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Crustose coralline algae (CCA) are among the most sensitive marine taxa to the
pH changes predicted with ocean acidification (OA). However, many CCA exist in
habitats where diel cycles in pH can surpass near-future OA projections. The prevailing
theory that natural variability increases the tolerance of calcifiers to OA has not
been widely tested with tropical CCA. Here, we assess the response of the reef-
building species Lithophyllum congestum to stable and variable pH treatments, including
an ambient control (amb/stable). The amb/variable treatment simulated an ambient
diel cycle in pH (7.65–7.95), OA/stable simulated constant low pH reflecting worst-
case year 2100 predictions (7.7), and OA/variable combined diel cycling with lower
mean pH (7.45–7.75). We monitored the effects of pH on total calcification rate and
photophysiology (maximum quantum yield) over 16 weeks. To assess the potential for
acclimatization, we also quantified calcification rates during the first (0–8 weeks), and
second (8–16 weeks) halves of the experiment. Calcification rates were lower in all pH
treatments relative to ambient controls and photophysiology was unaffected. At the end
of the 16-week experiment, total calcification rates were similarly low in the amb/variable
and OA/stable treatment (27–29%), whereas rates declined by double in the OA/variable
treatment (60%). When comparing the first and second halves of the experiment, there
was no acclimatization in stable treatments as calcification rates remained unchanged
in both the amb/stable and OA/stable treatments. In contrast, calcification rates
deteriorated between periods in the variable treatments: from a 16–47% reduction in the
amb/variable treatment to a 49–79% reduction in the OA/variable treatment, relative to
controls. Our findings provide compelling evidence that pH variability can heighten CCA
sensitivity to reductions in pH. Moreover, the decline in calcification rate over time directly
contrasts prevailing theory that variability inherently increases organismal tolerances to
low pH, and suggests that mechanisms of tolerance may become limited with increasing
time of exposure. The significant role of diel pH cycling in CCA responses to OA indicates
that organisms in habitats with diel variability could respond more severely to rapid
changes in ocean pH associated with OA than predicted by experiments conducted
under static conditions.
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INTRODUCTION

Ocean acidification (OA) is a leading global threat to the
persistence of coral reefs and other calcifier-dominated marine
habitats (Hoegh-Guldberg et al., 2007). Calcification by
foundational taxa is essential to healthy habitat structure
and ecosystem function (Vargas-Angel et al., 2015; Edmunds
et al., 2016; Smith et al., 2016), but decreasing ocean pH, and
the associated changes in seawater carbon chemistry, impair
calcification of reef-building corals and algae (Kroeker et al.,
2010). Crustose coralline algae (CCA) are important ecosystem
engineers in a variety of nearshore marine habitats (McCoy and
Kamenos, 2015), including coral reefs, where they help build
the three-dimensional carbonate framework of the reef, and
stabilize the reef matrix via calcification (Bosence, 1985; Adey,
1998). However, they also secrete the most soluble polymorph
of CaCO3 (high-Mg calcite) and are highly vulnerable to
changes in carbonate chemistry associated with OA (McCoy and
Kamenos, 2015). Negative effects of OA that result in decreased
calcification rates or increased dissolution of CCA jeopardize the
reef habitat framework and affiliated species (Eyre et al., 2014;
Comeau et al., 2016).

Near-future OA models are based on the open ocean (Duarte
et al., 2013), where rates of change in environmental conditions
are relatively gradual and invariable over time (Hofmann
et al., 2011). Until recently, the majority of perturbation
experiments have used this as a basis for simulating OA with
constant low pH treatments. However, many benthic organisms,
including tropical CCA, inhabit nearshore ecosystems where
environmental conditions, including pH, fluctuate over multiple
temporal scales (Takeshita et al., 2018). In these habitats,
biophysical coupling between metabolism (e.g., photosynthesis
and respiration) and physical properties of the water column
can cause pH to fluctuate on a diel cycle (Kleypas et al., 2011).
Photosynthetic depletion of CO2 increases pH during the day,
release of CO2 through respiration decreases pH at night, and
the magnitude of this cycle can be shaped by water residence
time and community biomass (Duarte et al., 2013). In ecosystems
dominated by photosynthetic organisms (e.g., coral reefs and
seagrass meadows), the range of diel changes in pH can exceed
the difference between current conditions and end-of-century
OA projections for the open ocean (Hofmann et al., 2011; Duarte
et al., 2013). In situ pH manipulations, such as free ocean carbon
enrichment (FOCE) experiments (Kline et al., 2012) and studies
using natural gradients in pH (e.g., CO2 vents and tide pools),
have shed light the potential for natural variability to influence
organismal and community-scale responses to pH reductions
(Kroeker et al., 2013; Noisette et al., 2013; Stark et al., 2019).
These experiments demonstrate how pH variability can influence
the structure and trajectory of calcifier-dominated ecosystems
(Kroeker et al., 2013) and can mediate the response of calcifiers
to changes in mean pH (Georgiou et al., 2015). Applying this
approach to manipulative experiments, by incorporating local-
scale pH variability into pH treatments, is a necessary step
toward improving the predictive power and ecological relevance
of laboratory perturbation experiments to nearshore ecosystems
(Rivest et al., 2017; Vargas et al., 2017).

