchs Tritonia challengerianaBergh 1884 and Tritoniella belli Eliot

1907 (Mollusca, Gastropoda).

The two pycnogonids in this study, A. glacialis and N. australe were considered to have
circumpolar distributions (Munilla and Soler-Membrives 2009). N. australe may be a species
complex (Mahon et al. 2008, Arango et al. 2011, Soler-Membrives et al. 2014, Collins et al. 2018),
however there is no evidence of multiple cryptic species within the Ross Sea (Collins et al. 2018),
where this study was conducted. Embryonic and larval development of the two species has been
described by Cano and Lopez-Gonzalez (2009) and Cano-Sanchez et al. (2020), respectively, and
the larval morphology and brooding behavior of both are comparable to the “attaching larva™ in
Bain (2003) and “type 2” development in Brenneis et al. (2017). Both species brood embryos up
to hatching and then through three molts; descriptions are given in Chapter 2 of this dissertation.
When multiple stages were found on a single brooded egg mass, which was common in A. glacialis
and rare in N. australe we never sampled more than one stage from a single egg mass for
biochemical analysis. N-I11 were found only in small numbers, so we were unable to collect the

stage in high enough quantities for biochemical analyses.
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Both species of nudibranch also have broad distributions (Tritoniella belli: Wagele 1989;
Tritonia challengeriana Odhner, 1926; Wagele, 1995; Barnes and Bullough, 1996; Schrodl,
2003). T. belli appears to be a species complex (Moles et al. 2021, Schachinger et al. 2022, Silva
et al. 2023), but with only one genetic lineage in the Ross Sea (where our work was performed)
(Moles at al. 2021). There has been a proposed renaming of the genus Tritonia (Silva et al. 2023),
but for continuity with the previous literature we refer to the two taxa as Tritoniella belli and
Tritonia challengerianathroughout. Egg masses are laid on the benthos as gelatinous, tube-like
structures (Fig. 1a, f) which contain hundreds of embryos that develop in the mass until close to
metamorphic competence (Woods and Moran 2008, Moran and Woods 2010). We classified an
individual as an early embryo (TB-E or TC-E) if no visible structures had formed (Fig. 1b, 2g),
early veliger (TB-EV or TC-EV) if the embryo had developing velar lobes, visceral mass, and foot
but these structures were not well defined (Fig. 1c, 2h), mid veliger (TB-MV or TC-MV) if the
individual had distinct ciliated velar lobes and an obvious shell (Fig. 1d, 1i), and late veliger (TB-
LV and TC-LV) if the shell, operculum, eyespots and foot were clearly visible and the animal

could withdraw into its shell (Fig. 1e, 1j) (after Woods and Moran 2008, Moran and Woods 2010).

ii. Collection and handling

We collected egg-bearing adult sea spiders and field-laid nudibranch egg masses from
various dive sites around McMurdo Sound, Ross Island, Antarctica, between September 2021 and
January 2022. N. australewas collected from the McMurdo Jetty (77° 51.069’ S, 166° 39.855’ E);
A. glacialis was collected from Turtle Rock, Cziko Seamount and Cape Evans Wall (77° 44.639°
S, 166° 46.175° E; 77° 38.407" S, 166° 31.068' E; 7° 38.927" S, 166° 31.873 E respectively);

Tritonia belli was collected from the McMurdo Jetty, Turtle Rock and Cape Evans Wall; and
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Tritoniella challengerianawas collected from the same sites as Tritoniella belli, with the addition
of Dayton’s Wall (77°51'19.3’S 166°40'06.9°E). Animals and egg masses were transported back
to Crary Laboratory, McMurdo Station, in coolers filled with chilled seawater and kept in a flow-

through seawater system at -1.5 °C for between one to three days prior to use in experiments.

iii. Handling, imaging, and Day 0 samples

Each egg mass was photographed under a Nikon SMZ-10 dissecting microscope with a
Jenoptik Gryphax Subra HD Camera and associated software (GRYPHAX V1.1.10.6). During
handling and photography, masses were kept chilled to -1.8 °C using ice baths or a cold stage
(Echotherm 1C20; Torrey Pines Scientific Inc., U.S.A.). We separated five sets of a known number
of embryos/larvae (usually 10 per mass for sea spiders, but sometimes as low as 8 if insufficient
larvae were found on the egg mass, and 200 individuals per set for nudibranchs) from each egg
mass by gently brushing them off the mass using a plastic inoculating loop. One set of
embryos/larvae from each mass was washed for 10 seconds with deionized water to remove

residual salts, dried under nitrogen gas, and immediately frozen at -80 °C (= d0 samples).

iv. Day 60 samples and temperature treatments

The other four sets of embryos/larvae from each egg mass were placed in individual wells
of six-well cell culture trays (Ref # 10062-893, VWR International LLC, Pennsylvania, USA)
containing 20 ml of 0.2 um-filtered seawater, then maintained for 60 days in incubators (Precision
Model 818, Thermo Fisher Scientific Inc., Massachusetts, USA) at one of four temperature

treatments: -1.8, -0.4, +1.0 and +4.0 °C, such that one set from each mass was assigned to each
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temperature treatment. We chose these temperatures to reflect the winter temperature of water in
McMurdo Sound (~ -1.8 °C) (Cheng and Detrich 2007, Cziko et al. 2014), approximate summer
water temperatures (-0.4 °C) at the McMurdo Intake Jetty site during recent austral summers (Hunt
et al. 2003, Barnes et al. 2006, Falco et al. 2024, Moran et al., 2024), a temperature treatment (+1
°C) warmer than the highest shallow-water temperatures measured off of McMurdo Station in
annual records (+0.22 °C as recorded on 17 Jan 2019 at Cziko Seamount, as recorded by Cziko
(2021)), but is within the range of summer temperatures found in the Ross Sea (e.g. Jones and
Smith 2016), and a higher temperature treatment (+4 °C) that animals would not be likely to
experience in nature, but has been previously used as a “warm” treatment in thermal acclimation
studies of Antarctic ectotherms (Franklin et al. 2007; Enzor et al. 2013; Beers and Jayasundara

2015, Flynn and Todgham 2017).

During the 60-d experimental temperature treatments, we conducted 50% water changes
every two weeks. Photographs of each well were taken on the same schedule. On d 60, we counted
the number of surviving embryos or larvae in each replicate, photographed them, and then rinsed
and froze them as for the dO samples. Dead or inviable embryos were discarded (see

Supplementary Figure S1 for examples).

v. Biochemical analyses

All frozen samples from d0 and d60 were maintained in freezers at -80 °C or packed in dry
ice until biochemical analysis. For analysis, each sample was diluted with 20 ul of deionized water
(DIW) per individual for pycnogonids and 5 pl DIW per individual for nudibranchs and
homogenized on ice for ~10 seconds using a handheld homogenizer (Branson Sonifier 150,

Branson Ultrasonics Co., Connecticut, USA).
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v a. Lipids

Lipids were extracted using the methanol:chloroform:water extraction method of Bligh and
Dyer (1959), as modified by Holland and Gabbott (1971) and Moran and Manahan (2003). For
each replicate, 200 pul of homogenated sample (corresponding to 10 individuals of pycnogonids or
40 individuals of nudibranchs) were used. Samples were extracted for 2 hours in a solution of 2:2:1
(v/viv) methanol:chloroform:water, to which stearyl alcohol, was added as an internal standard
(Moran and Manahan 2003, 2004, Moore 2006). Stearyl alcohol was previously determined to be
absent from our samples and did not to interfere with other lipid peaks in our species. Phases were
separated by the addition of methanol, water, and chloroform to achieve a final ratio of 4:2:3
water:methanol:chloroform, followed by centrifugation at 8,000 x g for 10 minutes. The lower
phase, containing the lipids, was isolated and evaporated under nitrogen gas. The dried lipid extract

was resuspended in a known volume of chloroform for quantification.

Quantification of lipid classes was performed using flame-ionization thin-layer
chromatography (FID-TLC). A 1-ul aliquot of the lipid solution was applied to thin-layer
chromatography Chromarods (Mitsubishi Chemical Medience Corporation, Tokyo, JP) with two
technical replicates per sample. Preliminary double-phase developments were conducted on the
early embryos of each species to detect the main lipid classes; only triglyceride, free fatty acids,
and phospholipids were present at measurable levels, so for sampling, Chromarods were developed
in a solvent system of 60:15:1.5 (v/v/v) hexane:diethyl ether:formic acid (capable of separation
and quantification of TG, FFA, and PL, Sinanoglou et al. 2013) for 35 minutes at 21 °C. Following
development, the Chromarods were dried for 5 minutes at 70 °C and lipids were quantified with
an latroscan MK-6 flame ionization detector (Mitsubishi Kagaku latron Inc., Tokyo, JP).

Calibrations for each lipid class were performed using the following standards: phospholipid: L-
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a-phosphatidylcholine (#P3357, Spectrum Chemical Mfg. Corp., Gardena, California, USA);
cholesterol (sterol), triglyceride: tripalmitin (#132530-1G, Beantown Chemical, New Hampshire,
USA), free fatty acid: palmitic acid (#P0500-10G, Sigma-Aldrich Co., Missouri, USA); stearyl
alcohol internal standard: 1-octadecanol (#258768-5G, Sigma-Aldrich Co., Missouri, USA).
Peaks corresponding to the three lipid classes were quantified using PeakSimple v4.94 (SRI
Instruments, California, USA). Lipid content was calculated using the percent recovery of the
internal standard and the calibration curve specific to each lipid class for each set of Chromarods.
To obtain per-individual lipid content, values were averaged across the two technical replicates
and normalized to the number of individuals in the initial aliquot. Negative values, caused by the
amount of lipid present in the sample being lower than the intercept of the standard curve, were
adjusted to zero. Total lipid per individual was determined by summing the masses of all lipid

classes.

v b. Protein

Protein was extracted using the trichloroacetic acid (TCA) method of Holland and Gabbott
(1971). For each sample, protein was extracted from a single 200 pl aliquot of homogenated
sample containing a known number of larvae (~10 pycnogonid larvae, and ~40 for nudibranch
larvae). 100ul of cold 15% TCA was added to the sample, shaken for 5 minutes, and chilled at -20
°C for 20 minutes. The sample was then centrifuged at 800 x g for 20 min, resulting in the
formation of a pellet containing protein at the base of the tube. The supernatant, containing
carbohydrate, was removed and collected in a separate Eppendorf tube. The pellet was then washed
with 150ul of 5% TCA, and the washings were combined with the supernatant. 250ul of 1N NaOH
was added to the tube containing the protein pellet and heated for 30min at 56 °C. 150ul of 1.67N

HCI was then added to neutralize the solution. Total protein content was then quantified using a
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modified Lowry assay (Pierce BCA Protein Assay Kit, Thermo Fisher Scientific, USA) following
the procedure provided by the manufacturer. For each sample, three 150-ul aliquots from the same
sample were placed into a 96-well plate (Ref # 3370, Corning Inc., Maine, USA) and analyzed
spectrophotometrically at 562 nm using a spectrophotometer (Epoch 2, Bio Tek Instruments Inc.,
Vermont, USA). Protein concentrations for each of the three subsamples from each extraction were
determined using a standard curve generated from known concentrations of bovine serum albumin
(BSA) as a standard, and the average of triplicate readings was used to calculate protein content

per individual.

v c. Carbohydrate

Carbohydrate was extracted from the original homogenate of each sample using the
supernatant generated from protein extraction containing a known number of larvae (~10
pycnogonid larvae, or ~40 nudibranch larvae) using the methods of Holland and Gabbott (1971).
A 100 pl aliquot of the supernatant was extracted with cold 5% TCA and hydrolyzed in 6N HCI
for 2 hours at 95°C. Carbohydrate was quantified spectrophotometrically using a ferricyanide
reduction (Holland and Gabbott 1971). For each extraction, absorbance readings were taken in
triplicate at 420 nm using a spectrophotometer (Epoch 2, Bio Tek Instruments Inc., Vermont,
USA) and carbohydrate concentration was determined using a standard curve generated with
known concentrations of D-glucose (#G-8270, Sigma-Aldrich Co., Missouri, USA). The average

of triplicate readings was used to calculate carbohydrate content per individual.
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v d. Total energgnd changes in energy over 60 d

For each d0 and d60 sample, we calculated the energetic equivalent of each constituent by
multiplying its mass per individual by its specific enthalpy of combustion: 39.5 kJ g for lipid, 24.0
kJ/g for protein, and 17.5 kJ/g for carbohydrate (Gnaiger 1983). Total energetic content per
individual was obtained by summing the per-individual values for protein, carbohydrate, and lipid
(summed from lipid types) for each sample. Changes in energy across the 60-d period were
determined by subtracting the total estimated energy content per individual from each d60 sample
from the per-individual energy content of its respective dO sample, leading to four values for each
egg mass that represented estimates of the change in energy between dO and d60 at each of the

four temperatures.

vi. Effect of temperature on length of stage

To assess the effect of temperature on length of stage (days), we reared a different set of
embryos and larvae from the first two brooded or encapsulated stages of each species (embryos
and stage Is for the pyncogonids, and embryos and early veligers for the nudibranchs) at our four
experimental temperatures for 223 days (the length of the experiment was determined by logisitical
constraints). To start these experiments, each individual egg mass was haphazardly split into four
roughly equal-sized groups of embryos or larvae, which were then distributed into four individual
wells of separate six-well plates filled with approximately 15 ml of filtered seawater, such that one
subset of embryos or larvae from each mass was maintained at each of the four experimental
temperatures (Sample sizes given in Table 1). The plates were placed in an incubator at one of the

four experimental temperatures: -1.8, -0.4, +1, and +4 °C. Every two weeks from the start of the
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incubation, plates were photographed and water in each well was partially replaced (50%) with

prechilled, filtered seawater.

We assessed the effect of temperature on length of development using the photographs to
estimate the duration of the two intermediate developmental stages (A-1 and Il, N-l and Il, TC EV
and MV, and TB EV and MV) at each temperature. For example, for A. glacialis, the duration of
A-l was estimated as the number of days between when larvae hatched from A-E to A-I, to when
they molted to A-I1. Because we could only track wells and not individual embryos or larvae, we
staged each individual from each biological replicate from the photos and assigned a stage to the
well based on the stage of > 50% of the individuals in the image. The length of that stage was
calculated as the time between when > 50% of individuals in the replicate reached that stage and

when > 50% advanced to the next stage (sample sizes given in Table 1).

vii. Statistical analyses

All statistical analyses were performed using JMP Pro (v. 18, JMP Statistical Discovery
LLC., North Carolina, USA). Prior to analysis, data were assessed for normality using quantile-
quantile plots, and assumptions of homoscedasticity and the normal distribution of residuals were

examined through diagnostic residual plots.

Preliminary examination of lipid classes, total protein, and total carbohydrate
measurements revealed some values that were unrealistically high or low. For example, in one A.
glacialis replicate, FFA values were 60 pug, 30 times higher than the next-closest measurement.
Such deviations can arise in biochemical procedures due to experimental error in sample

preparation, handling, or instrument sensitivity (reviewed in Moran and McAlister 2009).
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Therefore, we conducted outlier analyses on each constituent (PL, TG, FFA, total protein and total
carbohydrate) using Mahalanobis distance (a. = 0.025), a measure of how far a point lies from the
center of its distribution (Ghorbani 2019, Etherington 2021), in the Multivariate Methods platform
in JMP. Measurements identified as outliers were excluded from further analysis (Table S1). We
did not conduct the analysis on total lipid and total energy content, as they were derived from the
sum of lipid classes and oxyenthalpic equivalents of the three main constituents, respectively.
However, if one of the lipid classes was identified as an outlier for a given sample, total lipid and
total energy could not be quantified for that sample. To assess the impact of outlier removal, we
compared model outputs with and without flagged outliers and found that statistical significance

of main terms (a = 0.05) remained unchanged in all cases.

vii a. Temperature effects on surviv&0-d incubation

To assess the effect of temperature on survival over the 60-day incubation, we used
generalized linear models (GLMs) with survival (calculated as the proportion of the d60 embryos
or larvae that were alive at the end of the incubation, 0 to 1) as the response variable, temperature
and stage as categorical fixed variables, an interaction term for the two factors, and egg mass ID
as a random effect. Sample sizes are reported in Supplementary Table S2. The models were set to
a binomial distribution with logit link function. Separate models were run on each of the four
species (Models S1 to S4). Post-hoc comparisons were performed using Tukey-Kramer HSD tests,

which control the family-wise error rate.

vii b. Effects of stagen proximatecomposition and energd0

For the dO samples, we tested for the effects of stage on mass of the major constituents
(protein, lipid, carbohydrate), mass of lipid classes (TG, PL, FFA), and the summed energy

equivalents of protein, lipid, and carbohydrate (energetic content), using separate one-way
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ANOVAS with each constituent, class, and total energy for each of the four species as dependent
variables, with stage as a categorical fixed variable (A. glacialis: Models Al to A7; N. australe
N1 to N7; Tritoniella belli: B1 to B7; Tritonia challengerianaC1 to C7). As each egg mass in the
do samples was represented in only one stage (and thus only one data point for each constituent),
egg mass ID was not included as a random effect. Post-hoc comparisons were performed using
Tukey-Kramer HSD tests. To assess whether energetic content changed between the earliest and
latest stage of each species, we subtracted total energy of the latest stage from the earliest stage in

each species (using only the dO samples).

Vil c. Effects of temperaturen proximatecomposition and energd60

To test for the effects of temperature on mass of the major constituents, lipid classes, and
energetic content of the d60 samples only, we conducted separate two-way ANOVAs with each
constituent, lipid class, and total energy for each of the four species as dependent variables,
temperature and stage as categorical fixed variables, an interaction term for the two factors, and
egg mass ID as a random effect (A. glacialis: Models A8 to Al4; N. australe N8 to N14;
Tritoniella belli: B8 to B14; Tritonia challengeriana C8 to C14). Post-hoc comparisons were

performed using Tukey-Kramer HSD tests.

vii d. Temperature effects on length of stage

To assess the effects of temperature and developmental stage on length of stage, we used
separate generalized regression models (GRM) for each species with maximum likelihood
estimation. The GRM framework accommodates non-normal distributions and censoring
(McCullagh and Nelder 1989), making it appropriate for our data, which exhibited a right-skewed
distribution in N. australe and required right-censoring in replicates that had not progressed

through a full stage by the end of the experiment (explained in detail below). Length of stage (d)
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was set as the response variable, with temperature and stage as categorical explanatory variables;
the models (D1 to D4) also included an interaction term for temperature and stage. To compare
between temperature treatments, post-hoc comparisons were performed using Tukey-Kramer HSD
tests to account for multiple comparisons. We reported least-square means and associated standard

errors for length of stage generated by maximum-likelihood estimates from the GRMs.

Not all replicates of some stage/temperature combinations completed the relevant stage
during the 223-d incubation (Table 1). In such cases, stage duration was set as the number of days
since the last observed transition, with these data points specified as right-censored in the model.
Right-censoring accounts for the likelihood that true stage duration exceeded the last recorded
observation (Turkson et al. 2020). In studies with similar experimental design, the simplest
approach of omitting censored data points (complete-data analysis) is known to result in loss of
statistical efficiency and increased bias (Leung et al 1997, Turkson et al. 2020), typically
underestimating event times by skewing the sample toward units with shorter event durations

(Ranganath and Pramesh 2012).

As in previous models evaluating the effect of temperature, we assessed the random effect
of egg mass ID in all species. However, because GRMs in JMP do not accommodate random
effects due to software limitations (JMP Statistical Discovery LLC, 2024), we evaluated the
potential impact of non-independence (multiple data points from the same replicate) using a
separate mixed-effects model (personality: restricted maximum likelihood). This model included
length of stage as the response variable, temperature, stage, and their interaction as categorical
explanatory variables, and egg mass ID as a random effect. Due to the inability of the mixed-
effects model to account for censored data points, we excluded all censored data points (Table 1)

from this analysis. We found that the random factor of egg mass ID had no significant effect on
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length of time in any species (A. glacialis: proportion of total variance = 22.1%, Wald p = 0.51,
N. australe proportion of total variance = 85.0%, Wald p = 0.09; Tritoniella belli: proportion of
total variance = 38.4%, Wald p = 0.36; Tritonia challengeriana proportion of total variance =
14.9%, Wald p = 0.58). Given the lack of a significant random effect in any species, we present

results from the initial GRM, which included the right-censored data points.

