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forming macroalga
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Introduction: The coastal macroalgal genus, Ulva, is found worldwide and is
considered a nuisance algal genus due to its propensity for forming vast
blooms. The response of Ulva to ocean acidification (OA) is of concern,
particularly with nutrient enrichment, as these combined drivers may
enhance algal blooms because of increased availability of dissolved inorganic
resources.

Methods: We determined how a suite of physiological parameters were
affected by OA and ammonium (NH4*) enrichment in 22-day laboratory
experiments to gain a mechanistic understanding of growth, nutrient
assimilation, and photosynthetic processes. We predicted how physiological
parameters change across a range of pCO, and NH,4* scenarios to ascertain
bloom potential under future climate change regimes.

Results: During the first five days of growth, there was a positive synergy
between pCO, and NH4* enrichment, which could accelerate initiation of an
Ulva bloom. After day 5, growth rates declined overall and there was no effect
of pCO,, NH4*, nor their interaction. pCO, and NH," acted synergistically to
increase NOsz~ uptake rates, which may have contributed to increased growth
in the first five days. Under the saturating photosynthetically active radiation
(PAR) used in this experiment (500 pmol photon m™ s™), maximum
photosynthetic rates were negatively affected by increased pCO,, which
could be due to increased sensitivity to light when high CO, reduces energy
requirements for inorganic carbon acquisition. Activity of CCMs decreased
under high pCO, and high NH,* conditions indicating that nutrients play a role
in alleviating photodamage and regulating CCMs under high-light intensities.

Discussion: This study demonstrates that OA could play a role in initiating or
enhancing Ulva blooms in a eutrophic environment and highlights the need for
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understanding the potential interactions among light, OA, and nutrient
enrichment in regulating photosynthetic processes.
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Introduction

Coastal regions are affected by anthropogenic activities due
to the close interaction among the sea, land, and atmosphere.
Marine macroalgae in coastal regions are subject to many
anthropogenically driven changes to the environment
including nutrient enrichment and ocean acidification (OA). If
historical trends of increased human population density in
coastal zones are sustained into the future, increased nutrient
supply to estuaries and lagoons is likely (Smith et al., 2003;
Crossett et al., 2004; Bricker et al., 2008). Macroalgae in nutrient
enriched coastal areas have attributes that contribute to rapid
growth rates, such as high nutrient uptake and storage capacities,
giving rise to a prolific abundance of macroalgal biomass
(Valiela et al., 1997; Smetacek and Zingone, 2013).

The green, bloom-forming seaweed from the genus Ulva is
an indicator of nutrient enriched systems and is considered a
nuisance when large blooms occur. Conspicuous reoccurring
green tide blooms on the coasts of the Yellow Sea, China, and on
the beaches of Brittany, France have received attention due to
their massive size and adverse effects on the ecosystem, tourism,
and economy (Smetacek and Zingone, 2013). Green tide blooms
are experienced on many coastlines in temperate and tropical
ecosystems and the observed extent of blooms has expanded
with increasing coastal nutrient enrichment (Morand and
Briand, 1996; Teichberg et al., 2010; Ye et al., 2011). The
consequences of such blooms can negatively affect marine and
coastal ecosystems, particularly during the decomposition of
thick algal mats that can lead to anoxia and toxic sulfide
accumulation causing the mortality of seagrass and fauna
(Viaroli et al., 2001; Holmer and Nielsen, 2007).

Macroalgal growth is typically limited by nitrogen, or co-
limited by nitrogen and phosphorous concentrations, in marine
ecosystems (Pedersen and Borum, 1996; Elser et al,, 2007).
Nitrate (NOj") is the most abundant form of dissolved
inorganic nitrogen (DIN) in the ocean and is typically found
in concentrations of 0-30 UM in coastal waters while NH,"
concentrations are typically lower (ca. 3 uM) (Sharp, 1983).
Most macroalgae favor uptake of NH,", despite its relatively
scarce availability, because it is less energetically demanding to
assimilate than NOj3;  (Miflin and Lea, 1976). Southern
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California, one of the most densely populated regions in the
United States, has estuaries with the highest nitrogen
concentrations in the world (Kennison and Fong, 2014). High
concentrations of NO;™ and NH," suggest nitrogen is not
limiting and supports the dominance of opportunistic species
from the green algal genus Ulva (Fong and Zedler, 2000; Fry
et al., 2003; Boyle et al., 2004; Kennison and Fong, 2014). Ulva
spp. are the dominant algae in reported green tides and can form
multispecies assemblages of the same genus (Fletcher, 1996;
Guidone and Thornber, 2013). Ulva morphology contribute to
their ability to obtain light and nutrients (Littler and Littler,
1980). They have a distromatic thallus (two cell layers) and a
large surface area to volume ratio which is favorable for high
nutrient uptake rates (Pedersen and Borum, 1997). The well-
developed carbon concentrating mechanism (CCM) in Ulva is
among the best understood and makes them an important taxon
for studying the effects of OA on macroalgae (Maberly, 1990;
Raven et al., 2014).

A gap in our understanding is how opportunistic, bloom-
forming algal species, such as Ulva lactuca L., respond to dual
environmental drivers of NH," enrichment and OA. OA, caused
by increased absorption of CO, from the atmosphere into
seawater, is expected to increase total dissolved inorganic
carbon (DIC) by increasing pCO,, bicarbonate (HCO5), and
carbonic acid (H,COj3) concentrations while decreasing
carbonate (CO5>") concentrations and pH (Raven et al., 2005).
Most DIC in seawater is in the form of HCOj;™ (ca. 90%) while
dissolved CO, makes up less than 1% (Feely et al., 2009). OA
affects the speciation of nutrients in seawater and declining pH
increases the NH," to NH; ratio, making it more available for
passive uptake by macroalgae (Raven et al., 2005). Macroalgae
that exclusively use CO, as a carbon source for photosynthesis
may respond positively in terms of growth with OA, as they are
presently DIC limited (Kiibler et al., 1999; Kiibler and Dudgeon,
2015). However, many macroalgae, including Ulva spp. use
carbon concentrating mechanisms (CCMs), which enable
utilization of HCO;™ from seawater for photosynthesis and
maintain a constant concentration of inorganic carbon inside
the chloroplasts, regardless of the external pCO, (Giordano
et al., 2005).

Conversion of HCO;3™ to CO, by Ulva spp. is catalyzed by
carbonic anhydrase (CA) (Bjork et al., 1993). CA can be utilized
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externally (CA.y) followed by CO, uptake or intracellularly
(CAjy) on HCOj' in the internal DIC pools (Fernandez et al.,
2014). Either method of DIC utilization requires the use of
nutrients and energy to synthesize CA proteins from amino
acids (Mitsuhasi et al,, 2000). CCM-using algae are CO,-
saturated at present day pCO,, but increased passive uptake of
CO, with OA could result in downregulation of the production
of CA resulting in energetic savings that could be diverted to
enhanced growth and reproduction, fueling the initiation and
duration of algal blooms (Raven, 1997; Giordano et al., 2005;
Hepburn et al.,, 2011; Raven et al., 2011; Cornwall et al., 2012;
Young and Gobler, 2016; van der Loos et al., 2019; Dudgeon and
Kiibler, 2020). The increased availability of NH,* and CO, for
passive uptake in macroalgae with OA could lead to synergistic
increases in growth rates through energetic cost savings in
acquiring those nutrients required for growth.

Carbon and nitrogen metabolisms are linked processes, as
products of photosynthetic pathways are used for the synthesis
of amino acids (Turpin, 1991). Thus, metabolic processes
downstream of carbon uptake, such as carbon and nitrogen
metabolism, could be affected by OA and may lead to interacting
effects when OA and nitrogen enrichment occur simultaneously.
Light reactions from photosynthesis provide the ATP and
NADPH for the Calvin cycle where the enzyme ribulose
bisphosphate carboxylase/oxygenase (RUBISCO) fixes CO,
into triose phosphate (TP). Then, TP can be stored as starch
or converted into pyruvate, which is used in the citric acid cycle
where 2-oxoglutanate (2-OG) is synthesized and used for N-
assimilation via the glutamine synthetase-glutamine: 2-
oxoglutarate aminotransferase (GS/GOGAT) pathway (Turpin,
1991). Thus, photosynthesis is critical for stimulating N-
assimilation (Thacker and Syrett, 1972), therefore limitation in
the passive uptake of CO, may be limiting growth,
photosynthesis, and nutrient uptake and assimilation in
nutrient replete macroalgae at present day pCO, levels.
Because carbon and nitrogen metabolisms are intricately
linked, it is important to understand the potential effects of the
interaction between OA and nitrogen enrichment
on macroalgae.

