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ABSTRACT

Future increases in oceanic carbon dioxide con-
centrations (CO5(q) may provide a benefit to
submerged plants by alleviating photosynthetic
carbon limitation. However, other environmental
factors (for example, nutrient availability) may al-
ter how seagrasses respond to CO5,q) by regulating
the supply of additional resources required to
support growth. Thus, questions remain in regard
to how other factors influence CO,,q effects on
submerged vegetation. This study factorially
manipulated CO,,q and nutrient availability,
in situ, within a subtropical seagrass bed for
350 days, and examined treatment effects on leaf
productivity, shoot density, above- and below-
ground biomass, nutrient content, carbohydrate
storage, and sediment organic carbon (C,,g). Clear,
open-top chambers were used to replicate CO5aq)
forecasts for the year 2100, whereas nutrient
availability was manipulated via sediment amend-

ments of nitrogen (N) and phosphorus (P) fertilizer.
We provide modest evidence of a CO, effect, which
increased seagrass aboveground biomass. CO,q
enrichment had no effect on nutrient content,
carbohydrate storage, or sediment C,, content.
Nutrient addition increased leaf productivity and
leaf N content, however did not alter above- or
belowground biomass, shoot density, carbohydrate
storage, or C,r content. Treatment interactions
were not significant, and thus NP availability did
not influence seagrass responses to elevated
CO3aq). This study demonstrates that long-term
carbon enrichment may alter the structure of
shallow seagrass meadows, even in relatively
nutrient-poor, oligotrophic systems.

Key words: ocean acidification; reduced pH; car-
bon dioxide; climate change; carbon storage; Tha-
lassia testudinum.

INTRODUCTION

Climate change stands to alter the ecological
functioning of many coastal habitats. Increasing
carbon dioxide (CO,) concentrations will influence
the carbonate chemistry of seawater via increases
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in dissolved CO5(q) and bicarbonate ion (HCO;5™)
concentrations, and declines in carbonate ion
(CO5*7) concentrations. Associated with these
shifts is a forecasted 0.3-0.5 unit reduction in sea-
water pH (Caldeira and Wickett 2003), with nega-
tive (albeit variable) consequences for a variety of
calcified invertebrates (Kroeker and others 2010).
Recently, a growing body of research has identified
prominent climate change responses from a broad
group of marine plants (seagrasses), which form a
substantial component of coastal ecosystems
around the world. Unlike calcified organisms,
many seagrasses may benefit from forecasted in-
creases in CO,(,q, concentrations because photo-
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synthesis is limited by CO,,q) availability at the pH
of modern seawater (Beer and Koch 1996). Short-
term, physiological experiments demonstrate pho-
tosynthetic gains for a number of seagrasses in
CO3(aq)-Tich environments (reviewed in Koch and
others 2013). However, long-term studies which
document CO5(,q effects on seagrasses (and the
ecosystems they support) remain rare. As the
understanding of the effects of atmospheric CO, on
terrestrial ecosystems has advanced due to studies
conducted over expanded spatial and temporal
scales (that is, Free Air Carbon Enrichment or
FACE), experiments of similar duration, particu-
larly those that encompass multiple seasons, are
strongly warranted within marine systems (Gattuso
and others 2014). Addressing these topics is critical
toward developing a holistic assessment of coastal
CO, effects, as seagrasses play prominent roles in
both carbon cycling (Duarte and Chiscano 1999)
and carbon sequestration (Fourqurean and others
2012).

In terrestrial ecosystems, increasing CO, gener-
ally elicits a fertilization effect, whereby vegetation
responds to increases in CO, supply via elevated
rates of carbon fixation and net primary production
(Long and others 2004). Although individual,
physiological responses to elevated CO, in terres-
trial plants are well documented, ecosystem level
effects can be increasingly nuanced. Increased
aboveground plant biomass with elevated CO, is
widely noted, yet the magnitude of this effect is
variable and potentially dependent upon nutrient
availability (Reich and others 2006; Reich and
others 2014). Due to the nutritional balance of
plant vegetation, CO,-stimulated production of
additional biomass may require an increase in the
supply rate of mineral resources (Rastetter and
others 1997); thus, it has been suggested that plant
responses may become constrained by nutrient
limitation (Luo and others 2004). Some nutrient-
poor ecosystems display minor responses to CO,
(Oren and others 2001; Ellsworth and others
2017), although other systems show declines in
plant nutrient content (Norby and others 2010). As
an instructive example, Reich and others (2006)
demonstrate that low nitrogen (N) availability
suppresses the positive responses of plant biomass
to CO, in a perennial grassland. Thus, although
elevated CO, can alter plant architecture (Pritchard
and others 1999), these responses may be either
enhanced or limited by N supply. Central to these
studies is the ultimate question of whether elevated
CO, enhances ecosystem C storage and C seques-
tration, which pertains to shifts in both plant bio-
mass and belowground C stocks (soil organic

matter). Although under certain conditions, ele-
vated CO,(,q) increases soil C stocks (Jastrow and
others 2005), general conclusions suggest that this
response may be similarly limited without the
addition of N fertilizers (Hungate and others 2009).
Comparatively, in marine systems, many of these
carbon—nutrient interactions have yet to receive
adequate attention.

