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atmosphere (Frankignoullet al., 1995; Gattuso et al.,into soft tissue, excreting a fraction of it as organic carbon
1995; Gattuso et al., 1999; Zeebe and Wolf-Gladrowaste and respiring the rest to GO'he respired Cran
2001). However, only a few studies have focused on tiheact with surrounding water to form }CQ, that lowers
potential for commercial-scale shellfish aquaculture tpH by dissociating into HGZand a free proton. Protons
affect the surrounding seawater carbonate system (Misbond with CG-, reducing their concentration and lower-
and Munari, 2012; Munari et al., 2013; Filgueira et aling the saturation state of calcium carbonate (Doney et al.,
2015; Morris and Humphreys, 2019; Li et al., 2021), paR009). This process increases the DIC/TA ratio because the
ticularly in the context of shellfish aquaculture loweringCQ addition increases DIC but not TA. The buffering
surrounding carbonate saturations stat€y énd limiting capacity of the system reaches a minimum when the
its own further expansion through decreased growth rateBIC/TA ratio 1 (Wang et al., 2013).
Additionally, a sought-after characteristic of oysters on the Calcification changes TA with a decrease of 2 moles of
half shell, a large proportion of the oyster market, iFA per mole of shell CaG@ormed (Lejart et al., 2012).
a strong shell, one that is easily shucked and does n8keletal calcium carbonate formation removes3Cahd
break or chip (Mizuta and Wikfors, 2019). A reduction itherefore TA and DIC. Calcification also converts existing
the shell thickness or hardness from decrea€ediould DIC toward a more GQrich solution, lowering pH, via
be detrimental to the quality of the product. Thereforea reaction such as:
considering the effect of these ecosystem engineers on
estuarine carbonate chemistry to ensure environmentally Ca? p 2HCO; ¥4 CaCOzp H,Op CO; fot])
sustainable and profitable expansion of oyster aquacul-
ture is important. (Frankignoulle et al., 1995; Gattuso et al., 1995; Gattuso
Dissolved inorganic carbon (DIC) and total alkalinit§t al., 1999). Thus, both respiration and calcification pro-
(TA) are two of the most commonly measured parametedsice CQthat lowersO in surrounding waters. Unlike the
of the carbonate system in marine waters. DIC is the su@P€N ocean, many estuaries are already supersaturated
of concentrations of all inorganic carbon species and itith CQ due to elevated organic matter remineralization
cludes CQ, carbonic acid (KCQ;), bicarbonate ion (Wallace et al., 2014; Cai et al., 2017), and any further
(HCQ), and carbonate ion (G9. Changes in the concen-addition of CQ increases the flux from the surface water
tration of these species can affect the DIC of the syste#f.the overlying air, which can help reduce local acidifica-
Photosynthesis, respiration, calcification, and dissolutidi®n. The resultantO will depend on the ability of the
are large drivers of DIC variability, particularly in coastaystem to release G@roduced by oyster growth into the
areas. TA is a measure of the buffering capacity of a wagifosphere in addition to the impact of other processes

body defined by Dickson (1981) as: such as photosynthesis, dissolution, mixing, and nutrient
L1 o o oo L] cycling (Mistri and Munari, 2012; Morris and Humphreys
2 1 ) )

TAY: HEO; Pr3 CBy hBAHER b 1oH 2019). Unless all of the GOproduced by oysters is

E u:lgoﬁ bp 2 P?Jzip b %ﬁgg"‘@ %;MH’S r_emoved, theD will decrease r_elative to the initial cond_i—
o F 4 tion (Ware et al., 19_9_2), _creatmg a less favorable environ-
st ment for future calcification.
Scaling these organismal effects to industry level
dlP  within a growing area is complex but important given the

reasing role of aquaculture to supply shellfish to mar-

where the ellipses signify weak organic acids and baﬁ% especially where cultured bivalves are highly concen-
that may contribute to TA, particularly in coastal areas. » €SP y W . : gnly
rated in productive areas. Prior studies have focused on

Is thus significantly affected by calcification and dISSOIL%ow biotic and abiotic factors affect metabolic rates and

tion, as well as processes that impact nutrien : ;
P P used these relationships to scale to ecosystem level energy

concentrations. . S
Oysters use calcium and carbonate to build their Sheﬁgansfer (Enquist etal, 20(.)3)’ here, we S|mpl|fy and_ focus
the aquaculture-estuarine exchange of inorganic car-

via either aragonite as larvae or calcite as juveniles a g . o o
adults: both are mineral forms of calcium carbonat on at the industry level. Specifically, the ability of oysters

(CaCg@). TheO of either calcite or aragonite indicates how© change theD suggests that their own growth should be

easily that mineral form can be precipitated through physgonsldersddmtzas?essmg tthe mcirganlc car?ton dynamics of
ical processes or by organisms. a water body that supports oyster aquaculture.

