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Abstract

Inorganic carbon chemistry data from the surface and subsurface waters of the West
Coast of North America have been compared with similar data from the northern Gulf of

Mexico to demonstrate how future changes in CO, emissions will affect chemical
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changes in coastal waters affected by respiration-induced hypoxia ([O;] < ~60 pumol kg’
1. In surface waters, the percentage change in the carbon parameters due to increasing
CO; emissions are very similar for both regions even though the absolute decrease in
aragonite saturation is much higher in the warmer waters of the Gulf of Mexico.
However, in subsurface waters the changes are enhanced due to differences in the initial
oxygen concentration and the changes in the buffer capacity (i.e., increasing Revelle
Factor) with increasing respiration from the oxidation of organic matter, with the largest
impacts on pH and CO; partial pressure (pCO;) occurring in the colder waters. As
anthropogenic CO, concentrations begin to build up in subsurface waters, increased
atmospheric CO, will expose organisms to hypercapnic conditions (pCO, >1000 patm)
within subsurface depths. Since the maintenance of the extracellular pH appears as the
first line of defense against external stresses, many biological response studies have been
focused on pCO,-induced hypercapnia. The extent of subsurface exposure will occur
sooner and be more widespread in colder waters due to their capacity to hold more
dissolved oxygen and the accompanying weaker acid-base buffer capacity. Under
present conditions, organisms in the West Coast are exposed to hypercapnic conditions
when oxygen concentrations are near 100 pmol kg™ but will experience hypercapnia at
oxygen concentrations of 260 pmol kg™ by year 2100 under the highest elevated-CO,
conditions. Hypercapnia does not occur at present in the Gulf of Mexico but will occur at
oxygen concentrations of 170 pmol kg® by the end of the century under similar
conditions. The aragonite saturation horizon is currently above the hypoxic zone in the
West Coast. With increasing atmospheric CO,, it is expected to shoal up close to surface

waters under the IPCC Representative Concentration Pathway (RCP) 8.5 in West Coast



waters, while aragonite saturation state will exhibit steeper gradients in the Gulf of
Mexico. This study demonstrates how different biological thresholds (e.g., hypoxia,
CaCO3 undersaturation, hypercapnia) will vary asymmetrically because of local initial
conditions that are affected differently with increasing atmospheric CO,. The direction of
change in amplitude of hypercapnia will be similar in both ecosystems, exposing both
biological communities from the West Coast and Gulf of Mexico intensification of
stressful conditions. However, the region of lower Revelle factors (i.e., the Gulf of
Mexico), currently provides an adequate refuge habitat that might no longer be the case

under the most severe RCP scenarios.

1. Introduction

The decrease in pH and aragonite saturation state, coupled with the increase in partial
pressure of CO, (pCOy), of subsurface coastal waters over time from the combined
effects of acidification and respiration processes represents a developing and, in some
cases, present-day threat to calcifying and non-calcifying marine organisms across the
range of different life stages, taxa and habitats (Orr et al., 2005; Fabry et al., 2008; Feely
et al., 2004, 2008, 2016; Guinotte and Fabry, 2008; Doney et al., 2009a,b; Doney, 2010;
Hofmann and Todgham, 2010; Lischka et al., 2011; Barton et al., 2012, 2015; Gruber et
al., 2012; Hettinger et al., 2012; Hauri et al., 2013; Mackas and Galbraith, 2012; Manno
et al., 2012; Kroeker et al., 2013; Frieder et al., 2014; Bednarsek et al., 2014, 2016;
Gattuso and Hansson, 2011; Gattuso et al., 2015a; Waldbusser et al., 2015; Somero et al.,
2016; Weisberg et al., 2016). Acidification of surface waters, resulting from the oceanic

uptake of approximately 28% of the global anthropogenic carbon dioxide emissions has



caused a lowering of average surface water pH by about 0.11 units and 0.5 units in
aragonite saturation state (Feely et al., 2004, 2009, 2012; Gattuso et al., 2015a).
Oxidative breakdown of organic matter sinking through the water column in subsurface
waters can further reduce the pH and aragonite and calcite saturation state via respiration
processes which are often enhanced in highly productive estuarine and coastal waters
(Fig. 1c). How these processes interact and are impacted by changing temperature,
salinity, gas solubility, and carbonate chemistry has been explored for pH and calcite
saturation state for the Gulf of Mexico, East China Sea, and Baltic Sea (Cai et al., 2011,

Sunda and Cai, 2012; Laurent et al., 2017).

Increased acidification and hypoxia are related because aerobic respiration of organic
matter consumes oxygen and produces CO, in approximate stoichiometric equivalence

(Redfield et al., 1963):

(CHzo)loe(NH3)16H3PO4 + 1380, (:> 106CO, + 16HNO3; +H;PO, +122H,0 (1)

Thus, processes that create subsurface oxygen deficits can also exacerbate acidifying
conditions for marine organisms. Here we build upon earlier work and compare the
results of our recent studies of the chemical composition of surface and subsurface waters
from the coastal waters of the California Current Ecosystem with previously published
data from the Gulf Mexico to show how significant differences in gas solubility, Revelle
factor, and temperature affect in-situ chemical conditions in the water column of a cold-

water upwelling coastal environment.



