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harvests that provide 110 million met-
ric tons of food for humans and that were 
valued at US$160 billion in 2006 (Cooley 
et al., 2009; Kroeker et al., 2011). 

In coastal oceans and estuaries, 
numerous factors, such as freshwater 
inputs, tidal forcing, water stratification, 
nutrient over-enrichment, algal blooms, 
and hypoxia, can interact with OA (Fabry 
et  al., 2008; Borges and Gypens, 2010; 
Breitburg et al., 2015, in this issue). As a 
result, these ecosystems may be increas-
ingly vulnerable to ecological and bio-
geochemical perturbations from OA 
(Doney et al., 2009; Howarth et al., 2011). 
However, our understanding of coastal 
feedback mechanisms is poor, and devel-
opment of models that better define the 
relative influence of different factors 

on ecosystem structure and function 
is hampered by the absence of coordi-
nated monitoring necessary to provide 
the data on which the models may be 
built. Historically, different monitoring 
programs have had different goals, and 
as a result, there is a lack of uniformity 
and continuity in the measured physi-
cal, chemical, and biological parameters 
among programs. For example, most US 
regulatory monitoring programs include 
measurement of pH, but scientific ocean 
monitoring typically encompasses a more 
complete description of the seawater car-
bonate system that is at a higher level of 
precision and is tied to reference stan-
dards to determine accuracy of the data. 
There is also a disconnect between the 
types of data collected. Most biological 
data are spatially located inshore (e.g., at 
shellfish hatcheries), whereas most physi-
cal and chemical measurements are taken 
offshore on moorings or during ship-
based sampling events. These differences 
make it challenging to link data sets for 
spatial and temporal analysis of status 
and trends associated with OA, and to 
understand the effects of changing ocean 
chemistry on ecosystem function.

Recent observations of the California 
Current System have found the chemical 
condition of nearshore waters to already 
be at a level that was not predicted for 
open-ocean surface waters for sev-
eral decades into the future (Feely et al., 
2008; Hauri et  al., 2009; Gruber et  al., 

INTRODUCTION
The ocean absorbs one-quarter of global 
carbon dioxide (CO2) released into the 
atmosphere by anthropogenic activities 
(Doney et  al., 2009). When anthropo-
genic CO2 dissolves in seawater, it low-
ers pH and reduces the concentration of 
available carbonate ions, a process called 
ocean acidification (OA; Dickson, 2010). 
Waters undersaturated with carbonate 
ions are corrosive to many organisms that 
produce calcium carbonate exoskeletons, 
such as some shellfish, corals, and some 
species of plankton that comprise the 
base of marine food webs (Fabry et  al., 
2008; Hofmann et  al., 2010). Losses of 
these calcifying organisms and changes in 
marine food webs could significantly alter 
global marine ecosystems, impacting 

ABSTRACT. Numerous monitoring efforts are underway to improve understanding 
of ocean acidification and its impacts on coastal environments, but there is a need to 
develop a coordinated approach that facilitates spatial and temporal comparisons of 
drivers and responses on a regional scale. Toward that goal, the California Current 
Acidification Network (C-CAN) held a series of workshops to develop a set of core 
principles for facilitating integration of ocean acidification monitoring efforts on 
the US West Coast. The recommended core principles include: (1) monitoring 
measurements should facilitate determination of aragonite saturation state (Ωarag) as 
the common currency of comparison, allowing a complete description of the inorganic 
carbon system; (2) maximum uncertainty of ±0.2 in the calculation of Ωarag is required 
to adequately link changes in ocean chemistry to changes in ecosystem function; 
(3) inclusion of a variety of monitoring platforms and levels of effort in the network will 
insure collection of high-frequency temporal data at fixed locations as well as spatial 
mapping across locations; (4) physical and chemical oceanographic monitoring should 
be linked with biological monitoring; and (5) the monitoring network should share 
data and make it accessible to a broad audience.

 “The [California Current Acidification Network] workshops 
facilitated broad agreement on a set of core principles that 
can be used to coordinate measurements and practices to 

generate a data set that is regional in scope and of sufficient 
quality to enhance understanding of [ocean acidification] 

impacts on nearshore ecosystems.