Seagrass studies document short-term shifts in
leaf nutrient content with elevated CO;(,q), sug-
gesting that elemental resources may similarly play
an important role in plant responses to climate
change. Jiang and others (2010) report declines in
leaf N content (%N) under elevated CO;(,q for the
tropical seagrass Thalassia hemprichii. In situ
manipulations of CO5.q) also show declines in N
and phosphorus (P) content (%N and %P) for an-
other tropical species, Thalassia testudinum (Camp-
bell and Fourqurean 2013). Although it has been
proposed that non-structural carbohydrate (NSC)
dilution is likely responsible for these relatively
rapid declines, the true mechanism behind this ef-
fect has yet to be detailed. In terrestrial plants, CO»-
mediated declines in nutrient content might only
be partially attributable to NSC dilution (Stitt and
Krapp 1999), with other factors, such as the
inability of nutrient uptake to meet increased
nutrient demand playing a strong role. Ultimately,
experimental timescale might serve as the distin-
guishing factor, as short-term declines in nutrient
content are likely attributable to NSC dilution,
while long-term declines may be attributable to
mismatches between environmental supply and
plant demand.

It is important to understand the relationship
between CO,.q) and nutrient availability, as the
high light requirement of seagrasses (Duarte 1991)
restricts them to environments of relatively low
nutrient availability that cannot support high mi-
cro- and macro-algal biomass. Thus, ecosystem re-
sponses to COy(,q) could be muted because of
insufficient nutrient supply (as suggested in
Alexandre and others 2012; Apostolaki and others
2014). Several in situ studies have documented
limited seagrass responses to CO, enrichment
(Apostolaki and others 2014; Olivé and others
2017; Cox and others 2016), potentially
attributable to interactions from other environ-
mental variables. Increases in leaf growth and NSC
concentrations under elevated CO5(,q, have been
noted (Jiang and others 2010; Campbell and
Fourqurean 2013; Ow and others 2015), yet these
studies document shorter responses (weeks to
months) and do not test the interactive effects of
other resources (yet note, Ow and others 2016;
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Martinez-Crego and others 2014). The objective of
this current study was to assess whether nutrient
availability influences the long-term responses of
the seagrass T. testudinum to elevated CO3(,q). Using
an aquatic analog of terrestrial FACE experiments,
in situ carbon enrichment was used to mimic year
2100 CO,(,q) concentrations in a subtropical sea-
grass bed (Campbell and Fourqurean 2011, 2013,
2014). Both CO5(,q) and NP availability were fac-
torially manipulated for an extended duration
(350 days), whereas seagrass productivity and
seagrass leaf NP content were periodically moni-
tored. Measurements of above- and belowground
biomass, shoot density, and non-structural carbo-
hydrates were taken at the end of the experiment
to examine shifts in canopy structure and plant C
storage. Sediment properties (organic matter, or-
ganic carbon, and inorganic carbon) were addi-
tionally measured in all plots to examine whether
elevated CO,(,q) influences long-term C seques-
tration. Determining the role that nutrient avail-
ability plays in governing seagrass COsq)
responses will provide a broader outlook on future
shifts in the functioning of these widely distributed
systems.

METHODS
Study Site

In situ CO;,q and nutrient manipulation was
conducted from August 2010-July 2011 within a
shallow seagrass bed (1 m depth) in the Florida
Keys, Florida, USA (24.55 N, 81.75 W). The ben-
thic community was dominated by the seagrass T.
testudinum, with sparse abundances of the sea-
grasses Syringodium filiforme and Halodule wrightii
(< 5% by biomass). Several species of calcareous
green algae (Halimeda spp. and Penicillus spp.) were
additionally present with a patchy distribution
(< 10% by biomass). The sediments were com-
prised of roughly 9% organic matter, with the
remaining mineral fraction consisting of fine bio-
genic carbonates.

Experimental Design

A balanced, 3 x 2 factorial experiment was estab-
lished to study the interactive effects of CO5,q, and
nutrient enrichment on seagrass structure and
productivity (Figure S1). CO3(,q) treatments con-
sisted of 3 levels: elevated CO;q chambers;
ambient CO5(,q) chambers; and unchambered open
plots. Unchambered plots were included to control
for potential ‘bottle effects” imposed by the cham-
bers and were demarcated by corner PVC posts. The

nutrient treatment consisted of 2 levels: + NP and
— NP. Thirty experimental seagrass plots (0.17 m?)
were arranged in a grid (5 rows x 6 columns).
Replicates (n = 5) for each treatment were then
randomly assigned within each column. Plots were
spaced at 1-m intervals throughout the grid.