Mortality was 100% in some wells before any change in stage could be observed (Table
1), and these wells were removed from the analysis rather than right-censored because they
provided no information about stage length. Some other wells, including all replicates of N-I at -
1.8 C, went through the entire 223-d period with no change in stage (Table 1). These replicates
were also removed from the analysis as neither a start nor end date for the stage could be
established. In both cases, censored analyses are inappropriate as it requires the occurrence of an
event of interest (Turkson et al. 2021); in our study, a change in stage. In TC-MV, the number of
replicates that completed a full stage at +0.4 and +1 °C exceeded the initial number of replicates
because three replicates of TC-E went through three consecutive stage transitions (TC-E A TC-
EV A TC-MV A TC-LV), thus yielding length-of-stage data for both TC-EV and TC-MV (Table

1).
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RESULTS

i. Effect of temperature on survival: d60 embryos and larvae

Nearly all pycnogonid embryos and larvae survived the full 60-d incubation regardless of
temperature treatment, whereas nudibranchs exhibited greater mortality, particularly at higher
temperatures (Fig. 2). For A. glacialis, N. australe,and Tritoniella belli, we found no significant
effects of temperature, stage, or their interaction on the mean proportion of individuals that
survived to day 60 (Table 2, Models S1 to S3). Survival of Tritonia challengerianawas
significantly affected by temperature, but not stage, and there was no significant interaction
between stage and temperature (Table 2, Model S4). The random effect of egg mass was not
significant for any of the species (Table 4, Models S1 to S4). Post-hoc contrast tests revealed no
significant differences in survival between temperature treatments within stage for any species
except T. challengeriana where all stages (except TC-LV, where post-hoc tests could not be
performed due to a sample size of one), exhibited significantly lower survival at +4 °C, with 100%

mortality (Fig. 2).

ii. Effect of stage on proximate composition and energy content: d0 embryos and larvae

All embryonic and larval stages of the pycnogonids A. glacialis and N. australe were
primarily composed of protein and carbohydrate at d0, with smaller amounts of lipid (Fig. 3). The
early stages of Tritoniella belli and Tritonia challengerianawvere also mostly composed of protein
and lipid, but with smaller amounts of carbohydrate (Fig. 3). In the dO replicates of the
pycnogonids, all three major biochemical constituents were lower in the latest stage than in the

earliest, with protein content showing the greatest difference (Fig. 3). In the dO replicates of the
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nudibranchs, the protein and carbohydrate content of Tritoniella belli were lower in the latest stage
than in the earliest, while Tritonia challengerianadid not show any obvious differences in any
constituent (Fig. 3). In all stages, total energy content was lower in the latest stage than in the

earliest (Supplementary Table S2).

ii a. Ammothea glacialisdO

There was a significant effect of stage on PL (Model Al) and TG (Model A2) (Table 3).
Post-hoc Tukey-Kramer HSD tests showed that PL and TG content were significantly lower in A-
I11 than in A-E (Fig. 3, Supplementary Table S2). There was a significant effect of stage on total
lipid (Model A4), protein (Model A5), carbohydrate (Model A6), and total energy content of A.
glacialis(Model A7) at dO (Table 3). Post-hoc Tukey-Kramer HSD tests showed that protein, lipid,
carbohydrate, and total energy content were significantly lower in A-ll1 (the latest stage) than in

A-E (the earliest stage) (Fig. 4, Supplementary Table S2).

When we calculated total change in energy content from earliest to latest stage by
subtracting values for A-lll from A-E (Supplementary Table S2), energy content per individual
was 1405.5 + 121.1 mJ (mean £ SE of the difference) lower in A-111, with the difference in energy
content between the two stages primarily derived from a 27.5 £ 3.3 ug difference in protein (659.5
+ 80.1 mJ, accounting for 47% of total difference in energy; 50% of total difference in mass),
followed by a 11.3 £ 2.1 ug difference in lipid (448.5 £ 83.3 mJ, 32% of total difference in energy;
20% of total difference in mass), and a 16.6 = 1.7 ug difference in carbohydrate (290.4 = 30.4 ug,

21% of total difference in energy; 30% of total difference in mass).
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The relative composition of lipid classes changed from stage A-E to A-ll1. PL consistently
represented the largest proportion of total lipid mass at all stages (Fig. 3), and accounted for a
lower proportion of total lipid mass (54%) at stage A-E than at stage A-111 (92%). TG represented
45% of total lipid mass at stage A-E and 4% at stage A-111. Free fatty acids (FFA) made up a small

proportion of total lipid mass at all stages, ranging from 1% to 4%.

ii b. Nymphon austrated0

There was a significant effect of stage on PL (Model N1, Table 3). Post-hoc Tukey-Kramer
HSD tests found that PL was significantly lower in N-I1I than in N-E (Fig. 3, Supplementary Table
S2). Stage had a significant effect on total lipid (Model N4), protein (Model N5), carbohydrate
(Model N6), and total energy (Model N7) of the dO replicates of N. australe(Table 3). Post-hoc
Tukey-Kramer HSD tests showed that total protein was significantly lower in N-I1 (the latest stage

studied) than in N-E (the earliest stage) (Fig. 4, Supplementary Table S2).

When we calculated total change in energy content from earliest to latest stage by
subtracting the energetic content of N-11 from that of N-E (Supplementary Table S2), summed
energy content per individual was 653.8 £ 93.3 mJ (mean £ SE of the difference) lower in N-I1I,
with the difference in energy content primarily derived from a 22.2 + 5.2 ug difference in protein
(532.2 + 124.5 mJ, ~80% of total difference in energy; 86% of total difference in mass), and a 3.7
+ 1.5 ug difference in lipid (152.6 + 58.9 mJ, 20% of total difference in energy; 14% of total
difference in mass). The relative composition of lipid classes changed from stage N-E to N-II. PL
consistently represented the largest proportion of total lipid mass at all stages (Fig.4), and

accounted for a higher proportion at stage N-E (87%) than at stage N-I1 (71%). TG represented
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12% of total lipid mass at stage N-E and 29% at stage N-11. Free fatty acids (FFA) contributed less

than 1% of total lipid mass at both stages.

ii c. Tritoniella belli: dO

Stage had no significant effect on the quantity of any of the three lipid classes present
(Table 3, Models B1 to B3). Post-hoc Tukey-Kramer HSD tests found no significant differences
in the mass of any lipid class between stages (Fig. 3, Supplementary Table S2). Stage had a
significant effect on protein (Model B5), carbohydrate (Model B6), and total energy (Model B7)
of the dO replicates of T. belli (Table 3). Post-hoc Tukey-Kramer HSD tests found that protein,
carbohydrate, and total energy content were significantly lower in TB-LV than in TB-E (Fig. 4,

Supplementary Table S2).

When we calculated total change in energy content from earliest to latest stage by
subtracting values for TB-LV from TB-E (Supplementary Table S2), energy content per individual
was 163.9 + 143.3 mJ (mean * SE of the difference) lower in TB-LV, with the difference in energy
content primarily derived from a 6.0 + 5.9 ug difference in protein (143.7 + 143.2 mJ, 88% of total
difference in energy; 90% % of total difference in mass), a 0.3 + 1.1 ug difference in lipid (12.7 +
42.2 mJ, 8% of total difference in energy; 4% of total difference in mass), and a 0.4 + 0.4 ug
difference in carbohydrate (7.6 + 7.6 mJ, 4% of total difference in energy; 6% of total difference
in mass). The relative composition of lipid classes changed from stage TB-E to TB-LV. PL
consistently represented the largest proportion of total lipid mass at all stages (Fig. 4), accounting
for 93% of total lipid mass at stage TB-E and 72% at stage TB-LV. TG comprised 7% of total lipid
mass at stage TB-E and 24% at stage TB-LV. FFA represented between 1% and 4% of total lipid

mass across both stages.

85



ii d. Tritonia challengerianadO

Stage did not have a significant effect on any of the constituent types, lipid classes, or total
energy of the dO replicates of T. challengeriana(Table 3, Models C1 to C7). Post-hoc Tukey-
Kramer HSD tests found no significant differences between stages (Figs. 4 and 5, Supplementary

Table S2).

When we calculated total change in energy content from earliest to latest stage by
subtracting values for TC-LV from TC-E (Supplementary Table S2), energy content per individual
was 64.8 + 30.1 mJ (mean + SE of the difference) lower in TC-LV, with the difference in energy
content primarily derived from a 1.1 + 0.4 ug difference in lipid (42.3 £ 16.7 mJ 65% of total
difference in energy; 50% of total difference in mass), a 0.5 + 0.6 ug difference in protein (12.5 +
13.3 mJ, 20% of total difference in energy; 23% of total difference in mass), and a 0.6 + 0.2 ug
difference in carbohydrate (9.7 £ 2.6 mJ, 15% of total difference in energy; 27% of total difference
in mass). The relative composition of lipid classes changed from stage TC-E to TC-LV. PL
consistently represented the largest proportion of total lipid mass at all stages (Fig. 4), with 92%
at stage TC-E and 76% at stage TC-LV. TG accounted for 6% of total lipid mass at stage TC-E

and 18% at stage TC-LV. FFA contributed between 2% and 6% of total lipid mass at all stages.

iii. Effects of temperature and temperature-stage interactions on proximate composition and

energy content: d60 embryos and larvae

Within each species and stage of the d60 replicates, there was a trend toward lower energy
content with increasing temperature. The effect of temperature on the mass of each lipid class and

constituent type differed between species and stage. While the effects of stage in the d60 analyses
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were broadly similar to those found in the dO analyses (Table 3), differences were noted in
statistical significance in the following models: total lipid, protein, and carbohydrate content in N.
australe carbohydrate and total energetic content in Tritoniella belli, and carbohydrate content in

Tritonia challengerianaand are discussed in their appropriate section.

iiil a. Ammothea glacialisd60

Temperature had a significant effect on PL (Table 4, Model A8). This relationship appeared
to be driven by the A-E stage, which contained more PL per individual when reared at intermediate
temperatures (-0.4 and +1°C) than at the coldest and warmest treatments (-1.8 and +4 °C) (Fig. 5).
Stage had a significant effect, with PL content generally lower at later stages (Table 4, Model A8;
Fig. 5); this was consistent with the effect of stage found in the dO model (Table 3, Model Al).
There was a significant interaction between stage and temperature for PL (Table 4, Model A8).
The random effect of egg mass was also significant, explaining 34% of the total variance in PL
(Table 4, Model A8, Supplementary Fig. S2). Post-hoc Tukey Kramer HSD tests found that
embryos (A-E) in the -0.4 and +1 °C treatments contained significantly more PL than the -1.8 °C
treatment (Supplementary Table S3; Fig. 5). No other significant differences were observed

between temperature treatments within stage.

Temperature had a significant effect on TG (Table 4, Model A9). This relationship
appeared to be driven by the A-E stage, which contained more TG when reared at higher
temperatures (Fig. 5). Stage had a significant effect, with TG content generally lower at later stages
(Table 4, Model A9; Fig. 5); this was consistent with the effect of stage found in the dO model
(Table 3, Model A2). There was a significant interaction between stage and temperature for TG

(Table 4, Model A9). The random effect of egg mass was significant and explained 66% of the
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total variance in TG (Table 4, Model A9, Supplementary Figure S2). Post-hoc Tukey Kramer HSD
tests found that the +4 treatment of A-E contained significantly more TG than the -1.8 °C treatment
(Supplementary Table S3; Fig. 5). No other significant differences were observed between

temperature treatments within stage.

Temperature had a significant effect on FFA (Table 4, Model A10). This relationship
appeared to be driven by higher FFA content at the -0.4 °C treatment than at all other treatments
in all stages (Fig. 5). There was no significant effect of stage (Table 4, Model A10); this was
consistent with the dO model (Table 3, Model A3). There was no significant interaction between
stage and temperature FFA (Table 4, Model A10). The random effect of egg mass was not
significant (Table 4, Model A10). Post-hoc Tukey Kramer HSD tests found that the -0.4 °C
treatment of A-E had significantly more FFA than the +4 °C treatment in A-E, A-l and A-IlI
(Supplementary Table S3; Fig. 5). No other significant differences were observed between

temperature treatments within stage.

Temperature had a significant effect on total lipid (= summed mass of all lipid classes)
(Table 4, Model Al11). This relationship appeared to be driven by the A-E stage, which contained
more lipid at warmer temperatures (Fig. 6). Stage had a significant effect, with total lipid content
generally lower at later stages (Table 4, Model Al11; Fig. 6); this was consistent with the effect of
stage found in the dO model (Table 3, Model A4). There was a significant interaction between
stage and temperature for total lipid (Table 4, Model A11). The random effect of egg mass ID was
significant and explained 73% of the variation in the model (Table 4, Model Al11, Supplementary
Figure S2). Post-hoc Tukey-Kramer HSD tests found that A-E incubated at -0.4, +1, and + 4 °C
had significantly more lipid than those incubated at -1.8 °C (Supplementary Table S3; Fig. 6). No

other significant differences were observed between temperature treatments within stage.
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Temperature had a significant effect on protein (Table 4, Model A12). This relationship
appeared to be driven by A-11, which had lower protein at warmer temperatures (Fig. 6). Stage had
a significant effect, with protein content generally lower at later stages (Table 4, Model A12; Fig.
6); this was consistent with the effect of stage found in the d0 model (Table 3, Model A5). There
was no significant interaction between stage and temperature for protein (Table 4, Model A12).
The random effect of egg mass ID was significant and explained 64% of the variation in the model
(Table 4, Model A12, Supplementary Figure S2). Post-hoc Tukey-Kramer HSD tests found that
A-Il incubated at + 4 °C contained significantly less protein than those incubated at -1.8, -0.4 and
+1 °C (Supplementary Table S3; Fig. 6). No other significant differences were observed between

temperature treatments within stage.

Temperature had no significant effect on carbohydrate (Table 4, Model A13). Stage had a
significant effect, with carbohydrate content generally lower in A-11 and A-111 than in A-E and A-
| (Table 4, Model A13; Fig. 6); this was consistent with the effect of stage found in the dO model
(Table 3, Model A6). There was a significant interaction between stage and temperature for
carbohydrate (Table 4, Model A13). The random effect of egg mass ID was significant and
explained 49% of the variation in the model (Table 4, Model A13, Supplementary Figure S2).
Post-hoc Tukey-Kramer HSD tests found no significant differences between temperature

treatments within stage.

Temperature had no significant effect on total energy content (= summed energy
equivalents of PL, TG, FFA, protein, and carbohydrate for each replicate) (Table 4, Model A14).
However, there were two trends in the data: first, in A-E, there appeared to be higher energy
content at warmer temperatures, and second, in A-11, there appeared to be lower energy content at

warmer temperatures (Fig. 7). Stage had a significant effect, with total energy content generally

89



lower at later stages (Table 4, Model A14; Fig. 7); this was consistent with the effect of stage found
in the dO model (Table 3, Model A7). There was a significant interaction between stage and
temperature for energy content (Table 4, Model Al4). The random effect of egg mass ID was
significant and explained 76% of the variation in the model (Table 4, Model A12, Supplementary
Figure S2). Post-hoc Tukey-Kramer HSD tests found that -1.8 °C treatments of A-E had
significantly lower energy content than the -0.4, +1 and +4 treatments, and that the +4 °C treatment
of A-11 had significantly lower energy content that the -1.8 and -0.4 °C treatments (Supplementary
Table S3; Fig. 5). No other significant differences were observed between temperature treatments

within stage.

il b. Nymphon austrated60

Temperature had a significant effect on PL (Table 5, Model N8). This relationship appeared
to be driven by both N-E and N-I, which contained more PL at intermediate temperatures (-0.4
and +1°C) than at the coldest and warmest treatments (-1.8 and +4 °C) (Fig. 5). Stage had a
significant effect, with PL content generally lower at later stages (Table 5, Model N8; Fig. 5); this
was consistent with the effect of stage found in the d0 model (Table 3, Model N1). There was a
significant interaction between stage and temperature for PL (Table 5, Model N8). The random
effect of egg mass was not significant (Table 5, Model N8). Post-hoc Tukey Kramer HSD tests
found that the +1 °C treatment of A-E had significantly more PL than the -1.8 °C treatment, and
the +1 °C treatment of N-I had significantly more PL content than the -1.8 and +4 °C treatments
(Supplementary Table S3; Fig. 5). No other significant differences were observed between

temperature treatments within stage.

90



Temperature had no significant effect on TG (Table 5, Model N9). There was no significant
effect of stage (Table 5, Model N9); this was consistent with the dO model (Table 3, Model N2).
There was no significant interaction between stage and temperature for TG (Table 5, Model N9).
The random effect of egg mass was significant and explained 53% of the variance (Table 5, Model
N9, Supplementary Figure S2). Post-hoc Tukey Kramer HSD tests found that the +4 treatment of
A-E had significantly more PL than the -1.8 °C treatment (Supplementary Table S3; Fig. 5). Post-
hoc Tukey-Kramer HSD tests found no significant differences between temperature treatments

within stage.

Temperature had a significant effect on FFA (Table 5, Model N10). This relationship
appeared to be driven by a general trend of higher FFA content at the -1.8 and -0.4 °C treatments
than at +1 and +4 °C treatments in all stages (Fig. 5). There was no significant effect of stage
(Table 5, Model N10); this was consistent with the d0 model (Table 3, Model N3). There was no
significant interaction between stage and temperature FFA (Table 5, Model N10). The random
effect of egg mass was significant and explained 60% of the variance (Table 5, Model N10,
Supplementary Figure S2). Post-hoc Tukey Kramer HSD tests found that the -1.8 °C treatment
had significantly more FFA than the +1 and +4 °C treatments in N-E, and that the -0.4 °C treatment

had significantly higher FFA content than the +1 and +4 °C treatments in N-I and N-II.

Temperature had a significant effect on total lipid (= summed mass of all lipid classes)
(Table 5, Model N11). This relationship was driven by N-E and N-I, which contained more lipid
when reared at warmer temperatures (Fig. 6). Stage had a significant effect, with total lipid content
generally lower at later stages (Table 5, Model N11; Fig. 6); this was different from the
insignificant effect of stage found in the dO model (Table 3, Model N4). There was a significant

interaction between stage and temperature for lipid (Table 5, Model N11). The random effect of
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egg mass ID was not significant (Table 5, Model N11). Post-hoc Tukey-Kramer HSD tests found
that N-E incubated at +1 °C had significantly more lipid than those incubated at -1.8 °C, and that
N-I incubated at -0.4 and +1 °C had significantly more lipid than those incubated at -1.8 °C
(Supplementary Table S3; Fig. 6). No other significant differences were observed between

temperature treatments within stage.

Temperature had a significant effect on protein (Table 5, Model N12). This relationship
was driven by N-II, which contained less protein when reared at warmer temperatures (Fig. 6).
Stage had a significant effect, with protein content generally lower at later stages (Table 5, Model
N12; Fig. 6); this was different from the insignificant effect of stage found in the dO model (Table
3, Model N5). There was no significant interaction between stage and temperature for protein
(Table 5, Model N12). The random effect of egg mass ID was significant and explained 83% of
the variation in the model (Table 5, Model N12, Supplementary Figure S2). Post-hoc Tukey-
Kramer HSD tests found that N-II incubated at +4 °C had significantly less protein than those
incubated at -1.8 °C (Supplementary Table S3; Fig. 6). No other significant differences were

observed between temperature treatments within stage.

Temperature had no significant effect on carbohydrate (Table 5, Model N13). There was
no significant effect of stage (Table 5, Model N13); this was different from the significant effect
of stage found in the dO model (Table 3, Model N6). There was no significant interaction between
stage and temperature for carbohydrate (Table 5, Model N13). The random effect of egg mass ID
was not significant (Table 5, Model N13). Post-hoc Tukey-Kramer HSD tests found no significant

differences between temperature treatments within stage.

Temperature had a significant effect on total energy content (= summed energy equivalents

of PL, TG, FFA, protein, and carbohydrate for each replicate) (Table 5, Model N14). This
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relationship was driven by N-II, which had lower energy content when reared at warmer
temperatures (Fig. 7). Stage had a significant effect, with energetic content generally lower at later
stages (Table 5, Model N14; Fig. 7); this was consistent with the effect of stage found in the d0
model (Table 3, Model N7). There was no significant interaction between stage and temperature
for energy content (Table 5, Model N14). The random effect of egg mass ID was significant,
explaining 69% of the variation in the model (Table 5, Model N14, Supplementary Figure S2).
Post-hoc Tukey-Kramer HSD tests found that the +4 °C treatment of N-II had significantly less
energy than the -1.8 °C treatment (Supplementary Table S3; Fig. 7). No other significant

differences were observed between temperature treatments within stage.

iii c. Tritoniella belli: d60

Temperature had a significant effect on PL (Table 6, Model B8). This relationship was
driven by both TB-EV and TB-MV, which had less PL when reared at higher temperatures (Fig.
5). There was no significant effect of stage (Table 6, Model B8); this was consistent with the d0
model (Table 3, Model B1). There was no significant interaction between stage and temperature
(Table 6, Model B8). The random effect of egg mass was not significant (Table 6, Model B8).
Post-hoc Tukey-Kramer HSD tests found no significant differences between temperature

treatments within stage.

Temperature had no significant effect on TG (Table 6, Model B9). There was no significant
effect of stage (Table 6, Model B9); this was consistent with the d0O model (Table 3, Model B2).
There was no significant interaction between stage and temperature (Table 6, Model B9). The
random effect of egg mass was not significant (Table 6, Model B9). Post-hoc Tukey-Kramer HSD

tests found no significant differences between temperature treatments within stage.
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Temperature had no significant effect on FFA (Table 6, Model B10). There was no
significant effect of stage (Table 6, Model B10); this was consistent with the dO model (Table 3,
Model B3). There was no significant interaction between stage and temperature (Table 6, Model
B10). The random effect of egg mass was not significant (Table 6, Model B10). Post-hoc Tukey-

Kramer HSD tests found no significant differences between temperature treatments within stage.

Temperature had a significant effect on total lipid (= summed mass of all lipid classes)
(Table 6, Model B11). This relationship was driven by stage TB-LV, which had more lipid when
reared at -0.4 °C than at other temperatures (Fig. 6). There was no significant effect of stage (Table
6, Model B11); this was consistent with the dO model (Table 3, Model B4). There was no
significant interaction between stage and temperature for lipid (Table 6, Model B11). The random
effect of egg mass ID was not significant (Table 6, Model B11). Post-hoc Tukey-Kramer HSD
tests found that TB-LV incubated at -0.4 °C had significantly more lipid than those incubated at
+4 °C (Supplementary Table S3; Fig. 6). No other significant differences were observed between

temperature treatments within stage.

Temperature had a significant effect on protein (Table 6, Model B12). This relationship
was driven by TB-MV and TB-LV, which had less protein when reared at higher temperatures
(Fig. 6). Stage had a significant effect, with protein content generally lower at TB-LV than at TB-
E, TB-EV and TB-MV (Table 6, Model B12; Fig. 6); this was consistent with the effect of stage
found in the dO model (Table 3, Model B5). There was no significant interaction between stage
and temperature (Table 6, Model B12). The random effect of egg mass ID was not significant
(Table 6, Model B12). Post-hoc Tukey-Kramer HSD tests found no significant differences

between temperature treatments within stage.
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Temperature had no significant effect on carbohydrate (Table 6, Model B13). There was
no significant effect of stage (Table 6, Model B13); this was different from the significant effect
of stage found in the dO model (Table 3, Model B6). There was no significant interaction between
stage and temperature (Table 6, Model B13). The random effect of egg mass ID was not significant
(Table 6, Model B13). Post-hoc Tukey-Kramer HSD tests found no significant differences

between temperature treatments within stage.

