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ABSTRACT: Seagrasses account for approximately 10 % of the total carbon stored in the ocean,
although photosynthesis of seagrasses is carbon-limited at present oceanic pH levels. Therefore,
increasing atmospheric CO, concentration, which results in ocean acidification/carbonation, is
predicted to have a positive impact on seagrass productivity. Previous studies have confirmed the
positive influence of increasing CO, on photosynthesis and survival of the temperate eelgrass
Zostera marina, but the acclimation of photoprotective mechanisms in this context has not been
characterized. We aimed to quantify the long-term impacts of ocean acidification on photochemi-
cal control mechanisms that promote photosynthesis while simultaneously protecting eelgrass from
photodamage. Eelgrass were grown in controlled outdoor aquaria at different aqueous CO, con-
centrations ranging from ~50 to ~2100 pM from May 2013 to October 2014 and examined for dif-
ferences in leaf optical properties. Even with daily and seasonal variations of temperature and
light, CO, enrichment consistently increased plant size, leaf thickness and chlorophyll use effi-
ciency, and decreased pigment content and the package effect while maintaining similar light-
harvesting efficiency. These acclimation responses suggest that a common photosynthetic sensory
function, such as redox regulation, can be manipulated by CO, availability, as well as light, and
may serve to optimize photosynthetic carbon gain by seagrasses into the Anthropocene.
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1. INTRODUCTION

The oceans take up nearly one-third of anthropo-
genic carbon emitted to the atmosphere each year,
thereby reducing the rate of climate warming across
the globe. This ocean uptake, however, reduces ocean
pH and alters fundamental chemical balances in a
process called ocean acidification, which is likely to
have both positive and negative impacts on marine
organisms (Doney et al. 2009). Although terrestrial
photosynthesis is predicted to benefit from rising CO,,
at least in the short term, photosynthesis of most mar-
ine autotrophs is not limited by CO, availability. Pho-
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tosynthetic rates of ecologically important seagrasses
(marine angiosperms) have been shown to benefit sig-
nificantly from an acidified ocean, and may increase
the ability of seagrasses to tolerate a warming ocean
climate (Zimmerman et al. 2017, Zimmerman 2021).

Elevated CO, environments can produce changes
in leaf morphology, stomatal conductance and pro-
tein content of terrestrial plants that gradually erode
the initial photosynthetic stimulation over time in a
process known as photosynthetic acclimation (Li et
al. 2013). Nonetheless, leaf size, sugar content and
structure of the photosynthetic apparatus of terres-
trial plants, including leaf pigment and Rubisco con-
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tent, appear to be more sensitive to irradiance (i.e.
classic photoacclimation) than to CO, (Hubbart et al.
2013). However, light can induce stress whenever
the photon flux harvested by Photosystem II (PS II)
exceeds the electron transport capacity of Photosys-
tem I (PS I) and/or the supply of CO, to the Calvin
Cycle, which processes that energy into carbohy-
drates. Such conditions can occur either with in-
creasing irradiance or decreasing photosynthesis in
response to other environmental factors, including
temperature and CO, availability (Demmig-Adams &
Adams 1992, Pfannschmidt et al. 2009).

Whenever light energy absorption exceeds the
photochemical utilization through photosynthesis, the
excess energy must be dissipated through photo-
protective mechanisms, such as thermal dissipation
and alternative electron flow, to prevent damage
to the photosynthetic unit. These flexible and fast-
responding photoprotective mechanisms allow plants
to cope with fluctuating light environments on time
scales of minutes, but prolonged stress can trigger
acclimation responses that modify the photosynthetic
machinery via changes in gene expression and pro-
tein synthesis (Eberhard et al. 2008). Acclimation to
high light includes changes in pigment concentration
that (1) decrease the optical cross section of PSII, (2)
increase the abundance of PS II reaction centers,
electron transport carriers and Rubisco that may
increase the capacity for light-saturated photosyn-
thesis (Walters 2005) and/or (3) increase the capacity
of alternative electron transport reactions in which
electron acceptors other than CO, become important,
such as O, leading to photorespiration and/or the
Mehler reaction (Niyogi 2000). All of these pathways
increase the trans-thylakoid pH gradient within the
chloroplast that triggers thermal energy dissipation
via the xanthophyll cycle (Demmig-Adams & Adams
1992). For this reason, high light-acclimated plants
typically have larger pools of xanthophyll cycle com-
ponents (i.e. more carotenoids) to dissipate excess
photosynthetic energy.

Relative to other marine photoautotrophs, sea-
grasses have high light requirements for survival
(Duarte 1991, Lee et al. 2007) that are partially ex-
plained by the metabolic demand of fully functional
roots and rhizomes that depend on leaf photosynthe-
sis for reduced carbon (Smith et al. 1988, Zimmerman
et al. 1989). However, the relatively weak ability to
extract dissolved inorganic carbon from seawater for
photosynthesis significantly reduces the ability of
these plants to meet their daily metabolic balance
(Zimmerman et al. 1997) and limits annual rates of
primary productivity and reproductive potential (Pa-

lacios & Zimmerman 2007, Zimmerman et al. 2017).
The need for long daily periods of light-saturated
photosynthesis results in high light requirements for
seagrass survival, restricting their distribution to shal-
low depths and potentially stressful high light envi-
ronments (Zimmerman et al. 2015, 2017). Seagrasses
distributed in these shallow estuarine regions often
experience highly dynamic light fields resulting from
algae blooms, sediment plumes and tidal variations
in water depth and wave action that require a means
of photoprotection when excessive light variations
become a stress factor, especially under low CO, con-
centrations (Ralph et al. 2002, Buapet et al. 2017,
Schubert et al. 2018).

Although seagrass photosynthesis is carbon-limited
in the modern ocean, seagrass leaves are nearly as
efficient as CO,-replete algae in terms of light har-
vesting (Cummings & Zimmerman 2003). This light-
harvesting efficiency results from the presence of
chloroplasts in the epidermal cell layer, while the
inner mesophyll layer contains non-pigmented cells
and lacunar spaces that maintain leaf buoyancy and
transport O, to belowground tissues, and probably
facilitate the scattering of light within the leaf that
ultimately enhances absorption by the photosyn-
thetic pigments. Adjustments of the primary photo-
synthetic pigment content in seagrasses allow some
capacity for photoacclimation, but the utility of this
strategy to compensate for low light availability is
limited by the package effect, a result of pigment self-
shading in the chloroplast (Cummings & Zimmerman
2003). Accessory carotenoid pigments present in sea-
grasses serve photoprotection purposes via the xan-
thophyll cycle (Ralph et al. 2002).

