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Abstract

Since Susan Williams and I started our scientific careers in the mid-1970s, seagrass science has been transformed from a largely
descriptive field to an increasingly quantitative and predictive endeavor that requires a mechanistic understanding of environ-
mental influence on metabolic networks that control energy assimilation, growth, and reproduction. Although the potential
impacts of environment on gene products are myriad, important phenotypic responses are often regulated by a few key points
in metabolic networks where externally supplied resources or physiological substrates limit reaction kinetics. Environmental
resources commonly limiting seagrass productivity, survival, and growth include light, temperature, and CO, availability that
control carbon assimilation and sucrose formation, and regulate stress responses to environmental change. Here I present a
systems approach to quantify the responses of seagrasses to shifts in environmental factors that control fundamental physiological
processes and whole plant performance in the context of a changing climate. This review shows that our ability to understand the
past and predict the future trajectory of seagrass-based ecosystems can benefit from a mechanistic understanding of the responses
of these remarkable plants to the simultaneous impacts of ocean acidification, climate warming, and eutrophication that are
altering ecosystem function across the globe.

Keywords Ocean acidification - Ocean warming - Carbon dioxide - Scaling up - Prediction - Metabolic theory - Energy balance -

Energy flow

Homage to Susan

Susan Williams was driven by her joy in exploring the natural
world, her concern for environmental integrity, and her strong
motivation to develop a mechanistic understanding of marine
ecology. Her particular fondness for marine plants, especially
seagrasses, led her to explore the physiology of these remark-
able organisms and their function within subtidal ecosystems.
Susan’s work on nutrient interactions and epiphytes (Hughes
et al. 2004; Williams and Ruckelshaus 1993), seagrass popu-
lation genetics (Williams and Davis 1996; Williams and Orth
1998), human exploitation of marine ecosystems (Coleman
and Williams 2002), and biological invasions (Lodge et al.
2006; Williams and Smith 2007) helped formulate some of
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the most highly influential papers published on the existential
crisis facing seagrass ecosystems today (Orth et al. 2006;
Waycott et al. 2009).

At the heart of Susan’s science, however, was a desire to
understand the past and predict the future, beginning with her
first investigations into seagrass photosynthesis. The systems
perspective she developed, under the influence of C. Peter
McRoy, laid the groundwork for her scientific contributions
that continue to impact our thinking today. For example, her
M.S. thesis, subsequently published as Williams and McRoy
(1982), adopted the macroscopic perspective of Odum (2007)
to emphasize the similarity of photosynthetic performance
among six species of North American seagrasses that were
only distantly related across four taxonomic families (den
Hartog and Kuo 2006; Waycott et al. 2006). From that early
beginning, Susan made a number of important contributions
to our understanding of nutrient dynamics (Williams and
Ruckelshaus 1993), trophic transfer and the role of herbivores
in structuring shallow water benthic communities (Heck et al.
2008; Thayer et al. 1984), patterns of reproduction and popu-
lation genetics in marine macrophytes (Williams 2001), and
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species invasions (Williams 2007; Williams and Grosholz
2008). Susan also focused heavily on the existential threat to
coastal marine ecosystems from human impacts, and particu-
larly climate change, which requires a systems-level perspec-
tive to understand and predict the scales over which climate
will impact living marine systems (Harley et al. 2006).

Since Susan and I began our scientific careers in the mid-
1970s, seagrass science has been transformed from a descrip-
tive field emphasizing natural history to an increasingly quan-
titative, and predictive, endeavor that requires mechanistic
understanding of environmental influences on metabolic net-
works within and among species that control energy assimila-
tion, growth, and reproduction of these remarkable marine
plants (Brown et al. 2004). At the turn of the last century,
Duarte (1999) criticized seagrass research for being demo-
graphically unbalanced in terms of its practitioners and taxo-
nomically unbalanced in terms of its subjects. Perhaps most
critically, he found the research to be dominated by descrip-
tive efforts that made little or no attempt to synthesize results
or derive general relationships that could be used in a predic-
tive sense for the management of seagrass ecosystems. The
remainder of this essay will explore the extent to which we
have begun to achieve that predictive understanding of
seagrass ecology, particularly in the last 20 years, and to iden-
tify opportunities for continued progress in the near future. I
will frame this discussion using the systems perspective
pioneered by H.T. Odum and focus on ecological energetics
to illustrate a path for scaling up from laboratory experiments
on individual leaves to whole plant carbon balance, and how
that mechanistic knowledge can help us predict climate im-
pacts on seagrass ecosystems that can be tested across the
submarine landscape as we march deeper into the
Anthropocene.

The Evolution of Our Climate and Our
Scientific Thinking

As I write this in August 2020, the monthly average concen-
tration of CO, in our atmosphere now hovers above 415 ppm,
a level not experienced on Earth in nearly 20 million years
(Thomas 2008; Zhang et al. 2013). Of perhaps even greater
concern, the acceleration in anthropogenic CO, release has
been following the “business as usual scenario” (IPCC
2014), exponentially increasing the concentration of CO, in
the atmosphere at a rate of 0.024 year ' (Fig. 1a). Not coinci-
dentally, the rate of growth in overall scientific knowledge as
measured by the annual number of peer-reviewed
publications—another anthropogenic product—has increased
exponentially at a similar rate of 0.029 year ' since at least
1980 (Bornmann and Mutz 2015). Remarkably, scientific
knowledge of seagrasses has grown more than twice as fast
as the general scientific literature, with the number of

publications increasing at an exponential rate of 0.069 year '
since the mid-1970s when Estuaries & Coasts published its
first issue under the original name Estuaries. My estimate
undoubtedly represents a lower bound on the true growth in
seagrass publications, as it was based on a simple search query
to the Web of Science with the words “seagrass OR zostera OR
eelgrass OR thalassia OR turtlegrass OR posidonia OR nep-
tune grass OR phyllospadix OR surfgrass” listed in the title or
as a topic descriptor. Nonetheless, it retrieved > 12,000 pub-
lished documents since 1920, distributed across > 100 disci-
plines. The diversity of investigations is illustrated by the tree
map showing the distribution of seagrass publications in the
top 25 disciplines ranging across Marine & Freshwater
Biology to Biodiversity & Conservation to Genetics (Fig.
1b). These publications provide an ever-growing foundation
for developing a predictive understanding of the biology of
seagrasses and their environmental significance at scales rang-
ing from molecules to ecosystems.

