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ABSTRACT

SEASONAL PRODUCTION DYNAMICS OF HIGH LATITUDE SEAWEEDS IN
A CHANGING OCEAN: IMPLICATIONS FOR BOTTOM-UP EFFECTS ON
TEMPERATE COASTAL FOOD WEBS
by Lauren E. Bell

As the oceans absorb excess heat and CO; from the atmosphere, marine primary
producers face significant changes to their abiotic environments and their biotic
interactions with other species. Understanding the bottom-up consequences of these
effects on marine food webs is essential to informing adaptive management plans that
can sustain ecosystem and cultural services. In response to this need, this dissertation
provides an in-depth consideration of the effects of global change on foundational
macroalgal (seaweed) species in a poorly studied, yet highly productive region of our
world’s oceans. To explore how seaweeds within seasonally dynamic giant kelp
forest ecosystems will respond to ocean warming and acidification, I employ a variety
of methods: year-round environmental monitoring using an in situ sensor array,
monthly subtidal community surveys, and a series of manipulative experiments. I find
that a complementary phenology of macroalgal production currently characterizes
these communities, providing complex habitat and a nutritionally diverse energy
supply to support higher trophic levels throughout the year. I also find that future
ocean warming and acidification will lead to substantial shifts in the phenology,
quantity and quality of macroalgal production in these systems. My results suggest

that the giant kelp Macrocystis pyrifera may be relatively resilient to the effects of

viii



global change in future winter and summer seasons at high latitudes. In contrast, the
calcifying coralline algae Bossiella orbigniana and Crusticorallina spp. and the
understory kelps Hedophyllum nigripes and Neoagarum fimbriatum will experience a
suite of negative impacts, especially in future winter conditions. The resulting indirect
effects on macroalgal-supported coastal food webs will be profound, with projected
reductions in habitat and seasonal food supply on rocky reefs. Coming at a time of
heightened interest in seaweed production potential at high latitudes, this dissertation
provides a comprehensive evaluation of the future of these foundational organisms in

a changing environment.
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INTRODUCTION

Anthropogenic emissions of greenhouse gases into the atmosphere over the last
century have set in motion dramatic changes to the temperature and carbonate
chemistry of the world’s oceans (Orr et al. 2005, Doney et al. 2009, IPCC 2018).
Seawater has absorbed more than 90% of the excess heat trapped in the atmosphere in
the last 50 years (Durack et al. 2018, Cheng et al. 2019). In addition, the oceans have
taken up more than 30% of human-produced CO- gas, resulting in a several hundred-
fold increase in aqueous CO» and a nearly 50% reduction of carbonate in the marine
environment over the last 150 years (IPCC 2018). These changes to oceanic
carbonate chemistry result in decreased seawater pH and increased corrosive
conditions, collectively termed ‘ocean acidification’. Even with a best-case scenario
return to pre-industrial global CO> emission levels, these changes are predicted to
continue through 2100 due to the energetic imbalance between the world’s

atmosphere and oceans (IPCC 2018).

In addition to the direct effects that these environmental changes are expected to have
on marine organisms at every trophic level, emergent effects within marine
ecosystems will depend on the connectivity and relative interaction strength among
species (Bernhardt & Leslie 2013). For example, negative direct effects of elevated
pCO7 or temperature on consumer energetics can be mitigated through access to

sufficient quantities or quality of food (Gaylord et al. 2015, Bruno et al. 2015,



Rosenblatt & Schmitz 2016, Vizzini et al. 2017, Doubleday et al. 2019). On the other
hand, higher trophic level organisms that are resilient to the direct effects of global
change may still be vulnerable to changes in the availability and natural phenology of
their basal resources (Edwards & Richardson 2004, Sydeman & Bograd 2009).
Alongside trophic resource effects, shifting interactions among species may also
affect relative access to critical abiotic resources (Harley et al. 2006, Burek et al.
2008, Burnell et al. 2014). Therefore, it is imperative that global change research
incorporates ecological knowledge of community structure and species interactions to

properly account for both the direct and indirect effects of environmental change.

In coastal ecosystems worldwide, macroalgae (seaweeds) are foundational primary
producers that provide both complex habitat and food supply that promote marine
biodiversity (Steneck et al. 2002, Graham 2004, Hurd et al. 2014, von Biela et al.
2016). Macroalgal species will differ in their vulnerability to the direct effects of
ocean warming and acidification. Calcifying seaweeds consistently exhibit reduced
growth and condition under ocean acidification (Kroeker et al. 2010, Roleda et al.
2012), whereas some non-calcifying macroalgae can increase their production in
elevated pCO> conditions (Koch et al. 2013, Cornwall et al. 2017). Other seaweeds
experience reductions in their growth, nutritional quality, or chemical defenses under
the combined effects of ocean acidification and warming (Gao et al. 2021, Kinnby et
al. 2021). Such interspecific variation in seaweeds’ responses will alter interactions

and competitive hierarchies among the macroalgae, and ultimately lead to dramatic



shifts in the composition and productivity of many seaweed communities (Kroeker et

al. 2013b, Harley et al. 2012, Connell et al. 2013).

For marine food webs that depend on macroalgal-derived energy and habitat, the
emergent implications of these future community changes will hinge on the
environmental context in which they occur. Many temperate to sub-polar rocky reef
environments where seaweeds dominate are naturally characterized by substantial
temporal variability in temperature, pCO, light and nutrients (Schiel & Foster 2015,
Koweek et al. 2017, Pessarrodona et al. 2022). Interactions among these fluctuating
abiotic drivers on diel and seasonal time scales shape seaweed physiology and
production through the year (Hurd et al. 2014, Menge et al. 2021). Further, variability
in temperature and pH influence consumer metabolism and grazing, so that top-down
pressures on seaweed communities also vary over time (Werner et al. 2016, Donham
et al. 2021, Kroeker et al. 2021). Research that links this natural variation in
environmental drivers with community dynamics of production, consumption, and
energy flow is essential to predicting how environmental change will manifest at an
ecosystem level (Harley et al. 2017, Kroeker et al. 2020). This is particularly true
where abiotic variables already vary asynchronously, as marine climate change will
lead to novel combinations of physiological stressors at different times of the year.
Yet, few biological studies of macroalgal-based systems have integrated such
oceanographic information into scenarios of ocean warming and acidification, due in

part to the increased difficulty of this approach. Where such research has occurred, it



is evident that underlying environmental variability within a system interacts with
elevated temperatures and pCO» to affect the strength and direction of the

community’s response (Celis-Pla et al. 2015, Graiff et al. 2015, Wahl et al. 2020).

Considering that the most productive macroalgal forests in the world are found in
environmentally variable environments, there is an urgent need to expand global
change research to include natural variation in, and interactions among, both biotic
and abiotic factors in these systems. The goal of my dissertation is to address this
knowledge gap by exploring how the production dynamics of temperate,
macroalgal-based communities in a seasonally dynamic environment will
respond to ocean warming and acidification. I focus my research within high
latitude giant kelp (Macrocystis pyrifera) forest ecosystems, on the rocky reefs of
coastal southeast Alaska. The diverse marine communities of macroalgae and their
consumers that constitute giant kelp beds provide relatively accessible and spatially
manageable domains in which to explore the emergent effects of global change within
a highly interconnected ecosystem. Global change is occurring rapidly in these high
latitude marine environments, where pronounced warming and persistent calcium
carbonate undersaturation of polar and sub-polar surface waters are anticipated within
the next 50 years (Feely et al. 2004, Steinacher et al. 2009). These changes are
expected to have far-reaching impacts across marine phyla (Kroeker et al. 2013a,
Lotze et al. 2019). Consequently, productive sub-polar fisheries sectors face

considerable risk (Himes-Cornell & Kasperski 2015, Mathis et al. 2015, Holsman et



al. 2019). This present-day vulnerability indicates these regions can function as
bellwethers for impending impacts of global change to mid-latitude marine systems

(Fabry et al. 2009).

In this dissertation, I spotlight a selection of calcified and fleshy seaweeds that
dominate the macroalgal communities within giant kelp forests of Sitka Sound,
Alaska: Macrocystis pyrifera, Hedophyllum nigripes, Neoagarum fimbriatum,
Bossiella orbigniana, and Crusticorallina spp. Together, these co-existing,
foundational species provide the majority of macroalgal-derived habitat and food
supply within these ecosystems. I start by describing the current seasonal production
dynamics of the three canopy-forming kelp species in the context of natural
environmental variability in this high latitude region (Chapter 1). I then use
manipulative experiments to test how projected ocean acidification and warming will
interact with seasonal variability to impact the production and nutritional value of
these kelps (Chapter 2). Finally, I consider how ocean acidification will interact with
seasonal light availability to affect the production of the two coralline algae species,
and whether these species’ responses are influenced by their interaction with a non-
calcifying alga (Chapter 3). By integrating a robust understanding of the current
drivers and dynamics of community structure into the design of sophisticated global
change experiments, this collection of work provides a comprehensive picture of how
environmental change in dynamic environments can affect coastal marine ecosystems

from the bottom-up.



Chapter 1: Standing crop, turnover, and production dynamics of
Macrocystis pyrifera and understory species Hedophyllum nigripes
and Neoagarum fimbriatum in high latitude giant kelp forests

This chapter was originally published in a peer reviewed journal and is reproduced
here for inclusion in this dissertation. The citation for the original publication is:

Bell, L. E., & Kroeker, K. J. (2022). Standing crop, turnover, and production
dynamics of Macrocystis pyrifera and understory species Hedophyllum
nigripes and Neoagarum fimbriatum in high latitude giant kelp forests.

Journal of Phycology, 58(6), 773—788. https://doi.org/10.1111/jpy.13291



Abstract

Production rates reported for canopy-forming kelps have highlighted the
potential contributions of these foundational macroalgal species to carbon cycling and
sequestration on a globally relevant scale. Yet, the production dynamics of many kelp
species remain poorly resolved. For example, productivity estimates for the widely
distributed giant kelp Macrocystis pyrifera are based on a few studies from the center
of this species’ range. To address this geospatial bias, we surveyed giant kelp beds in
their high latitude fringe habitat in southeast Alaska to quantify foliar standing crop,
growth and loss rates, and productivity of M. pyrifera and co-occurring understory
kelps Hedophyllum nigripes and Neoagarum fimbriatum. We found that giant kelp
beds at the poleward edge of their range produce ~150 g C - m™ - yr! from a standing
biomass that turns over an estimated 2.1 times per year, substantially lower rates than
have been observed at lower latitudes. Although the productivity of high latitude M.
pyrifera dwarfs production by associated understory kelps in both winter and summer
seasons, phenological differences in growth and relative carbon and nitrogen content
among the three kelp species suggests their complementary value as nutritional
resources to consumers. This work represents the highest latitude consideration of M.
pyrifera forest production to date, providing a valuable quantification of kelp carbon

cycling in this highly seasonal environment.



Introduction

Increasing anthropogenic carbon emissions have sharpened the worldwide
focus on natural carbon sinks (de Coninck 2018, Lecocq et al. 2022). Terrestrial
woody forests and vegetated coastal habitats (mangroves, seagrass meadows, salt
marshes) have received the majority of attention due to their capacity to sequester
carbon through standing crop and burial. More recently, marine macroalgal (seaweed)
ecosystems have been highlighted for their potential as a substantial, climate-relevant
carbon sink (e.g., Krause-Jensen and Duarte 2016, Laurens et al. 2020, Duarte et al.
2022a). Seaweeds - and canopy forming kelp forests in particular - may contribute
substantially to ‘blue carbon’ storage through their rapid growth, large standing crop,
and the allochthonous burial of their detrital export (Ortega et al. 2019, Queirds et al.
2019, Filbee-Dexter and Wernberg 2020, Smale et al. 2021). However, the paucity of
quality data on kelp production rates (as g Carbon - m? - yr'!) is cited as one of the
major obstacles to practical estimates of kelp’s carbon sequestration capacity (Reed
and Brzezinski 2009, Krause-Jensen et al. 2018).

Research on kelp production is difficult because of the intensive sampling
necessary to capture growth and turnover dynamics (Hurd et al. 2014, Schiel and
Foster 2015). Production rates of the giant kelp Macrocystis pyrifera, a globally
abundant and high biomass macroalga, have primarily come from well-studied
regions in the center of this species’ latitudinal range (Pessarrodona et al. 2022).
Much less is known about carbon cycling within M. pyrifera in fringe habitats,

particularly at its polar extents (but see Wheeler and Druehl 1986, van Tussenbroek
8



1989, Attwood et al. 1991). Understanding kelp production capacity in these habitats
is needed to correct the geospatial bias of the data that currently inform global
estimates of seaweed productivity. High latitude environments are seasonally
dynamic, where variation in seawater temperature, pCO2, storms, light and nutrient
availability impact macroalgal physiology (Graham et al. 2007, Kroeker et al. 2020).
The long photoperiod of the high latitude spring and summer contributes to
seasonally high rates of production for some macroalgal species (Druehl and Wheeler
1986, van Tussenbroek 1989, Brown et al. 1997, Nielsen et al. 2014). Yet, the
duration and magnitude of this production may be constrained by intense competition
for nutrients and light with phytoplankton blooms and other macroalgae (Kavanaugh
et al. 2009, Miller et al. 2011, Pfister et al. 2019, Bell et al. 2022). Additionally, the
physiological tolerance of M. pyrifera is likely challenged at certain times of the year
near the edge of the range, which may also restrict its overall productivity (e.g., King
et al. 2020). Year-round measurements of giant kelp growth, loss, and foliar standing
crop (FSC) from higher latitude regions are therefore necessary to understand the
carbon production associated with M. pyrifera-dominated ecosystems worldwide.

While surface-canopy forming kelp genera (e.g., Macrocystis, Nereocystis,
Eklonia, Laminaria) have received the most attention for their carbon production
potential, these kelps frequently co-occur with substantial macroalgal subcanopies.
Total production by understory algae has been estimated to rival production by M.
pyrifera in kelp forests within the center of its range, and it can increase to

compensate for production lost if the surface canopy is removed (Miller et al. 2011,
9



Castorani et al. 2021). In higher-latitude giant kelp forests, understory algal
communities are often dominated in biomass by a few species of large, fast-growing
stipitate kelps, such as Hedophyllum nigripes, Neoagarum fimbriatum, Agarum
clathratum in the north Pacific (Schiel and Foster 2015, Kroeker et al. 2020). Some of
these subcanopy kelp species may have more poleward distributions than the primary
canopy forming species (Wulff et al. 2009, Grant et al. 2020), which could influence
their relative production capacity in these regions. Studies resolving the comparative
ecological performance of subcanopy versus canopy kelps in these regions of
overlapping range distributions will provide valuable context ahead of anticipated
environmental and species distribution changes (Krumhansl et al. 2016).

In addition to understanding the relative production capacity of different kelp
species, investigations of the temporal nature of this relationship in seasonally driven
ecosystems may be essential for predicting their vulnerability to global change. As
ocean acidification and warming overlay onto current environmental variability at
high latitudes, the responses of marine producers may vary by season (Graiff et al.
2015, Wahl et al. 2020). Further, consumers in these systems will experience
heightened susceptibility to stressful conditions in particular seasons (Kroeker et al.
2020). Ecological theory suggests that the resilience of these ecosystems will hinge
on both the abundance and diversity of basal production that is available to support
consumers under such enhanced stress (Bernhardt and Leslie 2013, Gaylord et al.
2015, Doubleday et al. 2019). Although some seasonal complementarity in

macroalgal production may already occur due to natural variation in different species’
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growth phenologies, such fundamental knowledge is still lacking for many high
latitude environments. Yet, we know that it is very likely that coexisting macroalgal
species will be differentially affected by global change stressors (Phelps et al. 2017,
Pessarrodona et al. 2019). Therefore, to predict how future changes could alter the
temporal availability of basal energy resources in high latitude coastal marine
ecosystems, it is essential that we first understand the current seasonal timing of
production for the dominant macroalgal species of the region.

In this study, we provide a novel, multi-year time series of canopy and
subcanopy kelp production in a seasonally dynamic high latitude system. Our
research focuses on M. pyrifera beds in Sitka Sound, southeast Alaska, near the
northernmost continuous edge of this species’ range (Druehl 1970, 1981). Similar to
other high latitude regions, temporal variation in the FSC of kelp beds in southeast
Alaska is expected to be driven by seasonal variation in temperature, nutrient supply,
disturbance from winter storms, and irradiance (Calvin and Ellis 1981, Druehl and
Wheeler 1986, Stekoll 2019). However, observations from outer coast areas such as
Sitka Sound are sparse. In our study of three of the most common subtidal kelps of
this region (M. pyrifera, H. nigripes, N. fimbriatum), we expect to see increased
growth and FSC of all species in late winter and early spring, followed by substantial
FSC declines in fall and early winter due to physical stress from storm swell. We
previously observed that M. pyrifera canopies in Sitka Sound begin to degrade and
foul by mid-summer (~July), perhaps due to low nutrient concentrations during this

period (Brown et al. 1997, Rodriguez et al. 2016). To investigate the local
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relationship between kelp production and nutrient supply, we also conduct year-round
sampling to capture the temporal availability of seawater nitrogen in Sitka Sound. In
other systems exhibiting seasonal trends in nutrient availability, the nitrogen content
of kelps is observed to generally mirror temporal patterns in seawater inorganic
nitrogen supply (Wheeler and Srivastava 1984, Brzezinksi et al. 2013, Stephens and
Hepburn 2016) though bulk seawater samples don’t necessarily reflect all nitrogen
sources or supply available to algal tissues (Hurd et al. 1994). Therefore, we also
sample a variety of kelp tissues to determine temporal and spatial variability in thallus
carbon and nitrogen concentrations. Finally, two of our three sites undergo a phase
shift from lush kelp forest to urchin barrens during our study, ostensibly caused by
changes in top-down control (Raymond et al. 2019, Gorra et al. 2022). These
unexpected changes facilitate observations of how growth, loss, and production rates
of three dominant, interacting kelp species respond to declines in their FSC associated

with enhanced grazing pressure.
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Methods

Plant biomass and foliar standing crop

We conducted monthly surveys of Macrocystis pyrifera for FSC estimation in
Sitka Sound, Alaska from January 2017 to February 2018 at Breast Is. (57.039 N,
135.333 W) and Harris Is. (5§7.032 N, 135.277 W), and seasonally in July 2018,
January 2019, and July 2019 at Breast Is., Harris Is., and Samsing Pinnacle (56.988
N, 135.357 W). We surveyed all unique M. pyrifera sporophytes (hereafter, “plants”
(Bolton 2016)) within two permanent 30 - 2 m transects at the 5 - 7 m depth (MLLW)
contour and counted the total number of fronds extending > 1 m above the holdfast
(hereafter, “frond density”). To determine the relationship between frond density and
total wet mass (g), we collected and measured M. pyrifera plants (excluding their
holdfasts) in summer 2017 (N = 16) and winter 2018 (N = 10) (Kroeker et al. 2020).
We used a linear model to test the effect of season (winter and summer) on the
relationship between frond density and wet mass. M. pyrifera frond density explained
94% of the variability in total plant wet mass (g) excluding its holdfast, regardless of
season (p = 0.594; see Table S1.1 for all regression parameter results). In January
2022, we collected M. pyrifera stipe and blade tissue collected from the surface
canopy, mid canopy, and 1 m above the holdfast (N = 12 unique plants) to capture
within-plant variation in tissue dry mass composition (% wet mass). We used the
slopes of the zero-intercept linear regression lines generated from these relationships
as conversion factors to calculate wet and dry mass for each surveyed plant from its

frond density. Across all M. pyrifera tissue samples, wet biomass explained 96% of
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the variation in dry biomass. Although mean dry mass composition of M. pyrifera
tissues varied by location along the frond, the range of total variation (8.8-12.6% of
wet mass) was small. We chose to use a mean conversion value (10.3% of wet mass)
to estimate dry mass for all M. pyrifera tissues, as we did not consistently collect the
canopy length data necessary to incorporate within-plant variation in dry mass
composition. We summed the estimated dry mass of each plant and divided by
surveyed area to calculate M. pyrifera FSC as dry mass (g - m?) at each site for each
survey,

We performed seasonal surveys of the understory stipitate kelp community,
including Neoagarum fimbriatum and Hedophyllum nigripes, in July 2018 - 2020,
January 2019 - 2020, and March 2019 at Breast Is., Harris Is., and Samsing Pinnacle.
At each site, we counted individuals of these species within two permanent 30 - 2 m
transects at the 5 - 7 m depth (MLLW) contour. Starting in March 2019, we also
measured a subset of individuals for total blade length and maximum blade width.
When we encountered > 10 individuals of either species within a 10 - 1 m swath of a
transect, we used the blade morphometrics calculated for the first 10 plants over a
subsampled area to estimate total biomass for that species in the rest of that swath. To
estimate total dry biomass from blade morphometrics, we collected > 10 individuals
of each understory kelp species from each site in August 2018, measured each blade
for maximum length and width to estimate surface area (cm2) and weighed for wet
mass (g). We dried collected N. fimbriatum and H. nigripes individuals at 60 °C for at

least 24 hrs and reweighed for dry mass (g). For each relationship (blade surface area
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to wet mass, and blade wet mass to dry mass), we used the slopes of the zero-
intercept linear regression lines as conversion factors to calculate a dry mass for each
surveyed plant. Blade surface area explained 96% of the variability in thallus wet
mass for N. fimbriatum and 97% of the variability in thallus wet mass for H. nigripes
(Table S1.1). Thallus wet mass explained 99% of the variability in dry mass for both
N. fimbriatum and H. nigripes.

We summed plant dry masses and divided by surveyed area to obtain the total
dry mass FSC (g - m™2) of each understory species at each site for each survey. In
instances where we performed surveys of both stipe counts and blade morphometrics
during the same month, we used these calculated season-specific relationships to
estimate total dry mass FSC of each species from their stipe densities (stipes - m™)
prior to March 2019. We also used seasonal relationships between stipe counts or
blade morphometrics and the season-specific average wet mass of each understory
kelp species to estimate the percent composition of understory FSC represented by
each species in a survey. Stipe density in January 2020 explained 83% (V.
Sfimbriatum) and 97% (H. nigripes) of the variability in total dry mass present in the
transect, whereas stipe counts in July 2019 and 2020 explained 53% (M. fimbriatum)

and 98% (H. nigripes) of the variability in total thallus dry mass during these periods.

Macroalgal growth and loss
We monitored monthly growth and loss of dominant kelp species in Sitka

Sound from January 2017 to February 2018 at Breast Is. and Harris Is. (M. pyrifera
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only), and from July 2018 to July 2019 at Harris Is., Breast Is., and Samsing Pinnacle
(M. pyrifera, N. fimbriatum, H. nigripes). At each site, we identified 12 - 15 “adult”
individuals of each species (M. pyrifera: at least one frond reaching the surface; N.
fimbriatum and H. nigripes: maximum blade length > 20 cm) along a 5 - 6 m depth
(MLLW) contour with numbered tags. Each month, we re-surveyed tagged M.
pyrifera plants for frond density, with zip ties loosely bound around new fronds
exceeding 1 m in height to distinguish new growth. For tagged N. fimbriatum and H.
nigripes plants, each month we punched a new hole through the thallus at 10 cm from
the intercalary meristem (Parke 1948), and we measured blade morphometrics
(maximum blade length and width) and distance from meristem to the previous
month’s punched hole. When previously tagged individuals were not re-sighted after
two consecutive months, we assumed they had been physically removed from the
substrate, either through grazing or abiotic factors.

We determined size-specific growth and loss rates using an approach modified
from Rassweiler et al. (2008, 2018). We use the term “size” broadly here, as we
utilize either frond density (M. pyrifera) or blade length (understory species) to
estimate sporophyte size as a proxy for sporophyte biomass. Because we use single
conversion factor to calculate each species’ sporophyte biomass from its size, size-
specific and mass-specific growth rates are equivalent. Thus, hereafter we refer to
them simply as “specific” rates. We calculated the specific frond loss or blade erosion

rate (fi; d'!) of each plant during a survey period using the equation:
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fi = 3InGE

where 7' is the number of days between surveys, Fyis the frond density (M. pyrifera)
or the maximum blade length (N. fimbriatum, H. nigripes) at the start of the survey
period (time (), and F'r is the number of fronds > 1 m that had zip ties at time 0 that
remain at time 7' (M. pyrifera) or the maximum blade length at time 0 plus the
difference between the total blade increase (maximum blade length at time 7' minus
maximum blade length at time 0) and the linear blade growth (N. fimbriatum, H.
nigripes).

We calculated the specific growth rate (gi; d!) of each plant during a survey
period using the equation:

g = 7InGH * f;

where 7 is the number of days between surveys, By is the frond density (M. pyrifera)
or the maximum blade length (N. fimbriatum, H. nigripes) at the start of the survey
period (time (), and Br is the total frond density or the maximum blade length at time
T.

We calculated the per capita plant loss rate (p; d*!') for each species during a

survey period using the equation:
1, P
p=gnG,
where 7 is the number of days between surveys, Py is the total number of individual

plants of a species at the start of the survey period (time 0), and Pr is the number of

plants at time O that remain at time 7.
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To determine a net rate of change (n; d!) for all individuals of a species
during a survey period, we calculated the difference between each individual’s
specific growth rate and the sum of the individual and species’ loss rates: n;=g; - (fi+
p)- We then averaged n; among all individuals to get n. Similarly, we averaged g;
among individuals of each species during each survey period to calculate a mean
specific growth rate (g).

Growth and loss equations were not defined in cases when all fronds were lost
(M. pyrifera), or when the punched hole from time 0 was not re-sighted at time 7" (N.
fimbriatum, H. nigripes). In the case of M. pyrifera, we substituted a value of /2 frond
to enable an approximation of growth and loss rates as they approached zero (per
Rassweiler et al. 2018). We did not observe any M. pyrifera plant to recover from a
complete loss of fronds, and thus these individuals were accounted for in plant loss
rates during a later survey period. When a punched hole was not re-sighted on a
tagged understory kelp species, we did not include the individual in our analyses for
that survey period. Following our observations of multi-year declines in M. pyrifera
populations at two of our sites, we used regression analysis (R Core Team, 2022) to
test if the number of elapsed days in the study period was a significant predictor of M.

pyrifera net growth rates at Harris and Breast Islands.