COgz(aq) Enrichment

Optically clear, open-top acrylic chambers were
used to establish the carbon-enriched plots (see
Campbell and Fourqurean 2011 for a detailed
description). CO;(,q)-enriched seawater was gen-
erated in the field by bubbling pure CO, gas into
submerged water pumps, which subsequently
delivered CO5,q)-enriched seawater into the car-
bon-enriched chambers via an underwater PVC
network. This technique has been demonstrated as
an effective means of confining CO;,q, enrichment
to a localized area of the benthos, with no influence
on the surrounding area. As CO5,q)-enriched sea-
water was pumped into the chambers, it cycled
within the seagrass canopy before being flushed
out the top of the chamber. This design allowed for
moderate constraint of carbonate parameters
within the enriched chambers while limiting
reductions in light and water motion. Ambient
CO5(aq) chambers received unenriched seawater
from an independent PVC network connected to a
separate series of water pumps. Given the contin-
uous circulation within each chamber (turnover
rate ~ 60x/day), shifts in diffusion boundary layers
adjacent to the leaf surfaces were limited, as evi-
denced by similar stable carbon isotope values
(6'°C) between seagrasses within the ambient
chambers and open plots over a 6-month testing
period (Campbell and Fourqurean 2011). Other
techniques of free ocean carbon enrichment
(FOCE) have recently been developed and gener-
ally employ a similar design, whereby a predeter-
mined pH offset is established and maintained over
an extended period within a semi-enclosed envi-
ronment (Gattuso and others 2014; Kline and
others 2012). Many of these alternate FOCE de-
signs employ feedback mechanisms, whereby pH is
continuously monitored within enclosures and di-
rectly controlled via the intermittent injection of
CO5aq)-enriched seawater. Due to the high turn-
over and open-top design of our chambers, CO,
injection was maintained at a continuous rate and
did not require feedback mechanisms to establish a
pH offset.

The level of CO5,q) enrichment was controlled
by adjusting the flow of CO, gas into the pumps
and set to mimic ‘business-as-usual’ forecasts for
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the year 2100, approximately a 0.3-unit reduction
in pH (Caldeira and Wickett 2003). All chambers
were periodically scrubbed clear of any fouling, and
periodic pH measurements (NBS scale, relative
accuracy £ 0.002) were taken within all chambers
and control plots during the 1200-1500 time period
(n = 35 discrete sampling events). The pH electrode
was calibrated with fresh buffers for each use.
Water samples were collected once every 6 weeks
(n = 8 discrete sampling events) to monitor salinity
and total alkalinity (TA). During each TA sampling,
40 ml of seawater was collected from twelve ran-
domly selected chambers/open plots (96 water
samples total), filtered through a 0.7 pum GFF filter,
and stored on ice until further processing. TA was
measured via automated, potentiometric open-cell
titration with 0.1 N HCL. Salinity was measured
with an Orion conductivity meter. Within each
sampling event, TA did not significantly differ
across CO, treatments and was subsequently
pooled for carbonate calculations. Carbonate
parameters ([COy(,q)], [HCO5™], [CO5%7], and cal-
cite/aragonite saturation states) were calculated
using the observed values of pH, temperature,
salinity, and TA with the CO,SYS Excel Macro
(Lewis and Wallace 1998), using the dissociation
constants of Mehrbach and others (1973), refit by
Dickson and Millero (1987). Seawater tempera-
tures were recorded every 6 h with a HOBO tem-
perature logger, and light levels at the top of the
seagrass canopy were periodically measured with
planar photosynthetic photon flux density (PPFD)
sensor (WALZ, Diving PAM).

Nutrient Enrichment

Fertilizer was evenly distributed by hand over the
sediments in each designated + NP chamber or
+ NP open plot on a monthly basis. Nitrogen was
added in the form of urea-coated slow-release N
fertilizer (Polyon, Pursell Technologies; 38-0-0,
94% nitrogen as urea), and phosphorus was added
as defluorinated granular phosphate rock [Multifos,
IMC Phosphates] Cas(PO,)?, 18%P). Final loading
rates were 1.54 g Nm >d 'and 024 gPm 2d !
and were similar to prior nutrient enrichment
studies within this region (Armitage and others
2005; Armitage and others 2011). This method of
enrichment is effective at increasing nutrient
availability to both the above- and belowground
compartments of seagrass communities, as
demonstrated by prior work employing '*N-en-
riched fertilizer (Mutchler and others 2004).
Experiments using this technique have further
shown that the direct application of fertilizer to the

benthos is effective at increasing nutrient avail-
ability to the epiphyte community (Armitage and
others 2006; Gil and others 2006), and increasing
sediment and plant nutrient content, especially
over extended periods (12-18 months) (Armitage
and others 2005; Ferdie and Fourqurean 2004). We
similarly document increased plant N content and
declines in plant C/N ratios with fertilizer applica-
tion (see “Results”).

Seagrass Productivity

Leaf production was measured 6 times using a
modified leaf marking technique (Zieman 1974;
Fourqurean and others 2001). Measuring leaf
production requires the removal of multiple shoots,
and thus the number of sampling events was lim-
ited to prevent overharvesting. During each sam-
pling, 3-5 shoots within each chamber and open
plot were pierced at the base with a hypodermic
needle. These marked shoots were then harvested
after 7-10 days of in situ growth. In the laboratory,
epiphytes were removed with a razor, and the
lengths and widths of all leaves were recorded.
Each shoot was divided into new and old leaf
material, and dried in a 70°C oven. Relative leaf
growth rates (mg new leaf mass * g~ total leaf
mass * day”') and areal productivity (mg new -
leaf mass * m~2 * day™') were calculated.