Temperature had a significant effect on total energy content (= summed energy equivalents
of PL, TG, FFA, protein, and carbohydrate for each replicate) (Table 6, Model B14). This
relationship effect was driven by a general trend of lower energy content when reared at higher
temperatures in all stages, except for TB-EV where the -0.4 °C treatment had the highest energy
content (Fig. 7). There was no significant effect of stage (Table 6, Model B14); this was different
from the significant effect of stage found in the dO model (Table 3, Model B7). There was a
significant interaction between stage and temperature (Table 6, Model B14). The random effect of
egg mass ID was not significant (Table 6, Model B14). Post-hoc Tukey-Kramer HSD tests found
that the +4 °C treatment of TB-MV had significantly higher energy content that the -1.8 °C
treatment (Supplementary Table S3; Fig. 7). No other significant differences were observed

between temperature treatments within stage.

iil d. Tritonia challengerianad60

Temperature had no significant effect on PL (Table 7, Model C8). There was no significant
effect of stage (Table 7, Model C8); this was consistent with the dO model (Table 3, Model C1).

There was no significant interaction between stage and temperature (Table 7, Model C8). The
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random effect of egg mass was not significant (Table 7, Model C8). Post-hoc Tukey-Kramer HSD

tests found no significant differences between temperature treatments within stage.

Temperature had no significant effect on TG (Table 7, Model C9). There was no significant
effect of stage (Table 7, Model C9); this was consistent with the d0 model (Table 3, Model C2).
There was no significant interaction between stage and temperature (Table 7, Model C9). The
random effect of egg mass was not significant (Table 7, Model C9). Post-hoc Tukey-Kramer HSD

tests found no significant differences between temperature treatments within stage.

Temperature had no significant effect on FFA (Table 7, Model C10). There was no
significant effect of stage (Table 7, Model C10); this was consistent with the dO model (Table 3,
Model C3). There was no significant interaction between stage and temperature (Table 7, Model
C10). The random effect of egg mass was not significant (Table 7, Model C10). Post-hoc Tukey-

Kramer HSD tests found no significant differences between temperature treatments within stage.

Temperature had no significant effect on total lipid content (= summed mass of all lipid
classes) (Table 7, Model C11). There was no significant effect of stage (Table 7, Model C11); this
was consistent with the dO model (Table 3, Model C4). There was no significant interaction
between stage and temperature (Table 7, Model C11). The random effect of egg mass was not
significant (Table 7, Model C11). Post-hoc Tukey-Kramer HSD tests found no significant

differences between temperature treatments within stage.

Temperature had no significant effect on protein (Table 7, Model C12). There was no
significant effect of stage (Table 7, Model C12); this was consistent with the dO model (Table 3,
Model C5). There was no significant interaction between stage and temperature for total protein

(Table 7, Model C12). The random effect of egg mass was not significant (Table 7, Model C12).
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Post-hoc Tukey-Kramer HSD tests found no significant differences between temperature

treatments within stage.

Temperature had no significant effect on total carbohydrate (Table 7, Model C13). Stage
had a significant effect, with carbohydrate content generally lower at later stages (Table 7, Model
C13; Fig. 6); this was different from the insignificant effect of stage found in the dO model (Table
3, Model C6). There was no significant interaction between stage and temperature (Table 7, Model
C13). The random effect of egg mass ID was not significant (Table 7, Model C13). Post-hoc
Tukey-Kramer HSD tests found no significant differences between temperature treatments within

stage.

Temperature had a significant effect on total energy content (Table 7, Model C14). This
relationship was driven by a general trend of lower energy content when raised at warmer
temperature in all stages (Fig. 7). There was no significant effect of stage (Table 7, Model C14);
this was consistent with the dO model (Table 3, Model C7). There was no significant interaction
between stage and temperature (Table 7, Model C14). The random effect of egg mass ID was not
significant (Table 7, Model C14). Post-hoc Tukey-Kramer HSD tests found no significant

differences between temperature treatments within stage.

iv. Effect of temperature on length of stage: 223-d incubations

Development was slow and not all replicates passed through a complete stage during the
223-d incubation and observation period (Table 1). Across all four species, estimated length of
stage was always longest at the coldest treatment and decreased with temperature; this effect was

significant in three out of four species. Our models incorporated right-censored data, and in some
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cases, stage duration estimates were based entirely on censored observations. A visual comparison
of least-squares means of stage duration from GRMs with right-censored data, and means

calculated from only complete observations, is given in Supplementary Figure S3.

iv. a. Ammothea glacialis

For A-1 and A-11, stage, but not temperature, had a significant effect on length of stage and
there was no significant interaction between the two factors (Table 8; Model D1). Estimated length
of stage A-l1 was longest at -1.8 (mean duration £ SE = 259.9 + 404.4d, n = 3 censored observations;
all data for this stage were generated from censored observations, leading to a large margin of
error), and shortest at +4 °C (134.8 £ 12.2 d, n = 3 complete observations and n = 2 censored
observations) (Supplementary Table S7). Estimated length of stage A-1l was longest at -1.8 (116.7
+14.7 d, n = 3 complete observations and n = 2 censored observations) and shortest at +1 °C (69.8
+11.5d, n =5 complete observations) (Supplementary Table S7; Fig. 8). Post-hoc Tukey-Kramer
HSD tests did not find significant differences between temperature treatments for either stage

(Supplementary Table S7, Fig. 8).

iv b. Nymphon australe

None of the -1.8 °C treatments of N-1 changed stage over the observation period (Table 1)
so we could not estimate length of N-I at this temperature (Table 8). Due to the missing category,
the interaction term between stage and temperature could not be estimated for N. australe Both
temperature and stage had a significant effect on stage length (Table 8; Model D2), with N-1 shorter

than N-11 in general (Fig. 8). In treatments of N-I where replicates progressed through at least one
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stage, estimated length of stage was longest at -0.4 (mean duration + SE =122.8 + 294.3d,n =4
censored observations; all data for this stage were generated from censored observations, leading
to a large margin of error) and shortest at +4 °C (64.5 + 4.3 d, n = 6 complete observations),
although there were no significant differences between temperature treatments detected by post-
hoc tests (Supplementary Figure S7). Estimated length of stage N-I1 was longest at -1.8 (218.2 +
195.0 d, n = 4 censored observations; all data for this stage were generated from censored
observations, leading to a large margin of error) and shortest at +4 °C (78.0 £ 4.7 d, n =5 complete
observations) (Supplementary Figure S7, Fig. 8). Post-hoc Tukey-Kramer HSD tests found that
length of stage N-I1 at +4 °C was significantly shorter than at -0.4 and +1°C (Supplementary Table

S7, Fig. 8).

iv c. Tritoniella belli

In the -1.8 and -0.4 °C treatments of TB-EV, all larvae died before they could progress
through a stage (Table 1), and these replicates were removed from the data set, therefore we could
not estimate length of stage at these temperature treatments (Supplementary Table S7, Fig. 8).
Consequently, the interaction term between stage and temperature could not be estimated for T.
belli. Both temperature and stage had significant effects on stage length (Table 8, Model D3). The
interaction between the two factors could not be evaluated as all treatments of TB-EV died before
progressing through a stage at -1.8 and -0.4 °C. In TB-EV, estimated length of stage was longer at
+1 (mean duration £ SE = 27.0 + 21.3 d, n = 1 complete observation) than at +4 °C (14 + 15.1 d,
n = 2 complete observations), however post-hoc Tukey-Kramer HSD tests found no significant
difference between these treatments (Supplementary Table S7, Fig. 8). In TB-MV, estimated

length of stage was longest at -1.8 (173.3 £ 11.0 d, n = 3 complete observations and n = 2 censored
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observations) and shortest at +4 °C (73.5 £ 10.7 d, n = 4 complete observations) (Supplementary
Table S7). Post-hoc tests found that estimated length of stage TB-MV was significantly longer at

-1.8 °C than at the warmer temperatures (Supplementary Table S7, Fig. 8).

iv d. Tritonia challengeriana

All T. challengerianareplicates incubated at +4 °C died before completing a stage, so no
data from that stage/temperature combination were collected and the analysis was conducted on
the lower three temperatures only. For TC-EV and TC-MV, stage and temperature both had
significant effects on stage length (Table 8; Model D4), with TC-EV generally taking a shorter
time to progress through the stage than TC-MV (Fig. 8). There was a significant interaction
between the two factors (Table 8; Model D4). In TC-EV, estimated length of stage was longest at
-1.8 (mean duration £ SE = 60.0 + 11.6 d, n = 3 complete observations) and shortest at +1 °C (37.0
+ 11.6 d, n = 3 complete observations) (Supplementary Figure S7), however post-hoc Tukey-
Kramer HSD tests found no significant differences between treatments. In TC-MV, estimated
length of the stage was also longest at -1.8 °C (179.2 £ 9.9d, n = 2 complete observations and n =
4 censored observations) and shortest at +1°C (81.3 + 8.2 d, n = 6 complete observations)
(Supplementary Figure S7). Post-hoc tests found that length of the stage TC-MV was significantly

longer at -1.8 than at -0.4 or +1 °C (Supplementary Table S7, Fig. 8).
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DISCUSSION

i. Changes in proximate composition over early development

Protein and lipid are the two major constituents in the eggs of most marine invertebrates,
with carbohydrates generally occuring in smaller amounts (Giese 1966, George et al. 1997, Marsh
et al. 1999, Moran and Manahan 2003, Prowse et al. 2008, Zamora et al. 2020). We found that for
our four species, protein constituted the largest proportion of organic mass for all stages. Changes
in protein accounted for the largest proportion of change in mass between stages across all species
except T. challengerianawhere there was no significant change in mass of any major constituent
between stages. Because whole-animal protein content reflects a balance between synthesis and
degradation (Vavra and Manahan 1999), a decline in protein content across stages suggests that
catabolism exceeded synthesis over time. Protein catabolism as an energy source has been
demonstrated or inferred in various invertebrate taxa (e.g., Millar and Scott 1967; Lucas et al. 1979;
Whyte et al. 1987; Whyte et al. 1992; Vavra & Manahan 1999; Moran & Manahan 2003, Zamora
et al. 2020), and appears to be an important source of energy for fueling morphogenesis and
development in at least three of these four Antarctic species as well. While to our knowledge, the
proximate composition of embryos and larvae has not been quantified in pycnogonids (Antarctic
or otherwise) or in Antarctic molluscs, reliance on protein as a major energy source during early
development is consistent with patterns observed in some Antarctic echinoderms (Shilling and
Manahan 1994) and crustaceans (Thatje et al. 2004), as well as some non-Antarctic molluscs (e.g.

Jaeckle and Manahan 1989, Moran and Manahan 2003, 2004).

In our four species, lipids were the smallest proportion by mass in dO samples of all four
species (between 10 to 26% in the pycnogonids, and 11 to 19% in the nudibranchs) and contributed
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the least to overall difference in mass between the earliest and latest stages, except in T.
challengerianawhere no significant change in mass of any constituent was detected. The
proportion by mass of lipid in eggs and larvae varies considerably in Antarctic invertebrate taxa,
ranging from more than 50% (e.g. the eggs of the urchin Abatus shackletonas in McClintock and
Pearse 1986) to less than 5% (e.g. the decapodid stage of the caridean shrimp Campylonotus
vagans as in Thatje et al. 2004). Lipids are the most energy-dense macromolecules for storage
(Crisp 1971, Gnaiger 1983), and lipid catabolism has been demonstrated or inferred to supply
energy for development of various invertebrate taxa (e.g. McClintock and Pearse 1986, Jaeckle
and Manahan 1989, Shilling and Manahan 1994, George et al. 1997, Moran and Manahan 2004,
Thatje et al. 2004, Moore 2006, Thatje et al. 2018). In the pycnogonids, lipid content was generally
lower with increasing stage (although this pattern was only significant in A. glacialig, suggesting
some reliance on lipid for energy, albeit to a lesser extent than protein. In the nudibranchs, there
was no discernable change in lipid content between stages, suggesting that these two species may
not rely on lipid as an energy source for development, or that the change was too small to detect
using our methods. All four species had very low lipid-to-protein ratios (0.12 to 0.32 in the
pycnogonids and 0.09 to 0.19 in the nudibranchs), which may be an adaptive trait to reduce
buoyancy, as seen in other benthic developers (Giese 1966, Phleger et al. 1997, Zamora et al. 2020).
A lipid-to-protein ratio of 2.98 confers positive buoyancy, 2.62 and 2.15 confer neutral-negative
buoyancy, and 0.96 and 0.8 confer strong negatively buoyant (Zamora et al. 2020); in our species,
the ratios are much lower, indicating strong negative buoyancy, consistent with their benthic
development.Within lipid classes, phospholipids (PL) made up the greatest proportion of total lipid
mass, followed by TG and then free fatty acids (FFA) in all four species. PL plays a structural role

as a major component of cell membranes, and increases with greater cell number in developing
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systems (Marsh et al. 1999, Moore 2006). Some taxa also metabolize it for energy, as has been
shown for the puerulus stage of the spiny lobster (Jeffs et al. 2001) and adult Antarctic krill (Hagen
et al 2001). In all four species, PL content was generally lower at later stages (although this pattern
was only significant in the pycnogonids), suggesting that the amount of PL synthesized due to the
increase in cell number caused by growth was lower than the amount of PL catabolized over
development. This implies that PL could serve as an energetic substrate in these species. A.
glacialis was the only species that had significantly lower TG content at later stages compared to
the earliest. TG constitutes the main storage lipid in many invertebrates (Holland 1978, Moore
2006), and is the primary lipid class catabolized to supply energy for development in many taxa
(e.g. Moran and Manahan 2003, Sewell 2005, Prowse et al. 2007). FFAs were present at low levels
in the stages of all four species, and did not change between early and late stages, consistent with
their role as an intermediate during the catabolism of more complex lipids (reviewed in Prentki
and Madiraju 2012, Berg et al. 2019), and as signaling molecules in various cellular processes

(reviewed in Hara et al. 2014).

Individual lipid classes are also known to act as precursors for other lipid classes (Mohri
1964, Barber and Mead 1975, Kozhina et al. 1978, Yasumasu et al. 1984, Sewell 2005, Imbs and
Grigorchuk 2019. For example, in the sea urchin Paracentrotus lividusradiolabeled tracer
experiments showed that free fatty acids generated from the catabolism of storage lipids were
incorporated into phospholipids (Mohri 1964). Although similar studies have not been conducted
on pycnogonids, these patterns suggest that the lower content of TG at later stages in A. glacialis
may not be solely due to catabolism for energy, but may also reflect some degree of conversion
into PL. Thus, between each stage, measured decreases in per-larva TG values may reflect both its

use as an energy source and its conversion into PL, while for PL, decreases between stages may
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represent a balance of catabolism and anabolism from TG-derived FFAs. To better understand
lipid dynamics and energetics in these species, future studies should quantify the extent to which
individual lipid classes are catabolized for energy or act as precursors for the synthesis of other

lipid classes in embryos and larvae.

Among marine invertebrates, carbohydrates tend to make up a smaller proportion of per-
individual embryonic and larval organic content (as calculated from the sum of protein, lipid, and
carbohydrate) than other constituent types, between 2 to 17% in molluscs (Moran and Manahan
2003, 2004, Matias et al. 2011, McMullin et al. 2024) and 1-11% in arthropods (Pandian 1970,
Anger et al. 1984, Clarke 1992, Garcia-Guerrero et al. 2003, Srijaya et al. 2011). The embryos and
larvae of the pycnogonids in this study, however, contained comparatively higher proportions of
carbohydrate (between 32 to 57% of total organic content). One major role for carbohydrates in
arthropods is the formation of the cuticle, which is composed primarily of chitin, a carbohydrate
(Merzendorfer and Zimoch 2003, Cohen 2010). The high carbohydrate proportion of sea spiders
could reflect a comparatively large amount of cuticle in this clade, since sea spiders have very high
surface areas relative to their volumes (Douglas et al. 1969, Lane et al. 2017, Shishido et al. 2019).
Alternatively, carbohydrates could play some other structural or metabolic function. Further
research is needed to determine whether high carbohydrate content is widespread across the class
and whether it plays a structural or energetic role. In the nudibranchs, carbohydrates made up 9-
13% of total organic mass, which is within the range reported for other molluscan embryos and
larvae, from ~2% in the abalone Haliotis fulgens(Moran and Manahan 2003) to ~17% in the clam
RuditapesdecussatugMatias et al. 2011). Per-individual carbohydrate mass exhibited little

difference between stages, consistent with other studies that find it to be of minor energetic
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importance in molluscan larval development (Jaeckle and Manahan 1989, Moran and Manahan

2003, Matias et al. 2011).

ii. Discrepancy between organic mass guantified by two methods

Proximate composition and ash-free dry weight are two common ways to estimate mass of
animal tissue (reviewed in Moran and McAlister 2009). In Chapter 1, | showed AFDW data for all
larvae from stages of the two pycnogonid species, collected in 2019; in this chapter, we showed
proximate composition of the same species and stages, collected in 2021. Although these two
methods should in theory give similar estimates of mass, for five out of the seven pycnogonid
stages and species in our datasets, organic mass was greater when calculated from the sum of
protein, lipid, and carbohydrate than for AFDW; for the remaining two, the reverse was true (Table

7).

In many studies of invertebrate larvae, AFDW estimates tend to exceed the sum of
proximate constituents; the deficit is called the ‘remainder fraction’ (Jaeckle and Manahan 1989,
Pernet and Jaeckle 2004) and is generally attributed to some combination of under-extraction of
protein or lipid, or an underestimation of protein or lipid by assay methods (reviewed in Moran
and McAlister 2009). In AFDW measurements, the presence of various salts can cause either over-
or underestimation of organic content. Intracellular salts can retain water at drying temperatures
but release it during ashing, causing an overestimate of AFDW by artificially increasing the initial
dry weight; in contrast, hygroscopic external salts absorb moisture after ashing, leading to an
overestimate of residual ash weight and an underestimate of AFDW (Moreno et al., 2001, Moran

and McAlister 2009). When the sum of proximate components exceeds AFDW, as observed in
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five out of the seven pycnogonid stages and species in our datasets, it may indicate an
underestimation of AFDW, caused by external salts absorbing moisture after the ashing process.
However, we think this is unlikely because samples were always kept in a desiccator while not
being actively weighed, dried, or ashed. Another possibility is under-counting of the number of
embryos or larvae in the sample, although we considered this unlikely, as the number of
pycnogonid larvae per replicate was small (ranging from 2 to 11). Likewise, AFDW and proximate
composition estimates of biomass were quite similar between some stages (e.g. A-Il, N-I, N-11)
and in two, AFDW mass was lower than mass estimates from summed constituents (A-E, A-111)
(Table 7). This suggests that systematic methodological issues are not likely to be the source of
the discrepancies. Instead, we think a more likely explanation for these discrepancies is differences
in biomass between larvae collected in different years, possibly due to the age of larvae within

stages or maternal effects.

iii. Effects of Temperature

iii a. Temperature andusvival

Nearly all A. glacialisand N. australeembryos and larvae survived across temperature
treatments. In contrast, the two species of nudibranch had higher mortality than the pycnogonids,
with all stages of T. challengerianaxperiencing 100% mortality at +4 °C, while Tritoniella belli
exhibited stage-specific survival patterns. While mortality did not appear to be temperature-related
for T. belli, the complete loss of all Tritonia challengerianaeplicates at +4 °C suggests a lower

thermal tolerance of embryos of this species compared to the others.
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To our knowledge, previous studies on the thermal tolerance of Antarctic ectotherm
embryos and larvae have only been conducted on a handful of taxa including echinoderms
(Sterechinus neumayeBtanwell-Smith and Peck 1998, Ericson et al. 2011, Byrne et al. 2013),
fish (Gymnodraco acuticep&lynn et al. 2015), and krill (Euphausia superhauetin and Ross
1988). The embryos of S. neumayetblerate slight warming (up to +3 °C) but often show reduced
survival and developmental viability (Stanwell-Smith and Peck 1998, Ericson et al. 2011, Byrne
etal. 2013), while G. acuticepsmbryos experience increased mortality at +2 °C compared to -1 °C
(Flynn et al. 2015). Our finding of reduced survival in T. challengerianat +4 °C broadly aligns
with these trends of higher mortality at elevated temperatures. However, not all studies report
increased mortality with warming; for example, the larvae of E. superbadevelop normally at 0,

+1, and +2 °C but exhibit reduced viability at -1 °C (Quetin and Ross 1988).

As our experiments were all performed in a laboratory setting, survival may have been
affected by temperature in ways that would not occur in the field. Mortality was higher in the
nudibranchs overall, in ways that were not obviously related to temperature, especially for
Tritoniella belli. Unlike the sea spiders, nudibranch embryos in the field are contained in
gelatinous egg masses which may provide both physical and chemical defenses against microbial
consumers (Benkendorff et al., 2005), and in all of our experiments, the nudibranch embryos were
removed from these protective casings. Ciliates were observed in the wells of one replicate of
Tritoniella belli (TB- EV n=1) and five replicates of Tritonia challengeriangdTC-E n=3, TC-MV
n=1, TC-LV n=1) (Supplementary Fig. S1) and may have been present in other wells as well.
Ciliates and bacteria may have driven some of the mortality we saw, independently of temperature;
likewise, we cannot rule out the possibility that higher temperatures exacerbated mortality of T.

challengerianaby increasing the growth rates or pathogenicity of these microorganisms.
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Examining thermal sensitivity of other factors such as early cleavage (e.g. Lobert et al., in prep)
or performing thermal tolerance experiments on embryos still in their protective egg masses are

important future avenues for exploring embryonic thermal sensitivity in these taxa.

iii_b. Proximatecomposition anenergycontentat d 60

Proximate composition and energy content did not vary with temperature in consistent
ways across species or stages. In one stage from each of three of the four species, A-I1, N-11, and
TB-MV, energy content of d60 treatments was lower at warmer temperatures. This pattern was
accompanied by lower protein content at higher temperature in those stages, which was statistically
significant in A-11 and N-11 but not in TB-MV. These patterns are likely to reflect increased protein
catabolism at warmer temperatures, which may be needed to support temperature-driven increases

in metabolism.