Nutrient monitoring
To capture the annual variation in nutrient concentrations around a high

latitude giant kelp bed, we sampled seawater monthly (July 2018 to July 2019) from
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the water column adjacent to Breast Is. in Sitka Sound, Alaska. We collected seawater
using a surface-deployed Niskin bottle at 0.5 m and 4.5 m depth at each of four
locations: in the middle of the Breast Is. giant kelp bed canopy, at the canopy edge,
150 m away from canopy edge, and 600 m away from the canopy edge towards the
open ocean (Gulf of Alaska). In addition, we collected benthic seawater samples
monthly (June 2016 to July 2017) and opportunistically (fall 2017 to summer 2020)
using a diver-deployed Niskin bottle at 8 - 10 m depth at Breast Is., Harris Is.,
Samsing Pinnacle and Talon Is. (5§7.073 N, 135.414 W). We brought collected water
to the surface, immediately filtered each sample through a 0.2 um filter and kept it
frozen until analysis for dissolved inorganic nitrogen content as NOx (NO3 + NO2) on
a Lachat QuikChem 8000 Flow Injection Analyzer at the University of California
Santa Cruz Marine Analytical Laboratory (detection limit < 0.28 uM NOx, average
run measurement error < 0.1 uM NOx). To assess spatial variability in monthly
seawater NOy concentrations collected near Breast Is., we used a linear mixed-effects
model (R Core Team, 2022) with depth, location, and the interaction of depth and
location as fixed factors and date as a random intercept using restricted maximum
likelihood. With log transformation of seawater NOx, we used plots of model
residuals and Q-Q plots to confirm that our final model satisfied assumptions of
homoskedasticity and normality (Winter 2013). We determined p-values for the
effects of fixed factors and their interactions using the Sattertwaithe’s method for t-

tests (a = 0.05).
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Macroalgal carbon and nitrogen content

Coincident with monthly sampling of seawater for nutrient concentrations, we
collected surface blades from M. pyrifera in the Breast Is. giant kelp bed from July
2018 to July 2019 to analyze for carbon (C) and nitrogen (N) content. On one frond
from each plant (N = 3), we identified and removed the second intact blade closest to
the frond’s scimitar blade. To capture seasonal variation in C and N content in kelp
species in July 2018, January 2019, and August 2019, we collected blades from M.
pyrifera plants (N =5) at ~1 m above their holdfasts and blades (N =5) of N.
fimbriatum and H. nigripes between 4 - 7 m depth (MLLW) at Samsing Pinnacle. We
also opportunistically collected blades (V= 3-5) representing all kelp species present
at Harris Is. in summer 2018 and 2020 and at Samsing Pinnacle in summer 2020. For
all macroalgal tissue field collections, we immediately drained collected samples of
excess seawater and kept them on ice in a covered cooler for transport to the lab.
Within 2 hours of collection, we cleaned collected tissue of epiphytes and rinsed it
briefly in fresh seawater. From all collected blades we excised 1 - 5 g of tissue
immediately adjacent to the intercalary meristem where the blade meets the stipe. We
spun tissue samples 10 times in a salad spinner before drying at 60 °C for at least 24
hrs. Dried samples were analyzed for C and N content (% dry mass) by the University
of California Santa Cruz Stable Isotope Laboratory using a CE Instruments NC2500
elemental analyzer coupled to a Thermo Scientific DELTAplus XP isotope ratio mass
spectrometer via a Thermo-Scientific Conflo III (routine measurement error < 1.0 %C

and < 0.2 %N).
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To assess the relationship between M. pyrifera surface blade N content and
seawater NOx concentration at Breast Is., we used a Spearman’s rank correlation to
compare blade tissue and seawater samples from 4.5 m depth (all seawater samples
were pooled together by sampling date). We used two-factor analysis of variance tests
(ANOVA; R Core Team, 2022) to analyze the effects of fixed factors season and
algal species and the interaction of season and species on the C and N content of M.
pyrifera, H.nigripes, and N. fimbriatum tissue collected at Samsing Pinnacle in 2018
and 2019. We confirmed assumptions of normality were met with Q-Q plots of model
residuals, and used residual plots to verify the absence of heteroskedasticity (Winter
2013). Where fixed factors or their interaction were significant (a = 0.05), we used
the Tukey’s honest significant difference (HSD) method to test pairwise differences

among means.

Production estimates

We estimated macroalgal production rates in terms of dry mass, carbon mass
and nitrogen mass produced per square meter per day using a similar approach to
Rassweiler et al. (2008, 2018). Calculations of giant kelp bed productivity in southern
California were found to be robust to the type of growth model employed (Rassweiler
et al. 2018). We chose to use an exponential growth model, which assumes that any
new growth or erosion of a kelp sporophyte during a survey period occur in constant
proportion to its starting size. For each survey period where we could estimate the

starting dry mass FSC (Sp; g - m™) of a species at a site, we used the specific growth
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rate (g) and the specific net rate of change (n) to estimate the daily average dry mass

production (P; g - m - d'!") that occurred during this sampling interval:

P =2%n_1)

n

We used the equation to calculate P in terms of carbon mass (i.e., net primary
production or NPP) and nitrogen mass, except we first defined Sy in units of carbon or
nitrogen mass by multiplying by the average carbon and nitrogen content of each
species during that time period: Socorn) = So - (%C or %N). We recognize the
significant variation in C and N content that can exist within kelp thalli (Gevaert et al.
2001) and have confirmed inter-thallus variability in elemental content for our
monitored kelps in Sitka Sound that differs by species and season (Bell and Kroeker,
unpublished data). Incorporation of this level of macroalgal elemental content
variation into our productivity estimates was beyond the scope of this paper. We
chose to use the average C and N content of the ‘newest’ blade tissue (sampled
closest to the intercalary meristem) as the sole conversion factor for each species in
each time period. To calculate the error around our estimates of macroalgal
production rates for each species at a site in a survey period, we used Monte Carlo
methods to propagate uncertainty from measured variability in the actual data
(Harmon et al. 2007). We generated 1,000 randomly simulated normal distributions
for each variable used in each calculation of P (as dry mass, C mass, and N mass) to
create a normally distributed range of 1,000 estimates of P. We then used the standard

deviation of these values as the standard error in each of our estimates of P.
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Results

Plant biomass and foliar standing crop

From January 2017 to February 2018, M. pyrifera FSC was lowest in January
(combined sites mean + SE: 174 + 24 g dry mass - m2), but began to rise by April to
reach an annual maximum around June (468 + 47 g dry mass - m?)(Fig. 1.1a). By
July, FSC had begun to decline again towards its winter minimum. At one site (Harris
Is.), FSC was noticeably lower in July 2018 than had been observed during the same
months in the prior year and continued to decline over the course of our study. By
July 2019, giant kelp were absent along the surveyed transects at this site. A similar
trend in declining M. pyrifera FSC was observed at a second site (Breast Is.) starting
in slightly later (January 2019). Within one year of the noted decline (January 2020),
there was a total loss of giant kelp from the surveyed area at this site (Bell and
Kroeker, unpublished data). Concurrent with decreasing FSC, M. pyrifera mean plant
density and average plant size (as number of fronds) also decreased at both sites.

Estimated dry mass FSC of both H. nigripes (Fig. 1.2a) and N. fimbriatum
(Fig. 1.3a) were highest at all sites in July 2018. At Harris Is., H. nigripes and N.
fimbriatum declined to local extinction over the course of our study (Table S1.1).
Similarly, at Breast Is. H. nigripes was locally extinct from surveyed transects by
January 2020 and N. fimbriatum had disappeared by January 2021 (Bell and Kroeker,
unpublished data). Within the communities of understory kelps surveyed at each site,
the species Agarum clathratum was consistently present in higher biomass than either

H. nigripes and N. fimbriatum, but together these three species composed > 97% of
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estimated total understory kelp FSC (as wet mass) during each survey at each site

(Table S1.2).

Macroalgal growth and loss

At all sites, tagged M. pyrifera plants demonstrated new frond growth as well
as frond loss in every surveyed period of this study (Fig. S1). The one exception was
at Harris Island in the final two months prior to site-level extinction, where no new
growth was observed on the few remaining M. pyrifera plants. Size-specific growth
rates of M.pyrifera appear to peak in the spring (during March and April; ~1.6% per
day) and again in the early fall (~October) (Fig. 1.1b). High frond and plant loss rates
in the fall resulted in a mean negative net rate of change at all sites during October to
December (Figs. lc, S1). Net rates of change of M. pyrifera decreased over the
duration of this study (February 2017 to August 2019) at both Harris Is. (simple linear
regression model: F1,15=16.8, p <0.001) and Breast Is. (simple linear regression
model: F1,16 = 14.5, p = 0.002)(Table S1.3).

Both H. nigripes and N. fimbriatum exhibited the highest specific growth rates
in April-May (H. nigripes: ~2.8% per day; N. fimbriatum: ~1.6% per day) at all sites.
The majority of H. nigripes’ annual growth was observed in the first half of the
calendar year (January to June) (Fig. 1.2b). Compared to H. nigripes, tagged N.
fimbriatum individuals sustained relatively higher specific growth rates through the
late summer and fall (July to October) (Fig. 1.3b). Both species experienced high

erosion and plant loss rates in the late summer and fall (Figs. S2, S3), resulting in
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mean negative net rates of change at all sites during this period (Figs. 2c, 3c). We
confirmed perennial recovery of both species from substantial grazing: tagged
individuals that were observed in January with near-complete blade loss and bearing
characteristic grazing scars were re-sighted in March with new growth of intact

healthy blade tissue.

Seawater nutrients

Seawater NOx concentrations in Sitka Sound, Alaska followed a regular
seasonal cycle, reaching their annual peak of 17-22 pM from December to February
and remaining under 3 uM from April to August in each year of sampling (Fig. 1.4a).
Water column NOy concentrations sampled near the Breast Is. kelp bed were
consistently higher at 4.5 m depth compared to 0.5 m (mixed linear model: F 34=
12.8, p <0.001), but there was no relationship between nutrient concentration and
location relative to the bed (mixed linear model: F134=0.67, p = 0.570) or the

interaction between factors (mixed linear model: F1g4=1.49, p = 0.224)(Table S1.4).

Macroalgal carbon and nitrogen content

The nitrogen (N) content of Macrocystis pyrifera surface canopy blades at
Breast Is. in 2018 - 2019 were positively correlated with near-surface seawater NOx
concentrations (Spearman’s p = 0.72, p = 0.009)(Fig. S4). Outliers from samples
collected in March, however, suggest that N content of M. pyrifera blades was

decoupled from seawater nutrient concentrations in the spring for at least 1 month
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after NOx began to decline (Fig. 1.4b). Surface blade N content reached its annual
high in March (mean + SE = 3.5 £+ 0.1% dry mass) and an annual low in August (0.7
+ 0.1% dry mass). In contrast, M. pyrifera surface blade carbon (C) content remained
relatively stable throughout the year at 29.0 + 0.3% dry mass (Fig. 1.4c).

Nitrogen content of macroalgal tissue collected in 2018-2019 at Samsing
Pinnacle was significantly impacted by the interaction between the effects of species
and season (two-way ANOVA: F>39=15.5, p <0.001)(Tables S5, S6). Blade tissue
N was higher in winter than summer for all three species (Tukey’s HSD: p < 0.006).
M. pyrifera had lower N content in the winter than either H. nigripes (Tukey’s HSD:
p <0.001) or N. fimbriatum (Tukey’s HSD: p < 0.001), but the understory kelp
species did not differ in N content from each other (Tukey’s HSD: p = 0.406). In the
summer, N. fimbriatum N content was higher than both H. nigripes (Tukey’s HSD: p
<0.001) and M. pyrifera (Tukey’s HSD: p < 0.001), whose N content did not differ
from each other (Tukey’s HSD: p = 0.851). Carbon content of kelp blade tissue
collected during this period was impacted by season (two-way ANOVA: Fi39= 14.6,
p <0.001) and species (two-way ANOVA: F239=11.2, p <0.001), but we did not
detect an interaction between these factors (two-way ANOVA: F239=6.10,p =
0.005)(Tables S5, S7). Tissue C did not differ between winter and summer seasons
for M. pyrifera (Tukey’s HSD: p = 0.582) or N. fimbriatum (Tukey’s HSD: p =
0.999), but was higher in the summer compared to winter for H. nigripes (Tukey’s
HSD: p <0.001). M. pyrifera had marginally lower C content in the winter than M.

fimbriatum (Tukey’s HSD: p = 0.044), as well as lower C content in the summer than
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H. nigripes (Tukey’s HSD: p < 0.001), but otherwise within-season blade C content

did not differ among species (Tukey’s HSD: p > 0.05).

Production and turnover

Monthly monitoring of M. pyrifera beds in 2017 - 2018 indicated that annual
dry mass productivity rates were maximal around June (mean + SE: Harris Is.: 2.04 +
0.70 g dry mass - m - d°!; Breast Is.: 3.05 + 0.86 g dry mass - m™ - d'!) and
minimum rates occurred around January (Fig. 1.1d). Giant kelp bed production rates
at both Harris Is. and Breast Is. were comparatively lower in subsequent years and
had dropped to zero at Harris Is. by July 2019. The highest productivity rate of H.
nigripes (0.11 +0.04 g dry mass - m™ - d!) was recorded in April 2019 at Samsing
Pinnacle (Fig. 1.2d), whereas maximum productivity of N. fimbriatum (0.07 =0.02 g
dry mass - m? - d'') was observed in August 2018 at Samsing Pinnacle (Fig. 1.3d).

Estimated annual net primary production (C mass) in 2017 was ~142 g C - m™
- yr'! at Harris Is. and ~156 g C - m - yr'! at Breast Is. Using a ratio of total annual
net primary production to the mean foliar standing crop at these sites in 2017 (Harris
Is.: ~68 g C - m?2; Breast Is.: ~75 g C - m2), we estimate the turnover of FSC in both
of these M. pyrifera beds was approximately 2.1 times in that year. During seasonal
sampling at Samsing Pinnacle in 2018-2019, mean C production rates of M. pyrifera
ranged from 0.21-0.32 g C - m - d°!, whereas estimated C production of H. nigripes
and N. fimbriatum combined did not exceed 0.03 g C - m? - d! in either season (Fig.

1.5a). In both winter and summer 2019, the total carbon mass production of the two
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understory kelp species represented less than 3.2% of M. pyrifera C production. The
combined N mass production rates of H. nigripes and N. fimbriatum were 4.3% of
estimated M. pyrifera N productivity in winter 2019, and 4.0% in summer 2019 (Fig.
1.5b). In summer 2018 there was a smaller relative difference in mass production
rates between understory species and giant kelp, with C and N production by both H.
nigripes and N. fimbriatum reaching 13.3% and 17.5%, respectively, of M. pyrifera C

and N production.
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Discussion

Here, we present the dry mass, carbon mass, and nitrogen mass production
dynamics of three kelp species in a highly seasonal marine system. This work reveals
the relative production rates of the surface canopy forming Macrocystis pyrifera and
the two spatially dominant subcanopy kelps Hedophyllum nigripes and Neoagarum
fimbriatum in giant kelp beds during periods of macroalgal persistence, as well as
during phase shifts to urchin barrens. We calculate that the annual net primary
production (g C - m - yr'!) of M. pyrifera in its polar fringe habitat is up to an order
of magnitude lower than productivity estimates from the center of its range
(Rassweiler et al. 2008, 2018, Reed et al. 2008, 2009). Foliar standing crop (FSC) and
turnover rates are also nearly 2-3 times lower for M. pyrifera beds in Sitka Sound
than mean values from southern California giant kelp forests. These results indicate
that even ‘conservative’ estimates of M. pyrifera production in fringe habitats are
currently too high and may therefore lead to overestimates of carbon flux through
giant kelp forests in these regions (Reed and Brzezinski 2009, Wilmers et al. 2012,
Duarte et al. 2022b). Even so, production rates of giant kelp in this high latitude
system dwarf total biomass contributions from co-occurring understory kelp species
H. nigripes and N. fimbriatum. These data are a valuable contribution to the limited
year-round studies of kelp growth and loss rates around the world and represent the
highest latitude (N or S) consideration of M. pyrifera production rates yet

(Pessarrodona et al. 2022).
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Productivity of M. pyrifera in its fringe habitat compared to range center
populations is likely primarily constrained by light availability (Stekoll and Else
1990, Graham et al. 2007, Stekoll et al. 2021), although seasonal nutrient limitation
may also play a role (van Tussenbroek 1989). Our monthly seawater nutrient
monitoring confirms that subtidal macroalgae in this system have access to high NOx
concentrations (> 5 uM) from October through March. However, nutrient depletion
from enhanced water column production in the spring brings these concentrations
below 1 uM, the putative minimum concentration necessary to sustain M. pyrifera
growth (Gerard 1982a). Our sampling of M. pyrifera surface blades indicates a 2-
month lag between the decline in seawater NOx and a decrease in the nitrogen content
of their tissues. Unlike giant kelp in southern California that maintain reserves of
nitrogen in their tissues throughout the year (Stewart et al. 2009, Brzezinksi et al.
2013), M. pyrifera in Sitka Sound experience a 2-month period in the late summer
during which their blade nitrogen reserves are depleted (blade % N below 1% dry
mass; Gerard 1982b). This seasonal nutrient deficiency corresponds with seasonal
lows in specific growth and productivity rates of M. pyrifera in Sitka Sound, similar
to giant kelp ecosystems in coastal waters of New Zealand and the Falkland Islands
(van Tussenbroek 1989, Brown et al. 1997).

Monthly tagging of H. nigripes and N. fimbriatum reveals that the annual
growth cycles for these understory species also follow seasonal variation in light and
nutrient availability in this system. Although external NOx sources have declined by

March, these understory kelps are likely able to draw on internal nitrogen reserves
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accumulated during winter for up to 1-2 months before this source is depleted (Korb
and Gerard 2000, Pueschel and Korb 2001). Relative nitrogen storage capacity and
rate of utilization may underlie slight differences in annual growth regime between
the two species. In January at Samsing Pinnacle, both H. nigripes and N. fimbriatum
had similarly high tissue nitrogen content ahead of notable spring increases in their
growth and production rates. However, by summer, N. fimbriatum individuals
maintained both higher relative tissue nitrogen content than H. nigripes as well as
higher relative growth from July to October. Further, decreased carbon content in H.
nigripes in winter relative to summer may indicate that this species utilizes a
substantial proportion of its carbohydrate reserves for growth as early as January, at a
time that loss of carbon through respiration exceeds assimilation of new carbon via
photosynthesis (Gomez and Wiencke 1998, Gevaert et al. 2001). Such species-
specific differences suggest that these co-occurring understory kelps employ distinct
‘strategies’ in the timing and magnitude of their resource mobilization for growth. In
this system, these phenological differences in basal production may be critical to
sustaining certain consumers’ energetic demands during the more physiologically
stressful winter season (Kroeker et al. 2020).

Variability in relative carbon and nitrogen production rates among kelp
species suggests that the importance of understory kelps as a potential food source to
marine consumers may also vary markedly inter-annually. Regardless of season, M.
pyrifera dominated total C and N production by kelp at Samsing Pinnacle. However,

both understory species exhibit equal or higher relative C and N concentrations per
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tissue mass than M. pyrifera. As a result, when understory kelp FSC was relatively
high (such as during summer 2018), the relative proportion of C and N production by
these species compared to giant kelp was notably increased. Prior work in this system
has shown that pinto abalone (Haliotis kamtschatkana), a common rocky reef grazer,
experience higher growth rates when fed a mixed algal diet consisting of several kelp
species than when fed a diet of M. pyrifera alone (Kroeker et al. 2020). Given that M.
pyrifera dwarfed understory kelp species in terms of both FSC and productivity at
sites not undergoing phase shifts, even modest increases in the relative productivity of
any understory kelp species would provide a valuable, diverse source of nutrition to
the primary consumer community.

Our consideration of only two understory kelp species means that our results
certainly underestimate total dry mass production by understory kelps in this system.
Based on our community surveys, H. nigripes and N. fimbriatum only composed 30%
of total understory kelp wet mass FSC in some seasons. Inclusion of the biomass-
dominant, C- and N-rich understory kelp Agarum clathratum in our study would have
provided a more complete picture of understory kelp production dynamics. We have
observed that A. clathratum is not readily consumed by grazers, perhaps due high
polyphenolic concentrations or tissue toughness affecting its palatability relative to
other kelps (Alstyne et al. 1999, Dubois and Iken 2012). It is consistently the last kelp
species to be grazed on rocky reefs undergoing phase shifts from kelp beds to urchin
barrens in Sitka Sound (Bell, pers. obs.). Therefore, although C and N production

represented by H. nigripes and N. fimbriatum accounts for the bulk of the understory
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kelp production important to rocky reef grazers, future work considering the
production of A. clathratum will be essential to predicting the potential C cycling and
sequestration capacity of understory kelp communities in this region.

Our estimates of frond, blade, and whole-plant loss rates highlight the year-
round turnover of macroalgal biomass in this system. In addition, we confirm that the
late fall and early winter seasons represent a regular period of enhanced net tissue loss
for all three kelp species. Winter storm swell in the North Pacific is high during this
time and can drive whole plant losses via mechanical stress on holdfasts (Druehl and
Wheeler 1986, Pedersen et al. 2020). We also observed substantial blade loss via
grazing during the late fall and early winter. Unfortunately, we are unable to tease
apart how much of the net tissue loss at this time of year is due to increased grazing
pressure versus decreased algal growth. On tagged understory kelps, such intense
grazing frequently extended past the prior survey’s punched hole, making it
challenging to quantify blade growth and loss rates during these seasons. Even so, our
calculations of high loss rates of detrital and particulate matter appear to be on par
with kelp from other high latitude regions, representing substantial carbon supply to
the surrounding marine ecosystem (Krause-Jensen and Duarte 2016, Pedersen et al.
2020, Smale et al. 2021). And our study did not account for losses of macroalgal
tissue released as dissolved organic carbon, which can represent an estimated 13-35%
of fixed carbon in kelps (reviewed by Paine et al. 2021). Because we did not track the
fate of all ‘lost’ macroalgal production, we cannot accurately assess the carbon

sequestration potential of these kelp species (Hurd et al. 2022).
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We acknowledge that our seaweed survey methods could not capture all new
tissue growth, which would explain how these populations could persist despite our
calculations of negative net rates of change during the majority of the year. For
tagged M. pyrifera individuals, our periodic surveys would have missed any new
fronds that grew and were subsequently lost in between sampling periods. For V.
fimbriatum and H. nigripes, our hole-punch method could not account for any growth
that occurred beyond the punched hole, which is known to occur in stipitate kelps
(Calvin and Ellis 1981, Gagne and Mann 1987, Miller et al. 2011). Furthermore,
kelps can invest new growth in increasing blade width and thickness (Calvin and Ellis
1981, Druehl et al. 1987) as well as stipe mass (Gagne and Mann 1987), and none of
these metrics were captured in our tagged understory surveys. Lastly, we did not
incorporate any temporal or spatial variation in the conversion factors used to
calculate each species’ tissue dry mass from wet mass and blade surface area
measurements. Our assumption of low variability in these relationships is supported
by prior studies in certain kelp species (Rassweiler et al. 2018, Wickham et al. 2019)
but not others (Gagné et al. 1982, Gevaert et al. 2001). For that reason we advise that
our coarse estimates of species’ net rates of change at each site be interpreted
alongside a consideration of the variation in species’ FSC over time.

At two of our monitored sites, FSC of M. pyrifera and H. nigripes did
unexpectedly decline over the course of our study. By 2021, all kelps except for A4.
clathratum had disappeared from these sites. Previous studies in this area suggest that

these site-level phase shifts occurred due to changes in top-down pressures (Raymond
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et al. 2019, Gorra et al. 2022). Recent marine heatwaves and sea star wasting in this
region may have also influenced the structure of these rocky reef communities (Burt
et al. 2018, Ross et al. 2021). However, environmental and invertebrate community
monitoring data collected at these sites do not indicate notable differences in annual
temperatures or sea star abundances that correlate with patterns of macroalgal loss
(Bell and Kroeker, unpublished data). The spatial pattern of kelp forest declines that
we’ve recently observed in Sitka Sound (e.g., kelp forests transitioning to barrens
predominantly in areas of high human activity) suggests that human-influenced
trophic cascades were a primary driver of change at our sites. At Harris Is., where we
first noticed the net rate of change of M. pyrifera (and later, H. nigripes) becoming
unusually negative, there appeared to be a simultaneous increase in the mean and
variability of these species’ specific growth rates. This short-term pattern may have
arisen from decreased competition for resources (e.g., light and nutrients) as FSC of
canopy-forming conspecifics declined (Gerard 1976, Reed et al. 2008). Although
increased resource availability following removal of a M. pyrifera surface canopy can
enhance understory kelp production in some cases (Miller et al. 2011, Castorani et al.
2021), we did not observe such a response at our sites. This finding is consistent with
research in southern California showing that high herbivore densities can suppress the
response of understory algae to surface canopy loss (Castorani et al. 2021). Net loss
rates of each kelp species eventually overwhelmed any temporary increases in their
specific growth rates, and the majority of the kelp carbon mass lost during these

phase shifts was likely consumed and remineralized as CO» (Krause-Jensen and
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Duarte 2016, Filbee-Dexter and Wernberg 2020). The complete eradication of the M.
pyrifera population at both Harris Is. and Breast Is. represents approximately 150 g C
-m2 - yr'! of lost production from giant kelp alone. While the loss of canopy-forming
macroalgal species can benefit local phytoplankton productivity, phytoplankton are
unable to fully compensate for the production capacity of these biomass-rich kelp
beds (Pfister et al. 2019). Therefore, the loss of these macroalgal communities
represents a net decrease in the carbon sequestration capacity of these coastal rocky
reef areas (Wilmers et al. 2012, Gorra et al. 2022).