Seagrass Nutrient Content

Seagrass leaf nutrient content was measured on the
biomass from the productivity harvest. Newly
produced leaf material (leaf rank 1) was analyzed
for CNP content (% g dry wt). Dried leaf material
was ground into a fine powder with a mortar and
pestle, and analyzed for CN content using a CHN
analyzer. Phosphorus content of dried leaf material
was determined via dry oxidation, acid hydrolysis
extraction followed by colorimetric analysis
(Fourqurean and others 1992).

Biomass Partitioning

Benthic cores were used to assess seagrass biomass
partitioning at the end of the study. Two, 15-cm-
diameter cores were taken within each chamber
and control plot. Cores were pushed into the sedi-
ment until the underlying limestone bedrock was
reached, and all aboveground and belowground
biomass was collected. Both cores from within each
plot were placed in a single mesh bag, rinsed free of
sediment, and transported to the laboratory in
coolers. All shoots were counted, measured for
length, and separated into aboveground leaves and
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belowground root and rhizome fractions. The
number of active horizontal meristems was also
recorded. All biomass fractions were dried in 70°C
ovens to obtain dry weights.

Soluble Carbohydrates

Non-structural carbohydrate content (NSC) of
seagrass rhizomes was determined utilizing the
MBTH (3-methyl-2-benzothiazolinone hydrazone
hydrochloride) analysis method (Johnson and
others 1981; Pakulski and Benner 1992). All rhi-
zome material collected from the biomass cores was
ground into a fine powder and transferred into 20-
ml glass scintillation vials. Chemical analysis of
aliquots of each sample involved a borohydride
reduction of hydrolyzed monosaccharides to sugar
alcohols, followed by periodate oxidation to
formaldehyde, and colorimetric determination of
formaldehyde by MBTH (Lee and Dunton 1997).
NSC is reported as mg soluble carbohydrate * g~!
DW. Total areal soluble carbohydrate content was
calculated by multiplying sample carbohydrate
concentration by total rhizome dry weight.

Sediment Properties

Sediment cores were taken at the end of the
experiment to measure total organic matter con-
tent, organic carbon content, and inorganic carbon
content. A single sediment core was taken within
each replicate chamber and open plot with a 60-ml
syringe (capturing the upper 10 cm of sediment)
and dried to a constant weight in a 70°C oven.
Sediment samples were passed through a (1 mm)
sieve to remove large particles, homogenized with a
mortar and pestle, and aliquots were ashed at
500°C for 5 h to determine total organic content
(calculated as % wt loss on ignition). Ashed sam-
ples were further analyzed for inorganic carbon
content (IC) using a CHN analyzer (Fisons
NA1500). Additional aliquots of the pre-ashed
sediment samples were analyzed for total carbon
content (TC) using a CHN analyzer, and organic
carbon content (OC) was calculated as the differ-
ence between TC and IC.

Statistical Analyses

Two-way repeated-measures ANOVA (o = 0.05)
was used to analyze repeated measurements of
seagrass leaf growth and nutrient content, with
sampling date as the within-subjects factor and
CO3(aq) and nutrient treatment as the between
subjects factors. To avoid pseudoreplication, statis-
tical analyses were conducted with the means of

replicate subsamples from each chamber or open
plot. Biomass partitioning, sediment characteristics,
and soluble carbohydrate content collected at the
end of the experiment were analyzed with a two-
way ANOVA (o = 0.05). All data were tested for
normality and variance homogeneity. If test
assumptions were violated, data were either log-
transformed or analyzed by ranked values.

REsuLTs
Seawater Chemistry

The elevated CO,,q) chambers displayed pH values
(mean =+ SE) of 7.86 £ 0.03 and 7.90 &+ 0.03 for
the — NP and + NP treatments, respectively
(Table S1; Figure S2). The ambient CO;,q, cham-
bers displayed pH values of 8.20 £ 0.02 and
8.19 £ 0.02 for the — NP and + NP treatments,
respectively. The open plots (— NP and + NP) both
displayed pH values of 8.19 + 0.02. The pH differ-
ential between the elevated CO;(,q, chambers and
the ambient chambers/open plots was 0.32 £ 0.02
units. Calculated seawater parameters followed
similar trends, with the elevated CO5(,q) chambers
displaying CO5.q) concentrations of 29.9 £ 2.6 and
27.4 + 2.6 ymol kg~' SW for the — NP and + NP
treatments, respectively. The ambient COsq
chambers displayed CO5q concentrations of
11.3 + 0.6 and 11.1 + 0.6 pmol kg~' SW for the
— NP and + NP treatments, respectively. The open
plots (— NP and + NP) averaged 11.6 + 0.6 and
11.5 £+ 0.6 pmol kg~' SW, respectively. Calculated
pCO, averaged 429 and 437 patm for the ambient
CO5(aq) chambers (— NP and + NP, respectively)
and 1147 and 1054 patm for the elevated CO3aq)
chambers (— NP and + NP, respectively). Back-
ground diel pH variation was evident, and likely
the result biological activity, with benthic and
water column processes (photosynthesis and res-
piration) driving CO, uptake and release. A tem-
porary malfunction of the CO, regulator produced
a brief low pH event in February (Figure S2). This
issue was promptly remedied, and pH offsets re-
turned to normal.

