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The role of rising atmospheric CO, in modulating estuarine carbon-
ate system dynamics remains poorly characterized, likely due to
myriad processes driving the complex chemistry in these habitats.
We reconstructed the full carbonate system of an estuarine sea-
grass habitat for a summer period of 2.5 months utilizing a com-
bination of time-series observations and mechanistic modeling, and
quantified the roles of aerobic metabolism, mixing, and gas exchange
in the observed dynamics. The anthropogenic CO, burden in the hab-
itat was estimated for the years 1765-2100 to quantify changes in
observed high-frequency carbonate chemistry dynamics. The addition
of anthropogenic CO, alters the thermodynamic buffer factors (e.g.,
the Revelle factor) of the carbonate system, decreasing the seagrass
habitat’s ability to buffer natural carbonate system fluctuations. As a
result, the most harmful carbonate system indices for many estuarine
organisms [minimum pHy, minimum Q.5 and maximum pCO, )]
change up to 1.8x, 2.3%, and 1.5x more rapidly than the medians for
each parameter, respectively. In this system, the relative benefits of
the seagrass habitat in locally mitigating ocean acidification increase
with the higher atmospheric CO, levels predicted toward 2100. Pres-
ently, however, these mitigating effects are mixed due to intense diel
cycling of CO, driven by aerobic metabolism. This study provides
estimates of how high-frequency pHr, Q.ag, and pCO5.v) dynamics
are altered by rising atmospheric CO, in an estuarine habitat, and
highlights nonlinear responses of coastal carbonate parameters to
ocean acidification relevant for water quality management.

ocean acidification | seagrasses | carbonate chemistry | water quality
standards | buffer factors

cean acidification (OA) due to increasing atmospheric CO,

from anthropogenic emissions increases the dissolved inorganic
carbon ([TCO,]) and partial pressure of seawater CO; (pPCOxsw.),
and decreases seawater pHr and carbonate mineral saturation states
(€.g., Qarag)- These changes in marine chemistry have been demon-
strated to negatively affect acid-base balance, biocalcification, and
metabolism of coastal and estuarine organisms (1). Many observa-
tional studies of OA have focused in open ocean (2) and shelf
waters (3-5), with fewer studies investigating how rising atmospheric
CO, interacts with estuarine carbonate chemistry (6, 7). The car-
bonate chemistry in estuarine habitats is highly variable (7, 8) due to
high rates of photosynthesis and respiration, hydrodynamic pro-
cesses (including tides, freshwater inputs, and estuarine circulation),
biogenic calcification and dissolution, gas exchange, and strong
benthic—pelagic biogeochemical coupling (9, 10). The resulting dy-
namic range of high-frequency estuarine carbonate chemistry calls
into question the impact of rising atmospheric CO; levels as a driver
in these systems (10, 11), with suggestions that OA (as defined
above) is predominant only in open-ocean environs (12).

There is, however, an emerging appreciation for the role of high-
frequency (i.e., subhourly time scales) carbonate chemistry dynamics
influencing organismal responses to OA (10, 13). However, despite
the significance of the coastal zone to ecosystems and our economy,
our understanding of how natural and anthropogenic processes

3870-3875 | PNAS | /April 10,2018 | vol.[115 | no. 15

control estuarine carbonate chemistry is generally limited to studies
of large spatial and/or low temporal resolution (6, 14, 15), with
relatively little mechanistic examination. Thus, our understanding of
how the global baseline increase in atmospheric CO, interacts with
habitat-specific, high-frequency carbonate chemistry dynamics, or
“carbonate weather,” (10) to alter the chemical environment of es-
tuarine organisms is poorly understood. The fundamental thermo-
dynamic properties of the marine carbonate system predict that an
increase in baseline [TCO,] levels will amplify the dynamic ranges of
pH and pCOy,.), and dampen that of Q. (16). The two studies
we are aware of that have investigated this response of the carbonate
system [in coral reef (17) and coastal shelf (4) systems] to future OA
have highlighted the importance of this altered buffering capacity of
the carbonate system, resulting in larger modeled dynamic ranges of
pPCOxw,) and pHr, and reduced dynamic ranges of Q... (4, 18).
Attribution of the drivers of CO, dynamics responsible for the large
dynamic ranges observed in estuaries permits a more rigorous and
mechanistic analysis of how interactions between OA and nearshore,
habitat-specific carbonate weather may be expected to accelerate
carbonate conditions demonstrated to be harmful for coastal or-
ganisms (e.g., low pH, high pCOx..), Iow Q,r,g). This mechanistic
approach to attribution of natural versus anthropogenically driven
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carbonate dynamics is also crucial for informing pressing manage-
ment decisions related to coastal water quality (19, 20).

