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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

CalCIﬁG_ltlon with seasonal light availability to affect the photosynthesis and calcification of high-latitude coralline algae, and
Interaction . <o . s . g

Bossiclla whether the responses of these calcified macroalgae are modified by physical association with a non-calcified
Crusticorallina 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.

1. Introduction

The emergent effects of global change on the ecology of individ-
ual species will ultimately depend on environment-ecosystem interac-
tions. 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 at-
tributes of an organism’s environment are influenced both by large-scale
physical forces, as well as smaller scale interactions with other species
[e.g., 1-5]. Furthermore, temporal variability in environmental condi-
tions 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 [6]. Most research considering marine species’ re-
sponses to OA has been limited to short-term, static manipulations of
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carbonate chemistry in laboratory settings derived from mean environ-
mental conditions. In nature, marine organisms experience pronounced
temporal variability in carbonate chemistry, as well as other environ-
mental factors that could mediate their response to OA [7,8]. For exam-
ple, high-latitude regions illustrate how temporal variability in carbon-
ate chemistry, primarily seasonal in nature, aligns with seasonal vari-
ability in other ecologically important conditions. Specifically, seawater
pH and carbonate saturation states are lowest during winter months at
high latitude [9-12], corresponding with the seasonal low in photope-
riod. 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 lati-
tudes [13-16]. Furthermore, macrophyte species widely considered vul-
nerable to OA are generally embedded in diverse communities, where
their interactions with other species can modify their relative OA expo-
sure and available light [17-20].

Calcium-carbonate containing coralline algae play an important eco-
logical role in coastal marine ecosystems, often dominating benthic per-
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cent cover on tropical to temperate rocky reefs [21,22]. Coralline al-
gae provide structural habitat, food, and chemical settlement cues for
a wide diversity of invertebrate larvae [23-26]. The high-magnesium
calcite that these algae precipitate to form their thalli [27,28] is partic-
ularly vulnerable to dissolution under OA [29-31]. Reduced structural
integrity, recruitment rate, and growth of coralline algae in high pCO,
concentrations [32-35] could affect their ability to compete for space
with non-calcified algae [36-40]. Given the foundational function of
these reef-building calcifiers, future decreases in coralline algal abun-
dance under OA may lead to myriad changes to coastal marine commu-
nities across the globe [41,42].

The ability of calcifying coralline algae to compensate for increased
dissolution as OA progresses is dependent on available light, as calcifi-
cation is linked to photosynthesis-driven carbonate chemistry changes
at the thallus surface [43-45]. Sub-saturating irradiances exacerbate
the effects of OA by reducing the available energy needed to offset in-
creased respiration costs [16,46]. This dynamic is of particular inter-
est at high latitudes, where seasonal variation in daylength and pro-
ductivity 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 [12]. In-
deed, 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 [47-50]. How-
ever, there are species of calcified algae that demonstrate resilience to
OA exposure by maintaining high pH at their surface [51,52], 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, [53,54]. While these exam-
ples 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 [55].

Coralline algal physiology can be intimately tied to their interac-
tion 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 chem-
istry experienced by underlying calcifiers [19,20,56,57]. Macroalgae
can modify carbonate chemistry in their associated boundary layers
[53,58] and in surrounding habitats, as seen within the surface wa-
ters surrounding a Macrocystis pyrifera kelp forest canopy [59,60]. Such
slow-flow boundary-layer habitats could facilitate growth and calcifica-
tion of coralline algae in relatively acidic or undersaturated conditions
[61-65], although the effect of reduced water velocity may be highly
specific to species and habitat [66]. 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 [20]. Enhanced diurnal pH fluctuations have been demon-
strated to reduce growth rates and calcification of both juvenile and
adult coralline algae, particularly in OA conditions [67-69]. Addition-
ally, 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 [66,70].
In systems where coralline species are sensitive to changes in seawater
carbonate chemistry, the specific interactions between macroalgal cal-
cifiers 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 [71]. 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
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seasonality, similar to that seen in higher Arctic waters. Heavy coastal
precipitation in the fall and winter months combines with cold temper-
atures, short daylight hours, and reduced water column productivity to
influence the carbonate chemistry of this system [10,11,72], leading to
an annual pH minimum in late winter (Jan-Feb) [12]. 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 [73,74]. The combina-
tion of biodiversity, seasonality and vulnerability to global change that
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 [75].