Despite the prodigious growth in quantitative knowledge
about seagrasses across multiple disciplines and scales, and
the compilation of that knowledge in several excellent books
along the way (e.g., McRoy and Hellfrich 1977; Phillips and
McRoy 1980; Hemminga and Duarte 2000; Short and Coles
2001; Larkum et al. 2006; Larkum et al. 2018), seagrass eco-
systems continue to suffer local insults from resource extrac-
tion, coastal exploitation, waste dumping, and now global
impacts from climate warming, sea level rise, and ocean acid-
ification. Collectively, these forces are creating a global crisis
that threatens the survival of seagrass meadows, as well as
shellfish reefs and coral reefs that create essential habitat for
coastal ecosystems worldwide (Lotze et al. 2006; Orth et al.
2006; Waycott et al. 2009).

The global implications of these habitat losses are dire, but
sustained local/regional efforts to improve and maintain water
quality based on sound science have produced encouraging
results. Recognition that seagrasses were relatively weak com-
petitors for light compared with their algal counterparts (e.g.,
Borum 1983; Bulthius 1983), and that seagrass light require-
ments could be approximated by the Secchi depth (Dennison
1987; Duarte 1991), provided a management tool linking
seagrass survival to water transparency and nutrient loading
into coastal waters (Batiuk et al. 2000). Improving water trans-
parency has been important in the recent recovery of sub-
merged aquatic vegetation (SAV) in the Chesapeake Bay,
USA (Schulte et al. 2009; Lefcheck et al. 2018), as well as
in Tampa and Sarasota Bays, USA (Greening et al.
2011;Greening et al. 2016; Sherwood et al. 2017; Tomasko
et al. 2018), and in Europe (de los Santos et al. 2019).

Although the examples cited above demonstrate that a rel-
atively simple measure of light availability could be used to
manage water quality improvements that are key to seagrass
restoration, the long-term survival of coastal ecosystems re-
mains threatened by global-scale pollution of our atmosphere
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Fig. 1 (a) Rates of increase in (i) the annual average concentration of
atmospheric CO, at the Mauna Loa Observatory, (ii) modern science
publications since 1980 from Bornmann and Mutz (2015), and (iii)
seagrass publications obtained from the Web of Science. Curves represent
non-linear least-squares fit to the data using the simple exponential model
(Y=Y, ) where k represents the intrinsic rate of increase and T

with greenhouse gases that generate climate-changing impacts
not manageable at the scale of local watersheds. Perhaps more
important than rising mean water temperature, the frequency
and duration of extreme heat events are likely to grow (Lau
and Nath 2012), threatening the survival of coastal ecosystems
including coral reefs (Hughes et al. 2017) and seagrass
meadows (Moore and Jarvis 2008; Thomson et al. 2015;
Short et al. 2016), particularly when combined with poor wa-
ter quality (Moore et al. 2012; Hall et al. 2016).
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represents time (years). The intrinsic rates of increase (k) for atmospheric
CO,, modern science, and seagrass science are 0.024 year_l, 0.029 year_l,
and 0.069 year ', respectively. (b) Tree map of the subject categories
generated from the Web of Science search. Numeric values indicate the
number of seagrass publications in each category, out of the 12,000 “hits”

The climate would be warming even faster if the oceans did
not absorb about 26% of the anthropogenic CO, released each
year. However, that absorbed CO, is the primary driver of
ocean acidification (OA) that raises additional concerns for
the future of marine ecosystems (Doney et al. 2009; Kroeker
et al. 2010; Saba et al. 2019). Although the impacts of CO,
absorption on the chemistry of the open ocean is now unmis-
takable (Dore et al. 2009), the direct impacts of atmospheric
CO, absorption on coastal and estuarine environments can be
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difficult, if not impossible, to distinguish from the impacts of
eutrophication (Duarte et al. 2013; Saba et al. 2019). Often
fueled by eutrophication, high rates of metabolic activity in
coastal and estuarine waters produce diel fluctuations in pCO,
and pH that are orders of magnitude greater than those driven
by the global anthropogenic CO, signal, potentially making
estuarine waters sources, rather than sinks, of CO, to the at-
mosphere (Short et al. 2016; Najjar et al. 2018). Furthermore,
watershed processes deliver variable amounts of alkalinity to
the receiving waters that alter the effect of CO, absorption on
pH, dissolved inorganic carbon (DIC) concentration, and car-
bonate alkalinity (Cai 2011).

Coastal aquatic habitats are among the most diverse on
earth, creating a significant challenge for assimilating suffi-
cient information to understand the intricate responses of even
the dominant species to climate change. However, the rela-
tively simple morphology, life history, and ease of experimen-
tal manipulation in the lab and field make seagrasses top can-
didates for developing predictive models of the integrated,
whole organism responses to light availability, climate
warming, and ocean acidification that can incorporate patterns
of gene expression, metabolic acclimation, and energy bal-
ance required to predict the ecological success and spatial
distribution of these ecosystem engineers into the
Anthropocene. Codifying our broad knowledge about
seagrasses into predictive models can also help guide the di-
rection of investigations into other organisms and their inter-
actions with seagrasses, thereby broadening our predictive
understanding of ecosystem function (Kroeker et al. 2011;
Waldbusser and Salisbury 2014; Koweck et al. 2018).

From Tissue Segments

Seagrass metabolism is easily measured in the laboratory by
quantifying the rate of O, and/or DIC flux, in combination
with variable fluorescence, from small tissue segments incu-
bated in well-stirred, sealed chambers (Fig. 2a). Furthermore,
many constituents of leaves, rhizomes, and roots are easily
extracted, enabling detailed investigations of the genome
(Olesen et al. 2016), the transcriptome (Gu et al. 2012), and
the metabolome (Davey et al. 2016). Although laboratory
conditions under which these reductionist measures are per-
formed can be unrealistic ecologically, they provide essential
data to parameterize functional relationships between, e.g.,
photosynthesis and irradiance (Williams and McRoy 1982),
the metabolic O, demand of below-ground tissues
(Zimmerman et al. 1989; Kraemer and Alberte 1993), the light
intensity and duration required to sustain metabolic carbon
balance as measured by ratios of photosynthesis to respiration,
or P:R, (Dennison and Alberte 1982), the effect of temperature
on photosynthesis and respiration (Evans et al. 1986;
Zimmerman et al. 1989), and understanding functional
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Fig. 2 (a) Seagrass leaf segment enclosed in an incubation chamber for
simultaneous measurement of polarographic O, (embedded in the base),
pH/dissolved inorganic carbon (electrode protruding through the cap),
and variable fluorescence (sensor outside the chamber). Temperature is
controlled by the water jacket surrounding the incubation chamber and
illumination at a constant flux is provided by an artificial lamp (not
shown). Reprinted with permission from (Celebi 2016). (b)
Photosynthesis vs. irradiance (P vs. E) curves at normal (pCO, =
400 patm, total CO»=2 mmol kg ' SW, pH 8) and elevated CO,
(pCO, =24 patm, total CO, =3 mmol kg' SW, pH 6.5) performed by
the author on Thalassia testudinum leaves using the polarographic O,
system illustrated in Fig. 2a. Incubation temperature was 25 °C and sa-
linity was 36 (PSS-78, Lewis 1980). Data were fit to the exponential
function of Webb et al. (1974) using the iterative curve fitting tool
(CFTOOL) implemented in Matlab ®. Red line indicates the initial slope
() of the light-limited portion of the P vs. E curve. CO,-driven increases
in the light saturation threshold (£y) and light-saturated rate of photosyn-
thesis (Pg) are indicated by the arrows

differences across species (Invers et al. 2001) and populations
(Zayas-Santiago et al. 2020).