The objectives of this study were to (i) characterize the car-
bonate weather in a shallow seagrass habitat typical of the Puget
Sound estuarine system at time scales relevant to individual organ-
isms, (i) deconvolve the observed chemical time series into the pri-
mary biological and physical drivers through mechanistic modeling,
and (i) use these model results of present-day processes to illustrate
the effect of OA on carbonate weather in the seagrass habitat under
preindustrial through future emission scenario conditions. We focused
on the dry season (July through September), which is a critical period
of growth and recruitment for many estuarine producer and consumer
species in Puget Sound (21). Our analyses focused on how the in-
teraction of OA and aerobic metabolism in this habitat controls the
onset and severity of exposure to low pHr, high pCOy.,), and low
Q¢ conditions for resident organisms currently and into the future.

Results and Discussion

High-resolution (15-min frequency) observations of pHrt from July
15-October 1, 2015, in a seagrass habitat of Hat Island in Puget
Sound, WA, showed large variability on time scales consistent with
local diel photosynthesis/respiration cycles, tidal advection of
metabolically altered water parcels, and wind-driven mixing events
(mean pHr = 8.08, SD = (.16, max pHr = 8.43, min pHr = 7.59,
n = 7,455) (SI Appendix, Fig. S1). The mean diel range of pHr for
the period of observation was 0.39 (SD = 0.16, n = 78 d) units, with
a maximum observed diel range of 0.74 units, similar to published
observations from other metabolically intensive coastal systems (4,
9, 22). pHy was significantly correlated with O, (R* = 0.91, P <
0.001; SI Appendix, Fig. S2), demonstrating the role of aerobic
metabolism (primary production + respiration) in observed car-
bonate chemistry variability. Tidal exchange was documented by
sampling the water masses representing mixing end members for
the Hat Island site as: () marine deep water (sampled at 50 m)
entering Possession Sound to the south of Hat Island, and (ii) the
Snohomish River (23, 24). The marine end member was charac-
terized by consistently low pHr and elevated TCO, (mean = 7.66,
SD =0.02, n = 5; [TCO,] = 2,024 umol kg™, SD = 9.2 pmol kg™;
[AIK] = 2,061 pmol kg™, SD = 10.1 pmol kg_l) and low O,
(mean = 194.5 pmol kg™', SD = 9.7 pmol kg™', n = 5), consistent
with published observations of deep marine waters in Puget Sound,
whose ultimate source has been traced back to delivery of North
Pacific Ocean waters through the Strait of Juan de Fuca via estu-
arine circulation (6, 25). In contrast, the Snohomish River dis-
played variable pHr and lower TCO, (mean = 7.88, SD = 0.40,n =5;

[TCO,] = 572 pmol kg™, SD = 45 pmol kg™'; [Alk] = 555 pmol kg™,
SD = 27 pmol kg™') and higher O, (mean = 290.7 pmol kg ',
SD = 9.7 umol kg~', n = 5) compared with deep marine wa-
ters. Salinities at Hat Island (mean = 27.96, SD = 0.80, n = 7,455)
indicated strong influence of marine deep waters, with a relatively
small amount of freshwater dilution during the dry season.