In this study, we explore how variation in carbonate chemistry
and light availability impact the growth of high latitude coralline al-
gae, and how their naturally close proximity to a non-calcified al-
gal species may modulate these responses under future OA scenar-
ios. 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 genic-
ulate and crustose non-geniculate. Given the limited prior research
on calcified coralline algae in this region and the necessity of us-
ing DNA sequencing to accurately distinguish morphologically am-
biguous coralline algal species [76,77], we employed molecular meth-
ods to identify whether our findings applied to a species-specific or
genus-specific level. By considering algal responses to OA in the con-
text of their natural environmental variation as well as interactions
with other species, this research answers a call to embrace ecologi-
cal complexity to better understand community-level effects of global
change [8,78,79].

2. Materials and methods
2.1. 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 intermit-
tently deployed two light loggers at ~7 m depth (MLLW) at each of four
rocky reef sites with high coralline algal cover and varied Macrocystis
pyrifera kelp canopy cover (Harris Is.: 57.032 N, 135.277 W; Breast Is.:
57.039 N, 135.333 W; Samsing Pinnacle: 56.988 N, 135.357 W; Sandy
Cove: 56.986 N, 135.321 W; Fig. A.1). At each site, both loggers were
placed within 1 m of each other, oriented to face the water surface, and
programmed to record light intensity (lux; lumen m~2) 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 log-
gers. The light loggers were cleaned every 1-3 mo, 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 ev-
ery day with a complete set of deployment data (both loggers recording
for 24 h), we calculated the average total luminous exposure (lumen-
hr m~2) 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).

Because measurements of illumination (lux) do not necessarily corre-
late with the photosynthetic photon flux density (PPFD; ymol m~2 s~1),
which is more physiologically relevant to macroalgae, we also haphaz-
ardly 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 aver-
age 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).
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2.2. 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 al-
gae found subtidally in Sitka Sound. Individuals of each morphotype
were collected from a subtidal rocky reef on Marshall Is., Sitka Sound,
AK (57.032 N, 135.273 W) in Aug 2017. Crustose individuals targeted
for collection were those that had a morphology that could easily be sep-
arated from the rocky substrate, often disk-shaped with distinct white
growing edges. Geniculate individuals were collected to include the
basal holdfast. The two morphotypes, which we initially grouped us-
ing morpho-anatomical cues, were the focus of our field (Section 2.3)
and laboratory (Section 2.4) experiments. A subset of individuals of
each morphotype that were used in the laboratory experiment (crus-
tose: n = 16; geniculate: n = 13) were vouchered and desiccated in pre-
cipitated silica gel. Specimens were extracted following the protocol by
Hughey et al. [80], as modified by Gabrielson et al. [81] for coralline
algae. The primer pair F753/RrbcS [82] was used to amplify 694 bp
of rbcL 3’ following Hughey et al. [80]. Contigs were assembled using
Sequencher 5.2.4 (Gene Codes Corp., Ann Arbor, MI, USA), aligned in
Geneious Prime (2020.2.4 Biomatters Ltd.) and subjected to BLAST anal-
yses 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 A.1; herbarium acronym follows
Index Herbariorum online [83]).

2.3. 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 inver-
tebrates with tweezers, and then placed in an aquarium of recirculating
seawater with 100 mg L1 concentration of the membrane-permeable
live-cell labeling fluorescent dye Calcein for 6 h. This dye is absorbed
by metabolically active meristematic tissue of the alga at the time of
the stain [84], 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 sub-
strate at 10 m depth MLLW at the edge of a giant kelp forest at Harris
Is. Coralline algae were retrieved after 2-3mo, for total outplant du-
rations 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) [12] deployed
within 10 m of the coralline outplant locations (mean + SD: winter 2018:
pH1=7.89+0.04, temp=7.2 + 0.5°C; summer 2018: pH;=8.11+0.09,
temp=11.6 + 2.1°C; winter 2019: pHy=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 fluores-
cent 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 disk (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 either coralline morphotype, and thus were pooled for analysis for
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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 [85]) due to inequality of vari-
ance 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; Crustico-
rallina spp. winter, n = 25). Adjusted p-values for these analyses were
calculated using Bonferroni corrections for multiple comparisons.