”
. 
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2012). Furthermore, the aragonite satura-
tion horizon is shoaling and reaches the 
surface during strong upwelling events 
(Feely et al., 2008; Leinweber and Gruber, 
2013). Recognizing the serious impacts 
of OA on West Coast shellfish produc-
tion, as well as impacts on coastal envi-
ronments and other fisheries, leaders 
from the shellfish industry reached out 
to resource managers and the scientific 
community to develop a response. These 
efforts led to creation of the California 
Current Acidification Network (C-CAN, 
http://c-can.msi.ucsb.edu), which began 
working toward a synchronized, uniform 
monitoring network. Beginning in 2010, 
C-CAN sponsored a series of western 
US workshops designed to bring together 
these different sectors to increase col-
lective understanding of the effects of 
OA on the nearshore environment and 
develop recommendations for how to 
proceed in enhancing this understanding 
into the future. 

There was broad agreement that exist-
ing data sets are insufficient to explain the 
impacts and effects of OA on nearshore 
ecosystems, and that the main barrier 
to implementing a nearshore OA moni-
toring network was a lack of an organiz-
ing framework, including standardized 
data collection methods, for example, 
the EPOCA Guide to Best Practices for 
Ocean Acidification Research and Data 
Reporting (Riebesell et  al., 2010). A 
coordinated OA network would serve 
several purposes: (1) greatly improve 
the numerous but scattered existing 
efforts, (2) aid in establishing the status 
and trends in OA along the California 
Current, (3) enhance both fundamen-
tal and applied knowledge of OA for a 
range of users, and (4) ultimately be cost 
effective, as resources across the network 
could be leveraged. Pieces of a coordi-
nated monitoring program are in place, 
notably US-wide OA monitoring via 
the Integrated Ocean Observing System 
(IOOS, http://www.ioos.noaa.gov) and 
its regional associations, as well as inter-
national monitoring networks such 
as the Global OA Observing Network 

(GOA-ON, http://www.goa-on.org) and 
as proposed by Feely et  al. (2010). The 
goal of C-CAN was to facilitate inter-
action among existing efforts, as well 
as coordinate among the diverse sec-
tors affected by OA, including indus-
try, academic, and non-academic mon-
itoring programs, in order to develop a 
sound basis for design and development 
of a nearshore OA monitoring network. 
The C-CAN workshops facilitated broad 
agreement on a set of core principles that 
can be used to coordinate measurements 
and practices to generate a data set that is 
regional in scope and of sufficient quality 
to enhance understanding of OA impacts 
on nearshore ecosystems. 

RECOMMENDATIONS FOR CORE 
MONITORING PRINCIPLES
Recommendation 1: 
Measurements should facilitate 
determination of aragonite 
saturation state (Ωarag) and a 
complete description of the 
carbonate system, including 
pH and pCO2. 
A fundamental aspect of an effective 
nearshore OA monitoring network is 
that data can be compared spatially and 
temporally. This requires a common 
variable to be defined as the basis for 
comparison. Several experiments have 
shown that many organisms are depen-
dent on the saturation state of the cal-
cium carbonate polymorph, aragonite 
(e.g., Fabry et al., 2008; Hofmann et al., 
2010; Barton et al., 2012). Furthermore, 
in characterizing aragonite saturation 
state, the entire inorganic carbon sys-
tem is constrained and, thus, a number 
of indices for evaluation of biological 
effects of changing ocean chemistry can 
be inferred (Doney et  al., 2009), if not 
measured primarily. This realization has 
led to widespread adoption of aragonite 
saturation state as a key indicator for OA 
effects, and it was adopted by C-CAN as 
the common currency for a nearshore 
network. The focus on aragonite as the 
common currency was driven largely by 
high interest in and partnership with the 

shellfish industry, to which this param-
eter is particularly relevant. However, 
other currencies for comparison may be 
more relevant in some systems, such as 
H+ and CO2 concentration (Ishimatsu 
et  al., 2008; Ries, 2011; Roleda, et  al., 
2012), and thus reporting all data used in 
calculation of aragonite saturation state 
is critical to network success. 

When CO2 dissolves in seawater, a 
new equilibrium is established that influ-
ences the concentrations of other key 
molecules: hydrogen (H+) and bicarbon-
ate (HCO3

–) ion concentrations increase, 
carbonate ion (CO3

2–) concentration 
decreases, and the saturation state of bio-
logically important forms of calcium 
carbonate (CaCO3) declines (Dickson, 
2010; Box  1). There are two important 
forms of biogenic CaCO3, calcite and 
the more-soluble aragonite. Aragonite is 
the form used by corals and pteropods 
and is the preliminary form precipitated 
by bivalves in larval stages. The arago-
nite saturation state is defined as the ratio 
between the product of calcium ions and 
carbonate ions estimated for the sample 
and the value this product would have 
if the seawater were at equilibrium with 
aragonite (i.e.,  the stoichiometric solu-
bility product for aragonite). When satu-
ration state is greater than 1, seawater is 
over-saturated with respect to aragonite, 
and spontaneous net precipitation from 
seawater is thermodynamically possible; 
at a saturation state less than 1, seawater 
is undersaturated with respect to arago-
nite, and spontaneous net dissolution is 
thermodynamically possible.