With OA and nutrient enrichment co-occurring with
increasing frequencies along coastlines, we want to understand
how a bloom-forming green alga, Ulva lactuca, from Southern
California, will respond to several weeks of exposure (ca. 22
days) to a range of pCO, and NH," concentrations. We
hypothesized that (1) U. lactuca growth and maximum
photosynthetic rates (P,.x) would respond positively to
increasing pCO, and NH," and that there would be a
synergistic response where elevated pCO, increases the
nutrient uptake and synthesis abilities of this opportunistic
alga, (2) under carbon and nitrogen sufficiency, nitrogen
storage would shift from intracellular pools to stored protein
because of the increase in upstream photosynthetic processes
and (3) carbon concentrating mechanisms will decrease with
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increasing pCO, (as indicated by the increased discrimination of
carbon stable isotopes (A'’C)), resulting in energetic savings that
can be diverted towards growth under nutrient sufficiency.
Understanding the physiological mechanisms of nutrient and
carbon uptake and utilization, which are evolutionarily
conserved among species in the genus Ulva, under shifting
environmental conditions can provide insight into predicting
relative risk of Ulva bloom formation under various pCO, and
NH," scenarios.

Materials and methods
Collection and acclimation

Ulva sp. (morphologically identified as Ulva lactuca) was
collected from a rocky beach in Malibu, CA (34°02°29.0”N 118°
34°03.2” W) on May 26, 2016 for trial 1 and July 5, 2016 for trial
2. Morphological identification of U. lactuca was considered
sufficient given that the physiological mechanisms of DIC and
DIN uptake and operation are evolutionarily conserved above
the species level in Ulva (Turpin, 1991; Raven, 1997).
Nevertheless, dried samples are available for DNA sequence
analyses. Thalli were collected from boulders in the intertidal
zone, placed in re-sealable plastic bags with seawater and
transported to the laboratory in a cooler, on ice, within two
hours. Once in the lab, thalli were held in aerated, autoclaved
seawater with Provasoli Enriched Seawater (PES) media
(Provasoli, 1968) at approximately 17°C under 500 pmol
photon m™ s light with 12-hour light, 12-hour dark cycle.
PES media was supplied every two to three days for a period of
ten to eleven days. This allowed thalli to grow to sizes large
enough for the experiment and the PES media assured that
samples were nutrient replete at the start of the experiment. The
light sources used during the experiment were Apache Tech 120
LED light panels (Apache Tech LED, Santa Clara, CA, USA)
with a 3:1 white:blue light ratio with a 14° angle lens intended to
simulate shallow marine environments. Light intensity was
measured using a Li-Cor LI-250 flat, cosine-corrected
quantum sensor (Li-Cor, Lincoln, NE, USA) held on the
chamber bottom by a leveling device thereby positioning it in
media in the middle of the chamber, directed upwards towards
the light source.

Experimental design

The effects of pCO, across 20 different levels of pCO,
(ranging from [minimum] 177-1376 ppm [maximum]) on
Ulva lactuca growth, nutrient, and photosynthetic physiology
were evaluated across a range of NH," concentrations in two 22-
day trials (Table SI1). Values across this range of pCO, were
desired to characterize the physiological response of Ulva to
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representative historical, present and projected future levels of
pCO, under eutrophic conditions. We used a multiple
regression design with the measured values of pCO, and NH,"
in each culture pot as predictor variables because our interest
was in characterizing the functional relationship of physiological
responses across a range of each predictor variable. Each culture
pot served as an independent replicate (20 in total). For each
response variable there was only a single datum per culture pot
(combination of pCO, and NH,"); observations from more than
one plant per pot (i.e., subsamples) for all response variables
were averaged to provide the estimate for the pot. In the case of
growth estimates, biomass of all plants were summed to estimate
growth for each pot in batch culture between each time interval.

Two separate trials of the experiment were done because
logistical constraints of setting up the complete range of pCO,
levels with gas mixing systems in the temperature controlled
growth chamber prevented setting up all treatments
contemporaneously as a single trial. The power of regression
analyses to detect effects caused by predictor variables is
proportional to the number of levels of predictor variables,
hence we sought to maximize the number of levels of
predictor variables. Additionally, examining variation among
trials done at different times provides insight into how responses
of subjects to hypothesized predictors may depend on current
physiological state influenced by recent environmental history

Trial 1

10.3389/fmars.2022.980657

and current environmental conditions. We sought this
information about the potential context dependence of effects.
Trials of 22 days were conducted because our prior work with
Ulva and other macroalgae indicates that phenotypic responses
to experimental environments are manifest typically 8 to 21 days
following initiation (e.g., Dudgeon et al., 1990).

Each culture tank was aerated with a specific ratio of mixed
gases (N, O,, and CO,) from a mass flow controlled (MFC) gas
mixing system (Qubit Systems, Ontario, Canada). One mixing
system delivered mixed gas to four culture tanks each (Figure 1).
However, the final pCO, level differed in each culture tank due
to variability in airflow rates, mixing, bubble sizes, and seaweed
biomass to seawater volume ratios (Figure S1). Peristaltic pumps
delivered autoclaved seawater with modified PES from header
tanks to each 3 L cylindrical culture tank. Each culture tank was
randomly assigned to a MFC gas mixer and NH," concentration
(ambient or high). Modifications to the PES media included
using 1/50 strength nitrate and phosphate and replacement of
ferrous ammonium sulfide with iron (III) chloride (see
Provasoli, 1968). PES modification was necessary to
manipulate levels of NH,", while providing adequate nitrogen
concentrations in the form of NO5™ to ambient NH, " treatments.
Completely removing nitrogen did not allow for long-term
culture of U. lactuca in preliminary trials. A stock solution of
ammonium chloride was added to the NH," enriched header

outflow

PES + NHa*
enriched
SW

PES only
enriched
SW

PES + NHa*
enriched
SW

PES only
enriched
SW

FIGURE 1

Conceptual diagram of experimental set-up. Mass flow controllers were connected to N,, O,, and CO, gases. Each mass flow controller
aerated four culture tanks (grey circles = NH4* enriched, white circle = non-NH,* enriched). Header tanks with 20 L of seawater (SW) with
modified PES and either NH,* enriched or not, connected to peristaltic pumps that delivered the SW medium to culture tanks. Each culture tank
was connected to seawater outflow (connections not shown). Connections to mass flow controllers and headers tanks were randomly selected
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tanks to a final NH," concentration of 20 UM. Culture tanks
contained a volume of 3 L each, and as new seawater was
delivered using peristaltic pumps, wastewater spilled out of
tubing at the surface of the water, creating a flow-through
system. Prior to the start of the experiments, the flow-through
system was checked with fluorescent dye to verify that incoming
media was well mixed with the seawater in the container before
wastewater spilled out. On average, culture tank seawater was
completely replaced every 36 hours. The entire culture system
was maintained in a cold room with a set air temperature of 17°
C. Water temperature in the tanks varied throughout the light
cycle reaching up to 19.9°C during the light cycle and 15.3°C
during the dark cycle (Figure S2).

Six Ulva lactuca thalli with a total fresh weight of 0.41 *
0.06 g (mean + SEM) were grown in each culture tank for 22
days under 500 pmol photon m™ s™ light with a 12-hour light,
12-hour dark cycle. The biomass to seawater ratio maintained in
each culture tank was ~0.14 g fresh weight of Ulva per liter of
seawater. Six thalli were used to ensure that there was sufficient
material available for all variables being measured and to help
maintain the biomass to volume ratio. Using a sterile razor blade,
pieces of thalli were removed weekly from the culture tanks to
restore seaweed biomass to seawater volume ratio. The six thalli
in each pot were small (each ~65-70 mg fresh weight) and easily
carried by water motion in each pot. Water motion provided by
a large cubic air stone in the middle, bottom of each culture pot
produced tiny bubbles of mixed gases in streams around the
periphery of the pot that circulated the thalli continuously in
batch culture, thereby minimizing shading among thalli.
Photosynthetic characteristics were measured during the last
week of each three-week trial and samples for physiological
measurements were collected during the last three days of
each trial.

pH monitoring and carbonate chemistry

Carbonate chemistry parameters were calculated multiple
times during each trial using measurements of pH and total
alkalinity (A1) (Table S1). At samples were collected in 50 mL
Falcon tubes, stored wrapped in Parafilm at 4°C in the dark, and
analyzed within two weeks by potentiometric titration coupled
to a pH electrode (Mettler Toledo DGi-115-SC with T5
Rondolino) and thermometer. Most Ap samples were
measured on the day of sampling. The performance of the
machine was checked with each measurement using certified
reference material (CRM) from the Dickson laboratory at the
Scripps Oceanographic Institute and the pH electrode was
calibrated using TRIS buffer (Dickson et al, 2007). A
spectrophotometric technique using m-cresol as an indicator
dye was used to determine pHp (pH total scale). Ar was
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calculated using potentiometric titration data and pHry using
spectrophotometric data in the R-package Seacarb V 3.0.14
(Lavigne et al., 2011).

pHr was calculated from daily measurements of
conductivity, salinity, and temperature (Thermo scientific,
OrionStar A329) 3 hours after the start of the light cycle
(Figure S3). The conductivity meter was calibrated with TRIS
buffer. Daily pHy monitoring allowed us to adjust MFC rates to
target set points as Ulva lactuca thalli grew, increasing the
seaweed biomass to seawater volume ratio, which in turn,
altered pCO, levels.