Current debate over the relevance of macroalgae to global blue carbon stocks
has resulted in a demand for more robust accounting of carbon flows through
seaweed beds (Macreadie et al. 2019, Bach et al. 2021, Gallagher et al. 2022, Hurd et
al. 2022). Our results underscore the importance of integrating productivity estimates
for each species from a diversity of environments in order to accurately assess its
aggregate potential contribution to carbon and nitrogen storage and cycling. We
calculate that the production rates of the globally distributed foundational kelp M.
pyrifera are substantially lower at the poleward fringe of its range compared to
populations from its range center. We also provide the first estimates of production
capacity for the subcanopy kelps H. nigripes and N. fimbriatum associated with high
latitude giant kelp beds, which represent only 3-18% of M. pyrifera production in
winter or summer. These findings indicate that the kelps composing high latitude M.

pyrifera beds may not contribute substantially to global kelp production, as their
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productivity falls substantially below even the lower-bound estimates for this
ecosystem (Reed and Brzezinski 2009).

Our consideration of kelp production capacity in high latitude M. pyrifera
beds comes at a time of dramatic change in these marine environments. Polar regions
are experiencing some of the fastest rates of ocean warming and acidification in the
world (Fabry et al. 2009, Mathis et al. 2015, IPCC 2018). The global geographic
distribution of kelp communities is shifting, with some of the most dramatic changes
to kelp abundance projected at species’ poleward edges (Krumhansl et al. 2016,
Smale 2020). Concurrently, there is heightened interest in seaweed mariculture and
macroalgal carbon sequestration potential in these high latitude regions (AMTF 2018,
Stekoll 2019, Smale et al. 2021). Understanding the relative timing and magnitude of
production among kelp species in naturally occurring beds is an essential first step to
predicting how future global change could affect these significant basal energy
sources. Although not considered in our study, the bull kelp Nereocystis luetkeana
may currently have higher carbon fixation and dissolved carbon release than M.
pyrifera where they co-occur in the north Pacific (Weigel and Pfister 2021).
However, if the warm-temperate adapted M. pyrifera increases in abundance due to
favorable environmental changes, it may be better poised to outcompete and
outperform cold-temperate adapted kelp assemblages in production capacity (as has
been seen in climate-driven kelp community changes in the NE Atlantic
(Pessarrodona et al. 2019)). Additionally, future increases in ocean temperatures and

pCO: have the potential to alter the assimilation and elemental composition of these
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macroalgae as well as their rates of organic matter release (Pessarrodona et al. 2018,
Close et al. 2020, Paine et al. 2021, Wright et al. 2022). Research investigating how
such changes in the marine environment will impact the carbon and nitrogen mass
productivity of these coastal primary producers will be a crucial next step for
predicting the future carbon sequestration potential of high latitude kelp forest

communities (Harley et al. 2012, Gilson et al. 2021).
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Figures

Figure 1.1. Site-level estimates (mean + SE) by survey period of Macrocystis pyrifera
(a) foliar standing crop (g dry mass - m), (b) specific growth rate (d!), (¢) net rate of
change (d"), and production rate (g dry mass - m? - d'!). A missing bar indicates no
data for that particular site and survey period except where noted by “(0)”, in which
case the data point was zero. Shaded panels indicate the months with the shortest
photoperiod (October — March).
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Figure 1.2. Site-level estimates (mean + SE) by survey period of Hedophyllum
nigripes (a) foliar standing crop (g dry mass - m2), (b) specific growth rate (d'!), (c)
net rate of change (d™!), and production rate (g dry mass - m? - d'!). A missing bar
indicates no data for that particular site and survey period except where noted by
“(0)”, in which case the data point was zero. Shaded panel indicates the months with
the shortest photoperiod (October — March).
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Figure 1.3. Site-level estimates (mean + SE) by survey period of Neoagarum
fimbriatum (a) foliar standing crop (g dry mass - m), (b) specific growth rate (d!),
(¢) net rate of change (d!), and production rate (g dry mass - m - d!). A missing bar
indicates no data for that particular site and survey period except when noted by
“(0)”, in which case the data point was zero. Shaded panel indicates the months with
the shortest photoperiod (October — March).
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Figure 1.4. Annual variation in (a) seawater dissolved inorganic nitrogen as NOx
(uM) and in tissue (b) nitrogen and (c) carbon content of M. pyrifera surface canopy
blades. Monthly from August 2018 to August 2019, kelp blades and water column
seawater samples (0.5 m and 4.5 m depth) were collected on the same day at Breast
Island. Outside of this time period, benthic seawater samples were collected
opportunistically from kelp forest beds throughout Sitka Sound. Shaded panels
indicate the months with the shortest photoperiod (October — March).
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Figure 1.5. Seasonal production rates by canopy level for the giant kelp M. pyrifera
and understory kelps H. nigripes and N. fimbriatum by (a) carbon mass (g C - m? - d-
1 and (b) nitrogen mass (g N - m - d'!) at Samsing Pinnacle.
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Chapter 2: Season influences interspecific responses of three canopy-
forming kelps to future warming and acidification at high latitudes
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Abstract

Variability in primary producers’ responses to environmental change may buffer
higher trophic levels against the negative impacts to basal resource composition. Then
again, in instances where consumers rely on few species to meet their energetic
requirements at specific times of the year, any alterations to the phenology of
community production may significantly alter food web resilience. In high latitude
kelp forests, a complementary annual phenology of seaweed production supports
coastal marine consumers’ metabolic needs across large seasonal variations in their
environment. Yet, marine consumers in these systems may face significant metabolic
stress in future winter environments, particularly if they lack the resources to support
their increased energetic needs. In this study we investigate how the growth and
nutritional value of three dominant, coexisting macroalgal species found in subpolar
kelp forests will respond to ocean acidification and warming in future winter and
summer seasons. We find that the three kelps Macrocystis pyrifera, Hedophyllum
nigripes, and Neoagarum fimbriatum differ in their vulnerability to future
environmental conditions, and that the seasonal environmental context of nutrient and
light availability shapes these responses. Our results suggest that poleward fringe
populations of M. pyrifera may be relatively resilient to anticipated ocean warming
and acidification in this region. In contrast, ocean warming conditions caused a
decrease in the biomass and nutritional quality of both understory kelps. Considering
the unique production phenology of H. nigripes, we emphasize that negative impacts

to this species in future winters may be of particular consequence to consumer
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energetics in this system. This work highlights how interspecific variation in
autotrophs’ responses to global change can disrupt the diversity and phenological

structure of energy supply available to higher trophic levels.
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Introduction

Global environmental change is already affecting primary producers worldwide
(Cavicchioli et al. 2019, Terrer et al. 2019, Walker et al. 2021). Anticipating how
physiological effects on autotrophs scale up to affect higher trophic levels requires a
robust understanding of how the quantity, quality, and identity of these basal
resources will shift within different ecosystems (Ainsworth & Long 2004, Koch et al.
2013, Maschler et al. 2022). Species-specific variation in response to elevated CO>
concentrations and temperatures may lead to a restructuring of primary producer
community composition as well as disrupt the phenology of production in many
systems (Cornwall et al. 2012, Franklin et al. 2016, Poorter 1988, Ullah et al. 2018).
Further, effects of environmental change on the nutritional value or palatability of
basal resources can significantly impact consumer energetics and food web structure
(Campanya-Llovet et al. 2017, Cebrian et al. 2009, Facey et al. 2014, Rosenblatt &
Schmitz 2016). There is an urgent need to compare the responses of dominant,
coexisting primary producers to global environmental change to assess whether
interspecific variability can buffer the emergent, bottom-up effects in these

ecosystems (e.g., Gilbert et al. 2020, Liu et al. 2018).

In marine ecosystems, macroalgae (seaweeds) constitute a major energy resource that
supports biodiverse and complex coastal food webs (Graham 2004, Hurd et al. 2014).
Similar to terrestrial plants, global environmental change is expected to have

extensive impacts on macroalgal growth and biomass (Harley et al. 2012). Elevated
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temperatures with ocean warming (OW) may enhance algal primary productivity
within optimal temperature ranges, and negatively impact productivity once thermal
optima are exceeded (Eggert 2012, Hurd et al. 2014, Kram et al. 2016). The effects of
elevated seawater pCO; and reduced pH with ocean acidification (OA) on the
photosynthesis of non-calcified seaweeds are expected to differ based on each
species’ carbon use strategy (Cornwall et al. 2012, Hepburn et al. 2011, Hurd et al.
2020, but see Paine et al. 2023). Further, elevated temperature and pCO: can interact
with each other and other environmental variables such as light and nutrient
availability to shape species’ responses (Celis-Pla et al. 2015, Hollarsmith et al. 2020,
King et al. 2017, 2020, Ladah & Zertuche-Gonzalez 2022). Thus, effects on
individual species will hinge on how environmental change layers onto the natural
temporal and spatial variability of resources in a particular ecosystem (Kroeker et al.

2020).

In addition to the direct effects of global environmental change on macroalgal
primary production and growth, OW and OA can alter their value to consumers.
Increased temperatures will affect the rate of algal nutrient uptake (Raven & Geider
1988), and increased pCO: can increase thallus nitrogen content (Falkenberg et al.
2013, but see Olischldger et al. 2014). Increased nitrogen content can enhance a
seaweed’s palatability to herbivores that preferentially consume nitrogen-rich food
sources (Duffy & Paul 1992, Hillebrand et al. 2000, Russell & Connell 2007).

However, the presence of secondary metabolites that may deter grazing, such as
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phenolic compounds, may be a stronger determinant of herbivores’ consumption
(Amsler et al. 2005, Demko et al. 2017, Granado & Caballero 2001, Steinberg 1985).
Elevated pCO> and temperature can reduce, increase or have no effect on seaweed
phenolic concentrations depending on the species (Arnold et al. 2012, Kumar et al.
2018, Phelps et al. 2017) and their relative access to light and nutrients (Celis-Pl4 et
al. 2015). Future alterations to seaweeds’ secondary metabolic processes have strong
potential to change consumptive interactions and energy flow through the base of the

coastal food web (Doubleday et al. 2019, Duarte et al. 2016, Jin et al. 2020).

Interspecific variation in macroalgal responses to environmental change will alter the
composition of seaweed communities and disrupt the phenology of consumers’ food
supply (Harley et al. 2012). These effects will be particularly evident in seasonally
dynamic environments. High latitude marine ecosystems are characterized by large
annual variations in temperature, pCO2, light, and nutrients that influence the seasonal
dynamics of primary production and algal physiology (Bell & Kroeker 2022,
Takahashi et al. 1993, Tian et al. 2001). Increases in temperature and pCO> will
overlay the current abiotic resource variability in these systems, giving rise to novel
environmental scenarios that will drive seasonally distinct effects on macroalgal
physiology (Graiff et al. 2015, Gunderson et al. 2016, Harley et al. 2012, Kroeker et
al. 2020). The energetic linkages among lower trophic levels in seasonally dynamic
marine food webs are highly dependent on tight temporal alignment between food

supply and consumer demand (Sydeman & Bograd 2009). Thus, shifts in the seasonal
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phenology of macroalgal production and quality could lead to mismatches in the
timing and strength of these consumptive interactions (Wahl et al. 2020). This may be
particularly consequential at high latitudes if consumers experience heightened
seasonal windows of metabolic stress under future environmental change (Kroeker et

al. 2021).

The goal of this study was to quantify potential shifts in the quantity and quality of
three dominant, coexisting seaweed species to ocean acidification and warming. Our
study took place in Sitka Sound, Southeast Alaska, a high latitude region of the North
Pacific where pronounced marine environmental change is anticipated in the next
century (IPCC 2018, Mathis et al. 2015) We focus on three large, canopy forming
kelp species that dominate macroalgal biomass within the giant kelp forests of this
region: Macrocystis pyrifera, Hedophyllum nigripes, and Neoagarum fimbriatum.
The annual growth regimes of these three species are distinct in Sitka Sound (Bell &
Kroeker 2022), likely a reflection of their differing physiological optima and
tolerances. H. nigripes is a cold-adapted understory kelp found primarily in Arctic
and sub-Arctic waters (Dankworth et al. 2020, McDevit & Saunders 2010). This
species’ annual growth is controlled by a strong endogenous clock, with blade
elongation initiating in January and curtailing abruptly in early summer (Bell &
Kroeker 2022, Liining 1993). In contrast, the more temperate kelps M. pyrifera and N.
fimbriatum sustain relatively high growth rates through spring, summer and early fall

(Bell & Kroeker 2022). Additionally, while M. pyrifera dominates the understory
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kelps in absolute biomass and production rates, H. nigripes and N. fimbriatum are
consistently more nitrogen dense per gram of tissue (Bell & Kroeker 2022). Thus, the
co-occurrence of these kelps currently functions to provide a complementary energy

supply to coastal consumers throughout the calendar year (Kroeker et al. 2021).

To isolate the seasonal effects of environmental change on these kelp species, we
grew adult sporophyte blades of each macroalga within two, month-long experiments
in winter (Feb-March) and summer (Aug-Sept). Experimental controls were designed
to reflect current environmental conditions in Sitka Sound (this study, Bell et al.
2022, Bell & Kroeker 2022, Kroeker et al. 2021), and OA and OW treatments were
based on projected end-of-century scenarios of ocean acidification and warming for
this region (IPCC 2018, Mathis et al. 2015). At the end of the experiments, we
assessed the seasonal impact of OW and OA on kelp growth rates, thallus nitrogen
content, and carbon acquisition strategy based on thallus 3'3C values. Finally, to test
whether kelp palatability was impacted by future warming and acidification, we used
tissue of H. nigripes and N. fimbriatum grown during the experiments to perform
feeding assays with a common kelp forest consumer. We hypothesized that the three
kelp species would differ in their sensitivity to ocean warming and acidification. We
also anticipated that impacts to the biomass and quality of H. nigripes in future winter
conditions could be particularly consequential to kelp forest consumers, given the
early season growth and nitrogen-rich resource that this species represents during a

metabolically demanding season (Bell & Kroeker 2022, Kroeker et al. 2021).
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In a prior study, we presented 3 years of environmental data from sensor packages
deployed within high latitude kelp forests in Sitka Sound (Kroeker et al. 2021). While
seasonal trends in seawater temperature, pH and dissolved oxygen data were
generally consistent across the time series, there was some interannual variation in pH
ranges and seasonal amplitudes of pH variability that compelled us to continue our
sensor deployments. In this study, we report the next 3 years of sensor data from a
new kelp forest site in the area as well as a site that underwent transition from a kelp
forest to an urchin barren during this period (Bell & Kroeker 2022). These additional
data provide a stronger picture of the natural seasonal environmental variability that
coastal marine organisms can experience within high latitude kelp forests and rocky
reef barrens. We use this information to better inform our interpretation of how these
environments will change in the future, particularly in the context of our experimental

results.

This research responds to the call for a more nuanced understanding of how global
change will alter marine primary producer resources by integrating natural variation
in environmental drivers (Campanya-Llovet et al. 2017, Rosenblatt & Schmitz 2016,
Wahl et al. 2020). We build from our close understanding of the natural
environmental variability and kelp production dynamics in this system to isolate
seasonally specific effects of OW and OA on three foundational seaweed species, and
interpret the potential impact of these changes on community structure and

interactions (Cebrian et al. 2009, Harley et al. 2017, Seibold et al. 2018). This work

53



will add significantly to our understanding of how asynchronous responses among co-
occurring primary producers to global environmental change may shape the bottom-

up effects on the ecosystems they support.
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Methods

In situ environmental data

From January 2019 to January 2022, we used sensor packages to record
environmental data at the benthos (~7 m MLLW) at two rocky reef sites in Sitka
Sound, Alaska: Harris Is. (57.032 N, 135.277 W) and Samsing Pinnacle (56.988 N,
135.357 W). Both sensors were originally located at the lower depth limit of
Macrocystis pyrifera kelp forests; however, during the course of this study, Harris Is.
transitioned to urchin barrens (Bell & Kroeker 2022). We utilized two different
SeapHOx sensor packages (Martz Lab, Scripps Institute of Oceanography and Sea-
Bird Scientific) that measured temperature, pH, and dissolved oxygen (DO). During
each deployment, sensors recorded data every 30 minutes. Data gaps occurred during
data downloads, battery failures or sensor maintenance. In some cases, sensors were
rotated among sites to maximize data continuity. Environmental data at Harris Is.
from January 2016 to January 2019 has been reported previously (Kroeker et al.

2021).

We collected discrete water samples next to each sensor 1-2 times during each
deployment for calibration of sensor pH. Water samples were collected without
aeration and poisoned with saturated HgCl> (0.025%) in glass bottles within 20
minutes. Airtight samples were transported to the University of California Santa Cruz
(UCSC) for analysis within 3.5 years of collection. We measured pH

spectrophotometrically (Shimadzu, UV-1800) using m-cresol purple following best
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practices (Dickson et al. 2007), with a mean standard error of 0.0012 pH units among
sample triplicates. We measured total alkalinity (TA) using open cell titration
(Metrohm, 905 Titrandro) and corrected against certified reference materials of CO>
in seawater (Dickson laboratory, Scripps Institute of Oceanography). Mean standard
error was 0.96 umol kg'! SW-! among sample triplicates. To calculate in situ pH on
the total hydrogen ion concentration scale (pHr; mol kg'! SW-1)(Dickson 1993), we
used our laboratory measurements of spectrophotometric pH and TA, sensor
measurements of in situ temperature and salinity recorded concurrently with discrete
water sample collection, and stoichiometric dissociation constants (Dickson &
Millero 1987, Mehrbach et al. 1973) as inputs to the program CO2SYS (Lewis &
Wallace 1998, Pierrot et al. 2006). In cases where salinity was not recorded at the
time of calibration, we used a densitometer (Mettler Toledo, DX45) to calculate
salinity of the discrete water samples. We then used in situ pHrt values of discrete
samples to calculate calibration coefficients at 25°C (E*25), which we used to correct
sensor pHr (Bresnahan et al. 2014). We estimated uncertainty in the sensors’ pHr
time series by calculating the root-mean-square error (RMSE) from the relationship
between pHr values measured with discrete samples and pHr calculated from the
applied calibration coefficient models. We utilized the data cleaning Hampel filter in
R (pracma::outlierMAD) to remove outliers from pH, temperature and DO data
(Pearson 2011). We investigated the resemblance between diel pH variability and
tidal action during spring 2019 by computing the cross-correlation between timeseries

of the maximum diel difference in recorded pHr values recorded at each site and the
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maximum diel difference in observed tidal heights (m) verified at the Sitka, AK tidal

station (NOAA station 9451600) from February 15 to May 20, 2019.

To compare in situ nutrient and light data with aquaria conditions during the
experiment (see Seasonal experiments for kelp species, below), we collected
environmental data at the experimental collection site: Talon Is. (57.073 N, 135.414
W), Sitka Sound. Benthic seawater was collected for determination of nutrient
concentrations in February and August 2020 (N=3 samples™! season’!). Seawater for
nutrient samples was immediately filtered through a 0.2 pm filter and frozen until
analysis for dissolved inorganic nitrogen content as NOx (NO3 + NOz) and
ammonium (NH4") on a Lachat QuikChem 8000 Flow Injection Analyzer at the
University of California Santa Cruz Marine Analytical Laboratory (detection limits:
<0.28 uM NOy, < 2.40 uM NHy; average run measurement error < 0.1 uM NOx < 0.8
uM NHs4). We used a Diving-PAM-II (Heinz Wiz GmbH) MINI-SPEC to
haphazardly record the photosynthetic photon flux density (PPFD; umol m2s™1)
reaching the benthos at more than 10 locations along the ~5 m depth contour on two

clear days in winter (February 28) and summer (September 19).

Seasonal experiments for kelp species

To tease apart the effects of seasonal variation in light availability and nutrients on
the response of high-latitude kelp species to pH and temperature, we conducted two
separate laboratory studies: a ‘winter’ experiment from February 12 - March 18, 2020

(35 d), and a ‘summer’ experiment from August 15 - September 16, 2020 (32 d). In
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our experimental design, analysis, and reporting, we endeavored to follow best
practices for OA research with macroalgae (Cornwall et al. 2012, Cornwall & Hurd
2016). Both experiments took place at the Sitka Sound Science Center in a flow-
through seawater system drawing source water from 20 m depth (MLLW) in Sitka
Sound, Alaska. Incoming seawater was filtered to 20 um and routed through a UV
filter (Smart UV®, Pentair) before diverging into two temperature-controlled
(TITAN® heat pump and Optima compact heaters, AquaLogic) recirculating tanks
representing treatments for ‘current’ or control temperatures (7°C in winter; 14°C in
summer) and ‘future’ OW projections (11°C in winter; 18°C in summer)(IPCC 2018)
by season. From here, temperature regulated seawater was pumped into eight header
tanks where pH was maintained at seasonal targets for ‘current’ or control levels (pHr
7.6 in winter; pHr 7.9 in summer) and ‘future’ OA projections (pHr 7.2 in winter;
pHr 7.5 in summer) (Mathis et al. 2015) through a relay system (N = 2 header tanks
per pH/temperature treatment). In both seasonal experiments, achievable pHr
setpoints for ‘current’ condition treatments were constrained by the ambient pH of
incoming seawater and were therefore lower than in situ pHt minima observed on
local rocky reefs by ~0.1 - 0.2 pH units (Kroeker et al. 2021, and this study). A
DuraFET sensor (Honeywell) in each header tank communicated real-time pH
measurements to a controller (UDA 2152, Honeywell) that regulated injection of pre-
equilibrated low pH seawater through solenoid valves into the headers to maintain pH
at treatment set points. The low pH (~6) seawater was produced by bubbling pure

CO: gas into two tanks of seawater flowing from each temperature-controlled tank.
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Once in each header tank, the CO> and temperature-equilibrated seawater was
continuously mixed before delivery to 24 experimental aquaria (N = 3 aquaria per

header) at an average flow-through rate of 2-2.5 L min™! aquaria’.

Seawater nutrient concentrations were not manipulated, and thus reflected what was
delivered through source water inflow to the system during each experiment.
Terrestrial outflow from heavy precipitation over Southeast Alaska’s temperate
rainforests and wind stress dynamics in the Gulf of Alaska control nutrient supply
onto the Northeast Pacific shelves (Hermann et al. 2009, Hood & Scott 2008, Ladd &
Cheng 2016, Stabeno et al. 2016). The complexities of how climate change may
impact these drivers in tandem with altered phytoplankton productivity (Ji et al. 2010)
means that there is little consensus on how seasonal nutrient supply into Sitka Sound
may change. Therefore, we chose to assume that nutrient availability, like seasonal
light availability, would not differ significantly in this region in the future. All aquaria
were fitted with a full-spectrum light (Aqua Illumination) that provided seasonally
relevant regimes of photosynthetically active radiation spectra and photoperiod within
the aquaria based on prior measurements during overcast days in Sitka Sound (Bell et
al. 2022). The entire experimental system was shielded from external light sources,
and aquaria positions were randomized by treatment and location to minimize spatial

variation among the random factors aquaria and header.

We monitored temperature, salinity, DO, and pHngs daily in each aquarium with a

handheld meter (YSI). To capture diel variation in these parameters associated with

59



organismal photosynthesis and respiration, we also performed these measurements
every three hours in each aquarium for 24 hrs, once during the winter experiment
(March 4-5) and twice during the summer experiment (August 30-31, Sept 14-15). At
the beginning, middle, and end of each experiment, we collected discrete water
samples for determination of pHr, TA, and nutrient concentrations in each aquarium
and header tank. Discrete samples for pHt, TA and nutrients were analyzed following
the methods outlined in the Environmental Data section (above). Water chemistry
samples from each tank had a mean standard error of 0.0013 pH units and 0.87 pmol

kg! SW-l among sample triplicates.

Kelp used in both winter and summer experiments came from 4.5-7.5 m depth at
Talon Is., Sitka Sound. We collected these experimental ‘individuals’ as whole adult
thalli (Neoagarum fimbriatum and Hedophyllum nigripes), or as single blades with
their attached pneumatocysts that were cut from young sporophytes at approximately
1 m above their holdfasts (Macrocystis pyrifera). During transport to the laboratory
and prior to the start of the experiments (< 2 d), we held all algae continuously in
ambient flow-through seawater (winter experiment: ~6°C, pHr 7.8; summer
experiment: ~13.5°C, pHr 8.0). We removed individuals briefly only to clean off
epiphytes and record initial morphometrics (maximum blade length, total wet mass)
after trimming all blades to 10 cm total length. We also took pictures of each trimmed

blade to estimate total surface area using ImageJ (NIH v1.8.0).
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In both the winter and summer experiments, we randomly assigned 3 individuals of
each kelp species to each experimental aquaria (N = 18 individuals species!
treatment™'). We affixed individuals upright in aquaria by placing their stipes or
pneumatocysts through three-strand line suspended over the open ends of 5 cm tall
PVC stands. After all seaweeds were processed for initial morphometrics, we
gradually changed pH and temperature in treatment tanks stepwise over the course of
3 d to reach final setpoints. During the experiment, kelps were visually checked daily
for necrosis and were lightly brushed biweekly during aquaria cleaning to remove

diatoms.

At the end of each experiment, individuals were measured and photographed for final
morphometrics. Due to the difficulty in capturing three-dimensional tissue growth
and the error inherent in wet mass measurements, we estimated kelp growth rates
using three different metrics: wet mass (g), maximum blade length (cm), and total
blade surface area (cm?). We used the initial (Ginitial) and final (Grinal) measurements
of each metric to calculate three relative growth rates (RGR; d!) for each individual
using the equation:

lo g(ﬂ) - 100

(mass,length or surface area) — At

where At (d) is the total days elapsed between the beginning and end of the

experiment. Relative growth rates were used for subsequent statistical analyses of
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experimental results. Absolute blade length extension rates were used to compare

experimental growth to in situ kelp growth measurements (Bell & Kroeker 2022).