The effect of CO, on leaf photosynthesis (Sand-Jensen and
Gordon 1984; Beer 1989; Durako 1993; Zimmerman et al.
1995; Beer and Koch 1996; Invers et al. 2001) helps limit
seagrass colonization depths to the ~10% isolume
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(Dennison 1987; Duarte 1991; Onuf 1991; Zimmerman et al.
1991). Photosynthesis vs. irradiance (P vs. E) curves mea-
sured on seagrass leaves at different CO, concentrations under
controlled laboratory conditions reveal the interaction be-
tween light, which provides the energy to drive photosynthe-
sis, and CO, availability, the chemical substrate required by
Rubisco for carbon fixation (Fig. 2b). Photosynthesis is insen-
sitive to CO, concentration at low light intensity because CO,
availability exceeds the energetic capacity for its assimilation,
as revealed by the constant initial slope («) of the P vs. E
relationship. However, the light-saturated photosynthetic ca-
pacity (Pg) of the seagrass leaf is strongly regulated by CO,,
making Pg a hyperbolic function of substrate concentration
and permeability, or flow (McPherson et al. 2015). Because
« is unaffected by CO, availability, the light intensity required
to saturate photosynthesis (£y) also increases with CO, avail-
ability. Thus, light and CO, represent independent, but poten-
tially co-limiting drivers of photosynthesis (Saito et al. 2008)
such that the impact of ocean acidification on seagrass perfor-
mance will depend strongly on the light environment in which
the plants are grown.

In contrast, photosynthesis of most marine autotrophs ex-
hibits little response to ocean acidification because CO,-con-
centrating mechanisms, including those associated with pyre-
noids in algal chloroplasts and carboxysomes in cyanobacteria,
effectively facilitate the extraction CO, from bicarbonate,
which is 140 times more abundant in seawater than free CO,,
thereby maintaining a CO,-rich environment around Rubisco
(Raven et al. 1995; Raven and Beardall 2014). The resulting
higher rates of light-saturated photosynthesis generate more
favorable P:R ratios that enable marine algae to colonize depths
that extend to the 1% isolume. In addition to elevating seagrass
light requirements, carbon limitation of seagrass photosynthesis
reduces the effect of temperature on photosynthesis but not on
respiration, limiting the ability of seagrasses to maintain posi-
tive daily carbon balance as summer temperatures rise (Barber
and Behrens 1985; Evans et al. 1986; Zimmerman et al. 1989).
Although the positive effect of CO, on leaf photosynthesis and
sucrose formation suggests that ocean acidification may in-
crease thermal tolerance of eelgrasses by raising P:R in a
warming climate (Zimmerman et al. 1995), differences among
species in the power of CO, to stimulate leaf photosynthesis
suggest that some species, e.g., Zostera marina, will benefit
more from ocean acidification than others, e.g., Posidonia
oceanica (Invers et al. 2001).

Short-term laboratory studies have also improved our
understanding of carbon isotope fractionation in seagrass
leaves and its sensitivity to light availability (McPherson
et al. 2015), allowing the relatively easy measurement of
leaf 6'°C to provide an index of light availability in
seagrass populations (Hu et al. 2012; Lapointe et al.
2020) and its relation to standing biomass in light limited
estuaries (Ruesink et al. 2015).
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Taken together, the laboratory studies of tissue segment
metabolism and chemical composition, in conjunction with
knowledge of leaf optical properties (Cummings and
Zimmerman 2003; Enriquez 2005), radiative transfer process-
es controlling water column transparency (Gallegos 2001; Lee
et al. 2005), and plant canopy architecture (Zimmerman
2003b), have enabled the creation of multi-parameter bio-op-
tical models that predict the integrated effects of temperature,
light, and dissolved gas concentrations on whole plant carbon
balance (Zimmerman 2006; Zimmerman et al. 2015) (Fig. 3a).
The interactions produced by these models are strongly non-
linear, resulting in a complex response surface in which the
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Fig. 3 (a) Conceptual diagram illustrating the interaction between light,
temperature, and CO, availability on photosynthesis and growth of
seagrasses, based on the short-term laboratory experiments. Symbols
are after Odum (1983). (b) Interactive effects of temperature and CO,
enrichment on the daily photosynthetic requirement to maintain positive
whole-plant carbon balance in Zostera marina. With sufficient light avail-
ability, the “CO, fertilization effect” associated with coastal acidification
can offset the deleterious effects of elevated temperatures. Reprinted with
permission from Zimmerman et al. (2015)
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photosynthesis (expressed here as hours of light-saturated
photosynthesis, Hy,) required to balance daily carbon demand
for metabolism increases exponentially with temperature at
present-day ocean CO, levels, but decreases dramatically as
CO, concentration increases/pH decreases (Fig. 3b).

To Whole Plants

The ability to cultivate seagrasses in laboratory aquaria and
mesocosms provides a pathway for mapping predictions and
validating models derived from metabolic measurements
using tissue segments (described above) onto the integrated
long-term performance of whole plants. Aquaria and
mesocosms also permit experimental manipulation over a
broader range of treatments than might be experienced at
any one location in the field, permitting accurate quantifica-
tion of the metabolic response curve to environmental drivers
such as light, temperature, and CO, availability. Results from
these experiments allow functional relationships to be quanti-
fied by “drawing the line” rather just testing for significant
differences among treatments (Brown et al. 2004;
Cottingham et al. 2005; Palacios and Zimmerman 2007,
Zimmerman et al. 2017).