Presently, there is no widely accepted 
method for direct measurement of car-
bonate ion concentration, and thus ara-
gonite saturation state must be calculated 
from concurrent determination of at least 
two other parameters: pH, pCO2, TCO2, 
or total alkalinity (TA), together with the 
equilibrium constants for the CO2 system: 
KH, K1, K2. Use of TA requires additional 
knowledge of the total concentration and 
equilibrium constant(s) of any other sig-
nificant acid-base systems in seawater 
(Dickson et al., 2007; Box 2). Indeed, this 

http://c-can.msi.ucsb.edu
http://www.ioos.noaa.gov
http://www.goa-on.org
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practice has already been implemented 
by a number of shellfish hatcheries in the 
Pacific Northwest (Barton et al., 2015, in 
this issue). By defining aragonite satura-
tion state as the unifying parameter in 
the OA network, participants gain flexi-
bility in selecting the specific parameters 
they measure, and, by extension, a num-
ber of additional potential indices 
that may be more biologically relevant 
can be calculated.

Recommendation 2:  
A ±0.2 maximum uncertainty 
in the aragonite saturation 
state (Ω) calculation is required 
to adequately link changes in 
ocean chemistry to changes in 
ecosystem function.
A key goal for any observing network 
is to ensure that measurements are of 
appropriate quality for their intended 
purposes, and that they are comparable 

with one another even if made at different 
times, in different places, and by differ-
ent instruments. To be useful, a cohesive 
network must employ existing technol-
ogy suitable for use by a large number of 
participants and yet yield data adequate 
for understanding drivers of ocean acid-
ification and ecosystem response. The 
C-CAN community agreed that a max-
imum uncertainty of ±0.2 in calcula-
tion of aragonite saturation state was 

One of the California Current Acidification Network’s core prin-
ciples is to monitor chemical parameters that allow for determi-
nation of aragonite saturation state (Ω) and a complete descrip-
tion of the carbonate system with a minimum uncertainty of ±0.2. 
The parameters that can be measured to meet this objective are 
defined by the equilibrium established through a series of reac-
tions when CO2 dissolves in seawater (Dickson, 2010): 

CO2 gas dissolves in and reacts with water to form a mixture of 
aqueous CO2 (CO2 (aq) ) and carbonic acid (H2CO3) that is domi-
nated by CO2 (aq):

	 CO2 (g) + H2O (l) ↔ CO2 (aq)	 (1)

This operationally defined quantity then forms hydrogen ion and 
bicarbonate ion:

	 CO2 (aq) + H2O (l) ↔ H+
 (aq) + HCO3

–
 (aq)	 (2)

and most of the hydrogen ions formed from this dissociation react 
with carbonate ions to form bicarbonate:

	 H+
 (aq) + CO3

2–
 (aq) ↔ HCO3

– (aq)	 (3)

The sum of the reactions shows the direct reaction between 
CO2 (g) and CO3

2–
 (aq):

	 CO2 (g) + H2O (l) + CO3
2–

 (aq) ↔ 2HCO3
–

 (aq)	 (4)

The above reactions are all essentially in instantaneous thermo-
dynamic equilibrium, and the relationships between the concen-
trations of these species can be simplified to:

	 KH =
[CO2]

x(CO2) * P
	 (5)

	
K1 =

[H+][HCO3
–]

[CO2] 	
(6)

	 K2 =
[H+][CO3

2–]
[HCO3

–]
	 (7)

where [CO2], [HCO3
–], [CO3

2–], [H+], and [Ca2+] are the molar con-
centrations of the aqueous species carbon dioxide, bicarbonate, 
carbonate, hydrogen, and calcium ions in seawater, respectively; 
x (CO2) is the mole fraction of carbon dioxide gas, P is the equili-
bration pressure, and KH, K1, and K2 are the equilibrium constants 
for reactions, which are known functions of temperature, salinity, 
and pressure. 