2.4. Ocean acidification laboratory experiment

To test the response of the Crusticorallina spp. and Bossiella orbigni-
ana to future OA scenarios, we used an 18-aquaria indoor experimen-
tal system with flow-through seawater at the Sitka Sound Science Cen-
ter to simulate three static pHy 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 (AI Prime
HD) (summer = PPFD 55 uymol m~2 s7!, 13 h d-!, winter = PPFD
40 ymol m~2 s~!, 6 h d~1). We had a total of 3 aquaria for each of
the 6 treatment combinations (Fig. A.2). Experimental pH levels were
chosen to reflect current seasonal minimums of coastal pH measured at
Harris Is. from 2016 to 2017 [12], as well as end-of-century projections
for Gulf of Alaska pH levels based on RCP 8.5 (—0.3 pHy from current
levels [86]). Experimental light regimes were defined using seasonal av-
erages for day length and measured irradiance level at 10 m 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 through-
out the experiment. A full description of the pH control for this system
can be found in Kroeker et al. [12], but in short: pH was regulated using
a relay system that controlled mixing of pre-equilibrated low-pH seawa-
ter (formed by bubbling pure CO, gas into seawater: pHE6.0) and ambi-
ent 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 wa-
ter through solenoid valves to maintain pre-programmed pH setpoints.
The layout of our experiment was designed to minimize spatial vari-
ance 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 in-
dividual 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 al-
gae. 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 ex-
perimental aquaria using PVC stands topped with plastic mesh (see Fig.
A.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 salin-
ity of incoming seawater daily just upstream of our experimental sys-
tem. Additionally, discrete water samples were collected from replicate
aquaria at four timepoints (Aug 18, 22, 25, and Sept 15) for determina-
tion 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 ex-
change.

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 [87], 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



L. Bell, J. Gémez, E. Donham et al.

corrected against certified reference materials of CO, in seawater (Dick-
son laboratory, Scripps Institution of Oceanography), with an average
standard error of +0.933umol kg~! SW~! among sample triplicates. To
calculate pHy 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 [88,89] as inputs to
the program CO2SYS [90].

2.4.1. Algal net calcification and growth

The effects of each experimental pH and light treatment combina-
tion and fleshy red algal association on coralline net calcification rate
were assessed using the buoyant weight technique [91], as well as the
alkalinity anomaly technique. To determine total relative change in cal-
cified mass over the experimental period, each coralline thalli’s buoyant
weight was measured to the nearest 0.0001 g 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 +0.005 g, and then an average was taken of the measure-
ments falling in this range of precision. Initial and final buoyant weights
(BW; g) were used to calculate relative net calcification rate (RCR,¢;%
change in BW d~1) of each individual alga using the equation:

BW, inal

log ( W/, ) - 100

— initial
net At
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 245 mL
glass chambers filled with seawater from their associated aquaria and
sealed airtight. Paired C. ruprechtiana were not included 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 un-
derneath coralline algae separated by a mesh screen. All incubations
were run under a mean PPFD of 80 ymol m~2 s~! for 3 h. 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 incuba-
tion 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 cal-
culate short-term net calcification (G; umol g=! DW h~1) using the
equation:

RCR

ATA - v

Gra(CaCO3) = T Dy mi

where ATA (umol kgSW-1) 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 [49,92]. Dry weights (DW; g) for
the living coralline thalli used in TA incubations were estimated from
buoyant weight (BW; g) measurements using the equation [91]:

BW
1-— (M )
Pealcite
where we used a seawater density (pgy) of 1.02 g cm~3 (from average
temperature and salinity data at the time of BW) and a calcite density
(Pealcite) Of 2.71 g cm™3,
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.

DW =
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Thalli were removed from seawater, patted uniformly dry, and imme-
diately weighed on a standard microbalance to the nearest 0.0001 g.
Relative growth rate (RGR,;% change in WW d~1) of each individual
alga was calculated using the equation:

1og(W)-1oo

_ initial

net — At

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

We quantified variability in experiment-integrated relative net calci-
fication rate and short-term net calcification rate of each coralline mor-
photype using linear mixed-effects models (package “Ime4” in R [85])
with pH, light regime,association with C. ruprechtiana, and all of the in-
teractions between these factors as fixed factors and experimental aquaria
nested in header as random intercepts using restricted maximum likeli-
hood. Variability in the relative growth rate of C. ruprechtiana was an-
alyzed using a similar model, except fixed factors were only pH, light
regime, and pH*light regime. All models satisfied assumptions of normal-
ity and homoscedasticity. We determined p-values for the effects of fixed
factors and their interactions using the Sattertwaithe’s method for t-tests
(package “lme4” in R [85]). Post-hoc tests of pairwise differences among
means of significant factors were performed using the Tukey method of
multiple comparisons (package “multcomp” in R [85]).