Whole-plant experiments with numerous seagrass species
typically yield significantly enhanced rates of leaf photosyn-
thesis and sugar accumulation after brief exposures to elevated
CO, in laboratory aquaria (Table 1). Although the strength of
the whole-plant response should be expected to vary depend-
ing on species (Invers et al. 2001), the duration of exposure,
light intensity, temperature, and nutrient regimes can also play
amajor roles in elucidating performance features that might be
impacted by ocean acidification. For example, growth of
Amphibolis antarctica, Halophila uninervis, and Thalassia
hemprichii, but not Cymodocea serrulata, responded positive-
ly to increased CO, availability in as little as 2 to 4 weeks
(Burnell et al. 2014; Ow et al. 2015). However, a separate 2-
week experiment showed that growth of C. serrulata
responded positively to both light and CO, availability, while
H. uninervis only exhibited a positive growth response to light
availability (Ow et al. 2016). The different species responses
reported above may have resulted from differences in carbon
allocation strategies to shoots, roots/rhizomes, and reproduc-
tion among species/populations that suggests a genetic com-
ponent. However, experimental periods that barely encompass
one plastochron interval (~2 weeks) for leaf initiation may
simply be too short to manifest significant long-term impacts
on whole plant morphology and performance. Extending the
experimental exposure period is likely to produce important
responses not observed in short-term studies.

A 21-day experiment with 7. hemprichii produced a signif-
icant positive effect of CO, enrichment on leaf photosynthesis
and soluble carbohydrate accumulation that generated a 30%

increase in leaf growth (Jiang et al. 2010). A 28-day experi-
ment with Cymodocea nodosa revealed that ocean acidifica-
tion improved ammonium assimilation and helped maintain a
positive carbon balance in the face of a temperature-induced
increase in respiration (Egea et al. 2018). A 45-day aquarium
experiment with Z. marina demonstrated that tripling the rate
of leaf photosynthesis by CO, enrichment reduced the daily
period of irradiance-saturated photosynthesis required for
plants to maintain positive whole carbon balance from 7 to
2.7 h (Zimmerman et al. 1997). The 3-fold increase in light-
saturated leaf photosynthesis stimulated by CO, enrichment
allowed plants growing under a daily 4-h photoperiod to per-
form like plants growing under a 12-h daily photoperiod in
unenriched seawater, verifying the stoichiometric impact of
CO, on whole plant carbon balance predicted from experi-
ments on individual leaves. Plants grown under the 4-h pho-
toperiod without CO, enrichment slowly consumed internal
carbon reserves, decreased their growth rates, and expired
after 45 days. The square-wave nature of illumination
employed in this experiment was unrealistic ecologically and
should not be interpreted to imply an equivalent response to a
3-fold reduction in natural light intensity in the field.
However, this experiment did facilitate the calculation of daily
carbon budgets for each treatment, quantitatively linking the
CO,-stimulated increase in leaf photosynthesis to daily pho-
tosynthetic carbon gain by the leaves and the determination of
carbon budgets, growth, and survival of whole plants.

An 8-week experiment performed with Halodule wrightii
and Ruppia maritima under mesohaline conditions (salinity =
20 (PSS-78, Lewis 1980)) in outdoor aquaria found no effect
on species composition, plant morphology, tissue C or N con-
tent, or rapid light curve parameters measured using variable
fluorescence (Guerrero-Meseguer et al. 2020). However, rap-
id light curves produced by variable fluorescence instruments
can be insensitive to CO, limitation of photosynthesis if alter-
nate pathways for photochemical quenching (e.g., photorespi-
ration) and non-photochemical quenching (e.g., xanthophyll
cycling) are active. Although soluble sugar concentrations
were not reported, 5'3C values of above- and below-ground
tissues were significantly reduced under CO, enrichment,
which is consistent with model predictions of CO,-stimulated
photosynthesis and its impact on stable isotope composition
(McPherson et al. 2015).

A 14-week manipulation revealed positive impacts on
shoot density and thermal tolerance of T. hemprichii, in addi-
tion to the positive impacts on mobile carbon reserves and leaf
growth rates (Liu et al. 2020). This study further showed that
seagrass metabolism had a positive impact on the growth of
the reef coral Pocillopora damicornis when co-located in the
same aquaria.

A year-long CO, enrichment experiment with Zostera
marina from California using outdoor aquaria illuminated by
natural sunlight (Palacios and Zimmerman 2007)
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Table 1 Summary list of CO, enrichment experiments employing whole negative impacts are indicated by “—,” “NS” indicates no significant effect,
plants ranging from 1 week to 20 months duration, and indications of their and “nr” indicates the results were not reported
basic findings. Positive impacts of CO, enrichment are indicated by “+,”

Experimental ~ Species Experimental ~Photosynthesis or  Tissue Leaf  Shoot  Flowering Light Thermal  Source
context duration ETR chemistry growth density requirements tolerance
Laborataory  Amphibolis 1 week + + + NS nr NS nr Burnell et al. 2014
Aquaria antarctica
Cymodocea 2 weeks + + NS NS nr + nr Ow et al. 2015
cerrulata
Cymodocea 2 weeks + + + NS nr NS NR Ow et al. 2016
cerrulata
Cymodocea 4 weeks nr + NS NS nr nr NS Egeaetal. 2018
nodosa
Haludule 2 weeks + + + NS nr + nr Ow et al. 2015
uninervis
Haludule 2 weeks + + NS NS nr NS NR Ow et al. 2016
uninervis
Halodule 8 weeks NS NS, + NS NS NS nr nr Guerrero-Meseguer
wrightii et al. 2020
Ruppia 8 weeks NS NS, + NS NS NS nr nr Guerrero-Meseguer
maritima et al. 2020
Thalassia 2 weeks + + + NS nr + nr Ow et al. 2015
hemprichii
Thalassia 3 weeks + + + nr nr NS nr Jiang et al. 2010
hemprichii
Thalassia 14 weeks nr + + + nr nr + Liu et al. 2020
hemprichii
Zostera 6 weeks + + + + nr +* nr Zimmerman et al.
marina 1997
Zostera 12 months nr + + + + NS nr Palacios and
marina Zimmerman
2007
Zostera 20 months nr + + + + NS + Zimmerman et al.
marina 2017
Zostera 20 months + + nr nr nr nr nr Celebi 2016
marina
Zostera 20 months + + + nr nr nr nr Zayas-Santiago
marina et al. 2020
In situ Thalassia 6 months nr + NS NS nr nr nr Campbell and
manipula- testudinum Fourqurean 2013
tions
Posidonia 4 months NS NS NS NS nr nr nr Cox et al. 2016
oceanica
Natural Posidonia N/A nr nr nr + nr nr nr Hall-Spencer et al.
experiments oceanica 2008
Cymodocea ~ N/A + nr nr NS nr nr nr Apostolaki et al.
nodosa 2014
Cymodocea ~ N/A nr + + + nr nr nr Takahashi et al.
rotundata 2016
Cymodocea ~ N/A nr nr nr + nr nr nr Takahashi et al.
serrulata 2016
Halodule N/A nr nr nr + nr nr nr Takahashi et al.
uninervis 2016
Halophila N/A nr nr nr —kE nr nr nr Takahashi et al.
ovalis 2016
Thalassia N/A nr nr nr —HE nr nr nr Takahashi et al.
hemprichii 2016
Syringodium ~ N/A nr nr nr —kE nr nr nr Takahashi et al.
isoetifolium 2016