Nutrient analysis

20 mL scintillation vials were used to collect water samples
throughout a trial. Measurements were taken 1-2 times per week
(including measurements from the nutrient uptake
measurements on day 20). Vials were cleaned with Milli-q
water, dried, and then soaked in orthophthaldialdehyde (OPA)
for 24-48 hours to remove NH," residue adhered to the glass
(Holmes et al., 1999). Then, each vial was rinsed with Milli-q
water to remove OPA residue and air-dried. Samples were
collected with a 5 mL pipette using new pipette tips. First, the
vial was rinsed with 10 mL of the seawater sample, and then 15
mL were collected and frozen at 0°C until analysis for NH," and
NOj3™ concentrations.

NH," concentrations in the culture tanks were measured with a
fluorometric method using OPA (Holmes et al., 1999) with the
suggested modifications of Taylor et al. (2007), which included
using an improved method for measuring background fluorescence.
The raw fluorescence measurement of a sample was calibrated to a
standard curve of an NH," stock solution using the standard
additions protocol I of Taylor et al. (2007) which accounts for
matrix effects that can alter fluorescence measurements.

NOj;™ concentrations in the culture tanks were determined
from samples sent to the University of California, Santa Barbara
Marine Science Institute Analytical Lab and were analyzed using
a Lachat Instruments flow injection analysis instrument
(QuikChem 8000) that determine NOj3; + NO,~
concentrations. NO, is typically found in seawater as the
oxidized form NOj therefore the NO;™ + NO,™ concentrations
were a proxy for the NO5™ concentrations.

Relative growth rate

The fresh weights of the Ulva lactuca thalli were used to
determine the relative growth rates (RGR). Measurements were
taken on days 0, 5, 10, and 20, and the RGR was determined for
each period (days 0-5, 5-10, and 10-20). Plants were blotted with
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tissue paper to remove excess water. The RGR was calculated
using the following formula:

1)

Where FW; is the initial fresh weight, FW¢ is the final fresh
weight, and At is the time interval. This formula expresses the

RGR=In(FW;/FW;) x A" x 100

growth per day as a percentage of the initial weight of the algae at
the start of each interval. Biomass of all plants were summed to
estimate growth for each pot in batch culture between each time
interval, including masses of trimmed portions of thalli during
the experiment.

Photosynthetic rates

Photosynthetic O, evolution was measured using the Qubit
systems O, electrode in a water-jacketed cuvette connected to a
laptop using a LabPro'" interface. Small pieces of Ulva lactuca
(1-2 cm?) were cut from thalli at least one hour prior to
measurements. The pieces were placed in 20 mL of culture
water at 16°C in a 2 cm” mesh bag which held the pieces at a 90°
angle to the Qubit LED light source. A photosynthesis-photon
flux density (P-E) curve was generated using various photon flux
densities from 0-700 UM photons m~2 s for 200 seconds each,
following a 200 second dark period to measure dark respiration
rate. The maximum photosynthetic rate (P ), light saturation
point (Ey), and photosynthetic efficiency (the initial slope of the
P-I curve, o) were determined from the P-E curves.

Chlorophyll a

Chlorophyll a was extracted in dimethylsulfoxide (DMSO)
and methanol according to the methods of Duncan and Harrison,
1982. Pieces of Ulva lactuca tissue (0.5 g FW) were placed in 1.25
mL of 80% DMSO for 10 minutes, and then suspended in two
sequential 3 mL solutions of methanol for 10 min each to
complete the extraction. The absorbance of the DMSO and
methanol were measured using a spectrophotometer at the
wavelengths indicated in the formulas below. The absorbance at
each wavelength, volume of solvent, and the fresh weight of a
fragment were used to calculate the concentration of Chl a from
each solvent using the following formulae:

DMSO Solution Chl a (mg g")

= [(Aggs/72.8)+1000] /g FW 3)
Methanol solution Chl a (mg g')
= (13.8Ag5 — 1.3Ag35)/g FW 4)

The Chl a concentration was the sum of the concentrations
of the DMSO and methanol extracts.
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Internal soluble nitrogen pools

Internal NH," and NO;™ pools were measured using the
boiling water method (Hurd et al., 1996). One piece (0.04 +
0.02 g FW, mean = SEM) from each treatment was rinsed with
deionized water to remove salt and nutrients on the surface. The
pieces were placed in test tubes with 15 mL of deionized water
and placed in a boiling water bath for 40 minutes. The water was
decanted and analyzed for NH," and NO;". This process was
repeated on the same algal piece three times and the
concentrations of internal soluble NH," and NO;™ pools were
calculated using the sum of the NH," and NO;™ concentrations
of the three water samples of each algal piece.

Nutrient uptake rates

Uptake rates of NH," and NO;~ were measured in situ on
day twenty of the trials 8-10 hours into the light cycle for a
period of one hour. The formula for chemostat nutrient uptake
by Carmona et al. (1996) was used to determine nutrient uptake
rates:

-1
umol N ,-1 DW d

Cout. C,

QCout; Couty)
Cour, V. + QCAt - =27 —C,,, V

- BAt @

where C; and C,, = concentrations of nitrogen in the
inflow and the outflow of the system (umol), respectively; V =
volume (L), Q = flow rate (L d'); B = total biomass (gDW LY,
and At = time in days. To preserve algal tissue for subsequent
physiological measurements, subsamples were used to determine
the total dry weight for each culture tank. The total fresh weight
was measured for each culture tank. Then, the fresh weight to
dry weight ratio was determined using the average of three pieces
(0.03 £0.003 g FW, mean + SEM) from each treatment and used
to estimate the dry weight (DW) for the algal tissue in each
culture tank.

Nitrate reductase activity

An in vivo assay of nitrate reductase activity (NRA) was
done according to the methods of Thompson and Valiela (1999).
The incubation medium consisted of a spike of NO;’, a
permeabilizer (propanol) which enhances the entry of NOj
and exit of NO,™ to and from the reduction site in cells, and a
potassium phosphate buffer to optimize NRA pH (Corzo and
Niell, 1991). First, 5 mL of the incubation medium (equal parts
60 mM KNO;, 5% propanol, 0.1 M KH,PO, and deionized
water; pH 8.0) was flushed with N, gas for 2 minutes. Ulva
lactuca pieces (0.12 + 0.07 g, mean + SEM) from each treatment
were placed in the incubation medium and were flushed again
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for 2 minutes with N, gas. After a 60 min incubation period in
the dark at 23°C, 1 mL of the sample was added to a stop buffer
(0.5 mL 0.1% napthylethylene diamine, 0.5 mL 5%
sulfanilamide, and 2 mL distilled water) resulting in a
colorimetric reaction with NO,  produced via NRA under
dark, anoxic conditions. Absorbance was measured at 540 nm.
Readings were calibrated against a nitrite (NO,") standard curve.
NRA is reported as umol NO, ¢! FW h'\.

Soluble protein and carbohydrates

Pieces of Ulva lactuca tissue (0.04 + 0.004 g FW, mean +
SEM) were ground in a mortar and pestle in 2 mL of a B-
mercaptoethanol buffer, pH 7.5 and stored at 4°C for up to 72
hours. The extract was centrifuged at 16,000 g for 5 minutes.
Soluble proteins and carbohydrates were determined
spectrophotometrically (Milton Roy Spectronic Genesys 5)
using the supernatant fraction. Soluble proteins were
determined according to Bradford (1976) and soluble
carbohydrates were determined using the phenol-sulfuric acid
method according to Kochert (1978).