From each individual, we excised new blade tissue grown during the experiment
adjacent to the intercalary meristem and pooled this tissue among species replicates in
each aquarium. A portion of this tissue was frozen at -20°C for use in feeding assays
(see Algal palatability assays, below). The other portion of this tissue was dried at
60°C for >24 hr and analyzed for nitrogen (N) content (% dry mass) and 8'3C values
by the UCSC Stable Isotope Laboratory using a CE Instruments NC2500 elemental
analyzer coupled to a Thermo Scientific DELTAplus XP isotope ratio mass
spectrometer via a Thermo-Scientific Conflo III (routine measurement error < 1.0 %C
and < 0.2 %N). We also analyzed blade tissue from non-experimental kelp
individuals collected at Talon Is. in each season (‘field controls’; N=6 species™!

season’!) for elemental and isotopic analysis.

We quantified variability in relative growth rates, nitrogen content, and 8'3C values of
each kelp species during each experiment using linear mixed-effects models (R; R
Core Team 2022). We specified pH, temperature and the interaction between pH and
temperature as fixed factors. In models of growth rate, we specified aquaria nested in
header as random intercepts using restricted maximum likelihood. In models of kelp
species’ tissue nitrogen content and 8'°C values, in which samples were pooled by
aquaria, we specified header as the random intercept using restricted maximum

likelihood. We used Q-Q plots and Tukey-Anscombe plots to confirm that all models
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satisfied assumptions of normality and homoscedasticity (Winter 2013). We used the
Sattertwaithe’s method for t-tests to determine p-values for the effects of fixed

factors.

Algal palatability assays

We used tissue from H. nigripes and N. fimbriatum individuals grown in the
laboratory (see Seasonal experiments for kelp species, above) to investigate whether
future ocean conditions affect the palatability of these understory kelp species in
either season. In April 2021, we modified methods used by Hay et al. (1994) to create
‘gels’ of homogenized kelp tissue suspended in agar and enmeshed in squares of
window screen. Each 30 cm? gel was formed from 0.1547 + 0.0004 g (mean + SE) of
freeze dried (FreeZone, Labconco) H. nigripes or N. fimbriatum tissue representing
either current or future pH and temperature combinations. The total number of gels
used for the feeding assays was limited by the available kelp tissue grown during each
experiment, and was consequently lower for gels made from tissue grown in the
winter experiment (H. nigripes: N = 11 gels treatment™!, N. fimbriatum: N = 12 gels
treatment™') versus the summer experiment (H. nigripes: N = 24 gels treatment™!, N.
fimbriatum: N = 23 gels treatment ). We ran palatability assays by feeding these
seaweed gels to the common kelp forest grazer, Strongylocentrotus droebachiensis
(green urchin). Urchins with a test diameter of 24 £ 3 mm were collected from the
intertidal, starved for 48 hrs, and then placed in a flow-through chamber with a gel in

ambient seawater conditions (~7 °C, ~8.0 pH) for 48 hrs. We photographed each gel
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before and after the assay and determined relative consumption of seaweeds grown
under different treatments using Image J (NIH v1.8.0). We assessed differences in
relative consumption of N. fimbriatum or H. nigripes tissue using two-way Analysis
of Variances (ANOV As) with fixed factors of treatment, season, and the interaction
between treatment and season. All data were checked for normality using QQ-plots
and homoscedasticity was tested by visual inspection of the residuals. A Tukey’s
HSD post hoc comparison of means was used to determine significant pairwise

differences among treatments.
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Results

Environmental data

In line with environmental data reported previously from rocky reef sites in Sitka
Sound (Kroeker et al. 2021), we observed that seawater pHt at 7 m depth reaches a
low of 7.8-7.9 in January and a high of 8.3-8.4 in May (Fig. 1.1a). Annual minima
and maxima of pHr values typically precede those of temperature by several months.
Maximum diel pHr differences in spring 2019 (up to 0.3 pHr day™') exceeded 60% of
the amplitude of annual pHr variability at both sites. Cross-correlation between diel
maximum differences in pH and tidal height during spring 2019 indicated a lag of 4
days between minimal tidal differences and maximal pH differences over this period
at both sites (Fig. S1). The root mean square error (RSME) of the fit of calibration
coefficients based on pH from discrete samples differed depending on the final
quality of bottle samples available for calibration. For data from Samsing Pinnacle,
RSME was 0.02 pH units for estimated in situ pHr values for the period from January
2019 to January 2020, and 0.002 pH units from January 2020 to January 2021. For
Harris Is. data, RSME was 0.008 pH units for the estimated pHr values from January

2019 to 2020 and 0.02 pH units from January 2019 to January 2022.

Seawater temperatures swing from an annual low of ~7°C in March up to a high of
~15°C in August (Fig. 2.1b). DO concentrations range from ~9 mg/L in November to
~16 mg L' in May (Fig. 2.1¢). Temporal variation in these environmental parameters

at both Samsing Pinnacle and Harris Island were closely aligned. Seawater samples
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collected at Talon Is. had average nutrient concentrations of 16.7 mg L' NOx and 7.6
mg L' NHy4 in February and 1.4 mg L! NOy and 2.8 mg L! NH4 in August. PPFD
measured at Talon Is. on clear days ranged from 50-90 umol m2 s™! in February and

20-80 umol m2 s~!in September.

Seasonal experiments for kelp species

Experimental conditions

Replicate experimental aquaria were successfully maintained at pHr and temperature
setpoints offset by -0.4 pH units and +4°C between current (“control”) and future
(OA and OW) treatments within each seasonal experiment (Table 1). Discrete water
samples confirmed that pCO; also differed by treatment and experiment. Salinity,
total alkalinity, and nutrient concentrations did not differ among treatment aquaria
within each seasonal experiment. Dissolved oxygen concentrations were up to 1 mg/L
higher in aquaria assigned a lower temperature treatment compared to aquaria with
elevated temperatures within each experiment. Light regimes were maintained
uninterrupted throughout each seasonal experiment at PPFD 10-25 yumol m2s7!, 7.5
h d! (winter experiment) and PPFD 40-80 umol m2s™!, 11 hd™! (summer
experiment). Diel pH cycles within aquaria due to algal photosynthesis and
respiration were up to 0.05 pH units during the winter and up to 0.1 pH units in the
summer experiment, but did not differ among treatments. Due to analytical error,

there were insufficient samples to assess the relative nutrient concentrations among
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all treatments in either experiment. Experimental nutrient concentrations of NOx and

NH;4 are reported as mean values in each experiment (Table 1).

Kelp growth

Treatment effects on kelp growth rates were consistent regardless of growth metric.
Hereafter, we report growth results in terms of relative change in individuals’ wet
mass (RGRumass), which can best capture three-dimensional changes in individuals’

stipe, pneumatocyst or blade morphologies.

The effects of OW and OA on kelp growth differed among species (Fig. 2.2). For one
species (H. nigripes), growth was reduced in OW treatments, regardless of season
(winter: p < 0.001, Table S2.1; summer: p = 0.005, Table S2.2). Another species’ (V.
fimbriatum) growth was not impacted under future winter OW (Table S2.3), but was
reduced under elevated temperatures in the summer experiment (p < 0.001, Table
S2.4). This is in contrast to growth of the kelp M. pyrifera, which was not affected by
OW in either winter (Table S2.5) or summer (Table S2.6 experiments). There was no
effect of pH or the interaction between temperature and pH on the growth of any
species in the summer experiment. In the winter experiment, there was a marginally
significant interaction between temperature and pH on H. nigripes’ growth (p =
0.057). The combination of winter OW and OA conditions resulted in higher RGRmass
for H. nigripes than individuals grown under OW alone. There was no effect of pH or
the interaction between temperature and pH on the growth of N. fimbriatum or M.

pyrifera in the winter experiment.
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In the winter experiment, blade length extension rates of H. nigripes grown in current
pH and temperature treatments were lower than observed growth rates for this
understory kelp in Sitka Sound in February and March (Fig. S2) (Bell & Kroeker
2022). Blade length extension rates of both N. fimbriatum and H. nigripes in current
pH and temperature conditions of the summer experiment were comparable to
observed length extension rates in August and September in Sitka Sound (Bell &
Kroeker 2022). We do not have in situ blade extension data for M. pyrifera to enable

comparison of experiment versus field growth rates.

Nitrogen content

Nitrogen content of all three kelp species (as % tissue dry mass) was reduced under
certain OW conditions, with seasonal differences among the species (Fig. 2.3).
Nitrogen content of H. nigripes was reduced under elevated temperatures (p = 0.006,
Table S2.7) in the winter experiment, but not the summer experiment (Table S2.8).
Meanwhile, elevated temperatures reduced the tissue nitrogen content of V.
fimbriatum in both winter (p = 0.030, Table S2.9) and summer (p = 0.012, Table
S2.10) experiments. There was no effect of either pH or the interaction of temperature
and pH on %N of H. nigripes or N. fimbriatum in either season. Similar to H.
nigripes, nitrogen content of M. pyrifera tissue in the winter experiment was
decreased under elevated temperatures (p = 0.004, Table S2.11), but was not affected
by OW in the summer experiment. However, OA conditions in the winter experiment

caused an increase in M. pyrifera %N (p = 0.032). There was no interaction between
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pH and temperature. In the summer experiment, M. pyrifera %N was not affected by

temperature, pH, or the interaction between factors (Table S2.12).

313C values

Ocean acidification treatments reduced 8'3C values in both seasons for H. nigripes
(winter: p < 0.001, Table S2.13; summer: p = 0.006, Table S2.14) and N. fimbriatum
(winter: p = 0.002, Table S2.15; summer: p = 0.001, Table S2.16). In contrast, tissue
813C values of M. pyrifera were not reduced under low pH conditions in the winter
experiment (Table S2.17), but were reduced under OA in the summer experiment (p =
0.009, Table S2.18). In the summer experiment, H. nigripes’ tissue 8'°C values were
also reduced under elevated temperatures (p = 0.006). The most negative 5'°C values
were observed in H. nigripes individuals grown under a combination of both OA and
OW (Fig. 2.4), but we did not detect an interactive effect of pH and temperature on H.
nigripes’ tissue 8'3C. Otherwise, there was no effect of OW or the interaction
between OW and OA on the 3'3C values of the three kelp species in either

experiment.

Algal palatability assays

We found that urchins consumed over 30% more of H. nigripes’ tissue grown in
future summer OW and OA than tissue grown under treatment controls in the summer
experiment (Fig. 2.5; p = 0.024). We observed a marginally significant interaction

between experimental treatment and season, as OW and OA conditions had no effect
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on the palatability of H. nigripes’ tissue grown in the winter experiment (p = 0.969;
Table S2.19). There was no effect of pH and temperature treatment, season, or their

interaction on the palatability of N. fimbriatum tissue (Fig S3; Table S2.20).
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Discussion

Our study indicates that in high latitude coastal systems, future ocean warming will
decrease the growth and nutritional content of certain kelps while ocean acidification
will primarily drive changes in species’ carbon use strategy. We also found that
kelps’ responses to future shifts in temperature and carbonate chemistry will depend
on the seasonal environmental context, including the relative availability of light and
nutrients in each season. Furthermore, these overlapping environmental drivers may
indirectly affect higher order consumers via changes to seaweed palatability in certain
seasons. Given the inherent differences in distributions, life histories and annual
production dynamics among the subtidal kelps in this study (Bell & Kroeker 2022,
Dankworth et al. 2020, Schiel & Foster 2015), we were unsurprised to find that
seasonal scenarios of ocean warming and acidification elicited distinct responses in
each macroalgal species. This research demonstrates that changing environmental
conditions will shift the seasonal quality, quantity of basal resources in kelp
ecosystems at high latitudes, likely reducing the functional biodiversity of these
communities (Schlenger et al. 2021). Prior research in this system identified that
future winter seasons may represent a period of vulnerability for calcified consumers,
due to the overlap of enhanced physiological stress from low pH/high pCO> seawater
at a time when macroalgal food supply is naturally at an annual minimum (Bell &
Kroeker 2022, Kroeker et al. 2021). Our research expands this projection by revealing

that consumers’ stress in future winters may be compounded by pronounced
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reductions in macroalgal biomass and nutritional content primarily due to warming in

this season.

Of the three kelps we considered, H. nigripes was the only species to exhibit reduced
growth under ocean warming scenarios in both winter and summer experiments.
Optimal temperatures for growth and gametogenesis in this species have been shown
to occur at < 10°C and decline above 15°C (Druehl 1967, Franke et al. 2021, Longtin
& Saunders 2016). Indeed, current in situ productivity of H. nigripes declines
dramatically starting in August in Sitka Sound (Bell & Kroeker 2022), and our sensor
data reveal this is just as seawater temperatures approach 15°C. Elevated
temperatures in summer with ocean warming are likely to extend this seasonal period
of reduced growth for H. nigripes in the future. Additionally, H. nigripes’ low growth
in the winter experiment under a future OW scenario of 11°C suggests that other
environmental variables such as relative light availability and nutrient supply may

interact with temperature to define this species’ seasonal thermal optima.

Distinct from H. nigripes, growth of the other two kelp species was not vulnerable to
the elevated temperatures expected in future winters. The understory kelp N.
fimbriatum displayed reduced growth only under summer OW conditions. In Sitka
Sound, growth of N. fimbriatum thalli is observed year-round, although blade
extension rates are generally higher in summer than winter (Bell & Kroeker 2022).
While future summer OW conditions may challenge the thermal tolerance of this

species during the warmest months of the year, its capacity for continuous production
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in this system could buffer a reduction in its growth in this particular season. Growth
of the giant kelp M. pyrifera was unaffected by OW scenarios in either seasonal
experiment, suggesting that production of this species may be resilient to future
warming during future winter and summers at high latitudes. Sitka Sound is situated
at the poleward edge of M. pyrifera’s continuous range extent (Druehl 1970, 1981).
Although intrapopulation variation in thermal tolerance has been observed in this
species (Hollarsmith et al. 2020), these northern fringing M. pyrifera populations may
possess enough phenotypic plasticity to afford a relative tolerance to anticipated OW

conditions in this region (Becheler et al. 2022, King et al. 2020).

In contrast to the species-specific responses of growth rate to future environmental
conditions, all three kelps in this study exhibited reduced tissue nitrogen content
under winter scenarios of ocean warming. Currently in Sitka Sound, kelp nitrogen
content increases in winter due to the ample seawater nutrient supply and low
energetic requirements during this season of low light and low temperature (Bell &
Kroeker 2022). The energetic expense of nutrient acquisition can be limited by low
light levels (Hurd et al. 2014, Roleda & Hurd 2019). Yet some kelps, including H.
nigripes and M. pyrifera, readily uptake nitrate at equal or higher rates in the dark
compared to the light by mobilizing carbohydrate reserves (Harrison et al. 1986, Korb
& Gerard 2000, Wheeler & Srivastava 1984). The additional metabolic demand for
nutrients that can occur under elevated temperatures may undermine these kelps’

ability to maintain nitrogen reserves in their tissues even when nutrients are replete,
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as has been seen in temperate and Arctic populations of Saccharina latissima
(Olischlager et al. 2014). Our results underscore the unexpected vulnerability of these
high latitude kelps to nutritional depletion during a season associated with plentiful
nutrient supply, even when projected future winter temperatures fall well within their

current annual thermal range.

Seasonal differences in OW’s impact on kelp nitrogen content likely arise from an
interaction between environmental nutrient supply, temperature, and light on kelps’
nitrogen uptake kinetics and usage (Endo et al. 2017, Mabin et al. 2019). As far as we
are aware, there are few other studies that have considered the impact of OW on kelp
nutritional content specifically under winter conditions of high nutrients combined
with temperatures on the lower end of species’ annual thermal range. More
commonly, prior research has been set up similar to our summer experiment and
reflect our results for H. nigripes and M. pyrifera in these conditions: OW treatments
are chosen to exceed kelps’ annual thermal maxima under low to moderate nitrogen
concentrations (0.5-3 uM NOx), and these scenarios have no impact on kelp tissue
nitrogen content (e.g., Brown et al. 2014, Mabin et al. 2019). Yet, we find it
surprising that summer OW conditions had no effect on any of M. pyrifera’s
measured physiological responses, given the documented vulnerability of this species
to high temperature and low nutrient conditions in other studies (Schmid et al. 2020,
Umanzor et al. 2021). We suspect that the results of our summer experiment may

have been unintentionally influenced by a supplemental supply of nutrients to our
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system. The intake for our experimental system drew seawater just offshore from a
natural river mouth, which was distinguished by an accumulation of decomposing
salmon carcasses during the second half of our summer experiment. We believe the
concentrated outflow of nutrients from these fish in river water (authors’ unpublished
data) was picked up by our system’s intake, leading to elevated ammonium
concentrations in our aquaria compared to typical summer seawater nutrient
concentrations in situ (Bell & Kroeker 2022). We also interpret that the higher mean
tissue nitrogen content of the kelps grown in these aquaria compared to observed
nitrogen content of kelps at this time of year in situ (Bell & Kroeker 2022) reflects
how readily the macroalgae assimilated this supply of ammonium (Cedeno et al.
2021, Hurd et al. 2014). Therefore, the apparent resilience of kelps in our study to
summer heat stress may have been due to the added heat tolerance conferred by
having relatively high nitrogen reserves (Fernandez et al. 2020, Gerard 1997, Schmid
et al. 2020). We anticipate that under a more realistic simulation of seasonal
environmental nutrient depletion, the negative effects of OW on kelp physiology may

have been more pronounced in future summer scenarios.

Based on benthic irradiance data collected in the field on sunny days in winter and
summer, we acknowledge that subtidal kelps can experience substantially higher light
levels in the field in February than the static PPFD provided in our winter experiment.
We hypothesize that this is the reason H. nigripes’ growth rate under ‘current’

conditions in our winter experiment was lower than we have observed in the field at
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the same time of year (Bell & Kroeker 2022). Many high latitude seaweeds’
photosynthesis saturation points occur at much higher irradiances than are required
for growth, enabling these species to capitalize on enhanced carbon assimilation
under large fluctuations in light (Gomez et al. 2009, Scheschonk et al. 2019, Wiencke
et al. 2009). It is also possible that a greater supply of light could have improved H.
nigripes’ resilience to elevated temperatures in the winter experiment (Andersen et al.
2013, Nejrup et al. 2013). However, the relatively low light within our winter
experiment was not wholly inappropriate. The PPFD provided does reflect the lower
range of irradiance levels observed at the benthos in Sitka Sound on overcast winter
days (Bell et al. 2022). Additionally, precipitation is expected to increase in Southeast
Alaska primarily in winter months (Cherry 2010, Markon et al. 2012, Shanley et al.
2015), which could result in greater cloud cover and reduced incident light at the
benthos in the future. In view of the potential consequences that reduced H. nigripes
biomass could represent for consumers in future winters, we advise further research

into the interactive effects of light availability and OW on this species’ production.

The clear response of all three kelp species’ 813C values to OA conditions suggests
that these kelps capitalize on enhanced CO; availability to optimize their carbon
acquisition strategies. Presumably, the reduced 8'°C values indicate a downregulation
of carbon concentrating activity with concomitant energetic savings (Cornwall et al.
2012, 2015b, Hepburn et al. 2011). However, this spare energy did not appear to be

consistently invested into new growth, except perhaps by ameliorating the negative
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impacts of OW on H. nigripes growth under winter conditions. In M. pyrifera, an
increase in tissue nitrogen content under winter OA conditions indicates that this
extra energy may have been mobilized to enhance nutrient uptake and assimilation.
Intriguingly, this effect compensated for reduced nitrogen content under elevated
winter temperatures when the two treatments were applied in tandem, suggesting a
mitigating effect of OA on OW on M. pyrifera’s nitrogen utilization in future winters.
Aside from these results, it is unclear whether the potential energetic benefits of OA
conditions may lead to other ecologically consequential changes for these kelp

species.

Our results also suggest that the combination of OW and OA may have biochemical
effects on algal palatability beyond what we considered in our study. The increase in
urchins’ consumption of H. nigripes tissue grown in future summer ocean conditions
could indicate a decrease in secondary metabolites, causing the algae to be more
susceptible to grazing (Arnold et al. 2012, Hemmi & Jormalainen 2002, Swanson &
Fox 2007). Increased grazing could also be due to a decrease in nutritional quality in
the seaweed blade, causing compensatory feeding (Cruz-Rivera & Hay 2000, L.
Falkenberg et al. 2014, Rodriguez et al. 2018). While we did not observe an effect of
summer OA and OW on H. nigripes’ nitrogen content, a nutritional decrease could be
driven by a decrease in fatty acid, lipid, or mineral content (Britton et al. 2020,
Galloway et al. in prep, Zhang et al. 2021). Our feeding assay results only begin to

hint at the additional effects that OA and OW may have on macroalgal
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physiochemical structure, and they reinforce the importance of testing the emergent
effects of environmental change on food web interactions (Jin et al. 2020, Jin & Gao

2021).

Lastly, with this study we add to our previous environmental monitoring dataset
within high latitude kelp forest habitats (Kroeker et al. 2021). Because one of our
sensor deployment sites (Harris Is.) unexpectedly transitioned from a lush kelp forest
to an urchin barren over the course of this deployment (Bell & Kroeker 2022), we
have the opportunity to consider how this transition may have altered the seasonal
environmental variability experienced by the rocky reef community at this site.
Generally, we see no major changes to the annual patterns of temperature, pH, or DO
at Harris Is. before (prior to 2019; see Kroeker et al. 2021), during (2018-2019), or
after (2020-2022) the transition from kelp forest to urchin barren. The environmental
data at Harris Is. after transition to an urchin barren closely mirror our sensor data
collected concurrently within an intact kelp forest (Samsing Pinnacle). The pHt of
both benthic sensor time series also generally aligns with calculated pHr of seawater
collected over the same period at 1 m depth in the Sitka Channel (Whitehead et al.
2022). We interpret these findings to indicate that seawater biogeochemistry at the
benthos of these high latitude kelp forests is driven primarily by seasonal
phytoplankton production dynamics in the region and less influenced by local
macroalgal production. The close correlation we find between diel tidal strength and

diel pHr variability at both sites supports our hypothesis that advection of water from
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beyond each reef controls the benthic environment, regardless of macroalgal biomass.
Koweek et al. (2017) concluded similar hydrographic controls on the benthic
biogeochemistry within giant kelp forests in central California, but also found a
significant effect of canopy production on the surface water carbonate chemistry. The
degree to which photosynthesis within high latitude kelp canopies can impact water
column biogeochemistry is an important question for future research, particularly
considering the lower biomass and productivity of these fringe populations of giant
kelp compared to those at the heart of this species’ range (Bell & Kroeker 2022, Reed
et al. 2009). In any case, it is unlikely that future changes to kelp primary production
will influence the exposure of vulnerable benthic organisms to OA within high
latitude giant kelp beds. Considering the pronounced short-term pH variability that
these rocky reef communities are currently experiencing in this system during the
spring, regional phytoplankton production and respiration dynamics will likely
continue to drive the biogeochemical environment of these rocky reefs in the future

(Hauri et al. 2020, Strom et al. 2016).