RGR

2.4.2. 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. or-
bigniana: 0.17+0.02 g; Crusticorallina spp.: 0.53+0.03 g; C. ruprechtiana:
0.07+0.003 g) was taken from haphazardly selected individuals (n = 3
treatment~! species™!) and placed in a 69 mL 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 cali-
brated daily using a two-point correction of 100% (air-saturated water)
and 0% (1% Na,SO3 and 0.05% Co(NOs3), standard solution) satura-
tion. 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, 720 ymol m~2 s~1). A fiber optic 0, sensor (Fibox IV, Presens) was
used to record the dissolved oxygen concentration in each chamber at
30, 45 and 60 min after each irradiance level was reached. Chamber
seawater was refreshed after the fourth irradiance step to avoid nutri-
ent depletion and oxygen supersaturation. Dissolved oxygen evolution
rate (mg O, min~1) 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 [85])
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:

NP = P, .(1__""1)._’3'1)

ePmax ePmax

where NP = net production (mg O, g ~ ! min~! L — 1), P, = max-
imum photosynthetic rate that could be sustained with no photoinhi-
bition (#=0), a = photosynthetic efficiency parameter (initial slope),
p = photoinhibition parameter, I = irradiance level (umol m2 s
[93]. Nonlinear least squares estimates for parameters P,,,., a, and g
were calculated for each coralline morphotype by treatment combina-
tion 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 esti-
mated standard errors and t-test statistics for the estimated parameters.
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Fig. 1. Average daily luminous exposure at the benthos (~7 m 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.

The effect of pH on individual parameters was determined by testing
whether the addition of a binary parameter differentiating pH treatment
to the model significantly altered any of the estimates for P,,,,, a, and
f. 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.

3. Results
3.1. Subtidal light availability

Average daily luminous exposure (lumens d ~ I1m=-2) reaching the
benthos at all four monitoring sites between 2017 and 2020 (Fig. 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 ben-
thos 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 mod-
erately overcast days typical of Southeast Alaska were very similar be-
tween winter (10-40 ymol m~2 s~1) and summer (10-60 ymol m~2 s~1)
months.

3.2. Seasonal growth rate of coralline algae

Our results indicate that the average length extension rate of B. or-
bigniana was marginally faster in the summer (0.06+0.03 mm d~!) than
in the winter (0.04+0.01 mm d-1)(p = 0.054; Fig 2, Table A.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+0.02 mm d~!) were significantly faster than annual
growth rates of Crusticorallina spp. (0.02+0.01 mm d~'; p<0.001).

3.3. Ocean acidification laboratory experiment

Treatments were maintained at setpoint targets for pH under our as-
signed 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 treat-
ment (Table 1). Temperature, salinity and total alkalinity remained sta-
ble in all treatments. Temperatures during the experiment (13.6 + 0.7°C)
are representative of typical late summer (Aug-Sept) temperatures ob-
served at Harris Is. reef in Sitka Sound (~14°C) [12].

3.3.1. Algal net calcification and growth

RCR,.; differed by pH treatment in both B. orbigniana
(p<0.001;Table A.3) and Crusticorallina spp. (p<0.001; Table A.4)
(Fig. 3). Coralline algae grown under pH 7.4 (future winter scenario)
experienced net dissolution (i.e., RCR,, < 0), 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 RCR,.; compared to a current summer scenario
of pH 8.0 (p<0.001). RCR; 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 RCR ¢
(p = 0.024). Pairwise comparisons indicated that Crusticorallina spp.
individuals raised under a summer light regime had lower RCR,.; when
paired with C. ruprectiana than when reared independently (p = 0.05),
and that RCR,; of Crusticorallina spp. not paired with C. ruprectiana
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Table 1
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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 pH; and total alkalinity (TA), and pCO, and saturation state () of calcite were calculated

from measured parameters.

Treatment Current summer pH

Future
winter pH

Current winter pH

Temperature 13.6 + 0.7
[§9)]

Salinity (ppt)

pH; 7.99 + 0.06
pCO, (patm) 437 + 76
TA (umol kg™) 2105 + 14
Q calcite 2.81 +£0.36

13.6 £ 0.7 13.6 + 0.7
29.5+1.7
7.70 + 0.05
919 + 125
2100 £ 11
1.51 £ 0.21

7.40 + 0.03
1904 + 172
2100 + 17

0.79 + 0.06

Season

(3 Summer

Winter

98]

(34) b
I ) 25)

[

Length Extension (mm/month)
[\

—

Crusticorallina spp.
Species

B. orbigniana

Fig. 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 lower-
case letters denote statistically significant differences among season and species.

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 (G,,;) of B. orbigniana (Fig. 4A) was re-
duced with pH (p = 0.004; Table A.5). G, 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 G, of thalli maintained
at pH 8.0 compared to other treatments. B. orbigniana paired with C.
ruprechtiana in experimental aquaria had higher G, 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 G, of Crusticorallina spp., and light regime had a
marginal but not statistically significant effect on the crustose species’
Gt (p = 0.074; Table A.6)(Fig. 4B). In contrast to RCR,; (buoyant
weight technique), G, (alkalinity technique) remained net positive re-
gardless of pH treatment for all coralline algal species.