O oo O In estuaries that fringe the Gulf of Maine, the oyster
Ovs Ca® COZ :KS‘:); &®p aquaculture industry has expanded rapidly. In the last
15 years, oyster aquaculture in Maine alone has grown
where [C#®] and [CJT] represent ion concentrations of from 2 million to nearly 14 million oysters harvested per
calcium and carbonate, arKi;:) is the apparent solubility year Figure 1). A recent analysis predicted that the robust
product of either aragonite or calcite. Oysters directljnarket for eastern oyster€r@ssostrea virginica) in the
reduce theO of the surrounding water via two pathways:Northeast United States would lead to an expansion in
calcification and respiration (Zeebe and Wolf-Gladrothe annual demand from 7 million pieces (roughly half
2001). Shellfish build and maintain organic tissue by inthe present harvest level in Maine) to 26 million pieces in
gesting food (e.g., phytoplankton and detritus) and theB030 (The Hale Group, Ltd and Gulf of Maine Research
convert some of the particulate organic carbon in the foothstitute, 2016). The footprint of this industry has also
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Figure 1. Cultured oyster harvest in Maine from 2005 to 2019 . Cultured oyster harvest in Maine estuaries, divided

into those from the Damariscotta River Estuary (black diamonds) and those from all other Maine estuaries combin

(black circles). Data from Maine partment of Marine Resources, 202DOI: https://doi.org/10.1525/
elementa.2020.00057.f1

expanded. In 2007, there were 44 active limited purposprimarily concerned with calculating the carbon impact of
aquaculture licenses in Maine, and in 2020 there werealcareous versus noncalcareous heterotrophic communi-
769 (Maine Department of Marine Resources, 2021jes in the hydrographic conditions of the shellfish grow-
Clearly the industry is growing, though not homogeing area.
neously; most growth has occurred in a few estuaries.
From 2011 to 2017, the harvest from the Damariscottéethods
River Estuary in Maine increased by 1.2 million pieces p@fe used the Damariscotta River Estuary oyster growing
year Figure 1). Since 2003, when Maine Department oirea as an example estuary because of its rapid growth in
Marine Resources began compiling harvest data frooyster aquaculture. We modeled varying industry sizes,
lease and license holders, the upper Damariscotta Ristuarine residence times, and future OCA conditions to
Estuary has consistently been the major hub for oysteetermine the current potential effects and how these
aquaculture in northern New England (&of total oyster may change in the future with industry expansion and
production in Maine in 2019; Maine Department ofclimate change. We assumed that oyster growth was
Marine Resources, 2020). Therefore, understanding theeled by external sources of calcium, DIC, and particulate
dynamics between the industry and local estuarine condirganic matter. Oysters transformed these nutrients into
tions to enable sustainable expansion to meet the excaC@Q, oyster particulate organic matter (i.e., tissue), and
pected increase in demand is vital to the industry, locatQ,. The CaCand oyster tissue were permanently
economies, and stakeholders in these communities. removed from the model domain during harvest. The
In this study, we explored the potential magnitude ofwaste CQ a byproduct of CaG@recipitation and metab-
impact that net oyster calcification and subsequent haslism, either remained in the water or was removed via
vest can have on estuarine carbonate chemistry to quaseeanic exchange or air-sea exchange.tGf@ remained
tify whether oyster shell growth should be included a the water reduced locdD, potentially hindering future
a term in carrying capacity models for shellfish. Our gosghellfish growth.
was to understand how current oyster growth might limit
further industry expansion, and how future climate con&nvironmental conditions
ditions may moderate or exacerbate the industry effecthe growing area~gure 2) is highly productive because
We focused primarily o®©ca because juvenile and adult of the relatively long residence time and shallow depth
oysters predominantly use calcite to build their shell{average 5.5 m) that incates Gulf of Maine water,
Although we model oyster respiration, one could assumacreasing its temperatures during the growing season
that respiration of suspended organic matter would occui6.5 C above water at the mouth of the estuary during
in the upper Damariscotta River Estuary at similar ratgmak temperatures) and retaining nutrients and particles
regardless of whether the shellfish aquaculture industryuch as phytoplankton (Mayer et al., 1996; Lieberthal
was present or not. Therefore, our exploratory model was al., 2019; Newell et al., 2021). The Gulf of Maine
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Figure 2. The Damariscotta River Estuary in Maine. The black box in the right-hand map represents the area
treated as the growing area zone in the model. The Land-Ocean Biogeochemical Observatory (LOBO) buoy w
deployed in the middle of the growing area for the entire growing season of 2018. TA, DIC, temperature, and
practical salinity were measured at the LOBO buoy and mouth of the river where it meets the open Gulf of
Maine. DOI: https://doi.org/10.1525/elementa.2020.00057.f2

Q

represents the principal source of water for the oceathroughout the season. Additionally, we measured physio-
dominated Damariscotta River Estuary because the largesemical properties (TA, DIC, practical salinity, and tem-
freshwater source only contributes 1-F 81" on average perature at 1-m depth) of the growing area and Gulf of
during the growing season (McAlice, 1977; and unpubMaine source water by sampling at the LOBO buoy and
lished data from Damariscotta Mills Dam, Kruger Energyouth of the Damariscotta River Estuary where it meets
2015-2018; Figure 2). A Land-Ocean Biogeochemicahe Gulf of Maine, respectivelfigure 2), monthly to
Observatory buoy (LOBO; Jannasch et al., 2008), pbsieekly from June to Septgber 2018 (6 samplings
tioned within the growing area, collected hourly temperiotal). A profile of the whole water column in both loca-
ature, practical salinity, and dissolved oxygen dateons measured temperature, practical salinity, dissolved
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Net air-sea exchange (ASE)

f(pCO, , wind speed, temperature, atm pCO, )
Eqs.9 & 10

Shell weight (g) = f(Shell height) OE (» = f(Residence time)