As atmospheric CO, increases and equilibrates with seawater, hydrogen ion (H") and
bicarbonate (HCO3") is produced and carbonate ion (CO3%) is consumed via a series of

chemical reactions:

COZ(atmos) + HZO (:) COZ (aq) + HZCOS; (23-)
where Ko~ = ([CO2(aq)]+[H2C03])/pCO; (2b)
H,CO3 &= H" + HCOs’; (3a)

where K;" = [H][HCO3 J/([CO2@q] + [H2COs]) (3b)
HCOs —= H" + COs”; (4a)

where K, = [H"][CO5* J/[HCO3] (4b)

Ca®* + CO3* &= CaCOsg;; (5a)

where Kg, = [Ca**][CO3”] (5b).

The air-sea CO, exchange reaction (2) leads to an initial increase in dissolved CO; in
surface waters from gas exchange. The dissolved CO, reacts with H,O to form carbonic
acid (2). A portion of the carbonic acid quickly dissociates into a hydrogen ion and a
bicarbonate ion (3), with K" being the dissociation constant for (3). The bicarbonate ion
can dissociate into a hydrogen ion and a carbonate ion (4), and K5 is the dissociation
constant for (4). In addition, dissolved calcium (Ca**) can combine with CO3* to form a
calcium carbonate (CaCOj3) mineral such as aragonite or calcite (5), with Ksp* being the
stoichiometric solubility product at saturation for calcium carbonate. The net result is that
the addition of CO, from the atmosphere leads to overall increases in hydrogen ion and

bicarbonate and decreases in carbonate ion as is illustrated below in a combined equation:
CO2ag) + H20 + CO3* 7= 2HCO3 and Kyer = K1 /K, = [HCO3 TP/([CO20q)]X[CO5* 1)

(6).
Another important factor related to the carbonate chemistry is the efficiency with which

the oceans can continue to absorb more CO, from the atmosphere and convert it to



dissolved inorganic carbon (DIC), which is the sum of all carbonate species

concentrations in pmol kg™. This efficiency is defined as the Revelle Factor (RF):

RF = (ApCO,/pCO,)/(ADIC/DIC); (7)

where pCO; is the CO; partial pressure in patm. In ocean surface waters, the RF
generally ranges from 8 to 18, with the lower values in warm subtropical waters and the
higher values in the cold high-latitude regions (Sabine et al., 2004; Sabine and Tanhua,
2010; Egleston et al., 2010). Note that higher RF indicates lower buffering capacity.

As the oceans take up more anthropogenic CO,, the RF increases indicating that both the
pCO;increase and pH+t (pH expressed in the total hydrogen ion concentration scale)
decrease will be larger for each 1 pmol kg™ increase in DIC. Consequently, we might
also expect to see more extensive changes and higher seasonal variability of these
parameters in colder and less buffered waters.

In the late summer of 2013, we studied the extent of acidified conditions along the West
Coast of North America from the coastal region off Washington, Oregon, and northern
California. We conducted detailed chemical and hydrographic measurements in the
region in order to better understand the relationships among these natural and human-
induced processes that lead to acidification of the water column and their impact on pH+
and aragonite saturation. Some parts of the California Current Ecosystem are particularly
vulnerable because of the combined effects of acidification, warming, upwelling, and
hypoxia, which are enhanced in the late summer and early fall months when respiration-

induced oxygen depletions are at their maximum extent (Hickey, 1979; Grantham et al.,



2004; Hales et al., 2006; Feely et al., 2008, 2016; Chan et al., 2008, 2017; Rykaczewski
and Dunne, 2010; Thomson and Krassovski, 2010; Booth et al., 2012; Harris et al., 2013;
Siedlecki et al., 2016; Turi et al., 2016). Ocean acidification (OA) decreases the
concentration of CO3;%, presenting a challenge for many marine calcifiers (Eq. (5)). One
measure of the thermodynamic favorability for the precipitation of CaCOj; is saturation
state. The saturation states of aragonite (€25) and calcite (Qc) are a function of the
concentrations of dissolved Ca** and COs*, and the temperature and pressure-dependent

stoichiometric solubility product,

Qar = [Ca2+] [Cosz_]/ Kspar* (8)

Qca = [Ca”[COs* Y Kspeal (9)

(Mucci, 1983), such that Q. and Q, will decline as more CO; is taken up by the oceans.
At Q=1, the carbonate minerals are in equilibrium with the surrounding seawater; at Q>1,
precipitation or preservation of carbonate minerals is thermodynamically favored; and at
Q<1, dissolution is favored. The stoichiometric solubility products, Kspar and Kspca
increase with increasing pressure and decreasing temperature such that as temperature
decreases and/or pressure increases Q, and Q, decrease.