Seagrasses respond to changes in environmental
conditions on a variety of temporal and spatial scales
(Orth et al. 2006a, Koch et al. 2009). Most recently,
seagrasses have been subjected to persistent changes
in habitat quality resulting from eutrophication, cli-
mate warming and ocean acidification. Eutrophi-
cation reduces the light quantity and quality in the
water column, and alters sediment biogeochemistry
in ways that can limit seagrass growth (Burkholder et
al. 2007). Although climate warming is projected to
negatively affect seagrasses, particularly those grow-
ing near their equatorial distribution limits (Moore &
Jarvis 2008, Moore et al. 2012), increasing CO, avail-
ability resulting from ocean carbonation (ocean acid-
ification) may enhance photosynthetic carbon gain
and offset the negative impact of a warming climate
(Zimmerman et al. 2017). Zimmerman et al. (2017)
demonstrated that CO, enrichment of the surround-
ing seawater quantitatively enhanced the ability of
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eelgrass Zostera marina L. growing near the southern
limit of its geographic distribution on the east coast of
North America to tolerate stressful summer water
temperatures. In addition to increasing plant sur-
vival, enhanced CO, availability increased overall
plant size, absolute growth rates, accumulation of
sugar reserves, vegetative reproduction and flower-
ing. These findings demonstrated that CO, avail-
ability can moderate metabolic carbon balance and
thermal tolerance that affect vegetative survival and
reproductive success that ultimately influence the
distribution and abundance of eelgrass in nature. Yet,
the underlying photoacclimation mechanisms that
modulate the observed whole plant responses have
not been fully elucidated.

The specific objectives of the present study were to
(1) quantify the time-course of photosynthetic accli-
mation of eelgrass to elevated CO, concentrations in
the context of ambient variations in light availability
and water temperature, and (2) link the changes in
light harvesting to the photosynthetic capacity and
eventually to eelgrass performance in terms of growth
and survival in a changing climate. We hypothesized
that the survival, and inevitably, the depth distribu-
tion of eelgrass rely on photon use efficiency rather
than photon capture efficiency in carbon-limited
coastal ecosystems.

2. MATERIALS AND METHODS
2.1. Experimental facility

This experiment was conducted in an outdoor
aquatic climate research facility on the shore of Owls
Creek at the Virginia Aquarium, Virginia Beach, VA,
USA. Owls creek is a small polyhaline estuary lo-
cated near the southern limit of eelgrass distribution
on the Virginia coast just south of the Chesapeake
Bay. Salinity fluctuates from 20 to 30 as a function
of tidal exchange with the adjacent waters of the
Mid-Atlantic Bight and local storm runoff from the
small coastal watershed (Sisson et al. 2010). Concen-
trations of dissolved inorganic nutrients (N 210 pM, P
?1 pM) are consistently higher than the concentra-
tions required to saturate eelgrass growth based on
previous work by Zimmerman et al. (1987).

Natural water from Owls Creek was pumped con-
tinuously into a 70 m® head tank and gravity-fed into
the bottom of 20 fiberglass open-top aquaria (3 m?
each) at one end of each aquarium. An overflow
standpipe at the opposite end of each aquarium pro-
vided drainage and kept the water depth at 1 m. The

continuous flow system provided a volume turnover
rate of 10 d~!in each aquarium. All aquaria were cov-
ered with a single layer of neutral density plastic
window screen that reduced the incident irradiance
by 40% to simulate their natural environment and
protect the leaves from photodamage. These screens
were removed during February and March 2014 to
prevent snow accumulation. All aquaria were bub-
bled with compressed air delivered through 2 m
lengths of Pentair Bio-Weave diffuser hose to en-
hance turbulent mixing and reduce boundary layer
limitation of leaf metabolism.

Beverage-grade CO, was injected from a cryogenic
storage tank into the diffuser hoses through sole-
noid valves operated by pH controllers (Eutech Alpha
pH 190) poised at a gradient of pH values (4 aquaria
at each pH) ranging from ambient (no CO, addition,
pH ?7.7, [COyaq] 250 uM) to pH 6.0 ([CO4(yq)] 22100
pM). pH electrodes were calibrated weekly using
National Bureau of Standards (NBS) buffers. This
system provided excellent separation of the CO,
treatments throughout the course of the experiment
(Zimmerman et al. 2017). The alkalinity of water
samples collected periodically from the aquaria was
determined by automatic titration (Gieskes & Rogers
1973) and regressed against salinity (r? = 0.86) to pro-
vide a relationship by which alkalinity could be esti-
mated from continuously measured salinity during
the experiment. Speciation of dissolved inorganic car-
bon for each aquarium was calculated from measured
values of temperature, pH and salinity/alkalinity
using CO2SYS version 1.1 (van Heuven et al. 2011).
Although pH values below 7.5 exceed the range of
ocean acidification predicted by the Intergovern-
mental Panel on Climate Change through the end of
the 21 century, estuarine systems experience a
much wider and more temporally variable range in
pH/CO, than the open ocean, incorporating much
of the experimental range used here (Duarte et al.
2013, Waldbusser & Salisbury 2014, Ruesink et al.
2015). Further, this range provides a useful gradient
in CO, availability required to determine functional
responses (slopes and intercepts) necessary for pre-
dicting the future performance of eelgrass in a high
CO, world.

The aquaria were exposed to daily and seasonal
fluctuations of ambient temperature, irradiance and
salinity. The temperature was measured in each
aquarium using Omega 44005 precision thermistors
and custom voltage divider circuits calibrated to a
precision of 0.1°C. Sunlight was measured as photo-
synthetically active radiation (PAR, in air) using a
factory-calibrated LI-COR LI190sb plane irradi-



114 Mar Ecol Prog Ser 671: 111-128, 2021

ance sensor (umol photons m=2 s7!) placed 3 m above
the aquaria. Salinity was measured using a factory-
calibrated SeaBird SBE-37 MicroCAT placed in one
of the aquaria. All instrument readings were aver-
aged for 1 min and recorded at 10 min intervals using
a National Instruments data acquisition system con-
trolled by custom software written in LabView run-
ning under Windows XP. Aquaria, electronic sensors
and plants were cleaned weekly to control biofilm
accumulation.

The instantaneous in-air PAR measures were in-
tegrated to calculate the daily total flux (mol quanta
m~2 d™!) of screen-corrected surface irradiance. Addi-
tionally, the daily periods of irradiance-saturated pho-
tosynthesis (Hy,), representing the number of hours
per day when instantaneous irradiance exceeded the
photosynthesis-saturating irradiance (Ey_aquaria) Values
of ~100 and ~400 pmol quanta m~2 s~!, were calculated
for ambient and CO,-enriched tanks, respectively.
These aquaria Ej values were estimated by applying
geometrical correction on precise laboratory meas-
urements of photosynthesis versus irradiance (Epag)
response curves of eelgrass leaves for leaf orientation
and the angular distribution of submarine irradiance
(Zimmerman 2003, Celebi 2016).