Eqs. 4 & 5
TA (9 = §(CO5 uptake, OF) Net oceanic
Net C03 uptake () — Eq.7 exchange (OE)

f(Shell weight, industry size,
GA density, GA volume)

Eq. 6

DIC = f(COS uptake, ASE, OE)
Eq. 8

Growing area (GA) - one box model

Figure 3. Conceptual diagram of the model. Distributions of shell heights and their growth were converted to net

calcification rates and then to net changes in TA and DIC due to net calcification and gross respiration. These chan

were scaled to various industry sizes assuming constant shell size distributigrsxéd@nge with the atmosphere

was calculated based on compuigdQ in water and assumed values in air. Water in the growing area was exchanged

with the oceanic endmember (OE) at rates parameterized by residence time calculations from our hydrodynal
model. DOI: https://doi.org/10.1525/elementa.2020.00057.f3

oxygen, pH, and chlorophy#l during each sampling; it 2020) to calculate the TA of the system. The average stan-
confirmed that the estuary was well-mixed tidallydard deviation across all triplicate samples for TA was
throughout the year. 9.7 mmol kg™ DIC was analyzed using a Shimadzu TOC-
4200 analyzer. A known volume of room temperature
seawater was drawn into a chamber where it was acidified
with 8.5% phosphoric acid solution and the off-gassed
QG was extracted using a pure nitrogen gas stream.
%Q was then measured using a nondispersive infrared

Sample collection and analysis
Salinity, temperature, pH, DO, and chloroplajiere mea-
sured using a YSI 6920 multiparameter sonde that w

calibrated the day prior to sampling using YSI solution

or recommended calibration practices. Triplicate TA a agﬁt;)nr;d'\eﬂt_ﬁg:gr. Iggegu'[rmhztgogsacaen ag;z:ng g]eo.iﬂ;]
DIC samples were collected using a Niskin sampler from ' ( ): Verage s ' viatl

o i
1-m depth and transferred to 60-ml borosilicate glass bo (Cross all triplicate samplgs for DIC was5.0 m 1ol kg™,
ertified reference materials from the A Dickson Lab at

tles using clean flexible tubing. The tube was placed at t r Institution of Oceanoaraphy wer d to stan
bottom of the bottle and the bottle was inverted to allow>C"'PPS Institution of Jceanography were used 1o stan-

water to coat all sides to avoid forming bubbles. The bottl%ardlze both TA and DIC samples.

was then turned upright, and water was allowed to over-

flow the bottle for 10 s, or approximately 250 ml. Less tharDyster aquaculture in the growing area and

1% headspace was left in the bottles, which were kept oorganismal activity

ice until return to the laboratory refrigerator before analyAll oyster aquaculture in Maine occurs in subtidal waters.

sis. Samples were analyzed within 24 h of collection.  In the growing area, some companies start the oysters in
TA was analyzed using potentiometric titration in arsurface rafts and then spread animals onto the bottom for

open cell titration, following the methods described inthe second year of growth, while the majority of compa-

Guide to Best Practices for Ocean,(Dickson et al., nies use surface culture for both years until harvest (C

2007). Briefly, samples were kept in a water bath ddavis of Pemaquid Oyster Co, personal communication,

25 C for 10 min prior to analysis, and a weighed sampldune 6, 2019). The oyster growing season is generally

was then placed in a jacketed beaker maintained at25 when the water temperature is above T most often

A calibrated liquid junction pH electrode was submergedpanning early May to late October. The growth of oysters

in the sample with a magnetic stir bar that gently mixedover both first and second growing seasons was estimated

the sample continuously; 0.1N hydrochloric acid waas the average change in shell height over the season

added to the sample at a rate slower than 0.05 mi s (Figure 3) with input from industry partners (C Davis of

until the pH reached 2.9. The titration data were therPemaquid Oyster Co and M White of Mook Sea Farm,

used with the package SeaCarb in R (Gattuso et glersonal communication, October 13, 2020). These two
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Table 1. Model inputs for both simulation years (8 and 2050. DOI: https://doi.org/10.1525/
elementa.2020.00057.t1

TA DIC Shell Weights ~ Wind Speed AtmosphericpCQ
Year (nmol kg™) (nmol kg™) Practical Salinity TemperatureCj (g CaCg (ms?h (ppm)
2018 2091 1926 31.36 10.6-24.14 0.38-48.36 0-2.25 409
2050 2091 1966 31.36 11.1-24.64 0.38-48.36 0-2.25 550

DIC¥. dissolved inorganic carbon; TAtotal alkalinity.