Although Q=1 is commonly referenced as an abiotic threshold for CaCO3 dissolution
and precipitation, it is important to note that biogenic shell processes are not tightly

bound to the Q=1 threshold. Instead, decreases in dissolution and calcification occur at
various Qvalues. For example, depending on the organismal life stage, shell dissolution

in various marine calcifiers can start at Q values ranging from 1.3-1.6 (Bednarsek et al.,



2014; Waldbusser et al., 2013), while shell calcification can also occur at Q2 values <1

(Comeau et al., 2010), although at much reduced level (Langdon and Atkinson,
2005; Bednarsek et al 2017). With decreasing (2, organisms have to compensate against

energetically more expensive processes and maintenance costs (O’Donnell et al., 2013;
Wood et al., 2008).

While Q predominantly affects marine calcifiers, pCO, as a stressor can negatively affect
both calcifiers and non-calcifers, subjecting them to the stress of hypercapnia.
Hypercapnia is associated with the exposures of 1000 uatm pCO, for more than one
month (McNeil and Sasse, 2016). Elevated pCO, and the attendant increased [H']
concentrations in the extracellular space lead to changes in the acid-base balance and
organismal internal acidosis. Hypercapnia exposure in lower marine invertebrates with
poor capacity to compensate for pH change results in metabolic depression, reduced level
of protein synthesis, and reduced growth. In fish, high CO, exposure interferes with
neurotransmitter function, impaired olfactory sense, increased boldness, and loss of
behavioral lateralization (Nilsson et al., 2012; Dixson et al., 2010), leading to overall
impaired neurological and behavioral functioning. Ultimately, these disturbances can
substantially increase the energetic costs of maintaining cellular homeostasis, resulting in

physiological tradeoffs and shutting down some of biological processes.

From a biological perspective, the US West Coast and Gulf of Mexico are two
fundamentally different regimes with respect to initial conditions that determine
organismal exposure to OA. While the concentrations and values of biologically-relevant

OA parameters in the Gulf of Mexico are much more favorable at present time, the OA



conditions along the US West Coast have been demonstrated to already have a
detrimental impact on some species (Bednarsek et al., 2014, 2017). Since hypercapnia is
defined as the exposures of 1000 uatm pCO, for more than one month, some organisms
are already experiencing chronic hypercapnia and low aragonite saturation state along the
US West Coast. This condition is indicative of reduced habitat availability for some
benthic and pelagic marine organisms, such as pteropods (Bednarsek et al, 2014; 2017;
Feely et al., 2016) and oysters (Waldbusser et al., 2015; Hales et al., 2016). In contrast,
there is no subsurface hypercapnic exposure in the Gulf of Mexico. It is important to
emphasize that some taxa in the upwelling regimes are expected to have developed
acclimatization-adaptation strategies over longer periods of time to allow them for coping
with hypercapnia/low Q exposure. On the other hand, in the absence of unfavorable
conditions that would influence long-term development of adaptation capacity, the
organisms in the Gulf of Mexico are predicted to have higher sensitivity to small scale
changes to hypercapnic/OA stress in the near-future. In this paper, we will compare the
changing pH and carbonate chemistry from the surface ocean to the hypoxic boundary
(O, ~ 60 pmol kg™) for the West Coast of North America and Gulf of Mexico and

examine how the two regions will evolve in the future under high-CO, conditions.

2. Sampling and Analytical Methods

Detailed observations of carbonate system chemistry and other physical and chemical
parameters were made along the western North American continental shelf (Fig. 1a).
Vertical profiles of temperature, conductivity and pressure were obtained with a Seabird

SBE 911plus CTD. Water samples from this cruise were collected in modified Niskin-



type bottles and analyzed under ship-based or land-based laboratory conditions for DIC,
total alkalinity (TA), pHr, oxygen, and nutrients. DIC was measured by coulometric
titration (Johnson et al., 1987; Dickson and Goyet, 1994; Ono et al., 1998), and TA was
measured by the potentiometric titration method (Millero et al., 1993; Millero, 1995;
Dickson and Goyet, 1994; Ono et al., 1998). Certified Reference Materials (CRM) were
analyzed for DIC and TA as an independent verification of instrument calibrations
(Dickson et al., 2007). The ship-based DIC and TA measurements each have a combined
precision and accuracy within 2 pmol kg™ (+0.1%). The spectrophotometric method
described by Byrne et al. (2010) and Liu et al. (2011) was used to measure pH on the
total scale (pHr). The saturation state of seawater with respect to aragonite was calculated
from the DIC and TA data using the program CO2SYS developed by Lewis and Wallace
(1998). The pressure effect on the solubility, for samples collected at depth, is estimated
from the equation of Mucci (1983), incorporating adjustments to the constants
recommended by Millero (1995). Based on the uncertainties in the DIC and TA
measurements and the thermodynamic constants, the uncertainty in the calculated Q, iS
approximately 0.02. Oxygen analysis was conducted by modified Winkler titration
(Carpenter, 1965; which has an uncertainty of + 1 pmol kg™), and nutrients (nitrate,
nitrite, ammonium, phosphate, silicate) were frozen at sea and analyzed using a

Technicon AutoAnalyzer 11 (UNESCO, 1994) at Oregon State University.