2.2. Source population

Eelgrass shoots, with intact roots and rhizomes,
were collected by SCUBA divers using hand tools in
May 2013 from a restored eelgrass meadow in South
Bay, a coastal lagoon near the southern tip of the
DelMarVa (USA) Peninsula (Orth et al. 2006b). Shoots
were transferred the same day to the Aquarium Facil-
ity in coolers filled with seawater. Approximately 50
vegetative shoots with intact roots and rhizomes
were carefully transplanted into plastic trays, filled
with sediment collected from Elizabeth River, VA.
Five trays were placed into each aquarium randomly,
providing ~250 shoots in each aquarium. All aquaria
were kept at ambient pH (no CO, addition) for 1 mo
to permit the recovery of shoots from transplantation
shock and to compare transplant performance across
the aquaria. CO, enrichment of the experimental
aquaria was initiated in June 2013 and maintained
through October 2014 (18 mo, covering 2 summer
growth periods). Additional eelgrass shoots were col-
lected from the same location in April 2014. For each
tank, 2 separate trays of these new plants (i.e. 2"%-
year transplants) were added next to the acclimated
shoots from 2013 (1%%-year transplants). These shoots
were immediately exposed to CO, enrichment.

2.3. Leaf optical properties

For the analysis of leaf optical properties, one 2"%-
youngest leaf per aquarium from both 1%-year and
2".year transplants were collected monthly. Ap-
proximately 5 cm long segments, cut 1 cm above the
basal meristem, were cleaned of epiphytes by wiping
with a laboratory tissue. Lengths and widths of each
segment were measured using a digital caliper. Fresh
weights were measured using an analytical balance.
Area-specific leaf density was calculated as the ratio
of mass to leaf area (mg cm™, Table 1). Spectral
absorbance, D(A), and reflectance, p(A), of intact leaf
segments within the range 350-750 nm were meas-
ured in a Shimadzu UV 2101PC scanning spectro-
photometer fitted with an integrating sphere. Photo-
synthetic leaf absorptances, A; (), were corrected by
subtracting the non-photosynthetic absorptances at
750 nm, i.e. A (750) (Kirk 1994):

AL(M) = [1-10PM] — p(R) - AL(750) )

The photosynthetic absorptances were then used
to calculate the leaf-specific photosynthetic absorp-
tion coefficients, a;(A), and the optical cross sections,
a.*(A):

ay(A) =-In[1 - A (A)] (2)

a.*(A) = ar(A) / [Chl a] )

Photosynthetic and photoprotective pigments were
extracted by homogenizing the leaf segments in a

Table 1. List of abbreviations, their definitions and dimen-
sions. Parenthetic notation ‘() denotes wavelength depend-
ence of the variable

Abbreviation Definition Units

FwW Fresh weight mg

H,., Daily period of hd!
irradiance-saturated
photosynthesis

Ey Photosynthesis satu- pmol quanta m2 s
rating irradiance

LA Leaf area cm?

Chl a Chlorophyll a pg cm™2 ormg g~ FW

Chl b Chlorophyll b pg cm~2 ormg g~ FW

TChl Total chlorophyll pg cm~2 ormg g~' FW

TCar Total carotenoid ng cm~2 or mg gt FW

Ar(A) Leaf absorptance Dimensionless

DM Leaf absorbance Dimensionless

p(N) Leaf reflectance Dimensionless

ar (M) Leaf-specific absorp- Dimensionless

tion coefficient
Optical cross section m?g~!chla
A Wavelength nm
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glass tissue grinder with ice-cold 80 % acetone. Con-
centrations of chlorophyll a (chl a), chl b and total
carotenoids (TCar) were calculated using the extinc-
tion coefficients of Lichtenthaler & Wellburn (1983),
except for the first month of sampling. In May 2013,
only photosynthetic pigments were extracted using
90% acetone and calculated using the extinction
coefficients of Jeffrey & Humphrey (1975).

2.4. Light microscopy observations of
leaf cross sections

Freshly collected leaves were cut into 1 cm long
segments and wet-mounted to a glass microscope
slide using seawater and a thin coverslip. Leaf surfaces
were photographed using a digital camera (Olympus
DP-70; Olympus DP Controller version 3.2.1.276) cou-
pled to a stereo zoom microscope (Olympus SZX12)
with Olympus DF PLAPO 1X PF objective. Leaf
cross sections were hand-cut using a razor blade,
wet-mounted as above and photographed using a
digital camera (Olympus DP-70) coupled to a com-
pound microscope (Olympus BX-50) with an Olym-
pus UPlanFl 10x objective.

2.5. Statistical analysis

Statistical analyses were performed with IBM SPSS
Statistics 22, MATLAB R2014b and SigmaPlot 12.5
software packages. Unless otherwise specified, all
error estimates represent +1 SE. Environmental data
sampled at high frequency were converted to daily,
monthly and total (18 mo) averages to match the
sampling frequency of leaf optical properties for
cross-correlation analyses. The effects of CO, en-
richment were analyzed by a repeated measures
general linear model (SPSS) with time as the fixed
factor (within subjects) and pH as the covariate (be-
tween subjects). For the comparison of long-term
trends, pH was considered as the main covariate be-
cause the levels of this parameter were maintained
constant throughout the 18 mo. Aquaria were con-
sidered repeated subjects because leaf samples were
collected from each aquarium every month. Degrees
of freedom were adjusted using the Greenhouse-
Geisser Epsilon correction whenever error covari-
ance matrices failed the sphericity assumption. Addi-
tionally, the effect of CO, on each leaf optical
measure within each time level (month) was quanti-
fied by linear regression with respect to log [CO,].
These coefficient estimates for each month (i.e.

monthly slopes) were compared using tests of within-
subjects contrasts and categorized into 3 groups
(high, mean and low) based on the deviation from a
mean slope calculated for the overall CO, effect.

The simultaneous interacting effects of environ-
mental parameters were analyzed using multiple
linear regression models. Leaf properties were re-
gressed against environmental parameters averaged
over the 2 wk period preceding the sampling date, as
5 cm leaf segments used for measurements repre-
sented on average 3 to 7 d old tissues during warm
and cold seasons, respectively (based on monthly
growth rates of leaves, sensu Zimmerman et al. 2017).
This integrated time analysis accounted for the re-
sponse time of the leaf properties and determined
the relative significance of each environmental factor
to drive the observed acclimations. For each leaf opti-
cal property, first a general multiple linear regression
was performed against all 3 environmental predic-
tors, where data from all pH treatments were aggre-
gated. Additionally, for each pH treatment, separate
multiple linear regressions using the backward step-
wise method were performed to differentiate the
dominant environmental predictors among the dif-
ferent treatments. Within each pH treatment, how-
ever, maintaining aquarium pH at constant values
resulted in some temporal variation in [CO,] due to
the dependency of CO, solubility on temperature, as
well as salinity. Therefore, during these treatment-
specific multiple linear regression analyses, the col-
linearity statistics between CO, and temperature were
evaluated with precaution if the variance inflation
factor (VIF) index of collinearity statistics exceeded
the threshold value of 2. VIF quantifies the severity of
multicollinearity in an ordinary least squares regres-
sion analysis.