companies have been farming in the growing area for ov@A, DIC, atmosphenxcQ, and wind Table 1). We used the
30 years and provided an interannual average change seasonally averaged values of TA, DIC, and practical salinity
oyster shell height for both first- and second-year oystemseasured atthe mouth of the estuaBigure 2) as the initial
that they grow. The two estimates were averaged to prand ocean boundary water chemistry conditions for the
duce the change in shell height by year used in the modahodel. The freshwater contribution to the estuary was not
Calcium carbonate uptake (i.e., shell deposition—dissalteluded due to its extremely low input during the growing
tion) was estimated by applying shell height to shell drgeason. We therefore kept salinity constant throughout the
weight relationships developed in the growing ar€gt model runs to avoid errors that would arise from using TA
ure 3). We measured seed oyster shell height (2-20 mrahd DIC measured at the mouth of the river with slightly
and dry shell weight in 2017, and Adams et al. (2019)igher salinity than in the growing area. Daily averaged tem-
measured oyster shell height (40-100 mm) and dry shellerature data from the LOBO buoy were used to capture
weight in 2017. Here, shell height is defined as the disseasonal changes in radiative heating and cooling.
tance between the bottom-most section of the hinge to Model variables included TA, DIC, industry size, water
the middle of the top edgeRigure 3). residence time in the growing area, in spCQ, Oc, and
We estimated the dry shell weight of oysters between@, (Table 2). In situpCQ was used to calculate air-sea
and 20 mm using the equation derived from our growthexchange and adjust remaining DIC concentrations. The
study: model used a daily time step and estimated daily growth
Shell weight & b 0:0123  Shell height &mm b p0:2958: &b rates for oysters in thg upper Damariscptta River Estuary
to calculate changes in TA and DIC while accounting for
We estimated dry shell weight of oysters between 24ir-sea and oceanic exchanges. We focused the model on
and 90 mm using the shell heights and dry weights meéahe potential impact from oyster growth on carbonate
sured by Adams et al. (2019): chemistry. We did not include other processes affecting
i o the carbonate system, such as primary production, benthic
Shell weight & P 0:0069  Shell height” dmm P processes, dissolution, and nutrient dynamics, but their
0:1586  Shell height anm b p1:1567: potential contributions are discussed.
&b For each mole of CH removed for calcification, the
model removed 2 moles of TA and 1 mole of DIC. Lejart
We assumed dry shell weight was ¥@aCQ@ and et al. (2012) found that molar GOproduction from res-
that other components of shell (e.g., protein matrix, perijration was 3 times higher than the net molar calcium
ostracum) were negligible (Marie et al., 2011). Becauggrbonate uptake for adult Pacific oyste€sassostrea
these oysters are harvested and then largely exportedd@as. Assuming this ratio fo€rassostrea virginica, water
other watersheds, this net growth represents net calcificgg|ymn DIC was increased by 3 moles from respiration for
tion within the growing area. . each mole of CaGQierived from shell growth. To scale
Harvest throughout the growing season removegese estimates to commercial aquaculture scenarios, we
second-year oysters as they reach different size clasggsyeled between 0 and 50 million oysters in the system
reducing the total number of oysters left in the systemq, yepresent a spectrum of no aquaculture to a potential
to calcify and respire. To incorporate the impact of harvegtre industry size in the growing ared@dble 2). When
on carbonate removal, we assumed that/26f oysters qysiers were present, they were modeled as continuously

are harvested at “cocktail” size (65-75 mm)y50f oy~ sypmerged (i.e., no desiccation regime) for their entire life
sters are removed at “select” size (75-85 mm), and @y, iy the system. The 2018 industry size was estimated
remaining 25% are harvested as “jumbo” oyster

) X Sis 16 million oysters by assuming that the 2018 oyster
(>85_ mm, C Davis of Pemaquid Oyster Co, personal COI'é“ﬁdings from the Damariscotta River (approximately 8
munication, October 8, 2020). million oysters; Maine Department of Marine Resources,
2020) represent half of cultured oysters in the growing
Model strategy area, given 2 years of growing time required for seed to
We developed a one box mod€&idure 3) of the impact of reach market size (C Davis of Pemaquid Oyster Co, per-
oyster net calcification and gross respiration on carbonas®nal communication, January 24, 2018). A potential
chemistry change using Damariscotta River Estuary inpatustry size of 50 million oysters was chosen for the year
values of oyster shell height, temperature, practical salini®)50 by extrapolating the current growth rate
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Table 2. Model variables used in both 2018 and 2050nmilations. DOI: https://doi.org/10.1525/
elementa.2020.00057.t2

Industry Size  Residence

TA (mol kg™) DIC mol kg™) (millions) Time (days) In SitpCQ (ppm) (0]
Calculated daily from Calculated daily from oyster 0-50 6—20 Calculated daily Calculated daily
oyster growth and growth, oceanic exchange, from TA, DIC, from TA, DIC,
oceanic exchange and air-sea exchange temperature, and temperature, and
salinity salinity

DIC¥4 Dissolved inorganic carbon; TAtotal alkalinity.