The Gulf of Mexico data for this analysis were obtained during a series of cruises
conducted in the northern Gulf of Mexico (Fig. 1b) from 2006 to 2009. These included
four cruises on the U.S. Environmental Protection Agency Ocean Survey Vessel Bold

during 6-11 June 2006, 6-11 September 2006, 2-8 May 2007, and 18-24 August 2007,
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focusing largely on the area of recurrent hypoxia in the northern Gulf of Mexico (cf.
Huang et al., 2015). Additional shelf-wide cruises were conducted on the R/V Cape
Hatteras 8-20 January 2009, 19 April-1 May 2009, 18-30 July 2009, 10-22 March and
28 October—9 November 2009 on the R/V Sharp. These cruises were selected because
they covered a large portion of the study area and encompassed inner to outer shelf

water-mass regimes.

In the Gulf of Mexico, water samples were taken from Niskin bottles into 250 mL
borosilicate glass bottles and were poisoned with saturated HgCl, solution immediately
after sampling and were kept in low temperature (~5 °C) until being analyzed in the
laboratory (within five weeks of sample collection). DIC was measured with an infrared
CO; detector-based DIC analyzer (AS-C3 Apollo Scitech). TA was measured with the
open-cell Gran titration method using a temperature-controlled, semi-automated titrator
(AS-ALK2 Apollo Scitech). Both TA and DIC measurements were directly referenced to
CRM. TA and DIC measurements had precision and accuracy of £0.1% (Cai et al., 2010;

Huang et al., 2012).
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Figure 1. Coastal sampling stations along: (a) West Coast of North America in summer
of 2013; (b) northern Gulf of Mexico from 2006 to 2009; and (c) schematic diagram of
physical and biogeochemical processes involved.

3. Modeling

Procedures for estimating changes in carbonate chemistry follow Cai et al. (2011) and
Sunda and Cai (2012). Briefly, saturated dissolved oxygen concentrations of surface
waters (pressure (P) < 15 dbar) were calculated as a function of temperature and salinity
for the West Coast and Gulf of Mexico. The initial carbonate chemistry for surface
waters was calculated using DIC and TA. Atmospheric pCO, was set at five levels (400,
430, 550, 750, and 910 ppm) corresponding to present-day and year 2100 Representative

Concentration Pathway (RCP) scenarios 2.6, 4.5, 6.0, and 8.5 (van Vuuren et al., 2011,

IPCC, 2013; Table 1). Once the initial surface conditions were calculated, aerobic
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oxidation was assumed to increase DIC in subsurface waters due to respiration at the
Redfield ratio of 106 CO, to 138 O, (Redfield et al., 1963). The final DIC was used to
calculate the carbonate chemistry assuming constant TA, temperature, salinity, and
pressure to facilitate comparisons with surface waters.

All calculations were performed using the seacarb v3.0.14 (Gattuso et al., 2015b) and
marelac v2.1.5 (Soetaert et al., 2015) packages in R v3.3.1 (R Core Team, 2016) using
equilibrium constants Ky* and Ky* from Lueker et al. (2000), Kuso, from Dickson
(1990a); Kg(onys from Dickson (1990b); Knzpos, Khzros, Knpos, Kroo, and Ks; from
Millero (1995); and K¢ from Perez and Fraga (1987). Carbonate alkalinity was calculated
from the total alkalinity in conjunction with total concentrations of boron (Uppstrom,
1974), sulfur (Morris and Riley, 1966), and fluoride (Riley, 1965) in direct proportion to
salinity. Since their effects are relatively small, phosphate and silicate concentrations

were assumed to be 0 umol kg™ for the model calculations.

4. Cruise Results

At all depths, the mean temperature, salinity, and aragonite saturation values in the Gulf
of Mexico are significantly higher than the West Coast (Fig. 2). In contrast, Gulf of
Mexico the mean dissolved oxygen was as much as 50% lower in the upper 20-30 m
while pH below 40 m is lower in West Coast waters. The 2013 West Coast cruise results
showed evidence that surface seawater was close to equilibrium with respect to CO; in
the atmosphere in most regions, except for the nearshore upwelling region along the
coast. Lowest pH+ values (< 8.0) occurred in waters near the mouth of the Columbia

River and to the south along the Oregon coast (Fig. 3). Farther offshore, oxygen
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concentrations are high (> 250 umol kg™), and surface pHr values quickly increase to
open-ocean values ranging from 8.0 to 8.2 with aragonite saturation values ranging from
2.0 to 2.6. The West Coast subsurface oxygen data show evidence for a large respiration
signal in the near-coastal region, with O, concentrations dropping below the hypoxic
threshold (<60 umol kg™) in nearshore and mid-shelf regions of Washington and Oregon.
Correspondingly, the pHt and aragonite saturation data show evidence for extremely low
values (<7.6 and <0.6, respectively) at the same locations and depths. The data from the
West Coast cruise and the northern Gulf of Mexico indicate a significant positive linear