The elevated CO,,q) chambers displayed higher
pH variation among replicate chambers compared
to the ambient chambers and open plots (note er-
rors bars in Figure S2). On average, pH varied by
3.6% across replicate elevated CO,,q) chambers.
Comparatively, ambient CO,,q chambers dis-
played mean pH variation of 0.4% among repli-
cates, while the open plots displayed a pH variation
of 0.2%. Averaged over the course of the study,
calculated 95% confidence intervals indicate that
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pH values were not statistically different between
individual chambers within the same treatment,
suggesting that no replicate chamber or open plot
displayed consistently abnormal pH values for their
given treatment.

Total alkalinity (mean =+ SE) was
2508.9 4+ 41.6 pmol kg™' SW and was not altered
by COs(aq) or the chamber structure. Salinity was
35.5 + 0.6, ranging from 33.9 in November to 37.8
in May. Seawater temperatures averaged
29.1 £ 0.7°C and ranged from 33.9°C in August to
19.6°C in December. There was no effect of the
chamber structure itself on seawater temperatures.
Light levels inside the chambers ranged from 600 to
700 pmol photons m~ 2 s™' at the top of the sea-
grass canopy at noon.

Seagrass Biomass, Canopy Structure, and
Soluble Carbohydrates

Elevated CO3(q modestly increased seagrass
standing crop as compared to the ambient CO5,q)
chambers (Table 1; Figure 1A, P = 0.049), whereas
nutrient enrichment had no effect on standing crop
(P = 0.678), and there was no interaction between
CO3(aq) and nutrient enrichment on standing crop
(P = 0.809). Seagrass shoot and horizontal meris-
tem density (Figure 1B, C) were not altered by
either CO5(,q) (P = 0.088 and P = 0.094, respec-
tively) or nutrient enrichment (P = 0.808 and
P =0.930, respectively). Belowground biomass
(Figure 2A) was altered by CO,q treatment
(P = 0.024); however, this was attributable to an
increase within the open plot as compared to the
ambient chambers (Holm-Sidak test, Table 1).
Nutrient enrichment had no effect on belowground
biomass (P = 0.706). Shoot/root ratios were higher
within the elevated CO(,q) chambers (P = 0.029),

yet only when compared to the open plots (Holm—
Sidak test, Table 1). Nutrient enrichment had no
effect on shoot/root ratios (P = 0.518). Below-
ground carbohydrates were unaltered by either
CO3(aq) Or nutrient enrichment (P =0.476 and
P = 0.198, respectively).

Seagrass Productivity

Leaf growth varied during the course of the
experiment (maximum in October and minimum
in January) and was increased by nutrient enrich-
ment (P = 0.007, Table 2; Figure 3A, B). Averaged
across  COyq)  treatments,  growth  rates
(mean =+ SE) were 224 £ 1.6 and
21.2 + 1.5mg g ' d' within the + NP and — NP
treatments, respectively. Elevated CO5(,q, had no
effect on leaf growth or areal productivity (P = 0.07
and P = 0.329, respectively).

Seagrass Nutrient Content

Nutrient enrichment increased leaf nitrogen con-
tent and decreased leaf C/N ratios (P = 0.013), yet
had no effect on phosphorus content (Table 2;
Figure 4). Averaged across COj(,q) treatments,
nitrogen content (mean + SE) was 2.28 £ 0.1% in
the — NP chambers and open plots, and
2.47 £+ 0.1% in the + NP chambers and open plots.
C/N and N/P ratios within the + NP treatments
were 17.3 & 0.7 and 38.1 & 2.5, respectively. C/N
and N/P ratios in the — NP treatments were
18.2 £ 0.7 and 35.3 & 2.1, respectively. Elevated
CO3(aq) altered phosphorus content and N/P ratios
(P = 0.025); however, significant differences were
only detected between the elevated CO5(,q) cham-
bers and the open plots (Holm-Sidak test, Table 2).
Seagrass leaf P content (mean £ SE) was
0.14 £ 0.01% within the elevated CO;(,q) cham-

Table 1. Results of Two-Way ANOVA on Final Seagrass Harvest

CO,

Source of variation

Nutrients CO, x nutrients

Standing crop F = 3.469, P = 0.049
post hoc results
Shoot density
Horizontal meristems
Belowground biomass
post hoc results
Shoot/root
post hoc results
Belowground carbohydrates

F=2722, P=0.088
F=2.636, P=0.094
F = 4.346, P = 0.024
(Open > Amb. CO,)
F = 4.165, P = 0.029
(Elev. CO, > Open)
F=0.765, P=0.476

(Elev. CO, > Amb. CO,)

F=10.177, P=0.678 F=0.215, P=0.809
F=10.061, P=0.808
F=0.080, P=0.930
F=0.145, P = 0.706

F=0.213, P=0.810
F=0.054, P =0.947
F=0.290, P =0.751

F=0.431, P=0518 F=10.788, P = 0.467

F=1.749, P=0.198 F=0.816, P=0.454

Significant differences are indicated in bold. Post hoc results were determined by a Holm—Sidak test (x = 0.05).
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Figure 1. Seagrass standing crop (A), shoot density (B),
and horizontal meristem density (C) (means + 1SE) after
CO5(aq) and nutrient enrichment. ANOVA results are
displayed.

bers and was 0.15 £ 0.01% and 0.16 + 0.01%
within the ambient chambers and open plots,
respectively. Seagrass N/P ratios were 38.3 £ 2.2
within the elevated CO,,q chambers, and
37.5 + 2.3 and 34.2 £+ 2.3 within the unenriched
chambers and open plots, respectively. Leaf nitro-
gen content was not altered by CO5(,q) treatment.
The within-subjects factor of time was significant
for all nutrient response variables (Table 2), and
significant time x nutrient interactions were de-
tected for leaf N/P ratios (P = 0.003).
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Figure 2. Seagrass belowground biomass (A), shoot/root
ratios (B), and belowground carbohydrates (C)
(mean £ 1SE) after CO5(,q) and nutrient enrichment.
ANOVA results are displayed.