CN analyses and carbon stable isotope
ratios

Samples for tissue organic carbon and nitrogen content,
tissue stable carbon isotopes, and seawater carbon stable isotopes
were collected on day 20. Tissue samples were dried for 24 hours
at 60°C. Dried samples were prepared for analysis by
homogenizing samples using a metal laboratory scoop, cleaned
with ethanol between each sample, which resulted in a fine
power. Then, approximately 3 mg of the Ulva lactuca tissue
powder was measured using an analytical balance (Mettler
Toledo XP205) into a tin capsule and carefully enclosed with
clean forceps. The tin capsules were put into 96-well tray plates
and sent to the University of California, Davis Stable Isotope
Facility (UCD-SIF). The samples were analyzed for 8'°N and
8'°C using the elemental analysis - isotope ratio mass
spectrometry technique, which also provides results for tissue
C and N content.

Seawater samples for 3'°C of dissolved inorganic carbon
(DIC) were stored in 20 mL glass vials with cone lids to exclude
air from samples. Samples were stored at room temperature in
low light until prepared for analysis using the exetainer gas
evolution technique for DIC (Li et al., 2007). Then, the samples
were sent to the UCD-SIF for analysis using the GasBench -
isotope ratio mass spectrometry technique. The discrimination
of carbon stable isotopes (A'’C) was determined by correcting
the tissue 8"°C for the §'°C of the source gas using the formula
APC = (8" Cyource - 513Cplam)/ (1+ 513Cplam). Furthermore, A'>C

Frontiers in Marine Science

07

10.3389/fmars.2022.980657

was used for determining if CCMs respond to increasing pCO,
and NH," enrichment (Raven et al., 2002).

Data analysis

pCO, and NH,* levels

Statistical analyses reflected the experimental design
described above. We used 1 Y per X multiple regression with
measured pCO, and NH," values as predictors in analyses of
each response variable. In addition to the linear effects, we
included a second order polynomial term for pCO, because
we hypothesized it was important as in prior work with other
taxa, and we included the interaction between pCO, and NH,"
as a predictor as this was the principal hypothesis tested in this
study. Each culture tank was designated a specific pCO, and
NH," concentration which was used for all analyses. The pCO,
treatment of each culture tank was denoted by the average pCO,
over the entire trial (or days 0-5 and days 5-10 for respective
RGR measurements). Instantaneous measurements of nutrients
in water samples are not suitable indications of the
bioavailability of nitrogen to Ulva spp. (Fong et al., 1998; Barr,
2007). Therefore, the NH," concentration of each culture tank
was determined by the average difference between header tank
NH,"
assuming that difference was the NH," removed by the algae.

concentration and culture tank NH," concentration,

Model selection

General linear mixed models (GLMM) were used to evaluate
the physiological responses of Ulva lactuca to the range of pCO,
and NH," concentrations. pCO,, NH,", and the interaction were
evaluated as fixed effects, and trial was a random effect. Models
were also evaluated that included NH,* and/or pCO, as a
random effect across trials with correlated or uncorrelated
slopes and intercepts. The fixed and random factors were used
to develop a set of 23 candidate models a priori (Table S2).
Variation due to random effects was described by variance
components. The data for each response variable were
evaluated for normality using a Shapiro-Wilk test and were
transformed, if necessary. The data were standardized using z-
scores in order to assess the effects of pCO, and NH," using
standardized regression coefficients. Akaike’s Information
Criterion, corrected for small-sample bias (AIC.) was used to
rank the candidate models (Anderson, 2008). Models with
AAIC,. < 3 were considered as models that best represent full
reality given the present data set.

Standardized effect size

Effect sizes were calculated using weighted model-averaged
parameter estimates for the fixed effects from the aforementioned
analyses. Information from the entire a priori model set was used
to determine effects sizes, so as not to lose information from
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lower ranked models (Anderson, 2008), but estimates for the
main effects did not include models that had the interaction term.
Effect sizes were considered strong when the 95% confidence
intervals did not overlap zero.

Conventional regression coefficients

In a manner similar to the aforementioned analyses, the
unstandardized, untransformed data were analyzed using
GLMM. Conventional regression coefficients were calculated
using weighted, model-averaged parameter estimates using the
same a priori developed model set. Then, the data were used to
make predictions using the linear expression y = B + B;* x; +
B.* x5 + PB3*(x1* x3), where x; = pCO, and x, = NH,*. Mesh plots
of the fitted surface responses were overlaid with the data from
the experiment. Data analysis was done in R using the Ime4
(Bates et al., 2015) and AICcmodavg packages (Mazerolle, 2017).

Results

The coefficients reported in the results section come from
the standardized effect sizes (Table 1 and Figure 2) for ease of
comparison among factors and variables, unless otherwise

10.3389/fmars.2022.980657

stated. The coefficients from the conventional model are listed
in Table 2 and presented in Figures 3-5.

Relative growth rates

The effect that pCO, and NH," had on growth of Ulva varied
over the time course of experimental trials. During the first 5
days of the experiment, pCO, and NH, separately, and their
interaction were parameters included among the set of models
that best explained the data (Table 3). Synergy between pCO,
and NH," during this period enhanced the growth rate of Ulva
(Figures 2, 3A) having approximately twice as strong an effect as
NH," alone (0.41 vs. 0.22; Table 1). NH," contributed 6% of the
variance in growth between trials during days 0-5. The effect of
pCO, alone was negligible.

In the latter two intervals of measurements (days 5-10 and
10-20), pCO, and its interaction with NH," had antagonistic
and highly variable effects on growth. Overall, growth rates
dampened from rates approaching 30% per day between days
5 and 10 to 17% per day between days 10 and 20 largely
unaffected by pCO,, NH,", and their interaction (Figures 2,
3B, C). Besides the temporally variable effects of pCO, and

TABLE 1 Weighted, model-averaged estimates of standardized regression coefficients and 95% confidence interval (Cl) for each experimental

parameter.
Bo Lower 95%  Upper 95% B,
CI CI
95%
CI

RGR Days 0-5°  -0.17 -1.46 1.13 002 -0.22
RGR Days 5-10° 0.1 -0.75 0.96 -0.18  -0.57
RGR Days 10-  0.12 -0.85 1.09 0.08  -0.35
20°
Prax’ 0 -0.36 0.36 04  -076
alpha (o) -0.02 -0.53 0.49 044  -0.86
ES 0.1 -0.76 0.96 027  -0.12
Respilrationb 0 -0.4 0.4 0.38 -0.01
Chl a* 0.1 -0.74 0.93 003 -043
NH," Pools® -0.04 -0.61 0.54 032 -0.74
NO; Pools® -0.14 -0.64 0.36 074 -1.56
NH," Uptake’  -0.02 -0.81 0.77 013  -028
NO;™ Uptake’ 0 -0.47 0.48 01 -059
NRA® 0 043 0.43 0 -0.44
Protein” 0.1 -0.72 0.92 004 -038
Carbohydrate”  -0.17 -1.11 0.78 014  -023
Tissue C' 0.12 0.4 0.65 001  -041
Tissue N* 0.09 -0.15 0.34 011 052
CN -0.11 -0.41 0.19 023 -0.15
3N 0.05 047 0.57 036 -0.64
AC 0.07 -0.65 0.8 018  -0.25

Lower Upper f,

Lower 95%  Upper 95% B; Lower Upper

I 1
95% 95%  95%
cI ca
0.18 0.22 -0.1 0.54 0.41 0.12 0.7
0.21 0.03 -0.44 0.51 0.51 -0.23 1.25
0.52 0.02 -0.47 0.52 0.07 -0.89 1.03
-0.05 0.48 0.13 0.84 -0.46 -1.18 0.27
-0.02 0.18 -0.24 0.59 -0.48 -1.29 0.34
0.66 0.15 -0.25 0.55 0.38 -0.38 1.14
0.78 -0.31 -0.71 0.01 0.44 -0.39 1.27
0.36 0.29 -0.18 0.77 -0.22 -1.25 0.81
0.11 0.31 -0.09 0.71 -0.39 -1.23 0.45
0.08 0 -0.34 0.35 -0.08 -0.83 0.67