RGR,,.; of C. ruprechtiana over the duration of the experiment was
lower under winter light regime in all pH treatments (p = 0.039;
Table A.7), with no interaction between pH and light regime (Fig. A.3).

3.3.2. Experimental photophysiology

We did not detect any effect of pH treatment, light regime, or as-
sociation 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. 5; Table A.8). We did detect a highly significant effect of pH on
C. ruprechtiana P, (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.

4. Discussion

Our results indicate that in the absence of evolutionary adaptation
[94,95], the end-of-century projection for winter seawater pH and cal-
cite 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 temper-
ature 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 al-
gae in the future [31]. 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 [36,96], increased
production for one macrophyte does not necessarily confer benefits or
refuge to another [e.g., 20,66,70]. Future dissolution of these founda-
tional 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 variability and interactions of abiotic and bi-
otic 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 tempera-
tures than experienced in the field, may already hover near zero (Fig. 3).
As noted, discrepancies between our in-situ versus experimental growth
rates may have arisen due to differences in temperature and pH condi-
tions during field deployments compared to conditions in experimental
aquaria, and because of logistical constraints preventing our use of di-
rectly comparable methods. For example, the average temperature used
in the lab simulations was 6.4°C higher than the average temperature
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Fig. 3. Relative net calcification rates (RCR,) 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.

measured during the winter field outplant experiment, which may have
altered the effects of low pH on coralline algal physiology [31]. Addi-
tionally, 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
[97-100], particularly in regions with high seasonality [53]. Our data
suggest there is an overall decreasing trend in coralline algal net calci-
fication 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 simulated future
winter pH conditions, future summer pH conditions will need to be con-
sistently 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 cal-
cification 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 al-
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Fig. 4. Short-term net calcification rates (G,,) of both B. orbig-
niana (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.

4 Light Regime

Fig. 5. Mean photosynthesis-irradiance (P-E) curves (lines) generated
from repeated oxygen evolution rate measurements (circles) at mul-
tiple irradiance levels for three red algal species-groups (n = 36 in-
dividuals species™!). P-E curves for coralline algal species B. orbigni-
ana and Crusticorallina spp. are shown pooled across all experimental
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gae assigned to the same pH 7.4 treatment. Unlike the net calcifica-
tion rates integrated over experiment-long conditions, which exposed
coralline algae to diel cycles of light and dark, these short-term incuba-
tions were run continuously in the light - effectively isolating the ability
of these coralline algae to maintain net calcification during photosynthe-
sis. 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 dis-
solution under nighttime respiration, which effectively overwhelm the
reduced levels of daytime calcification at low pH [52,101]. Our results
also indicate that these coralline species will not be able to leverage any
enhanced photosynthesis under increased pCO,, conditions to aid in day-
time calcification in the future. The absence of a low pH or high pCO,
effect on coralline photophysiology parameters in this study is consis-
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tent 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 [102-104].

We did not detect an effect of seasonal light regime on the calcifica-
tion of B. orbigniana, nor on the photophysiology of either morphotype,
although numerous studies have shown light availability to be a ma-
jor driver of coralline response to OA in other systems [13,14,16,105].
In contrast, net calcification of Crusticorallina spp. raised under a sum-
mer 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. Ad-
ditionally, 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 statisti-
cally 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 simulated photope-
riod (summer: 13 h d!, winter: 6 h d~1), maximum irradiance levels
as measured by photosynthetic photon flux density (PPFD) did not dif-
fer markedly between the treatments (summer: 55 ymol m~2 s~1; win-
ter: 40 ymol m~2 s71). Considering the similarity in modeled oxygen
evolution rate at these irradiances in the P-E curves generated for each
coralline species-group (Fig. 5), the two seasonal light regime treatments
may simply not have been distinct enough to promote detectable dif-
ferences 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 24 h totals of luminous exposure (Fig. 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 pat-
tern: although total day lengths are shorter in the winter months, water
column productivity and macroalgal canopy biomass over rocky reefs
are relatively low [12], 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 pro-
ductivity 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 the
total PPFD reaching an alga’s thallus over the course of a day, the re-
duced 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 24 h
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 Pinna-
cle) 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 [33,106]. Thus, the extent of seasonal
shading caused by canopy-forming species may remain similar or inten-
sify 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 sug-
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ars, polysaccharides and amino acids [107,108]. The absence of a consis-
tent 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. A.2B), rather than an indi-
cation that shading by other canopy-forming macroalgal species is not
relevant to coralline algal physiology. According to the P-E curves gener-
ated 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 [106,109] will the-
oretically 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 al-
tered calcification dynamics across their diffusion boundary layers [65].
It is possible that the effect of fleshy red algae on coralline algal calci-
fication 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 2-3 L/min, we did not mea-
sure 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 bene-
fits of canopy-forming algae on benthic organism calcification [19,59].
We anticipate that the resilience of these coralline algal species to OA
in this high-latitude, light-limited benthic environment will not be rad-
ically improved via their physical associations with other, non-calcified
macroalgae.