The dissolution and precipitation reaction of aragonite,

	 CaCO3, arag (s) ↔ Ca2+
 (aq) + CO3

2–
 (aq)	 (8)

is almost never in thermodynamic equilibrium, so we usually relate 
the abundance of calcium and carbonate ions to the thermody-
namic solubility product, Ksp (arag), a known function of tempera-
ture, salinity, and pressure, through the saturation state (Ωarag): 

	 Ωarag =
[Ca][CO3

2–]
Ksp (arag)

	 (9)

The concentration of calcium ion in open-ocean seawater, [Ca2+], 
is present in near-constant proportion to salinity and can thus be 
assumed to be a function of salinity (S): 

	
[Ca2+] =

0.01028 * S
35

	  (10)

A value for the saturation state of a seawater sample with respect 
to aragonite, Ωarag, can thus be estimated for a seawater sam-
ple if the carbonate ion concentration [CO3

2–] is determined and 
the temperature, salinity, and pressure are known. Carbonate 
ion concentration cannot be directly measured, but can be esti-
mated through characterization of the seawater CO2 system and 
the three equilibrium relationships between these concentra-
tions, KH, K1, and K2. Thus, determination of aragonite saturation 
state of a seawater sample requires independent measurements 
of chemical parameters that can characterize two of the carbon 
system species, as well as temperature, salinity, and pressure.

Box 1. Definition of Aragonite Saturation State

Oceanography  |  June 2015 163
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both technologically achievable and bio-
logically meaningful. This uncertainty 
encompasses multiple sources of error, 
including, but not limited to, measure-
ment reproducibility and repeatabil-
ity, accuracy relative to a standard, and 
uncertainty in the solubility product con-
stants (De Bièvre, 2008). This is simi-
lar to target uncertainties developed by 
GOA-ON, which states that a maximum 
allowable uncertainty of 10% in aragonite 
saturation state is necessary to identify 
relative spatial patterns and short-term 
variation in OA, which for a saturation 
state of 2.0 is ±0.2 (“weather objective”; 
Newton et al., 2014).

Biologically important thresholds of 
aragonite saturation state, and other rel-
evant carbonate system parameters, are 
lacking for a number of target species 
(Hofmann et al., 2010), but one threshold 

that is thought to be critical for marine 
organisms is when surface waters become 
undersaturated with respect to their shell 
mineralogy (Doney et al., 2009). The cal-
cification threshold for many organisms 
does not necessarily coincide with the 
chemical threshold where saturation state 
is 1, but instead can occur at both higher 
and lower values. Many reef-building 
corals, for example, appear to cease cal-
cification at aragonite saturation as high 
as 2.0 (Doney et  al., 2009; McCulloch 
et al., 2012), and oyster larvae have been 
shown to have severe mortalities at arago-
nite saturation states less than 1.8 (Barton 
et al., 2012). While ± 0.2 is inadequate for 
ocean chemists looking for small tem-
poral changes in saturation state, it pro-
vides adequate context for interpreting 
biological response. 

Because aragonite saturation state is 

a calculated parameter, it depends not 
only on the independent measurements 
of chosen pairs of pH, pCO2, TCO2, or 
TA, and co-located measures of tempera-
ture and salinity, but also on the thermo-
dynamic constants that determine the 
relationships of the carbonate species to 
each other. There are uncertainties asso-
ciated with both measurement of carbon 
system parameters and the constants used 
to calculate Ωarag. Despite the best work 
of marine physical chemists over the last 
several decades, there is not yet perfect 
agreement on the values of these thermo-
dynamic constants, even in the relatively 
constant-condition open ocean, and con-
siderably less certainty for values in the 
brackish-mesohaline environments typ-
ical of many estuarine and coastal envi-
ronments. As a result, even with per-
fect (zero uncertainty) measurements 

Many alternate combinations of measurements of the four param-
eters described in Box 1 can be used to determine the carbon-
ate ion concentration and thus characterize the aragonite satu-
ration state The recognized methods currently available (Dickson 
et al., 2007, provides a review) for measuring these parameters 
are described briefly here. 

Seawater pH, measured on the total scale, is a measure of the 
hydrogen ion concentration in seawater:

	 pH = –log[H+]	 (11)

The partial pressure of carbon dioxide of a small gaseous head-
space in equilibrium with seawater pCO2 is expressed as

	
p(CO2) =

[CO2]
KH

	 (12)

Total dissolved inorganic carbon (CT or TCO2), the sum of the dis-
solved inorganic carbon species in seawater is expressed as

	 TCO2 = [CO2] + [HCO3
–] + [CO3

2–]	 (13)

Total alkalinity (TA) is a charge balance equation representing a 
solution’s ability to neutralize an acid, effectively the stoichiomet-
ric sum of bases minus acids in solution:

	 TA = [HCO3
–] + 2[CO3

2–] + [B(OH)4
–] + [OH–] – [H+] …	 (14)

where the ellipses stand for additional minor acids or base spe-
cies that are present in such small amounts that they may be 
neglected in some cases. 