0.53 0.5 -0.17 1.17 0.22 -0.55 1
0.38 -0.15 -0.75 0.44 1.13 0.27 2
0.44 0.11 -0.34 0.57 0.59 -0.35 1.52
0.29 0.44 0.14 0.74 0.3 -0.35 0.95
0.52 -0.14 -0.85 0.58 -0.06 -0.89 0.77
0.43 0.47 -0.37 1.3 0.2 -0.71 1.11
0.29 0.55 -0.44 1.54 -0.08 -0.78 0.63
0.61 -0.58 -1.55 0.39 -0.03 -0.64 0.58
-0.07 -0.69 -0.99 -0.39 -0.22 -0.81 0.37
0.6 0.22 -0.18 0.62 -0.79 -1.53 -0.04

Intercept (Bo), pCO,/100 (B;), NH,* (B,), (pCO,/100)*NH, " (B3). *(% day™); "uM O, ¢! FW min™’; UM photon m?s™'; ‘mg ¢! FW; {uM g FW; 414 uM g FW h™; SuM NO, g FW h”

1 h

; "mg ml” g FW; ‘ug mg™' FW.
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Standardized effect size

pCO, NH," pCO, * NH,"
2 1 0 1 2 -2 1 0 1 2 -2 1 0 1 2
RGR days 0 - 52 - heH - A
RGR days 5- 102 - =+ - H—<+—
RGR days 10 - 20° | - - - —{—
Prax [ - B g - e
alpha (a) - H> - >
Ect - HoH - H-o—
Respiration® [ - a4 - Ho—
Chl &'t - He -
NH,* Pools® - - HEH - —a
NO," Pools® - - =
NH,* Uptake' - - - —>—
NO, Uptake’t - - —e—
NRA [ - - H—e—
Protein" - - - el
Carbohydrate" |- - —a— - —a—
Tissue C'[ - H—<— - —o—
Tissue N'[ - ——>— - ——
CNF} - —e— - —o—
8N [ roA L e L e
ABC [ - He - —<—

FIGURE 2

Standardized effect sizes for physiological responses of Ulva lactuca to pCO, and NH4* enrichment. The effect sizes were calculated as the
weighted average of standardized coefficients from each model in the set where the term appears. Error bars are 95% confidence intervals. *(%
day-Y); PuM O, gt FW min™%; “uM photon m™ s™% ®mg g™ FW; uM gt FW; uM gt FW h'% 9uM NO,- g FW h't; "mg ml™ g™ FW; 'ug mg™ FW.

NH,", overall growth rates differed between the two trials
accounting for 90% of the total variance in growth observed.

Photosynthetic parameters

Effects of pCO, and NH," on photosynthetic parameters of
Ulva were markedly different from their effects on growth. Py,
ranged between 3.29 - 13.18 UM O, g”' FW min™" in the ambient
NH," treatments and between 4.25 - 17.44 uM O, g'1 FW min™
in the enriched NH," treatments. pCO, and NH," had similar
magnitudes, but antagonistic, effects on P,,y. Prax declined with
increasing pCO, but increased with increasing NH " (Figure 4A).

The magnitude of the interaction between them was
similarly antagonistic, but variable relative to either predictor
variable alone (Figure 2 and Table 1). Photosynthetic rates
varied little between trials accounting for <7% of the variation.

Light-harvesting efficiency of photosynthesis (alpha (o)) ranged
between 0.03 - 0.34, and also declined a similar magnitude with
increasing pCO, and in response to the interaction between pCO,
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and NH4" (Figure 2 and Table 1). The effect of NH," alone was
much weaker and both NH," and the pCO,*NH," interaction were
weak as a result of large variability. Chlorophyll a concentration
ranged between 0.06 — 044 mg g' FW and shows the same
qualitative patterns as both P, and alpha (o) with respect to
responses to pCO,, NH,", and their interaction. However, the effect
sizes were weak and variable, especially with respect to the effect of
NH," between trials that contributed ~22% of the variation in
chlorophyll a (Table 3). Trial alone typically accounted for 50% of
the variation in chlorophyll a concentrations observed throughout
the experiment. The light saturation intensity, Ej, responded weakly
to pCO, and NH," (Figure 2 and Table 1) with an overall range of
32.73 - 183.89 uM photon m™ s, Much of the variation observed
in Ey was that between the two trials (Table 3).

Respiration was similarly sensitive to pCO, and NH,",
increasing with pCO, and its interaction with NH, and
decreasing with NH," alone (Figure 2 and Table 1), though
those effects were highly variable. Overall respiration was
between 2.18 - 11.56 uM 02 g'' FW min-'. Like
photosynthetic rates, respiration varied little between trials.
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TABLE 2 Weighted, model-averaged estimates of conventional regression coefficients and 95% confidence interval (Cl) for each experimental parameter.

92U312§ BuLIe|y Ul SI213U0

(o)

60" uISID1UOLy

Bo Lower Upper By Lower Upper B2 Lower Upper Bs Lower Upper

95% CI 95% CI 95% CI 95% CI 95% CI 95% CI 95% CI 95% CI
RGR Days 0-5* 29.03 19.39 38.66 -5.55x10"% -5.06x10" 3.95x10% 0.22 -0.11 0.54 5.45x10"% 1.50x10* 9.40x10°*
RGR Days 5-10° 25.83 20.23 31.43 -2.48x10 -7.81x10% 2.85x10 0.02 -0.25 0.29 3.98x10 -1.62x10 9.57x10%*
RGR Days 10-20* 14.35 8.36 20.34 3.36x10% -8.31x10°” 1.50x10* 0.01 -0.53 0.54 1.99x10°* -7.58x10™ 1.16x10*
Proax” 72 321 11.19 -3.48x10°° -6.55x10°" -4.10x10°* 0.2 0.05 0.35 -2.15x10°% -5.56x10™" 1.26x10%*
alpha (o) 0.13 0.05 0.22 -8.72x10°% -1.70x107* -4.48x107°° 1.65x10 -2.23x10°% 0.01 -5.10x107°° -1.39x10°%° 3.66x107°
ES 83.58 41.42 125.74 2.62x10% -1.18x10* 6.41x10% 0.67 -1.09 2.43 2.03x10% -1.95x10 6.00x10%
Respiration” -5.63 -8.41 -2.86 2.46x10% -9.26x10% 5.02x10 -0.09 -0.22 0.03 1.54x107* -1.34x10 4.42x10
Chl a* 0.19 0.06 0.33 -9.28x10% -1.16x10™ 9.75x10°% 3.71x10” -1.96x10 0.01 -2.98x10° -1.80x10" 1.21x10°
NH," Pools® 0.59 0.24 0.94 -2.81x107 -10.531 9.17x10°%° 0.01 -4.37x10°%° 0.03 -2.65x107%° -6.99x107%° 1.70x10%°
NO;™ Pools® 1233 4.42 20.24 -9.94x10" -1.89x10° -9.32x10* 2.78x10% -0.28 0.28 -1.15x10* -8.03x10 5.72x10*
NH," Uptake -0.26 -3.92 34 2.23x10°%° -4.98x10°% 9.45x10™%° 0.42 -0.15 0.98 8.69x10°%° -6.10x107 7.84x10°
NO;™ Uptake’ 3.24 1.37 5.12 -5.81x10 -3.33x10 2.17x10% -0.05 -0.19 0.09 3.55x10* 8.33x10"° 6.27x10*
NRA® 65.11 43.32 86.89 1.05x10%* -3.77x10°% 3.79x10* 0.45 -1.34 2.24 2.74x10% -1.63x10 7.11x10%
Protein” 1.09 -0.02 221 -1.15x10 -1.00x10 7.74x10 0.05 0.02 0.09 4.44x10 -4.70x10° 1.36x107%*
Carbohydrate” 25.44 8.55 42.33 3.73x10% -5.92x10% 1.34x10% -0.16 -1.03 0.7 -1.64x10* -1.35x10 1.02x10°%
Tissue C' 307.13 283.21 331.06 3.16x10 -1.62x10 1.68x10° 0.85 -0.65 2.36 7.00x10* -1.32x10 2.72x10
Tissue N* 22.52 8.94 36.09 -2.94x10% -1.34x10 7.51x10* 0.66 -0.51 1.82 3.11x10* -1.09x10 1.72x10°%
CN 15.32 8.18 22.46 2.63x10 -1.72x10 6.97x10? -0.31 -0.83 0.22 -1.04x10™ -6.18x10 4.09x10
3N -0.54 -0.65 -0.42 4.92x10°% -6.78x10°% 1.66x10* 2.74x10% -3.14x10 0.01 -1.18x10* -2.29x10°% -6.50x10""7
AC 3.68 3.38 3.97 -3.03x10* -5.44x10%* -6.26x10* -0.03 -0.04 -0.01 -6.58x10% -3.53x10* 2.22x10%

Intercept (Bo), pCO, (By), NH,* (B,), pCO*NH,* (B3). *(% day™); bpM 0, ¢! FW min™'; ‘UM photon m2s? dmg ¢! FW; ‘uM g FW; f},LM ¢ FWh'; suM NO, g' FW h'; hmg ml' g FW; ip,lg mg' FW.
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FIGURE 3

Modeled relative growth rates for Ulva lactuca over time based on responses to pCO, and NH,4" treatments in laboratory experiments. (A) Days
0-5 (B) Days 5-10 (C) Days 10-20. The linear expression y=Bo+(B1*x1)+(B2*x2)+(Bs*(x1*x2)), where x; = pCO, and x, = NH,*, was used to fit

model surface with conventional regression coefficients using weighted model-averaging (see Table 2). Overlaying the modeled mesh plots are
the RGRs (% day™) from each trial where trial 1 is represented by circles and trial 2 is represented by triangles.