*Although Zimmerman et al. (1997) reported a positive effect of CO, on plants grown under short daily photoperiods, plants were exposed to photosynthesis-
saturating intensities and these results should not be interpreted as demonstrating an increase in the shade tolerance under elevated CO,

whose size and abundance increased with CO,
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demonstrated a number of long-term effects not evidenced in
the shorter-duration experiments described above. Prolonged
exposure to CO, enrichment under light repletion yielded a
transient period of significantly higher rates of leaf growth and
sugar accumulation during spring that subsequently gave way
to a summer period of enhanced rhizome growth, vegetative
proliferation, and flowering shoot production that increased
the population size going into the subsequent winter. Thus,
CO, enrichment facilitated survival of the clone and/or popu-
lation in ways that were not evident in short-term experiments
focused on individual shoots. This experiment also confirmed
the inability of high CO, to stimulate plant growth or survival
under light limitation, as predicted from laboratory experi-
ments with leaf segments (Fig. 2b).

A 20-month experiment demonstrated that CO, stimu-
lation of primary production enhanced the survival,
growth, subsequent vegetative proliferation, and
flowering shoot production of Zostera marina from the
Chesapeake region despite being exposed to a prolonged
period of summer heat stress (Zimmerman et al. 2017)
(Fig. 4). The experiment also demonstrated quantitative
equivalency in the effect of CO, on shoot proliferation,
size, growth, and sugar accumulation with model predic-
tions based on metabolic carbon balance derived from
short-term laboratory experiments on individual leaves
(Zimmerman et al. 2015). Thus, rather than acting in a neu-
tral fashion, or as an independent stressor, CO, availability
appears to serve as a quantitative antagonist able to counter
the negative impact of warm summer temperatures on eelgrass
growth and survival when light is not a limiting factor.

Long-term experiments encompassing the annual cycle of
ambient temperature and light availability also provide mech-
anistic insight into acclimation processes not evident in short-
term experiments. Quantifying the positive impact of CO,
availability on flowering shoot production required an exper-
imental duration of at least a full year (Palacios and
Zimmerman 2007; Zimmerman et al. 2017). Long-term expo-
sure to CO, enrichment also reduced the content of photosyn-
thetic pigments without decreasing light harvesting efficiency
or photosynthetic capacity (Celebi 2016 ), in a manner similar
to photoacclimation (Cummings and Zimmerman 2003;
Dattolo et al. 2014). The photoacclimation-like response
to CO, availability can be explained by the stimulation
of Calvin Cycle activity that also suppresses photorespi-
ration and promotes Photosystem II (PSII) activity, lead-
ing to a buildup of O, in the chloroplast stroma (Fig. 5).
The resulting formation of reactive oxygen species (ROS),
along with over-reduction of the plastoquinone (PQ) pool
derived from increased PSII activity, likely reduces the
expression of light harvesting complex genes via regula-
tory pathways common among higher plants
(Pfannschmidt and Yang 2012), leading to the
photoacclimation-like response to elevated CO,.

To Populations

Similar responses of many seagrass species to light, tempera-
ture, and CO, availability suggest that a common metabolic
wiring scheme (e.g., Figs. 3A and 5) may be useful for explor-
ing genetic differences in the responses of seagrasses to envi-
ronmental stress. Reduced genetic diversity can affect popu-
lation growth and individual fitness in eelgrass populations
(Williams 2001; Hughes et al. 2004) and resilience of whole
populations to climate warming (Ehlers et al. 2008).
Nonetheless, these population-level differences in eelgrass
performance appear to have genetic bases in the regulation
of principal metabolic pathways involved in carbon metabo-
lism and storage that can be tracked at the level of the tran-
scriptome (Salo et al. 2015), as well as the metabolome
(Zayas-Santiago et al. 2020) and may be common among
many seagrass species (Ruocco et al. 2017). Continued appli-
cation of advanced omics technologies offers to improve our
mechanistic understanding of species- and population-level
responses to environmental change (Procaccini et al. 2012).

To Natural Seagrass Meadows

The laboratory experiments described above demonstrated
that CO, can stimulate seagrass productivity, in conjunction
with light availability, and is capable of buffering the negative
effects of temperature stress on whole plant metabolism.
However, ocean acidification represents a persistent environ-
mental press likely to have cascading impacts on nutrient uti-
lization, competitive interactions, and trophic relationships
that are difficult to simulate in laboratory mesocosms.
Consequently, ecosystem-scale experiments need to be per-
formed in seagrass meadows to test many of the predictions
emanating from models based on the leaf- and aquarium-scale
experiments described above.

Free-Air CO, Enrichment (FACE) experiments performed
in terrestrial ecosystems have shown that long-term (years)
exposure to elevated CO, stimulates photosynthetic carbon
gain, net primary production, and improves nitrogen and wa-
ter use efficiency at both the leaf and canopy scales (Leakey
et al. 2009). Long-term FACE experiments also enable realis-
tic investigations into the effects of climate change on com-
munity dynamics and trophic transfer. However, logistical and
engineering challenges have yet to enable similar long-term
Free-Ocean CO, Enrichment (FOCE) experiments in natural
marine ecosystems (Gattuso et al. 2014).

Nonetheless, there have been a few attempts to conduct
ocean acidification experiments in situ using enclosures and
diffusers placed in natural seagrass meadows. An in sifu en-
closure experiment conducted for 6 months in a shallow
Thalassia testudinum meadow demonstrated a positive impact
of elevated CO, on non-structural carbohydrates allocated to
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Fig. 4 (a) Experimental climate change facility at the Virginia Aquarium
& Marine Science Center showing the 20 fiberglass tanks (3 m® each),
CO; control units mounted on each aquarium, and the large head tank. (b)
Schematic diagram of the experimental system, illustrating the experi-
mental aquaria (blue rectangles), water inflow (blue lines) and outflow
(green lines), CO, supply delivery system (tank black lines) with pH-
controlled valves (black hourglass symbols), and environmental

rhizomes and carbon content of leaves, relative to nitrogen
and phosphorus, but did not demonstrate an increase in plant
size, growth rate, or shoot density within the enriched plots
(Campbell and Fourqurean 2013). The authors suggest that
structural CO, responses may require experimental periods
longer than 6 months in this species, and at scales beyond
small groups of short shoots in seagrasses, such as
T. testudinum, that maintain extensive horizontal rhizomatous
interconnections and only propagate new short shoots at the
meristematic tips of horizontal rhizomes. They also noted that
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monitoring system (red lines and rectangles). Eelgrass growing at (c)
823uM COx(aq), pH 6.5 and (d) 55 uM COyq), pH 7.7 (ambient) after
6-month growth in the experimental chambers in October 2013. White
bars at the top and bottom of the pictures are 20-cm long. (e) Differences
in eelgrass shoot size across the CO, gradient in October 2014. Reprinted
with permission from Zimmerman et al. (2017)

self-shading by the dense leaf canopy used in their study may
have resulted in low light levels that attenuated the growth and
morphological responses to CO,.