Another interesting finding was that for A-E, d60 embryos raised at -0.4, +1.0, and +4.0 °C
had higher overall energetic content than embryos raised at -1.8 °C (Fig. 7). This pattern was driven
by two lipid classes, PL and TG, which were higher at the warmer treatments. A similar (though
nonsignificant) trend was observed in N-E (Fig. 7), where higher energetic content at the -0.4, +1.0,
and +4.0 °C treatments was primarily due to higher PL content in those treatments. Higher PL at
higher temperatures could indicate that embryos reared at higher temperatures were
developmentally more advanced, with more cells; PL is an important component of cell
membranes and can be correlated with cell number in developing systems (Moore 2006). Higher
TG content at the three warmer temperatures than at -1.8 °C could mean that embryos catabolized

less of this storage lipid to fuel metabolism and growth at the higher temperatures.

Additionally, in A-E and N-E, d60 replicates at -1.8 °C had lower lipid content than their
dO counterparts, whereas those at -0.4, +1.0, and +4.0 °C had higher lipid content than at dO
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(Supplementary Table S5). We do not believe this increase was due to experimental error (e.g.
miscounting embryos in the samples) because protein, which was the dominant constituent by
mass, was higher in all dO samples than d60. These results suggest that A-E and N-E may not only
have higher lipid content at warmer temperatures, but may be accumulating lipids at those

temperatures.

Since A-E and N-E are non-feeding stages that have not yet hatched from the egg envelope,
where did the additional lipid come from? Clarke et al. (1985), in a study on the lipid biochemistry
of the eggs of an Arctic amphipod, found that embryos increased in TG between the period when
cell cleavage was still visible to when it was no longer distinguishable. One possible explanation
was that when yolk stores were rapidly mobilized in early development, potentially toxic FFAs
could be released that must be stored in an esterified form, i.e. TG (Clarke et al. 1985). In our
experiments, if temperature increased the rate of the catabolism of yolk by A-E and N-E in our
experiments, that may have led to a release of excess FFA and subsequent storage as TG, which
could partially explain this pattern. The esterification of excess FFA as another storage lipid in
response to heat stress has been demonstrated in chickens (Chen et al. 2023) and alligators (Noble

et al. 1993), but to our knowledge, has not been studied in invertebrates.

However, this pattern was only observed in the first two stages of the pycnogonids, and not
the other stages and species, which showed little variation in mass of lipid classes between
temperatures (Fig. 5). This suggests that there may be species- and stage-specific variation in the
allocation and utilization of lipids. Little to nothing is known about lipid metabolism in developing
embryos and larvae of sea spiders or nudibranchs, but our results suggest that a better
understanding of the mechanisms underlying developmental energetics in these organisms will be

important to predicting and understanding their responses to changing temperatures.
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While some species and stages showed statistically significant effects of temperature on
total energy or specific constituents, most did not. This may have been in part a consequence of
small sample size and small effect sizes. Small sample sizes are a common by-product of the
logistical challenges of Antarctic fieldwork (e.g. Frontier et al. 2024, Steinke et al. 2024) and, for
our study, effect sizes were likely limited by the comparatively short duration of our incubations
in relation to the slow energy use and long developmental times which are characteristic of
Antarctic ectotherms (Hoegh-Guldberg et al. 1991, Peck et al. 2006a, Moran et al. 2019). Future
studies of the effects of temperature on metabolism, developmental rate, and energy utilization in
Antarctic ectotherms should aim, if possible, for larger sample sizes and longer-term experiments

to facilitate the detection of changes in energy across development.

iiic. Length ofstage

Across all stages and species assessed, length of stage (as estimated from the model)
decreased with increasing temperature. This is consistent with the nearly-universal inverse
negative relationship between temperature and developmental rate for ectotherms, at least when
they are within their functional ranges (reviewed in Kingsolver and Huey 2008). In some species-
stage combinations (A-1, N-1, N-1I), no replicates completed a full stage at -1.8°C, suggesting
development at this temperature was considerably slower than at -0.4, +1, or +4°C. Our model,
which used maximum likelihood estimation to interpolate length of stage for these missing
categories using right-censored data, yielded very high error estimates when only censored data

were available (Fig. 8), so we could not make inferences from the stages with no complete data.
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Several studies on Antarctic ectotherms have reported a marked decrease in developmental
rate when temperatures approached 0°C (Bosch et al. 1987, Ross et al. 1988, Hoegh-Guldberg and
Pearse 1995, Stanwell-Smith and Peck 1998, Peck et. al. 2006, Peck et al. 2007). Considering the
two stages with significant temperature differences, where stage duration at -1.8°C was estimated
from at least one complete observation along with censored data (TB-MV and TC-MV), our
findings support this trend. In TB-MV, stage duration was ~60% longer at -1.8 than at -0.4°C, and
23% longer at -0.4 than at +1°C. Similarly, in TC-MV, stage duration was ~60% longer at -1.8

than at -0.4 °C, and 38% longer at -0.4 than at +1°C.

One potential explanation for development being much slower at -1.8 than at -0.4 °C is that
protein deposition is thought to be slow at temperatures below 0 °C, due to instability caused by
unfolding (Peck 2016, 2018). As evidence supporting the difficulty of retaining proteins, defined
as incorporating proteins into the organism’s tissues rather than allowing them to be broken down
or degraded (Fraser et al. 2007), at or below 0 °C, some polar marine fish synthesize lower
proportional amounts of protein per day than temperate species (Fraser et al. 2002, 2007, Berthelot
et al. 2018), and have higher levels of ubiquitin, a small protein that is associated with unfolded or
degraded proteins, than temperate species (Shin et al. 2012). As development and growth are
primarily the result of the synthesis and retention of proteins (Fraser et al. 2007, Fraser et al. 2022),
the low rate of protein retention may be causing disproportionately slow development rate around
0 °C. This explanation carries an implicit assumption that polar marine invertebrates are unable to
adapt the process of embryonic development to compensate for the effects of temperature (Clarke
1982). Clarke (1982) argued against this assumption, saying that many biological processes in
Antarctic systems show evidence of temperature compensation, and that there is no reason to

assume that protein synthesis is unable to do the same. The author further proposed an adaptive

111



explanation, that the slowing of development at cold temperatures may allow young to

metamorphose during predictable periods of high food availability (Clarke 1982, 1992).

iv. Effect of temperature on estimated energetic cost of stage

While we were not able to directly measure the complete cost of development (C in the
DCT, Marshall et al. 2020), by measuring rate of energy use (MR) of specific stages and the length
of those stages (D), we were able to estimate the cost of development for at least parts of the life
history. To estimate C at each temperature treatment for each stage (mJ), we first converted our
mean change in energetic content between d0 samples and in d60 samples over the 60-day
incubation (mJ, Supplementary Table S5 for pycnogonids and S6 for nudibranchs) to mean rate of
change in energy (MR, mJ/day), then multiplied this value by our least-square mean estimates of
length of stage (D, days, Suuplementary Table S7). These calculations compounded multiple
sources of uncertainty, including variation among egg masses and differences in experimental
timing. In particular, stage duration estimates for A-1, N-Il at -1.8°C and N-I at -0.4°C relied
entirely on right-censored data and should be interpreted with caution. Despite these uncertainties,

interesting trends still emerged, as shown in Figure 10.

Of the eight species-stage combinations, C could not be assessed at -1.8 °C for four of them
either due to an absence of length of stage data (N-I, TB-EV) or estimates generated only from
censored data (A-1 and N-11). Among the remaining four species, C was lowest at +1 °C for TC-
MV, and lowest at -0.4 °C for A-ll and TC-EV (Fig. 9). The DCT describes an optimal temperature
(Topt) where C is at its lowest for the organism (Marshall et al. 2020). In three out of the four

species-stage combinations where C could be assessed at -1.8 °C, C was higher at this temperature
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than at least one other temperature (Fig 10). This suggests that, despite -1.8 °C being the ambient
water temperature in McMurdo Sound for most of the year, it may be below Topt for energetic

efficiency for these stages.

Why does development at -1.8 °C appear to take more energy per stage when these
Antarctic species spend most of the time at this temperature? The higher energetic cost at -1.8 °C
in many stage-species combinations may again be related to protein synthesis and retention.
Studies on the cost of protein synthesis in the embryos and larvae of Antarctic sea urchin S.
neumayerfound that cost of protein synthesis was over 20 times lower than in a temperate species,
Lytechinus pictugPace and Manahan 2007). Rate of protein synthesis in S. neumayenvas also
relatively high, ranging from 0.5 to 7.0% per hour, in comparison to the 0.6% per hour reported
for L. pictus(Pace and Manahan 2007). However, rate of protein retention in S. neumayenivas
relatively low (Ginsburg and Manahan 2009) compared to L. pictus(Pace and Manahan 2007).
This series of studies collectively suggest that while Antarctic sea urchin embryos and larvae
synthesize proteins at high rates and low energetic cost, poor retention, possibly due to protein
instability at low temperatures (as suggested by Peck 2016, 2018), may drive up the overall cost

of accumulating the proteins necessary for development.

In Antarctic invertebrates, comparisons of protein synthesis and retention between polar
and temperate species have only been conducted in echinoderms and may not be generalizable to
the pycnogonids and nudibranchs in this study. Nevertheless, our finding that energetic costs of
development are higher at -1.8 °C could be explained by the hypothesis that low protein retention
is not sufficiently offset by increased synthesis (Peck 2016, 2018), meaning that more energy is
required per unit of growth. However, this pattern was not consistent across all species and stages;

for example, in TB-MV, C was lowest at -1.8 °C. Whether these discrepancies are due to true
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differences in the effects of temperature on C between stages and species, or to the limits of our

experimental design, remains to be seen.

On the other end of the temperature range, in all species and stages where C could be
assessed at 4 °C (A-1, A-11, N-1, N-11, and TB-MV), it was higher than at +1 °C, suggesting that
energetic efficiency was lower at +4 than at -0.4 or +1 °C in these species. If this is in fact the case,
then our data suggest that three of the species in this study, A. glacialis, N. australeand Tritoniella
belli, may start to incur increased energetic cost of development at temperatures above +1 °C.
Larvae that use more energy over development metamorphose with fewer reserves, which is
negatively correlated with juvenile quality (Phillips 2002, reviewed in Pechenik 2006), juvenile
survival (Moran and Emlet 2001), and recruitment (Marshall and Keough 2007, Przeslawski and
Webb 2009). Future longer-term, higher resolution studies on temperature effects on metabolism
and development, as well as a better understanding of the effect of temperature on protein
dynamics in embryos and larvae of a wider range of taxa, will be essential for predicting the

potential impacts of climate-change-induced warming on larval quality.

v. Conclusion

In this study, we (1) assessed differences in proximate composition and energy content
between development stages in four species of Antarctic marine invertebrate, (2) examined the
effect of temperature on survival, proximate composition, energy content, and length of stage of
embryos and larvae incubated at a range of temperatures, and (3) estimated the effect of

temperature on overall cost of development in some of these stages.

For (1), we found that protein was the dominant biochemical constituent in all species, and showed
the greatest decrease between the earliest and latest stage of three out of four species. Lipid content

was low overall across species and stages, with limited evidence for its use as a primary energy
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source, except in A. glacialis. Carbohydrate proportion was high in pycnogonids, likely serving a
structural role to at least some extent, and low in nudibranchs, consistent with previous studies
indicating that the substrate is generally not a major substrate for energy metabolism in embryonic

and larval development of lecithotrophic stages and species.

For (2), we found that higher temperatures resulted in increased mortality in Tritonia
challengerianawhere all replicates had 100% mortality at +4 °C, whereas the pycnogonids did
not show increased mortality at any temperature treatment. Where significant differences in
biochemical constituents and energy were found between temperature treatments, embryos and
larvae raised at higher temperatures tended to have lower energy content accompanied by lower
protein content, except in A-E and N-E where higher energy content was noted at higher
temperatures, driven by higher lipid content. Across all species and stages, length of development
was shorter at higher temperatures, with the greatest decrease in duration noted between -1.8 and

-0.4 °C for TC-MV, A-ll and TC-EV.

For (3), we found that estimated overall cost of development was higher at -1.8 °C than at least
one other temperature (usually -0.4 or +1 °C) in six out of eight of the species-stage combinations
studied, suggesting lower energetic efficiency of development at -1.8 °C. In five out of the six
species where the cost of development at +4 °C could be assessed, it was greater than at +1 °C,
suggesting that the energetic efficiency of development in these species once again drops at

temperatures between +1 and +4 °C.

To clarify some of the findings presented here, future studies should focus on investigating lipid
dynamics over development in these four species, distinguishing between lipids catabolized for
energy and those serving as precursors for other compounds. Additionally, the role of

carbohydrates in pycnogonid development warrants further exploration, particularly their
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structural or metabolic contributions. Finally, examining the physiological processes underlying
prolonged stage durations and increased energetic cost at -1.8°C will help clarify whether these

developmental responses reflect adaptive strategies or constraints of low temperature.
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TABLES

Species Dates Stage | n Temp n n n Species Dates Stage n Temp n n n
photogra- (initial | (°C) (completed | (changed (did not photogra (initial) | (°C) (completed | (change | (did
phed ) a full stage change -phed a full stage) | d stage not
(2022) stage) once) stage) (2022) once) change

stage)

01 Mar 02 Mar

15 Mar -1.8 0 3 2 16 Mar -1.8 0 0 2

30 Mar 30 Mar

12 Apr Al i -0.4 2 1 2 13 Apr aey , -0.4 0 0 2

ig :\'\AF;; 1 3 2 0 ﬁ Qg; 1 1 0 1

24 May 4 3 2 0 25 May 4 2 0 0

07 Jun + N 08 Jun +

gg‘cr?;g‘ea 21Jun Zgltl‘i’”'e"a 22Jun
05 Jul -1.8 3 2 0 06 Jul -1.8 3 1 2
19 Jul 21 Jul
02 Aug -0.4 4 1 0 03 Aug -0.4 5 0 1
16Ag | Al g 17Aug | TB-MV | 6
30 Aug +1 5 0 0 31 Aug +1 5 0 1
13 Sep 14 Sep
27 Sep +4 4 1 0 28 Sep +4 4 0 2
01 Mar 02 Mar
15 Mar -1.8 0 0 6 16 Mar -1.8 3 0 0
30 Mar 30 Mar
12 Apr w A -0.4 0 4 2 13 Apr ey ; -0.4 3 0 0
26 Apr B 28 Apr -

10 May +1 2 4 0 11 May +1 3 0 0
24 May 25 May

Nvmohon | 07 Jun +4 6 0 0 Tritonia 08 Jun +4 0 0 3

ali/strgle 21 Jun challeng 22 Jun
05 Jul -1.8 0 4 1 eriana 06 Jul -1.8 2 4 1
19 Jul 21 Jul
02 Aug -0.4 2 3 0 03 Aug -0.4 6 0 1
16 Aug N-Il |5 17Aug | TC-MV | 4
30 Aug +1 2 3 0 31 Aug +1 6 0 1
13 Sep 14 Sep
27 Sep +4 5 0 0 28 Sep +4 0 0 4

Table 1 Species, stages, initial sample sizes, dates of imaging, number of replicates that completed a full stage of development, and
number of replicates that did not exhibit any changes in stage (potentially due to mortality or lack of stage progression). Incubation
began on 16 Feb 2022 for all treatments. Stage refers to the developmental stage for which length was estimated.
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Model Factors DF DFDen F-Ratio P WaldP

S1 Ammothealacialis
Response: Survival
Temperature 3 76.0 <0.001 1.000 -
Stage 3 76.0 0.014 0.998 -
Temperature x Stage 9 76.0 0.025 1.000 -
Egg mass ID (Random) - - - - 0.996
S2 Nymphoraustrale
Response: Survival
Temperature 3 48.0 0.48 0.698 -
Stage 2 48.0 0.13 0.941 -
Temperature x Stage 6 48.0 0.63 1.000 -
Egg mass ID (Random) - - - - 0.991
S3 Tritoniella belli
Response: Survival
Temperature 3 44.0 0.39 0.760 -
Stage 3 17.7 2.00 0.149 -
Temperature x Stage 9 44.0 0.402 0.927 -
Egg mass ID (Random) - - - - 0.786
S4 Tritonia challengeriana
Response: Survival
Temperature 3 40.0 11.46 <0.001 -
Stage 3 40.0 <0.001 1.000 -
Temperature x Stage 9 40.0 0.14 0.998 -
Egg mass ID (Random) - - - - 0.587

Table 2 Summary of statistical results from GLMs investigating the effect of temperature on
survival of embryos and larvae, calculated as the proportion surviving at the end of a 60-day
incubation at a given temperature. Boldface p-values are statistically significant at o = 0.05.
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A2

A3

A4

A5

A6

A7

N1

N2

N3

N4

N5

N6

N7

Factors DF  SS F-ratioc P Model  Factors DF  SS F-ratio
Ammothea glacialis Tritoniella belli
Response: Phospholipid B1 Response: Phospholipid

Stage 3 98.42 19.45 <0.001 Stage 3 0.16 211
Response: Triglyceride B2 Response: Triglyceride

Stage 3 118.68 14.61 <0.001 Stage 3 0.01 142
Response: Free fatty acid B3 Response: Free fatty acid

Stage 3 0.03 0.38 0.765 Stage 3 2.06 0.71
Response: Total Lipid B4 Response: Total Lipid

Stage 3 1336.84 50.62  <0.001 Stage 3 2.35 0.76
Response: Total Protein B5 Response: Total Protein

Stage 3 415.73 19.58 <0.001 Stage 3 126.92 3.65
Response: Total carbohydrate B6 Response: Total carbohydrate

Stage 3 2610.95 52.32 <0.001 Stage 3 2.32 4.48
Response: Total energy B7 Response: Total energy

Stage 3 5767661 51.99 <0.001 Stage 3 116872 452
Nymphon australe Tritonia challengeriana
Response: Phospholipid C1 Response: Phospholipid

Stage 2 47.40 9.66 0.003 Stage 3 0.06 1.78
Response: Triglyceride Cc2 Response: Triglyceride

Stage 2 0.88 0.21 0.813 Stage 3 0.001 0.20
Response: Free fatty acid C3 Response: Free fatty acid

Stage 2 0.03 1.65 0.234 Stage 3 1.88 1.07
Response: Total Lipid C4 Response: Total Lipid

Stage 2 10.49 0.28 0.758 Stage 3 1.50 0.75
Response: Total Protein C5 Response: Total Protein

Stage 2 37.46 297 0.090 Stage 3 8.50 191
Response: Total carbohydrate C6 Response: Total carbohydrate

Stage 2 1346.95 10.52  0.002 Stage 3 1.41 0.84
Response: Total energy c7 Response: Total energy

Stage 2 1159874 7.81 0.007 Stage 3 15075 2.32

o

0.157

0.290

0.564

0.541

0.048

0.028

0.027

0.214

0.893

0.407

0.549

0.192

0.501

0.138

Table 3 Results from one-way ANOVAs investigating the effect of stage on the quantity of
individual lipid classes (phospholipid, triglyceride, and free fatty acid), proximate composition,
and energy content of the dO embryos and larvae of the two nudibranchs. Separate models were
used for each species and response variable. Boldface p-values are statistically significant at o =
0.05.
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Model  Factors DF DFDen F-ratio P WaldP % Var

Ammothea glacialis

A8 Response: Phospholipid
Stage 3 19 40.04 <0.001 - -
Temperature 3 57 12.77 <0.001 - -
Stage x Temperature 9 57 2.28 0.029 - -
Egg mass (Random) - - - - 0.043 33.56
A9 Response: Triglyceride
Stage 3 19.1 33.39 <0.001 - -
Temperature 3 56.1 6.29 <0.001 - -
Stage x Temperature 9 56.1 5.25 <0.001 - -
Egg mass (Random) - - - - 0.007 65.70

A10 Response: Free fatty acid

Stage 3 19.1 0.77 0.524 - -
Temperature 3 56 18.41 <0.001 - -
Stage x Temperature 9 56 0.56 0.822 - -
Egg mass (Random) - - - - 0.4972 7.40

All Response: Total Lipid

Stage 3 19.2 50.8 <0.001 - -
Temperature 3 54.4 19.28 <0.001 - -
Stage x Temperature 9 54.4 6.28 <0.001 - -
Egg mass (Random) - - - - 0.005 72.97

Al12 Response: Total Protein

Stage 3 19 89.46 <0.001 - -
Temperature 3 57 4.24 0.009 - -
Stage x Temperature 9 57 1.24 0.292 - -
Egg mass (Random) - - - - 0.007 64.24

Al13 Response: Total carbohydrate

Stage 3 19.1 44.88 <0.001 - -
Temperature 3 54.7 0.21 0.888 - -
Stage x Temperature 9 545 2.62 0.014 - -
Egg mass (Random) - - - - 0.016 48.88

Al4 Response: Total energy

Stage 3 19.1 110.07 <0.001 - -
Temperature 3 514 2.59 0.063 - -
Stage x Temperature 9 51.4 5.56 <0.001 - -
Egg mass (Random) - - - - 0.005 75.73

Table 4 Results from two-way ANOVAs investigating the effect of stage, temperature, their
interaction, and the random effect of egg mass, on the quantity of individual lipid classes
(phospholipid, triglyceride, and free fatty acid), proximate composition, and energy content of
the d60 embryos and larvae of A. glacialis Separate models were used for each response
variable. Boldface p-values are statistically significant at o = 0.05.
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Model  Factors DE SS F-ratio P \F/)V_’olld % Var
Nymphon australe

N8 Response: Phospholipid

Stage 2 12 49.87 <0.001

Temperature 3 34 12.94 <0.001

Stage x Temperature 6 34 3.80 0.005

Egg mass (Random) - - - - 0.086 38.89
N9 Response: Triglyceride

Stage 2 12 191 0.191

Temperature 3 36 1.93 0.143

Stage x Temperature 6 36 2.32 0.053

Egg mass (Random) - - - - 0.046 53.38
N10 Response: Free fatty acid

Stage 2 12 0.84 0.456

Temperature 3 36 32.04 <0.001

Stage x Temperature 6 36 0.98 0.452

Egg mass (Random) - - - - 0.036  59.96
N11 Response: Total Lipid

Stage 2 12 30.20 <0.001

Temperature 3 34 9.13 <0.001

Stage x Temperature 6 34 3.92 0.004

Egg mass (Random) - - - - 0.058 48.99
N12 Response: Total Protein

Stage 2 12 9.99 0.003

Temperature 3 35 5.61 0.003

Stage x Temperature 6 35 1.75 0.139

Egg mass (Random) - - - - 0.020 82.86
N13 Response: Total carbohydrate

Stage 2 12 3.49 0.063

Temperature 3 33 2.83 0.053

Stage x Temperature 6 33 2.18 0.070

Egg mass (Random) - - - - 0.966 0.00
N14 Response: Total energy

Stage 2 12 22.29 <0.001

Temperature 3 28 6.18 0.002

Stage x Temperature 6 28 1.79 0.137

Egg mass (Random) - - - - 0.036  68.97

Table 5 Results from two-way ANOVAs investigating the effect of stage, temperature, their
interaction, and the random effect of egg mass, on the quantity of individual lipid classes
(phospholipid, triglyceride, and free fatty acid), proximate composition, and energy content of
the d60 embryos and larvae of N. australe Separate models were used for each response
variable. Boldface p-values are statistically signliglgcant at o = 0.05.