correlation between pHr with dissolved oxygen in subsurface waters (Fig. 4a).
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Figure 2. Composite vertical profiles (range of observations for each depth) of
temperature, salinity, oxygen, pHr, and aragonite saturation state for the northern Gulf of
Mexico (red) and U.S. West Coast (blue).
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The results from both data sets suggest that the respiration signal below the surface
enhances water column acidification via organic matter oxidation (i.e., oxidative
acidification). Aragonite saturation is also positively correlated with dissolved oxygen
but there is more curvature in the results (Fig. 4b). Of particular note is the fact that while
the initial surface pHr values are quite similar for both regions the aragonite saturation
state initial conditions are very different, with the Gulf of Mexico data showing higher
initial aragonite saturation state values than the West Coast data. At the low-oxygen end
of the plot the Gulf of Mexico data show consistently higher pH and aragonite saturation
values than the West Coast data. These results indicate that initial conditions play a
significant role in the overall biogeochemical changes that take place in the water column
as a water mass leaves the surface mixed layer and respiration processes begin to alter
subsurface carbonate system properties. The Gulf of Mexico O, saturation values, which
range from approximately 180 to 225 umol kg™, are typical of warm, salty subtropical
waters; whereas the West Coast O, saturation values are approximately 20-100 pmol kg™
higher because the waters are cooler and less saline (Fig. 4c). This means that lowering
oxygen concentrations down to hypoxic levels in West Coast waters requires more
remineralization of organic carbon than for subsurface waters of the Gulf of Mexico.
Assuming organic matter is not limiting, increased respiration of organic matter due to
higher initial O, concentration, and perhaps longer retention time, leads to more carbon
dioxide production, which results in a greater reduction of in situ pHy in the colder, West

Coast waters.
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Figure 3. Distributions of dissolved oxygen in umol kg, in situ pHr, and aragonite
saturation state at the surface (top panel) and 100 m (bottom panel) for the 2013 West
Coast cruise (5-26 August 2013).
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Increasing atmospheric pCO, from present-day (400 patm) to the RCP 8.5 value of 910
patm in year 2100 will decrease the pHr of initial surface waters by approximately 0.3
pH units in both the West Coast and Gulf of Mexico and will decrease Q, by 1.0 and 1.7
units, respectively. For comparison, at RCP 4.5 (550 patm atmospheric pCO,) the pHt
decrease from initial conditions would be about 0.12 for both regions and the Q, decrease
would be about 0.44 and 0.71, respectively, for the West Coast and Gulf of Mexico.
Furthermore, dissolved oxygen will only decline by about 1.5 to 2% with each 1°C
increase in temperature, translating to 8-13 pmol kg™ less CO, at the hypoxia threshold
assuming surface waters warm 3°C (Khan et al., 2013). Between the two coastal regimes,
the higher dissolved oxygen pool in the colder West Coast waters predisposes the West
Coast to larger increases in dissolved CO, relative to the Gulf of Mexico as organic
matter is remineralized in the water column. However, the modeled current and future
changes in carbonate chemistry of the two regions illustrate a decoupling of pHt and Qg
responses to increasing CO,. Currently, from the surface to the hypoxic zone, pH+
decreases by 0.47 and 0.19 pH units, respectively, for the West Coast and Gulf of
Mexico, whereas Qg decreases by 1.25 and 1.13 units, respectively. Under RCP 8.5 in
year 2100, the pHt decreases are 0.51 and 0.28 pH units, while Q,, decreases are 0.69 and
0.95 units respectively. In other words, future subsurface declines in pHy are about the
same as present-day for the West Coast but are proportionately more extreme for the Gulf
of Mexico; whereas future Q. declines are less extreme for both West Coast and the Gulf
of Mexico. Consequently, oxidative acidification changes in the entire carbonate system
vary as a function of the initial surface conditions, including the atmospheric CO,

concentration.
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Figure 4. Plots of: (a) in situ pHr; (b) aragonite saturation state as function of dissolved
oxygen in pmol kg™. Lines represent modeled changes in chemistry due to oxidation at
5°C increments where S = 33.5 and TA = 2300 pmol kg™. The right end of each model
line represents surface conditions where oxygen is in equilibrium with the atmosphere at
400 ppm CO.. Points represent cruise data for the Gulf of Mexico (triangles) and West
Coast (circles) at the surface (open symbols, P < 12 dbar or 15 dbar for West Coast and
Gulf of Mexico, respectively) and subsurface (solid symbols); and c) surface oxygen
saturation concentrations in pmol kg™ for typical salinity and temperature values
observed in the Gulf of Mexico (open triangles) and US West Coast (open circles). The
contours are lines of constant O, concentration in pmol kg™.