A subtidal enclosure system deployed in a P. oceanica
meadow produced no measurable impact on epiphyte abun-
dance, leaf biometrics, or variable fluorescence after 4 months
of elevated pCO, (Cox et al. 2016). As with T. testudinum,
P. oceanica may require longer experimental periods, larger
plot sizes, and some appreciation of self-shading effects by
intact plant canopies to fully evaluate the impacts of pCO,
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Fig. 5 Interacting effects of light, temperature and CO, availability on
acclimation and growth. The scheme depicts (i) the light-dependent but
temperature-independent photochemistry involved in light harvesting and
photosynthetic electron transport through the thylakoid membrane, (ii)
the enzyme, temperature, and CO,-dependent dark reactions coupled to
each other by the Calvin Cycle, NADPH, and the ferredoxin-thioredoxin
oxidoreductase system (FTS and TRX). Black arrows indicate energy/
carbon flow. Red arrows indicate regulatory feedbacks on chloroplast and

on this exceptionally long-lived species. However, the lack of
a dramatic CO, effect is also consistent with the observation
that CO, enrichment produces a rather modest increase in leaf
photosynthesis of P. oceanica relative to other species, partic-
ularly Z. marina and Phyllospadix torreyi (Invers et al. 2001).

An open (enclosure-free) FOCE experiment performed for
6 weeks using underwater diffusers caused the levels of pro-
tective phenolic acids to decrease in the leaves of Ruppia
maritima and Potamogeton amplifolius in the mesohaline por-
tion of the Chesapeake Bay, suggesting downregulation of the
shikimic acid/phenylproprenoid pathway in response to CO,
enrichment (Arnold et al. 2012), in striking contrast to what is
often observed in terrestrial plants (Goverde et al. 1999). A
similar CO,-induced downregulation of shikimate pathway
intermediates was observed in Z. marina (Zayas-Santiago
et al. 2020), suggesting that this unusual response, relative to
terrestrial plants, may be shared among aquatic vascular
plants. The loss of chemical defenses in response to elevated
CO, may also make the leaves of submerged aquatic

Cytosol

Chloroplast

Stroma

Thylakoid

nuclear gene expression (orange arrows) that control metabolic processes.
CO, required for Calvin cycle enhances photosynthetic electron flow by
stimulating the NADP+/NADPH cycle, over-reducing the plastoquinone
(PQ) and thioredoxin (TRX) pools, thereby downregulating production of
the Photosystem II (PS II) light harvesting complex that contains most of
the photosynthetic pigments. Temperature effects illustrated here are
acutely sub-lethal and do not consider enzyme deactivation or protein
denaturation. After Pfannschmidt and Yang (2012)

vegetation more vulnerable to leaf grazers, and to opportunis-
tic pathogens such as the Labyrinthula complex often held
responsible for wasting disease.

Volcanic submarine CO, seeps have served as natural lab-
oratories to explore the potential impact of ocean acidification
on seagrass ecosystems. Surveys along the natural CO, gradi-
ent in Ischia, Italy, revealed increased leaf density and produc-
tivity of P. oceanica in the high CO, zone (Hall-Spencer et al.
2008), consistent with predictions from leaf segment and
whole plant experiments described above. Despite the reduced
abundance of gastropod grazers in the high CO, area at Ischia,
epiphyte loads remained low on the plants growing in the CO,
enrichment zone (Hall-Spencer et al. 2008). The loss of some
invertebrate taxa in the extreme low pH zones appeared to be
compensated by increases in populations of small
acidification-tolerant taxa, particularly crustacean
mesograzers responsible for controlling epiphyte abundance,
despite the overall reductions in ecosystem diversity and food
web complexity (Kroeker et al. 2011).
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C. nodosa plants growing in a high CO, region near
Volcano Italy exhibited higher rates of photosynthetic electron
transport under light saturation and were depleted in §'°C
relative to an adjacent control plot (Apostolaki et al. 2014),
as predicted from the laboratory experiments cited above.
These plants also possessed reduced polyphenol concentra-
tions in leaves (Arnold et al. 2012), consistent with the results
from the diffuser experiment described above. However, the
CO,-stimulated increase in photosynthetic capacity did not
translate into increased biomass, perhaps because of nutrient
limitation, grazing, or low light availability (Apostolaki et al.
2014).

A series of shallow volcanic vents in Papua New Guinea
were used to examine the impacts of CO, enrichment on
multi-species seagrass communities (Takahashi et al. 2016).
Overall seagrass cover and biomass increased, while leaf ¢ B¢
decreased with CO, across the sites. However, the CO, sub-
sidy appeared to favor canopy-forming species (Cymodocea
serrulata, Cymodocea rotundata, and Halodule uninervis)
over understory species (Halophila ovalis, Thalassia
hemprichii, and Syringodium isoetifolium), suggesting that
competitive hierarchies for light and-or nutrients among
seagrasses may be altered in a high CO, world.

To Predictions of Future Impacts

Taken together, the whole-plant experiments and field obser-
vations summarized above help validate the effects of light,
temperature, and CO, availability on metabolic carbon bal-
ance initially quantified by experiments with tissue segments,
leading to the conclusion that seagrasses are likely to benefit
from a high CO, world. Quantifying that benefit in the context
of other environmental variables (e.g., light, temperature, epi-
phytes) requires formal translation of the experimental find-
ings into functional responses so that their linked behaviors
can be explored in silico. For example, laboratory measure-
ments of individual leaf metabolism, as described above, often
produce light intensities required to saturate photosynthesis
that are 2 to 4 times lower than those estimated from whole
canopy incubations performed in the field (Fourqurean and
Zieman 1991; Herzka and Dunton 1997). However, by incor-
porating explicit geometric corrections for leaf orientation, the
angular distribution of submarine irradiance and canopy self-
shading, the bio-optical model GrassLight exploits data de-
rived from laboratory measurements of individual leaf seg-
ments to accurately reproduce the higher light saturation
thresholds for whole plant canopies often reported from field
incubations (Hu et al. 2012; Zimmerman 2003b).