Finally, the responses of long-term acclimated
plants (1%-year transplants) were compared to short-
term acclimated plants (2°%-year transplants) using a
mixed linear model where the fixed factors were
transplantation and time, with pH as a covariate.

3. RESULTS
3.1. Temporal patterns in environmental drivers

Aquarium pH averaged 7.5 during the initial
transplant recovery period prior to the onset of
CO, enrichment in June 2013 (Fig. 1A). From June
2013 to October 2014, the daily average pH val-
ues of the enriched treatments were 6.1 + 0.02, 6.5
+ 0.04, 6.9 + 0.03 and 7.4 + 0.04, confirming no
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overlap between the treatment levels. The ambient
treatments (not enriched with CO,) experienced
natural daily and seasonal variations in pH from
the Owls Creek source water driven by local meta-
bolic activity. In summer, the pH in these un-
manipulated aquaria ranged daily from a low of
7.3 just before dawn to highs exceeding 8.1 in late
afternoon. In winter, the daily pH oscillated be-

Daily mean pH

ance (mol quanta m=2 d-)
H_, period (h d™')

Daily mean temperature  Downwelling surface irradi-
Time (h d™)

MJJASONDJFMAMJ JASON

2013 2014
Fig. 1. Temporal patterns in environmental drivers. (A)
Average of daily mean pH values of 4 aquaria for each treat-
ment (shading shows SE). The CO, enrichment started in
June 2013 after the transplant recovery period. Red line: pH
6.1, orange: pH 6.5, green: pH 6.9, blue: pH 7.4, black: pH
7.7 (ambient). (B) Daily surface irradiance (open symbols)
scaled according to the left y-axis. Solid lines (on the right y-
axis) show the hours (H;,) each day that the instantaneous
light level exceeded the light level required to saturate pho-
tosynthesis (Ey_aquaria)- Black (red) line: Ey_aquaria = 100 (400)
pmol quanta m™2 s71. (C) Mean seawater temperature (solid
black line) scaled according to the left y-axis. Shading
around the mean line indicates daily maximum and mini-
mum values. Open symbols (on the right y-axis) show the
hours each day that the temperature was above the 25°C

threshold

tween 7.9 and 8.1. The corresponding average
concentrations of dissolved aqueous CO; [COy,q)]
for the different treatments were 2121 + 118, 823 =
80, 371 + 32, 107 + 17 and 55 + 6 pmol CO, kg™
seawater (SW) during the enrichment period. Fur-
ther analysis of CO2SYS variables and additional
environmental parameters are presented in Zim-
merman et al. (2017).

Both temperature and downwelling surface irradi-
ance showed seasonal trends as well as daily patterns
typical of the mid-Atlantic environment in which the
experiment was conducted (Fig. 1). Highest irradi-
ances were observed during June in both years, while
the temperature was highest in July and August.
Seasonal changes in temperature lagged the light
signal by 43 d (r = 0.7). The seasonal amplitude of
daily-integrated irradiance varied from 6 to 24 mol
quanta m~2 d~!, with randomly scattered cloud effects
(Fig. 1B). Ex.aquaria for the ambient CO, treatment was
~200 pmol quanta m=2 s7!, resulting in periods of irra-
diance-saturated photosynthesis that potentially
required photoprotection for at least 4 h d™! and up to
11 h d~! in summer months (Fig. 1B). Because the ad-
dition of CO, increased the rate of light-limited pho-
tosynthesis up to 3-fold and onset of light-saturation
up to 400 pmol quanta m™2s~! (McPherson et al. 2015,
Celebi 2016), Hy, dropped by 27 % (i.e. below 8 h) in
response to CO, availability, thereby reducing the
daily need for photoprotection at low pH.

The seawater temperature ranged from 2°C in win-
ter up to 30°C in summer (Fig. 1C). It was consis-
tently lower than 25°C from October 2013 until May
2014, but exceeded the 25°C threshold for the onset
of thermal stress in eelgrass more than 1 h d™! for 97
and 124 d in 2013 and 2014, respectively.

3.2. Responses to CO, enrichment

Plant size, measured as the 1-sided area of all
leaves per shoot, increased linearly with log [CO,]
after 2 mo of growth in the experimental aquaria
(Fig. 2A). This CO, response, expressed as monthly
slopes of plant size vs. log [CO,], remained consis-
tently positive after July 2013. The largest plant sizes
in all treatments were observed in fall 2013 and early
summer 2014, which were also the months with high-
est response to CO, enrichment as indicated by 3-
fold higher slopes. In addition to more leaf area per
shoot, the area-specific leaf density (mg FW cm™)
also increased with log [CO,] (Table 2). The area-
specific leaf density increased in all treatments
during the hot months of both years (Fig. 2B) when
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the response to CO, enrichment was enhanced as
well. The rate of increase in area-specific leaf den-
sity with available CO, ranged from as low as 2 to a

A mmm 0 = 40 go Plantsize

s 20 mmm 60 = 100 (cm2 shoot’1)

— %57 =
= )
0 107 4 %
o 8
X =
© T
[e]
5 371 1 %
IT\; N
O 823 -
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2121 - o
MJJASONDJFMAMJ JASO n
B w15 mmm 25 ==m 35 Leaf density
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55 - ey
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S O
» 107 o
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35 e
371 - -6 9
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MJJASONDJFMAMJ JASO n
2013 2014
C
pH 7.7
55 pmol CO,,,
pH 6.1

2121 pmol CO,

@q)

Fig. 2. Heat maps of (A) aboveground plant size and (B) area-specific leaf den-
sity, contoured as a function of pH (primary left y-axis) over time. Correspon-
ding average [COy,q)] values for each treatment are indicated on the secondary
y-axis. White symbols on each plot represent the slope of the response vari-
able vs. log [COy(yq)] derived from linear regression analysis (right y-axis); sta-
tistical significance of the slope is indicated with 'x' when regression p < 0.05.
Error bars represent =1 SE of the regression slopes. Horizontal lines connect
slopes that were statistically identical by within-subject contrasts analysis (cal-
culation details given in Section 2.5). The white fields indicate no data. (C)
Micrographs of eelgrass leaves collected from ambient treatment (top) and
from high CO, treatment (bottom) in September 2013. Left panel shows leaf
surfaces, right panel compares horizontal leaf cross sections (i.e. leaf thickness).
SW: seawater; FW: fresh weight

maximum of 10 mg FW cm™ (log CO,)™!, with an
overall average of 7 mg FW cm™2 (log CO,)™! (Fig. 2B).
The CO, effect was non-significant only in 2 months,

one being during the initial acclima-
tion period to the aquarium environ-
ment, as expected, and in November
2013 (Fig. 2B). The change in area-
specific leaf density, resulting from
changing leaf thickness (Fig. 2C),
had important consequences when
pigment concentrations were normal-
ized either to biomass for interpreta-
tion of metabolic acclimation or to
area for interpretation of light-har-
vesting acclimation.