To characterize the primary processes responsible for the ob-
served variability of carbonate chemistry in the seagrass habitat, we
developed a deterministic model (termed the “full model”) that
included tidal mixing (via salinity variance), net community me-
tabolism (NCM; via O,/CO, stoichiometry), and gas exchange
processes (Materials and Methods and SI Appendix). The full model
reproduced 92% of the observed variance in the pHr time series
(Pearson product correlation, » = 0.957; P < 0.001; Fig. 14), and
also showed good agreement with calculated values of pCOysw.)
and Q. (Fig. 1 B and C) from discrete samples with measured
[TCO,], pCO4s.w.), and pHr (Satlantic SeaFET) taken next to
in situ sensors (pCOxs.y.) root mean squared error (RMSE) =
13.5 patm, r = 0.99, P < 0.001; Q,,g RMSE = 0.19, r = 0.94, P <
0.001), and with published carbonate system values observed near our
study site (26). The NCM estimates were on average responsible for
66% (SD = 26%) and 35% (SD = 31%) of modeled [TCO,] and
[AlK] variability in the full model, respectively (SI Appendix, Fig. S3).
Conservative mixing of the marine and riverine end members
accounted for an average of 34% (SD = 26%) and 65% (SD = 31%)
of modeled [TCO,] and [AIK] variability, respectively. Gas exchange
was episodically important during the observational period, but gen-
erally a small component of the high-frequency [TCO,] variability
due to low wind speeds and relatively slow exchange rates of CO, due
to carbonate system buffering (SI Appendix, Fig. S3). Observations
indicated the study site was within a stable surface mixed layer for the
majority of the dry-season observational period; larger gas exchange
fluxes from equilibration between locally upwelled high CO, waters
and the atmosphere likely occurred earlier during the spring transi-
tion and shoaling/formation of the observed surface mixed layer (27).

We simulated the impacts of changing atmospheric CO, from
1765 to 2100 using the representative concentration pathway (RCP)
8.5 emissions scenario (28) both to hindcast and forecast how car-
bonate weather of the system is altered. These simulations estimate
the state of the observed system (based on year 2015 dynamics of
aerobic metabolism and mixing) under different levels of atmo-
spheric CO,, with the 1765 scenario representing the carbonate
chemistry of the habitat if fossil fuels were never burned. Modeled
anthropogenic [TCO,] (Cyng) in 2015 ranged from 47 to 59 pmol kg ™.
Estimates of C,,y, for nearshore surface waters of the California
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Fig. 1.

(A) Time series (15-min frequency) of measured pH (red) at Hat Island and modeled pH (blue) of the full model. The Pearson correlation coefficient for

the model was r = 0.957, P < 0.001. (B) Modeled pCO, (blue line) with calculated values (red dots) from grab samples taken at the study site. (C) Modeled
Q. ragonite (blue line) with calculated values (red dots) from grab samples taken at the study site. Calculated parameters used SeaFET pH, and measured pCO,

and [TCO;] values for calculation of the carbonate system using CO2SYS.
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Fig. 2. Results of OA scenario models from 1765 to 2100. Color maps represent the percent occurrence for (A) pHr, (B) pCO5(s.w.), and (C) Q.rag as a function of
time. Bold dashed lines represent the annual dry-season median, black dotted lines are the average daily dry-season minimum and maximum observations,
and white dotted lines are annual dry-season maximum and minimum observations. Note differences between medians and modes for each parameter,
indicative of the nonnormal distributions of each parameter for a given year.

Current in the year 2012 have been previously published as 52—
58 umol kg™ (15) and 62 pmol kgt (4), which compare well with
our mean model estimate of 53 pmol kg™ for the same year. The
small discrepancies among the values can be attributed to differences
in temperature, salinity, and alkalinity of surface waters in the
studies; warm, fresh, low alkalinity waters (such as those found at the
Hat Island study site) hold relatively less C,ns When theoretically
equilibrated with a given atmospheric CO, level. Results of these
yearly 1765-2100 OA simulation models provide estimates of how
PHT, Qup, and pCOy,,,) high-frequency dynamics (i.e., carbonate
weather) in an estuarine habitat are altered by rising atmospheric CO,.