GrassLight also exhibits some expertise in predicting the
distribution and density of Z. marina across the submarine
landscape in response to water quality (Zimmerman 2006;
del Barrio et al. 2014). In particular, this modeling approach
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was used to evaluate the relative contributions phytoplankton
vs. suspended sediments and detritus on the density and dis-
tribution of seagrasses (Zimmerman 2003a). Sensitivity of
SAV distributions to light availability in the Chesapeake
Bay is illustrated by GrassLight simulations performed for
the Chester River MD estuary. A model simulation using av-
erage concentrations of phytoplankton (20 mg m > Chl a) and
suspended particulate matter (30 mg L™') measured in the
Chester River by the Chesapeake Bay Program (www.
ChesapeakeBay.net) produced a very small region of SAV
habitat along the north shore of Eastern Neck Island (Fig.
6a) that is consistent with observational maps of SAV distri-
bution generated by the Virginia Institute of Marine Science
SAV Program (http://web.vims.edu/bio/sav/index.html).
Reducing the suspended loads to 10 mg m® Chl a and
10 mg L' total suspended matter (TSM) dramatically
increased the potential habitation zone and vegetation
density throughout the lower regions of the river (Fig. 6b),
enabling one to quantitatively predict potential gain in habitat
area and vegetation density from incremental improvements
in water quality. This capability allows the effects of water
quality improvements on SAV distribution in upper
Chesapeake Bay, as well as the determination of Chl a and
TSM levels required to achieve SAV restoration goals, to be
explored in silico in ways that enhance our ability to protect
and manage submerged aquatic vegetation.

When properly constrained and parameterized to reproduce
local conditions accurately, simulation models such as
GrassLight offer predictive insights into the performance of
eelgrass meadows that can inform our understanding of eco-
system responses to future climate change (Zimmerman et al.
2015). With respect to the Chesapeake region, our results
suggest that ocean acidification projected for the next century
will stimulate photosynthesis sufficiently to offset the nega-
tive effects of mean temperature increases on eelgrass surviv-
al, even in the presence of typical epiphyte loads that compete
for light and chemical resources, at least in light-replete envi-
ronments (Fig. 7). Additionally, the reduced temperature sen-
sitivity exhibited by eelgrass growing in the relatively clean
coastal lagoons of the DelMarVa Peninsula relative to
Chesapeake Bay populations in those simulations suggests
that improved water quality may also reduce the effects of
thermal stress on populations growing near their southern
limits, even in the absence of CO,-stimulated photosynthesis.
This prediction of increased thermal tolerance is supported by
independent field observations who reported that, after ac-
counting for temperature differences (~1 °C) between the
sites, eelgrass thriving in the coastal bays received at least
100% of their light requirements 24% of the time, while less
robust meadows in the lower Chesapeake Bay only met this
requirement 6% of the time. (Moore et al. 2012).
Consequently, eelgrass populations in the coastal bays have
been expanding at a rate of 66% year ' since 2005, while
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Fig. 6 GrassLight simulations of SAV distribution and density at the
mouth of the Chester River, MD, a tidal estuary on the eastern shore of
the Chesapeake Bay. Blue shading represents local bathymetry obtained
from the NOAA Environmental Data Center (https://maps.ngdc.noaa.
gov). Green colors represent potential SAV distribution and density,
based on water quality conditions used in the simulation. (a) Simulated
SAV distribution for mean water quality conditions in the Chester River
(20 mg m > Chl @, 30 mg L™" TSM). (b) Simulated SAV distribution for
10 mg m > Chla, 10 mg L' TSM

corresponding populations in the Chesapeake Bay experi-
enced a 2% expansion and two significant die-offs in 2005
and 2010 that did not occur in the coastal lagoon populations.

Thus, without an increase in available light, Chesapeake Bay
populations may be severely reduced or eliminated, while the
proximity to clearer Atlantic waters may enable coastal lagoon
populations to thrive even as the climate warms. These find-
ings should provide further incentive to improve coastal water
quality in support of SAV habitat restoration goals in spite of
projected climate warming.

Unlike seagrasses, numerous marine organisms, especially
those that precipitate limestone shells, are likely to suffer in an
increasingly hot and sour sea. However, given that secagrasses
often share the submarine landscape with calcareous organisms,
including corals and oysters, there is a potential for seagrasses to
increase seawater pH by photosynthetic uptake of CO,, thereby
improving local conditions for other organisms (Unsworth et al.
2012). By linking models originally developed for different pur-
poses, we can broaden the ecological relevance of our mechanis-
tic understanding of seagrass performance. GrassLight was com-
bined with a fluid mechanical box model to evaluate the potential
for a temperate eelgrass meadow to modify local water chemistry
on hourly-to-monthly time scales in the context of providing
ecosystem services to adjacent oyster populations (Koweek
et al. 2018). The combined models showed that the ability of a
seagrass meadow to mitigate ocean acidification for adjacent
oyster populations could be predicted from depth-averaged net
production, seawater residence time, and the carbonate chemistry
of the source water, and represents an important step in defining
the ability of seagrass meadows to provide important biogeo-
chemical services to other components of the coastal ecosystem.
Partly as a result of that effort, originally organized by Susan
Williams, the GrassLight model is currently being integrated
with the Eco-Oyster model of Kellogg et al. (2018) to identify
ecologically relevant thresholds required for successful oyster
restoration and aquaculture operations and evaluate the potential
for seagrass meadows to provide a management tool for mitigat-
ing the impacts of OA on oyster populations in the Chesapeake
Bay (Fig. 8).

Although numerous lines of evidence provided above in-
dicate that seagrasses are likely to benefit from ocean acidifi-
cation when applied as a continuous press, light intensities
must be sufficient for photosynthesis to take advantage of
the more abundant CO, substrate. Consequently, these sub-
merged plant systems remain vulnerable to extreme events
generated by heat waves and nuisance algal blooms that create
acutely toxic conditions, even in the presence of elevated CO,,
and which may occur with increasing frequency as we march
deeper into the Anthropocene (Plus et al. 2003; Rask et al.
2000; Seddon et al. 2000). Rapid seagrass die-offs occurred
throughout Florida Bay from 1987 to 1992, and again in 2015
when reduced O, solubility resulting from elevated tempera-
ture and salinity combined with high turbidity to limit seagrass
photosynthesis, leading to oxygen stress and sulfide intrusion
that resulted in plant death (Borum et al. 2005; Hall et al.
2016).