Calculation of the carbonate ion concentration requires knowl-
edge of at least two of the parameters pH, p(CO2), TCO2, or TA, 
together with the equilibrium constants for the CO2 system, KH, 
K1, and K2. Use of total alkalinity requires additional knowledge 
of the total concentration and equilibrium constant(s) of any other 
significant acid-base systems in seawater. For open-ocean sur-
face seawater, this usually only involves the borate and water sys-
tems, which are well constrained. In coastal environments with 
restricted exchange with the open ocean, there may be signifi-
cant contributions from other acid-base systems. Some of these, 
such as phosphate, silicate, and ammonium, have equilibria that 
are reasonably well characterized; others, such as organic acids 
and bases, are less well understood. 

Publicly available computer programs, such as CO2SYS, CO2calc, 
or Seacarb, are typically used to calculate carbonate ion con-
centration from measured data. See Dickson et al. (2007) for a 
detailed review of the relevant calculations.

Box 2. Possible Parameters to Constrain the Seawater CO2 System 

Oceanography |  Vol.28, No.2164
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of pH, pCO2, TCO2, or TA, calculation 
of Ωarag will nevertheless have an associ-
ated uncertainty. Furthermore, the mag-
nitude of this uncertainty will depend 
on the pair of analytical parameters cho-
sen for the calculation. Intercomparison 
of data within a network will be mean-
ingless if calculations are performed 
with different assumed sets of thermo-
dynamic constants, and participants in 
an integrated network should rely on 
a common set of thermodynamic con-
stants based on the same pH scale. In 
this case, C-CAN recommends the total 
pH scale. Recommendations for equilib-
rium constants for use at salinities greater 
than 20 ppt are: Lueker et  al. (2000) for 
the temperature and salinity-dependent 
constants for first and second dissocia-
tion constants of carbonic acid, K1, and 
K2 on the total pH scale; Mucci (1983) for 
the solubility product constant for arago-
nite (Ksp (arag)); Weiss and Price (1980) for 
the Henry’s Law constant for the partial 
pressure of CO2 in water or Weiss (1974) 
for the fugacity of CO2; Lee et al. (2000) 
for relationship between boron and total 
alkalinity; Dickson (1990) for the disso-
ciation constant for hydrogen sulfide ion; 
and Wanninkhof (1992) for air-sea car-
bon dioxide exchange. There will likely 
be further evolution of the scientific com-
munity’s understanding of these thermo-
dynamic parameters, and growing con-
sensus regarding the appropriate use 
of certain formulations of the tempera-
ture and salinity dependences. If all net-
work participants retain detailed records 
of primary chemical measurements and 
quality control data, and utilize the same 
set of constants, straightforward and con-
sistent community-wide recalculation 
should be possible, if deemed necessary.

Any two (or more) CO2 system param-
eters can be used to calculate arago-
nite saturation state. Mathematically, all 
choices should be equivalent, but in prac-
tice this is not the case. Each parame-
ter is an experimental quantity with an 
associated uncertainty (Dickson and 
Riley, 1978; De Bièvre, 2008). These 
uncertainties can propagate through the 

calculations, resulting in uncertainties in 
the calculated values (e.g., Ωarag). As dis-
cussed above, in addition to uncertain-
ties in the measured CO2 parameters, 
there are also uncertainties, for exam-
ple, in the various equilibrium constants, 
in the total concentrations of other acid-
base systems such as boron, and in the 
completeness of the expression for total 
alkalinity. Therefore, it is essential to doc-
ument the uncertainty associated with 
each of the measured and/or calculated 
parameters reported in coastal ocean 
acidification studies. A full analysis of 
the sources of uncertainty is beyond the 
scope of this paper, though proper assess-
ment is critical, and discussion of poten-
tial sources of uncertainty is starting to 
be assessed by others (Hoppe et al., 2012; 
Bockmon and Dickson, 2015). Table  1 
provides an expectation for technolog-
ically achievable uncertainties in mea-
surable carbonate system parameters, as 
well as the uncertainties associated with 

the thermodynamic constants, indicating 
that an overall uncertainty of ±0.2 or less 
in Ωarag is reasonable (a relative combined 
uncertainty of 10% is equivalent to ±0.2 
with Ωarag of 2). Table  2 demonstrates 
the effect of these uncertainties and the 
choice a pair of carbonate system param-
eters has on the calculated value of Ωarag.