5. Comparison of the Effects of Anthropogenic CO; on Present and Future
Acidification Conditions in West Coast and Gulf of Mexico Coastal Waters
With increasing anthropogenic CO, emissions over the next several decades, both pH+

and aragonite saturation state are expected to decrease in surface and subsurface coastal
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waters and pCO, will increase. At the surface, the percentage change in the carbon
parameters are very similar for both regions even though the absolute change in aragonite
saturation is much higher in the warmer waters of the Gulf of Mexico. For example,
Table 1 and Figs. 4-8 show comparisons of the expected changes in average pH,
aragonite saturation and pCO, of surface waters from the West Coast and Gulf of Mexico
as they are subjected to increased CO, emissions. With respect to surface seawater pHr,
the decrease from present-day to RCP 8.5 is 0.32 units (from 8.04 to 7.72) in West Coast
waters as compared with 0.30 units (from 8.07 to 7.77) for the Gulf of Mexico waters.
These decreases correspond to increases in [H'] of 110% and 100%, respectively. At a
maximum RCP of 8.5 the surface aragonite saturation decrease is about 48% (from 2.00
to 1.03) in West Coast waters as compared with 43% (from 3.84 to 2.19) for the Gulf of
Mexico (Table 1). For surface seawater pCO, the increase from present-day to RCP 8.5 is
approximately 130% for both systems (Table 1).

Table 1. Effect of increasing atmospheric CO; on carbonate system parameters in surface

seawater for the US West Coast and northern Gulf of Mexico in year 2100, assuming
constant temperature, salinity, initial oxygen concentration, and alkalinity.

Location RCP T S 0, PCOzam  PCOsaw TA DIC pH COy> Qr  Qa RF
°C umol kg™ ppm patm umol kg™ pmol kg™ umol kg™

West Coast 0 11.8 327 265 400 395 2218 2042 8.043 130 200 314 127
West Coast 2.6 11.8 327 265 430 424 2218 2053 8.015 123 189 298 13.2
West Coast 4.5 11.8 327 265 550 543 2218 2090 7.920 102 156 246 14.6
West Coast 6 11.8 327 265 750 740 2218 2132 7.798 79 121 191 16.5
West Coast 8.5 11.8 327 265 910 898 2218 2156 7.720 67 1.03 1.62 175
Gulf of Mexico 0 26.7 333 200 400 386 2389 2062 8.074 238 3.84 582 9.4
Gulf of Mexico 2.6 26.7 333 200 430 415 2389 2077 8.048 227 3.68 557 9.7
Gulf of Mexico 45 26.7 333 200 550 531 2389 2128 7.960 194 313 475 10.6
Gulf of Mexico 6 26.7 333 200 750 725 2389 2188 7.846 156 252 3.82 12.0
Gulf of Mexico 8.5 26.7 333 200 910 879 2389 2222 7.773 135 219 331 131

On the other hand, when a seawater parcel sinks below the surface via mixing or lateral
transport and undergoes aerobic respiration down to the hypoxic boundary, acidification
will be enhanced to a different degree at the two locations depending on the initial

starting carbon system conditions, oxygen concentrations, temperature, and salinity. In
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particular, chemical changes in subsurface waters are magnified due to the differences in
initial oxygen concentrations and decreases in the buffer capacity (i.e., increasing RF)
with decreasing oxygen concentration. Under present day conditions, oxidation-driven
increases in CO; result in pHt decreases of 0.46 units from 8.04 at the surface to 7.58 at
the hypoxic boundary) in West Coast waters and 0.19 units (from 8.07 to 7.88) in the
Gulf of Mexico (Tables 1 and 2; Figs. 5 and 6). These pHr decreases correspond to
increases in [H'] of 194% and 55% from the surface to the hypoxic boundary,
respectively for the West Coast and Gulf of Mexico. The oxidation-driven chemistry
changes are further amplified under RCP 8.5 with pH+ declining from the surface by 0.51
units (7.72 to 7.21) and 0.27 units (7.77 to 7.50) in West Coast and Gulf of Mexico
waters, respectively (Tables 1 and 2). These declines correspond to increases in [H'] of
223% and 89%, respectively (Tables 1 and 2; Fig. 5).

Table 2. Carbonate conditions at the hypoxia threshold (60 umol kg™ oxygen) from
respiration-driven increases in CO,, starting from the initial surface conditions in Table 1.

Location RCP  pCOs.sy DIC pH CO, HCOs COs* Qu Qe RF
patm umol kg™ pumol kg pmolkg?  pmol kg*

West Coast 0 1283 2199 7.575 54 2097 49 0.75 1.18 18.5
West Coast 2.6 1413 2211 7.535 59 2107 45 0.69 1.08 18.5
West Coast 45 1907 2247 7.410 80 2134 34 0.52 0.82 17.7
West Coast 6 2606 2289 7.279 109 2155 25 0.39 0.62 15.8
West Coast 8.5 3060 2314 7.211 128 2164 22 0.34 0.53 14.6
Gulf of Mexico 0 655 2169 7.883 18 1983 168 2.71 411 11.6
Gulf of Mexico 2.6 713 2185 7.852 20 2007 158 2.55 3.87 12.0
Gulf of Mexico 4.5 957 2236 7.740 26 2083 127 2.05 3.10 135
Gulf of Mexico 6 1399 2295 7.591 38 2164 93 151 2.29 155
Gulf of Mexico 8.5 1770 2329 7.497 48 2204 77 124 1.88 16.5

For aragonite saturation state, the oxidation-driven changes are also further amplified
under RCP 8.5 with aragonite saturation declining from the surface by 67% (1.0 to 0.3) in
the West Coast and 45% (2.2 to 1.2; Tables 1 and 2) in the Gulf of Mexico. Under
present-day conditions and also under RCP 8.5, respiration-driven increases in CO; result

in aragonite saturation state declines that are nearly identical to the percent changes in the
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COs? ion concentration. Similarly, the pCO; is also enhanced at the hypoxic boundary
under RCP 8.5 with an increase from present-day to RCP 8.5 equal to 139% (1283 to

3060 patm) for the West Coast and 170% (655 to 1770 patm) for the Gulf of Mexico.