Model  Factors DE SS F-ratio P \é\/_éﬂd % Var
Tritoniella belli

B8 Response: Phospholipid

Stage 3 117 0.67 0.588

Temperature 3 21.2 6.06 0.004

Stage x Temperature 9 21.0 0.62 0.766

Egg mass (Random) - - - - 0.100 46.34
B9 Response: Triglyceride

Stage 3 10.2 0.28 0.836

Temperature 3 226 0.83 0.489

Stage x Temperature 9 221 0.68 0.719

Egg mass (Random) - - - - 0.480 14.52
B10 Response: Free fatty acid

Stage 3 114 0.21 0.891

Temperature 3 24.0 1.35 0.281

Stage x Temperature 9 235 0.39 0.929

Egg mass (Random) - - - - 0.529 11.14
B11 Response: Total Lipid

Stage 3 10.9 0.33 0.803

Temperature 3 20.2 8.68 <0.001

Stage x Temperature 9 20.0 1.35 0.272

Egg mass (Random) - - - - 0.094 52.15
B12 Response: Total Protein

Stage 3 111 5.05 0.019

Temperature 3 20.9 3.20 0.044

Stage x Temperature 9 20.7 1.61 0.179

Egg mass (Random) - - - - 0.130 42.52
B13 Response: Total carbohydrate

Stage 3 12.0 3.17 0.064

Temperature 3 20.7 0.52 0.675

Stage x Temperature 9 204 0.54 0.829

Egg mass (Random) - - - - 0.176 31.36
B14 Response: Total energy

Stage 3 10.6 3.17 0.069

Temperature 3 16.5 8.94 <0.001

Stage x Temperature 9 16.4 341 0.015

Egg mass (Random) - - - - 0.054 71.79

Table 6 Results from two-way ANOVAs investigating the effect of stage, temperature, their
interaction, and the random effect of egg mass, on the quantity of individual lipid classes
(phospholipid, triglyceride, and free fatty acid), proximate composition, and energy content of
the d60 embryos and larvae of T. belli. Separate models were used for each response variable.
Boldface p-values are statistically significant atl%9= 0.05.



Model  Factors DF SS F-ratio P WaldP % Var

Tritonia challengeriana

Cc8 Response: Phospholipid

Stage 3 8.7 2.15 0.166

Temperature 2 16.6 1.29 0.302

Stage x Temperature 6 16.7 0.61 0.722

Egg mass (Random) - - - - 0.186 41.17
C9 Response: Triglyceride

Stage 3 10.1 0.48 0.707

Temperature 2 17.6 0.60 0.558

Stage x Temperature 6 17.7 0.87 0.534

Egg mass (Random) - - - - 0.073 59.89

C10 Response: Free fatty acid

Stage 3 9.8 0.10 0.957
Temperature 2 185 141 0.269
Stage x Temperature 6 18.6 0.78 0.599
Egg mass (Random) - - - - 0.732 6.90

C11 Response: Total Lipid

Stage 3 9.2 1.56 0.265
Temperature 2 16.7 1.91 0.179
Stage x Temperature 6 16.8 0.57 0.751
Egg mass (Random) - - - - 0.088 60.53

C12 Response: Total Protein

Stage 3 9.6 1.97 0.184
Temperature 2 175 354 0.051
Stage x Temperature 6 17.6 1.17 0.366
Egg mass (Random) - - - - 0.152 42.18

C13 Response: Total carbohydrate

Stage 3 10.0 4.65 0.028
Temperature 2 184 1.28 0.303
Stage x Temperature 6 18.6 0.39 0.874
Egg mass (Random) - - - - 0.535 13.25

Cl4 Response: Total energy

Stage 3 9.8 2.78 0.097
Temperature 2 174 6.67 0.007
Stage x Temperature 6 175 1.18 0.360
Egg mass (Random) - - - - 0.079 59.23

Table 7 Results from two-way ANOVAs investigating the effect of stage, temperature, their
interaction, and the random effect of egg mass, on the quantity of individual lipid classes
(phospholipid, triglyceride, and free fatty acid), proximate composition, and energy content of
the d60 embryos and larvae of T. challengerianaSeparate models were used for each response
variable. Boldface p-values are statisticallylsggnificant at a = 0.05.



Model Factors DF Chi-Sq P

D1 Ammothealacialis
Response: Stage length

Temperature 3 6.99 0.072
Stage 1 11.34 <0.001
Temperature x Stage 3 0.67 0.881
D2 Nymphoraustrale
Response: Stage length
Temperature 3 85.92 <.0001
Stage 1 4.44 0.0352

Temperature x Stage - - -

D3 Tritoniella belli
Response: Stage length
Temperature 1 50.76 <0.001
Stage 3 10.34 0.001

Temperature x Stage - - -

D4 Tritonia challengeriana
Response: Stage length
Temperature 2 58.60 <0.001
Stage 1 9.78 0.002
Temperature x Stage 2 13.10 0.001

Table 8 Results from generalized regression models with right-censoring for replicates that did
not progress through a stage within the 223-day incubation period, investigating the effect of
stage, temperature, and their interactions, on the length of two stages of all four species.
Boldface p-values are statistically significant at a=0.05.
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Species Stage Mean AFDW in Sum of constituent types | % difference
Chapter 1 (2019) (collections in 2021) between means

A. glacialis | A-E 544+ 25 754+ 3.4 + 38.6%

A-1 479+19 56.2+4.9 +17.3%

A-ll 413+21 43.4+19 +5.1%

A-111 39.4+29 19.7+238 - 50%
N. australe | N-E 73329 79.4+23 +8.3%

N-I 63.6 + 3.3 60.2+7.3 -5.3%

N-11 48.8 +3.8 55.1+26 +12.9%

Table 9 Comparison of the organic mass of embryos and larvae of two Antarctic pycnogonid
species, Ammothea glacialiand Nymphon australes quantified using two techniques: ash-free
dry weight (AFDW) and the sum of constituent types (lipid, protein, and carbohydrate). Values
represent means + standard error.
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FIGURES

Figure 1 Adult nudibranchs (Tritoniella belliand Tritonia challengerianfand pre-hatching
stages from egg masses. For T. belli. a Adult. b Early embryos without discernible structure (TB-
E). c Trochophore-like early veligers with developing velar lobes (dv) (TB-EV). d Mid-veligers
with a bi-lobed ciliated velum (v) (TB-MV). e Late-stage veligers with the foot (ft) and well-
developed shell (s) (TB-LV). For T. challengerianaf Adult next to an egg mass (em). g Early
embryos without discernible structures (TC-E). h Trochophore-like early veligers with developing
velar lobes (dv) (TC-EV). i Mid-veligers with a bi-lobed ciliated velum (v) (TC-MV). j Late-stage
veligers with the foot (ft) and shell (s) clearly apparent (TC-LV). Scale bars: 1 cm for aand f; 1
mm for bi eand gi j. Photo credit for f: Rob Robbins.

153



Survival Proportion

Survival Proportion

1.0
0.8
0.6
0.4

0.2

0.8
0.6
0.4

0.2

Embryo

-1.8 -04 1

Embryo

-1.8 -04 1

Ammothea
glacialis

Nymphon
australe

4 -18-04 1 4 -18-04 1 4 -18-04 1 4

e ¥

-1.8

Temperature (°C)

EV MV LV

Tritoniella

BRI i
]

e ® Tritonia
T J challengeriana

.

-04 1 4 -18-04 1 4 -18-04 1 4

Temperature (°C)

154

Figure 2 Effect of temperature on
survival of embryos and larvae at
the end of the 60 day incubation.
Each point and error bar
represents the mean survival
proportion and associated standard
error, basedonn=11t06
replicates (sample sizes given in
Supplementary Table S2 and S3).
No data could be obtained for NE-
I11 due to the relative rarity of this
stage in our field collection. Points
marked with an asterisk (*) are
significantly different from others
within the same species and stage,
as determined by post-hoc Tukey
HSD tests (o = 0.05).
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O Phospholipid
Triglyceride
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Figure 3 Phospholipid, triglyceride,
and free fatty acid content of the non-
feeding embryos and larvae of four
species of Antarctic invertebrate. Each
point and error bar represents the mean
and standard error of measurements of
one lipid class, measured from between
1 to 6 baseline samples. (Sample sizes
given in Supplementary Table S2).

O Lipid
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Figure 4 Total lipid, protein, and
carbohydrate of the non-feeding
embryos and larvae of four species of
Antarctic invertebrate. Each point and
error bar represents the mean and
standard error of measurements of one
constituent measured from between 1
to 6 baseline samples (Sample sizes
given in Supplementary Table S2).
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Figure 5 Effect of temperature and stage on mass of phospholipid, triglyceride, and free fatty acid
content of the d60 replicates of all four species. Each point and error bar represents the mean and
standard error of the mass of the lipid constituent for that stage and temperature treatment. Letters
beside data points indicate species-stage combinations where the content of that proximate
constituent significantly differed between temperature treatments. Groups that do not share a letter
have significantly different means at a = 0.05, as determined by post-hoc Tukey-Kramer HSD
tests. Constituents and panels with no letters indicate that there were no significant differences
among temperatures or stages.
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Figure 6 Effects of temperature and stage on mass of lipid, protein, and carbohydrate for the d60
replicates of all four species. Each point and error bar represents the mean and standard error of the
mass of the constituent for that stage and temperature treatment. Letters beside data points indicate
species-stage combinations where the content of that proximate constituent significantly differed
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indicate that there were no significant differences among temperatures or stages.
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Figure 7 Effect of temperature and stage on energy content (mJ) of the embryos and larvae of the four
species. Each point and error bar represents the mean energy content per individual and its associated
standard error, as measured from the d60 replicates (n = between 1 to 6, Supplementary tables S2 and
S5). Unbroken lines represent the mean energetic content of the d0 samples (n = between 1 to 6, Table
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confidence interval of the baseline measurement were significantly different from the baseline
measurement.
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Figure 9 Estimates of total
energetic cost for stage | and 11
larvae of pycnogonids, and early
and mid-veligers of
nudibranchs. Energetic cost per
stage (mJ) was estimated by
multiplying the rate of energy
use (mJ/day) by estimated
length of stage (days). Crosses
(+) indicate estimates of the
energetic cost (C) based on
length-of-stage estimates
derived from right-censored
analysis of stage-temperature
combinations where no
complete observations were
made. Missing categories for the
nudibranchs represent stages in
which all replicates died before
progressing through a full stage
during the length-of-stage
experiment.



CHAPTER IV: A HEART-WARMING SNAIL - USING CARDIOVASCULAR

MEASUREMENTS TO INVESTIGATE THE THERMAL ACCLIMATION

POTENTIAL OF AN ANTARCTIC MARINE GASTROPOD

ABSTRACT
Antarctic marine invertebrates are poor acclimators and require long periods of time (between two
to nine months) to acclimate to warmer temperatures. Current warming events in the high Antarctic
can raise temperatures by +1.7 °C within a week, with such fluctuations expected to become more
frequent with climate change. Here, we assessed the thermal acclimation potential of Neobucanum
eatoni Smith 1879, an Antarctic snail with a circumpolar distribution, over a two-week long
exposure to different temperatures. Snails were collected via SCUBA diving operations at four
nearshore sites in McMurdo Sound, Antarctica, where water temperatures reach a yearly maximum
of between -1 °C to 1 °C. Individuals were acclimated for two weeks at two temperature treatments
(-1.8 °C and +4 °C, n = 16 and 13 respectively). To evaluate physiological response to warming
and evidence of temperature acclimation between treatments, we recorded each snail’s heart rate
over a -1.8 °C to 18 °C temperature ramp, conducted over 23 hours, using noninvasive infrared
sensors. All snails survived the entire experiment, and for a two-week observation period after.
We found that maximum heart rate, temperature at which maximum heart rate occurred, and the
Arrhenius breakpoint for heart rate (defined as the temperature at which heart rate drops sharply
with rising temperature) were significantly higher in snails exposed to the +4 °C treatment. This
demonstrated that Neobuccinum eatomixhibits plasticity in heart rate after a two-week exposure

to warmer temperatures, and may suggest some resilience to short-term temperature increases.
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INTRODUCTION

The marine environment in the high Antarctic is one of the coldest and most thermally
stable on earth (Clarke 1988, Pearse et al. 1991), with seawater temperatures typically close to
freezing (-1.8 °C) most of the year (Clarke 1988) and reaching a high of ~ 0.5°C in the austral
summer (Cheng and Detrich 2007, Cziko et al. 2014, Cziko 2021). The ectothermic animals
inhabiting this extreme environment are thought to be stenothermal, meaning they are highly
sensitive to temperature change (Clarke 1988, Peck 2001, Peck et al. 2004, Portner 2006, Portner
et al. 2007). As climate models project that Southern Ocean sea surface temperatures will rise by
0.5 °C to 1.7 °C by 2100, accompanied by an increase in the frequency and intensity of marine
heatwaves (Chown et al. 2022), understanding how these organisms respond to both warming
temperatures and short-term temperature fluctuations will be crucial for predicting their resilience

to climate change (Chown et al. 2022).

In response to rising temperatures, species generally respond in one of three ways —
adaptation, acclimation, or migration (Davis et al. 2005, Peck 2005, Clarke et al. 2007). First,
populations may adapt to new conditions through adaptive genetic changes (Davis et al. 2005,
Peck 2005, 2010). Second, individuals may cope by altering their physiological state from one
stable state to another, a process known as acclimation (Peck 2005, Lagerspetz 2006) Third,
animals may migrate to environments that can sustain them (Davis et al. 2005, Peck 2005). Finally,
if the species is unable to respond, the population declines, or extinctions may occur (Clarke 1993,

Davis et al. 2005).

Due to the long generation times of Antarctic species, evolutionary adaptation may be too

slow to mitigate rapid environmental changes (Somero 2010, Peck 2011, Peck et al. 2014).
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Likewise, migration presents a poor solution due to temperatures varying very little with large
distances in the Southern Ocean (Peck et al. 2004, Peck 2005, Clarke et al. 2007, Peck et al. 2014),
and some Antarctic marine ectotherms may not capable of using temperature as a cue to assess
optimal conditions for migration (Morley et al. 2022). Acclimation is therefore thought to be the
most likely means by which Antarctic species can persist under warming conditions (Peck 2005,

Somero 2010, Peck 2011).

However, across numerous metrics of acclimation (e.g. long-term survival, ability to feed,
modulation of gene expression, and many others; reviewed in Peck et al. 2014), Antarctic
ectotherms have been found to have poor acclimation capability in general (Peck et al. 2010, Bilyk
and Devries 2011, Peck et al. 2014, Peck 2018). In Antarctic marine invertebrates, thermal
acclimation capacity has been evaluated for species in the following phyla: Mollusca (Peck et al.
2009, Peck et al. 2010, Morley et al. 2009, Morley et al. 2011, Peck et al. 2014), Echinodermata
(Peck et al. 2009, Peck et al. 2010, Morley et al. 2024), Arthropoda (Peck et al. 2009, Peck et al.
2010, Morley et al. 2024), Cnidaria (Peck et al. 2010), Brachiopoda (Peck et al. 2009, Peck et al.
2010), Chordata (Peck et al. 2009), and Nemertea (Peck et al. 2009). Most species studied showed
no evidence of successful acclimation to warmer temperatures (Peck et al. 2009, Peck et al. 2010,
Morley et al. 2024), and in species where evidence of acclimation was observed, the process took
between 2 to 9 months (Morley et al. 2011, Peck et al. 2014, Morley et al. 2024). These studies
did not look for evidence of acclimation on a shorter time frame; as a result, short-term acclimation
potential (on the order of weeks or less) has not been explicitly tested in Antarctic marine

invertebrates.

Temperature spikes in McMurdo Sound can occur within as little as one week, e.g. a

temperature fluctuation of nearly 1.7 °C (-1.475 to 0.22 °C) that was recorded between 10 and 17
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Jan 2019 at Cziko Seamount; temperatures only returned to pre-warming levels on 3 Feb 2019,
with the entire warming event lasting a total of 24 days (Cziko 2020). More recently, during the
austral summer of 2020, the Western Antarctic Peninsula (WAP) experienced record-high
temperatures associated with a marine heatwave event, with sea surface temperatures rising from
+1.8 °C to +3.2 °C over eight days (5 to 13 Jan 2020) and returning to pre-warming levels on 17
Jan 2020, the event lasting a total of 12 days (Latorre et al. 2023). As temperature fluctuation can
occur and persist over a time scale of weeks, the ability to acclimate over months (as shown in
previous studies) may not be useful for individuals, as by the time acclimation is complete, the
warming event may have passed. Therefore, there is the need to evaluate the capacity of Antarctic
marine invertebrates to acclimate to short periods of warming, to better understand how they may
cope with rapid temperature fluctuations that may become more commonplace in the future

(Chown et al. 2022, Siegert et al. 2023).

A valuable metric for assessing thermal acclimation is heart rate. Heart rate has been used
in many studies of thermal acclimation capacity in marine animals (e.g. Marshall and McQuaid
1993, Stenseng et al. 2005, Dong et al. 2017, Gilbert and Farrell 2021, Kraskura et al. 2023, Du et
al. 2024), including at least once in Antarctic molluscs (Morley et al. 2009), as it closely reflects
respiratory and aerobic metabolic rate (Marshall et al. 2010, Marshall and McQuaid 2011), and is
a strong indicator of physiological performance (Dong et al. 2021) that can signal the onset of
sublethal physiological stress (Dong et al. 2017). In general, heart rate increases with temperature
until the Arrhenius breakpoint temperature (ABT) (Stenseng et al. 2005, Dong et al. 2017), defined
as the point where the linear relationship between temperature and performance shifts. This
increase occurs because metabolic processes accelerate with rising temperatures, leading to greater

oxygen demand and a corresponding increase in heart rate to support aerobic metabolism (Schulte
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2015). However, beyond this threshold, heart rate declines rapidly due to a combination of factors,
including loss of mitochondrial membrane integrity (Iftikar and Hickey 2013) and denaturation of
proteins at high temperatures (Schulte 2015), which impair the heart's ability to meet the oxygen
demands of the animal. This ultimately leads to the initiation of anaerobic metabolism (Lau et al.
2017), as the heart and other tissues are unable to maintain aerobic function under extreme

conditions (Fredrich and Pdrtner 2000).