Model results indicate that OA alters both means/medians and
diel ranges of pHy, pCOyw), and Qg in the seagrass habitat,
resulting in more rapid changes to extreme events relative to means/
medians (Fig. 2). Median dry-season pHr decreased 0.12 units from
the preindustrial (year 1765) to 2015, with a total median reduction
of 0.41 units expected by the year 2100 under the RCP 8.5 emission
scenario (SI Appendix, Table S1), equivalent to an increase in acidity
of 32% in 2015, and 157% by 2100. Compared with the year 1765,
mean pCOxy, increased by 107 patm (+45%) in 2015 and 548 patm
(+227%) in 2100, while mean dry-season Q. decreased by
0.56 units (—20%) in 2015, and 1.50 units (—=54%) in 2100, In ad-
dition to these changes in the median/mean values, changes to
the thermodynamic buffer factors of the carbonate system (driven
by increasing C,ny) altered diel ranges of pHy, pCOyy), and
Qarag (SI Appendix, Table S1). Previous work (16, 29) has shown
that the sensitivities of pHr, pCOy(w), and Qy,, (defined here as
Ax/A[TCO;], where x is the carbonate parameter of interest) re-
spond differently to changes in [TCO,]. Briefly, pHr is most sen-
sitive near the point where [TCO,] = [Alk], pCOy(s. is increasingly
sensitive to increasing [TCO,], and Q. is decreasingly sensitive to
increasing [TCO,]. These sensitivities, delineated by the thermo-
dynamic buffer factors of the marine carbonate system, are re-
sponsible for the behavior as illustrated in Fig. 3: diel ranges of pHr,
PCOssw., and Qg of the preindustrial, 2015, and 2100 models
change through time with increasing OA, despite diel ranges of
[TCO,] remaining largely unchanged for all model years. The mean
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diel pHy range at the study site was amplified by 0.06 units in 2015,
and 0.18 units in 2100, compared with year 1765. Diel pCOxsw.)
ranges were also amplified by OA, with increases of 176 patm
(+67%) and 932 patm (+352%) in 2015 and 2100, respectively.
Conversely, the mean diel range of Qe Was at its maximum in the
preindustrial, having decreased by 0.08 units (—5%) in 2015 and
0.40 units (—25%) in 2100 with increasing OA (note the severity of low
Q, e conditions worsens with increasing OA, however, as the absolute
change outweighs the decrease in range; Fig. 2). These changes in
variance of carbonate weather due to altered buffering is analogous to
recently predicted (30) and observed (31) amplification of carbonate
system variability on seasonal time scales in open-ocean environments.

The altered carbonate system buffering capacity due to OA
causes a preferential amplification of extreme conditions, and
thus a more rapid change in the most harmful OA conditions to
transient life stages of organisms in these environments, such as
bivalve larvae. This is due to the fact that amplification of diel
ranges is asymmetrical (Fig. 4); the carbonate system becomes
more sensitive to a given addition of respiratory CO, than an
equivalent photosynthetic CO, removal with increasing OA.
Respiration-driven extremes of low pH, high pCOx( w.), and low
Qarag become preferentially worse, with larger (+105%, +17%,
and +53% in 2100, respectively; SI Appendix, Fig. S44) and more
rapid (up to 1.8x, 2.3%, and 1.5x, respectively; SI Appendix, Fig.
S4B) changes compared with medians/means. These changes
also outpace published changes in open-ocean carbonate pa-
rameters (2), contemporary atmospheric CO; (28), and maximal
rates of atmospheric CO, change during glacial-interglacial cy-
cles in the past 800,000 y (32). Currently, indices of Q,,, have
progressed farthest toward their estimated 2100 values (35-52%
of expected changes; SI Appendix, Fig. SAC) compared with
other carbonate parameters (19-26% of expected changes), in-
dicating organisms and habitats sensitive to 2,r,, are more likely
to respond first to OA. The extent of this effect would depend
heavily on the organism’s dependence on calcification; however,
laboratory studies (33) and field observations (34, 35) support

Diel [TCO,] range

200 400 0 200 400

Diel [TCO,] range

Fig. 3. Scatterplots of daily (A) pH, (B) pCO,, and (C) Qaragonite ranges versus daily [TCO,] ranges for the preindustrial (1765, purple), present-day (2015, blue),
and 2100 (orange) model scenarios. Each point represents a single day (July 15-October 1) in the model (n = 78). Lines are third-degree polynomial lines of

best fit for each of the model scenarios.
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Fig. 4. Representative diel curves illustrating changes in daily pH medians
(black), maximums (green), and minimums (red) from preindustrial values
for years 2015 and 2100. Daily pH minimums have larger reductions than
corresponding medians and maximums due to the additive anthropogenic
and respiratory carbon reducing the pH buffering capacity of the system.
Values shown are mean changes for the dry season of the designated year.

the concept of present-day calcification-related OA stress for
organisms as well as ecosystems (36, 37).