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 an-
other critical environmental variable that will shift with global climate
change: temperature [110]. 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 [111-113]. While the temper-
ature 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 [12], 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 [12], 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 re-
sults may overestimate the effects of pCO, and light regime on coralline
physiology and calcification for each scenario [111]. Then again, in a
recent synthesis of coralline algal research that considered the interac-
tive 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 ef-
fect of OA on coralline algal physiology [31]. Future research will need
to address the impact of 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 calcifi-
cation [35,112,114], which may reveal disparate vulnerabilities to fu-
ture OA between these two morphological forms. Comparing the two
morphotypes considered in this study, the geniculate form (B. orbigni-
ana) 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 sys-
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tem [115]. 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 [31,116].

Ultimately, if coralline algal dissolution outpaces calcification
throughout the year at high latitudes under future global change sce-
narios, both encrusting and geniculate species considered in this study
will be vulnerable to increased competition for space by non-calcified
macroalgae [31,32,38,39,117]. 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 [35] - 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 con-
tinue to be prioritized if we seek to effectively anticipate the bottom-up
effects on coastal ecosystem function across the world.

5. Conclusion

This study confirms the vulnerability of two spatially dominant, yet
previously unstudied morphotypes of calcium carbonate containing al-
gae 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 [12], 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, un-
der laboratory-simulated pH conditions expected in the winter months
by year 2100, both coralline morphotypes exhibited net dissolution and
no change in photosynthetic performance.

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 sub-
tidal system may not be sufficient to significantly modulate coralline al-
gal 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 [106]. Given
that the relatively higher pH summer season may represent the only an-
nual 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 ef-
fect 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 re-
search 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
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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 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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Appendix A

Table A.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.