In this study, we assessed the acclimation potential of the buccinid gastropod Neobucanum eatoni
Smith 1875, an Antarctic whelk (Fig. 1), to a two-week temperature treatment at either -1.8 or
+4 °C, the duration of which broadly aligns with current periods of warming in Antarctic marine
environments. Following the treatment, each snail was exposed to a -1.8 °C to +18 °C temperature
ramp to assess the effects of the acclimation. Heart rate was measured at each temperature step,
and for each individual, we determined maximum heart rate (HRmax), the temperature at which
max HR was recorded (Tmax), and the Arrhenius breakpoint temperature (ABT), which is a marker
for the onset of physiological decline (Stenseng et al. 2005, Dong et al. 2017). Heart rate
acclimation would be supported by higher HRmax, Tmax, and ABT in snails acclimated to +4 °C

compared to those maintained at -1.8 °C.
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METHODS

i. Infrared heart rate measurement

Heart rate measurement techniques have been known for many decades (e.g. Pickens 1965
Helm and Trueman 1967, Bayne et al. 1976), and usually involve implanting electrodes into the
pericardial cavity and monitoring change in impedance to assess heartbeat (Helm and Trueman
1967). A newer method involves attaching infrared sensors to the surface of an animal and
measuring heart rate by detecting changes in light intensity (Burnett et al. 2013, Dong et al. 2021).
Positioning the sensor over an animal’s heart allows infrared light to pass through the outer layer,
illuminating the circulatory system, where rhythmic changes in vessel size during heart
contractions alter light reflection, enabling heartbeat detection (Burnett et al. 2013). Near-infrared
light (750 to 1000 nm) is used because it penetrates biological tissue more effectively than visible
wavelengths (Ash et al. 2017). A key advantage to the infrared technique is that it is non-invasive
and minimizes additional physiological stress on the organism, which could otherwise confound
the experiment (Dong et al. 2021). However, the method has limitations: the model organism must
possess a heart, have a suitable surface and size for sensor attachment, and the heartbeat must
produce enough of a change in light intensity for accurate detection (Burnett et al. 2013, Dong et

al. 2021).

ii. Species choice and collection

In this study, we assessed the acclimation potential of the buccinid gastropod Neobuccinum eatopi
an Antarctic whelk (Fig. 1). We chose this species as, in other buccinids where internal anatomy
has been described, the heart is positioned ventrally, close to the outer surface of the shell (Kantor
2020), which is suitable for attachment of the infrared sensor. N. eatonihas a circumpolar

distribution that includes sub-Antarctic regions, with populations occurring as far north as the
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Kerguelen and South Sandwich Islands (Aldea and Troncoso 2008, Gonzalez et al. 2024). In these
areas, water temperatures reach +6 °C in the Kerguelen Islands (Rosso et al. 2020), and +2.5 °C
in the South Sandwich Islands annually (Thorpe and Murphy 2022), suggesting that the species,
at least in some parts of its range, already experiences warmer temperatures than those in our
study.From early November to mid December 2020, SCUBA divers collected 40 adults of
Neobuccinum eatomi four nearshore dive sites around McMurdo Sound: Cape Evans Wall (77°
38.927° S, 166° 31.873’ E; n = 7), Granite Harbor (77° 00.715” S, 162° 51.515” E; n = 2), New
Harbor (77° 34.268” S, 163° 30.685” E; n = 24) and Turtle Rock (77° 44.639’ S, 166° 46.175” E;
n = 7). At all sites, water temperature at the time of collection was -1.8 °C (Moran et al. 2025).
The snails were kept in coolers filled with seawater and ice during transport back to the laboratory.
Once in the lab, snails were kept in mesh baskets in a flow-through sea table at -1.5 °C for between

7 to 44 days prior to experiments. The snails were not fed at any point.

iii. Acclimation treatments

Two cold rooms were set up at the two experimental temperatures: -1.8 °C and +4 °C. Each
cold room contained four 20-liter polycarbonate buckets (22 Qt Clear Round Polycarbonate food
storage container, Choice Foodservice Products, Utah, USA) filled with seawater at temperature.
Temperature of the water in each bucket was logged every 5 minutes (Part #UA-001-64, HOBO
Onset, Massachusetts, USA) and periodically verified with a calibrated thermometer (Model
89396-138, VWR International, Pennsylvania, USA). Actual temperatures during the acclimation
period were slightly warmer than intended, averaging -1.536 + 0.022 °C for the cold treatment and

+4.335 + 0.017°C for the warm treatment (mean daily temperature + SE over 14 days). These
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mean daily temperatures were calculated by averaging 288 temperature readings taken at 5-minute

intervals each day, then averaging these daily values over the 14-day period.

The infrared heart rate setup had four sensors and could accommodate four snails at a time,
so four snails were randomly assigned to the acclimation treatments each day. Snails entering
treatment on days 1-5 were placed in the -1.8°C treatment, while those on days 6-10 were placed
in the +4°C treatment. To track individual snails, a unique identifier including its start day,
collection site, and bucket number was marked on its shell using nail polish and a permanent
marker. A 25% water change was conducted every two days using seawater pre-cooled to the
appropriate treatment temperature. Snails were checked daily and were usually seen attached to
the bottom or sides of the bucket or moving around; one snail in the -1.8 °C treatment laid eggs
during the two-week incubation. 14 days after introduction to the acclimation treatment, snails

were transferred to the heart rate measurement setup for temperature trials.

iv. Temperature trials and infrared heart rate measurement

To control temperatures during temperature trials, low-form jacketed 400 mL beakers (135
x 70 mm, Ref # CG-1107-10, Chemglass Inc., New Jersey, USA) were filled with seawater and
connected to a programmable thermocirculator (Ref # 13271-018, VWR International,
Pennsylvania, USA) (Fig. 2). Prior to beginning the temperature trial, snails were patted dry and
weighed (mean wet weight = 14.26 £ 2.19 g). Infrared heart rate monitors (Ref # CNY70, Vishay
Semiconductors, Connecticut, USA) were affixed to the ventral surface of the shell, just posterior
to the operculum. To prevent water interference during the attachment process (less than a minute
long), snails were half-submerged in the jacketed beakers while the attachment point on their shells

remained dry. The monitors were secured using metal twist-ties and Blu-Tack (Bostik, France),
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which also blocked ambient light that could reach the infrared sensors and interfere with readings
(Dong et al. 2021). Heart rate was amplified using a signal amplifier (AMPO03, Newshift, Portugal),
filtered and smoothed using an oscilloscope (Picoscope 2000, Pico Technology Ltd., UK), and
recorded and visualized with the program PicoScope (v6.11.12.1692, Pico Technology Ltd., UK)
(Fig. 2). After attachment, each snail was monitored to confirm a stable heart rate signal before

beginning trials.

Snails from the -1.8 °C treatment were introduced to the beakers at -1.8 °C and allowed to adjust
to experimental conditions for one hour before the temperature ramp began. Snails from the +4°C
treatment were introduced to the beakers at +4 °C, and the temperature was gradually lowered to
-1.8°C over one hour at a rate of -0.1°C per minute before beginning the trial (Fig. 3A). After this
initial hour, heart rate was continuously recorded for each snail as temperatures were raised
stepwise by 2 °C until +18 °C (Fig. 3A). Each step was two hours long and consisted of two parts:
first, a ramp period where temperature was gradually increased by 2 °C over an hour, and second,
a holding period where temperatures are held stable for the next hour (Fig 3B). The temperature
trial ended after the 18 °C temperature step was concluded. Temperature was continuously
monitored in the bath using a thermocouple (Model 23226-656, VWR International, Pennsylvania,
USA) connected to a datalogger (Model DL-0962SD, VWR International, Pennsylvania, USA),
and periodically validated with a calibrated thermometer (Model 89396-138, VWR International,
Pennsylvania, USA). Actual temperature over the holding period was slightly warmer than
intended (Table 1). Each temperature trial lasted approximately 23 hours and 45 minutes. After
the trials, snails were returned to the flow-through seawater system at -1.5 °C and monitored daily
to check for survival by gently stimulating the foot to check for movement (usually pulling back

into its shell).
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v. Assessment of maximum heart rate and temperatureHeartbeats were identified visually as
peaks in the heart rate trace (Fig. 5A). To characterize heart rate at each temperature, we calculated
beats per minute (BPM) for three five-minute intervals during the holding period (where
temperatures are held stable for an hour) of each temperature step: (1) immediately at the end of
the two-degree temperature ramp (60—65 min after the start of the ramp), (2) halfway through the
holding period (90-95 min), and (3) at the end of the holding period (115-120 min), immediately
before the next temperature ramp began (Fig. 3B) (modified from the methods of Braby and
Somero et al. 2006). Heart rate was calculated for each snail at each temperature step as mean
BPM over the three five-minute intervals; if signal interference obscured any peaks during a given
interval (e.g. Fig. 5C), the next five-minute window was used, except for interval 3 (end of the
holding period), for which the previous five-minute window was used. Heart rate was generally
stable over each one-hour holding period for each snail, with a mixed-effects model finding no
significant differences in heart rate between the three intervals (Supplementary Table 1,

Supplementary Figure 1).

From these data, we determined three metrics for each individual. First, we determined
maximum heart rate (HRmax, BPM), defined as the highest of the three five-minute averages
recorded for each snail (Fig. 4A); HRmax is an indicator of an animal’s ability to deliver oxygen to
tissues during period of stress, and serves as a measure of aerobic fitness (e.g. Bishop 1997, Froget
et al. 2001, Du et al. 2024). Second, we determined thermal maximum of heart rate (Tmax, °C),
defined as the temperature at which HRmax occurred (Fig. 4A); Tmax is considered a key index of
thermal tolerance as it indicates the temperature at which greatest aerobic scope occurs (Casselman
and Farrell 2012, Kraskura et al. 2023). Last, we estimated the Arrhenius breakpoint temperature

(ABT, °C), the temperature at which the slope of the Arrhenius plot (In [heart rate] vs.
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1000/temperature in Kelvin) changed. ABT was determined through regression analysis using the
"segmented” package in R, which generates lines of best fit on either side of a putative breakpoint
in the relationship between log-transformed heart rate and absolute temperature (1000/°K) (Fig.

4B).

Heart rate data could not be evaluated for certain individuals due to technical issues. On
the second day of trials, data on all four -1.8°C treatment snails were lost due to equipment
malfunction. Additionally, for seven snails in the +4°C treatment, prolonged signal interference
prevented accurate heart rate measurements at most temperature steps (Fig. 5C). Such interference,
which may be caused by movement of internal organs, is a known issue with this technique when
used on snails (Dong et al. 2021). These 11 snails were excluded from analysis, leaving 29

individuals in the dataset (n = 16 for -1.8°C, n = 13 for 4°C).

vi. Statistical analyses

All statistical analyses were conducted in JMP, and model assumptions were checked using
residual diagnostics, including assessments of normality and homoscedasticity. To assess the
effects of acclimation treatment on HRmax, Tmax, and ABT, we conducted separate mixed-effects
models for each metric (personality: standard least-squares), with acclimation treatment as a fixed
factor. Some studies have shown that, within species, there is a negative exponential relationship
between heart rate and body mass (e.g. Sukhotin et al. 2017, Kraskura et al. 2023), so we included
snail mass as a covariate along with its interaction with acclimation treatment. Additionally,
collection location and cohort were included as random factors to account for variation that could
arise from differences in environmental conditions or experimental handling. Post-hoc Student’s

t-tests were used to compare metrics between treatments.
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RESULTS

All snails survived the full two weeks of monitoring when moved to -1.5 °C after the
temperature trial. Heart rate during the first temperature step (-1.8 °C) was 2.3 £ 0.3 bpm (mean +
SE) in the -1.8 °C treatment snails, and 2.1 + 0.3 bpm in the +4 °C treatment. We found a
significant effect of acclimation treatment on HRmax, Tmax and ABT (Table 2, Fig. 6). Post-hoc
Student’s t-tests indicated that all three metrics were significantly higher in snails from the +4 °C
treatment than those from the -1.8 °C treatment. HRmax Was significantly higher in the +4 °C
treatment (11.32 + 0.38 bpm) than in the -1.8°C treatment (9.28 £+ 0.32 bpm), a difference of 2.04
+ 0.70 bpm (t (22.3) = 2.93, p = 0.008). Tmax was also significantly higher in the +4°C treatment
(10.11 + 0.37°C) than in the -1.8°C treatment (8.21 = 0.29°C), a difference of 1.89 + 0.62°C (t
(22.4) = 3.06, p = 0.006). ABT was significantly higher in the +4°C treatment (10.49 + 0.64°C)
than in the -1.8°C treatment (8.85 = 0.67°C), with a difference of 1.64 £ 0.64°C (t (20.6) = 2.57, p

= 0.018). A complilation of the heart rate traces of all snails is given in Figure 7.

For Tmax, the random effect of location was statistically significant (Table X, Wald p =
0.001); however, its estimated variance component was effectively zero (variance ratio = -0.038,
percent of total variance = 0%), suggesting that while location showed a statistically detectable
effect, it contributed negligibly to the overall variation in heart rate. The random effect of location

was not significant for HRmax or ABT, and cohort was not significant for any of the three metrics.

The average mass of snails in the -1.8 °C treatment was 14.73 = 3.19 g (mean + SE, range:
0.88-39.67 g), while in the +4 °C treatment, it was 13.67 £ 3.05 g (range: 1.23-33.99 g). Mass
had no significant effect on any of the three metrics, nor was there a significant interaction between

mass and acclimation treatment (Table 2).
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DISCUSSION

Here, we found that Neobuccinum eatomixhibited higher maximum heart rate (HRmax), a
shift in the peak temperature for heart rate toward higher temperatures (Tmax), and an increase in
the temperature at which cardiac function begins to decline (ABT) after a two-week exposure to
warmer temperature. Individually and collectively, these three metrics suggest that N. eatonimay
be capable of adjusting its heart rate to warmer temperatures over that period. Thermal fluctuation
in Antarctic marine environments, such as those brought about by seasonal bursts of warming
(Cziko 2020, Moran 2025) and onset of marine heatwaves (Latorre et al. 2023), can occur in as
little as one to two weeks. Our findings suggest that N. eatonican acclimate at least some aspects

of its physiology on a time frame short enough to potentially confer some resilience to such events.

Compared to previous studies on Antarctic marine invertebrates, our study used an
acclimation period of two weeks, with heart rate assessed over a single day; this approach is
consistent with the time frame of studies assessing cardiac acclimation capability of non-polar
snails (e.g. Stenseng et al. 2005), but the acclimation period was considerably shorter than
acclimation periods in most other studies of Antarctic marine ectotherms. Longer-term acclimation
studies of Antarctic marine invertebrates have found that, generally, Antarctic invertebrates
generally exhibit poor capacity for thermal acclimation, and in species where acclimation has been
demonstrated, it tends to require protracted amounts of time (between two to nine months)

(reviewed in Peck et al. 2014).

One well-known issue that often complicates comparisons among studies of thermal

acclimation is that a wide variety of experimental methods, acclimation periods, ramp times, and
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metrics are used to assess acclimation (Terblanche et al. 2011, Allen et al. 2016, Einum et al. 2019,
Havird et al. 2020, Terblanche and Hoffmann 2020, Huey and Buckley 2022). For Antarctic
invertebrates this issue is compounded by the relatively small numbers of studies on acclimation
(Peck et al. 2009, Peck et al. 2010, Morley et al. 2009, Morley et al. 2011, Peck et al. 2014, Morley
et al. 2024), although the authors have made strong efforts to include broad taxonomic

representation in a few of these studies (Peck et al. 2009, Peck et al. 2010, Morley et al. 2024).

In Antarctic invertebrates, the most extensive assessment of acclimation potential in a
single species has been conducted on the limpet Nacella concinndat least four studies), using the
same acclimation temperatures (cold = 0 °C, warm = +3 °C) across studies. Morley et al. (2011)
looked for evidence of acclimation in the species after a nine-month acclimation period by testing
the animal’s ability to remain attached to substrate (tenacity duration), finding that warm-treatment
limpets remained attached to the substrate at higher temperatures compared to cold-treatment. The
authors compared these results to unpublished data from their own group, where limpets held for
two months at the acclimation temperatures showed no difference in upper lethal limit between
temperature treatments (though the method for determining upper lethal limit was not elucidated),
concluding that two months was too short for whole-animal acclimation in N. concinna(Morley
et al. 2011, Peck et al. 2014). Peck et al. (2014) further assessed acclimation in the species after a
five-month acclimation period by assessing the temperature at which they no longer responded to
external stimuli, finding that warm treatment animals became unresponsive at higher temperatures
than the cold treatment, concluding that the species takes between two to five months to acclimate
to warmer temperatures. However, in a more recent study, Kronschnabel (2020) conducted an

acclimation experiment on N. concinnawith a three-year duration, assessing tenacity duration as
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per Morley et al. (2011), and found no evidence of acclimation, suggesting that longer exposure

does not necessarily increase the likelihood of successful acclimation.

In another series of studies, Peck et al. (2010) found no difference in upper lethal
temperature in 5 out of 6 species of Antarctic invertebrate after a two-month acclimation period at
+3 °C as compared to a control (between 0.5 to +1 °C). More recently, Morley et al. (2024) tested
the survival of eight species of Antarctic invertebrates by gradually increasing temperatures to +6
and +8 °C and maintaining these conditions until individuals became unresponsive. Of four out of
eight of these species, some individuals survived for over 300 days at these temperatures (0 to
+4 °C higher than previously recorded); in three of the four species with survivors, these survivors
exhibited higher upper lethal temperatures, indicating acclimation to the elevated conditions

(Morley et al. 2024).

The different metrics of acclimation used in the above studies of Antarctic invertebrates
make it challenging to determine whether differences in the required acclimation period found
between studies are due to the metric itself. The relationship between performance and temperature
is strongly dependent on the metric assessed (Kingsolver et al. 2015, Kellermann et al. 2019).
Descriptors of thermal performance curves (e.g., Tmax, ABT) are more consistent for the same
metric across different studies than for different metrics (Kellermann et al. 2019), suggesting that
differences in performance outcomes are expected when using different metrics to assess

acclimation, even under identical experimental conditions.

The various approaches (survival, tenacity duration, response to stimulus) used in studies
on acclimation in Antarctic invertebrates all constitute assessments of “whole-animal acclimation”.
Whole-animal acclimation is a representation of the overall physiological state and function of the

entire animal, rather than a focus on cellular or tissue responses (Pértner 2002). The advantage of
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assessing whole-animal acclimation is that it essentially reflects the first point of failure of an
individual mechanism, therefore the tightest limits are known to be at the whole animal level
(Portner 2002, Barnes and Peck 2008), while a key shortcoming is that the specific mechanisms
leading to death of the organism or the failure of critical biological processes are often unknown.
In our study, we did not assess a metric of whole-animal acclimation, and instead focused on heart
rate because it is a strong indicator of aerobic performance (Marshall et al. 2010, Marshall and
McQuaid 2011) and has often been used as an indicator of acclimation in other studies (e.g.
Stenseng et al. 2005, Morley et al. 2009, Marshall et al. 2011, Casselman et al. 2012, Dong et al.
2017). However, we do not have a clear understanding of how heart rate will translate to whole-
animal performance in N. eatonj such as its effect on aerobic capacity or its ability to perform

other essential physiological functions under thermal stress.

Although the metric (heart rate) that we used was different from those used in previous
studies of acclimation in Antarctic invertebrates, limiting direct comparisons, our study
nevertheless suggests that N. eatonimay be capable of adjusting aspects of its physiology to
warmer temperatures over shorter timescales than previously demonstrated in any other Antarctic
invertebrate species. N. eatoniwill likely be able to acclimate its heart rate to warming scenarios
such as those currently experienced in McMurdo Sound (e.g., +1.7 °C warming over one week,
with the warming persisting for a total of 24 days; Cziko 2020). This capacity may help individuals
to retain cardiac function under warming scenarios, which could suggest greater resilience of high

Antarctic populations of N. eatonito climate change.
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TABLES

Intended temperature (°C) | Actual temperature (°C)
-1.8 -1.80 + 0.000
0.0 0.31+0.002
+2.0 2.59 +0.002
+4.0 4.45 £ 0.002
+6.0 6.50 + 0.002
+8.0 8.56 + 0.002
+10.0 10.46 £ 0.002
+12.0 12.45 £ 0.002
+14.0 14.31 £ 0.002
+16.0 16.27 £ 0.005
+18.0 18.10 £ 0.007

Table 1 Actual temperatures experienced by snails during the one-hour holding period at each
temperature step in the trial. Temperatures were recorded every 5 seconds over an hour, with
values presented as mean + SE of single measurements (n = 720 per temperature step).
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Factors DF DFDen F-ratio P Wald % of total
P variance

Response: HRmax

Acclimation treatment 1 223 8.59 0.008

Mass 1 1.9 5.51 0.149

Acclimation treatment x Mass 1 98 0.21 0.656

Location (random) 0.913 0.00

Cohort (random) 0.136 0.00
Response: Tmax

Acclimation treatment 1 224 9.34 0.006

Mass 1 240 0.64 0.432

Acclimation treatment x Mass 1 164 0.10 0.757

Location (random) 0.001 0.00

Cohort (random) 0.638 0.00
Response: ABT

Acclimation treatment 1 206 6.63 0.018

Mass 1 21 0.54 0.536

Acclimation treatment x Mass 1 248 1.64 0.213

Location (random) 0.832 0.00

Cohort (random) 0.676 7.76

Table 2 Results from mixed-effects models investigating the effects of acclimation treatment,
snail mass, location, and cohort on maximum heart rate (HRmax), temperature at which maximum
heart rate was recorded (Tmax), and Arrhenius breakpoint temperature (ABT). Separate models
were used for each response variable. Boldface p-values are statistically significant at o = 0.05.
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FIGURES

Figure 1 Adult Neobuccinum eatorn the field (A) and under conditions of the
temperature trial, showing attachment of the infrared sensor (B). Infrared sensors (ir)
were secured to the snail using metal twist-ties (t), and blu-tack was used to block out
ambient light. Wires from the infrared sensor (w) lead to a signal amplifier. Scale
bars = 1cm. Photo credit for A and B: Toh MWA.
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Figure 2 Illustration of experimental setup for temperature trials. An infrared monitor (ir) was
attached to the snail (s), connected to an amplifier (am), connected to an oscilloscope (0s) and then
to the computer (pc). The snail was placed in a jacketed beaker (jc) filled with ~400ml of seawater.
Temperature was controlled via a programmable thermocirculator (tc), and temperature was
monitored throughout the trial using a digital thermometer (tm). Not drawn to scale.
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Figure 3 (A) Temperature ramp for snails exposed to the -1.8 °C (blue) and +4 °C (red)
acclimation treatments. Red arrow indicates where temperatures were lowered from +4 to -
1.8 °C over the first hour, for +4 °C treatment snails. Black arrows indicate the three 5-
minute intervals at which heart rate (beats per minute) was recorded and averaged to
obtain the mean heart rate for each temperature step. (B) Pop-out of a representative
temperature step (corresponding to the dotted box in A) to show ramp and holding period
in greater resolution. Blue shaded regions show five-minute intervals where heart rate was
manually counted and averaged to given mean heart rate for the temperature.
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Figure 4 A representative thermal performance curve (A) and Arrhenius plot (B) generated for
a single snail in the +4 °C treatment. HRmax, Tmax and ABT indicate the maximum heart rate, the
temperature at which maximum heart rate was recorded, and the Arrhenius breakpoint
temperature respectively. Red dots represent mean heart rate calculated for the snail at each
temperature step. In B, lines of best fit are shown on either side of a putative breakpoint in the
relationship between log-transformed heart rate and absolute temperature, with the ABT
indicated by the temperature at which the lines intersect.
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Figure 6 Summary of data for (A) maximum heart rate (HRmax), (B) the temperature at which
maximum heart rate was recorded (Tmax), and (C) Arrhenius breakpoint temperature (ABT) for
Neobuccinum eatomixposed to the -1.8 °C treatment (blue) and +4.0 °C treatment (n=16 and
n=13 respectively). Boxplots represent medians and quartiles. Diamonds represent means with
associated 95% confidence intervals. Whiskers denote 1.5x the interquartile range. Asterisks (*)
indicate significant differences between means (o = 0.05) based on post-hoc Student’s t-tests.
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CHAPTER V: CONCLUSIONS AND FUTURE DIRECTIONS

Climate models predict that Antarctic sea surface temperatures will rise by 0.5°Ct0 1.7 °C
by 2100 (Chown et al. 2022), alongside a global increase in the frequency, intensity, and duration
of marine heatwaves (Hobday et al. 2016, Oliver et al. 2018, Chown et al. 2022). Antarctic marine
ectotherms are widely regarded as stenothermal (Somero and DeVries 1967, Clarke and Johnston
1996, Peck 2002, Peck et al. 2004, 2007, Seebacher et al. 2005, Portner et al. 2007, Ericson et al.
2012), with many exhibiting pronounced sensitivities to temperature shifts across physiological
processes (e.g., Stanwell-Smith & Peck 1998, Peck & Prothero-Thomas 2002, Moran & Woods
2008, Peck 2016). Due to this stenothermality, Antarctic marine ectotherms are often considered
among the most vulnerable taxa under climate change (Clarke et al. 2007, Portner et al. 2007,
Somero 2010). To improve predictions of climate change impacts on Southern Ocean ecosystems,
researchers have highlighted the need to evaluate the extent to which Antarctic taxa can adjust to
ongoing warming (Meredith and King 2005, Clarke et al. 2007, Portner 2007), with an emphasis

on increasing taxonomic diversity in these studies (Clarke et al. 2007).