Inorganic and Organic Sediment Carbon
Content

Sediment properties were not altered by CO5,q) Or
nutrient enrichment. Across all treatments, IC
(mean + SE) ranged from a minimum of
9.3 &+ 0.2% in the + NP open plots to a maximum of
10.0 £ 0.2% in the — NP ambient CO;(,q cham-
bers. OC ranged from a minimum of 3.0 &+ 0.3% in
the — NP ambient CO5,q, chambers to a maximum
of 3.7 £ 0.4% in the + NP open plots.
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Table 2.
Nutrient Content

Results of Two-Way Repeated-Measures ANOVA on Seagrass Growth, Shoot Mass, Leaf Area, and

Source of variation Leaf growth

Leaf C/N

Leaf C/P Leaf N/P

Within-subjects factor
Time
Time x CO,
Time x nutrient
Time x CO, x nutrient
Between subjects factor

F =106.9, P < 0.001
F=0.981, P=0.453
F=0.380, P=0.804
F=10.641, P=0.726

CO, F=3.029, P=0.07
post hoc results
Nutrient F = 8.889, P = 0.007

post hoc results
CO, x nutrient

(+ NP > — NP)
F=1.862, P=0.180

F =52.92, P < 0.001
F=0.817, P=0.590
F=1.846, P =0.128
F=1.134, P=0.350

F=1.206, P =0.320
F=17.437, P=0.013

(— NP > + NP)
F =0.486, P = 0.622

F =20.21, P < 0.001 F =9.026, P < 0.001
F=1.002, P=0.435 F=1.551, P=0.154
F=2411, P=0.072 F =4.415, P=0.003
F=2.032, P=0.071 F=1.353 P=0.231
F=3428, P=0.054 F=4.516, P=0.025
(Elev. CO, > Open)
F=8.319, P=0.01
(+ NP > — NP)
F=2832, P=0.084

F =0.000, P=0.999

F=1.646, P =0.219

Significant results are indicated in bold. Post hoc results were determined by a Holm-Sidak test (o = 0.05).
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Figure 3. Time series of relative leaf growth rates (mean £ 1SE) within the nutrient-unenriched (A) and nutrient-

enriched (B) CO(,q) treatments.

DiscussioN

Our work presents modest evidence that prolonged
increases in dissolved CO, may alter the structure
of shallow seagrass habitats. It is important to note
that the statistical results of these CO, effects
(P = 0.049) were near our significance threshold
(x = 0.05), and thus these findings should be
interpreted within this context. We assert that in-
creased replication would have largely improved
the power of our analysis, which at our given level
of replication (n = 5) was 0.6, less than the desired
0.8 (Cohen 1988). Nutrient enrichment increased
plant N content and leaf growth, yet interactions
with elevated CO,,q were not detected. Thus,
contrary to our original hypothesis, nutrient
availability did not alter CO,,q, effects at our site,
suggesting that even relatively nutrient-poor plant
communities may positively respond to elevated
CO3(aq) Over sufficient timescales.

CO5(aq enrichment had no effect on seagrass
NSC, contrary to the results of prior research

(Zimmerman and others 1997; Campbell and
Fourqurean 2013). These disparities suggest that
the effects of CO,(,q) enrichment on NSC produc-
tion may be variable, and the lack of a significant
NSC response in the current study might be
attributable to differences in harvest schedules or
experimental time scales (Korner 2000). Previous
work documenting increases in seagrass NSC with
elevated CO3,q) was recorded in short-term
(weeks—-months) experiments. Over the longer
duration of the current study, increased rhizome
NSC might have been masked by seasonal variation
in carbohydrate pools or the eventual investment
of rhizome NSC toward alternate biomass com-
partments (Chapin and others 1990), as plants can
direct growth and vegetative expansion toward
acquiring resources in least supply (Bloom and
others 1985). Under elevated CO;(,q), naturally
growing, intact seagrasses (with undisturbed access
to sediment nutrient pools) may invest in shoot
proliferation and aboveground biomass. Due to the
destructive nature of harvesting rhizomes, a single
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Figure 4. Time series of seagrass leaf C:N (A, B), C:P (C, D), N:P (E, F) elemental ratios (mean + 1SE) within the
nutrient-unenriched (left column) and nutrient-enriched (right column) treatments.