All pigment measures, except the
chl a:b ratio, responded significantly
to CO, enrichment (Table 2). Both
area- and biomass-specific pigment
concentrations decreased as CO, avail-
ability increased, indicated by consis-
tently significant negative slopes in
pigment content vs. [CO,] after the
acclimation period (Figs. 3 & 4). After
3 mo of CO, enrichment, the biomass-
specific total chlorophyll (a + b) con-
tent (TChl) of high CO, treatments de-
creased to 35% of ambient treatment,
even though all treatments were ex-
posed to the same light environment
(Fig. 3A). Although still statistically sig-
nificant, the effect of CO, was less pro-
nounced when TChl was normalized
to leaf area (Fig. 3B). On top of the CO,
response, TChl increased during win-
ter and decreased during summer
months in all treatments, resembling
classic photoacclimation. As with the
CO, effect, changes in TChl were
more pronounced when normalized to
biomass than leaf area. Chl a:b ratios
also responded to seasonal changes in
temperature and light but not to CO,
enrichment (Fig. 3C). Similar to TChl
content, TCar content decreased with
increasing CO,, and the decrease was
greater when normalized to biomass
(Fig. 4A) than area (Fig. 4B). However,
the effect of CO, on TCar was less
than on TChl such that TCar:TChl ra-
tios increased with increasing CO,,
particularly during the winter of 2014
(Fig. 4C).
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Table 2. General linear model repeated measures summary
table. Abbreviations are defined in Table 1

Measure Source Effects Error F P
df df

FW/LA PHavg 1 18 2926 <0.001
Time 14 252 536 <0.001
Time x pH,,y 14 252 3.64 <0.001
Chl a/FW PHavg 1 18 143.0 <0.001
Time 14 252 2.89 <0.001
Time x pH,,y 14 252 2.57  0.002
Chl a/LA PHavg 1 18 1125 <0.001
Time 6 112 3.87 0.001
Time x pHyyy 6 112 3.36  0.004
TChl/FW PHavg 1 18 1444  <0.001
Time 14 252 2.98 <0.001
Time x pH,,y 14 252 2.50 0.002
TChl/LA PHavg 1 18 114.8 <0.001
Time 6 106 3.99 0.001
Time x pHayg 6 106 3.40  0.004
Chl a:b PHavg 1 18 1.28  0.273
Time 5 83 2.67 0.031
Time x pHayy 5 83 2.85 0.023
TCar/FW PHavg 1 18 1387 <0.001
Time 13 234 1.58  0.093
Time x pHgyy 13 234 1.61 0.083
TCar/LA PHavg 1 18 83.55 <0.001
Time 13 234 2.08 0.016
Time x pHg,y 13 234 1.91 0.030
TCar:TChl  pHgyq 1 18 15.83 <0.001
Time 4 75 3.79  0.007
Time x pHayg 4 75 3.14 0.018
a.*(430) PHavg 1 18 123.1  <0.001
Time 14 252 6.02 <0.001
Time x pH,y,y 14 252 4.24 <0.001

The changes in pigment content resulting from
CO, and light impacted the leaf absorption spectra
unequally (Fig. 5A). While absorptances in the green
region (i.e. at 550 nm) were more sensitive to CO,
than season, absorptances within the blue region
(430-460 nm), where absorption maxima of chlo-
rophylls co-occur with carotenoids, varied more
strongly with seasons, i.e. an almost 20 % increase
from August 2013 (when highest PAR levels were
recorded) to December 2013 (when lowest PAR lev-
els were recorded). The significant differences in
chlorophyll content across the CO, gradient, com-
bined with differences in leaf absorptances, dramat-
ically impacted a_*(A) of intact leaves, which is a
measure of chlorophyll use efficiency (Fig. 5B).
Because the highest variability in the spectral a;*(\)
across treatments was observed within the Soret
region (400-450 nm) primarily responsible for driving
photosynthesis, a;*(430) was chosen to represent
the response of a *(A) to CO, enrichment through

time (Fig. 5C). In all seasons, after the initial accli-
mation period, CO, enrichment increased a;*(430)
significantly, implying increased chlorophyll use ef-
ficiency due to a reduced package effect when photo-
synthesis was stimulated by CO, availability.

Increasing CO, caused a reduction in TChl content,
but it also increased the thickness of the unpigmented
mesophyll layer of the leaves. Thus, the biomass-
specific TChl content (i.e. slope of the TChl vs. leaf
density) decreased as CO, increased/pH decreased
(Fig. 6A). The 5-fold increase in area-specific leaf den-
sity produced a barely perceptible 8 % decrease in the
absorptance at 677 nm (Fig. 6B) that was unaffected
by the CO, treatments. The optical cross section
a.*(A), a measure of TChl use efficiency, was not sig-
nificantly affected by area-specific leaf density (i.e.
leaf thickness) but increased consistently with CO,
treatment (Fig. 6C, Table 3). As a result, a *(A) de-
creased exponentially with TChl in a manner that was
consistent across all treatments, a result of pigment
self-shading (Fig. 7A). This package effect causes the
relationship between leaf absorption and TChl to be
non-linear (Fig. 7B-D). Strong absorption bands in
the blue (440 nm) and red (677 nm) regions caused
self-shading to occur at lower pigment concentrations
(2.78 and 5.26 pg cm?, respectively) than in the
green region (550 nm) which required 14.3 pg chl
cm~ to reach optical saturation. Whereas the chloro-
phyll concentrations of ambient treatments were
higher than these threshold values throughout the ex-
periment, self-shading of TChl decreased as CO, in-
creased (Fig. 7B).