Exposure to environmental variability can increase organismal
tolerances to subsequent environmental stress (Boyd et al., 2016)
by facilitating phenotypic plasticity (i.e., acclimatization) or
genotypic variation (i.e., adaptation) (van Oppen et al., 2015). An
example of this environmental variability-stress acclimatization
theory includes corals exposed to thermal variability that bleach
less when faced with subsequent exposure to temperature
extremes (Mayfield et al., 2012). pH variability is likewise
proposed to increase organismal tolerances to OA (Anthony
et al., 2011; Duarte et al., 2013; Vargas et al., 2017). If pH
variability leads to enhanced tolerance to acidified conditions,
it would have important implications for the response of sensitive
taxa, such as CCA, and the functioning of marine communities,
to near-future OA. However, this hypothesis has not yet been
widely tested with tropical calcified algae (except see Johnson
et al., 2014a; Cornwall et al., 2018). Alternatively, organisms from
high variability habitats that are already surviving at their upper
physiological limits may be less resilient to further environmental
stress. While our knowledge of environmental drivers of genetic
and phenotypic adaptation is relatively advanced for tropical
corals (Palumbi et al., 2014), we know little about whether
there is similar potential for CCA to acclimatize or adapt to
environmental stress. Quantifying how environmental variability
shapes organismal responses to OA is essential for understanding
the effects of OA in an ecologically relevant context, to elucidating
the environmental factors that influence species and habitat-
specific sensitivities to OA, and to improving our ability to predict
ecosystem trajectories in response to OA.

Results from a handful of studies demonstrate that tropical
CCA have the potential to acclimatize to past and present
exposure to pH stress following exposure to pH variability.
For example, a temperate CCA from a high variability site
was resistant to subsequent exposure to stable low pH (Padilla-
Gamiño et al., 2016). Likewise, tropical corallines with a history
of exposure to high pH variability calcified more under moderate
pH variability (simulating ambient pH variability) than corallines
with a history of exposure to low pH variability (Johnson et al.,
2014a; Cornwall et al., 2018). These two studies found that
prior exposure to pH variability did not increase calcification
under stable OA conditions, thus support for the hypothesis
that pH variability increases tolerance to OA is mixed, at best,
for tropical CCA. Conversely, some temperate coralline algae
from tide pools with a highly variable pH regime were not more
tolerant to OA than those from a stable pH regime (Noisette
et al., 2013). Moreover, CCA may be more sensitive to pH
variability, in the context of rapid and acute pH reductions
that simulate upwelling or carbon capture and release, than to
chronic low pH exposure (Kamenos et al., 2013). Collectively,
these studies demonstrate that some corallines possess the
potential to acclimatize to environmental conditions, that pH
variability influences CCA calcification, and that prior exposure
to variability may facilitate acclimatization. They also indicate
that variability does not inherently increase tolerances to mean
reductions in pH. The limited number of studies and conflicting
results make it difficult to disentangle the role of exposure to pH
variability in shaping CCA responses to OA. As a result, it is
unclear if tropical CCA fit the environmental variability-stress
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acclimatization theory that pH variability increases tolerances to
OA (Anthony et al., 2011).

Though we have a cursory understanding of potential effects
of pH variability on coralline calcification, less is known about
potential interactions of OA with diel pH cycling. Only one
study, to date, has tested the combined effects of lower mean
pH (OA) with simultaneous exposure to diel pH variability in
tropical CCA (Cornwall et al., 2018). This study found that
variability superimposed on OA had no negative effects on
net calcification in the tropical coralline Hydrolithon reinboldii,
despite the increased time spent at extreme low pH. Corallines
can demonstrate species-specific responses to OA (Johnson et al.,
2014b; Comeau et al., 2018) that could be linked to physiological
control over calcification (Cornwall et al., 2018). Though some
CCA appear to control intracellular carbonate chemistry at
the site of calcification (Cornwall et al., 2017), the degree of
control may influence their calcification response to OA and
may vary by species (Comeau et al., 2018; Cornwall et al.,
2018). The potential interactions of OA, diel variability, and
species-specific susceptibilities to changing pH, among other
confounding factors, are highly complex. More work is needed
to understand the potential effects of OA on tropical CCA in
habitats with diel pH cycling.