Taxon Name Herbarium Accession No. Collection Data GenBank Accession
No. (rbcL)
Bossiella orbigniana NCU 673983 Marshall Island, Sitka, 57.031844 N, 135.272729 W, 5.viii.2017, on 0K430853
rock reef with Macrocystis pyrifera, leg. Lauren Bell
Bossiella orbigniana NCU 673,984 Marshall Island, Sitka, 57.031844 N, 135.272729 W, 5.viii.2017, on OK430852
rock reef with Macrocystis pyrifera, leg. Lauren Bell
Bossiella orbigniana NCU 673,985 Marshall Island, Sitka, 57.031844 N, 135.272729 W, 5.viii.2017, on 0K430857
rock reef with Macrocystis pyrifera, leg. Lauren Bell
Bossiella orbigniana NCU 673,986 Marshall Island, Sitka, 57.031844 N, 135.272729 W, 5.viii.2017, on 0K430855
rock reef with Macrocystis pyrifera, leg. Lauren Bell
Bossiella orbigniana NCU 673,987 Marshall Island, Sitka, 57.031844 N, 135.272729 W, 5.viii.2017, on 0K430854
rock reef with Macrocystis pyrifera, leg. Lauren Bell
Bossiella orbigniana NCU 673,988 Marshall Island, Sitka, 57.031844 N, 135.272729 W, 5.viii.2017, on 0K430858
rock reef with Macrocystis pyrifera, leg. Lauren Bell
Bossiella orbigniana NCU 673,989 Marshall Island, Sitka, 57.031844 N, 135.272729 W, 5.viii.2017, on 0K430859
rock reef with Macrocystis pyrifera, leg. Lauren Bell
Bossiella orbigniana NCU 673,990 Marshall Island, Sitka, 57.031844 N, 135.272729 W, 5.viii.2017, on 0K430860
rock reef with Macrocystis pyrifera, leg. Lauren Bell
Bossiella orbigniana NCU 673,991 Marshall Island, Sitka, 57.031844 N, 135.272729 W, 5.viii.2017, on 0K430861
rock reef with Macrocystis pyrifera, leg. Lauren Bell
Bossiella orbigniana NCU 673,992 Marshall Island, Sitka, 57.031844 N, 135.272729 W, 5.viii.2017, on 0K430856
rock reef with Macrocystis pyrifera, leg. Lauren Bell
Bossiella orbigniana NCU 673,993 Marshall Island, Sitka, 57.031844 N, 135.272729 W, 5.viii.2017, on 0K430862
rock reef with Macrocystis pyrifera, leg. Lauren Bell
Bossiella orbigniana NCU 673,994 Marshall Island, Sitka, 57.031844 N, 135.272729 W, 5.viii.2017, on 0K430863
rock reef with Macrocystis pyrifera, leg. Lauren Bell
Crusticorallina adhaerens NCU 673,995 Marshall Island, Sitka, 57.031844 N, 135.272729 W, 5.viii.2017, on 0K430869
rock reef with Macrocystis pyrifera, leg. Lauren Bell
Crusticorallina muricata NCU 673,996 Marshall Island, Sitka, 57.031844 N, 135.272729 W, 5.viii.2017, on 0K430864
rock reef with Macrocystis pyrifera, leg. Lauren Bell
Crusticorallina muricata NCU 674,003 Marshall Island, Sitka, 57.031844 N, 135.272729 W, 5.viii.2017, on 0K430865
rock reef with Macrocystis pyrifera, leg. Lauren Bell
Crusticorallina muricata NCU 674,004 Marshall Island, Sitka, 57.031844 N, 135.272729 W, 5.viii.2017, on 0K430866
rock reef with Macrocystis pyrifera, leg. Lauren Bell
Crusticorallina muricata NCU 674,005 Marshall Island, Sitka, 57.031844 N, 135.272729 W, 5.viii.2017, on 0K430867
rock reef with Macrocystis pyrifera, leg. Lauren Bell
Crusticorallina muricata NCU 674,006 Marshall Island, Sitka, 57.031844 N, 135.272729 W, 5.viii.2017, on 0K430868
rock reef with Macrocystis pyrifera, leg. Lauren Bell
Crusticorallina painei NCU 673,997 Marshall Island, Sitka, 57.031844 N, 135.272729 W, 5.viii.2017, on 0K430870
rock reef with Macrocystis pyrifera, leg. Lauren Bell
Crusticorallina painei NCU 673,998 Marshall Island, Sitka, 57.031844 N, 135.272729 W, 5.viii.2017, on 0K430871
rock reef with Macrocystis pyrifera, leg. Lauren Bell
Crusticorallina painei NCU 673,999 Marshall Island, Sitka, 57.031844 N, 135.272729 W, 5.viii.2017, on 0K430872
rock reef with Macrocystis pyrifera, leg. Lauren Bell
Crusticorallina painei NCU 674,000 Marshall Island, Sitka, 57.031844 N, 135.272729 W, 5.viii.2017, on 0K430873
rock reef with Macrocystis pyrifera, leg. Lauren Bell
Crusticorallina painei NCU 674,001 Marshall Island, Sitka, 57.031844 N, 135.272729 W, 5.viii.2017, on 0K430874
rock reef with Macrocystis pyrifera, leg. Lauren Bell
Crusticorallina painei NCU 674,002 Marshall Island, Sitka, 57.031844 N, 135.272729 W, 5.viii.2017, on 0K430875
rock reef with Macrocystis pyrifera, leg. Lauren Bell
Crusticorallina painei NCU 674,007 Marshall Island, Sitka, 57.031844 N, 135.272729 W, 5.viii.2017, on 0K430876
rock reef with Macrocystis pyrifera, leg. Lauren Bell
Crusticorallina painei NCU 674,008 Marshall Island, Sitka, 57.031844 N, 135.272729 W, 5.viii.2017, on 0K430877

rock reef with Macrocystis pyrifera, leg. Lauren Bell

Table A.2

Results from three Welch’s ANOVAs comparing mean coralline algal linear extension rates (mm
d=1) in the field by season for each morphotype, and between morphotypes with adjusted p-values
for multiple comparisons using Bonferroni corrections.

One-way test df,om dfye, F Adjusted
p-value
winter vs. summer 1 14.967 0.002 1.000
(Crusticorallina spp.)
winter vs. summer (B. orbigniana) 1 12.957 6.213 0.054
Crusticorallina spp vs. B. 1 61.999 79.606 <0.001*

orbigniana (seasons combined)
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Table A.3

Summary statistics from mixed linear model analysis of B. orbigniana relative net calcification rate over the dura-
tion of the laboratory experiment (RCR,).

Formula-B. orbigniana RCR,., ~ pH * light regime * association with C. ruprechtiana + (1|header/aquaria).

i. 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

ii. 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
pH:assoc. 0.011 0.006 2 41 0.20 0.819
light:assoc. <0.001 <0.001 1 41 0.01 0.934
pH:light:assoc. 0.024 0.012 2 41 0.42 0.662

iii. Statistics from Tukey’s post-hoc tests comparing the effects of pH levels on B. orbigniana RCR,.

Conditionl 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

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

Table A.4

Summary statistics from mixed linear model analysis of Crusticorallina spp. relative net calcification rate over the duration of the laboratory
experiment (RCR,,).