3.3. Seasonal responses induced by light
and temperature

Area-specific leaf density increased with CO,
but more significantly with temperature (indicated by
higher standardized coefficients) (Table 3). Within
each CO, treatment, temperature was the most signif-
icant environmental predictor of area-specific leaf den-
sity, whereas light had no significant effect (Fig. 8A,
Table 4). Area-specific TChl content showed a stronger
negative relationship with CO, than with light and a
positive relationship with temperature (Fig. 8B, Table
3). The response of chlorophyll content to temperature
was reversed when normalized to biomass (Table 3),
most likely because of increasing leaf thickness (by
non-photosynthetic tissues) during summer.

Analysis of CO, treatments individually high-
lighted that the regulating environmental factor of
area-specific chlorophyll content depended on the CO,
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Fig. 3. Heat maps of total chlorophyll (a+b) (TChl) (A) per biomass and (B) per
leaf area and (C) their ratios, contoured as a function of pH (primary left y-axis)

over time. Other details as in Fig. 2A,B

environment (Table 4). Chlorophyll content of ambi-
ent plants responded positively to increasing temper-
ature and negatively to increasing light, whereas the
natural seasonal cycle of [CO,] had no significant im-
pact (Fig. 8B). TChl content of eelgrass grown under
CO, stimulation, however, did not change significantly
with changing light or temperature (represented by
the red horizontal plane in Fig. 8B) but responded to
the seasonal CO, variability in their high CO, en-

vironment (as indicated by the statis-
tically significant beta values for the
daily average log[CO,] parameter in
Table 4). Like TChl, carotenoid con-
tent was most responsive to [CO,]
(Table 3). Increasing light played a
secondary role in decreasing caro-
tenoid content. Temperature had a
significant effect on carotenoid con-
tent only in the low CO, treatments
(Fig. 8C, Table 4).

CO, enrichment did not change the
chl a:b ratio significantly (Table 3).
The ratio decreased profoundly with
increasing temperature but not with
light (Fig. 9A). Chl use efficiency, as
measured by ap*(A), increased with
CO, but decreased with temperature,
indicating a strong package effect in
the low CO,, high temperature envi-
ronment of summer (Fig. 9B). Leaf ab-
sorptance (at 677 nm), which was neg-
atively correlated with area-specific
density (i.e. leaf thickness) (Table 3),
decreased in response to both in-
creasing light and temperature. De-
spite the strong negative effect on
pigment concentration, CO, treat-
ment was the least significant pre-
dictor of leaf absorptance (Fig. 9C).

Slope (mg TChl g_1 FW [log COZ]"1)

Slope (ug TChl cm™[log CO,]™")

3.4. Response time of leaf properties
to CO, enrichment

CO, enrichment of the second set of
eelgrass transplants, freshly collected
from the same field location in the
spring of 2014 and grown together
with eelgrass plants exposed to CO,
enrichment since spring of 2013,
showed the differences in response
time of leaf properties to [CO,]. It took
nearly 4 mo for specific growth rate,
area-specific chlorophyll content, chl a:b ratio and
ap *(430) of the 2014 transplants to converge with those
of the 2013 transplants in all treatments (Table 5, as
indicated by the non-significant transplantation x pH,q
interaction measure). However, the area-specific leaf
density, plant size and area-specific carotenoid con-
tent of 2014 transplants did not converge with the
2013 transplants during the course of this experiment
(Fig. 10), meaning that these properties exhibit a

o
o
Slope (chl a:b [log CO,]™)
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Fig. 4. Heat maps of total carotenoids (TCar) (A) per biomass and (B) per leaf
area, and (C) their ratios to photosynthetic pigments as a function of pH (pri-
mary left y-axis) over time. Other details as in Fig. 2A,B

longer response time to CO, enrichment. Therefore,
the minimal experimental duration required to de-
tect the impact of CO, enrichment depends on the re-
sponse variable being monitored.

4. DISCUSSION

CO, enrichment increased both biomass yield (i.e.
biomass per leaf area) and the size of eelgrass plants

capture, electron transport) and bio-
chemistry that drive photosynthesis
(Pfannschmidt & Yang 2012). The
enzymatic reactions of Rubisco, i.e.
photosynthesis and photorespiration, are both sensi-
tive to increasing temperature but antagonistically
respond to increasing CO,. Relative to photosynthe-
sis, however, recycling of CO, and Calvin-Benson
Cycle intermediates through photorespiration in-
creases the energy requirement from the light reac-
tions that can be generated via absorbing more pho-
tons (Jones et al. 2012). The requirement of more
photon absorption due to increasing photorespiration
with increasing temperature might explain the
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increasing area-specific chlorophyll content of eel-
grass leaves with increasing temperature in our car-
bon-limited treatments. This hypothesis coincided
with decreasing quantum efficiency of eelgrass
leaves under photorespiratory conditions (Celebi
2016). In contrast, growth in a high CO, environ-
ment increases photosynthetic rates and reduces
the need for alternative electron pathways, such as
photorespiration, to provide photoprotection, which
would explain the negative relationship between
chlorophyll content and CO, availability in eelgrass
revealed by this experiment.

Similarly, increasing photosynthetic
capacity of plants acclimated to a
high CO, environment, as observed
by Celebi (2016), could decrease the
need for photoprotection by caro-
tenoids. De-epoxidation of carote-
noids in the xanthophyll cycle with
increasing light is fast (minutes),
while epoxidation recovery when
light decreases is slow (hours), espe-
cially under additional stress (Dem-
mig-Adams & Adams 1996). There-
fore, a larger pool of carotenoids may
allow CO,-limited eelgrass to exploit
the non-photochemical quenching
dissipation pathway more effectively
to reduce photo-oxidative damage,

700 given that these plants are exposed to

photosynthetic saturating light levels
more than 9 h d! during summer in
addition to heat stress due to carbon
limitation of photosynthesis. Sup-
porting evidence for this argument
was reported by Celebi (2016), who
found that CO,-limited eelgrass reg-
ulated NPQ more dynamically in
response to increasing light and CO,.