C-CAN emphasizes the importance 
of continuous collection of monitoring 
data in order to understand short-term 
variability in aragonite saturation state. 
While selection of a pair of carbonate 
parameters with a strong positive covari-
ation could inflate combined errors, such 
non-ideal pairing could still provide crit-
ical data. For example, pCO2 and pH 
strongly covary; however, commercially 
available sensors for continuous monitor-
ing of each of these parameters is avail-
able, and the information generated from 
such time-series measurements could 
constrain variation in aragonite satu-
ration state in critical coastal habitats. 

Table 1. Expectation for achievable uncertainties in measurable carbonate system parameters and 
uncertainties associated with thermodynamic constants (95% confidence). 

Parameter Absolute Uncertainty
u (x) Parameter Relative Uncertainty

u (x)/x

TCO2 10 μmol kg–1 u(TCO2)/TCO2 0.5%

pH 0.02 u[H+]/[H+] 3%

pCO2 12 μatm (at 400 μatm) u(p(CO2))/p(CO2) 3%

Total Alkalinity (TA) 10 μmol kg–1 u(TA)/TA 0.5%

pK0 0.004

pK1 0.015

pK2 0.030

Table  2. Calculated combined relative uncertainties for a seawater sample with a pH ~ 8.1 and 
Ωarag ~  2.0 using uncertainties from Table 1. A relative uncertainty of 10% in Ωarag is equivalent to 
the bound of the C-CAN recommended ±0.2. Each line reflects a different pairing of carbonate sys-
tem parameters with the values in bold reflecting the measured parameters. Overall uncertainty 
includes uncertainty associated with constants.

Pairing pH TCO2 TA pCO2 Ωarag

pH + TCO2 0.3% 0.5% 1% 6% 8%

pH + pCO2 0.3% 7% 7% 3% 13%

TCO2 + TA 0.6% 0.5% 0.5% 12% 14%

TCO2 + pCO2 0.3% 0.5% 1% 3% 7%
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Until widespread technology is available 
to support a more ideal carbonate system 
pairing for continuous measurement, 
monitoring programs will be constrained 
to work with less ideal combinations.

Regardless of which parameters are 
used to determine aragonite saturation 
state, all participants in the OA mon-
itoring network would be expected to 
implement best practices with a qual-
ity assurance and quality control (QA/
QC) program to ensure that aragonite 
saturation state can be calculated with 
known uncertainty. The QA/QC pro-
gram includes regular calibration with 
reference materials as well as routine 
intercalibration with partner laborato-
ries. Bottle samples should be used to 
ground truth sensors and improve data 
quality for all autonomous measure-
ments and, wherever possible, co-located 
sensors should be deployed (Bresnahan 
et  al., 2014). Bottle samples for inter-
calibration should be collected and run 
in house and at a series of partner labo-
ratories at least twice per year to ensure 
precision and comparability of network 
monitoring stations. 

Recommendation 3:  
Inclusion of a variety of monitoring 
platforms and levels of effort in 
the network will ensure collection 
of high-frequency temporal data 
at fixed locations as well as spatial 
mapping across locations.
Two primary types of data sets should 
be incorporated into an OA network: 
(1)  continuous, high-frequency data at 
fixed locations from one or more depths, 
and (2) high spatial coverage maps and 
vertical profiles. Data collected at high 
frequency can provide information on 
short-term changes and cycles in OA 
parameters (e.g.,  tidal, diurnal). At sen-
tinel sites, it is important to collect con-
tinuous, high-frequency data in order 
to understand diurnal and seasonal pat-
terns in the carbonate system. However, 
because such monitoring is resource 
intensive, spatial coverage is likely to be 
limited. Synoptic mapping expeditions 

that cover large areas can help fill in the 
gaps and provide information on spatial 
variability that would not otherwise be 
captured at a fixed station. An OA mon-
itoring network should incorporate both 
types of data. However, because biolog-
ical activity (photosynthesis and respi-
ration) and physical processes strongly 
affect the carbonate system, particu-
larly in coastal waters, limited, discrete 
sampling at a single location or synop-
tic studies of limited scope will be of lit-
tle network value because of challenges in 
interpreting such data sets. 