To address these gaps, we exposed a common reef-building
CCA (Lithophyllum congestum) to a combination of stable
and variable pH treatments. We tested the hypotheses that
exposure to pH variability increases the tolerance of a tropical
CCA to OA and that OA combined with pH variability
synergistically decreases CCA calcification. We quantified the
effects of stable and variable pH on coralline net calcification
rates and photophysiology after 16 weeks of exposure to these
treatments. Additionally, we quantified calcification rates in the
first and second 8-weeks of this period to explore the potential for
acclimatization to different pH regimes. This approach allowed
us to partition calcification rates into a total net response
(0–16 weeks), an initial response (0–8 weeks), and a potential
acclimatization response (8–16 weeks). By incorporating diel pH
variability into an OA framework, we increase the relevance of
our results to nearshore, environmentally variable ecosystems,
and provide insight into the potential compounding effects of diel
pH cycling and OA on a reef-builder with critical importance to
coral reef ecosystems.

MATERIALS AND METHODS

Specimen Collection
Lithophyllum congestum is a heavily calcified crustose coralline
alga that produces stout, blunt branches (Figure 1), and is an
abundant framework builder on shallow coral reefs throughout
the Caribbean (Adey, 1978). Fragments of L. congestum were
collected at 3 m in Bahía Almirante in the Bocas del Toro
archipelago off the Caribbean coast of Panamá. Specimens were
collected with diagonal cutters and returned to the Smithsonian
Tropical Research Institute (STRI), where they were maintained
under ambient light and flow-through seawater until the start
of the experiment. Fragments were cleaned of epiphytes with

tweezers and attached to plastic Vexar bases with underwater
epoxy (Aquamend), oriented with branch tips facing up. Exposed
non-living carbonate underneath and around the base of
fragments was coated with epoxy to prevent dissolution in
acidification treatments. Specimens were allowed to recover from
collection for 4 days in ambient light (282 ± 6 µmol photon
m−2 s−1) and flow-through seawater (29.0 ± 0.5◦C). Fragments
were monitored for epiphytic growth every 3 days for the
duration of the experiment and, when necessary, cleaned with a
soft-bristle brush and tweezers.

Experimental Design
Our experiment was conducted in the temperature controlled
aquarium facilities at STRI’s Bocas del Toro Research Station
(BRS) in Panamá from June – September 2017. L. congestum
fragments were exposed to one of the following 4 pH treatments
for the 16-week experiment: ambient/stable (amb/stable),
ambient/variable (amb/variable), OA/stable, and OA/variable.
The amb/stable treatment consisted of seawater pumped from a
depth of 3 m near the STRI dock and passed through a 50 µm
filter in the BRS seawater line. The variable treatments simulated
a 0.3 unit diel cycle in pH, with highest pH during peak daylight
hours, and lowest pH at the end of the night. This represents
daily changes in pH due to photosynthesis during the day and
respiration during the night (Rivest et al., 2017; Takeshita et al.,
2018). In the amb/variable treatment, pH ranged from 7.65 to
7.95 over 24 h, simulating a moderate diel cycle in pH that is
characteristic on some shallow coral reefs (Hofmann et al., 2011;
Price et al., 2012; Guadayol et al., 2014). Further, these conditions
approximate the pH regime at the collection site, where daily
mean (±SE) pH is 7.98 ± 0.006, minimum is 7.88, and maximum
is 8.03 (Johnson, unpublished data). In the OA/stable treatment,
pH was maintained at ∼7.70, simulating conditions projected
in representative concentration pathway (RCP) 8.5 for the year
2100 (Hartin et al., 2016). pH ranged from 7.45 to 7.75 in the
OA/variable treatment, superimposing the 0.3 unit diel cycle in
pH over a lower mean pH and simulating potential conditions
in nearshore habitats if reductions in pH associated with OA
are overlaid with natural diel pH cycles. At the start of the
experiment pH was gradually decreased by 0.05 units per day
until treatment levels were reached, in order to minimize shock
of rapid environmental change.

Experimental replicates were 2.8 L plastic tanks containing
3 L. congestum fragments, with 6 replicate tanks per treatment.
Each tank received a continuous supply of ambient or treatment
seawater at 15.7 mL min−1. Ambient seawater was plumbed
from the BRS seawater line into each amb/stable tank. The
pH of treatment seawater was manipulated in one of three
reservoir tanks and then pumped into respective treatment tanks.
Water was circulated in each tank with a small aquarium pump
(300 L hr−1). Treatments were assigned randomly to tanks
and tanks were shuffled haphazardly every 2–3 days to reduce
the potential for positional effects (due to lighting or other
unforeseen positional factors).