Reduced pigment content in re-
sponse to CO, enrichment increased
the chlorophyll use efficiency and
optical cross section, but reduced the
leaf absorptances, more in green
A(550) than red A(680). These spec-
tral signatures of CO, acclimation
may need to be incorporated into
remote sensing algorithms for pro-
ductivity estimation. This reduction
in photon capturing efficiency in the
red seemed to be correlated more
with the increasing area-specific leaf
density. Assuming the volumetric leaf
density was unchanged (a requirement for mainte-
nance of submerged leaf buoyancy), the increases in
area-specific leaf density reported here likely
resulted from increasing leaf thickness. Micropho-
tographs of leaf cross sections also revealed the dif-
ferences in leaf thickness between CO,-enriched
and ambient treatments, coinciding with the maxi-
mal increase of area-specific density as a function of
[CO,]. Observations of varying leaf thickness in
response to light requirements have been reported in
other studies (Enriquez et al. 1995, Schubert et al.
2018). A comparative study among various terrestrial

Slope (m” g™ chl a [log CO,J™")
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and aquatic photosynthetic organisms by Agusti et
al. (1994) identified that thick aquatic plants mini-
mize absorption per unit weight. However, increased
thickness of the non-pigmented mesophyll and lacu-
nar space would not alter the light capture efficiency
per unit chlorophyll, since photosynthetic pigments
of seagrasses are found only in the epidermal layers.
Although restricting photosynthetic pigments to the
epidermis in aquatic plants, such as in seagrasses,
may be required for gas exchange (Zimmerman
2006), it likely enhances the package effect relative
to terrestrial plant leaves in which pigments are dis-
tributed through several vertical layers of mesophyll
cells. This 2-dimensional anatomical constraint causes
light-harvesting acclimation to operate at the areal
scale for aquatic plant leaves while metabolic accli-
mation, especially respiration, is expressed in terms
of biomass (Vogelman et al. 1996, Walters 2005).
Consequently, normalizing to area proved to better
illustrate light-harvesting acclimation in eelgrass
because normalization of changes in pigment con-
tent to biomass overestimated the full extent of
changes in light-harvesting capacities.

Even with shade screens attached, the shallow out-
door aquaria used in this experiment created a high
light environment for the eelgrass in which photo-

Fig. 6. Effects of CO, enrichment on (A) chlorophyll content,
(B) leaf absorptance at 677 nm and (C) optical cross section
at 677 nm as a function of the area-specific leaf density.
Color codes, identical in all panels, represent different CO,
treatments. For graphical clarity, only data points from 3
CO, treatments were plotted in (A) and (C). Solid lines rep-
resent linear regression analysis in (A) and (B) and nonlinear
regression analysis in (C)

Table 3. Summary of linear regression comparisons with their relative importance coefficients. *significant at p < 0.005. PAR:
photosynthetically active radiation; other abbreviations are defined in Table 1

Standardized coefficients
(significance)

Multiple linear regression (3 predictors)

(a) Simple linear regression (1 predictor)
(b) Multiple linear regression (2 predictors)

Daily average  Daily average Daily total FW per LA TChl per LA
Dependent variable: log[COy] temp PAR (mg cm™?) (ng cm™?)
FW per LA (mg cm™) 0.456* 0.731* —0.103 (p = 0.039) pH dependent
TChl per LA (ng cm™) -0.467* 0.397* -0.184*
TChl per FW (mg g% -0.591* -0.329* —0.005 (p = 0.929)
TCar per LA (ug cm™2) -0.487" 0.148 (p = 0.024) —-0.342*
Chl a:b 0.035 (p = 0.332) —-0.697* -0.154* (@) -0.418*
TCar:TChl 0.180* —0.544* —0.119 (p = 0.044) -0.325*
A(550) (%) -0.517* 0.146 (p = 0.029) -0.170 (p =0.011) (b) —-0.206* 0.479*
A(677) (%) -0.151* —-0.236* -0.209* -0.173* -0.099 (p = 0.084)
a_* (430) (m? g~! chl a) 0.448* -0.417* 0.124 (p = 0.052) —-0.018 (p = 0.565) -0.834*
a_* (677) (m? g~! chl a) 0.351* —-0.443* 0.123 (p = 0.065) -0.086 (p = 0.014) -0.795*
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Fig. 7. (A) Optical cross section, a; *(A), at 677 nm, and leaf-

specific absorption coefficients, a;(A), at (B) 550, (C) 677 and
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for all leaves collected throughout the experiment across CO,
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resent nonlinear regression analysis with 95% confidence
intervals (dashed lines)

synthesis was light-saturated for at least 4 h in the
winter and 11 h in the summer. However, in the
absence of CO, stimulation, the high light environ-
ment was insufficient to maximize growth and to pro-
tect eelgrass from heat stress (Zimmerman et al.
2017), even though higher photosynthetic pigment
concentrations maximized the light-harvesting
capacity. Despite reduced light-harvesting capacity,
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tenoid content. All data from time-series are shown with
symbols and are color-coded for specific CO, treatments.
Three-dimensional planes were modeled by multiple linear
regression analysis. Orientation of axes is arranged to en-
hance visual clarity. Red plane: response of pH 6.1 treatment,

blue plane: response of pH 7.7 (ambient) treatment
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Table 4. Multiple linear regression model results for effects of environmental parameters on leaf optical properties specific for
each pH treatment. (exc.: as defined by the backward stepwise method, parameters were excluded from the model if the
significance level of their F-values was >0.10). VIF: variance inflation factor; PAR: photosynthetically active radiation;

other abbreviations are defined in Table 1

Backward stepwise —pH61— —pH65— —pH69— —pH74— ——pH7.7—
linear regression Beta P Beta P Beta P Beta P Beta P
FW per LA Daily average log[CO,] exc. exc. exc. 0.311 0.026  exc.
(mg cm™2) Daily total PAR exc. exc. exc. exc. -0.239 0.068
Daily average temp 0.764 <0.001 0.741 <0.001 0.743 <0.001 0.879 <0.001 0.832 <0.001
TChl per LA Daily average log[CO,] -0.375 0.004 -0.351 0.008 -0.475<0.001 exc. exc.
(ng chl cm™2) Daily total PAR exc. exc. exc. exc. -0.489 0.001
Daily average temp exc. exc. exc. 0.378 0.004 0.796 <0.001
TCar per LA Daily average log[CO,] -0.356 0.020  exc. exc. 0.497 0.049* exc.
(ng car cm™) Daily total PAR -0.450 0.004 -0.293 0.028 exc. -0.822 0.001* -0.509 0.003
Daily average temp exc. exc. exc. 0.765 0.021* 0.449 0.008
Chl a:b Daily average log[CO,] 0.581 <0.001 exc. 0.346 0.021* exc. -0.239 0.022
Daily total PAR -0.291 0.006 -0.251 0.009 -0.225 0.029* exc. exc.
Daily average temp exc. -0.672 <0.001 -0.358 0.031*-0.814 <0.001 -0.652 <0.001
A(677) (%) Daily average log[CO,] exc. exc. 0.523 <0.001 0.225 0.086 -0.575 <0.001
Daily total PAR -0.314 0.045 exc. exc. -0.264 0.045 exc.
Daily average temp -0.265 0.089 -0.354 0.007 exc. exc. exc.
a.*(430) Daily average log[CO,]  0.562 <0.001 0.416 0.001 0.610 <0.001 exc. -0.485 0.003
(m?g~'chla) Daily total PAR exc. exc. exc. exc. 0.603 <0.001
Daily average temp exc. exc. exc. -0.304 0.023 -0.514 0.001
¢ collinearity statistics VIF > 2.0