Nitrogen metabolism: NH;" and NO3”

NH," g FW in the ambient NH4+ treatments and between
pools

0.12 - 1.65 mg NH," ¢! FW in the enriched NH," treatments. In
contrast, NO;™ pools were unaffected by NH," concentration
(Figures 2, 5A, B), with an overall range of 0.00 - 22.07 mg NO5’
g FW. Both NH," and NOj;™ pools declined with increasing

As expected, NH," pools positively covaried with NH,*
concentration. NH," pools ranged between 0.22 - 1.15 mg
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FIGURE 4

Modeled physiological responses for Ulva lactuca based on responses to pCO, and NH," treatments in laboratory experiments. (A) Py (B)
AC (C) Soluble protein concentrations and (D) 8*°N. The linear expression y=Bo+(B1*x)+(Bo*xo)+(Bs*(X1*x,)), where x; = pCO, and x, = NH,*,
was used to fit model surface with conventional regression coefficients using weighted model-averaging (see Table 2). Overlaying the modeled
mesh plots are the date from each trial where trial 1 is represented by circles and trial 2 is represented by triangles.
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Modeled physiological responses for Ulva lactuca based on responses to pCO, and NH," treatments in laboratory experiments. (A) NH,* pools
(B) NO3™ pools rates (C) in situ NH4™ uptake and (D) in situ NOs™ uptake rates. The linear expression y=Bo+(B1*x1)+(B2*x2)+(Bs*(x1*x2)), where

x1 = pCO, and x, = NH,4*, was used to fit model surface with conventional regression coefficients using weighted model-averaging (see

Table 2). Overlaying the modeled mesh plots are the date from each trial where trial 1 is represented by circles and trial 2 is represented by

triangles

pCO, and its interaction with NH,", though the variability in
both cases was high (Table 1). The effect of pCO, alone on NO;
pools was more than double its effect on NH,* pools (-0.74 vs.
-0.32). The patterns suggest that OA may stimulate N
assimilation in Ulva lactuca, which could result in a reduction
of intracellular N storage. Overall, NH," pools were less
concentrated in Ulva lactuca than NO;™ pools.

NH,4* and NO3™ uptake rates

As predicted, uptake of NH," increases in response to
increasing NH,", pCO, and their interaction, though
estimated effect sizes are highly variable (Figure 2).
Concentration of NH," showed the strongest effect (0.50)
more than twice that of the pCO,*NH," interaction and
nearly 4-fold that of pCO, alone (Figure 2 and Table 1). NH,"
uptake rates ranged between -0.74 - 5.34 uM NH," ¢! FW h™ in
the ambient NH," treatments and between -2.18 - 22.75 uM
NH," g' FW h'! in the enriched NH," treatments. In the two

Frontiers in Marine Science

12

best models, NH," uptake rate varied between trials (i.e, acted as
a random effect), contributing 33.92 - 35.09% of the variation in
in vivo NH," uptake rates. The plot of the data points about the
predicted steep response surface derived from the conventional
regression illustrates the pattern of a potentially strong, yet
highly variable, positive effect on in situ NH," uptake
rates (Figure 5C).

Neither pCO, nor NH," affected in situ NO;™ uptake rates
individually, yet they synergistically combined to yield a
relatively large positive interaction (Bsgq = 1.13, 95% CI =
0.27 - 2.00) (Table 1 and Figure 2). The overall range of NO5
uptake rates was between -0.96 - 6.80 uM NO; g FW h™".
However, models including the interaction were weakly
supported relative to the null model (®; = 0.65) and the
highest ranking model with the interaction had a AAIC. =
7.05 (not included on Table 3), so this result should be
regarded with caution. Furthermore, 100% of the variance
was due to random error in the best-supported model.
Likewise, there were neither effects of pCO,, NH,", nor their
interaction on NRA (ranging between 22.78 - 155.47 um NO,’
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TABLE 3 Summary of most supported models (AAIC. < 3) and variance components.
Variance Components (%)

Best Models K AIC. AAIC. W; ER Trial NH," pCO, NH,"
XPC02

RGR days 0-5 (% day'l)

NH,*+(NH,"|Trial) 6 33.27 0 0.40 1 89.87 5.96
NH,*+(NH,"||Trial) 5 34.73 1.46 0.19 2.11 90.04 5.52
pCO,+NH, "+ pCO,*NH, " +(1|Trial) 6 35.50 223 013 3.08 94.62
NH,"+(1|Trial) 4 35.67 2.40 012 333 92.41

RGR days 5-10 (% day™)

1+(1|Trial) 3 58.51 0 0.56 1 54.42
pCO,+(1|Trial) 4 60.91 2.40 0.17 3.29 47.88

RGR days 10-20 (% day™)

1+(1|Trial) 3 56.55 0 0.55 1 61.89

Poax (UM O, g FW min™)

pCO,+NH,"+(1|Trial) 5 59.67 0 0.40 1 0
NH,"+(1|Trial) 4 60.67 1.00 0.24 1.67 7.42
pCO,+NH, "+ pCO,*NH, *+(1|Trial) 6 62.38 2.70 0.10 4.00 0
pCO,+(1|Trial) 4 62.43 2.76 0.10 4.00 0

alpha (o)

1+(1|Trial) 3 63.23 0 0.39 1 0
pCO,+(1|Trial) 4 63.63 0.39 032 122 29.48
NH,"+(1|Trial) 4 65.80 2.57 0.11 3.55 0.81

Ey (umol photon m?Zs?)

1+(1|Trial) 3 60.07 0 0.50 1 46.68
pCO,+(1|Trial) 4 61.70 1.64 022 227 60.49
NH,*+(1|Trial) 4 62.66 2.60 0.14 3.57 43.92
Respiration (uM O, g FW min™)

pCO,+(1|Trial) 4 63.11 0 0.29 1 131

1+(1|Trial) 3 63.23 0.12 0.28 1.04 0
NH,*+(1|Trial) 4 64.28 1.16 0.16 1.81 0
pCO,+NH,*+(1|Trial) 5 64.59 1.48 014 207 8.21

Chl a (mg g FW)

1+(1|Trial) 3 58.70 0 0.32 1.00 53.60
NH,"+(1|Trial) 4 59.43 0.73 022 145 51.91
NH,*+(NH,"||Trial) 5 60.89 2.19 0.11 291 47.70 21.80
NH,"+(NH, | Trial) 6 61.04 233 010 320 48.10 23.72
pCO,+NH,*+pCO,*NH,*+(pCO,*NH, || Trial) 7 61.68 298 007 457 3106 51.71
NH," pools (uM g FW)

1+(1|Trial) 3 63.20 0 0.41 1 13.53
NH,*+(1|Trial) 4 64.43 1.23 0.22 1.86 20.63
pCO,+(1|Trial) 4 65.02 1.82 0.17 2.41 35.95
pCO,+NH,"+(1|Trial) 5 66.08 2.88 0.10 0.24 43.95

NO;™ pools (UM g FW)

pCO,+(pCO,||Trial) 5 5543 0 051 1 0.11 69.45
pCO,+(1|Trial) 4 56.79 1.36 026 196 27.83

NH,* uptake rates (uM g FW h")

NH,"+(NH,*|Trial) 6 56.69 0 0.35 1 4297 35.09
NH,*+(NH,"||Trial) 5 57.07 0.38 0.29 1.21 42.34 33.92
NH,"+(1|Trial) 4 57.98 129 018 194 49.07
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4.44
5.38
7.59