A potential OA mitigation strategy that has been proposed for
shellfish and coastal environments is the preservation and resto-
ration of submerged aquatic vegetation (38). Although our mod-
eling technique does not attribute the observed NCM signal to its
subcomponents (e.g., seagrass vs. water column metabolism) be-
cause of the significant methodological hurdles associated with
appropriate field observations (39), it does provide an opportunity
to explore how integrated habitat-level metabolism alters the
carbonate weather experienced by resident organisms of the sea-
grass habitat. The OA simulations suggest NCM in this seagrass
habitat currently improves average conditions for all carbonate
system variables, but drives transient extremes of low pH, high
PCOxsw.), and low Q... NCM during the productive dry season
in our study system is estimated to raise present-day (2015) dry-
season median pHr by 0.08 units, raise median Q. by 0.33 units,
and lower median pCOx.,) by 70 patm (Fig. 5). These effects of
seagrass habitat metabolism will become increasingly important
under worsening OA from an organismal OA-refugia perspective
with respect to pHt and pCOx..), but diminish with respect to
Qarag (Fig. 5B). NCM will be increasingly effective at raising me-
dian pHr (+0.07 units in 1765, 4+0.11 units in 2100) and reducing

median pCOys..) (—44 patm in 1765, =199 patm in 2100), but less
effective at raising median 2,4 (+0.35 units in 1765, +0.28 units
in 2100) with increasing atmospheric CO, levels. Although NCM
improves average conditions in this habitat, NCM is also re-
sponsible for driving the natural extremes of the habitat’s car-
bonate weather; minimum dry-season pH is reduced by 0.49 units,
minimum dry-season €, is reduced by 1.15 units, and maximum
dry-season pCOx.) is raised by 1,033 patm in 2015 (Fig. 5B). As
discussed, these NCM-driven extremes of low pHy and high pCOxs,
are amplified with increasing atmospheric CO, levels. Conversely,
decreased sensitivity of Q,r,g at higher [TCO,] levels causes the
addition of anthropogenic carbon to slightly reduce the relative
importance of NCM in driving minimum Q,.,, levels.

The decoupling of carbonate system averages and extremes il-
lustrates a dichotomous role of NCM in metabolically vigorous en-
vironments facing rising atmospheric CO,: increasing the severity of
transient poor carbonate chemistry in the present and near-future,
and ultimately reducing organismal exposure to harmful carbonate
conditions in a future, high CO, world. For example, our model
predicts seagrass habitat NCM effectively delays median dry-season
Qqrqe from crossing an established larval shellfish calcification
threshold (Q.,; = 1.4) by 26 y; equivalent to buffering against a
215-ppmv increase in atmospheric CO,. However, low Q,,, periods
driven by NCM cause average dry-season daily minimums of 2,rag to
cross this same threshold 44 y earlier than estimated in the absence
of NCM. This concept is illustrated in Fig. 6, where we compare
exceedance of previously published harmful and exceptionally
favorable Q,,, thresholds for larval bivalves (33) due to increasing
OA in the presence and absence of NCM. Presently, NCM increases
the duration of time during which Q,,, conditions for bio-calcification
are exceptionally favorable (Q,ra > 2.8) by 37%, while also causing
the exceedance of demonstrated harmful thresholds for calcifica-
tion (Qur.e < 1.4) that would not be experienced for another 43 y in
the absence of aerobic metabolism. However, an inflection point in
time is reached in the future (year 2061, atmospheric CO, =
611 ppmv), at which point NCM reduces the duration of negative
threshold exceedance compared with the models run without
NCM. This is due to the large diel ranges of carbonate parameters
driven by NCM, resulting in windows of favorable carbonate con-
ditions associated with short-term photosynthetic reductions of
[TCO,]. Tolerance thresholds for carbonate parameters have been
experimentally shown to be species specific (40); therefore, the
timing of these inflection points will differ among species, but the
general pattern illustrated in Fig. 6 can still be expected.

Conceptually, metabolically intensive coastal zones may
ameliorate the negative effects of OA on organisms via temporal
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Fig. 5. Comparison of OA simulation models with (full) and without (abiotic) the net community metabolism term. A shows a comparison of model output
for the full model (blue) and the abiotic model (red) of model year 2015 (July 15-October 1). Billustrates the differences in median and extremes of carbonate
parameters between the full and abiotic models from 1765 to 2100. The y-axis deltas are equal to the full model parameter minus the abiotic model pa-
rameter. For example, NCM elevates median dry-season pH by ~0.07 units in 1765, but decreases minimum dry-season pH by ~0.42 units.
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were similarly favorable for biocalcification in the preindustrial with or without
NCM's influence on carbonate chemistry. Currently, NCM increased incidence of
exceptionally favorable and harmful conditions. In future high-CO, scenarios,
incidences of exceptionally favorable conditions are nearly absent, regardless of
NCM; however, NCM greatly reduces the incidence of harmful conditions.