Altogether, our experimental results for these three common canopy-forming subtidal
kelp species paint a picture of how the macroalgal energy supply in this system may
shift in the future. Our finding that future warming had a greater impact than ocean
acidification on the growth and nutritional quality of high latitude kelps is consistent
with studies of macroalgae in other high latitude and subtropical habitats (Graba-

Landry et al. 2018, Wabhl et al. 2020). The vulnerability of the pan-Arctic understory

79



species H. nigripes is particularly noteworthy. In the winter, the reduction of both
biomass and quality of this species could represent an energetically devastating loss
for calcified rocky reef consumers facing additional metabolic stress associated with
OA in the future (Kroeker et al. 2021). Meanwhile, high latitude populations of the
more temperate kelp species M. pyrifera may be relatively resilient to the effects of
OA and OW. Giant kelp may therefore continue to dominate total macroalgal
production on reefs where it forms the surface canopy (Bell & Kroeker 2022).
However, consumers cannot rely on this species alone to fulfill their nutritional needs
(Kroeker et al. 2021). Thus, the combination of OA and OW threatens not only the
functional biodiversity of the macroalgal community on these high latitude reefs, but

also the resilience of the consumer community that depends on their production.
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Tables

Table 2.1. Seawater conditions (mean + SE) in experimental aquaria by treatment and
seasonal experiment. Temperature, salinity, and dissolved oxygen were measured
daily in all experimental aquaria. pHt, pCO», TA, and nutrient concentrations were
determined from discrete water samples taken in each aquarium at the beginning,
middle, and end of each experiment.

| WINTER EXPERIMENT SUMMER EXPERIMENT
Treatment Control OA ow OA & OW | Control OA [0)%% OA & OW
Dissolved Oxygen (mg/L)| 9.5+ 0.9 93+12 85+14 84+15 85+0.2 8.4+02 79+0.3 7.8+0.2
Salinity (ppt)| 31.3+03 31.4+03 313+£03 314£03 |[31.0+02 31.0+02 31.1+£0.2 31.1+0.2
Temperature (‘C)| 7.2+0.1 7.3+0.1 109+0.7 109+0.6 | 141+£0.1 142+0.1 18.0+0.9 18.0+0.8
pHr|7.65+£0.01 7.21+0.01 7.66+0.01 7.28+0.01|7.88+0.01 7.46+0.02 7.84+0.01 7.51+0.02
pCO2 (patm)| 1011 +£22 2843+£87 1001 £23 2502+50 | 592+21 1667+103 648+14 1513+67
TA (umol/kg)| 2120+ 15  2122+14 2121+15 212514 | 2116+5 2116 £5 2116 £5 2115+5
NOs concentration 163+1.3 3.7+£04
NHz+ concentration 48+1.0 10314
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Figures

Figure 2.1. Time series of environmental data on two high latitude rocky reefs: one
within an intact kelp forest (Samsing Pinnacle, green) and one within a kelp forest
that transitioned to an urchin barren during this study (Harris Is., black). The
overlapping time series show the close agreement in seasonal variability in seawater
a) pHr, b) temperature, and c¢) dissolved oxygen between the two sites.
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Figure 2.2. Relative growth rates (RGRmass; mean = SE) of three kelp species exposed
to different treatment combinations of ocean acidification (OA) and warming (OW)
within month-long laboratory experiments in winter and summer (N= 18 individuals
species™! treatment™!).
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Figure 2.3. Tissue nitrogen content (%N; mean = SE) of three kelp species exposed to
different treatment combinations of ocean acidification (OA) and warming (OW)
within month-long laboratory experiments in winter and summer (N= 18 individuals
species™! treatment™!).
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Figure 2.4. 8'°C values (mean + SE) of three kelp species exposed to different
treatment combinations of ocean acidification (OA) and warming (OW) within
month-long laboratory experiments in winter and summer (N= 18 individuals species’
!treatment™!). The dotted line at a !°C value of -30 is the putative threshold below
which macroalgae exclusively rely on diffusive uptake of CO> and no longer invest
energy in carbon concentrating mechanisms (Raven et al. 2002).
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Figure 2.5. Relative consumption (mean * SE) of experimentally grown H. nigripes
tissue in feeding assays used to test the effects of seasonal pH and temperature
treatment on the palatability of algal tissue to a common kelp forest grazer.
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Chapter 3: High-latitude calcified coralline algae exhibit seasonal
vulnerabiity to acidification despite physical proximity to a non-
calcified alga

This chapter was originally published in a peer reviewed journal and is reproduced
here for inclusion in this dissertation. The citation for the original publication is:

Bell, L. E., Gomez, J. B., Donham, E., Steller, D. L., Gabrielson, P. W., & Kroeker,
K. J. (2022). High-latitude calcified coralline algae exhibit seasonal
vulnerability to acidification despite physical proximity to a non-calcified
alga. Climate Change Ecology, 3, 100049.
https://doi.org/10.1016/j.ecochg.2022.100049
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Abstract

The emergent responses of vulnerable species to global change can vary depending
on the relative quality of resources available to support their productivity under
increased stress, as well as the biotic interactions with other species that may alter
their access to these resources. This research tested how seawater pCO> may interact
with seasonal light availability to affect the photosynthesis and calcification of high-
latitude coralline algae, and whether the responses of these calcified macroalgae are
modified by physical association with a non-calcified seaweed. Through an in situ
approach, our study first investigated how current seasonal environmental variation
affects the growth of the understory coralline algae Crusticorallina spp. and Bossiella
orbigniana in Southeast Alaska’s kelp forests. We then experimentally manipulated
pH to simulate end-of-century acidification scenarios, light regime to simulate
seasonal light availability at the benthos, and pairings of coralline algal species with
and without a fleshy red alga to examine the interactive effects of these variables on
coralline productivity and calcification. Our results indicate that: 1) coralline species
may face net dissolution under projected future winter pH and carbonate saturation
state conditions, 2) differences in seasonal light availability in productive, high-
latitude waters may not be distinct enough to modify coralline algal net calcification,
and 3) association with a non-calcified red alga does not alter the response of these
coralline algal species to ocean acidification scenarios. This research highlights the
necessity of incorporating locally informed scenarios of environmental variability and

community interactions when predicting species’ vulnerability to global change.
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Introduction

The emergent effects of global change on the ecology of individual species will
ultimately depend on environment-ecosystem interactions. In particular, a given
species’ response will be shaped by the rate and magnitude of environmental change
on the mean, variability, and extremes characteristic of their local environment. These
regional attributes of an organism’s environment are influenced both by large-scale
physical forces, as well as smaller scale interactions with other species (e.g., Helmuth
et al. 2002, Menge et al. 2003, Sanford et al. 2003, Suggitt et al. 2011, Chan et al.
2017). Furthermore, temporal variability in environmental conditions is often
multivariate, such that variability in one abiotic driver often covaries with other
drivers that can mediate species’ responses to change. Understanding the emergent
effects of global change therefore requires careful attention to the local characteristics
of the environment experienced by organisms in nature.

Ocean acidification (OA) is a global process that threatens marine species
worldwide (Doney et al. 2020). Most research considering marine species’ responses
to OA has been limited to short-term, static manipulations of carbonate chemistry in
laboratory settings derived from mean environmental conditions. In nature, marine
organisms experience pronounced temporal variability in carbonate chemistry, as well
as other environmental factors that could mediate their response to OA (Hofmann et
al. 2011, Kroeker et al. 2020). For example, high-latitude regions illustrate how
temporal variability in carbonate chemistry, primarily seasonal in nature, aligns with

seasonal variability in other ecologically important conditions. Specifically, seawater
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pH and carbonate saturation states are lowest during winter months at high latitude
(Feely et al. 1988, Siedlecki et al. 2017, Hauri et al. 2020, Kroeker et al. 2021),
corresponding with the seasonal low in photoperiod. Marine macroalgae, which
depend on carbon acquisition through photosynthesis, may be especially impacted by
the potential interactions between OA and seasonal light availability characteristic of
high latitudes (Russell et al. 2011, Celis-Pla et al. 2015, Britton et al. 2016, Briggs &
Carpenter 2019). Furthermore, macrophyte species widely considered vulnerable to
OA are generally embedded in diverse communities, where their interactions with
other species can modify their relative OA exposure and available light (Clark et al.
2004, Burnell et al. 2014, Short et al. 2014, Cornwall et al. 2015a).
Calcium-carbonate containing coralline algae play an important ecological role in
coastal marine ecosystems, often dominating benthic percent cover on tropical to
temperate rocky reefs (Steneck et al. 2002, Shears & Babcock 2007, Morse & Morse
1996, Nelson 2009, Chenelot et al. 2011, Tebben et al. 2015). Coralline algae provide
structural habitat, food, and chemical settlement cues for a wide diversity of
invertebrate larvae . The high-magnesium calcite that these algae precipitate to form
their thalli (Bilan & Usov 2001, Nash et al. 2019) is particularly vulnerable to
dissolution under OA (Andersson et al. 2008, Ries 2011, Cornwall et al. 2021b).
Reduced structural integrity, recruitment rate, and growth of coralline algae in high
pCO7 concentrations (Kuffner et al. 2008, Kroeker et al. 2013a, Hofmann & Bischof
2014, McCoy & Kamenos 2015) could affect their ability to compete for space with

non-calcified algae (Hepburn et al. 2011, Porzio et al. 2011, Hofmann et al. 2012,
91



Kroeker et al. 2013b, Gomez-Lemos & Diaz-Pulido 2017). Given the foundational
function of these reef-building calcifiers, future decreases in coralline algal
abundance under OA may lead to myriad changes to coastal marine communities
across the globe (Fabricius et al. 2017, Cornwall et al. 2021a).

The ability of calcifying coralline algae to compensate for increased dissolution as
OA progresses is dependent on available light, as calcification is linked to
photosynthesis-driven carbonate chemistry changes at the thallus surface (Pentecost
1978, Beer & Larkum 2001, Teichert & Freiwald 2014). Sub-saturating irradiances
exacerbate the effects of OA by reducing the available energy needed to offset
increased respiration costs (Briggs & Carpenter 2019, Wei et al. 2020). This dynamic
is of particular interest at high latitudes, where seasonal variation in daylength and
productivity already result in an overlapping winter window of decreased seawater
pH and carbonate saturation state with reduced photoperiod that could be detrimental
to marine calcifiers in the future (Kroeker et al. 2021). Indeed, many species of
temperate coralline algae exhibit their highest growth rates during the summer season
when day lengths are longer, and temperature, pH, and saturation state are higher
(Liining 1990, Roberts et al. 2002, Martin et al. 2006, Fietzke et al. 2015). However,
there are species of calcified algae that demonstrate resilience to OA exposure by
maintaining high pH at their surface (Cornwall et al. 2017, McNicholl et al. 2019),
and some Arctic coralline algae can maintain high surface pH and growth even under
limited light or dark conditions by decoupling carbon fixation and reducing

respiratory release of CO; (Freiwald & Henrich 1994, Hofmann et al. 2018). While
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these examples suggest that some coralline algae may be resilient to future OA, no
generalizable pattern based on habitat or evolutionary history has yet emerged to
enable accurate predictions of the response of unstudied species (Barner et al. 2018).
Coralline algal physiology can be intimately tied to their interaction with canopies
of closely associated non-calcifying macroalgae. The physical presence of canopy-
forming algae, including turf and foliose forms of red and brown algae, can
substantially attenuate water flow within a seaweed bed, as well as metabolically alter
the seawater chemistry experienced by underlying calcifiers (Gaylord et al. 2007,
Short et al. 2014, 2015, Cornwall et al. 2015a). Macroalgae can modify carbonate
chemistry in their associated boundary layers (Freiwald & Henrich 1994, Noisette &
Hurd 2018) and in surrounding habitats, as seen within the surface waters
surrounding a Macrocystis pyrifera kelp forest canopy (Koweek et al. 2017, Hirsh et
al. 2020). Such slow-flow boundary-layer habitats could facilitate growth and
calcification of coralline algae in relatively acidic or undersaturated conditions
(Cornwall et al. 2013b, 2014, Hurd 2015, Krause-Jensen et al. 2016, Guy-Haim et al.
2020), although the effect of reduced water velocity may be highly specific to species
and habitat (Comeau et al. 2019). On the other hand, daytime benefits to coralline
algae of increased pH and saturation state in the presence of a non-calcifying algal
canopy can be offset by the relatively more acidic and less saturated environment
experienced during nighttime respiration (Cornwall et al. 2015a). Enhanced diurnal
pH fluctuations have been demonstrated to reduce growth rates and calcification of

both juvenile and adult coralline algae, particularly in OA conditions (Cornwall et al.
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2013a, Roleda et al. 2015, Johnson et al. 2019). Additionally, shading caused by
neighboring algal canopies can directly impact photosynthesis, and the combination
of low light and slower flow has been linked to reduced calcification for some
coralline species (Comeau et al. 2019, Bulleri 2006). In systems where coralline
species are sensitive to changes in seawater carbonate chemistry, the specific
interactions between macroalgal calcifiers and non-calcifiers may influence the
direction of the aggregate response of coralline species to future OA.

The seaweed communities found along the outer coast of Southeast Alaska
include the northernmost continuous band of Macrocystis kelp forests in the world,
which also demarcate the northern and southern range limits of a suite of associated
nearshore algal and invertebrate species (Schiel & Foster 2015). Although this high-
latitude crossover region of relatively high marine biodiversity is considered ‘sub-
polar’, biological processes within the Gulf of Alaska are still governed by significant
environmental seasonality, similar to that seen in higher Arctic waters. Heavy coastal
precipitation in the fall and winter months combines with cold temperatures, short
daylight hours, and reduced water column productivity to influence the carbonate
chemistry of this system (Siedlecki et al. 2017, Hauri et al. 2020, Evans et al. 2015),
leading to an annual pH minimum in late winter (Jan-Feb) (Kroeker et al. 2021). This
region is also susceptible to the rapid climatic changes already being observed at
higher latitudes, where persistent undersaturation of marine surface waters is
anticipated within the next 40 years (Feely et al. 2004, Steinacher et al. 2009). The

combination of biodiversity, seasonality and vulnerability to global change that
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characterizes the coastal seaweed communities of this area highlights their potential
as bellwethers for how future increases in seawater pCO; may alter the responses and
interactions among algal species in other, lower-latitude systems (Fabry et al. 2009).
In this study, we explore how variation in carbonate chemistry and light
availability impact the growth of high latitude coralline algae, and how their naturally
close proximity to a non-calcified algal species may modulate these responses under
future OA scenarios. To accomplish this, we incorporated both field monitoring and
laboratory manipulation of species representing the two dominant coralline algal
morphotypes in Southeast Alaska: erect, branched geniculate and crustose non-
geniculate. Given the limited prior research on calcified coralline algae in this region
and the necessity of using DNA sequencing to accurately distinguish morphologically
ambiguous coralline algal species (Twist et al. 2019, 2020), we employed molecular
methods to identify whether our findings applied to a species-specific or genus-
specific level. By considering algal responses to OA in the context of their natural
environmental variation as well as interactions with other species, this research
answers a call to embrace ecological complexity to better understand community-
level effects of global change (Kroeker et al. 2020, Gaylord et al. 2015, Kroeker et al.

2017).
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Methods

Subtidal light availability

Year-round variation in relative light intensity reaching the benthos on
coralline reefs in Sitka Sound, AK was measured using submersible pendant light
loggers (Onset HOBO). From 2017-2020, we intermittently deployed two light
loggers at ~7m depth (MLLW) at each of four rocky reef sites with high coralline
algal cover and varied Macrocystis pyrifera kelp canopy cover (Harris Is.: 57.032N,
135.277W; Breast Is.: 57.039N, 135.333W; Samsing Pinnacle: 56.988N, 135.357W;
Sandy Cove: 56.986N, 135.321W; Fig. S3.1). At each site, both loggers were placed
within 1m of each other, oriented to face the water surface, and programmed to record
light intensity (lux; lumen m) every 30 min. We used two loggers at each site in
order to correct for differences in orientation or macroalgal canopy cover
immediately above the two loggers. The light loggers were cleaned every 1-3mo,
although overall fouling was low. To compare relative light availability at the benthos
throughout the year, we transformed our data to integrate both daily variation in light
intensity and seasonal variation in day length. For every day with a complete set of
deployment data (both loggers recording for 24h), we calculated the average total
luminous exposure (lumen-hr m2) experienced at the benthos for each hour of the day
and then summed these values to get an estimate of average luminous exposure at the

benthos each calendar day of the year (lumens d! m™2).
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Because measurements of illumination (lux) do not necessarily correlate with
the photosynthetic photon flux density (PPFD; umol m s™!), which is more
physiologically relevant to macroalgae, we also haphazardly recorded hundreds of
instantaneous measurements of PPFD at the benthos in winter and summer seasons at
each site using a Diving-PAM-II (Heinz Walz GmbH) MINI-SPEC. With these
values, we generated average ranges of PPFD reaching the benthos, which were used
to inform PPFD levels for the seasonal light regime treatments in the laboratory

experiment (section 2.4).

Coralline algae collection and species verification

We used DNA sequencing to identify the species represented by two spatially
dominant morphotypes of crustose and geniculate coralline algae found subtidally in
Sitka Sound. Individuals of each morphotype were collected from a subtidal rocky
reef on Marshall Is., Sitka Sound, AK (57.032N, 135.273W) in Aug 2017. Crustose
individuals targeted for collection were those that had a morphology that could easily
be separated from the rocky substrate, often disc-shaped with distinct white growing
edges. Geniculate individuals were collected to include the basal holdfast. The two
morphotypes, which we initially grouped using morpho-anatomical cues, were the
focus of our field and laboratory experiments. A subset of individuals of each
morphotype that were used in the laboratory experiment (crustose: n=16; geniculate:

n=13) were vouchered and desiccated in precipitated silica gel. Specimens were
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extracted following the protocol by Hughey et al. (2001), as modified by Gabrielson
et al. (Gabrielson et al. 2011) for coralline algae. The primer pair F753/RrbcS
(Freshwater & Rueness 1994) was used to amplify 694bp of rbcL 3' following
Hughey et al. (2001). Contigs were assembled using Sequencher 5.2.4 (Gene Codes
Corp., Ann Arbor, M1, USA), aligned in Geneious Prime (2020.2.4 Biomatters Ltd.)

and subjected to BLAST analyses in GenBank.

The term Crusticorallina spp. was applied to the group of crustose individuals
collected in the field and used in all experiments. Genetic analyses identified the
group to contain 3 distinct species: Crusticorallina painei, C. adhaerens, and C.
muricata. The physiological results apply to the group. The geniculate coralline
species was verified as Bossiella orbigniana. All sequences were 100% matches to
sequences of each of the taxa in GenBank, all of which have had their type specimens
sequenced. Vouchers are deposited in NCU (Table S3.1; herbarium acronym follows

Index Herbariorum online (Thiers 2021)).

Seasonal growth rate of coralline algae

To assess in-situ seasonal changes in coralline algal growth rates, we collected
specimens of Crusticorallina spp. and B. orbigniana in Dec 2017, July 2018, and Jan
2019 at Marshall Is., Sitka Sound. Individuals of each morphotype were cleaned by
removing epiphytic algae and invertebrates with tweezers, and then placed in an

aquarium of recirculating seawater with 100mg L'! concentration of the membrane-
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permeable live-cell labeling fluorescent dye Calcein for 6h. This dye is absorbed by
metabolically active meristematic tissue of the alga at the time of the stain (Lewis &
Diaz-Pulido 2017), thus providing a growth benchmark for subsequently added tissue.
After staining, each coralline individual (Crusticorallina spp.: a ‘disc’ with at least a
50% intact growing edge; B. orbigniana: a ‘floret’ containing 4-10 apical fronds) was
attached to a small PVC stand by using z-spar epoxy putty to affix the older, non-
meristematic tissue. Individuals on stands were then outplanted into the field on
plates (2 crustose and 2 geniculate indiv. plate™!) and bolted onto rocky reef substrate
at 10m depth MLLW at the edge of a giant kelp forest at Harris Is. Coralline algae
were retrieved after 2-3mo, for total outplant durations of 67d (winter 2018), 66d
(summer 2018), and 103d (winter 2019). Seawater pH and temperature during
deployment periods were monitored with a SeapHOx sensor (Sea-Bird Scientific)
(Kroeker et al. 2021) deployed within 10m of the coralline outplant locations (mean +
SD: winter 2018: pHr=7.89+0.04, temp=7.24+0.5°C; summer 2018: pHr=8.11+0.09,

temp=11.6+2.1°C; winter 2019: pHrt=n.a., temp=7.2+0.4°C).

To measure linear growth, the coralline algae were imaged using a fluorescent
lamp channel on a Ziess AxioZoom microscope at the UCSC Microscopy Center.
Average growth extension from the original fluorescent stain was calculated for each
individual using ImageJ (NIH v1.8.0) by analyzing measurements from up to 13
randomly selected points along the growing edge of the disc (Crusticorallina spp.) or
from up to 17 randomly selected apical fronds in the floret (B. orbigniana). Growth

data from the two winter season deployments were not significantly different for
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either coralline morphotype, and thus were pooled for analysis for each morphotype.
Length extension (mm d'!) was compared between seasons for each morphotype and
between morphotypes using one-way Welch’s ANOVAs (package “stats” in R (R
Core Team 2022)) due to inequality of variance and unbalanced design - a result of
high variation in final sample size among deployments following random losses in the
field as well as inconsistent fluorescent stain uptake (B. orbigniana summer, n=13; B.
orbigniana winter, n=34; Crusticorallina spp. summer, n=7; Crusticorallina spp.
winter, n=25). Adjusted p-values for these analyses were calculated using Bonferroni

corrections for multiple comparisons.

Ocean acidification laboratory experiment

To test the response of the Crusticorallina spp. and Bossiella orbigniana to
future OA scenarios, we used an 18-aquaria indoor experimental system with flow-
through seawater at the Sitka Sound Science Center to simulate three static pHr levels
(current summer = 8.0, future summer/current winter = 7.7, future winter = 7.4) under
two seasonal light regimes simulated with full-spectrum aquarium lights (Al Prime
HD) (summer = PPFD 55umol m s”!, 13h d"!, winter = PPFD 40pmol m™ s!, 6h d!).
We had a total of 3 aquaria for each of the 6 treatment combinations (Fig. S3.2).
Experimental pH levels were chosen to reflect current seasonal minimums of coastal
pH measured at Harris Is. from 2016-2017 (Kroeker et al. 2021), as well as end-of-

century projections for Gulf of Alaska pH levels based on RCP 8.5 (-0.3 pHr from

100



current levels (Mathis et al. 2015)). Experimental light regimes were defined using
seasonal averages for day length and measured irradiance level at 10m depth at Harris
Is. (described in section 2.1). Our experimental system was not designed to control
for temperature; seawater in all aquaria followed natural temperature variation in the
system’s seawater source throughout the experiment. A full description of the pH
control for this system can be found in Kroeker et al. (2021), but in short: pH was
regulated using a relay system that controlled mixing of pre-equilibrated low-pH
seawater (formed by bubbling pure CO; gas into seawater: pH=6.0) and ambient pH
seawater into 9 header buckets (n=3 headers per pH treatment) that then flowed into
the experimental aquaria. Each header bucket was equipped with a pH sensor
(DuraFET, Honeywell) communicating with a controller (UDA 2152, Honeywell) to
regulate flow of the low pH water through solenoid valves to maintain pre-
programmed pH setpoints. The layout of our experiment was designed to minimize
spatial variance among the random factors, aquaria and headers, by randomizing

treatment assignments and relative locations throughout the system.

Within each pH level and light treatment combination, half of the individual
Crusticorallina spp. and B. orbigniana were randomly assigned to be paired in close
proximity with Cryptopleura ruprechtiana (n=6 species treatment™'), a dominant
subcanopy-forming fleshy red alga in Sitka Sound frequently found growing in
association with coralline algae. All algal individuals were collected on Aug 5, 2017
at Marshall Is., Sitka Sound, and cleaned using the same methods as described in

section 2.3. Algal individuals were then elevated off the bottom of experimental
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aquaria using PVC stands topped with plastic mesh (see Fig. S3.2B). Total
experimental duration was 45d (Aug 7-Sept 21, 2017). To monitor treatment
conditions, we used a handheld meter (YSI) to take daily temperature readings in the
replicate aquaria and measure salinity of incoming seawater daily just upstream of our
experimental system. Additionally, discrete water samples were collected from
replicate aquaria at four timepoints (Aug 18, 22, 25, and Sept 15) for determination of
pH (total scale) and total alkalinity (TA). Discrete samples were collected without
aeration in amber glass bottles, immediately poisoned with saturated HgCl (0.025%

volume™), and capped to prevent air exchange.

Discrete water samples for laboratory measurements of pH and/or TA were
transported to UCSC for analysis within 8 months of collection. We measured pH
spectrophotometrically (Shimadzu, UV-1800) using m-cresol purple dye following
best practices (Dickson et al. 2007), with an average standard error of +0.0013 pH
units among sample triplicates. TA measurements were performed using open cell
titration (Metrohm, 905 Titrandro) and corrected against certified reference materials
of COz in seawater (Dickson laboratory, Scripps Institution of Oceanography), with
an average standard error of £0.933pumol kg! SW-! among sample triplicates. To
calculate pHr in the replicate aquaria at the time of water sampling, we used our
measurements of spectrophotometric pH, TA, temperature, and salinity, as well as the
dissociation constants (Mehrbach et al. 1973, Dickson & Millero 1987) as inputs to

the program CO2SYS (Lewis & Wallace 1998).
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Algal net calcification and growth

The effects of each experimental pH and light treatment combination and
fleshy red algal association on coralline net calcification rate were assessed using the
buoyant weight technique (Jokiel et al. 1978), as well as the alkalinity anomaly
technique. To determine total relative change in calcified mass over the experimental
period, each coralline thalli’s buoyant weight was measured to the nearest 0.0001g at
the beginning and end of the experiment on a balanced platform suspended below a
microbalance in a temperature-monitored seawater bath. All fouling organisms were
removed prior to taking measurements. To ensure precision, buoyant weights were
repeated for each individual until measurements differed by less than £0.005g, and
then an average was taken of the measurements falling in this range of precision.
Initial and final buoyant weights (BW; g) were used to calculate relative net
calcification rate (RCRuet; g g d!) of each individual alga using the equation:

log (%ﬂ) -100

RCRnet — lTZ;lal

where At (d) is the total days elapsed between the beginning and end of the

experiment.

Total alkalinity (TA) incubations were run in the last week of the experiment
on a subset of coralline algae from each treatment (n=3 individuals treatment!
species™) by isolating individuals in 245mL glass chambers filled with seawater from

their associated aquaria and sealed airtight. Paired C. ruprechtiana were not included
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in incubation chambers, in order to isolate the physiological responses of the coralline
algae. Chambers were placed on a magnetic stir plate in a water bath at consistent
temperature (13°C), with stir bars able to spin freely underneath coralline algae
separated by a mesh screen. All incubations were run under a mean PPFD of 80umol
m2 s for 3h. At the end of the incubation period, seawater from each chamber was
collected to measure endpoint TA. Seawater for TA incubation chamber controls was
collected from corresponding aquaria at the beginning of each incubation round and
used to measure any background TA variation in empty chambers during the
incubation period. All discrete water samples for TA were poisoned and processed as

outlined in section 2.4.

TA measurements from coralline algal incubations were used to calculate
short-term net calcification (Gnet; pmol g DW h!) using the equation:

ATA - v
2-DW - At

Gpet(CaCO3) =
where ATA (umol kgSW-!) is the change in total alkalinity from the beginning to end
of the incubation period corrected to chamber controls, v (L) is the chamber volume,
DW (g) is the dry weight of the alga, and At (h) is the total incubation time (Smith &
Key 1975, Martin et al. 2006). Dry weights (DW; g) for the living coralline thalli
used in TA incubations were estimated from buoyant weight (BW; g) measurements
using the equation (Jokiel et al. 1978):

BW
1 - (G5

Pcaicite
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where we used a seawater density (psw) of 1.02g cm™ (from average temperature and

salinity data at the time of BW) and a calcite density (pealcite) 0f 2.71g cm™,

Growth rates of C. ruprechtiana reared in association with coralline algae in
the different treatment conditions were quantified by measuring tissue wet weights
(WW; g) at the beginning and end of the experiment. Thalli were removed from
seawater, patted uniformly dry, and immediately weighed on a standard microbalance
to the nearest 0.0001g. Relative growth rate (RGRyei; g g d!) of each individual alga
was calculated using the equation:

WW,,
log () - 100

where At (d) is the total days elapsed between the beginning and end of the

experiment.

We quantified variability in experiment-integrated relative net calcification
rate and short-term net calcification rate of each coralline morphotype using linear
mixed-effects models (package “Ime4” in R) with pH, light regime, association with
C. ruprechtiana, and all of the interactions between these factors as fixed factors and
experimental aquaria nested in header as random intercepts using restricted
maximum likelihood. Variability in the relative growth rate of C. ruprechtiana was
analyzed using a similar model, except fixed factors were only pH, light regime, and
pH*light regime. All models satisfied assumptions of normality and

homoscedasticity. We determined p-values for the effects of fixed factors and their
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interactions using the Sattertwaithe’s method for t-tests (package “Ime4” in R). Post-
hoc tests of pairwise differences among means of significant factors were performed

using the Tukey method of multiple comparisons (package “multcomp” in R).