45.52
52.12

38.11

100
92.58
100
100

100
70.52
99.19

53.32
39.51
56.08

98.69
100
100

91.79

46.40
48.09
30.50
28.18
17.23

86.47
79.37
64.05
56.05

30.44
72.17

21.93

23.75
50.93

(Continued)
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TABLE 3 Continued

Best Models K AIC. AAIC,
1+(1|Trial) 3 59.22 2.53
NO;™ uptake rates (UM g FW h')

1+(1|Trial) 3 52.37 0
NRA (UM NO, g FW h'")

1+(1|Trial) 3 63.23 0
NH,"+(1|Trial) 4 6616 292
Soluble protein (mg ml™ g FW)

NH,"+(1|Trial) 4 54.08 0
Soluble carbohydrate (mg ml" g FW)

NH,"+(NH, | Trial) 6 5528 0
1+(1|Trial) 3 5660 1.32
NH,*+(NH,*|| Trial) 5 5661 1.33
Tissue C (ug mg" FW)

NH,"+(NH,*|| Trial) 5 5781 0
NH,"+(NH,"|Trial) 6 58.00 0.20
Tissue N (ug mg™” FW)

NH,*+(NH,*|| Trial) 5 5215 0
C:N

NH,*+(NH,*|| Trial) 5 5046 0
NH,*+(NH,*|Trial) 6 5192 0.31
8N (%)

pCO,+NH, " +(1|Trial) 5 51.40 0
NH,*+(1|Trial) 4 52.59 1.18
A”C

1+(1|Trial) 3 61.56 0
NH,"+(1|Trial) 4 63.53 1.97
pCO,+(1|Trial) 4 64.14 2.58

10.3389/fmars.2022.980657

Variance Components (%)

W; ER Trial NH,* pCO, NH," €
XPC02

010 350 3371 66.29
0.65 1 0 100
0.64 1 0 100
015 427 0 100
0.62 1 59.48 4052
042 1 52.22 31.30 16.48
022 191 6172 38.28
022 191 5256 29.96 17.48
0.45 1 16.93 55.42 27.65
041 110 18.89 55.52 25.59
0.86 1 0 76.27 23.73
0.63 1 413 75.64 20.23
031 203 6.06 75.14 18.79
0.50 1 31.73 68.27
028 179 4801 51.99
0.51 1 36.48 63.52
019 268 3319 66.81
014 364 4773 5227

Number of parameters (K), Akaike Information Criterion corrected (AICc), AIC; — AICcmin (AAICc), model weight (W), and evidence ratio (ER).

g FW) and the null model was the best model with similar
support (®; = 0.64) (Table 3 and Figure 2).

Soluble protein and carbohydrates

Soluble protein concentrations increased with NH," (Bogq =
0.44, 95% CI = 0.14 - 0.74) showing a strong effect that was more
than 10-fold that of pCO, and 1.5-fold that of their interaction
(Tables 2, 3 and Figures 2, 4C). Soluble protein concentrations
ranged between 0.13 - 2.62 mg/ml g' FW in the ambient NH,"
treatments and between 0.32 — 3.56 mg/ml g"' FW in the enriched
NH," treatments. The random effect of trial contributed 59.48% of
the variation in the data for protein concentrations (Table 3).

Carbohydrate concentrations ranged from 10.45 — 46.99 mg/
ml g' FW. NH," had a variable, but weakly negative effect on
soluble carbohydrate concentrations among trials (Bysq = -0.14,
95% CI = -0.23 - 0.52) (Table 1). NH," appeared in two of the
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three best models (best and third best models; Ywi = 0.64)
estimating soluble carbohydrate concentrations, and its effect
varied approximately 30% among trials (Table 3).

Tissue carbon and nitrogen

NH," was the best predictor for tissue C (ranging between
287.15 - 340.01 ug C mg™' DW), tissue N (ranging between 12.17
- 50.58 ug N mg' DW), and C:N ratios (ranging between 6.36 —
23.66) and its effects were relatively large but were associated
with high variability (B,sq = 0.47, 95% CI = -0.37 - 1.30, Bogq =
0.55, 95% CI = -0.44 — 1.54, and Byq = -0.58, 95% CI = -1.55 —
0.39, respectively) (Tables 1, 2, and Figure 2). NH," acting as a
random effect contributed ~55% of the variance in tissue C,
76.27% of the variance in tissue N and ~75% of the variance in
the C:N ratio across trials. In contrast, standardized coefficients
for pCO, and pCO,*NH," were near zero and variable.
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CCM activity: Carbon and nitrogen
stable isotopes

8N ranged between 2.71 - 4.10 and was significantly reduced
with elevated pCO, or NH," (B15g=-0.36, 95% CI = -0.64 - -0.07
and Pasa=-0.69, 95% CI = -0.99 - -0.39), in an additive fashion (i.e.,
no interaction between them; Table 1 and Figure 4D). 8'°N values
were twice as sensitive to NH," than pCO,.The best supported
model included both pCO, and NH," (®; = 0.50) (Table 3). There
was little change in discrimination, ABC, by U. lactuca due to either
pCO, or NH,*, independently, but together they reduced A"°C
(Basta= -0.79, 95% CI = -1.53 - -0.04) (Figure 2). The overall range
of AC was -0.78 - -0.32. Discrimination values varied by 33-50%
between trials. The best supported model for A™C was the
intercept-only model (@; = 0.51) and other candidate models
implied pCO, or NH," act independently.

Summary

The most strongly supported results were the positive
interaction between pCO, and NH," on growth rate between
days 0 and 5 (Figure 3A), the positive effect of NH," on protein
concentrations (Figure 4C) and P, (Figure 4A), the negative
effect of NH," on 8"°N (Figure 4D), and the negative effect of
pCO, on P, (Figure 4A), o (Figure 2), and S1°N (Figure 5D).
In other cases, there was less certainty such as when the effect
size was significant for a parameter, but the parameter was not
included in the best model set. This occurred with the interactive
effect of pCO, and NH," on NO; uptake rates and A’C
(Figure 2 and Table 3). These effects warrant further
investigation. The variance components in the best model sets
show that for some parameters, such as RGRs, a relatively high
proportion of the variability could be attributed to differences
among trials. This indicates there may be temporal variability in
the response due to differences in the physiological states of the
algae which could be caused by natural environmental factors
including changes in temperature, light, and nutrients.

Discussion

This research contributes to the developing understanding of
the effects of OA and nutrient pollution on the growth of bloom
forming seaweeds, Ulva spp. and provides insight into the
physiology driving growth patterns. Ocean acidification and
eutrophication (pCO, and NH,") interacted to increase Ulva
growth rate during the initial period of the experiment on days
0-5, but growth decreased, and the interaction weakened during
the proceeding growth periods. While the physiological
parameters measured at the end of the experiment may not
fully explain mechanisms that increased growth at the beginning
of the experiment, they do provide insight into how OA affects
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photosynthetic processes and nitrogen metabolism. Possible
mechanisms for the synergistic effect of OA and NH,"
enrichment on growth during days 0-5 include increased NO5
metabolism, changes in intracellular N storage and assimilation,
and the downregulation of CCMs.

We found that the main factors, pCO, and NH," did not
affect the RGR throughout the experiment. Similar results have
been reported in a variety of macroalgal species from tropical
and temperate environments, including Ulva (Israel and Hophy,
2002; Bender-Champ et al., 2017; Reidenbach et al., 2017). Ulva
spp. are an opportunistic algal species (Littler and Littler, 1980)
and typically demonstrate higher growth rates with nitrogen
enrichment (Fong et al, 2004), but the nutrient history of
macroalgae can alter this response (Fujita, 1985; Naldi and
Viaroli, 2002; Fong et al., 2003; Kennison et al., 2011). For
example, the growth rate of U. lactuca in response to NO3™ or
NH," enrichment was greater, relative to control treatments,
from sites with relatively low DIN in the water column when
compared to algae from eutrophic sites (Teichberg et al., 2008).
The U. lactuca in this study were collected from a eutrophic
environment and kept under nutrient enriched conditions prior
to the experiment, possibly dampening their response to further
nutrient addition.