Temperature was maintained by controlling the ambient air
temperature of the experimental room, set to 28◦C. Lighting was
provided by 8, 7-color LED lights (Hydra52, AquaIllumination).
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FIGURE 1 | Fragments of Lithophyllum congestum, a common reef-building crustose coralline alga on Caribbean coral reefs, were collected from a shallow coral
reef in Bocas del Toro, Panamá and exposed to a combination of stable and variable pH treatments for 16-weeks. Though a coral is pictured alongside the CCA
in situ, the fragments used in the experiment were comprised solely of L. congestum.

Lights were programmed to a 12:12 h photoperiod (0600–1800).
Lights ramped up to maximum intensity over 4 h starting with
sunrise and then ramped down starting 4 h before sunset. Peak
midday irradiance mirrored photosynthetically active radiation
(PAR) measured at the collection site and depth (∼270 µmol
photon m−2 s−1). In situ irradiance was measured over one
peak period on a sunny day with a LiCor meter (Li1400)
and underwater cosine sensor (Li-193). During the experiment,
light levels were measured between 1000 and 1400 (period of
maximum intensity). Though light levels remained constant for
the duration of the experiment, we measured light every 2–3 days
when tanks were repositioned to avoid potential effects of tank
position in relation to light sources.

pH Manipulation and Carbonate
Chemistry
Treatment pH was manipulated in 75-L reservoir tanks with
pure CO2 and a pH feedback system. Each reservoir received
a continuous supply of filtered, ambient seawater, with flow
controlled by an automated float valve. pH was measured every
minute in each reservoir with a lab-grade pH probe (Neptune),
calibrated weekly with NBS buffers (7, 10) following factory
protocol. Probes were connected to an Apex aquacontroller
(Neptune) and solenoid valves, set to maintain pH within 0.1

of a target value. When pH increased above the set value, the
solenoid valve opened and released pure CO2 until pH decreased
to the set value. Diffusion of CO2 in each reservoir was facilitated
by an aquarium pump (1600 L hr−1) fitted with a venturi
injector. Treatment water was pumped from each reservoir into
respective treatment tanks with a separate aquarium pump. pH
measurements from Neptune probes were cross-calibrated with
daily, discrete pH measurements (described below). Settings
were adjusted to maintain target pH conditions on the total
scale (pHT). pH variability was established by programming the
aquacontroller with incremental changes in the target values
over a diel cycle. pHT in the variable treatments fluctuated
by ∼0.3 units over a diel cycle throughout the experiment,
while pHT in the amb/stable and OA/stable treatments was held
constant at ∼8.04 and ∼7.70, respectively (Figure 2).

Tank conditions were monitored daily between 0930 and
1030. pH was measured in each tank with a glass triode
(Ross Ultra) connected to a pH meter (Orion Star) and
calibrated with certified Tris buffer in synthetic seawater (Batch
T30, A. Dickson). Temperature measurements were taken
simultaneously with a traceable digital thermometer (Thomas
Traceable Kangaroo). Salinity was measured every 2–3 days
in reservoir tanks with a handheld YSI (YSI-63). Salinity of
treatment tanks matched salinity of reservoir tanks due to high
flow rates from the reservoir.
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FIGURE 2 | Mean hourly pHT (total scale) from treatment reservoir tanks and daily pHT from discrete measurements of ambient tanks. Shaded areas
indicate nighttime.

Water samples were collected from reservoir tanks, a subset
of treatment tanks, and the ambient seawater line each week
for total alkalinity (AT) determinations. Samples were either
titrated within 12-h of collection or poisoned with 200 µL of a
saturated mercuric chloride solution for later processing. AT was
determined with modified open-cell potentiometric titrations at
room temperature using an automated titrator (Mettler Toledo
DL15) fit with a glass pH electrode (Mettler Toledo DG115-SC).
The pH probe was calibrated with NBS buffers (4, 7, and 10) at
the start of each day of titrations. Titrations followed standard
operating protocol (SOP) 3b (Dickson et al., 2007), and used
certified titrant (A. Dickson). Accuracy of AT determinations
was evaluated by titrating certified reference material (Batch 158,
Reference Material for Oceanic CO2 measurements, A. Dickson)
at the start of titrations, after every 10 titrations, and again at the
end of each day of titrations. AT determinations were accurate
to 0.86% of reference values (n = 25). The full carbonate system
in seawater was calculated from measured pHT, AT, temperature,
and salinity with the R package seacarb (Lavigne et al., 2014).