Experimental photophysiology

In vivo photophysiology was characterized for all red algal species at the end
of the experiment by measuring the rate of oxygen evolution produced by algal thalli
at seven irradiance levels. Following the final buoyant mass measurement, a small
piece of thallus (mean + SE: B. orbigniana: 0.17+0.02g; Crusticorallina spp.:
0.53+0.03g; C. ruprechtiana: 0.07+£0.003g) was taken from haphazardly selected
individuals (n=3 treatment! species!) and placed in a 69mL incubation chamber
filled with seawater from the associated aquaria and equipped with a stir bar and an
oxygen sensor spot (PreSens SP-PSt4-SA). Sensor spots were calibrated daily using a
two-point correction of 100% (air-saturated water) and 0% (1% Na>SO3 and 0.05%
Co(NO:3), standard solution) saturation. Incubation chambers were sealed airtight
using clear plexiglass lids affixed with vacuum grease and submerged onto a
magnetic stir plate in a temperature-controlled water bath. Full-spectrum aquarium
lights (AI Hydra HD) were used to expose thalli in chambers to seven consecutively
increasing irradiance levels (~PPFD 0, 20, 70, 140, 320, 425, 720umol m2 s!). A
fiber optic O2 sensor (Fibox IV, Presens) was used to record the dissolved oxygen

concentration in each chamber at 30, 45 and 60min after each irradiance level was

106



reached. Chamber seawater was refreshed after the fourth irradiance step to avoid
nutrient depletion and oxygen supersaturation. Dissolved oxygen evolution rate (mg
O, min'!) at each irradiance level was calculated using linear regression, corrected
against paired chamber controls (no algae), and normalized to chamber volume and

thalli wet mass.

We used nonlinear regression models (package “nlstools” in R) to
mathematically fit our calculations of algal oxygen evolution rate by irradiance level
to photosynthesis-irradiance (P-E) curves using the double exponential decay

function:

_a.I _ﬁ.[

e Pmax) ' erax

NP = Ppgyx *(1—

where NP = net production (mg Oz g! min'! L), Per = maximum photosynthetic
rate that could be sustained with no photoinhibition (=0), a. = photosynthetic
efficiency parameter (initial slope), p = photoinhibition parameter, I = irradiance level
(umol m2 s (Platt et al. 1980). Nonlinear least squares estimates for parameters
Pax, 0, and f were calculated for each coralline morphotype by treatment
combination by fitting the above model to pooled photophysiology data from
treatment replicates and performing an iterative estimation procedure assuming
normal distributions. Validity of model fit was visualized by superimposing the fitted
curves over the raw data and assessing estimated standard errors and #-test statistics
for the estimated parameters. The effect of pH on individual parameters was

determined by testing whether the addition of a binary parameter differentiating pH
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treatment to the model significantly altered any of the estimates for Pax, ., and .
Where pH was found to have a significant impact on optimal model parameters,
accuracy of this estimated effect was assessed by visually comparing ‘goodness of fit’
of the predicted model containing the pH parameter to the original model fitted to the

empirical data.
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Results
Subtidal Light Availability

Average daily luminous exposure (lumens d-! m2) reaching the benthos at all
four monitoring sites between 2017 and 2020 (Fig. 3.1) was lowest in late fall and
early winter (Oct - Jan). At three of the four sites, site-specific monthly averages of
luminous exposure at the benthos in the late winter (Feb-Apr) were similar or higher
than averages of luminous exposure recorded in the summer months (May-Aug). At
all sites, average ranges of PPFD measured at the benthos during moderately overcast
days typical of Southeast Alaska were very similar between winter (10-40umol m2 s

1 and summer (10-60umol m s!) months.

Seasonal growth rate of coralline algae

Our results indicate that the average length extension rate of B. orbigniana
was marginally faster in the summer (0.06:£0.03mm d!) than in the winter
(0.04+0.01mm d-")(p=0.054; Fig. 3.2,Table S3.2). We did not detect a seasonal
difference in average length extension rate for Crusticorallina spp. (p=1.000). Annual
average length extension rates of B. orbigniana (0.04+0.02mm d!) were significantly

faster than annual growth rates of Crusticorallina spp. (0.02+0.01mm d!'; p<0.001).

Ocean acidification laboratory experiment
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Treatments were maintained at setpoint targets for pHr under our assigned
winter or summer light regime for the duration of the experiment, and discrete water
samples taken from experimental aquaria confirmed that seawater pCO> and calcite
saturation state also differed by treatment (Table 1). Temperature, salinity and total
alkalinity remained stable in all treatments. Temperatures during the experiment
(13.6+0.7°C) are representative of typical late summer (Aug-Sept) temperatures

observed at Harris Is. reef in Sitka Sound (~14°C) (Kroeker et al. 2021).

Algal net calcification and growth

RCRuet differed by pH treatment in both B. orbigniana (p<0.001;Table S3.3)
and Crusticorallina spp. (p<0.001;Table S3.4) (Fig. 3.3). Coralline algae grown
under pH 7.4 (future winter scenario) experienced net dissolution (i.e., RCRyet < 0g g
Ld!), regardless of light regime or close association with C. ruprechtiana. For both
coralline algal morphotypes, only this lowest pH treatment (7.4) resulted in a
significant decrease in RCRnet compared to a current summer scenario of pH 8.0
(p<0.001). RCRyet of Crusticorallina spp. under a future winter scenario of pH 7.4
was also lower than in the current winter scenario of pH 7.7 (p<0.001). For
Crusticorallina species, there was an interaction between light regime and association
with C. ruprechtiana on RCRyet (p=0.024). Pairwise comparisons indicated that
Crusticorallina spp. individuals raised under a summer light regime had lower RCRuet

when paired with C. ruprectiana than when reared independently (p=0.05), and that

110



RCRyet of Crusticorallina spp. not paired with C. ruprectiana was marginally lower
when individuals were raised under winter light compared to summer light, although

this latter comparison was not statistically significant (p=0.077).

Short-term net calcification (Gnet) of B. orbigniana (Fig. 3.4A) was reduced
with pH (p=0.004;Table S3.5). Gnet was lower in B. orbigniana thalli grown at pH 7.4
compared to thalli grown at pH 7.7 (p=0.003). However, no difference was observed
between Guet of thalli maintained at pH 8.0 compared to other treatments. B.
orbigniana paired with C. ruprechtiana in experimental aquaria had higher Gnet
during incubations (p=0.024), but there was no interaction between algal association
and pH treatment. We did not detect an effect of pH or association with C.
ruprechtiana on the Guet of Crusticorallina spp., and light regime had a marginal but
not statistically significant effect on the crustose species’ Gnet (p=0.074;Table
S3.6)(Fig. 3.4B). In contrast to RCRuet (buoyant weight technique), Guet (alkalinity
technique) remained net positive regardless of pH treatment for all coralline algal

species.

RGRuet of C. ruprechtiana over the duration of the experiment was lower
under winter light regime in all pH treatments (p=0.039;Table S3.7), with no

interaction between pH and light regime (Fig. S3.3).

Experimental photophysiology
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We did not detect any effect of pH treatment, light regime, or association with C.
ruprechtiana on the photosynthetic parameters of the coralline algal species’ P-E
curves (p > 0.05). Photophysiology data for the coralline algal species were pooled
across treatments to generate parameter estimates for average P-E curves for the two
morphotypes (Fig. 3.5;Table S3.8). We did detect a highly significant effect of pH on
C. ruprechtiana Pmax (p<0.001; Tables A.9 and A.10), with individuals exhibiting
more than a 50% increase in this photosynthetic parameter at pH 7.4 compared to pH

8.0, regardless of light regime.
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Discussion

Our results indicate that in the absence of evolutionary adaptation (Cornwall et al.
2020, Moore et al. 2021), the end-of-century projection for winter seawater pH and
calcite saturation state in the Gulf of Alaska could lead to net dissolution of the
encrusting Crusticorallina species and of the geniculate species Bossiella orbigniana.
Understanding how concurrent changes in temperature will influence this outcome is
a critical next step. Compared to the effects of seasonal variation in light availability
and association with a non-calcified macroalgal species, pH and saturation state had a
more pronounced impact on coralline algal calcification and thus may be more
important in mediating the physiological response of these calcified algae in the
future (Cornwall et al. 2021b). Although many species of fleshy macroalgae found in
close association with coralline algae - such as the red alga Cryptopleura
ruprechtiana considered in this study - exhibit enhanced photosynthetic rates under
future ocean pCO; levels (Kiibler et al. 1999, Hepburn et al. 2011), increased
production for one macrophyte does not necessarily confer benefits or refuge to
another (e.g., Bulleri 2006, Cornwall et al. 2015a, Comeau et al. 2019). Future
dissolution of these foundational coralline algal species could have profound
consequences for the productivity, biodiversity, and community structure of
temperate rocky reefs by altering their competitive interactions with other macroalgae
and reducing settlement cues and refuge habitat for invertebrate larvae and adults. At

a broader level, this research highlights the importance of testing whether local
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variability and interactions of abiotic and biotic factors in functioning ecosystems will

impact the vulnerability of specific species to global change drivers such as OA.

Although we recorded positive growth via linear tissue extension during field
outplants in both summer and winter seasons, month-long laboratory simulations
suggested that net calcification of coralline algal species grown in current winter pH
conditions, albeit at higher temperatures than experienced in the field, may already
hover near zero (Fig. 3.3). As noted, discrepancies between our in-situ versus
experimental growth rates may have arisen due to differences in temperature and pH
conditions during field deployments compared to conditions in experimental aquaria,
and because of logistical constraints preventing our use of directly comparable
methods. For example, the average temperature used in the lab simulations was 6.4°C
higher than the average temperature measured during the winter field outplant
experiment, which may have altered the effects of low pH on coralline algal
physiology (Cornwall et al. 2021b). Additionally, our technique for measuring growth
via linear extension may not necessarily correlate with net calcification, as coralline
algae can alternate their energetic investment in cellular size versus calcification
(McCoy 2013, Ragazzola et al. 2013, 2016, McCoy & Ragazzola 2014), particularly
in regions with high seasonality (Freiwald & Henrich 1994). Our data suggest there is
an overall decreasing trend in coralline algal net calcification with decreasing pH that
may not have been detectable among all pH treatments given our sample size.

Considering the net dissolution observed in both coralline algal morphotypes under
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simulated future winter pH conditions, future summer pH conditions will need to be
consistently favorable to calcification and growth for these coralline algal species to
achieve positive net calcification over the course of the year. Our laboratory results
indicate that the anticipated shift in carbonate chemistry with OA that will decrease
saturation state and bring future summer pH to the level of current winter pH (7.7) is

likely to jeopardize this favorable seasonal window for calcification.

Short-term net calcification of experimental coralline algae during incubations
revealed slightly different patterns than were seen in net calcification over the full
experiment duration. Although all of the coralline species assigned to the lowest pH
treatment (7.4) exhibited the lowest short-term net calcification, average calcification
remained net positive in all treatments during the incubations. This is in contrast to
the net dissolution observed over the month-long experiment in coralline algae
assigned to the same pH 7.4 treatment. Unlike the net calcification rates integrated
over experiment-long conditions, which exposed coralline algae to diel cycles of light
and dark, these short-term incubations were run continuously in the light - effectively
isolating the ability of these coralline algae to maintain net calcification during
photosynthesis. Thus, the combined results from experiment-integrated and short-
term net calcification calculations suggest that the detrimental effects of pH 7.4
conditions on coralline algal calcification are driven by dissolution under nighttime
respiration, which effectively overwhelm the reduced levels of daytime calcification
at low pH (McNicholl et al. 2019, Kwiatkowski et al. 2016). Our results also indicate

that these coralline species will not be able to leverage any enhanced photosynthesis
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under increased pCO> conditions to aid in daytime calcification in the future. The
absence of a low pH or high pCO; effect on coralline photophysiology parameters in
this study is consistent with observations in other coralline algal species that are
confirmed to use carbon-concentrating mechanisms, such that they are not carbon-
limited under current seawater conditions (Comeau et al. 2013, Hofmann & Heesch

2018, Bergstrom et al. 2020).

We did not detect an effect of seasonal light regime on the calcification of B.
orbigniana, nor on the photophysiology of either morphotype, although numerous
studies have shown light availability to be a major driver of coralline response to OA
in other systems (Russell et al. 2011, Comeau et al. 2014, Celis-Pla et al. 2015,
Briggs & Carpenter 2019). In contrast, net calcification of Crusticorallina spp. raised
under a summer light regime decreased when these individuals were paired with (and
potentially shaded by) a C. ruprectiana alga, which may reflect an effect of light on
the growth of these crustose coralline algae. Additionally, low light acclimation may
be responsible for the increase in short-term net calcification rate of B. orbigniana
individuals shaded by C. ruprechtiana in experimental tanks, as well as a possible
(but not statistically significant) increase in short-term calcification rate of winter
light-acclimated crustose coralline algae. In these instances, we suspect that reduced
light transmission through the incubation chambers may have favored low-light
acclimated individuals. Increased replication within our treatment groups would have
enabled a more statistically robust consideration of the effect of light. It is also

important to note that while our light regime treatments differed considerably in
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simulated photoperiod (summer: 13h d!, winter: 6h d!), maximum irradiance levels
as measured by photosynthetic photon flux density (PPFD) did not differ markedly
between the treatments (summer: 55umol m2 s'!'; winter: 40pmol m2 s™).
Considering the similarity in modeled oxygen evolution rate at these irradiances in
the P-E curves generated for each coralline species-group (Fig. 3.5), the two seasonal
light regime treatments may simply not have been distinct enough to promote
detectable differences in coralline photosynthetic response within our experimental
design.

The varied effects of simulated seasonal light regimes on coralline algal net
calcification in the lab raises the question of whether seasonal differences in light
availability reaching the benthos in the field truly differ enough to modulate coralline
algal response to future OA. Benthic irradiance data indicate that 24h totals of
luminous exposure (Fig. 3.1) and PPFD reaching the seafloor may not be as
seasonally distinct as previously assumed, or at the very least, are inconsistent among
sites. The high seasonal productivity in this system may influence this pattern:
although total day lengths are shorter in the winter months, water column productivity
and macroalgal canopy biomass over rocky reefs are relatively low (Kroeker et al.
2021), resulting in clearer waters and reduced canopy shading that could facilitate
higher transmission of light to the benthos. In contrast, summer months are
characterized by high planktonic productivity and lush canopies of fast-growing non-
calcified algae, such as the subcanopy-forming fleshy red alga C. ruprechtiana that

demonstrated enhanced growth under a summer light regime (Fig A.3). In terms of
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the total PPFD reaching an alga’s thallus over the course of a day, the reduced light
transmission to the seafloor in the summer may offset the greater number of total
daylight hours in this season. This could lead to similar if not higher levels of average
relative light intensity over a 24h period in the winter season - particularly at sites
with canopy-forming kelps. We observed such a pattern in our field irradiance data,
where the site with the highest density of canopy-forming kelps (Samsing Pinnacle)
experiences monthly maximums in luminous exposure in February and March,
whereas the site with the lowest kelp densities (Harris Is.) experiences maximum

luminous exposure values from May to July.

Although research on global change impacts to marine macrophytes has been
limited in this region, the net productivity of non-calcified seaweeds is generally
anticipated to either increase or show no change under future warming and OA
(Harley et al. 2012, Kroeker et al. 2013a). Thus, the extent of seasonal shading caused
by canopy-forming species may remain similar or intensify in the future. While the
maximum photosynthetic rate of the red alga C. ruprechtiana increased under the
future winter pH conditions, this did not translate to a detectable change in thallus wet
weight; instead, this species may have allocated its enhanced carbon reserves under
low pH conditions to other biological activities, such as the accumulation of sugars,
polysaccharides and amino acids (Kumar et al. 2018, 2020). The absence of a
consistent effect of fleshy red algal association on coralline algal calcification was
possibly due to inconsistencies in the amount of shading among each coralline-

Cryptopleura pairing (see Fig. S3.2B), rather than an indication that shading by other
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canopy-forming macroalgal species is not relevant to coralline algal physiology.
According to the P-E curves generated for the coralline algae, current average
irradiance levels in the field fall below the light intensity at which these species
exhibit maximum photosynthetic rates. Consequently, any decrease in light
availability reaching the benthos resulting from enhanced productivity of canopy-
forming macroalgae under future OA and warming (Reed & Foster 1984, Harley et
al. 2012) will theoretically lead to a reduction in coralline algal photosynthetic
capacity. Additionally, our results suggest that even in close association with a non-
calcified alga experiencing enhanced photosynthetic rates under OA conditions,
coralline algae do not benefit from this localized draw-down of CO: nor from any
canopy-related flow attenuation that could have altered calcification dynamics across
their diffusion boundary layers (Guy-Haim et al. 2020). It is possible that the effect of
fleshy red algae on coralline algal calcification could differ based on variation in
benthic flow. Unfortunately, we did not account for this variable in our study design.
While standard flow rates in this experimental system are 2-3L/min, we did not
measure within-aquaria flow during this study, and we have not measured in situ flow
rates on subtidal rocky reefs of this region. Yet, our results are consistent with studies
demonstrating variable or negligible benefits of canopy-forming algae on benthic
organism calcification (Short et al. 2014, Koweek et al. 2017). We anticipate that the
resilience of these coralline algal species to OA in this high-latitude, light-limited
benthic environment will not be radically improved via their physical associations

with other, non-calcified macroalgae.
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Our laboratory study successfully simulated ecologically-relevant
combinations of current and projected pCO; and light regime in Sitka Sound, yet it is
important to note that we were unable to manipulate another critical environmental
variable that will shift with global climate change: temperature (Gattuso et al. 2015).
Ocean warming is anticipated to adversely affect the photophysiology and
calcification of some coralline algae, and the effect of future temperature increases
may exacerbate the effects of increasing pCO- on coralline dissolution (Martin &
Gattuso 2009, Vasquez-Elizondo & Enriquez 2016, Cornwall et al. 2019). While the
temperature range observed in all aquaria over the course of the experiment reflects
conditions that these coralline algae naturally experience in late summer (Aug-Sept)
in Sitka Sound (Kroeker et al. 2021), such temperatures exceed what would be
expected within the scenarios simulated with our study’s pCO» and light regime
treatments. Because seasonal variation in temperature and pH in this system are not
synchronous (Kroeker et al. 2021), this seasonal maximum in temperature does not
align temporally with the annual pCO; extremes that this study’s treatments were
based upon. As a consequence, our results may overestimate the effects of pCO, and
light regime on coralline physiology and calcification for each scenario (Cornwall et
al. 2019). Then again, in a recent synthesis of coralline algal research that considered
the interactive effects of OA and increased temperatures, the majority of included
studies found that OA was the more dominant driver of coralline algal response and
that the addition of temperature did not change the effect of OA on coralline algal

physiology (Cornwall et al. 2021b). Future research will need to address the impact of
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temperature on the physiology of these high-latitude coralline algal species in order to
assess the contribution of this driver and its interaction with other global change

stressors.

Crustose and geniculate coralline algae found within the same coastal systems
often differ in overall rates of production and calcification (McCoy & Kamenos 2015,
Viasquez-Elizondo & Enriquez 2016, Noisette et al. 2013), which may reveal
disparate vulnerabilities to future OA between these two morphological forms.
Comparing the two morphotypes considered in this study, the geniculate form (5.
orbigniana) exhibited higher photosynthetic capacity, field length extension rates,
and net calcification rates than the crustose form (Crusticorallina spp.). These
differences between the two morphotypes, combined with the overall lower light
adaptation of the crustose individuals, may lead to higher susceptibility of crustose
coralline algae to corrosion under OA and a higher potential for thallus breakage
under stress in this system (Ragazzola et al. 2012). Combined with decreased growth
rate as OA progresses, this may rapidly affect crustose species’ ability to compete for
space at the benthos with geniculate coralline algae and could lead to shifts in the
structure and biodiversity of coralline algal assemblages (McCoy & Pfister 2014,

Cornwall et al. 2021b).

Ultimately, if coralline algal dissolution outpaces calcification throughout the
year at high latitudes under future global change scenarios, both encrusting and

geniculate species considered in this study will be vulnerable to increased
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competition for space by non-calcified macroalgae (Kuffner et al. 2008, Kroeker et al.
2013b, Schoenrock et al. 2016, Gomez-Lemos & Diaz-Pulido 2017, Cornwall et al.
2021b). The diverse and essential roles that coralline algae play in temperate rocky
reef systems - as foundational reef structure, year-round primary producers and
carbon reservoirs, and settlement habitat for associated invertebrates (McCoy &
Kamenos 2015) - will shift with changes in their relative biomass. Ecological
research considering the long-term community-level consequences of a reduction or
absence of macrophyte calcifiers across a diversity of marine systems should continue
to be prioritized if we seek to effectively anticipate the bottom-up effects on coastal

ecosystem function across the world.

This study confirms the vulnerability of two spatially dominant, yet
previously unstudied morphotypes of calcium carbonate containing algae in the
northern Pacific to end-of-century projections of OA in this region. While high-
latitude coralline algae already experience annual swings in seawater carbonate
chemistry of over 0.4 pH units between winter and summer seasons (Kroeker et al.
2021), we have confirmed that the geniculate alga Bossiella orbigniana and
individuals from the crustose alga genus Crusticorallina are still able to add calcified
tissue via linear extension from their meristems through both seasons in the field. In
contrast, under laboratory-simulated pH conditions expected in the winter months by
year 2100, both coralline morphotypes exhibited net dissolution and no change in

photosynthetic performance.
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Although the long daylight hours that characterize high-latitude summers
might be expected to benefit coralline algal photosynthesis and calcification capacity,
our results suggest that the actual difference in seasonal light availability reaching the
benthos in this temperate subtidal system may not be sufficient to significantly
modulate coralline algal productivity. In fact, increasing productivity and canopy-
coverage by non-calcified macroalgae under future OA and warming may further
reduce irradiance levels at the benthos during the summer (Harley et al. 2012). Given
that the relatively higher pH summer season may represent the only annual
opportunity for coralline algae to achieve positive net calcification under future OA
scenarios in this region, increased shading by closely associated algae - particularly in
the absence of any ameliorating effect on local carbonate chemistry - may ultimately

limit coralline algal resilience to dissolution.

Anthropogenic emissions of CO; and the concomitant decrease in oceanic pH
and carbonate saturation state will overlay onto spatially and temporally variable,
ecologically complex marine systems. This research responds to a call to incorporate
seasonally dependent abiotic and biotic interactions in our consideration of vulnerable
species’ response to global change drivers, a challenging yet necessary approach in
the coming era of climate change science that can be used to identify where and when
future conditions of enhanced stress are most likely to occur. We strongly recommend
that future research investigating the emergent effects of global change in marine

macroalgal communities continues to consider how seasonality and other natural
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variability interacts with global change drivers to shape the responses of a wide

diversity of co-occurring and interacting seaweed species.
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Tables

Table 3.1. Seawater carbonate chemistry data (mean + SD) by treatment over the
duration of the 2017 laboratory experiment. Temperature and salinity were measured
daily using a handheld meter (YSI) in all experimental aquaria (temperature) or just
upstream of inflow to the experimental system (salinity). Discrete water samples were
collected within each aquaria at the beginning and end of the experiment plus at least
one mid-point (n=3-4 aquaria™') for measurement of pHr and total alkalinity (TA),

and pCO; and saturation state (Q2) of calcite were calculated from measured

parameters.
Current Current Future

Treatment summer pH | winter pH | winter pH
Temperature (°C) | 13.6+0.7 13.6 £0.7 13.6 £0.7
Salinity (ppt) 205+ 1.7

pHr 7.99+0.06 | 7.70+£0.05 | 7.40+0.03
pCO;2 (patm) 437+ 76 919 + 125 1904 £ 172
TA (umol kg!) 2105+ 14 2100+ 11 2100+ 17
Q calcite 281+0.36 | 1.51+£0.21 | 0.79+0.06
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Figures

Figure 3.1. Average daily luminous exposure at the benthos (~7m MLLW) at four
rocky reef monitoring sites in Sitka Sound, Alaska. Boxplots represent data averaged
by calendar day across 4 years (2017-2020), summarized by month.
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Figure 3.2. Mean field growth as the rate of seasonal linear length extension for
common species of coralline algae on a rocky reef (Harris Is.) in Sitka Sound, Alaska.
Italicized numbers in brackets indicate sample size per group, and lowercase letters
denote statistically significant differences among season and species.
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Figure 3.3. Relative net calcification rates (RCRuet) of B. orbigniana (A) and
Crusticorallina spp. (B) exposed to different treatment combinations of pH, seasonal
light regime, and association with a non-calcified alga (C. ruprechtiana) during a
month-long laboratory experiment (n=6 individuals treatment!). Lower case letters
denote significant pairwise differences among pH treatment levels.
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Figure 3.4. Short-term net calcification rates (Gnet) of both B. orbigniana (A) and
Crusticorallina spp. (B) during 3hr total alkalinity (TA) incubations under continuous
light. Data are summarized based on the assigned treatment conditions of pH, light
regime, and association with a non-calcified alga (C. ruprechtiana) that each coralline
was exposed to prior to TA incubations (n=3 individuals treatment™'). Lower case
letters denote significant pairwise differences among pH treatment levels, while upper
case letters denote differences between association treatments.
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Figure 3.5. Mean photosynthesis-irradiance (P-E) curves (lines) generated from
repeated oxygen evolution rate measurements (circles) at multiple irradiance levels
for three red algal species-groups (n=36 individuals species™). P-E curves for
coralline algal species B. orbigniana and Crusticorallina spp. are shown pooled
across all experimental treatments, whereas photophysiology data for the non-
calcified alga C. ruprechtiana are indicated separately by pH treatment.
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CONCLUSION

This body of work represents a comprehensive assessment of how global change will
impact macroalgal producers in environmentally dynamic, temperate coastal oceans.
My field studies reveal the current production regimes of calcified and non-calcified
seaweeds under seasonal variations in light, nutrients, pCO- and temperature. My
experimental results indicate how environmental change may affect the phenology,
quantity, and quality of basal energy supply, and may even alter the structural
foundation of rocky reef habitats. Taken together, this dissertation describes the
ecology of change within a productive, interconnected ecosystem, with broad
implications regarding the emergent effects of climate change within marine and
terrestrial systems worldwide.