eelgrass grown under high CO, conditions was more
efficient at converting the harvested solar energy
into biochemically fixed carbon that resulted in
increased biomass accumulation per leaf area and
plant size, thus allowing the plants to store enough
carbon resources to support higher respiration under
heat stress (Zimmerman et al. 2017). Therefore, the
survival, and inevitably the depth distribution, of eel-
grass rely on photon use efficiency rather than pho-
ton capture efficiency in carbon-limited coastal
ecosystems. Any environmental signal causing per-
turbation in photosynthesis thus will trigger acclima-
tion, and a regulatory strategy based on photo-
synthesis itself will allow the plant to compensate
various stress conditions with similar mechanisms
(Anderson et al. 1995). Such a strategy would also
explain why the elevated CO, response of leaf opti-
cal properties resembled high light response. The
optical cross section a; *(A), accepted as a measure
of photoacclimation in changing light environments
(Cummings & Zimmerman 2003), responded to in-
creasing CO, as if the light was increased, meaning
that the underlying mechanisms of this acclimation
are regulated by a common photosynthetic control
mechanism, such as the redox state in the chloroplast.

Although the outdoor design of this experiment
provided important natural variability in a number
of environmental drivers that is often absent from
laboratory experiments (Andersson et al. 2015), the
seasonal variations in light and temperature were
not fully independent of each other. However, the
43 d lag between light and temperature, considering
the sampled leaf tissues were less than 2 wk old,
and the removal of shade during February and
March 2014 probably reduced the VIF index of
collinearity statistics in multiple linear regression
analyses. The low VIF index in this study assured
the multiple linear regression models with CO,, tem-
perature and light as predictors to be a significant
explanatory fit. The wide CO, range across the
treatments under a wide range of light and temper-
ature environments quantitatively estimated the
general linear response of leaves to the long-term
trend of ocean carbonation. Furthermore, the treat-
ment-specific regression analyses indicated that the
relative importance of environmental parameters
(temperature, CO, and light) controlling the leaf
properties differed under various CO, scenarios,
thereby highlighting the thresholds for different
acclimation strategies.
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Fig. 9. Interactive effects of CO,, temperature and daily total
irradiance (photosynthetically active radiation, PAR) on: (A)
chlorophyll a:b ratio, (B) optical cross section and (C) absorp-
tance at 677 nm. Gray plane: response of all treatments combi-
ned, red plane: response of pH 6.1 treatment, blue plane: re-
sponse of pH 7.7 (ambient) treatment. Other details as in Fig. 8

Photosynthetic acclimation is a dynamic process
operating at various timescales. This study lasted for
18 mo, allowing the annual rhythm of eelgrass per-
formance to be examined under a gradient of CO,
concentrations superimposed upon natural fluctua-
tions of environmental parameters. Acclimation of
area-specific leaf density and plant size of eelgrass
had a long response time, similar to acclimation of the
root:shoot ratio (Zimmerman et al. 2017). Long-term
developmental processes responding to changes in
growth conditions, such as changing leaf anatomy
and root:shoot ratios, have been observed to take
weeks to months to occur (Longstaff & Dennison
1999, Walters 2005, Lee et al. 2007). In contrast,
adjustments of photosynthetic machinery operate on
much shorter timescales (Demmig-Adams & Adams
1992), as evidenced by the agreement of photosyn-
thetic pigment composition of transplants from both
years when exposed to the same environmental con-
ditions regardless of their growth history. It has been
suggested that previous growth history and the natu-
ral limits of the physiological tolerance of a species
may play a role in acclimation ability and its detec-
tion (Yin & Johnson 2000, Walters 2005). Short-term
CO, enrichment experiments often conclude mini-
mal/varying effects on seagrass physiology and fail
to assess the longer-term capacity for acclimation
(Cox et al. 2016, Ow et al. 2016, Repolho et al. 2017,
Collier et al. 2018, Schneider et al. 2018). In this
study, the similarities and differences of multiple
parameters among the different transplants (i.e. 15-
year vs. 2°%year plants) under the same conditions
emphasize the importance of timescale in studies of
CO, acclimation, and justify the need for long-term
experiments to understand the impact of climate
change on acclimation mechanisms, an important
consideration for the design of future Free Ocean CO,
Experiments (Gattuso et al. 2014, Andersson et al.
2015, Stark et al. 2019).

To conclude, this experiment demonstrated that
the composition of light-harvesting and photopro-
tective pigments in eelgrass responds more dramat-
ically to the availability of CO, than to seasonal
variations in light or temperature. Increasing chloro-
phyll use efficiency and the decreasing role of pho-
toprotection in high CO, acclimated plants indicated
that utilization of absorbed light energy efficiently
for photosynthetic carbon assimilation might be the
key for long-term regulation of leaf morphology.
Further experiments to address the rates of photo-
chemical pathways in such acclimated plants with
respect to changes in CO,, light and temperature
would help to understand the rate-limiting physio-
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Table 5. Mixed linear model results for comparison of leaf optical properties between long- and short-term acclimated eelgrass

leaves. Abbreviations as in Table 1. *significant at p < 0.05

Measure TChl TCar Chl a:b FW a;*(430) Plant size Specific
per LA per LA P perLA  (m%?g'chla) (cm?shoot™) growth
(ngem™)  (ug cm?) (mg cm?) p p rate (™)
Source P P P P
Intercept 0.164 0.824 <0.001* <0.001* <0.001* <0.001* 0.001*
Transplantation 0.074 0.003* 0.153 <0.001* 0.160 <0.001* 0.348
Time 0.077 0.254 0.608 0.278 0.004* 0.855 0.295
PHavg <0.001* <0.001* 0.121 <0.001* <0.001* 0.001* 0.740
Transplantation x Time 0.801 0.860 0.678 0.557 0.854 0.759 0.306
Transplantation x pHgyg 0.128 0.004* 0.147 <0.001* 0.234 0.001* 0.326
Time x pHyyg 0.325 0.731 0.707 0.292 0.017* 0.861 0.414
Transplantation x Time x pHayg, 0.793 0.943 0.760 0.749 0.843 0.843 0.290

logical processes in redox regulation that trigger
acclimation responses. Even so, being able to per-

120 1 e Jun = Aug

A Jul e Sep

sist for almost 100 million years in highly dynamic
coastal systems combined with long-term climate
trends highlights both the plasticity and the strong
acclimation capacity of seagrass populations. In
addition to understanding the underlying mecha-

100 1 nisms for their competitive survival in a dynamic
° 7’: 80 4 system, this study quantified the long-term regula-
379 60 tion of light harvesting in response to ocean carbon-
%Nﬁ ation to predict the extent of seagrasses in future
af 407 climatic conditions.
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