All treatment parameters, including the average daily
minimum and maximum pHT from reservoir tanks, are
presented in Table 1.

Response Variables
Lithophyllum congestum fragments were buoyant weighed at the
start of the experiment, after 8 weeks, and again after 16 weeks

to determine net calcification rates (Davies, 1989). Buoyant
weights were converted to dry weights based on the density of
calcite. Calcification rates were normalized to initial fragment
weight, and are expressed as mg CaCO3 mg−1 day−1. Total net
calcification rates were calculated over the full duration of the
experiment (0–16 weeks). Calcification rates were also calculated
for the first (0–8 weeks) and second (8–16 weeks) halves of
the experiment, to assess the potential for acclimatization to
treatment conditions.

Instantaneous photophysiology was assessed with a blue light
pulse-amplitude modulated fluorometer (Junior-PAM, Walz) at
the start and end of the experiment. Maximum quantum yield
(Fv/Fm) measurements were taken on fragments that were dark
adapted for at least 1 h following sunset. One measurement was
taken from three different tips of each L. congestum fragment
(n = 3 measurements per fragment), with the probe held ∼1 mm
away from the tissue surface at a constant angle. Settings were
optimized to yield initial fluorescence measurements of F0 = 300–
500 units. Measuring light intensity was minimized to reduce
actinic effects and gain was minimized to avoid amplifying
noise (Fitt et al., 2001). The same settings were used for
all measurements (saturation intensity = 12, saturation pulse
width = 0.8, measuring light intensity = 8, frequency = 2, and
gain = 1). Maximum quantum yield provides a useful proxy
for photosynthetic efficiency because it is proportional to the
rate of electron transport, and it provides a non-invasive and
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TABLE 1 | Mean (±SE) physical conditions of treatments calculated from daily discrete measurements and weekly water samples.

Treatment pHT Diel min pHT Diel max pHT Diel 1 pHT Temp Salinity AT pCO2 CT �C

amb/stable 8.04 (0.004) 7.92 (0.007) 8.05 (0.006) 0.13 29.2 (0.08) 32.2 (0.16) 2134 (11) 386 (4) 1841 (3) 5.21 (0.06)

amb/variable 7.76 (0.005) 7.67 (0.005) 7.94 (0.004) 0.27 28.9 (0.07) 32.2 (0.16) 2126 (13) 815 (10) 1967 (5) 3.02 (0.03)

OA/stable 7.70 (0.004) 7.68 (0.004) 7.72 (0.005) 0.04 29.0 (0.07) 32.2 (0.16) 2132 (15) 918 (6) 1990 (6) 2.68 (0.03)

OA/variable 7.58 ± 0.006 7.45 (0.009) 7.75 (0.010) 0.30 28.8 (0.07) 32.2 (0.16) 2128 (14) 1241 (12) 2022 (5) 2.09 (0.03)

Total scale pH (pHT), temperature (◦C), salinity, and total alkalinity (AT, µmol kg−1) were used to derive pCO2 (µatm), total carbon (CT, µmol kg−1), and the saturation
state of calcite (ΩC) using the R package seacarb (Lavigne et al., 2014). Diel minimum (min), maximum (max), and range (∆) in pHT were calculated from hourly means of
reservoir tanks and discrete measurements of ambient seawater.

instantaneous estimate of the performance of the photosynthetic
machinery in algae (Kolber and Falkowski, 1993; Hader and
Figueroa, 1997).

Statistics
Experimental parameters are presented as treatment averages,
calculated from the daily means of replicate tanks within
each treatment. For maximum quantum yield, the three
measurements for a given fragment were averaged and the
fragment mean was used in subsequent analyses.

All statistical analyses were performed in R version 3.4.2
with the untransformed data. Each response variable was
evaluated with a separate linear mixed-effects models using
the package lme4 (Bates et al., 2015). For total calcification
rate and photophysiology, the full model included treatment
as a fixed factor and tank as a random factor nested within
treatment. We chose to keep the random tank factor in all models
to account for potential pseudoreplication issues from having
multiple fragments within a tank. To evaluate calcification rates
over time, the full model also included time period (0–8 or
8–16 weeks) as a fixed factor and individual as a random factor.
Models were fit with maximum likelihood and the significance
of fixed factors was evaluated with type II ANOVA tables
using Satterthwaite’s method. Significant differences between
treatments were determined with Tukey’s post hoc pairwise
comparisons using the package emmeans (Lenth, 2018).