(approximately 1 million more oysters in the growing are®amariscotta River Estuary (see Text S1 for full descrip-
each year) to the year 2050. Although other factors sudton). We modeled a range of residence times (i.e., oceanic
as physical space, food supply, and competing uses nexghangefigure 3, Table 2) from 6 to 20 days to explore
limit this growth (Johnson et al., 2019), we modeled thisnodel sensitivity and reflect that how residence time is
possible industry size to aid our exploration of the historgalculated (e.g., freshwater replacement time, tidal prism
of aquaculture in this system, as well as market and poliecgethod, isohaline decomposition analysis) can affect our
implications for shellfish aquaculture development in theunderstanding of howO varies. Additionally, climate
Gulf of Maine (The Hale Group, Ltd and Gulf of Mainehange is predicted to reduce estuarine residence times
Research Institute, 2016). through increased precipitation and therefore flushing

We used the model to isolate the impact of individual(Scavia et al., 2002) and increased sea level rise and tidal
processes by modeling the changesQrresulting from changes (Du et al., 2018). The model was run for each
alterations of one process at a time. For example, oysiwmbination of residence time and industry siZalfle 2).
net calcification effects on TA, DIC, aBdwvere modeled The CO2SYS program (van Heuven et al., 2011) was used
by excluding respiration and oceanic exchange and holtb estimate the dailyD using the variable temperature, TA,
ing temperature and salinity constant. DIC, and average seasonal salinity. We used {fam&

To explore the role that OCA may have in chandihg dissociation constants derived by Mehrbach et al. (1973)
and the interaction with oyster growth, we examined thend refit by Dickson and Millero (1987), the KS@isas-
combined effects of net calcification and gross respiratiasociation constants by Dickson et al. (1990), and total
on OcaWwith changes in temperature and DIC due anthroborate constant of Uppstro (1974). Thus, the model uses
pogenic increases in GMrojected for the year 2050, 3 key inputs to estimate the impact of oyster growth and
using the “business as usual,” RCP 8.5 emissions scenphysical processes d (Figure 4): (1) oyster shell daily
(IPCC, 2014). Gulf of Maine DIC is predicted to increasewaight gain (g CaGQlay™) of both first- and second-year
average of 1.25mol kg™ yr* from increasing atmo- oysters combined, (2) daily average water temperature
spheric CQ (Siedlecki et al., 2021). Siedlecki et a. C), and (3) wind speed (m's measured at the nearby
(2021) utilized a coupled physical-biogeochemical mod&Viscasset Airport (Menne et al., 2019).
developed by Gehlen et al. (2015) and a physical model Finally, we modeled a scenario where we excluded the
(Regional Ocean Modeling System; Shchepetkin amapact of oyster respiration of®. This scenario assumes
McWilliams, 2005) paired with an empirical model devekthe CQ produced through respiration was utilized for
oped by McGarry et al. (2021) to estimate changes in Dighotosynthesis within the growing area or removed
TA, andO in the Gulf of Maine in 2050 using RCP 8.5. Wehrough another avenue not modeled here rather than
therefore adjusted the initial DIC concentration from thedirectly released into the water column. All other model
current concentration of 1926mol kg™ to the predicted forcing functions (i.e., air-sea and oceanic exchange for-
value of 1966mmol kg™. We also increased the atmo-mulations, and seasonal temperature) and scenarios (i.e.,
sphericpCQ to 550 ppm in accordance with estimatesindustry sizes, residence times, and climate conditions)
from RCP 8.5 (IPCC, 2014). The temperature of the Gulfwaére as described above.

Maine has been increasing rapidly this century (Friedland Several assumptions were necessary to simplify model
et al., 2020a; Friedland et al., 2020b; Goncalves Neto et aktup and analysis. First, we omitted any freshwater enter-
2021) and is expected to continue warming. Brickmaing the growing area because the largest freshwater source
et al. (2021) also used the same downscaled global modelsly contributes 1-3 m s on average to the growing

as Siedlecki et al. (2021) to estimate that the Gulf of Mainarea. Variable salinity should be included for other systems
will warm by an additional 0.8C by 2050 compared to where freshwater is a larger contributor. Second, we omit-

average 2018 temperatures using the RCP 8.5 emissidad changes in TA due to ammonia excretion by oysters.
scenario. Thus, we added (0C5to the daily 2018 tempera- Data from this estuary has shown that there has not been

tures for the 2050 model scenarios. an increase in the standing stock of ammonia over the last

We estimated the 2018 residence time for the growin@5 years (Mayer et al., 1996, and unpublished data from K
area using a realistic 3-dimensional hydrodynamic mod&hornton, University of Maine, 2017—2019) despite a more
we developed for the mid-coast of Maine, including thé¢han 10-fold increase in the number of oysters in the
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Figure 4. Model inputs of oyster shell height, temperature, and wind speed over the growing season. (a)
Estimated average daily oyster weight gain (g Ga@® both first- and second-year oysters, (b) daily average
temperature (C), and (c) daily averaged wind speed {H £0I: https://doi.org/10.1525/elementa.2020.00057.f4

system (Maine Department of Marine Resources, 2020).Finally, oysters can use a fraction of the,@@duced
Although excretion of ammonia by oysters may lead tthrough respiration as the carbon source for calcification
an increase in TA (Lejart et al., 2012) on short time scalegther than simply releasing the G@ the water column.
(hours to days), the ammonia is removed from the systeRrevious studies have shown that, on averagé; t®
quickly either through primary production or oxidation to bivalve shell mass is derived from respired, ¢XcCon-
yield an assumed net-zero effect on TA. Third, dissolutipaughey et al., 1997; Lorrain et al., 2004; Gillikin et al.,
of dead shells can also be a source of TA to an estuary fra@o6), although Gillikin et al. (2007) found a significantly
natural oyster reefs (Waldbusser et al., 2013; Shen et &lgher fraction (5t—37%) in hard clamsNlercenaria mer-
2019). However, we did not incorporate dissolutiomenaria) from North Carolina. Given the uncertainties in
because we based our industry sizes on harvest data; th4& amount of respired carbon used for calcification in
all modeled oysters were removed from the syste@astern oysters, and the estimated small fraction used by
through harvest and exported and did not remain in thesther bivalves, we did not incorporate the impact from
growing area where their dissolution could affé@t No metabolic carbon usage on DIC, but we see value in
shells are returned to the estuary after harvest per stafgproving this model in the future by incorporating

law. Loss of oysters (i.e., settling to the bottom to remaig more detailed carbon tracking process for oysters as
in the estuary) during grow-out and harvest is thought tQequisite details become available.