windows of favorable pHy and pCO,s, (€.g., productive daytime
hours) despite decreasing baselines, or conversely exacerbate these
negative effects via the enhanced magnitudes and exposure dura-
tions of low pHy and high pCOx..). Although researchers are
beginning to explore how short-term carbonate weather influences
organismal responses to OA (41, 42), most OA experiments have
focused on measuring effects due to static exposure of organisms
following long experimental acclimation periods. These methodol-
ogies fail to capture the realistic carbonate weather of many near-
shore habitats. The ability to cope with changing variances of
carbonate chemistry will likely be an important determinant of ac-
climation and ultimately genetic adaptation among taxa with in-
creasing OA, highlighting the need for a better understanding of
organismal responses to variable conditions (13, 41, 43-45). This
may be most important for species with temporally short, but OA-
sensitive, developmental stages, such as marine bivalve larvae (1).
Our model predicts Q,,; has already reached a mean daily mini-
mum value below established harmful thresholds [Q,., < 1.4 (33,
46)] for early calcification of some bivalve larvae in 2013. Organisms
often live close to tolerance thresholds in estuarine habitats (10),
and so although adaptation to naturally variable environments can
enhance resilience to stress (47), exceedance of these tolerance
thresholds by increasingly frequent and more extreme events (as
demonstrated in this study) can still be expected (48).

The decoupling of the averages and extremes of carbonate pa-
rameters with increasing anthropogenic CO, (Figs. 2 and 4 and S/
Appendix, Fig. S4) also poses an important question for OA-related
water quality standards: what really matters? Our study has shown
that the carbonate parameters previously identified as being most
stressful for coastal organisms [minimum pHt and €, maximum
pCOysw,)] are changing more rapidly than their corresponding
averages—the index frequently used in water quality standards.
The US Environmental Protection Agency recommended criteria
for most marine waters states that pH should not be changed more
than 0.2 units outside of the naturally occurring range and should
not be outside the range of 6.5-8.5 units; Washington State in-
cludes this provision in their water quality standards (49). If we
assume carbonate system variability in the 1765 model represents
this naturally occurring range, the minimum dry-season pHrt has
already exceeded this A0.2 unit threshold in 2012, and median pHrt
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is not expected to exceed a A0.2 unit threshold until 2045. Existing
standards are, therefore, likely insufficient to account for carbonate
weather-scale impacts on coastal ecosystems—the very scale ex-
perienced by resident organisms. Although there are currently no
recommended water quality standards for other carbonate parame-
ters, analogous issues exist for pCOsy,) and Q.. Additionally,
environmental management resulting in nutrient reductions could be
expected to help offset some OA effects on water quality (19), but
may also lower baseline pHr levels [and raise pCOx,] of estuarine
habitats due to reduced net ecosystem production in surface waters.
Further study is necessary to understand the impact of anthropogenic
nutrients in controlling carbonate chemistry dynamics in shal-
low, nearshore environments. Efficacy of OA-related manage-
ment decisions will depend on matching time and space scales
of interventions with those of system-specific drivers of carbonate
chemistry, and the specific exposure duration, magnitude, and
frequency of exceedance of the OA parameter(s) of interest to
the most sensitive organisms.

Our analyses indicate that as anthropogenic CO, continues to
increase in the atmosphere, the carbonate system in this seagrass
habitat becomes less able to buffer natural sources of high-frequency
CO, variance, causing nonlinear amplification of naturally extreme
events. Increasing OA will result in similar patterns of amplified
changes in the variability and extremes of other metabolically vig-
orous estuarine and marine systems due to altered buffering with
increasing anthropogenic carbon (16, 29). This predicted amplifica-
tion of carbonate system variability is beginning to emerge in open-
ocean observations on seasonal time scales (31), supporting the
underlying mechanisms of more extreme carbonate weather in es-
tuaries with OA. The magnitude of change in carbonate weather
due to this altered buffering capacity will be a function of the initial
“natural” carbonate buffer factors of the system, as well as the in-
tensity of high-frequency carbon cycling.