RESULTS

Total Net Calcification Rate
Total net calcification rates of L. congestum over the full duration
of the experiment (0–16 weeks) were significantly lower in
all pH treatments relative to the ambient control (amb/stable)
(F3,24 = 15.62, p < 0.001). Total calcification rates were 27
and 29% lower in the amb/variable and OA/stable treatment
than in the ambient controls. Corallines in the OA/variable
treatment demonstrated the most severe calcification response,
with a 60% reduction in calcification rates relative to ambient
controls (Figure 3A).

Net Calcification Rate Over Time
There was a significant interactive effect of treatment and time
(F3,67 = 5.06, p = 0.003) on L. congestum calcification when
rates were partitioned into the first and second halves of the

experiment. Calcification rates remained unchanged between the
first and second half of the experiment in the OA/stable treatment
(p = 0.481) and amb/stable control (p = 0.307), but magnified
over time in both of the variable treatments with rates decreasing
from the first to second half of the experiment (p < 0.001 for
both amb/variable and OA/variable treatments) (Figure 3B).
After 0–8 weeks of exposure, CCA calcification rates in the
amb/variable treatment were 16% lower than ambient controls,
and from 8 to 16 weeks calcification rates were 47% lower than the
respective ambient controls. In the OA/variable treatment, the
reduction in calcification rates relative to ambient controls was

FIGURE 3 | (A) Mean (±SE) total calcification rate of L. congestum over the
full duration of the experiment (0–16 weeks) (n = 6) and (B) during the first
(0–8 weeks, dark shade) and second (8–16 weeks, light shade) halves of the
experiment (n = 6). Treatments with different letters are significantly different at
α = 0.05, case denotes statistical differences within a time point. Asterisk
indicates a significant difference within a treatment between time points.
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FIGURE 4 | Mean (±SE) maximum quantum yield of L. congestum after
16 weeks of exposure to treatment conditions (n = 6). There were no
significant effects of treatment on maximum quantum yield.

49 and 79% from 0 to 8 and 8–16 weeks, respectively. Conversely,
calcification rates in the OA/stable treatment ranged from 27 to
37% lower than controls, but did not differ significantly between
time points (Figure 3B).

Maximum Quantum Yield
Initial maximum quantum yield was the same for L. congestum
fragments randomly assigned to each treatment (F3,24 = 0.50,
p = 0.683). Mean (±SE) initial yields by treatment were
0.48 ± 0.01 (amb/stable, amb/var), 0.46 ± 0.02 (stable/OA),
and 0.47 ± 0.004 (OA/var). There were no differences among
treatments in maximum quantum yield at the end of the 16-week
experiment (Figure 4) (F3,24 = 0.01, p = 0.998), and no significant
change in yield over time (F1,43 = 2.58, p = 0.113).

DISCUSSION

Here, we demonstrate that exposure to diel pH cycling influenced
the response of a common reef-building CCA to OA, and that pH
variability and OA synergistically decreased calcification. Instead
of increasing tolerances to low pH, as predicted by environmental
variability-stress acclimatization theory (Boyd et al., 2016),
variability exacerbated the negative effects of OA on coralline
net calcification. Notably, the magnitude of treatment responses
changed over time, with both variable treatments having stronger
negative effects with longer duration of exposure. In contrast
to the calcification response, photophysiology was unaffected by
pH treatment, which indicates that the effects of pH treatment
on calcification were independent of photosynthetic processes.
Our results show that pH variability does not inherently increase
the tolerance of tropical CCA to OA, and suggests that both
pH variability and exposure time could be important factors
underlying differential responses to OA. Moreover, our findings
indicate that OA combined with diel pH cycling can have
synergistic and extreme negative effects.

When we normalized the net calcification response of
L. congestum over the full duration of the experiment
(0–16 weeks), the amb/variable and OA/stable treatment
decreased calcification rates by the same magnitude relative
to ambient controls (amb/stable). This is notable because
corallines in the amb/variable treatment were exposed to low
pH conditions for roughly half the amount of time as the
corallines in the OA/stable treatment. Further, pH variability
combined with OA (i.e., OA/variable) had the most extreme
effect on calcification, decreasing rates by 60% relative to ambient
controls. These results are intriguing because they suggest that,
overall, ambient pH variability (amb/variable) incurred the same
cost to calcification as the OA/stable treatment. Moreover,
simultaneous exposure to lower pH and variability exacerbated
the negative effects of OA.

Exposure to variability can influence physiological responses
to environmental stress, independent of environmental history.
A complete discussion of the role of environmental history in
the response of tropical coralline algae to OA, and potential
mechanisms underpinning acclimatization, are reviewed in
Rivest et al., 2017. Here, we considered only the effect of
continued exposure to pH variability on the tropical CCA
L. congestum, with no change in regime (i.e., treatment) over the
course of the experiment.