In Chapter 1, I first investigate the annual production dynamics of three dominant,
canopy-forming kelp species in situ and characterize the natural abiotic variability of
their environment. I find that Macrocystis pyrifera, Neoagarum fimbriatum, and
Hedophyllum nigripes differ in their phenology and magnitude of carbon and nitrogen
production, resulting in a complementary supply of energy for macroalgal consumers
through the year. I also provide the first robust, year-round estimation of M. pyrifera
carbon production and turnover at the poleward fringe of its range. I then use my
localized understanding of kelp ecology alongside a rich dataset of in situ
environmental conditions to design realistic, seasonal scenarios of ocean warming

and acidification, and test their effect on kelp production in Chapter 2. These
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experiments reveal that macroalgal growth, nitrogen content, and palatability to
consumers under future environmental conditions differs by species and season. I find
that the giant kelp M. pyrifera is relatively resilient to ocean warming and
acidification in future winter and summer seasons, whereas the understory kelps
experience negative impacts to both their growth and nutritional content. The high
latitude endemic species H. nigripes appears especially vulnerable to ocean warming,
and I suggest that negative effects on this species will undermine a critical supply of
energy for consumers in future winters. Finally, in Chapter 3, I shift my focus to the
calcifying coralline algae that provide structural habitat, food, and settlement cues for
invertebrate larvae on these temperate rocky reefs. My field studies of in situ growth
rates indicate the slow and steady, year-round production of the dominant encrusting
and geniculate coralline species in this system, Bossiella orbigniana and
Crusticorallina spp. I then use a multi-factor experimental design to test the seasonal
effects of acidification on these calcifying species in the context of their typical
proximity to a non-calcified alga. I find marked negative effects of ocean
acidification on the coralline species’ growth in future winter conditions, regardless
of light availability. I also find that the enhanced photosynthesis of a physically
adjacent, non-calcified alga does not mitigate the corrosivity of ocean acidification to
the calcified algae. I conclude that negative impacts of ocean acidification on
coralline algae will undermine the structure and biodiversity of high latitude rocky
reef communities, with subsequent effects for higher trophic levels that depend on

these habitats for food and refuge.
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This research arrives at a critical moment. Macroalgal communities worldwide are
shifting in response to climate change (Poloczanska et al. 2013, Krumhansl et al.
2016, Smale 2020), with the overall production and standing biomass of seaweeds
expected to increase in high latitude regions (Krause-Jensen & Duarte 2014, Krause-
Jensen et al. 2020). Meanwhile, the last few years have brought an accelerating
interest in the idea of harnessing macroalgal production for carbon dioxide removal as
a climate change solution (e.g., Krause-Jensen & Duarte 2016, Laurens et al. 2020,
Ross et al. 2022, Yong et al. 2022). Concurrently, the global seaweed mariculture
industry has been growing exponentially (Buschmann et al. 2017, Cai et al. 2021),
and there are lofty expectations for the success of this burgeoning industry in
subpolar regions like the Gulf of Alaska (AMTF 2018, Stekoll 2019). Yet, despite the
heightened interest in the production potential of macroalgae at high latitudes, there is
a scarcity of in situ data on year-round kelp production dynamics in polar and
subpolar environments (Pessarrodona et al. 2022). My dissertation research addresses
this critical knowledge gap by highlighting the environmental drivers and limitations
of macroalgal productivity in seasonal, cold temperate environments. These findings
can be used by seaweed researchers, policymakers, and industry professionals to
inform and calibrate expectations of future macroalgal production in these regions.
Finally, as commercially and culturally important high latitude fisheries face
considerable risk from ocean warming and acidification (IPCC 2018, Mathis et al.
2015, Hollowed et al. 2022), it is critical for resource managers to consider the

indirect, bottom-up effects of global change within these productive marine food
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webs. My dissertation provides examples of the many ways in which these

foundational coastal habitats and basal energy sources are likely to shift in the future.
It is now our collective responsibility to respect the imminence of these changes, and
commit to adapting our relationship with these valuable marine ecosystems to ensure

their conservation.
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Appendix 1: Supplementary Material for Chapter 1

Figure S1.1. Per-plant proportions of Macrocystis pyrifera fronds grown or fronds
lost compared to starting frond density (mean = SE; top panel) and the site-level plant
loss rate (bottom panel) during each survey period at (a) Breast Is., (b) Harris Is. and
(c) Samsing Pinnacle. A missing bar indicates no data for that particular site and
survey period except where noted by “(0)”, in which case the data point was zero.

Shaded panels indicate the months with the shortest photoperiod (October — March).
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Figure S1.2. Linear growth and erosion rates (cm - d!) of Hedophyllum nigripes
blades (mean + SE; top panel) and the site-level plant loss rate (bottom panel) during
each survey period at (a) Breast Is., (b) Harris Is. and (¢) Samsing Pinnacle. A
missing bar indicates no data for that particular site and survey period except where
noted by “(0)”, in which case the data point was zero. Shaded panel indicates the
months with the shortest photoperiod (October — March).
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Figure S1.3. Linear growth and erosion rates (cm - d!) of Neoagarum fimbriatum
blades (mean = SE; top panel) and the site-level plant loss rate (bottom panel) during
each survey period at (a) Breast Is., (b) Harris Is. and (¢) Samsing Pinnacle. A
missing bar indicates no data for that particular site and survey period except where
noted by “(0)”, in which case the data point was zero. Shaded panel indicates the
months with the shortest photoperiod (October — March).
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Figure S1.4. Spearman rank correlation scatter plot for log-transformed seawater NOx
concentrations (WM) from 4.5 m depth versus nitrogen content (as % dry mass) of M.
pyrifera surface blades at Breast Is (mean + SE). Linear regression and 95%
confidence interval are shown as the gray line and shaded region. Spearman’s rank
correlation (p) and associated p-value are shown in upper left corner.
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Table S1.1. Regression parameters used to estimate maroalgal wet and dry mass for foliar standing crop determination.

Independent_variable Dependent_variable slope intercept  pvalue R? N Sample unit

M. pyrifera frond density (all seasons) M. pyrifera wet mass (g; all seasons) 734.9 0 <0.001 0.943 26  individual sporophytes
M. pyrifera frond density (winter only) M. pyrifera wet mass (g; winter only) 748.2 0 <0.001  0.926 10 individual sporophytes
M. pyrifera frond density (summer only) M. pyrifera wet mass (g; summer only) 732.9 0 <0.001  0.941 16  individual sporophytes
M. pyrifera wet mass (g; all tissue samples) M. pyrifera dry mass (g; all tissue samples) 0.103 0 <0.001  0.962 68  tissue samples
M.pyrifera wet mass (g; stipe tissue only) M. pyrifera dry mass (g; stipe tissue only) 0.110 0 <0.001  0.963 36  tissue samples
M.pyrifera wet mass (g; blade tissue only) M. pyrifera dry mass (g; blade tissue only) 0.096 0 <0.001  0.968 32 tissue samples
M.pyrifera wet mass (g; surface tissue only) M. pyrifera dry mass (g; surface tissue only) 0.088 0 <0.001 0974 23 tissue samples
M.pyrifera wet mass (g; mid-frond tissue only) M. pyrifera dry mass (g; mid-frond tissue only) 0.095 0 <0.001 0.981 24 tissue samples
M.pyrifera wet mass (g; tissue 1m from HF only) M. pyrifera dry mass (g; tissue 1m from HF only) 0.126 0 <0.001 0.988 21  tissue samples

N. fimbriatum blade surface area (cm?) N. fimbriatum blade wet mass (g) 0.066 0 <0.001 0.962 40  individual sporophytes
H. nigripes blade surface area (cm?) H. nigripes blade wet mass (g) 0.092 0 <0.001  0.970 41  individual sporophytes
A. clathratum blade surface area (cm?) A. clathratum blade wet mass (g) 0.131 0 <0.001 0.925 20  individual sporophytes
L. setchellii blade surface area (cm?) L. setchellii blade wet mass (g) 0.097 0 <0.001 0.983 5 individual sporophytes
P. gardneri blade surface area (cm?) P. gardneri blade wet mass (g) 0.080 0 0.066  0.801 3 individual sporophytes
N. fimbriatum blade wet mass (g) N. fimbriatum blade dry mass (g) 0.136 0 <0.001  0.994 10 individual sporophytes
H. nigripes blade wet mass (g) H. nigripes blade dry mass (g) 0.190 0 <0.001 0.987 11 individual sporophytes
N. fimbriatum stipe density (# m?), Jan 2020 N. fimbriatum dry biomass (g m-2), Jan 2020 2.505 0 0.007 0.825 5 transects

H. nigripes stipe density (# m?), Jan 2020 H. nigripes dry biomass (g m-2), Jan 2020 5.883 0 0.001 0971 4 transects

N. fimbriatum stipe density (# m?), July 2019 & 2020 N. fimbriatum dry biomass (g m-2), July 2019 & 2020 17.691 0 0.016 0.525 8  transects

H. nigripes stipe density (# m?), July 2019 & 2020 H. nigripes dry biomass (g m-2), July 2019 & 2020 49.994 0 <0.001 0.982 8  transects
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Table S2. Estimated foliar standing crop (g wet mass - m) of subtidal understory kelp species by survey site and

season from blade morphometric surveys.

Breast Harris Samsing
2019 2020 2019 2020 2019 2020
Species Spring  Summer Winter Summer Spring Summer Winter Summer Spring Summer Winter = Summer
Hedophyllum nigripes 1.84 0* 0 0 2.48 0.49 0 0 17.78 114.74 13.59 86.21
Neoagarum fimbriatum 5.12 22.17 0.36 0.47 19.87 34.97 0.12 0 12.84 60.66 3.89 38.70
Agarum clathratum 0 0 0 0 57.40 82.55 11.34 21.68 33.47 171.51 24.18 107.26
Laminaria setchellii 0 0 0 0 0 0 0 0 0.88 3.17 0.02 3.44
Pleurophycus gardeneri 0 0 0 0 0 0 0 0 0.18 3.33 0 5.11
Total understory kelp  6.96 22.17 0.36 047 7975 11801  11.46 21.68  65.15 35341  41.67 240.73

biomass (g- m?)

*Some plants tagged for productivity measurements did still exist at this site in this season,
but were not captured in this particular survey
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Table S1.3. Regression parameters used to test the effect of elapsed days in the study on M. pyrifera growth rate at
two sites

Independent_variable Dependent_variable slope intercept  pvalue rsquare N Sample unit
Number of elapsed days in the study M. pyrifera net growth rate (d"'; Harris Is.) -0.00003 0.005 <0.001 0497 16  site surveys
Number of elapsed days in the study M. pyrifera net growth rate (d'; Breast Is.) -0.00001 0.00008 0.002 0.442 17  site surveys
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Table S1.4. Summary statistics from mixed linear model analysis of monthly

seawater NOx concentrations near Breast Is.
Formula: log(seawater NOx) ~ depth * location + (1|date)

i. Variance components for random effects

Groups Variance Std. Dev.
date 2.244 1.498
residual 0.237 0.487

Number of observations: 104
Groups: date, 13

il. ANOVA results from the mixed linear model

Source SS MSE numDF denDF F value Pr(>F)
depth 3.030 3.030 1 84.020 12.771 <0.001
location 0.480 0.160 3 84.027 0.674 0.570
depth:location 1.057 0.352 3 84.018 1.486 0.224
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Table S1.5. Elemental composition (carbon or nitrogen as % dry mass) of subtidal kelp species by collection site and season.

Composition Harris Samsing
(% dry mass) Species 2018 Summer 2020 Summer 2018 Summer 2019 Winter 2019 Summer 2020 Summer
Carbon Macrocystis pyrifera 29.30+1.90 28.70+1.19  28.22+2.31 32+1.72
Hedophyllum nigripes 37.10+£1.51 33.10+£1.41 29.18+1.13 38.08 £0.21 30.44 £ 0.81
Neoagarum fimbriatum 33.18+0.44 32.02+0.49 32.80+0.32 33.78 £0.78 32.38£0.43
Agarum clathratum 30.14+1.44 36.50 + 1.41
Laminaria setchellii 32.02+0.96
Pleurophycus gardneri 31.60 £ 0.57
Nitrogen Macrocystis pyrifera 0.56+0.25 1.04 £0.15 1.6 +£0.29 1.12+0.39
Hedophyllum nigripes 0.74 £ 0.02 1.16 £0.07 2.56 +0.09 1.24+0.08 1.32+0.06
Neoagarum fimbriatum 1.46 +£0.04 1.66 +0.08 2.28+0.10 1.94+0.07 1.90 +0.10
Agarum clathratum 1.8+0.12 2.34+£0.24
Laminaria setchellii 0.82+0.04
Pleurophycus gardneri 0.90 + 0.06
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Table S1.6. Summary statistics for analysis of variance of macroalgal tissue nitrogen
concentrations at Samsing Pinnacle
Formula: nitrogen (as % dry mass) ~ season * species

i. Main effects

Source SS MSE F value Pr(>F)
season 6.188 6.188 116.26 <0.001
species 3.767 1.884 35.380 <0.001
season:species 1.646 0.823 15.460 <0.001
residuals 2.076 0.053
it. Tukey’s post-hoc tests for the effect of species on %N
95% CI 95% CI

Condition1 Condition2 Mean diff lower upper Ptukey
H. nigripes N. fimbriatum -0.307 -0.512 -0.101 0.002

M. pyrifera 0.400 0.195 0.605 <0.001
M. pyrifera N. fimbriatum -0.707 -0.912 -0.501 <0.001

1. Tukey’s post-hoc tests for the effect of the interaction between season and species on %N
Y S D Y4

95% CI 95% CI
Condition1 Condition2 Mean diff lower upper Prukey
Winter:N. fimbriatum ~ Summer:N. fimbriatum 0.480 0.101 0.859 0.006
Summer:M. pyrifera Summer:N. fimbriatum -0.720 -1.029 -0.411 <0.001
Winter:M. pyrifera Summer:N. fimbriatum -0.200 -0.579 0.179 0.614
Summer:H. nigripes Summer:N. fimbriatum -0.600 -0.909 -0.291 <0.001
Winter:H. nigripes Summer:N. fimbriatum 0.760 0.381 1.139 <0.001
Summer:M. pyrifera Winter:N. fimbriatum -1.200 -1.579 -0.821 <0.001
Winter:M. pyrifera Winter:N. fimbriatum -0.680 -1.117 -0.243 <0.001
Summer:H. nigripes Winter:N. fimbriatum -1.080 -1.459 -0.701 <0.001
Winter:H. nigripes Winter:N. fimbriatum 0.280 -0.157 0.717 0.406
Winter:M. pyrifera Summer:M. pyrifera 0.520 0.141 0.899 0.002
Summer:H. nigripes Summer:M. pyrifera 0.120 -0.189 0.429 0.851
Winter:H. nigripes Summer:M. pyrifera 1.480 1.101 1.859 <0.001
Summer:H. nigripes Winter:M. pyrifera -0.400 -0.779 -0.021 0.033
Winter:H. nigripes Winter:M. pyrifera 0.960 0.523 1.397 <0.001
Winter:H. nigripes Summer:H. nigripes 1.360 0.981 1.739 <0.001
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Table S1.7. Summary statistics for analysis of variance of macroalgal tissue carbon
concentrations at Samsing Pinnacle

Formula: carbon (as % dry mass) ~ season * species

i. Main effects

Source SS MSE F value Pr(>F)
season 82.940 82.940 14.638 <0.001
species 126.490 63.240 11.161 <0.001
season:species 69.170 34.590 6.104 0.005
residuals 220.990 5.670
ii. Tukey’s post-hoc tests for the effect of species on %N
95% CI 95% CI

Condition1 Condition2 Mean diff lower upper Ptukey
H. nigripes N. fimbriatum -3.227 -5.344 -1.109 0.002

M. pyrifera 0.587 -1.531 2.704 0.779
M. pyrifera N. fimbriatum 3.813 1.696 5.931 <0.001

1. Tukey’s post-hoc tests for the effect of the interaction between season and species on %N
Y S D Y4

95% CI 95% CI
Condition1 Condition2 Mean diff lower upper Prukey
Winter:N. fimbriatum ~ Summer:N. fimbriatum -0.100 -4.006 3.806 1.000
Summer:M. pyrifera Summer:N. fimbriatum -2.550 -5.739 0.639 0.183
Winter:M. pyrifera Summer:N. fimbriatum -4.680 -8.586 -0.774 0.011
Summer:H. nigripes Summer:N. fimbriatum 2.690 -0.499 5.879 0.141
Winter:H. nigripes Summer:N. fimbriatum -3.720 -7.626 0.186 0.070
Summer:M. pyrifera Winter:N. fimbriatum -2.450 -6.356 1.456 0.430
Winter:M. pyrifera Winter:N. fimbriatum -4.580 -9.090 -0.070 0.045
Summer:H. nigripes Winter:N. fimbriatum 2.790 -1.116 6.696 0.289
Winter:H. nigripes Winter:N. fimbriatum -3.620 -8.130 0.890 0.180
Winter:M. pyrifera Summer:M. pyrifera -2.130 -6.036 1.776 0.582
Summer:H. nigripes Summer:M. pyrifera 5.240 2.051 8.429 <0.001
Winter:H. nigripes Summer:M. pyrifera -1.170 -5.076 2.736 0.945
Summer:H. nigripes Winter:M. pyrifera 7.370 3.464 11.276 <0.001
Winter:H. nigripes Winter:M. pyrifera 0.960 -3.550 5.470 0.987
Winter:H. nigripes Summer:H. nigripes -6.410 -10.316 -2.504 <0.001
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Appendix 2: Supplementary Material for Chapter 2

Figure S2.1. Daily pH variability as a function of daily tidal activity in late winter and
spring 2019. Diel variability is shown as the maximum difference in recorded pHt
values at each site (top panel) and the maximum difference in observed tidal heights
recorded at the Sitka tidal station (bottom panel).
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Figure S2.2. Linear blade extension rates (mean * SE) of understory kelp species by
treatment in seasonal experimental conditions (this study) compared to seasonal
growth rates observed in situ at kelp forest sites in Sitka Sound (data from Bell and
Kroeker 2022).
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Figure S2.3. Relative consumption (mean + SE) of experimentally grown N.
fimbriatum tissue in feeding assays used to test the effects of seasonal pH and
temperature treatment on the palatability of algal tissue to a common kelp forest
grazer.
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Table S2.1. Summary statistics from mixed linear model analysis of Hedophyllum
nigripes’ relative growth rate as wet mass (d'") by treatment in winter season
experiment.

Formula: H. nigripes RGRmass ~ pH * temperature + (1|header/aquaria)

i. Variance components for random effects

Groups Variance  Std. Dev.
aquariacheader  0.013 0.113
header 0.000 0.000
residual 0.092 0.303

Number of observations: 69
Groups: aquaria:header, 24, header, 8

it. Coefficients and statistics for fixed effects

Fixed Effects Estimate SE df t value Pr(>|t)
Intercept 1.274 0.085 17.83 14.98 <0.001
OA -0.052 0.120 17.83 -0.433 0.671
ow -0.636 0.123 19.26 -5.173 <0.001
OA +OW 0.351 0.173 18.87 2.029 0.057
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Table S2.2. Summary statistics from mixed linear model analysis of Hedophyllum
nigripes’ relative growth rate as wet mass (d'") by treatment in summer season
experiment.

Formula: H. nigripes RGRmass ~ pH * temperature + (1|header/aquaria)

i. Variance components for random effects

Groups Variance  Std. Dev.
aquariacheader  0.000 0.000
header 0.000 0.000
residual 0.585 0.765

Number of observations: 68
Groups: aquaria:header, 24, header, 8

it. Coefficients and statistics for fixed effects

Fixed Effects Estimate SE df t value Pr(>|t|)
Intercept 1.123 0.180 64 6.229 <0.001
OA -0.067 0.255 64 -0.262 0.794
ow -0.763 0.263 64 -2.906 0.005
OA +OW -0.128 0.372 64 -0.344 0.732
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Table S2.3. Summary statistics from mixed linear model analysis of Neoagarum
fimbriatum’s % change in wet mass by treatment in winter season experiment.
Formula: N. fimbriatum RGRmass ~ pH * temperature + (1|header/aquaria)

i. Variance components for random effects

Groups Variance  Std. Dev.
aquariacheader  0.000 0.000
header 0.000 0.000
residual 0.124 0.352

Number of observations: 72
Groups: aquaria:header, 24, header, 8

it. Coefficients and statistics for fixed effects

Fixed Effects Estimate SE df t value Pr(>|t))
Intercept 1.308 0.083 68 15.79 <0.001
OA 0.095 0.117 68 0.813 0.419
ow -0.079 0.117 68 -0.670 0.505
OA +OW -0.027 0.166 68 -0.160 0.873
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Table S2.4. Summary statistics from mixed linear model analysis of Neoagarum
fimbriatum’s relative growth rate as wet mass (d!) by treatment in summer season
experiment.

Formula: N. fimbriatum RGRmass ~ pH * temperature + (1|header/aquaria)

i. Variance components for random effects

Groups Variance  Std. Dev.
aquariacheader  0.000 0.000
header 0.000 0.000
residual 0.739 0.860

Number of observations: 63
Groups: aquaria:header, 21; header, 7

it. Coefficients and statistics for fixed effects

Fixed Effects Estimate SE df t value Pr(>|t|)
Intercept 3.654 0.203 59 18.03 <0.001
OA -0.403 0.287 59 -1.405 0.165
ow -1.222 0.351 59 -3.481 <0.001
OA +OW -0.255 0.453 59 0.563 0.575
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Table S2.5. Summary statistics from mixed linear model analysis of Macrocystis
pyrifera’s relative growth rate as wet mass (d!) by treatment in winter season
experiment.

Formula: M. pyrifera RGRmass~ pH * temperature + (1|/header/aquaria)

i. Variance components for random effects

Groups Variance  Std. Dev.
aquariacheader  0.000 0.000
header 0.013 0.114
residual 0.138 0.371

Number of observations: 60
Groups: aquaria:header, 24, header, 8

it. Coefficients and statistics for fixed effects

Fixed Effects Estimate SE df t value Pr(>|t)
Intercept 0.622 0.121 3.621 5.147 0.009
OA -0.011 0.174 3.893 -0.062 0.953
ow -0.211 0.182 4.419 -1.161 0.304
OA +OW 0.121 0.253 4219 0.479 0.656
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Table S2.6. Summary statistics from mixed linear model analysis of Macrocystis
pyrifera’s relative growth rate as wet mass (d!) by treatment in summer season
experiment.

Formula: M. pyrifera RGRmass~ pH * temperature + (1|/header/aquaria)

i. Variance components for random effects

Groups Variance  Std. Dev.

aquariacheader  <0.001 0.013
header 0.000 0.000

residual 0.853 0.924

Number of observations: 70
Groups: aquaria:header, 24, header, 8

it. Coefficients and statistics for fixed effects

Fixed Effects Estimate SE df t value Pr(>|t|)
Intercept 2.906 0.218 19.88 13.35 <0.001
OA -0.214 0.308 19.88 -0.695 0.495
ow -0.248 0.313 20.69 -0.792 0.437
OA +OW -0.106 0.442 20.69 -0.241 0.812
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Table S2.7. Summary statistics from mixed linear model analysis of Hedophyllum
nigripes’ tissue nitrogen content (as % dry mass) by treatment in winter season
experiment.

Formula: H. nigripes tissue %N ~ pH * temperature + (1|header)

i. Variance components for random effects

Groups Variance  Std. Dev.
header 0.0002 0.014
residual 0.019 0.138

Number of observations: 23
Groups: header, 8

it. Coefficients and statistics for fixed effects

Fixed Effects Estimate SE df t value Pr(>|t)
Intercept 2.667 0.057 3.875 46.738 <0.001
OA 0.017 0.081 3.875 0.207 0.847
ow -0.407 0.085 4.486 -4.809 0.006
OA +OW 0.140 0.117 4.179 1.197 0.295
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Table S2.8. Summary statistics from mixed linear model analysis of Hedophyllum
nigripes’ tissue nitrogen content (as % dry mass) by treatment in summer season
experiment.

Formula: H. nigripes tissue %N ~ pH * temperature + (1|header)

i. Variance components for random effects

Groups Variance  Std. Dev.
header 0.009 0.096
residual 0.057 0.238

Number of observations: 23
Groups: header, 8

it. Coefficients and statistics for fixed effects

Fixed Effects Estimate SE df t value Pr(>|t)
Intercept 2.400 0.118 2.994 20.26 <0.001
OA -0.083 0.168 2.994 0.497 0.653
ow 0.186 0.174 3.391 1.072 0.354
OA +OW 0.014 0.241 3.191 0.058 0.957
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Table S2.9. Summary statistics from mixed linear model analysis of Neoagarum
fimbriatum’s tissue nitrogen content (as % dry mass) by treatment in winter season
experiment.

Formula: N. fimbriatum tissue %N ~ pH * temperature + (1|header)

i. Variance components for random effects

Groups Variance  Std. Dev.
header 0.002 0.049
residual 0.002 0.046

Number of observations: 24
Groups: header, 8

it. Coefficients and statistics for fixed effects

Fixed Effects Estimate SE df t value Pr(>|t|)
Intercept 2.000 0.039 4 51.17 <0.001
OA 0.033 0.055 4 0.603 0.579
ow -0.183 0.055 4 -3.317 0.030
OA +OW -0.067 0.078 4 -0.853 0.442
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Table S2.10. Summary statistics from mixed linear model analysis of Neoagarum
fimbriatum’s tissue nitrogen content (as % dry mass) by treatment in summer season
experiment.