Gulf of Mexico West Coast

0 100 200 0 100 200
dissolved O,, umol kg™’

RCP = present == 2.6 4.5 (St

Figure 5. In-situ pHt (a and b) and ApH+ (¢ and d) as a function of dissolved oxygen
concentration for different RCP CO, emission scenarios for average data from the Gulf of
Mexico (a and ¢) and West Coast stations (b and d). The ApHr is the change from the
initial present-day surface water conditions. The shaded grey area represents the region of
hypoxia.

The agreement between the discrete pHt and Q, data and the model contours for
different temperatures (Fig. 4a,b) suggests that oxidation of organic matter (i.e., the
oxidative acidification) drives the decrease in pHr (Fig. 5) and saturation state (Fig. 6), as

well as the increases in pCO, (Fig. 7) and RF (Fig. 8), with depth in the subsurface

waters. The magnitude of the declines in pH and aragonite saturation state are determined
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by the minor carbon species that have the largest effect on those parameters, namely
dissolved CO, and COs”, respectively. The oxidation of organic matter consumes oxygen
and produces CO,, thus increasing subsurface pCO,. Increased CO, reacts with H,O to
form carbonic acid, which reacts with COs* to form HCOj', steadily decreasing pHr as
the pool of CO; increases (Eq. (2)). Consequently, pHt and dissolved oxygen
concentrations have a largely linear relationship (Fig. 4a). The [COs%] concentration
largely determines the saturation states of aragonite (Eqgns. 8 and 9; Fig. 6). As the
addition of protons to the water column titrates COs?, the pool of [COs*] diminishes and

aragonite saturation state declines (Fig. 8).

Gulf of Mexico West Coast
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RCP = present = 2.6 4.5 6 == 8.5

Figure 6. Aragonite saturation state (Qq) (a and b) and AQ,, from initial surface
conditions (c and d) as a function of dissolved oxygen concentration for different RCP
CO;, emission scenarios for average data from the Gulf of Mexico (a and ¢) and West
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Coast stations (b and d). The AQ, is the change from the initial present-day surface water
conditions. The shaded grey area represents the region of hypoxia.
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Figure 7. Seawater pCO; (a and b) and ApCO, (c and d) as a function of dissolved
oxygen concentration for different RCP CO, emission scenarios for average data from the
Gulf of Mexico (a and ¢) and West Coast stations (b and d). The ApCO;, is the change
from the initial present-day surface water conditions. The shaded grey area represents the
region of hypoxia.
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Figure 8. Absolute and relative changes in seawater pH+t (a and b), aragonite saturation
(c and d), and Revelle Factor (e and f) as a function of pCO, for average data from the

Gulf of Mexico and West Coast. The relative changes are from the initial present-day
surface water conditions.

6. Discussion

Bjerrum plots of the carbonate species changes illustrate how the two ocean locations can
be expected to respond under high-CO, emissions (Fig. 9). Colder oceans with greater
initial dissolved oxygen concentrations (e.g., the West Coast) experience larger increases
in CO, from surface to the hypoxic boundary and therefore have greater shifts to the left
along the pH+ scale of the Bjerrum diagram (Fig. 9a,b). This demonstrates how both
waters start at similar pH conditions at the surface (Table 1, Figs. 4a, 5a,b) but colder
waters experience larger pH+ declines at depth (Fig. 6a,b). As pH+ declines along the

Bjerrum diagram past the HCO3™ peak, COs” is depleted (Fig. 9a,b), and more carbon
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remains as dissolved CO, as the DIC pool increases. The dissolved CO, distributions
indicate a shift from a system where dissolved CO; is the least abundant DIC species in
the present-day to one where COs* has a lower concentration than dissolved CO, in RCP
8.5. With increasing atmospheric COg, the shift will occur sooner in the colder West
Coast water than the warmer northern Gulf of Mexico water (Sunda and Cai, 2012).
Essentially, in the West Coast surface water, the COs* neutralization capacity is already
lower at present-day but this capacity will be nearly depleted at RCP8.5 condition, as
shown by the relative positions of the arrow tails between COs* and CO, in Fig. 9b.
Therefore, under RCP8.5 the water along the West Coast will not have much buffering
capacity for neutralizing CO; released from respiration. In contrast, there is a much
stronger buffering capacity in the Gulf of Mexico surface water, and it will last through
the RCP8.5 condition.