be very low but might provide neutralization of acidifica-

tion over the decades; however, we have no data to

include this process quantitatively in a model of this typelodel equations

Dissolution should be included in models of systems witfihe C@ removed per oyster was calculated using the
natural oyster reefs, when dead shells are returned to ti@/erage shell weight gain each day, converted from grams
water body, or calculations in aquaculture systems whel@ micromoles. We used the following equation to esti-
the amount of product loss is known or well estimated. mate total C@" uptake:
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. . estuaries with wind speeds between 0 and 7 Thwhich
shellyg  industry size

CO3 yptake ¥4 - : &b are typical in the growing area. The gas transfer velocity
densityg,  volumega was calculated as:
where CQ,prakeis the amount of C& removed from the Keso Vs 1:583% §Sc=660P 05. ®b

water for shell growthrimol kg™ day™?), shellq is the

amount of shell gained each day by both year-1 angherex is the wind speed (m$) measured at 10 m above
year-2 oysters averaged togethempl CaC@ day® the ground and Sc is the Schmidt number calculated each
oyster'), estimated using Equations 4 and 5. Density day. The air-sea flux was calculated using:

is the average water dens_lty in the growing area calculated COpti Vakeso COssl &COzw  PCOsam b 310D
from temperature and salinity (kg-water |-wateMoataz,

2021), volumea is the average volume of the growingwhere CQ ¢ is the solubility of CQ calculated from
area (l-water; McAlice, 1977), and industry size is the nutemperature, salinity, and pressugCQ \, is the calcu-
ber of oysters in the growing area each day for both firslated in situpCQ, andpCQ 4 is the atmospheric CO

and second-year oysters. concentration.
We calculated TA each day using: Using the calculated partial pressure of carbon dioxide
) L] 1 o in the water, water temperature, practical salinity, wind, and
TAgpa@  FP TAg 1p 2 COszuptake b gy an average atmosphergCQ, concentration (409 and
b F TAock; b 550 ppm for 2018 and 2050, respectively), we estimated

the amount of CQ that transfers to or from the atmo-
where T4, is the total alkalinity after net calcificatioft,is sphere each day and adjustttee DIC pool to reflect this
the fraction of water replaced each day in the growinfjux. The 2018 atmosphergCQ concentration was mea-
area due to tidal exchangé ¥4 t/Residence Time), T4, sured on a buoy in the western Gulf of Maine (NOAA
is the TA from the previous day, €Qpiake calciS the Pacific Marine Environmental Lab/University of New
amount of C@™ removed from the growing area each dayHampshire Coastal G@uoy D).
by oyster calcification, and FAis the average TA at the
mouth of the Damariscotta River Estuary, held constant at
1 . . 1 esults
2091 mmol kg™ All concentrations are immol C kg-. : .
- . ... First-year oysters were estimated to grow from 2 to 45 mm
DIC was calculated similarly to TA but with the addition
and second-year oysters from 46 to 90 mm between early

of oyster respiration and air-sea exchange. DIC w, . . :
reduced by 1 mole for each mole of calcification and Wasaly and late October. Daily oyster shell weight gain

increased by 3 moles from respiration for each mole of ne ssuming equal numbers of first- and second-year oysters
~ased by P combined was 0.0101 g Cag@yster® day® in the begin-
calcification. Therefore,

ning of May, and increased to a maximum of 0.25 g CaCO

DICsp¥s8l Fb ®ICs 15 8 CO3yptakect $2uic oyster® day™ in early SeptemberF{gure 4a). Tempera-
3 8CO 8 DIC b ture varied on a seasonal cycle, beginning at 10.¢n

b 3 uptae & Hesp arthe early May, peaking at 2€ in early August, and ending

b F DICo; BP a1 10.6Cin late OctoberHigure 4b). Daily average wind

speed was low (0-2 nTY but representative of the rela-
tively protected upper estuaryrigure 4c). The measured
DIC and TA concentrations in the center of the growing
area for the beginning, middle, and end of the season
) ) o were 1963, 1960, and 1798mol kg™, respectively, for
is the daily loss of DIC from net calcification, £fake resp DIC and 2166. 2084. and 2129mol I?g’l resF:)ectiveI{/ for

is the daily addition of DIC from oyster respiration,I_A These measured values were corrected to a salinity of
DIGsseis the daily amount of DIC exchanged with the, " y

31.36 to match the model salinity, but they incorporate
atmosphere due to gas transfer, and Bi the average impacts from other estuarine processes not modeled here
DIC at the mouth of the Damariscotta River Estuar. P P )

_ . ; The modeled DIC and TA for the beginning, middle, and
1 1 1 1
(1926 mmol kg™). All variables are immol C kg end of the season in the growing area were 1933, 1885,
and 1929nmol kg™, respectively, for DIC and 2091, 2080,
Air-sea exchange and 2080mmol kg™, respectively, for TA.