In Chapter 2, | examined changes in organic mass over development in two species of
Antarctic sea spider (Ammothea glaailis and Nymphon australeArthropoda: Pycnogonida) to
better understand their reproductive ecology prior to assessing thermal effects on larval
development. Many marine invertebrates brood their offspring and provision them with energy in
diverse ways. In these two species, males brood the eggs, and larvae undergo three molts while
remaining attached to the egg mass. The energetic cost of development and the source of energy
fueling this process were previously unknown. | measured ash-free dry weight (AFDW) across

brooded stages (embryo to Stage 111) and found significant declines in AFDW between stages in
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both species. However, N. australeStage Il larvae had significantly higher AFDW relative to
Stage Il; while the source of this energy is yet unknown, it may be due to exogenous feeding, either
on siblings or organic detritus. These results suggest that development is primarily yolk-fueled,
but that later stages of N. australemay supplement energy reserves through feeding. If warming
increases the energy required for development, Stage Il larvae of N. australemay be better able

to offset this cost through exogenous feeding.

Building on this understanding, in Chapter 3, I investigated the effects of temperature on
survival, utilization of endogenous reserves, and stage duration in the early developmental stages
of these two sea spiders, along with two nudibranchs (Tritoniella belliand Tritonia challengeriana
Mollusca: Gastropoda), to increase taxonomic representation. Early developmental stages may
expend more energy at higher temperatures and metamorphose with reduced reserves, which can
negatively affect juvenile quality (Phillips 2002, Pechenik 2006), survival (Moran and Emlet 2001),
and recruitment (Marshall and Keough 2007, Przeslawski and Webb 2009). To assess survival and
utilization of endogenous reserves, | incubated a set of embryos and larvae for 60d at four
temperatures (-1.8, -0.4, +1 and +4 °C) and compared their biochemical composition and energy
content to their dO samples. To assess length of stage at different temperatures, a different set of

animals was raised at the same four temperatures and observed over 223 days.

Initial (d0) samples showed protein as the dominant biochemical constituent across species
and stages, with the greatest declines over development observed in three of the four species. Lipid
content was consistently low, with limited evidence supporting its use as a primary energy
source—except in A. glacialis Carbohydrate content was high in pycnogonids (30-50% of

biomass), likely serving structural roles, and low in nudibranchs (9-13%), consistent with studies
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showing that carbohydrates are generally not major energetic substrates in lecithotrophic larvae

(Jaeckle and Manahan 1989, Moran and Manahan 2003).

We further assessed the effects of temperature on survival and development using the d60
samples. T. challengerianaexhibited complete mortality at +4°C, while pycnogonids survived
across all temperatures. Embryos and larvae raised at higher temperatures tended to have lower
energy content accompanied by lower protein content. Across all species and stages assessed,
length of development was shorter at higher temperatures, with the greatest decrease in duration
noted between -1.8 and -0.4 °C for TC-MV, A-Il and TC-EV. The slowing of development at cold
temperatures has been proposed as an adaptation that allows young to metamorphose during

predictable periods of high food availability (Clarke 1982, 1992).

Combining energy use and developmental duration to estimate the cost of development, |
found that costs were generally higher at -1.8°C than at -0.4 °C or +1 °C in six of eight species-
stage combinations, suggesting lower energetic efficiency at colder temperatures. In five of six
species where +4 °C costs could be evaluated, energetic cost was also higher than at +1 °C,
indicating reduced efficiency at the warmest temperatures. These findings suggest that moderate
warming (up to +1 °C) may improve energetic efficiency of development, but warming beyond
this threshold could result in lower reserves upon metamorphosis and increased mortality. Future
studies should investigate the physiological basis for prolonged stage duration and high energetic

costs at -1.8 °C to determine whether they reflect adaptive strategies or thermal constraints.

In Chapter 4, | tested the short-term acclimation potential of the Antarctic snail
Neobuccinum eator{iMollusca: Gastropoda) over a two-week exposure to -1.8 °C and +4 °C.

Antarctic invertebrates are often considered poor acclimators (Peck et al. 2010, Bilyk and DeVries
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2011, Peck et al. 2014, 2018), requiring two to nine months to acclimate (Morley et al. 2011, Peck
et al. 2014, Morley et al. 2024) if they do so at all. However, these studies did not test for
acclimation over a period shorter than two months, and warming events in the Southern Ocean
(e.g. Cziko 2020, Latorre et al. 2023) can occur on shorter time scales. | placed N. eatoni
individuals into two temperature treatments (-1.8 °C and +4 °C, n = 16 and 13 respectively) and
allowed them to acclimate for two weeks. | subsequently measured each snail’s heart rate across a
-1.8 °C to 18 °C temperature ramp using noninvasive infrared sensors. Snails exposed to +4 °C
had significantly higher maximum heart rates, higher temperatures at which these maxima
occurred, and elevated Arrhenius breakpoints, indicating that N. eatonican acclimate its heart rate
to warmer temperatures within two weeks, which is faster than previously documented for any

Antarctic marine invertebrate.

Antarctic ectotherms have been considered among the most vulnerable to climate warming
(Clarke et al. 2007, Pértner 2007, Somero 2010). Overall, this dissertation suggests that the
Antarctic organisms studied may not be as vulnerable to climate warming as previously thought.
The larvae in Chapter 3 developed more efficiently at temperatures up to +1 °C, although
efficiency declined and mortality increased near +4 °C. In Chapter 4, | showed that N. eatoniis
able to acclimate some aspects of its physiology (heart rate) to warming in two weeks, which is
faster than has ever been demonstrated in an Antarctic invertebrate. Nevertheless, these findings
represent only a small contribution to the broader effort needed to understand how Antarctic
ecosystems will respond to climate change. Warming will be accompanied by additional stressors,
including freshening of nearshore environments and ocean acidification (Chown et al. 2022).

Future work should prioritize expanding taxonomic representation, understanding organismal
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ecologies, and evaluating responses to multiple environmental stressors to better predict

ecosystem-level outcomes under future climate scenarios.
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SUPPLEMENTARY FIGURES FOR CHAPTER 2

Species Stage # egg # embryos | Mean AFDW | Max. Min.
masses or larvae (Hg) AFDW AFDW

(Hg) (Hg)

Ammothea |A-E 10 50 546+3.1 88.6 34.8
glacialis

A-l 8 40 479+19 65.0 32.9

A-ll 8 39 413+21 57.6 27.3

A-l11 8 40 41.7+£2.3 101.7 14.8

Nymphon N-E 12 60 728+3.1 94.1 47.1
australe

N-I 10 50 63.6 £ 3.6 89.8 24.0

N-11 15 70 48.8+54 91.2 24.8

N-111 5 22 655+ 8.4 140.9 39.4

Table S1 AFDW content (ug) by stage in A. glacialis and N. australeembryos and larvae, with
13 outliers included in the data set. Grand means and their associated standard errors (SE) are
reported, calculated from the mean AFDW and SE of embryos or larvae within each egg mass.
Maximum and minimum AFDW values represent the highest and lowest individual AFDW
measurements recorded per stage in the data set.
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Model Factors DF DFDen F-ratio P

1 Group: Brooded stages of both species
Response: Mean AFDW

Species 1 67.99 50.5 <0.001
Stage 3 67.77 13.4 <0.001
Species x Stage 3 6777 25 0.069

2 Group: A. glacialis masses providing more
than one stage
Response: Mean AFDW

Stage 3 9.9 11.4 0.002

3 Group: Pre-hatching embryos of both species
Response: Embryo volume

Species 1 204 40.0 <0.001

4 Group: Pre-hatching embryos of both species
Response: AFDW per individual

Species 1 39.1 22.6 <0.001
Volume 1 101 18.9 <0.001
Species x Volume 1 101 0.03 0.85

Table S2 Summary of statistical results from all mixed models when outliers were included in
the analysis. Group indicates the data set (or subset thereof) which was used to specify the
model. Boldface p-values are statistically significant at a. = 0.05. All models included egg mass
ID as a random factor: in models 1 and 2, nested within Stage; in models 3 and 4, nested within
Species. All overall patterns and significances were robust to the removal of outliers, except for
the effect of Species x Stage interaction on AFDW in Model 1, which lost statistical significance
at o = 0.05 when outliers were not removed.
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Group #egg | #embryos Parameter Mean Max. | Min.
masses
AFDW (ug) 546 +3.1 88.6 34.8
Pre-hatching .
embryos of " 50 Radius a (mm) 0.324 £ 0.008 0.363 | 0.268
Ammo_thea Radius b (mm) 0.266 £ 0.008 0.304 | 0.200
glacialis
Volume (mm?) 0.096 £ 0.006 0.130 | 0.045
AFDW (ug) 728+3.1 941 | 471
Pre-hatching .
embryos of b 50 Radius a (mm) 0.356 £+ 0.008 0.403 | 0.306
Nymphon Radius b (mm) 0.300+0.008 | 0.341 | 0.258
australe
Volume (mm?3) 0.136 £+ 0.008 0.179 | 0.087

Table S3 Mean measurements of AFDW, radius a, radius b, and volume of the pre-hatching
embryos of A. glacialisand N. australe including 5 outliers left in the analysis. Grand means
and their associated standard errors (+ SE) are reported, calculated from the mean values and SE
of embryos within each egg mass. Maximum and minimum values represent the highest and
lowest individual measurements observed among the pre-hatching embryos of each species.

Group # egg masses |# embryos | Intercept Slope
Pre-hatching embryos of | 10 50 4.75+0.28 |0.321+£0.116
Ammotheaylacialis

Pre-hatching embryos of | 12 60 5.18+0.16 |0.446 +0.081
Nymphoraustrale

Table $4 Intercepts and slopes (x SE) from the regression of In AFDW vs In volume for each
species of pycnogonid, from Model 4, with 5 outliers included in the analysis.
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Egg mass ID

Egg mass ID

Factor

DF DFDen  F-ratio

Group: Egg masses of N. australewith 2- and
4-cell embryos
Response: Mean AFDW

4 20 25.44

Group: Eggmasse®f N. australewith 2- and
4-cell embryos
Response: Volume

4 20 3.38

P

<0.001

0.03

Table S5 Summary of statistical results from one-way ANOVAs conducted on the effect of egg
mass ID on AFDW, volume, and energy density, using egg masses of N. australethat were at

identifiably early cleavage stages (2 or 4 cells). Egg mass n =5, embryo n = 25.

Group #egg | #embryos Parameter Mean Max. | Min.
masses
Egg masses AFDW (ug) 75.6 £3.7 89.8 60.5
of N. australe 5 o5 2
with 2- and 4- Volume (mm®) 0.148 + 0.006 0.179 | 0.109
cell embryos

Table S6 Mean measurements of AFDW and volume of embryos of N. australethat were at
identifiably early cleavage stages (2 or 4 cells). Grand means and their associated standard errors
(SE) are reported, calculated from the mean values and SE of embryos within each egg mass.
Maximum and minimum values represent the highest and lowest individual measurements

observed.
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Figure S1 Organic mass of the egg and three first post-hatching stages of Ammothea glacialis
(left, blue) and Nymphon australéright, red), showing the 13 points that were identified as
outliers and omitted from the AFDW analysis (open circles). Each point represents the ash-free
dry organic weight of a single embryo or larva.
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Figure S2 Patterns of organic mass loss across early development in five multiple-stage egg
masses of A. glacialis Each point represents the mean ash-free dry organic weight of five
embryos or larvae haphazardly sampled from a single egg mass, and error bars are 1 standard
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Figure S3 The third post-hatching stage of N. australe(N-111) was sometimes observed exhibiting
behaviors that might indicate feeding. a An N-111 with an unidentified small meiofaunal organism in its
chelicerae. b An N-I11 observed with orange material in its proboscis, a color consistent with
polychaetes, found in the outplant cage. ¢ An N-I11 with no material in its proboscis, for comparison

with b. Scale bars = 1mm.
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SUPPLEMENTARY FIGURES FOR CHAPTER 3

Species PL outliers TG outliers | FFA outliers | Protein Carbohydrate
outliers outliers

A. glacialis 0 1 3 0 4

N. australe 2 0 0 0 5

T. belli 0 0 0 0 3

T. 0 0 0 0 0

challengeriana

Table S1 Number of data points removed following an outlier analysis using Mahalanobis
distance (o = 0.025). Outlier detection was applied only to experimentally quantified constituent
types, excluding total lipid and total energy content, which were derived from the sum of lipid
classes and oxyenthalpic equivalents of the three main constituents, respectively. While the
analysis was conducted on dO data and d60 data together, only d60 measurements were flagged
as outliers.
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Species Stage #EM Phospholipid per | Triglyceride Free fatty acid Total lipid Total protein Total carbs Energy content
indiv (ug) per indiv (ug) per indiv (ug) per indiv (ug) | perindiv (ug) per indiv (ug) per indiv (mJ)
Ammothea A-E 6 6.55 + 0.83? 5.8 +1.242 0.09 £0.09 12.45+1.92 38.4 + 1512 24,55 +1.042 1843.24 £103.19?
glacialis
A-l 5 4.73 £ 0.56% 1.73 +£0.35° 0£0 6.46 +0.85b 20.9 +2.39b 27.39 £ 2.262 1273.74 £ 124.99°
A-ll 6 2.63 +£0.34% 0.59 +0.28° 0.05+0.03 3.27 £0.35% 15.39 £ 1.05% | 24.69 +1.292 930.63 + 37.24°
A-llI 5 0.96 £0.12° 0.18 £0.13° 0.08 £0.08 1.1+0.21° 10.93 + 1.82°¢ 7.96 £0.7° 437.74 £ 63.3°
Nymphon N-E 5 7.43 +0.292 11+04 0.11+£0.07 8.64 + 0.55 46.74 + 3.03? 24+175 1883.16 + 60.38?
australe
N-1 5 4,95 +1.07% 157 £0.64 0.004 = 0.004 6.52£1.61 29.72 + 4.96° 24 £251 1390.85 + 189.28°
N-11 5 3.09 £ 0.5 1.66 +0.82 0.03+£0.02 4.78 £ 0.95 2457 +2.15° 25.77+£1.32 1229.35 + 71.09°
Tritoniella TB-E 5 253 +0.12 0.19 £0.05 0.01£0.01 2.74£0.12 21.21+1.63® 3.56 +0.21%® 679.3 £40.91%
belli
TB-EV 5 2.99 +0.61 0.43+0.08 0.04 £0.02 3.46 £ 0.68 2421 +0.78° 424 £0.21° 791.94 +22.192
TB-MV 3 2.23+0.16 0.36 £0.09 0.05£0.03 2.65 £ 0.06 23.58 +2.02% 4,03 +0.08% 741.22 +47.91%
TB-LV 2 1.92+1.15 0.43+0.18 0.07 £0.03 2.42 +0.95 15.22 +4.34b 3.12 £0.24° 515.36 + 137.3°
Tritonia TC-E 5 1.84+0.41 0.12 £0.03 0.03+£0.01 1.99+0.42 10.29 £ 0.55 297 +£0.15 382.53 +30.12
challenger
iana TC-EV 4 136 £0.41 0.07 £0.03 0.04 £0.02 1.48 £0.45 10 £ 0.66 3.28 +£0.42 361 +16.22
TC-MV 4 1.08 £0.22 0.24 £0.08 0.05 +£0.02 1.37+0.23 8.43+0.54 252+05 304.54 +5.73
TC-LV 1 0.7 0.16 0.06 0.92 9.76 2.42 317.74

Table S2 Proximate composition per individual across non-feeding early developmental stages of four species of Antarctic invertebrate.

Parameters measured are mass of three lipid classes (phospholipid, triglyceride, and free fatty acid), total lipid, protein, and carbohydrate content,
and total energy content. Total lipid content was calculated by summing the masses of the three lipid classes present. Energy content was

calculated by summing the energetic equivalents of measured proximate components. Values are presented as the mean + the associated standard
error. If present, superscripted letters denote significant differences between stages, within species, as determined by a post-hoc Tukey HSD test.
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Species Stage | #EM | Temp (°C) | PL (ug) TG (ug) FFA (ug) Total lipid Total protein (ug) Total carbs (ug) Energy content (mJ)
-1.8°C 485+047a | 448+049a | 043+008ab |9.76+087a |38.17+1.28 25.04 +1.62 1739.79+77.66 a
-0.4°C 797+062b | 567+069a | 06+016a 1423+125b |3831+1.37 26.14 +1.06 1938.97 +87.38 b
AR 1.0°C 879+0.76b | 595+097a | 03+009ab |1503+16b |3857+1 28.8+185 2023.5 +96.97 b
4.0°C 705+083b | 794+128b | 016+006b |1514+201b |38.24+2.24 26.44 +1.82 1978.56 + 121.59 b
-1.8°C 3.13+0.27 15+0.25 0.35+006ab | 4.99 047 189127 27.25+1.75 1140.18 + 105.72
-0.4°C 459+0.38 1.88 +0.31 062+015a |7.09+0.65 18.78 +2.93 2452 +3.54 1184.52 + 140.91
A ° 1.0°C 527 +0.32 1.56 +0.32 015+00Lb |6.99+0.56 18.7+2.82 23.92 +4.12 1095.63 + 143.53
Ammothea 40°C 3.81+0.21 1.2+0.29 016+004b |5.17+0.44 17.68 +3.07 28.92+1.76 11347+ 955
glacialis -1.8°C 106+018 | 0.36+0.06 032+0.02ab | 1.74+0.19 1253+08a 17.94+ 101 683.44 + 29.44 2
-0.4°C 152 £0.25 0.36+0.07 065+016a |2.53+041 11.08 +1.3ab 189217 697.18 +33.41 a
AL e 1.0°C 1.73+0.25 032+0.1 026+008ab |2.31+0.29 9.8+1.34ab 14.74 + 156 584.62 + 36.57 ab
40°C 1.25+0.17 057 +0.29 018+007b |2+0.24 6.55+1.08b 151+26 500.31 +29.84 b
-1.8°C 0.66+0.11 0.09 +0.02 0.36+0.07 1.21+0.15 9.37+1.92 7.87£0.62 385.17 +47.87
-0.4°C 3.06+1.77 043+0.14 0.43+0.03 2.18+0.22 758+ 147 7.67+0.98 383.49 +40.81
S 1.0°C 1.46 +0.13 0.77 £0.62 0.13 +0.04 2.37+057 7.05+0.95 7.84 052 399.79 +19.81
40°C 112+0.22 0.63+0.52 0.19 +0.08 1.94 +0.67 6.08 +1.27 7.05+0.46 345.91 +30.37
-1.8°C 655+072a | 1.1+0.25 045+007a |811+07la |4053%2.45 26.81+2.15 1750.5 + 63.6
-0.4°C 9.42+057ab | 1.26+0.23 043+003ab |11.03+0.73ab | 45.7 +2.72 26.72+17 1977.91 +117.61
NELO® 1.0°C 1042+091b | 1.37+0.36 015+005b |11.94+101b |40.94+3.17 27.18+1.84 1929.94 + 115.71
40°C 879+039ab | 2.15+0.91 009+001b |11.03+1.0lab | 40.98+3.1 27.65+1.21 1903.06 + 115.72
-1.8°C 362+039a | 0.97+0.14 044+011ab |504+036a |29.12+5.19 27.91+2.28 1386.32 + 88.58
Nymphon | ] -0.4°C 584+084ab | 1.69+055 065+016a |818+0.71b |31.33+6.01 27.82+2.12 1561.82 + 164.35
australe 1.0°C 6.48+096b | 1.98+058 035+014b |881+153b |27.77+3.65 21.04+35 1358.56 + 170.96
4.0°C 41+036a 2.19+0.44 018+006b |646+027ab |22.79%5.15 26.1+2.37 1256.01 + 100.01
-1.8°C 3+0.64 14041 0.37+0.09ab |4.37+0.98 2364+241a 2462+161ab | 112343 +66.47 ab
wn | s -0.4°C 2.73+0.46 0.96 +0.2 052+007a |421+058 20.66 +2.76 ab 2834+194a | 1158.24+58.17a
1.0°C 2.86+0.27 0.76+0.22 018+008b |3.8+0.42 20.85+3.2ab 23.03+14ab 1010.05 + 90.89 ab
4.0°C 1.98 £0.12 0.44£0.12 013+004b |255+0.19 15.83+£3.19b 18.04+061b | 821.64+100.21b

Table S3 Mass of three lipid classes (phospholipid, triglyceride, and free fatty acid), total lipid, protein, and carbohydrate content, and total energy content
by stage and temperature treatment in the embryos and larvae of Ammothea glacialiand Nymphon austral€Total lipid was calculated for each replicate by
summing the mass of three lipid classes. Energy content was calculated by summing the energetic equivalents of measured proximate components. Values
are presented as the mean + the associated standard error. If present, letters n@&@o values denote significant differences between temperatures within stage
and response variable, as determined by a post-hoc Tukey HSD test.