NSC assessment was conducted at the end of this
study to maintain plot integrity. Thus, any tran-
sient gains in seagrass NSC from elevated CO5,q)
may have been diminished by the production of
new biomass by the time of harvest. Lee and
Dunton (1996) document that seagrasses with
extensive rhizomes (such as T. festudinum) can
utilize stored NSC to fuel respiration during the
winter season, or provide resources necessary for
leaf growth during the spring. As we present
modest evidence that elevated CO5(q increased
standing crop, this suggests that NSC accumulation
may represent a relatively short-term response,
with shifts in biomass representing the ultimate
consequences of long-term carbon enrichment.
Increased aboveground biomass with elevated
CO3(aq) follows responses from a number of ter-
restrial systems (Bazzaz 1990; Korner 2000; Ains-
worth and Long 2005). Using ex situ mesocosms,

Palacios and Zimmerman (2007) show increased
shoot density and rhizome biomass of the temper-
ate species Zostera marina under long-term
(~ 1 year) elevated CO3q and more recently
demonstrate that CO;,q can further enhance
summertime shoot survival and growth in the
Chesapeake Bay (Zimmerman and others 2015;
Zimmerman and others 2017). Studies of seagrasses
surrounding natural CO, vents similarly document
increases in shoot density (Hall-spencer and others
2008; Russell and others 2013), aboveground bio-
mass (Takahashi and others 2016), and below-
ground root biomass (Fabricius and others 2011)
with elevated CO5,q). Yet, it remains important to
note that (1) many vent studies document the most
prominent increases in biomass at sites character-
ized by extremely high CO5(,q) and low pH (< 7.6)
and (2) some studies show contradictory declines in
seagrass structure and function with COy,q)
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enrichment, potentially attributable to the pres-
ence of harmful trace elements surrounding the
vent systems (Apostolaki and others 2014; Olivé
and others 2017). Together, these examples high-
light the need for additional in situ manipulative
studies, whereby pH offsets can be carefully main-
tained and CO, effects can be rigorously explored.
Working with Posidonia oceanica, Cox and others
(2016) represent one of the other few manipulative
field studies to examine seagrass responses to ele-
vated COy(q) (PH ~ 7.88). Although they docu-
ment limited effects, these conclusions are taken
with a cautionary note due to poor replication
(n = 1). Furthermore, as compared to the current
study, Cox and others (2016) conducted in situ
enrichment within a much deeper meadow (11 m)
at a temperate latitude, where both light levels and
average seawater temperatures (23°C) were lower.
These environmental factors may have served to
mute responses, as demonstrated in other experi-
ments where CO5,q, effects were minimal under
light-limited conditions (Palacios and Zimmerman
2007). Similar to terrestrial systems, disparities in
the effects of elevated CO5(,q) on plant communi-
ties may be premised around varying patterns of
carbohydrate allocation, all potentially influenced
by the type of study (ex situ vs in situ), duration,
environmental context, and the species under
consideration (see Table S2 for comparisons across
seagrass CO,,q Tresearch). Specifically, careful
attention must be given toward scaling the exper-
imental duration to the turnover and response
times of the species under study. For our work,
demographic analysis showed that average seagrass
shoot age was approximately 1.8 years (Campbell
and Fourqurean, unpublished data). Thus, CO,
effects may have been more prominently detected
with extended experimentation (> 1 year). Over-
all, we assert that long-term experiments con-
ducted within natural systems (which limits
transplant artifacts and maintains rooting volume)
may be the only way to accurately and realistically
assess CO5aq) effects on seagrass ecosystems.
Nutrient enrichment produced relatively minor
effects on leaf nutrient content, leaf growth rates,
or final biomass metrics. This indicated that factors
other than nutrient availability likely controlled
seagrass productivity at this site. Although N and P
enrichment increased leaf growth rates, the effect
was minor (mean increase of 5.5% over the con-
trols) and, in isolation, did not result in increased
biomass. Although the seagrass landscape in south
Florida is generally one of marked nutrient limita-
tion (Fourqurean and Zieman 2002), seagrass beds
toward the western boundary of Florida Bay are

not strongly responsive to nutrient enrichment,
displaying minor changes in either leaf tissue
chemistry, growth, or biomass because of a bal-
anced environmental NP supply relative to plant
demand (Armitage and others 2005). Seagrasses at
our site displayed N/P ratios near 30:1, suggesting
our study site was not strongly nutrient limited.
Prior studies have suggested that seagrasses with N
content above 1.8% are generally not limited by N
supply, and seagrasses with P content above 0.2%
are generally not limited by P supply (Duarte
1990). Mean seagrass nutrient content at our site
was 2.37% N (above the N threshold), and P con-
tent was 0.15% DW (suggestive of slight P limita-
tion). However, these thresholds may not hold true
for all locations, as other studies have documented
minor seagrass responses to P enrichment despite
relatively low tissue concentrations (= 0.10%P)
(Ferdie and Fourqurean 2004). Moreover, we find
no long-term effect of elevated CO5,q, On seagrass
nutrient content, contrasting with prior interme-
diate-term experiments which document CO5,q)-
mediated declines in leaf N and P content (Camp-
bell and Fourqurean 2013). It is likely that the
transient declines reported by Campbell and Four-
qurean (2013) were primarily driven by NSC
dilution, as opposed to broader mismatches be-
tween plant nutrient demand and environmental
supply.