We used TA and DIC calculated from daily oyster shell The modeled DIC decreased from 1920l kg™ to
growth and respiration to calculate the partial pressuré888 mmol kg™ in the first half of the growing season
of carbon dioxideCQ) in the water using the program regardless of oyster presendédglre 5a), largely due to
CO2SYS (van Heuven et al., 2011) and the same constaletgassing driven by increased temperature. During the
as above. We used the “tracers only” gas transfer velosi&cond half of the growing season, the modeled DIC with
(keoo) equation (Raymond and Cole, 2001) and convertdabth 0 and 16 million oysters increased toward the initial
to a saltwater formulationkggo) using the calculated concentrations, reaching 1939 and 1938nol kg™
Schmidt number and coeffients from Wanninkhof respectively, by the end of October. Between mid-August
(2014). We chose the Raymond and Cole (2001) gas traase the end of October, 16 million oysters lowered the DIC
fer velocity equation because it was formulated foby 3.4nmmol kg™ on averageRigure 5a). The TA remains

where DI, is the concentration of DIC at the end of the
day after all processes are includédis the fraction of
water replaced each day due to oceanic exchangg, DIE
the DIC concentration from the previous day,&GQake calc
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Figure 5. DIC, TAOca and Oag modeled with 2018 and 2050 oceanic conditions . (a, b) DIC and TA, (c,O}a
and Oxrin the growing area modeled with the (a, ¢) 2018 and (b, d) 2050 oceanic conditions. An industry size of 16

million oysters (solid lines) and zero oysters (dashed lines) were modeled for both oceanic conditions, all with

a residence time of 13 days. DOI: https://doi.org/10.1525/elementa.2020.00057.f5

constant throughout the zero oyster scenario because ogsange in bothOc,and Oag Over the growing season did
ter growth is the only process removing TA in the modehot vary between 2018 and 2050.

In the 16 million oyster scenario, the TA decreases slowly The net changes in these carbonate parameters result
between early May and mid-June (5ol kg™ lost by from accumulated impacts of daily biological and physical
mid-June), and then decreases more rapidly until eanhyocesses. Oyster respiratiand net calcification had
August when it levels off at 208&mol kg™ for the rest minimal impact (<0.05nmol kg™ day™) on DIC during

of the seasonKigure 5a). TheOcaincreased by 0.6 units slow oyster growth before July, but these impacts
between early May and early August reaching a maximuimcreased throughout the season, with respiration increas-
of 3.63 in the zero oyster scenario, whereas thg; ing DDIC twice as much as calcification decreased it (2 and
increased by 0.5 units during the same time period, with mmol kg™ day™, respectivelyfFigure 6a). Air-sea

a maximum of 2.37. The inclusion of oysters lowefgg, exchange of COdue to oyster growth reduceBDIC by
and Oar by 0.11 and 0.07 units, respectively, on averagesimilar magnitude as oyster respiration increased it, rel-
between July and the end of October, with a maximumtive to the initial conditions. However, the air-sea
difference of 0.18 and 0.11 units, respectively, in earlgxchange of C&agged behind production via respiration
August. While the trends in DIC, TA, a@demained the by 1 week Figure 6a). Oceanic exchange raised DIC by
same for the 2050 OCA model, the average DIC for tHe6 nmol kg™ day™* on average, mirroring losses from air-
growing season increased aBdlecreasedigure 5cand sea exchange. TA was altered by two counterbalancing
d). The maximum change in DIC over the season increaggdcesses, net calcification and oceanic exchange. Net cal-
from 45.1mmol kg™ in 2018 to 48.9mmol kg™ in 2050. cification was slow before July with minimal impact on TA
The TA was not altered by the 2050 conditions. The avé<0.33mmol kg™ day™). However, between July and late
age Oca and Opg for the growing season decreased byctober, TA decreased by Oréfiol kg™ day™ on average.
0.55 and 0.35 units, respectively. However, the maximu@ceanic exchange increased TA by 8Dl kg™ day™
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Figure 6. Individual process contributions to changes in DIC, TA, and Oc, Daily changes in (a) DIC, (b) TA, and (c,
d) Ocain the growing area to a water mass assumed to have conditions equal to the incoming ocean end membe,
broken out as contributions from calcification, respiration, ambient air-sea exchange, air-sea exchange due to oyster
growth, oceanic exchange, and temperature change. Panel (c) shows chadggfsdm physical processes and panel
(d) shows changes DA from biologically driven processes. Calculations are for conditions of 13-day residence tim
and 16 million oysters. DOI: https://doi.org/10.1525/elementa.2020.00057.f6