The response of photosynthesis to OA may be context-
dependent and high light intensity has been observed to inhibit
photosynthesis with increased pCO, in Ulva spp. (Xu and Gao,
20125 Gao et al, 2016; Gao et al, 2018) and in microalgae (Gao
etal, 2012). Gao et al. (2016) found a negative interactive effect on
Puax in U. linza under high-light (600 pumol photons m? ) and
high pCO, conditions. Photoprotective processes, such as an
increase in non-photosynthetic quenching (NPQ), and a decrease
in reliance on CCMs and under high-light and high pCO,
conditions, led to a decreased P, in U. linza and increased
sensitivity to light under high pCO, conditions (Gao et al., 2016).
A reduction in photosynthetic efficiency (o) and maximum
quantum vyield (F,/F,) under high pCO, conditions were
observed under high solar irradiation at noon in outdoor
mesocosms in U. rigida, but only when nitrogen was limiting
(Figueroa et al, 2020). In the present study, under high light
conditions (500 pumol photons m?sh, increasing pCO, reduced
P maxw demonstrating that pCO, can negatively affect photosynthetic
performance under certain conditions.

Increased pCO, levels and low-light intensities are two
processes that can result in a down-regulation or loss of CCMs
(Hepburn et al., 2011; Raven et al., 2011; Cornwall et al., 2012;
Dudgeon and Kiibler, 2020). Hepburn et al. (2011) found that
conspecific macroalgal species grown in low-light habitats had a
higher reliance on CO, diffusion than those grown at high-light
habitats suggesting that under high-light intensities CCMs are
necessary for keeping up with demand for inorganic carbon for
photosynthesis. In our experiment, there was no indication of
alterations in CCMs as indicated by A'>C with pCO, alone and
this could be due to the high-light intensity used in this
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experiment. Therefore, the mechanisms underlying the decrease
in P and o under OA in our experiment are uncertain but
may be related to increased sensitivity to light under high
pCO, conditions.

In our experiment, NH," enrichment resulted in a down-
regulation of CCMs at high pCO, (Figure 4B), which may have
supported nitrogen assimilation. 8'°N decreased under NH,"
enrichment reflecting the stable isotope signature of the NH,Cl
used to enrich the medium, which was incorporated into algal
tissue with growth (Figure 4D). 8'°N also decreased with
increasing pCO, suggesting integration of NH," incorporation
with increasing pCO,. NH," enrichment significantly increased
protein concentrations (Figure 4C), without strong effects on
internal inorganic N pools or uptake rates. This suggests that the
increase in protein concentrations (due to increased N
assimilation) may have occurred during the initial period of
the study (days 0-5) when growth rate was the highest.

NOj;™ pools in plants indicate the occurrence of a surplus of
inorganic N that has yet to be reduced to organic N, so a
reduction in NOj;™ pools with higher pCO, may indicate that
pCO, increased nitrogen assimilation into proteins and amino
acids (Figure 5B) (Stitt and Krapp, 1999). This effect has been
reported with Pyropia haitanensis (Liu and Zou, 2015), Ulva
rigida (Gordillo et al., 2001), and the seagrass Zostera noltii
(Alexandre et al., 2012). In this experiment, pCO, had a
relatively stronger effect on NO5™ pools than NH," pools.

There was a strong positive interaction between pCO, and
NH," on NO; ™ uptake rates (Figure 5D), indicating a stronger
response of NO;™ metabolism to pCO, compared to NH,"
metabolism (Figure 5C). While NH," is typically known to
suppress NO;™ assimilation in macroalgae, including Ulva
(McGlathery et al., 1996; Cohen and Fong, 2004; Ale et al,
2011), there was a positive, but weak interactive effect on NRA
(Figure 2). This, coupled to increased carbon availability, may
lead to downstream increases in NO; uptake as seen here,
despite NH," possibly dampening this effect. Alternatively, the
availability of NOj3™ in the PES media may have caused a
preference for NO5™ uptake (Fan et al., 2014) and the energetic
requirement for NO3™ assimilation could be more easily met with
enhanced CO,. More researched is needed to understand how
OA affects nutrient uptake and storage preferences in algae.
Increased NH," and pCO, stimulating the energetic process of
NO;™ metabolism would lead to increased growth as seen in days
0-5 (Turpin, 1991).

Short term effects of nitrogenous nutrient and pCO,
enrichment were also observed in much higher density, batch
cultures of Ulva rigida (Figueroa et al., 2021). For several reasons,
the results of that study and this are not directly comparable,
though some coincident patterns are of interest. NO;™ uptake is an
active process, requiring energetic cost, unlike NH," uptake.
Speciation of NH," is dependent on pH over the near future
expected pH range, making it more biologically available as the
pH decreases, a direct chemical synergy between increasing NH,"
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and pCO, which would not occur between increasing NO3™ and
pCO,. The relative magnitudes of changes in Pmax observed in
the two studies, in response to changing CO, and N addition were
different which is not unexpected as the differences in range of
CO, partial pressures in the two studies differed as well as the
nitrogen sources used. Figueroa et al. (2021) compared two pCO,
levels, 380 and 700 ppm, whereas this study used a range from 190
to nearly 1400 ppm. Our response surface shows a weak negative
slope with increasing pCO, and a pronounced decline in
photosynthetic rate at pCO, levels > 1000 ppm. Figueroa et al.
(2021) also observed that photosynthetic rates were reduced at
high pCO, compared to low pCO; in their low [NO5] treatments.
Photosynthetic rate was much more sensitive to [NH,*] than
pCO,, increasing rapidly with increasing nitrogen availability, as
in Figueroa et al. (2021) for added NO5". Both studies showed an
antagonistic relationship between pCO, and their respective
nitrogen source concentrations. The strength of response to
increasing NH," was far greater than that to nitrate and pCO,.
It has been previously shown that the effect of warming is also
generally greater than the effect of increasing pCO, on Ulva sp.
(Dudgeon and Kiibler, 2020).

OA and nutrient enrichment are global phenomena and may
increase the likelihood of bloom initiation in Ulva by accelerating
the growth rate during the earliest stages with the potential to cause
protracted blooms under certain environmental conditions. At the
population level, the continual turnover of algae could maintain
the bloom. For example, in a sheltered bay or shallow coastal area a
bloom would be self-limiting due to high growth and nutrient
uptake rates, self-shading, and the creation of anoxic zones within a
dense algal mat (Bartoli et al., 2005). The subsequent decline in the
physiological state of the algae and their release of labile organic
compounds could provide an endogenous source of nutrients
available to reinitiate and maintain the bloom. Large scale
population studies would be required to better understand
nutrient regeneration within an active bloom under OA. Data
from this experiment used algae from one of the most eutrophic
coastal areas in the world and may be applicable to other systems
that already experience chronic mild to severe nutrient enrichment
and green tide blooms. Records of macroalgal blooms began
increasing worldwide in the 1960s and 1970s with increased
development of industry, agriculture, and urbanization that
contribute to increased nitrogen loading in coastal waters
(Morand and Briand, 1996; Paerl, 1997). Ulva blooms can have
dramatic impacts on coastal ecosystems due to their substantial
biomass including the uptake of nutrients and dissolved gasses,
large variations in seawater pH due to CO, uptake during
photosynthesis and CO, production during respiration at night,
the release of harmful chemicals, and creating hypoxic zones
during decomposition (Van Alstyne et al., 2015; Zhang et al,
2019). Green tide blooms can result in great economic losses in
aquaculture, tourism, and in clean-up efforts (Ye et al., 2011).

Green macroalgal blooms are common on southern
Californian coasts where nutrient enrichment is high due to
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dense human populations (Kennison and Fong, 2014). The
results of this experiment show that with respect to growth,
there are short-term, positive interactive effects of pCO, and
NH," enrichment during short-term exposure. After 5 days
there was no interaction and OA did not benefit U. lactuca in
terms of growth rate. Increased pCO, under experimental high-
light intensities was found to be detrimental to maximum
photosynthetic rates. U. lactuca may be sensitive to high-light
intensities under OA, but in a bloom scenario self-shading may
mitigate this sensitivity.

From an ecosystem management perspective, the interaction
of OA and nutrient enrichment on the RGRs on days 0-5 are of
critical importance, as this suggests that bloom initiation and
intensity may be more severe under OA. Understanding the
mechanistic and physiological processes that ultimately cause
changes in growth rates provides insight that can allow for the
basis of comparison across species and ecosystems, as well as a
platform for developing hypotheses for future experiments.
Understanding the links between carbon and nitrogen
metabolism with OA can provide useful information for
interdisciplinary research involving the use of macroalgae in
aquaculture for removing nutrients and possibly CO, from
coastal ecosystems.
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