CO5(aq) x nutrient interactions were not de-
tected across the timescale of the current study,
indicating that N and P amendments did not alter
seagrass responses to COjq, and background
nutrient supply was sufficient to meet plant de-
mand, similar to the results of prior ex situ work
documenting limited CO5(q, x nutrient interac-
tions for two tropical seagrasses, Halodule uninervis
and Thalassia hemprichii (Ow and others 2016), and
the temperate seagrass Zostera noltii (Martinez-
Crego and others 2014). In terrestrial studies, pro-
gressive nitrogen limitation (PNL) has been pro-
posed as a mechanism constraining plant responses
to elevated COy.q), as additional elemental re-
sources may be required to sustain increased
growth (Luo and others 2004; Norby and others
2010). Resulting tests of this hypothesis with FACE
experimentation have provided conflicting results,
with PNL being demonstrated in some studies and
not in others (Norby and Zak 2011). These trends
may be explained by the ability to compensate for
reduced N availability via increased soil exploration
by fine roots (Finzi and others 2007). In seagrass
meadows, particularly those dominated by large-
bodied species such as T. testudinum, investments in
belowground biomass (root-rhizome complexes)
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may allow for sufficient exploration of sediment
nutrient pools to support increased demand under
elevated COsaq), as T. testudinum has the ability to
liberate sediment bound P via the exudation of
organic acids (Long and others 2008). Thus, we
suggest that seagrasses may respond to elevated
CO3(aq) across a range of nutrient regimes. We
further note that belowground biomass was higher
within our open plots as compared to our ambient
CO3(aq) chambers, yet intriguingly, there was no
difference in belowground biomass between these
open plots and the elevated CO;q chambers
(Figure 2A). It is unclear what might be driving
such trends; however, any negative chamber effect
on belowground biomass may have been partially
mitigated by CO,,q addition, as prior work has
demonstrated positive CO;,q, effects on below-
ground compartments (Palacios and Zimmerman
2007).

CO5(aq) Or nutrient enrichment did not alter soil
organic matter (OM) or organic carbon (OC) con-
tent. Similar to terrestrial systems, seagrass mead-
ows are now being recognized as substantial
hotspots for long-term carbon storage (Fourqurean
and others 2012), and thus any CO5(,q) mediated
increase in seagrass productivity might serve to
promote C storage within these systems via either
increased belowground biomass or aboveground
canopy structure, which facilitates particle trapping
(Hendriks and others 2008). Although some ter-
restrial work has demonstrated increases in
belowground C stocks with elevated CO,,q) (Jas-
trow and others 2005; Luo and others 2006), these
findings tend to be evident over extended time
scales (multiple years). Thus, the duration of the
current experiment may not have been sufficient to
detect changes in soil properties via the before
mentioned mechanisms. Further research will be
required to sufficiently determine how seagrass
ecosystem C dynamics may be ultimately influ-
enced by CO5(,q), as effects on long-term C storage
will critically depend upon plant partitioning and
the distribution of C across biomass pools of varying
residence times (Norby and Zak 2011).

Elevated CO;,q modestly increased seagrass
standing crop, providing evidence that carbon
enrichment will likely prove beneficial to sub-
merged plants beyond enhancements in photo-
synthetic output. These responses were not
influenced by NP addition, suggesting that elevated
CO3(aq) may alter plant functioning, even in rela-
tively nutrient-poor systems. Such findings may be
attributable to substantial seagrass investment in
belowground structures, capable of -efficiently
exploiting sediment NP pools, thereby meeting any

CO3(aq)-driven increases in nutrient demand.
However, as seagrass N and P content widely varies
across south Florida (Fourqurean and Zieman
2002), we assert that valuable information would
be gained by conducting additional seagrass CO;,q)
research across a broader range of nutrient avail-
ability, particularly in locations experiencing ex-
treme limitation. Increases in ecosystem C storage
under elevated CO5,q) are currently unknown, as
the ultimate effects will largely depend upon the
capability of these systems to increase organic C
inputs toward refractory soil compartments, which
are stable over extended periods (Fourqurean and
others 2012). Although our current work provides
some evidence for increases in seagrass standing
crop, other experiments have highlighted the
negative effects of CO, on calcifying epiphytes
(across both in situ and ex situ studies), suggesting
that future rates of calcification and biogenic sedi-
ment production may be altered with climate
change (Hall-Spencer and others 2008; Campbell
and Fourqurean 2014; Cox and others 2015).
Furthermore, other environmental parameters,
such as light and/or temperature, may additionally
influence CO5,q, effects, likely in complex ways
that will be difficult to assess without carefully
designed multi-factorial experiments. While some
studies document that light enhances seagrass re-
sponses to CO,(,q) Via increases in photosynthetic
carbon demand (Palacios and Zimmerman 2007),
others show that increased light can promote neg-
ative COy(aq) effects by fueling the growth of epi-
phytic algae (Burnell and others 2014).
Interactions with temperature have also recently
received attention, whereby CO,(,q) can serve to
mitigate the effects of thermal stress by promoting
whole plant carbon balance (Zimmerman and
others 2015). Overall, similar to terrestrial systems,
we argue that these foundational habitats will
change with future increases in carbon supply and
should be targeted as a priority for further assess-
ments of the effects of climate change on coastal
ecosystems.
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