Formula: N. fimbriatum tissue %N ~ pH * temperature + (1|header)

i. Variance components for random effects

Groups Variance  Std. Dev.
header 0.003 0.057
residual 0.005 0.068

Number of observations: 24
Groups: header, 8

it. Coefficients and statistics for fixed effects

Fixed Effects Estimate SE df t value Pr(>|t)
Intercept 2.250 0.049 4 46.305 <0.001
OA -0.050 0.069 4 -0.728 0.507
ow -0.300 0.069 4 -4.366 0.012
OA +OW 0.100 0.097 4 1.029 0.362
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Table S2.11. Summary statistics from mixed linear model analysis of Macrocystis
pyrifera’s tissue nitrogen content (as % dry mass) by treatment in winter season
experiment.

Formula: M. pyrifera tissue %N ~ pH * temperature + (1|header)

i. Variance components for random effects

Groups Variance  Std. Dev.
header 0.000 0.000
residual 0.008 0.087

Number of observations: 23
Groups: header, 8

it. Coefficients and statistics for fixed effects

Fixed Effects Estimate SE df t value Pr(>|t|)
Intercept 1.750 0.036 18 49.20 <0.001
OA 0.117 0.050 18 2319 0.032
ow -0.167 0.050 18 -3.313 0.004
OA +OW 0.000 0.075 18 0.000 1.000
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Table S2.12. Summary statistics from mixed linear model analysis of Macrocystis
pyrifera’s tissue nitrogen content (as % dry mass) by treatment in summer season
experiment.

Formula: M. pyrifera tissue %N ~ pH * temperature + (1|header)

i. Variance components for random effects

Groups Variance  Std. Dev.
header 0.005 0.069
residual 0.021 0.144

Number of observations: 24
Groups: header, 8

it. Coefficients and statistics for fixed effects

Fixed Effects Estimate SE df t value Pr(>|t|)
Intercept 2.000 0.076 4 26.19 <0.001
OA 0.000 0.108 4 0.000 1.000
ow -0.100 -0.108 4 -0.926 0.407
OA +OW 0.067 0.153 4 0.436 0.685
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Table S2.13. Summary statistics from mixed linear model analysis of Hedophyllum
nigripes’ tissue 8'3C values by treatment in winter season experiment.
Formula: H. nigripes 8'°C ~ pH * temperature + (1]header)

i. Variance components for random effects

Groups Variance  Std. Dev.
header 0.000 0.000
residual 1.023 1.011

Number of observations: 23
Groups: header, 8

it. Coefficients and statistics for fixed effects

Fixed Effects Estimate SE df t value Pr(>|t|)
Intercept -27.87 0.413 19 -67.51 <0.001
OA -3.765 0.584 19 -6.448 <0.001
ow 0.890 0.612 19 1.453 0.163
OA +OW 0.199 0.846 19 0.235 0.817
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Table S2.14. Summary statistics from mixed linear model analysis of Hedophyllum
nigripes’ tissue 8'3C values by treatment in summer season experiment.

Formula: H. nigripes 8'°C ~ pH * temperature + (1]header)

i. Variance components for random effects

Groups Variance  Std. Dev.
header 0.006 0.080
residual 0.825 0.908

Number of observations: 23
Groups: header, 8

it. Coefficients and statistics for fixed effects

Fixed Effects Estimate SE df t value Pr(>|t|)
Intercept -15.31 0.375 3.582 -40.82 <0.001
OA -3.130 0.531 3.582 -5.900 0.006
ow -2.842 0.556 4.161 -5.112 0.006
OA +OW 1.564 0.769 3.870 2.035 0.114
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Table S2.15. Summary statistics from mixed linear model analysis of Neoagarum
fimbriatum’s tissue 8'3C values by treatment in winter season experiment.
Formula: N. fimbriatum 33C ~ pH * temperature + (1|header)

i. Variance components for random effects

Groups Variance  Std. Dev.
header 0.208 0.456
residual 0.404 0.635

Number of observations: 24
Groups: header, 8

it. Coefficients and statistics for fixed effects

Fixed Effects Estimate SE df t value Pr(>|t|)
Intercept -28.77 0.414 4 -69.52 <0.001
OA -4.073 0.585 4 -6.959 0.002
ow -0.737 0.585 4 -1.258 0.277
OA +OW 1.315 0.828 4 1.589 0.187
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Table S2.16. Summary statistics from mixed linear model analysis of Neoagarum
fimbriatum’s tissue 3'3C values by treatment in summer season experiment.
Formula: N. fimbriatum 33C ~ pH * temperature + (1|header)

i. Variance components for random effects

Groups Variance  Std. Dev.
header 0.236 0.486
residual 0.454 0.674

Number of observations: 24
Groups: header, 8

it. Coefficients and statistics for fixed effects

Fixed Effects Estimate SE df t value Pr(>|t|)
Intercept -17.03 0.440 4 -38.71 <0.001
OA -4.903 0.622 4 -7.880 0.001
ow -0.325 0.622 4 -0.522 0.629
OA +OW 0.958 0.880 4 1.089 0.337
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Table S2.17. Summary statistics from mixed linear model analysis of Macrocystis

pyrifera’s tissue 8'3C values by treatment in winter season experiment.

Formula: M. pyrifera 8'3C ~ pH * temperature + (1|header)

i. Variance components for random effects

Groups Variance  Std. Dev.
header 0.000 0.000
residual 4.927 2.168

Number of observations: 23
Groups: header, 8

it. Coefficients and statistics for fixed effects

Fixed Effects Estimate SE df t value Pr(>|t|)
Intercept -25.62 0.906 18 -28.27 <0.001
OA 0.070 1.282 18 0.055 0.957
ow 0.663 1.282 18 0.518 0.611
OA +OW -2.443 1.922 18 -1.271 0.220
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Table S2.18. Summary statistics from mixed linear model analysis of Macrocystis

pyrifera’s tissue 8'3C values by treatment in summer season experiment.
Formula: M. pyrifera 8'3C ~ pH * temperature + (1|header)

i. Variance components for random effects

Groups Variance  Std. Dev.
header 0.297 0.545
residual 0.591 0.769

Number of observations: 24
Groups: header, 8

it. Coefficients and statistics for fixed effects

Fixed Effects Estimate SE df t value Pr(>|t|)
Intercept -17.04 0.497 4 -34.30 <0.001
OA -3.362 0.703 4 -4.784 0.009
ow -0.702 0.703 4 -0.999 0.374
OA +OW 0.988 0.994 4 0.995 0.376
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Table S2.19. Summary statistics from analysis of the relative consumption of H.
nigripes by pH and temperature treatment and seasonal experiment.

i. Two-way ANOVA results for relative consumption

Source SS MSE DF F value Pr(>F)
Treatment 0.831 0.831 1 4.571 0.036
Season 1.245 1.245 1 6.848 0.011
Treatment:Season 0.720 0.720 1 3.964 0.051

ii. Tukey’s post-hoc tests comparing the effects of seasonal experiment and combined
pH and temperature treatment on relative consumption

95% Cl1 95% CI
Conditionl Condition2 Mean diff lower upper Prukey
Summer OW+0A Summer Control 0.360 0.036 0.685 0.024
Winter Control Summer Control -0.062 -0.485 0.361 0.980
Winter OW+0A Summer Control -0.146 -0.556 0.263 0.782
Winter Control Summer OW+0A4 -0.423 -0.846 0.000 0.050
Winter OW+0A Summer OW+0A4 -0.507 -0.916 -0.098 0.009
Winter OW+0A Winter Control -0.084 -0.575 0.407 0.969
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Table S2.20. Summary statistics from analysis of the relative consumption of V.
fimbriatum by pH and temperature treatment and seasonal experiment.

i. Two-way ANOVA results for relative consumption

Source SS MSE DF F value Pr(>F)
Treatment 0.001 0.001 1 0.011 0.915
Season 0.163 0.163 1 3.475 0.067
Treatment:Season 0.067 0.067 1 1.421 0.238
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Appendix 3: Supplementary Material for Chapter 3

Figure S3.1. Map of rocky reef sites in Sitka Sound, Alaska used in monitoring of
seasonal benthic light availability (Breast Is., Harris Is., Samsing Pinnacle, Sandy
Cove; 2017-2020), collection of coralline algae for species verification and
experiments (Marshall Is.), and in situ study of coralline algal growth rates (Harris Is.,
2018-2019).
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Figure S3.2. Design of the coralline algal laboratory experiment (A) and examples of
individuals from either coralline algal morphotype positioned on stands with and
without associated Cryptopleura (B). A) Incoming seawater from Sitka Sound was
first routed into two main sumps, one of which was kept at ambient pH and the other
was bubbled continuously with dissolved carbon dioxide gas to decrease pH.
Seawater from both sumps was routed into header buckets (7=9) where mixing was
controlled via a feedback loop between pH sensors, controllers, and solenoid valves
to achieve pre-programmed pH setpoints for experimental treatments (n=3
headers/pH treatment). From each header bucket, seawater flowed into two
experimental aquaria assigned either a winter or summer light regime. Each aquaria
contained a random arrangement of four B. orbigniana (“BO”) and four
Crusticorallina (“Csp”) individuals, with half of the individuals within each coralline
genus paired with Cryptopleura ruprechtiana (“CR”; indicated by red squares). B)
Examples of the four within-aquaria red algal species combinations. Individuals were
elevated on PVC stands (S5cm diameter) to maximize exposure to within-aquaria
water flow.
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Figure S3.3. Relative growth rate (RGRuet) of Cryptopleura ruprechtiana exposed to
different treatment combinations of pH and light regime during a month-long
laboratory experiment (n=12 individuals treatment!). Lower case letters denote
significant differences among treatments.
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Table S3.1. List of voucher specimens deposited in the University of North
Carolina, Chapel Hill herbarium (NCU) with accession number, collection data, and
GenBank accession number of the rbcL. 694 base pair sequence for each.

Herbarium GenBank
Accession Accession
Taxon Name No. Collection Data No. (rbcL)
Marshall Island, Sitka, 57.031844 N, 135.272729 W,
NCU 5.vii1.2017, on rock reef with Macrocystis pyrifera, leg.
Bossiella orbigniana 673983 Lauren Bell 0OK430853
Marshall Island, Sitka, 57.031844 N, 135.272729 W,
NCU 5.vii1.2017, on rock reef with Macrocystis pyrifera, leg.
Bossiella orbigniana 673984 Lauren Bell 0OK430852
Marshall Island, Sitka, 57.031844 N, 135.272729 W,
NCU 5.vii1.2017, on rock reef with Macrocystis pyrifera, leg.
Bossiella orbigniana 673985 Lauren Bell OK430857
Marshall Island, Sitka, 57.031844 N, 135.272729 W,
NCU 5.vii1.2017, on rock reef with Macrocystis pyrifera, leg.
Bossiella orbigniana 673986 Lauren Bell OK430855
Marshall Island, Sitka, 57.031844 N, 135.272729 W,
NCU 5.vii1.2017, on rock reef with Macrocystis pyrifera, leg.
Bossiella orbigniana 673987 Lauren Bell 0OK430854
Marshall Island, Sitka, 57.031844 N, 135.272729 W,
NCU 5.vii1.2017, on rock reef with Macrocystis pyrifera, leg.
Bossiella orbigniana 673988 Lauren Bell OK430858
Marshall Island, Sitka, 57.031844 N, 135.272729 W,
NCU 5.vii1.2017, on rock reef with Macrocystis pyrifera, leg.
Bossiella orbigniana 673989 Lauren Bell 0OK430859
Marshall Island, Sitka, 57.031844 N, 135.272729 W,
NCU 5.vii1.2017, on rock reef with Macrocystis pyrifera, leg.
Bossiella orbigniana 673990 Lauren Bell 0OK430860
Marshall Island, Sitka, 57.031844 N, 135.272729 W,
NCU 5.vii1.2017, on rock reef with Macrocystis pyrifera, leg.
Bossiella orbigniana 673991 Lauren Bell 0OK430861
Marshall Island, Sitka, 57.031844 N, 135.272729 W,
NCU 5.vii1.2017, on rock reef with Macrocystis pyrifera, leg.
Bossiella orbigniana 673992 Lauren Bell 0OK430856
Marshall Island, Sitka, 57.031844 N, 135.272729 W,
NCU 5.vii1.2017, on rock reef with Macrocystis pyrifera, leg.
Bossiella orbigniana 673993 Lauren Bell 0K430862
Marshall Island, Sitka, 57.031844 N, 135.272729 W,
NCU 5.vii1.2017, on rock reef with Macrocystis pyrifera, leg.
Bossiella orbigniana 673994 Lauren Bell 0OK430863
Marshall Island, Sitka, 57.031844 N, 135.272729 W,
Crusticorallina NCU 5.vii1.2017, on rock reef with Macrocystis pyrifera, leg.
adhaerens 673995 Lauren Bell 0OK430869
Marshall Island, Sitka, 57.031844 N, 135.272729 W,
Crusticorallina NCU 5.vii1.2017, on rock reef with Macrocystis pyrifera, leg.
muricata 673996 Lauren Bell 0OK430864
Marshall Island, Sitka, 57.031844 N, 135.272729 W,
Crusticorallina NCU 5.vii1.2017, on rock reef with Macrocystis pyrifera, leg.
muricata 674003 Lauren Bell OK430865
Marshall Island, Sitka, 57.031844 N, 135.272729 W,
Crusticorallina NCU 5.vii1.2017, on rock reef with Macrocystis pyrifera, leg.
muricata 674004 Lauren Bell 0OK430866
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Marshall Island, Sitka, 57.031844 N, 135.272729 W,
Crusticorallina NCU 5.vii1.2017, on rock reef with Macrocystis pyrifera, leg.
muricata 674005 Lauren Bell 0OK430867
Marshall Island, Sitka, 57.031844 N, 135.272729 W,
Crusticorallina NCU 5.vii1.2017, on rock reef with Macrocystis pyrifera, leg.
muricata 674006 Lauren Bell 0OK430868
Marshall Island, Sitka, 57.031844 N, 135.272729 W,
NCU 5.vii1.2017, on rock reef with Macrocystis pyrifera, leg.
Crusticorallina painei 673997 Lauren Bell 0OK430870
Marshall Island, Sitka, 57.031844 N, 135.272729 W,
NCU 5.vii1.2017, on rock reef with Macrocystis pyrifera, leg.
Crusticorallina painei 673998 Lauren Bell OK430871
Marshall Island, Sitka, 57.031844 N, 135.272729 W,
NCU 5.vii1.2017, on rock reef with Macrocystis pyrifera, leg.
Crusticorallina painei 673999 Lauren Bell 0OK430872
Marshall Island, Sitka, 57.031844 N, 135.272729 W,
NCU 5.vii1.2017, on rock reef with Macrocystis pyrifera, leg.
Crusticorallina painei 674000 Lauren Bell OK430873
Marshall Island, Sitka, 57.031844 N, 135.272729 W,
NCU 5.vii1.2017, on rock reef with Macrocystis pyrifera, leg.
Crusticorallina painei 674001 Lauren Bell 0OK430874
Marshall Island, Sitka, 57.031844 N, 135.272729 W,
NCU 5.vii1.2017, on rock reef with Macrocystis pyrifera, leg.
Crusticorallina painei 674002 Lauren Bell OK430875
Marshall Island, Sitka, 57.031844 N, 135.272729 W,
NCU 5.vii1.2017, on rock reef with Macrocystis pyrifera, leg.
Crusticorallina painei 674007 Lauren Bell 0OK430876
Marshall Island, Sitka, 57.031844 N, 135.272729 W,
NCU 5.vii1.2017, on rock reef with Macrocystis pyrifera, leg.
Crusticorallina painei 674008 Lauren Bell OK430877

Table S3.2. Results from three Welch’s ANOV As comparing mean coralline algal
linear extension rates (mm d!) in the field by season for each morphotype, and
between morphotypes with adjusted p-values for multiple comparisons using
Bonferroni corrections.

adjusted
One-way test dfoum dfgen F p-value
winter vs. summer
(Crusticorallina spp.) 1 14.967 0.002 1.000
winter vs. summer
(B. orbigniana) 1 12.957 6.213 0.054
Crusticorallina spp vs.
B. orbigniana (seasons
combined) 1 61.999 79.606 <0.001*
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Table S3.3. Summary statistics from mixed linear model analysis of B. orbigniana
relative net calcification rate over the duration of the laboratory experiment (RCRyer).
Formula: B. orbigniana RCRuet ~ pH * light regime * association with C.
ruprechtiana + (1|header/aquaria)

1. Variance components for random effects

Groups Variance |Std. Dev.

aquaria:header |0.000 0.000

header 0.000 0.000

residual 0.028 0.168

Number of observations: 53
Groups: aquaria:header, 18, header, 9

il. ANOVA results from the mixed linear model

Source SS MSE numDF | denDF F value Pr(>F)
pH 0.551 0.276 2 41 9.72 <0.001*
light regime 0.059 0.059 1 41 2.08 0.157
C. ruprechtiana
association 0.001 0.001 1 41 0.04 0.837
pH:light 0.046 0.023 2 41 0.80 0.455
2 41
pH:assoc. 0.011 0.006 0.20 0.819
i 1 41
light:assoc. <0.001 <0.001 0.01 0.934
. 2 41
pH:light:assoc. (0.024 0.012 0.42 0.662

iil. Statistics from Tukey’s post-hoc tests comparing the effects of pH levels on B.
orbigniana RCRe:.

Condition1 Condition2 estimate |SE z value Pr(>|z|)
Current summer (8.0) .
Current winter (7.7)  |-0.147 0.087 -1.70 0.120
Future winter (7.4) -0.281 0.075 -3.73 <0.001*
Current winter (7.7)  |Future winter (7.4) -0.134 0.087 -1.54 0.160
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Table S3.4. Summary statistics from mixed linear model analysis of Crusticorallina
spp. relative net calcification rate over the duration of the laboratory experiment
(RCRuer).

Formula: Crusticorallina spp. RCRyet ~ pH * light regime * association with C.
ruprechtiana + (1|header/aquaria)

1. Variance components for random effects

Groups Variance |Std. Dev.

aquaria:header |0.0001  |0.010

header 0.0002 0.013

residual 0.004 0.060

Number of observations: 61
Groups: aquaria:header, 18, header, 9

il. ANOVA results from the mixed linear model

Source SS MSE numDF denDF F value Pr(>F)
pH 0.263 0.132 2 4.719 36.715 0.001*
light regime 0.007 0.006 1 4.661 1.820 0.239
C. ruprechtiana
association 0.010 0.010 1 37.547 2.805 0.102
pH:light 0.002 0.001 2 4.636 0.300 0.754
2 37.488
pH:assoc. 0.005 0.002 0.634 0.526
. 1 37.547
light:assoc. 0.020 0.020 5.503 0.024*
. 2 37.488
pH:light:assoc. |0.015 0.007 2.076 0.140

iil. Statistics from Tukey’s post-hoc tests comparing the effects of pH levels on
Crusticorallina spp. RCR e+

Condition1 Condition2 estimate |SE z value Pr(>|z|)
Current summer (8.0) .
Current winter (7.7)  |-0.028 0.029 -0.97 0.350
Future winter (7.4) -0.205 0.033 -6.13 <0.001*
Current winter (7.7)  |Future winter (7.4) -0.177 0.032 -5.45 <0.001*
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iv. Statistics from Tukey’s post-hoc tests comparing the effects of interactive levels of
light regime and C. ruprechtiana association on Crusticorallina spp. RCRer.

Condition1 Condition2 estimate |SE t value Pr(>|t|)
summer light, no CR . .
winter light, no CR 0.059 0.023 2.55 0.077
summer light, w/ CR 0.063 0.023 2.76 0.050*
winter light, w/ CR 0.049 0.023 2.10 0.183
winter light, no CR .
summer light, w/ CR 0.004 0.023 0.17 0.998
winter light, w/ CR -0.011 0.022 -0.49 0.961
summer light, w/ CR  |winter light, w/ CR -0.015  10.023 -0.64 0.916

Note: CR = Cryptopleura ruprechtiana; w/ = paired with; no = no association
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Table S3.5. Summary statistics from mixed linear model analysis of B. orbigniana
short-term net calcification rate during total alkalinity incubations (Gnet).
Formula: B. orbigniana Gne: ~ pH * light regime * association with C. ruprechtiana +

(1|header/aquaria)

1. Variance components for random effects
Groups Variance |Std. Dev.
aquaria:header |0.000 0.000

header 0.000 0.000

residual 1.700 1.310

Number of observations: 34
Groups: aquaria:header, 11; header, 6

il. ANOVA results from the mixed linear model

Source SS MSE numDF | denDF F value Pr(>F)
pH 25.080 12.540 2 22 7.36 0.004*
light regime 0.420 0.430 1 22 0.25 0.621
C. ruprechtiana
association 10.05 10.040 1 22 5.89 0.024
pH:light 0.350 0.180 2 22 0.10 0.902
2 22
pH:assoc. 4.650 2.330 1.36 0.276
i 1 22
light:assoc. 0.500 0.500 0.29 0.593
. 2 22
pH:light:assoc. |2.660 1.330 0.78 0.471

iil. Statistics from Tukey’s post-hoc tests comparing the effects of pH levels on B.

orbigniana Gher.

Condition1 Condition2 estimate |SE z value Pr(>|z|)
Current summer (8.0) .
Current winter (7.7)  [1.239 0.730 1.70 0.999
Future winter (7.4) -1.163 0.754 -1.54 0.150
Current winter (7.7)  |Future winter (7.4) -2.402 0.730 -3.29 0.001*
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Table S3.6. Summary statistics from mixed linear model analysis of Crusticorallina
spp. short-term net calcification rate during total alkalinity incubations (Gnet).
Formula: Crusticorallina spp. Gnet ~ pH * light regime * association with C.
ruprechtiana + (1|header/aquaria)

1. Variance components for random effects

Groups Variance |Std. Dev.

aquaria:header |0.199 0.447

header 0.130 0.369

residual 0.216 0.465

Number of observations: 27
Groups: aquaria:header, 10; header, 5

ii. ANOVA results from the mixed linear model

Source SS MSE numDF | denDF F value Pr(>F)

pH 0.435 0.218 2 2.24 1.01 0.487

light regime 1.796 1.796 1 2.64 8.31 0.074

C. ruprechtiana

association 0.016 0.016 1 12 0.08 0.787

pH:light 0.338 0.169 2 2.54 0.78 0.544
2 12

pH:assoc. 0.537 0.269 1.24 0.323
1 12

light:assoc. 0.107 0.107 0.49 0.496

. 1 12
pH:light:assoc. [0.228 0.228 1.06 0.325
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Table S3.7. Summary statistics from mixed linear model analysis of Cryptopleura
ruprechtiana relative net growth rate over the duration of the laboratory experiment

(RGRnet) .

Formula: C. ruprechtiana RCRuet ~ pH * light regime + (1|header/aquaria)

1. Variance com

Groups Variance |Std. Dev.
aquaria:header |0.000 0.000
header 0.000 0.000
residual 0.328 0.573

Number of observations: 70
Groups: aquaria:header, 18, header, 9

onents for random effects

ii.ANOVA results from the mixed linear model

Source SS MSE numDF denDF F value Pr(>F)
pH 0.582 0.291 2 64 0.89 0.417
light regime 1.456 1.456 1 64 4.44 0.039*
pH:light 0.914 0.457 2 64 1.39 0.256
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Table S3.8. Statistics of parameter estimates for photosynthesis-irradiance curves for
B. orbigniana and Crusticorallina spp., pooled across all treatments by morphotype.
Formula: Net production ~(Pmax) * (1 - exp(-((alpha) * I)/(Pmax))) * (exp(-((beta) *

I)/(Pmax)))
Parameter Estimate SE t-value Pr(>|t)
Bossiella orbigniana Pmax 23.793 5.906 4029 | <0.001*
alpha 0.135 0.009 15209 | <0.001*
beta 0.050 0.022 2295 0.023*
Crusticorallina spp. Pmax 16.918 0.421 40.170 | <0.001*
alpha 0.039 0.002 22.090 | <0.001*
beta 0.070"

7 insufficient data to constrain beta parameter for Crusticorallina spp. Beta of 0.07 used to estimate Pmax and

alpha parameters for curve fit.
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Table S3.9. Statistics of parameter estimates for Cryptopleura ruprechtiana
photosynthesis-irradiance curves, by pH treatment. The final row indicates the
significant effect of pH (as represented in model by parameter “C” multiplied by a
binary pH_code representing pH treatment) on the Pmax parameter.

Formula: Net production ~(Pmax+(C*pH_code)) * (1 - exp(-((alpha) *
I)/(Pmax+(C*pH_code)))) * (exp(-((beta) * I)/(Pmax+(C*pH code))))

Parameter Estimate |SE t-value Pr(>t])
C. ruprechtiana (pH 7.4) .
(pH_code = 1) Pmax 38.246 4.631 8.259 <0.001
alpha 0.597 0.066 9.107 <0.001*
beta 0.070 0.020 3.561 <0.001*
C. ruprechtiana (pH 8.0) .
(pH_code = 0) Pmax 23.928 3.588 6.668 <0.001
alpha 0.471 0.087 5.431 <0.001*
beta 0.035 0.014 2.478 0.019*
pH effect on Pmax parameter “C” 7.232 1.330 5.439 <0.001*
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Table S3.10. Statistics from an F test comparing modeled P-E curves for C.
ruprechtiana by pH treatment.

Formula: Net production ~(Pmax) * (1 - exp(-((alpha) * I)/(Pmax))) * (exp(-((beta) *
I)/(Pmax)))

Group parameters used for comparison: C.ruprechtiana (pH 7.4) & C. ruprechtiana
(pH 8.0)

Res.df Res. SS |df SS F-value |Pr(>F)
null model (pooled data) {101 2073.2
model parameterized by
group 98 1491.4 3 581.720  [12.742 <0.001*
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