Diel pH variability could increase CCA tolerances to OA by
providing periods of reprieve from low pH (Rivest et al., 2017).
For example, higher pH during the day could provide a favorable
timeframe for active calcification, compensating for decreased
calcification during periods of lower pH at night (Comeau et al.,
2013a; Cornwall et al., 2018). Alternatively, low pH at night could
drive dissolution and counteract any benefits of high pH during
the day (Cornwall et al., 2013). Furthermore, the rate of change
in pH can elicit stronger negative responses than exposure to
stable low pH. For example, calcification and skeletal structure
of the temperate CCA Lithothamnion glaciale was more sensitive
to rapid decreases in pH, simulating pH changes associated with
upwelling or carbon capture and release, than chronic exposure
to stable, low pH (Kamenos et al., 2013). This suggests that daily
exposure to rapid pH changes could have long-term negative
consequences for calcification in tropical CCA. Thus, the switch
between these alternative scenarios could depend on both the
magnitude and rate of change over the course of the diel cycle.
Our results support the latter, indicating that cyclic exposure
to low pH has net detrimental effects on CCA calcification.
This could be due to a non-linear relationship between pH and
calcification, or some lag in resumption of calcification after pH
returns to favorable levels.

Our total calcification responses concur with Cornwall et al.
(2013), which found that ambient variable pH decreased relative
growth of the temperate articulated coralline Arthrocardia
corymbosa by the same amount as stable OA. Coralline recruits
from the same study responded, similarly (Roleda et al., 2015). As
with our results, they found that fluctuating pH combined with
OA had the most extreme effects and synergistically decreased
growth of adults and recruits (Cornwall et al., 2013; Roleda
et al., 2015). Johnson et al. (2014a) also found similar results for
the tropical CCA Porolithon onkodes, where calcification rates
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were lower in variable pH conditions than ambient controls.
Our results conflict with those of Cornwall et al. (2018),
which found the tropical CCA H. reinboldii was unaffected by
exposure to either pH variability, OA, or the combination of
both. Our results contribute to a growing body of studies that
demonstrate pH variability generally decreases calcification in
tropical CCA, and suggests that the results with H. reinboldii in
the Cornwall et al. (2018) study may be an exception worthy of
further examination.

Comparing overall net calcification responses across
experiments is difficult due to species-specific physiology and
differences in duration of experiments ranging from 14 days
(Johnson et al., 2014a) and 40 days (Cornwall et al., 2013) to
100–112 days (Cornwall et al., 2018, present study). Given the
similarities in design (e.g., treatments and duration) between
our study and Cornwall et al. (2018), we might expect to see
similar responses. However, Cornwall et al. (2018) found no
response to pH variability or OA, and hypothesized that the lack
of response in H. reinboldii was a result of physiological control
over calcification. They further concluded that physiological
control may be species-specific. While intracellular control
over calcification has been recognized as a potential underlying
mechanism for species-specific tolerances to OA in corals
(Comeau et al., 2013b), it has only recently been identified
as a potential mechanism for CCA (Cornwall et al., 2017).
Thus, differences between these studies may be related to
taxa-specific calcification mechanisms. While L. congestum and
H. reinboldii are morphologically similar in their production
of blunt branches, they may be fundamentally different with
respect to calcification physiology. Future work should take a
comparative approach to elucidating mechanisms of calcification
across coralline species, as we know little about interspecific
variation in calcification physiology.

Time is a critical component for organismal acclimatization,
especially given that compensatory changes in cellular machinery
take time to manifest following the onset of stressful conditions
(Comeau et al., 2018). However, the negative effects of prolonged
exposure to stressful conditions can also compound over
time. For example, repeated exposure to thermal stress can
increase bleaching susceptibility in corals (Schoepf et al.,
2015). When we partitioned net calcification into the first and
second halves of the experiment, calcification responses to the
variable treatments, but not stable OA, changed with longer
duration of exposure. Instead of facilitating acclimatization
to pH conditions, pH variability increased the sensitivity of
L. congestum over time. For example, the magnitude of decrease
in calcification in the amb/variable and OA/variable treatments
relative to ambient controls doubled between 0–8 weeks and
8–16 weeks. Conversely, the magnitude of the OA/stable
treatment effect stayed the same between time points. These
are the first results to explore a temporal component to
tropical CCA responses to pH regimes in the lab. The
temperate CCA L. glaciale showed some temporal variation
in response to simulated OA and warming throughout a
1-year experiment, but overall showed no clear trend toward
acclimatization or compounding negative effects over time
(Martin and Gattuso, 2009).