Materials and Methods

The study site was located in a shallow subtidal seagrass habitat (48° 01.20'N,
122° 19.39'W) on the northern shore of Hat (Gedney) Island, WA, in Possession
Sound. The seagrass habitat consisted of a dense stand of Zostera marina
(canopy height ~ 1 m) typical of fringing shoreline seagrass beds, which make
up ~50% of all seagrass habitat in the whole of Puget Sound (50). Sensor
packages were anchored to the benthos with sensing units ~30 cm above the
bottom. Water depth ranged from 0.62 to 4.98 m, with a mean of 3.19 m. Time
series measurements of pHy, O, salinity, temperature, and depth were collected
every 15 min during the study period using YSI 6000 series sondes. Sondes were
replaced with a calibrated sonde every ~4 wk, and checked for fouling and drift
after deployments. A Satlantic SeaFET sensor was deployed from July 1 to July
15 to verify accuracy of the YSI pH measurements (S/ Appendix, Fig. S5). Sensors
were factory calibrated, and verified with Certified Reference Material CO, stan-
dards from the University of California, San Diego (Batch 132). Grab samples for
sensor validation were stored in sealed 330-mL amber glass bottles using estab-
lished protocols for dissolved gas sampling, and analyzed for [TCO,] and pCO, at
Oregon State University. The Marine Deep end member was sampled at 50 m
depth at the southern end of Possession Sound near Mukilteo (47° 58.05'N, 122°
18.08'W). The Snohomish River end member was sampled at river mile 10.6
(47° 56.25’N, 122° 10.14'W). Carbonate chemistry of the end members was
calculated with CO,SYS [Matlab version 1.1; K1 and K2 constants of Millero
(51); KSO4 constants of Dickson (52); borate:salinity of Lee et al. (53)] using
paired in situ YSI pHygs and [TCO,], or paired [TCO,] and pCOy(s.w.,) (When
available) from grab samples.

To reconstruct the observed pH time series at Hat Island, changes from initial
measured [TCO,] and calculated [Alk] (using [TCO,] and SeaFET pHy) on July
1 were estimated using a model that incorporated mixing of the marine and
riverine end members, aerobic photosynthesis and respiration (i.e., net com-
munity metabolism), and gas exchange of O, and CO, (S/ Appendix). Mixing
ratios of riverine and marine end member [TCO,] and [Alk] were determined
using observed salinities at Hat Island. The dissolved oxygen time series was
corrected for gas exchange and mixing of riverine and marine end members,
and used to estimate aerobic metabolism using a metabolic quotient
(AO:ATCO,) of 1.05 [following published values for seagrass habitats (54)].
Concurrent metabolic alterations of [Alk] were estimated using the Redfield
ratio of 16:117 for AAIk:ATCO,. A CaCOs; calcification/dissolution term was not
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included due to insufficient data to constrain these processes on the time
scales of the model. High correlation between model output and obser-
vations suggest these processes are not dominant drivers of carbonate
weather in this system during the modeled time period. The modeled
values of [TCO,] and [AIk] for each time point were used to compute the
full carbonate system using CO,SYS (Matlab version 1.1) (Dataset S1), and
results were corrected for gas exchange of CO, to produce the full model
final results using 2015 as a base year.

[TCO;];11 =[TCO2] + A[TCO2] ixing + A[TCO2] metabolism + A[TCO2] gas

(A = (A + AJAIK] g+ A[TCO

metabolism

To isolate and quantify the effect of aerobic metabolism on carbonate
weather in the seagrass habitat, we ran the model with (full model) and
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without (abiotic model) the metabolic term in the model. This procedure was
repeated for all OA scenario models for the years 1765-2100.

Historic and future carbonate weather was estimated using two methods
for calculating anthropogenic CO,: an adaptation of the AC* method (as-
suming constant air-sea disequilibrium with respect to [TCO,]; ref. 55), and
an adaptation of the ApCO, method (6, 7) (assuming constant air-sea dis-
equilibrium with respect to pCO,; SI Appendix). We report the results of the
A[TCO;] method here for clarity, and include the results of the adapted
ApCO, method in the S/ Appendix. The A[TCO,] method produces the more
conservative results, with both methods supporting the conclusions of this
manuscript (see SI Appendix for discussion).
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