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

i. 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

ii. 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
pH:assoc. 0.005 0.002 2 37.488 0.634 0.526
light:assoc. 0.020  0.020 1 37.547  5.503 0.024*
pH:light:assoc. 0.015 0.007 2 37.488  2.076 0.140

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

Conditionl 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*

iv. Statistics from Tukey’s post-hoc tests comparing the effects of interactive levels of light regime and C. ruprechtiana association on Crusticorallina spp. RCR,,,.

Condition1 Condition2 estimate  SE tvalue  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 0.023 210 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 0.023 -0.64 0.916

Number of observations: 61.
Groups: aquaria:header, 18; header, 9.
Note: CR = Cryptopleura ruprechtiana; w/ = paired with; no = no association.
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Table A.5

Summary statistics from mixed linear model analysis of B. orbigniana short-term net
calcification rate during total alkalinity incubations (Gy.,).

Formula-B. orbigniana G,, ~ pH * light regime * association with C.
ruprechtiana + (1|header/aquaria).

i. 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

ii. ANOVA results from the mixed linear model

Source SS MSE numDF denDF F value Pr(>F)
pH 25.080 12540 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
pH:assoc. 4.650 2.330 2 22 1.36 0.276
light:assoc. 0.500 0.500 1 22 0.29 0.593
pH:light:assoc. 2.660 1.330 2 22 0.78 0.471

iii. Statistics from Tukey’s post-hoc tests comparing the effects of pH levels on B. orbigniana G,,,.

Condition1 Condition2 estimate  SE zvalue  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*

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

Table A.6 Table A.7

Summary statistics from mixed linear model analysis of Crusticorallina spp. Summary statistics from mixed linear model analysis of Cryptopleura
short-term net calcification rate during total alkalinity incubations (Gp.). ruprechtiana relative net growth rate over the duration of the laboratory
Formula—Crusticorallina spp. G, ~ pH * light regime * association with C. experiment (RGR).

ruprechtiana + (1|header/aquaria).

Formula-C. ruprechtiana RCR,., ~ pH * light regime + (1|header/aquaria).

i. Variance components for random effects i. Variance components for random effects
Groups Variance Std. Dev. Groups Variance Std. Dev.
aquaria:header 0.199 0.447 aquaria:header 0.000 0.000
header 0.130 0.369 header 0.000 0.000
residual 0.216 0.465 residual 0.328 0.573
ii. ANOVA results from the mixed linear model ii. ANOVA results from the mixed linear model
Source SS MSE numDF denDF F value Pr(>F) Source SS MSE numDF denDF F value Pr(>F)
pH 0.435 0.218 2 2.24 1.01 0.487 pH 0.582 0.291 2 64 0.89 0.417
light regime 1.796 1.796 1 2.64 8.31 0.074 light regime 1.456 1.456 1 64 4.44 0.039*
C. ruprechtiana 0.016 0.016 1 12 0.08 0.787 pH:light 0.914 0.457 2 64 1.39 0.256
association "
pH:light 0338 0169 2 254 078 0.544 Number of observations: 70.
pH:assoc. 0537 0269 2 12 1.24 0.323 Groups: aquaria:header, 18; header, 9.
light:assoc. 0.107  0.107 1 12 0.49 0.496
pH:light:assoc. 0.228  0.228 1 12 1.06 0.325

Table A.8

Number of observations: 27.

Groups: aquaria:header, 10; header, 5.

Statistics of parameter estimates for photosynthesis-irradiance curves for B. or-
bigniana and Crusticorallina spp., pooled across all treatments by morphotype.

Parameter Estimate  SE tvalue  Pr(>|t])
Bossiella orbigniana Pmax 23.793 5.906  4.029 <0.001*
alpha 0.135 0.009 15.209 <0.001*
beta 0.050 0.022 2.295 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"

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

T 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 A.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.

Parameter Estimate  SE t-value  Pr(>|t])
C. ruprechtiana (pH Pmax 38.246 4.631 8.259 <0.001*
7.4) (pH_code = 1) alpha 0.597 0.066  9.107 <0.001*

beta 0.070 0.020 3.561 <0.001*
C. ruprechtiana (pH Pmax 23.928 3.588 6.668 <0.001*
8.0) (pH_code = 0) 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*

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

57.050

57.025

57.000

56.975

-135.40 -135.35

Climate Change Ecology 3 (2022) 100049

Table A.10
Statistics from an F test comparing modeled P-E curves for C. ruprechtiana by
pH treatment.

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

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).

G S
-135.30

—135.25

Fig. A.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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Fig. A.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 (n = 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 (5 cm diameter) to maximize exposure to within-aquaria water flow.

C,, with CR
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