Though discerning the mechanisms underlying the increased
sensitivity of L. congestum to pH variability over time is
beyond the scope of this study, we propose a few potential
mechanisms that could explain this response. First, dissolution
under low pH at night may have counteracted any benefits
to calcification of higher pH during the day (Rivest et al.,
2017). Part of this may be that these CCA may already be
living below their optimal pH range and additional fluctuations
push them beyond their tolerance threshold. Second, constant
exposure to low pH (as in the OA/stable treatment) may
have initiated the up- or downregulation of cellular machinery
necessary for regulating internal pH (Comeau et al., 2018).
Furthermore, exposure to fluctuating conditions may have been
insufficient to trigger initiation of the physiological mechanisms
underlying phenotypic plasticity or may have outright inhibited
it. Importantly, alterations in gene expression take time to
manifest, and fluctuating pH regimes may have inhibited the
changes in expression that underly acclimatization. Third, the
species used in this study, L. congestum, may not have the
same capacity for internal pH control, or other mechanisms that
facilitate calcification under fluctuating pH, that was recently
documented in other corallines (Cornwall et al., 2017). Future
experiments should explore if other tropical CCA species
demonstrate similar sensitivities to variability and OA over time
and identify the underlying mechanisms.

An important caveat to the present study is that the
experiment took place over the course of 16 weeks (120 days),
whereas the changes in pH associated with OA are occurring over
decades-to-centuries. Thus, scaling the results of this relatively
short-term laboratory experiment to the long-term effects of OA
is limited by our inability to fully simulate the rate of pH change
occurring with OA. In nature, the response of tropical CCA to
OA will be shaped by a multitude of interacting biotic and abiotic
factors accumulating over time. Given the significant role of pH
variability in shaping CCA responses to mean reductions in pH
documented here, natural variation will likely mediate in situ
responses to the longer-term reductions in pH due to OA.

Though L. congestum showed a distinct calcification response
to pH, photophysiology (i.e., maximum quantum yield) was
unaffected. The yield values we measured are relatively low,
and this may be due to where on the algal thallus we took the
readings. Quantum yield from branching CCA morphologies,
like L. congestum, can vary depending on if the measurements
is taken from a branch tip or near the base (Burdett et al., 2012).
Our measurements were taken from branch tips, where tissues
were more lightly pigmented. Indeed, our average yield is similar
to those measured from the upward facing branch tips of a CCA
in the Red Sea (L. kotschyanum) (Burdett et al., 2014). Quantum
yield was measured the same across all treatments, and though
yield values were lower than expected, we would still expect to
detect treatment effects if they were present.

Calcification and photosynthesis are tightly coupled, where
photosynthesis provides the energy for calcification and can
increase internal pH at the site of calcification (Borowitzka, 1981).
Understanding how each process is affected by OA provides
insight into potential physiological mechanisms underlying the
response of calcification to changes in pH. The lack of response
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in maximum quantum yield across our experimental treatments
suggests that the response of calcification to variation in pH was
independent of any changes to photosynthesis. However, these
results should be interpreted cautiously, because quantum yield
is only a proxy for photosynthesis and it may not be as accurate
for algae with abundant accessory pigments. CCA are red algae
that possess phycobilin pigments (Kursar and Alberte, 1983). Any
change in phycobilin pigment content or contribution to higher
photosynthetic rates may not have been detected. Other studies
have found mixed effects of OA on algal photophysiology (Koch
et al., 2013). For example, photosynthetic rates and pigment
content in tropical CCA are sometimes enhanced by lower
pH (Johnson and Carpenter, 2018), but in other cases they
are negatively impacted (Anthony et al., 2008) or not affected
(Johnson et al., 2014b). More accurate techniques, such as oxygen
evolution incubations, should be used to accurately assess the
effects of OA on photosynthesis in CCA (Hurd et al., 2009).

CONCLUSION

Here, we provide evidence that negative effects of pH variability
on calcification of a tropical CCA intensified over time and
increased sensitivity to OA. This is among the first studies
to quantify a temporal component to CCA response to pH
variability and OA, and sheds light on the dynamic nature
of organismal responses to environmental stress over time.
Moreover, our findings illustrate the potential synergistic effects
of OA and diel pH variability, which has important implications
for nearshore ecosystems where environmental conditions
fluctuate over a diel cycle. Notably, our findings do not support
the theory that variability inherently increases calcifier tolerances
to OA stress. These results imply that environmentally variable
nearshore habitats may not provide a refuge from environmental
stress associated with global change, but may in fact be the most
vulnerable ecosystems due to heightened sensitivity of calcifiers
to predicted OA.
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