To maximize available resources, an 
OA network should be broadly inclusive, 
recognizing that not all organizations will 
possess equal levels of technical expertise 
and/or financial capability. To this end, a 
nested sampling design will ensure that 
all sites are collecting a minimum set of 
priority measurements; secondary mea-
surements can be added for those with 
greater resources. Priority measurements 
include: temperature, salinity, dissolved 
oxygen, and two of the four carbonate 
system parameters, allowing for direct 
calculation of aragonite saturation state 
and a full characterization of the sea
water CO2 system (Newton et al., 2014). 
Secondary measurements may include: 
additional carbonate system parameters, 
current speed and direction, meteorology 
(e.g.,  air temperature, wind speed and 
direction, solar irradiance), atmospheric 
pCO2, photosynthetically available radia-
tion (PAR), nutrient concentrations, trace 
metal concentrations, particulate organic 
carbon, particulate inorganic carbon, 
export production, stable isotopic mea-
sures of nutrients and carbon (e.g., δ18O 
of water, δ 13C of particulate organic mat-
ter, δ18O and δ15N of dissolved nitrate, 
δ15N of dissolved ammonia), and mea-
sures of rates of nutrient and carbon 
cycling (e.g.,  nutrient uptake kinetics, 
nitrification, denitrification, nitrogen fix-
ation, primary production and respira-
tion, net ecosystem metabolism). These 
measurements are important for param-
eterization of coupled biogeochemical 
and physical models. 

Recommendation 4: 
The monitoring network 
encourages linkage of physical 
and chemical oceanographic 
changes with changes in 
biological communities.
Understanding ecological interactions 
and feedbacks is critical to characterizing 
the impacts and drivers of ocean acid-
ification in the nearshore environment 
(Alin et al., 2015, in this issue). Changing 
ocean chemistry directly affects biologi-
cal communities, which, in turn, influ-
ence ocean chemistry (Melzner et  al., 
2012; Duarte et  al., 2013). A key com-
ponent of the OA monitoring network 
is to establish linkages between chemical 
and physical data sets and biological data 
sets to advance understanding of inter-
actions between them. 

First, the effects of changing ocean 
chemistry on biological communities 
must be defined. This is a twofold process. 
First, co-location of seawater monitoring 
sensors with biological measurements 
will allow for documentation of how 
organisms respond to in situ changes in 
ocean chemistry (Hofmann et al., 2011), 
and the data thus collected can then be 
used to guide targeted experiments. 
Addition of complementary parameters 
to existing monitoring programs can help 
clarify causes and effects and can be used 
to develop correlations between chemi-
cal parameters and biological responses. 
These effects can then be further tested 
in the laboratory to more clearly define 
the relationships. Second, experiments 
must be implemented that will allow for 
understanding the adaptive capacity of 
organisms (e.g.,  Dawson et  al., 2011) in 
a context of future acidification. This will 
involve characterizing the physiological 
tolerances and capacities of species in a 
population (in order to identify vulner-
ability or the lack of plasticity to future 
changes) as well as the degree to which 
a species can adapt to a rapidly changing 
environment (Hoffmann and Sgrò, 2011). 

Second, the influence of biological 
communities on the expression of OA 
must be characterized. As acidification 
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alters biological community structures, 
species shifts may result in changes in 
carbon and nutrient cycling. Many near-
shore pelagic and benthic calcified organ-
isms are integral parts of marine food 
webs, and ecological consequences will 
potentially follow loss of foundational 
species (Cooley et al., 2009; Kroeker et al., 
2011). In particular, filter feeders play key 
roles in nutrient cycling, and their dis-
placement due to changing ocean chem-
istry leads to the possibility of positive 
feedbacks to the carbon cycle. In addi-
tion, other factors, such as nutrient pol-
lution and resultant increased primary 
production (eutrophication), will likely 
work interactively with ocean acidifica-
tion (Howarth et al., 2011; Duarte et al., 
2013). For example, nearshore inputs of 
nutrients can fuel algal blooms. When 
these algal blooms senesce, microbial 
communities consume them and respire 
organic matter, which produces carbon 
dioxide and reduces oxygen concentra-
tions. These types of biogeochemical pro-
cesses influence the carbon budgets of 
coastal systems, affecting pCO2 and pH 
in ways that can amplify the effects of 
ocean acidification (Howarth et al., 2011; 
Melzner et al., 2012).