Species Stage | #EM | Temp (°C) | PL (ug) TG (ug) FFA (ug) Total lipid (ug) Total protein (ug) Total carbs (1g) Energy content (mJ)
-1.8°C 2.06 +0.23 0.26 +0.10 0.05+0.01 2.37+0.32 18.94 +1.87 3.6+0.31 611.08 +56.28
-0.4°C 2.69+041 0.53+0.16 0.08 £ 0.02 3.29+0.35 18.25+2.93 4.01+0.22 638.28 + 86.60
TEE ° 1.0°C 2.17+0.96 0.48+0.19 0.02+0.02 2.68+0.79 17.31+1.22 4.01+0.26 591.29 +55.88
4.0°C 0.68 +£0.00 0.29 +£0.00 0.07 £0.00 1.04 +£0.00 19.22 +0.00 4.01+0.00 572.46 + 0.00
-1.8°C 2.27+0.39 0.45+0.29 0.04 £ 0.02 2.76 £0.59 15.94 +0.95 3.18+0.28 536.64 £ 51.25
TB- 5 -0.4°C 2.15+0.00 0.32+0 0.03+0.00 2.49+0.00 25.84 £0.00 3.72+0.00 783.69 + 0.00
BV 1.0°C 1.41+0.24 0.36 £0.15 0.05+0.02 1.82+0.33 18.98 + 3.46 3.02+0.49 580.13 + 68.08
Tritoniella 4.0°C 115+0.14 0.46 +0.08 008+0.03 |169+0.24 15.73+2.39 2.84£0.26 455.49 + 53.68
beli -1.8°C 1.32+0.92 0.6 +0.18 0.04 +0.01 2.25+0.20 22.08 £ 0.55 421 +0.61 692.33£14.02a
TB- 2 -0.4°C 218+1.81 114+1 0.01+0.01 2.05+0.34 17.89+1.36 3.76 £ 0.65 576.1 £32.3 ab
MV 1.0°C 054+024 | 021£0.12 0.04+0.04 | 1.80+0.80 17.21+1.10 407+1.14 555.42 + 36.44 ab
4.0°C 0.75+0.73 0.31+0.2 0.09+0.04 1.45+0.20 13.66 +1.11 4.07 £0.35 456.07 +£28.35b
-1.8°C 1.72+£0.32 0.46 +£0.11 0.07 +£0.02 1.96 £0.75 ab 12.13+4.39 2.98+0.97 420.70 £ 152.08
TB- ) -0.4°C 1.54+0.35 0.46 +0.06 0.05 +0.04 3.33+0.80a 9.83+2.07 248+0.19 410.82 + 84.62
Lv 1.0°C 1.37 £ 0.66 0.36 £0.14 0.06 +0.03 0.80+041b 6.49 +2.00 156 +0.18 214.57 + 60.86
4.0°C 0.77+£0.13 0.59+0.11 0.08 £ 0.03 1.16+0.97 ab 6.11+2.94 2.55+0.97 237.08 £ 125.57
-1.8°C 1.17+£0.15 0.15+0.03 0.03+0.01 1.35+0.16 9.61+0.49 2.77+0.36 337.50 + 18.02
TC-E 5 -0.4°C 1.01+0.16 0.23+0.03 0.06 + 0.02 1.30+0.15 7.54 +1.56 2.72+0.26 283.49 £ 45.62
1.0°C 0.76 £0.35 0.28+0.14 0.01+0.01 1.06 £0.32 7.08 £ 1.00 2.28+0.14 255.00 £ 30.25
-1.8°C 09+0.13 0.13+0.07 0.04 £0.02 1.08 £0.19 8.39+0.59 2.09 +£0.05 284.56 + 10.39
-II;C\:/ 4 -0.4°C 0.72+0.11 0.19+0.04 0.05+0.01 0.96 £ 0.15 9.5+0.51 24+0.90 312.65 £ 20.39
c-r:;iltlz?liger 1.0°C 0.56 £0.10 0.15 +0.06 0.03+0.02 0.74+0.13 7.35+0.77 1.18 £0.39 230.26 +29.22
-iana -1.8°C 0.63+0.09 0.23+0.08 0.05+0.02 0.91+0.15 7.31+0.62 1.27 £0.43 237.04 + 24.05
"I\'/ICi/ 4 -0.4°C 0.53+0.10 0.26 £0.07 0.04 £ 0.02 0.83+0.15 6.61 +0.76 1.37+0.29 218.81 £24.29
1.0°C 0.65+0.34 0.23+0.04 0.04 £0.02 0.92+0.38 5.27 +1.06 1.24+£0.23 186.85 + 30.83
e |, -1.8°C 0.32+0.00 0.23+0.00 0.08 +£0.00 0.63 +0.00 6.37 £0.00 0.96 +£0.00 197.88 + 0.00
LV -0.4°C 0.51+0.00 0.2 +0.00 0.02 +£0.00 0.73+0.00 6.2 +£0.00 1.25+0.00 202.73 £ 0.00
1.0°C 0.21+0.00 0.11 +£0.00 0.12 +£0.00 0.34 +0.00 5.96 + 0.00 0.75+0.00 172.65 + 0.00

Table $4 Mass of three lipid classes (phospholipid, triglyceride, and free fatty acid), total lipid, protein, and carbohydrate content, and total energy content by stage
and temperature treatment in the embryos and larvae of Tritoniella belli and Tritonia challengeiana. Total lipid was calculated for each replicate by summing the
mass of three lipid classes. Energy content was calculated by summing the energetic equivalents of measured proximate components. Values are presented as the
mean + the associated standard error. If present, letters next to values denote s'@mificant differences between temperatures within stage and response variable, as
determined by a post-hoc Tukey HSD test.



Species Stage | #EM | Temp (°C) | APL (ug) ATG (ug) AFFA (ug) ATotal lipid (ug) ATotal protein (ug) | ATotal carbs (ug) | AEnergy content (mJ)
-1.8°C 1.7+0.92 1.32+1.07 033+009 |-269+172 -0.24 +2.05 0.49 +1.68 -103.44 + 108.21
-0.4°C 141+1.13 -0.14 +0.96 051+019 |1.78+2.03 -0.10 + 1.63 158+0.77 95.73 +111.42
AELS 1.0°C 223+1.28 0.15+0.79 021+005 |258+187 017 £1.50 424+186 180.26 + 101.16
4.0°C 049 +1.11 2134091 006+007 |269+1.79 -0.16 +3.42 1.88+1.71 135.32 + 129.66
-1.8°C -1.60+045 | -0.23+0.15 035+006 |-1.47+0.63 -1.99 + 1.34 -3.34+2.46 -187.6 +99.55
-0.4°C 014+041 | 0.15£0.20 062+015 | 0.63+0.62 -2.11+1.03 -2.87+2.06 -89.22 + 47.00
AL 1.0°C 0.55 +0.47 -0.17+0.21 015+001 | 053+0.66 -2.20+1.39 -0.68 + 2.55 -2.35+79.43
Ammothea 4.0°C -0.92+043 | -0.53+0.15 016+004 |-1.29+054 -3.22+2.49 2.63+3.83 -52.86 + 80.08
glacialis -1.8°C 157£032 | -023+026 | 0274003 |-153+0.42 2,86+ 0.80 6,75+ 081 -247.2 + 2059
Al -0.4°C -111+030 | -0.23+0.32 061+013 |-0.74+056 -4.31+1.67 -5.77+1.85 -233.46 + 45.74
] ° 1.0°C 0.91+034 | -0.27+0.20 0224009 |-0.96+0.36 -5.59 % 1.70 -9.95 +1.47 -346.02 +51.38
4.0°C 1384026 | -0.02+0.26 0134008 |-1.27+0.39 -8.85 + 1.67 -9.59 +2.02 -430.32 £51.75
-1.8°C -1.38+1.00 | -0.11+0.12 023+005 |-0.30+0.38 -1.56 + 1.61 -0.09 +0.76 -164.74 + 138.96
Al -0.4°C 1.01+2.22 0.24+0.20 029+0.10 | 0.99+0.03 -3.35+1.03 -0.29 +0.82 -58.13 + 34.79
] ° 1.0°C -0.58+1.06 | 0.59+0.63 007+0.09 | 1.36+0.52 -3.88+1.11 -0.12+0.88 -25.23 +49.48
40°C 0.93+1.06 | 0.45+053 012+011 | 0.87+0.69 -4.84+1.01 -0.91+0.93 -95.73 + 49.42
-1.8°C 219+1.49 | 0.01+0.39 034+012 |-0.58+0.94 -5.11 + 1.67 2.92+213 -57.22 + 65.09
we | s Lo4C 0.10+1.95 0.16 + 0.44 0324009 |218+1.04 -0.75+1.22 2.30+2.38 92.99 + 98.85
1.0°C 2.99 +1.02 0.26 +0.55 004+006 |254+1.14 -5.54 +1.37 2.81+143 16.69 + 65.72
4.0°C 1.36 +0.61 1.04 +0.99 -0.02+0.07 | 2.02+1.05 -5.72+2.28 3.94+145 11.13 +50.25
-1.8°C -1.33+078 | -0.60+0.73 044+011 |-1.44+150 -1.1840.72 3.97 £2.96 -15.85 + 108.71
Nymphon| | o [04°C 0.89 +0.62 0.12 +0.96 064+015 |130+155 0.93+1.79 4.60 +0.86 154.36 + 71.3
australe 1.0°C 153 +1.58 0.41+0.96 034+014 |226+250 -2.57 +2.40 -1.67 +4.63 -7.57 + 145,59
4.0°C -0.85+083 | 0.61+0.88 018+006 |-0.62+1.70 -3.35+0.76 1.72+1.94 -24.31+78.86
-1.8°C 0.09+075 | -0.66+0.44 034+010 |-0.45+0.74 -0.53+1.18 215+ 251 77.45+54.9
-0.4°C -0.36+0.75 | -0.69+0.64 049+009 |-0.35+1.00 4.22+1.72 220+148 -76.54 + 43.42
A 1.0°C -0.23+0.60 | -0.90+0.62 0154009 |-089+111 -2.80 +3.65 -2.31+2.69 -214.22 +12.42
4.0°C 1124053 | -1.21+0.80 009+005 |-213+115 -10.11 +3.53 -10.27 £ 0.40 -454.18 + 131.92

Table S5 Differences in mass of three lipid classes (phospholipid, triglyceride, and free fatty acid), total lipid, protein, carbohydrate, and total energy content
between dO and d60 replicates of Ammothea glacialiand Nymphon australembryos and larvae. Values represent the mean = 1 SE of the difference, calculated
by subtracting d60 values from their associated dO replicates. Positive values irpli@te higher measurements in d60 than dO, while negative values indicate lower
measurements in d60.



Species Stage | #EM | Temp (°C) | APL (ug) ATG (ug) AFFA (ug) ATotal lipid (ug) ATotal protein (ug) | ATotal carbs (ug) | AEnergy content (mJ)
Trit(_)niella TB-E 5 -1.8°C -0.48+£0.18 0.07 £0.10 0.04 £ 0.02 -0.37+£0.25 -2.27+£0.75 0.04+0.41 -68.22 £ 30.9
bell -0.4°C 0.06 £ 0.40 0.34+£0.14 0.06 £0.04 0.47 £0.30 -2.98 £4.22 0.74£0.12 -40.14 £ 115.16
1.0°C -0.47 £0.94 0.22+0.24 -0.01 £ 0.06 -0.26 £0.75 -5.96 + 4.96 0.66 £ 0.42 -141.82 + 141.48
4.0°C -1.94 £ 0.00 0.08 £ 0.00 0.01+0.00 -1.86 £ 0.00 -7.79£0.00 0.81+0.00 -246.26 = 0.00
TB- 5 -1.8°C -0.72+£0.48 0.03+0.21 -0.01+£0.01 -0.70+£0.37 -8.27+£1.32 -1.06 £0.32 -254.88 + 35.01
Ev -0.4°C 0.19 £ 0.00 0.06 £ 0.00 -0.05 +0.00 0.20 £0.00 1.07 £ 0.00 -0.40 £ 0.00 26.6 +0.00
1.0°C -1.43+0.58 -0.07 £0.05 0.02 £0.03 -1.48 £0.55 -4.9+2.72 -1.18 £0.24 -196.79 + 81.92
4.0°C -1.84 £ 0.58 0.03+0.10 0.04 +0.04 -1.77 £0.59 -8.48 £2.04 -1.43£0.46 -345.15 + 61.54
TB- 3 -1.8°C -0.51+0.24 0.10 £0.03 0.01+£0.04 -0.40£0.18 -1.51+1.78 0.18 £0.53 -48.89 + 36.56
MV -0.4°C -0.69 +£0.19 0.10 £0.06 -0.01 +£0.07 -0.60 £ 0.28 -5.69 +£1.20 -0.27 £ 0.57 -165.13 + 29.88
1.0°C -0.86 £ 0.53 0.00£0.18 0.01+£0.05 -0.85£0.75 -6.37 £ 0.96 0.05+1.07 -185.81 + 32.76
4.0°C -1.46 £ 0.08 0.22+0.10 0.03+0.03 -1.21+0.18 -9.93+1.84 0.04+0.36 -285.15 + 43.93
TB- 2 -1.8°C -0.6 £0.23 0.17£0.01 -0.03 £ 0.04 -0.46 £0.19 -3.09 £ 0.06 -0.14+£1.20 -94.66 + 14.78
LV -0.4°C 0.26 + 0.66 0.71+0.83 -0.06 £0.03 091+0.14 -5.39+£227 -0.64 £0.42 -104.55 + 52.68
1.0°C -1.38£0.92 -0.22 +£0.30 -0.02 £ 0.08 -1.62 +£0.54 -8.73+£2.34 -1.56 £ 0.06 -300.79 + 76.44
4.0°C -1.17+£0.42 -0.11£0.38 0.02 £0.07 -1.26 £0.02 -9.11+1.40 -0.57+£1.20 -278.28 +11.73
Tritonia | TC-E 5 -1.8°C -1.36 £ 0.14 0.03 £0.05 0.00 £0.02 -0.63 £ 0.45 -0.67 £ 0.61 -0.20 £ 0.44 -45.03 + 32.08
ch_aig(ra]r;ger -0.4°C -1.48£0.19 0.13+0.05 0.03+0.04 -0.60 £ 0.64 -2.63+£1.82 -0.15+£0.32 -91.02£71.71
1.0°C -1.69 +£0.30 0.21+£0.17 -0.02 £ 0.03 -0.33 £0.37 -2.72 £0.45 -0.45+0.19 -87.47 £23.21
TC- 4 -1.8°C -1.93 +£0.87 0.06 £0.04 0.00 £0.02 -0.41£0.29 -1.61 +0.90 -1.19+0.43 -76.44 £19.19
d -0.4°C -2.11+£0.83 0.12 +0.03 0.00 £ 0.02 -0.52+0.33 -0.50 £0.38 -0.89+£1.17 -48.35 £ 13.63
1.0°C -2.27+0.84 0.08 £0.05 -0.02 £ 0.04 -0.74 £0.36 -2.65 +0.90 -2.10£0.76 -130.74 + 34.65
TC- 4 -1.8°C -1.95+0.40 -0.01+£0.10 0.01+0.03 -0.46 £0.29 -1.12£0.89 -1.25+£0.12 -67.5+21.01
MV -0.4°C -2.05+041 0.02 +£0.09 -0.01 £0.04 -0.54 £ 0.25 -1.81+£1.02 -1.15+£0.40 -85.73+£20.3
1.0°C -1.93 £ 0.64 -0.01 £0.08 0.00 £0.03 -0.45+0.48 -3.16 +1.31 -1.29 £ 0.55 -117.7 £25.93
TC- 1 -1.8°C -2.75+0.00 0.07 £0.00 0.02 £0.00 -0.28 £0.00 -3.39 £ 0.00 -1.46 £ 0.00 -119.87 £ 0.00
LV -0.4°C -2.57 £0.00 0.04 £0.00 -0.04 +£0.00 -0.19 £0.00 -3.56 + 0.00 -1.17 £ 0.00 -115.01 + 0.00
1.0°C -2.86 = 0.00 -0.05 £ 0.00 -0.05 £ 0.00 -0.58 £ 0.00 -3.80 £ 0.00 -1.67 £0.00 -145.09 + 0.00

Table S6 Differences in mass of three lipid classes (phospholipid, triglyceride, and free fatty acid), total lipid, protein, carbohydrate, and total energy content
between d0 and d60 replicates of Tritoniella belli and Tritonia challengerianambryos and larvae. Values represent the mean + 1 SE of the difference, calculated
by subtracting d60 values from their associated dO replicates. Positive values E]ijécate higher measurements in d60 than d0, while negative values indicate lower
measurements in d60.



Length of stage
. Temperature n (full . estimated by GRM n (full Length of stage .
Species Stage o observations + observat- from full observations
C) censored) (days, least-square ions) (days, mean * SE)
mean + SE) ¥s, B
-1.8 3 259.9 +404.4 0 -
-0.4 3 143.1+15.2 2 1185+20.5
A-l
+1 5 141.9+13.2 3 135+16.5
Ammothea +4 5 134.8+12.2 3 116 £45
glacialis 1.8 5 116.7 £14.7 3 116 + 26
-0.4 5 90.2+11.8 4 84 +15
A-ll
+1 5 69.8 +11.5 5 69.8+75
+4 5 77.3+12.0 4 73.25+35
-1.8 0 - 0 -
-0.4 4 122.8 +294.3 0 -
N-I
+1 6 85.1+6.3 2 765+75
+4 6 645+43 6 645+6
Nymphon australe
-1.8 4 218.2 +195.0% 0 -
-0.4 5 147.00 + 7.5% 2 1477
N-I1
+1 5 135.5+6.5% 2 1325+6.5
+4 5 78.0+4.7° 5 78+4
-1.8 0 - 0 -
-0.4 0 - 0 -
TB-EV
+1 1 27.0+21.3 1 27
L . +4 2 140+15.1 2 14+0
Tritoniella belli
-1.8 4 1733 +11.0* 3 162.7+4.8
-0.4 5 106.4 +9.6° 5 106.4 +14.4
TB-MV
+1 5 86.8 +9.6° 5 84 +10.2
+4 4 735+10.7° 4 735+88
-1.8 3 60.0 + 11.6 3 60+4
TC-EV -0.4 3 42.7+116 3 42707
Tritonia +1 3 37.0+11.6 3 37+45
challengeriana
-1.8 6 179.2£9.9% 2 139.5+275
TC-MV -0.4 6 1157 +8.2° 6 115.7+7.2
+1 6 81.3 +8.2° 6 81.3+6.7

Table S7 Length of stage (days) for the four different experimental temperatures. Two sets of values are presented:
the least-square means + 1SE, as estimated from a GRM incorporating right-censored observations, and means +
1SE as calculated from only full observations. In the least-square means, superscripted letters indicate species-stage
combinations where development time significantly differed between temperature treatments; groups that do not
share a letter have significantly different means at a = 0.05, as determined by post-hoc Tukey-Kramer HSD tests.
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Figure S1 Examples of nonviable embryos and larvae that were selectively discarded at the end
of the experiment. Scale bars = Imm.
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Figure S2 Measurements of three lipid classes (phospholipid, triglyceride, and free fatty acid),
total protein, and total carbohydrate content across biological replicates (egg masses). Each
point represents a single constituent measurement from one egg mass (ug). Straight lines depict
the relationship between measurements and temperature within each egg mass.
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Nymphon australe

4
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Figure S3 Comparison of least-
squares means of length of stage,
as generated from generalized
regression models with right-
censored analysis (black points)
and means for length of stage
generated only from complete
observations (open circles). Each
point and error bar represents the
mean and standard error of the
length of a stage, as predicted form
the model. Crosses (+) indicate
estimates derived from right-
censored analysis of stage-
temperature combinations where
no complete observations were
made. In the pycnogonids, the y-
axes are shortened to facilitate
comparison of means at
temperature treatments where both
are available.



SUPPLEMENTARY FIGURES FOR CHAPTER 4

Factor DF DFDen F-ratio P Wald % of total
P variance

Response: Heart Rate (BPM)

Temperature step 1 8910 119.74 <0.0L

Interval 2 8910 0.04 0.963

Temperature step * Interval 2 8910 0.21 0.813

Snail ID (random) 0.032 10.9

Table SIL Summary of statistical results from a mixed-effects model investigating the effect
of temperature step (°C), interval number (1, 2 or 3), their interaction, and snail ID (random
effect), on heart rate (BPM). Boldface p-values are statistically significant at o = 0.05.
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Figure S1 Heart rate of Neobuccinum eatoni over a -1.8 to +18 °C temperature ramp, separated by interval
number. Each point and error bar represents the mean heart rate and associated standard error across all
individuals for that interval (n=16 for the -1.8 °C treatment and n=13 for the +4.0 °C treatment). To test
whether heart rate varied across intervals within each temperature step, we used a mixed-effects model with
BPM as the response variable, temperature step, interval number, and their interaction as fixed effects, and
snail 1D as a random effect. Heart rate differed significantly by temperature step (Fi,s01=119.7, p <0.001),
but not by interval (Fi,s01 =0.04, p=0.96) or their interaction (Fi,s01=0.2, p=0.81).
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