@ Springer


https://maps.ngdc.noaa.gov
https://maps.ngdc.noaa.gov

Estuaries and Coasts (2021) 44:558-576

570
LAI <0.576
(. ]
Percent cover <10%

a Modeled 25° C pCO2 400 pAtm b Modeled 30° C pCO, 400 yAtm

ith Epiphytes

b

With Epiphytes s ‘\ With Epiphytes ) .. ‘_&

0.577-2.3
10 - 40%

C Modeled 30° C pCO, 600 zAtm

With Epiphytes

2.3-4.031 >4.031
(- =
40-70% 70 -100%

d Modeled 30° C pCO, 870 pAtm

24
With Epiphytes ;“’-ak

U

Depth (m,MLW) [ |>+0.5 [ ]+0.5-0 [l o0-0.5 [M-0.5-1 MM-1.0-1.5 [-1.5-2 M >20

Fig. 7 Combined effects of ambient temperature and pCO, on the
distribution and density of eelgrass (tan to green colors) across the
submarine landscape overlaid on the digital elevation model (blue
colors) at Goodwin Islands at the mouth of the York River in
Chesapeake Bay (a—d) and South Bay (e-h), a coastal lagoon on the
DelMarVa Peninsula. Conditions for each simulation are indicated on

To a View from Space

Advances in computational power and image rendering now
enable the computer simulations described above to generate
highly textured maps of seagrass distribution across the subma-
rine landscape at a level of detail that is virtually impossible to
validate by on-the-ground sampling (Fig. 9). Spatial assessment
of model predictions such as those illustrated above will be en-
abled by analysis of remote sensing imagery that is becoming
increasingly capable of mapping seagrass distribution and densi-
ty across the submarine landscape. Radiometrically uncalibrated
aerial photography has been used with considerable success to
map the relative abundance (e.g., percent cover) of SAV in shal-
low coastal environments (Kendrick et al. 2000; http://web.vims.
edu/bio/sav/index.html). However, radiometrically calibrated
aerial and orbiting imagers are now capable of mapping
seagrass distributions at spatial scales approaching 1 m (Coffer
et al. 2020; Kovacs et al. 2018). In addition to facilitating quan-
titative retrievals of seagrass habitat across images, radiometric
calibration permits the application of radiative transfer algorithms
capable of retrieving absolute density and biomass from the im-
agery (Fig. 9) at spatial resolutions that can be matched to model
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the plots. Unvegetated light blue areas close to shore represent intertidal
regions shallower than 0 MLW, which we considered too shallow for
successful eelgrass colonization. Density classes were selected to match
the classes defined by the Virginia Institute of Marine Science SAV
Program (http:/web.vims.edu/bio/sav/). Reprinted with permission from
Zimmerman et al. (2015)

predictions on a pixel-by-pixel basis (Dierssen and Zimmerman
2003; Hill et al. 2014). Thus, the science of seagrass ecology is
rapidly approaching a point where mathematical models can
provide the “glue” linking laboratory experiments to field obser-
vations across scales ranging from individual leaves to whole
plants and genomes to predict the behavior of entire meadows,
and observe those changes from space.

And Finally, Understanding the Past as a Key
to Predicting the Future

The mechanistic understanding of seagrass performance ob-
tained by the studies described above, combined with numer-
ous well-tuned adaptations for a submerged aquatic existence,
underscores the curious fact that seagrasses have retained so
much capacity for photosynthesis even though natural avail-
ability of CO, limits the realized activity well below its phys-
iological scope. Some of this excess capacity may reflect the
terrestrial origins of seagrasses and/or their evolution in a sea-
water environment that was considerably richer in dissolved
CO, than it is today. Seagrasses first appeared in the fossil
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Fig. 8 Conceptual diagram showing coupling between the EcoOyster
and GrassLight models. The objective of this effort is to explore, in
silico, the mutual ecosystem service feedbacks provided by co-locating
eelgrass and oysters to buffer potential negative impacts of ocean acidi-
fication and eutrophication. Eelgrass metabolism raises estuarine pH and
0O, concentration to facilitate oyster growth and calcification. Oysters

record about 90 million years ago (den Hartog and Kuo 2006)
and the pH of ocean surface waters may have been as low as
7.4, suggesting that dissolved CO, concentrations may have
been more than double the current level for a considerable
portion of their evolutionary history (Spivack et al. 1993).
High concentrations of dissolved CO, would allow seagrasses
to compete more effectively with algae without the need to
develop an efficient carbon concentrating mechanisms. Thus,
the low photosynthetic performance of modern seagrasses in
natural waters, their excess capacity for processing that carbon
into sucrose and growth, and their present vulnerability to
eutrophication and light competition from algae may be the
combined consequences of their descent from terrestrial plants
that lost CO,-concentrating pyrenoids in the chloroplasts,
their evolutionary origins in CO,-rich environments, and rel-
atively recent (< 100 years) anthropogenic impacts on coastal
biogeochemical processes that have severely reduced water
column transparency and light availability.

The experimental results and model relationships de-
scribed above omit many details and therefore are certain-
ly wrong in some aspects. However, consistency in the
experimental findings and field observations reported here
provides some confidence that model predictions based on
this growing body of knowledge are broadly correct, even
though the models themselves represent an incomplete
simplification of reality (Box 1979). They also strongly
support the argument that metabolic theory, which can
predict how the rates of resource uptake from the envi-
ronment and the allocation of that resource to survival,
growth, and reproduction, controls ecological processes
at all levels of organization from individuals to the

filter the water, removing phytoplankton and suspended sediments, there-
by increasing light transmission to benthic plants and their photosynthe-
sis. Oyster respiration also generates CO, that stimulates eelgrass photo-
synthesis. This ongoing work is being performed in collaboration with
Virginia Institute of Marine Sciences colleagues Emily B. Rivest and
Mark Brush. Oyster photo: www.bayjournal.com

biosphere (Brown et al. 2004). Although not a “theory
of everything,” the focus on metabolism laid out in this
essay provides a pathway for making explicit, quantita-
tive, and ecologically important predictions from first
principles of physics and chemistry that are ultimately
regulated in living organisms by gene expression. As a

0 1.25 25 SKilometers

Fig. 9 Distribution of seagrass leaf area index (LAI) across St. Josephs’
Bay, FL, USA, obtained from calibrated hyperspectral imagery.
Reproduced with permission from Hill et al. (2014)
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consequence, our ability to quantify the flow of energy
and cycling of materials through seagrasses allows us to
develop a mechanistic understanding of seagrass perfor-
mance at scales ranging from molecules to ecosystems, an
effort to which Susan Williams contributed mightily, and
certainly appreciated. The following quote perhaps sum-
marizes it best:

“If the bewildering complexity of human knowledge.....is
to be retained and well used, unifying concepts are needed to
consolidate the understanding of systems of many kinds and
to simplify the teaching of general principles”

— Howard T. Odum (1994)
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