All of these pursuits are challenging. 
An OA monitoring program must over-
come these challenges by: (1) providing a 
network of shared data, enabling investi-
gators to design and conduct experiments 
using environmentally relevant data; 
(2)  standardizing techniques and prac-
tices, allowing investigators to share data 
and compare results; and (3) encourag-
ing and facilitating development of causal 
models to reveal the influence of global 
versus local factors in changing ecosys-
tem structure and function. Insights from 
such a monitoring program will be crit-
ical to forecasting the effects of ocean 
acidification not only on target species in 
one locale but also region-wide. 

In terms of implementing a biologi-
cal monitoring program, a nested sam-
pling design with standardized, prior-
ity measurements conducted at all sites 
and secondary measurements collected 

at a subset of sites is proposed, although 
the specific parameters that should 
be included are still under discussion 
(e.g.,  GOA-ON; Newton et  al., 2014). 
Suggested priority biological measure-
ments include: autonomous chlorophyll 
fluorescence, dissolved oxygen, and irra-
diance, as well as biomass of functional 
groups (phytoplankton, zooplankton, 

microbes, benthic animals, macroalgae, 
fungi, and vascular plants). Proposed 
secondary measurements include the 
community or species composition of 
functional groups and long-term field 
studies defining rates of key processes 
(e.g., growth and grazing rates at different 
life stages), and autonomous or discrete 
measurements of nutrient concentrations 
as well as nutrient loading from water-
sheds to coastal and estuarine waters. 

Recommendation 5:  
The monitoring network shall 
share data and make them 
accessible to a broad audience.
The primary goal of the monitoring 
network is to permit a comprehensive 
description of the status of acidification in 
US West Coast waters as well as enhanced 
understanding of acidification drivers 
and impacts. This requires cooperation 
of numerous entities because no single 
organization collects data over the range 
of geographies and conditions necessary 
to achieve this vision. A key measure of 
the network’s success will be widespread 

use of the data generated through its 
monitoring program. The goal is not only 
to provide chemical monitoring data for 
managers on current marine conditions 
but also to provide data required to design 
and conduct relevant laboratory and field 
experiments to understand the effects of 
ocean acidification on susceptible organ-
isms, and to develop causative and pre-

dictive models for determining ecosys-
tem response. If the data are to be useful 
for these purposes, they must be shared 
and reported in a consistent and reliable 
manner (Garcia et al., 2015, in this issue). 

The IOOS Regional Associations 
already collect data critical to interpre-
tation of ocean acidification effects and 
have infrastructure in place for param-
eters similar to those required for mon-
itoring acidification. Thus, they have 
volunteered to serve as data man-
agers and to preserve the data for a 
US West Coast OA monitoring network 
(http://www.nanoos.org). The regional 
associations have built upon existing 
capacity and capabilities to develop a Web 
portal that accepts data streams from all 
relevant data centers, provides visual and 
data link capabilities, and exhibits syn-
thesis products for the US West Coast 
both as a whole and on the subregional 
scale. The Web portal will also allow 
tracking of all network participant data 
streams, serving as an inventory of ocean 
acidification monitoring assets for the 
West Coast and allowing determination 

 “The primary goal of the monitoring network 
is to permit a comprehensive description of 
the status of acidification in US West Coast 

waters as well as enhanced understanding of 
acidification drivers and impacts.

”
. 

http://www.nanoos.org
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of spatial coverage and gaps in the net-
work. It will incorporate both real-time 
and non-real-time data from monitor-
ing units and observational studies, as 
well as experimental data. The required 
expansion of existing platform capac-
ity to collate disparate data sources into 
an integrated network is being achieved 
via development of data input structures, 
metadata requirements, and data visual-
ization and access tools. 

CONCLUSIONS
A comprehensive OA monitoring net-
work for the California Current System is 
a realistic and feasible goal. The founda-
tion of such a network is already present 
through existing monitoring efforts and 
infrastructure. Integrating and building 
on existing monitoring efforts, infrastruc-
ture, and experience is key. Coordinating 
existing efforts adds value to all such 
efforts, not only through a linked data set 
but also through shared knowledge of new 
technologies and practices, standardiza-
tion of protocols, and shared infrastruc-
ture and personnel. Chemical measure-
ments can be added to existing biological 
monitoring efforts, biological monitoring 
can be added to existing chemical mon-
itoring efforts, and long-term efforts can 
be prioritized for support into the future. 
While the core principles outlined here 
were designed to develop a cohesive net-
work for the California Current System, 
these principles are broadly applicable to 
other OA monitoring efforts globally. 
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