L&8/2.G000/L/0L AP

dRowsye,

on average, which restored TA back toward the boundahg latter half of the season by up to 0.01 and 0.026 units
conditions at the current industry siz&ifure 6b). day™, respectivelyHigure 6d). Air-sea exchange due to
The daily temperature impact 0Bcawas net positive oyster growth was negligible for the first part of the grow-
(0.0017 units day* on average) over the first half of theing season but became more substantial (increasag
season, and net negative (—0.0017 unitsdayn average) by 0.025 units day") toward the end of the growing
over the second half of the seasdfigure 6c), mirroring season.
the seasonal change in temperature. Non-oyster driven air-Increasing industry size and 2050 climate conditions
sea exchange initially decreas®da by up to 0.06 units (assuming a RCP 8.5 scenario) both significantly lowered
day™ as the water was undersaturated in the beginning d®, particularly during the latter half of the growing season
May and absorbs Gdrom the atmosphere. However,(Figure 7a and b). ModelingO using only the physical
after mid-May, air-sea exchange increa®ed by up to processes (zero oysters) and the 2050 climate conditions
0.04 units day* until late October when air-sea exchangeecreasedca and Oag by 0.57 and 0.37 units, respec-
loweredOcp by up to 0.06 units day* again. The air-seatively, on average over the growing season compared to
exchange pattern is driven mostly by seasonal tempethe 2018 climate conditions with zero oysters. Increasing
ture changesKigure 6c). Oceanic exchange counterbathe industry size to 50 million oysters caused net calcifi-
lanced change iDcA from oyster growth and air-seacation and gross respiration to decre@gs and Opr by
exchange throughout the seasoDOcx values of up to 0.16 and 0.10 units on average under 2018 climate con-
—-0.03 units day* from oceanic exchange occurred inditions. Alternatively, keeping the industry size constant at
August when DIC was being lost to the atmosphere di6 million oysters, but under modeled 2050 carbonate
a higher rate than TA and DIC were being lost due tohemistry conditions, lowere@c,and Oag by an average
calcification. Net oyster calcification and gross respiratiaf 0.55 and 0.35 units, respectively, over the growing
have minimal impact prior to July but decreas@gin season with a maximum reduction of 0.57 and 0.36 units,

220z aunr g0 uo 1sanb Aq ypd-25000°0202



Downloaded from http://online.ucpress.edu/elementa/article-pdf/10/1/00057/488117/elementa.2020.00057.pdf by guest on 02 June 2022


http://dx.doi.org/10.1007/978-3-642-79943-3_18
http://dx.doi.org/10.1007/978-3-642-79943-3_18
http://dx.doi.org/10.1111/fog.12485
http://dx.doi.org/10.1111/fog.12485
http://dx.doi.org/10.3389/fmars.2020.567445
http://dx.doi.org/10.3389/fmars.2020.567445
http://dx.doi.org/10.1093/icb/39.1.160
http://dx.doi.org/10.1093/icb/39.1.160
https://CRAN.R-project.org/package=seacarb
https://CRAN.R-project.org/package=seacarb
https://CRAN.R-project.org/package=seacarb
http://dx.doi.org/10.3354/meps129307
http://dx.doi.org/10.3354/meps129307
http://dx.doi.org/10.1007/s00227-013-2219-3
http://dx.doi.org/10.1029/2006GL028554
http://dx.doi.org/10.1029/2006GL028554
http://dx.doi.org/10.1080/1755876X.2015.1022350
http://dx.doi.org/10.1080/1755876X.2015.1022350
http://dx.doi.org/10.1016/j.orggeochem.2006.03.008
http://dx.doi.org/10.1016/j.orggeochem.2006.03.008
http://dx.doi.org/10.1016/j.gca.2007.04.003
http://dx.doi.org/http://dx.doi.org/10.5670/oceanog.2015.41
http://dx.doi.org/http://dx.doi.org/10.5670/oceanog.2015.41
http://dx.doi.org/10.5194/bg-17-1685-2020
http://dx.doi.org/10.5194/bg-17-1685-2020
http://dx.doi.org/10.1038/s43247-021-00143-5
http://dx.doi.org/10.1038/s43247-021-00143-5
http://dx.doi.org/10.5194/bg-10-193-2013
http://dx.doi.org/10.5194/bg-10-193-2013
http://dx.doi.org/10.1029/2010GB003859

Downloaded from http://online.ucpress.edu/elementa/article-pdf/10/1/00057/488117/elementa.2020.00057.pdf by guest on 02 June 2022


http://dx.doi.org/https://doi.org/10.1525/elementa.2020.20.00062
http://dx.doi.org/https://doi.org/10.1525/elementa.2020.20.00062
http://dx.doi.org/10.1007/978-3-319-96776-9_23
http://dx.doi.org/10.1007/978-3-319-96776-9_23
http://dx.doi.org/10.1007/BF02744376
https://www.gmri.org/sites/default/files/resource/gmri_farmed_shellfish_final_with_cover_10.13.16.pdf
https://www.gmri.org/sites/default/files/resource/gmri_farmed_shellfish_final_with_cover_10.13.16.pdf
https://www.gmri.org/sites/default/files/resource/gmri_farmed_shellfish_final_with_cover_10.13.16.pdf
http://dx.doi.org/10.1016/0011-7471&lpar;74&rpar;90074-6
http://dx.doi.org/10.3334/CDIAC/otg.CO2SYS_MATLAB_v1.1


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 9
      /MarksWeight 0.125000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [288 288]
  /PageSize [612.000 792.000]
>> setpagedevice