As anthropogenic CO, concentrations begin to build up in subsurface waters, increased
atmospheric CO, will expose organisms to hypercapnia within subsurface depths (Reum
et al., 2016; McNeil and Sasse, 2016). The timing and extent of this subsurface exposure
will occur sooner and be more widespread in colder surface and subsurface waters. This
phenomenon is a result of the changing initial carbonate chemistry and increasing RF
with increasing DIC (Tables 1 and 2). In ecosystems with high RF the hypercapnia
effects will be magnified and accelerated compared to the ecosystems with low RF. In
this case, oceanic waters along the US West Coast will reach critical thresholds for
hypercapnia much earlier, imposing negative effects to numerous groups of organisms
and fish. The hypercapnic boundary occurs at 7.68 pH+ units in the U.S. West Coast and

7.72 pHr units in the Gulf of Mexico. Currently, organisms in the West Coast are
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exposed to these conditions when oxygen concentrations near 100 umol kg™ but will
experience hypercapnia at oxygen concentrations of 250 umol kg™ under RCP 8.5
conditions. Hypercapnia does not occur at present in the Gulf of Mexico but will occur at

oxygen concentrations of 170 pmol kg™ under RCP 8.5 conditions.

7. Biological Effects of Hypercapnia and Other Stressors

In the ecosystem with high Revelle factors (US West Coast), which results in high non-
linear pCO, amplification, the hypercapnia effects will be magnified and accelerated
compared to the system with lower Revelle factors (Gulf of Mexico). As such, oceanic
waters along the US West Coast will reach critical thresholds for hypercapnia much
sooner, imposing negative effects to numerous groups of organisms and commercial
fisheries. High Revelle factor-enhanced hypercapnia is especially vulnerable for the open
ocean where pelagic habitats are not generally characterized by the same amount of
natural variability in OA conditions as the coastal waters. This situation imposes high risk
factors for the pelagic organisms with no previous acclimatization or adaptation to
hypercapnia or low acid-base regulation, especially in the Gulf of Mexico. However, the
absolute changes in oxygen concentrations, pCO,, Q and Revelle factors under high RCP
scenarios are probably sufficient to impose physiological and behavioral impairments for
lower marine invertebrates as well as for some fishes with lower tolerance to small

changes in chemical conditions.

In addition, calcifiers also face the combined stressors of both hypercapnia and the

shoaling of the aragonite saturation horizon, i.e. where saturation state = 1, corresponding
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to pHr levels of 7.7 and 7.4 for the West Coast and Gulf of Mexico, respectively. The
oxygen concentrations associated with saturation states of 1 are similar to those
associated with hypercapnia for the US West Coast: 110 umol kg™ at present and 260
umol kg™ under RCP 8.5. In the Gulf of Mexico, the aragonite saturation horizon occurs
at oxygen concentrations of about 15 pmol kg™ under the RCP 8.5 conditions.
Comparing the two ecosystems under the most severe RCP 8.5 scenarios, the large
change in amplitude of hypercapnia indicates the probability of extensive habitat
compression along the US West Coast, while the conditions in the Gulf of Mexico will be
undergoing slower degradation. Nevertheless, the Gulf of Mexico will continue to
provide habitats that are suitable for numerous calcifying and non-calcifying species.
While the direction of change is similar for both regions, the onset of key thresholds and
the overall vulnerability will be felt more quickly in the cold-water regime of the West
Coast. Since various OA parameters affect multiple impairment pathways, overlapping
OA parameters actually represent multiple-stressor environments for marine organisms.
This is especially important for the most sensitive organisms with low capacity for acid-

base regulation.
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Figure 9. Bjerrum plots of the changes in chemical speciation of the carbonate system
with increasing CO; concentrations for the Gulf of Mexico and US West Coast: (a) pHt
range from 4.0 to 12; and (b) pH+ range from 6.5 to 8.5. The arrows in bottom panels (b)
indicate changes in carbonate chemistry from surface waters (arrow tail) to 0 pmol kg™
dissolved oxygen (arrow head) under present-day and RCP 8.5 scenarios (top and bottom
panels, respectively).

8. Conclusions

The decrease in pHt and aragonite saturation state, as well as the increase in pCO, of
subsurface coastal waters, from the combined effects of “classical” ocean acidification
and oxidative acidification (i.e., respiration processes) is significantly enhanced by the
higher RF and the enhancement of the respiration process in the colder waters of the

West Coast relative to the Gulf of Mexico. Consequently, in colder waters we should

observe greater seasonal variability and more rapid response to critical thresholds of
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acidification and hypercapnia under the higher CO, conditions that are expected to occur
over the next several decades. These changes should be observable with continuous

monitoring of our coastal waters for chemical and biological impacts.
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Highlights

In surface waters, the percentage change in the carbon parameters due to
increasing CO; emissions are very similar for both regions even though the
absolute decrease in aragonite saturation is much higher in the warmer waters of
the Gulf of Mexico.

In subsurface waters the changes are enhanced due to differences in the initial
oxygen concentration and the changes in the buffer capacity (i.e., increasing
Revelle Factor) with increasing respiration from the oxidation of organic matter,
with the largest impacts on pH and CO, partial pressure (pCO,) occurring in the
colder waters.

As anthropogenic CO; concentrations begin to build up in subsurface waters,

increased atmospheric CO, will expose organisms to hypercapnic conditions
(pCO,>1000 patm) within subsurface depths.
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