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ABSTRACT
Predicting the impacts of ocean acidification in coastal habitats is complicated by bio-
physical feedbacks between organisms and carbonate chemistry. Daily changes in pH
and other carbonate parameters in coastal ecosystems, associated with processes such as
photosynthesis and respiration, often greatly exceed globalmeanpredicted changes over
the next century. We assessed the strength of these feedbacks under projected elevated
CO2 levels by conducting a field experiment in 10 macrophyte-dominated tide pools
on the coast of California, USA. We evaluated changes in carbonate parameters over
time and found that under ambient conditions, daytime changes in pH, pCO2, net
ecosystem calcification (NEC), and O2 concentrations were strongly related to rates of
net community production (NCP). CO2 was added to pools during daytime low tides,
which should have reduced pH and enhanced pCO2. However, photosynthesis rapidly
reduced pCO2 and increased pH, so effects of CO2 additionwere not apparent unless we
accounted for seaweed and surfgrass abundances. In the absence of macrophytes, CO2
addition caused pH to decline by∼0.6 units and pCO2 to increase by∼487 µatm over
6 hr during the daytime low tide. As macrophyte abundances increased, the impacts of
CO2 addition declined because more CO2 was absorbed due to photosynthesis. Effects
of CO2 addition were, therefore, modified by feedbacks between NCP, pH, pCO2,
and NEC. Our results underscore the potential importance of coastal macrophytes in
ameliorating impacts of ocean acidification.

Subjects Ecology, Marine Biology, Climate Change Biology, Biogeochemistry
Keywords Climate change, Net community production, Ocean acidification, Rocky intertidal,
Photosynthesis

INTRODUCTION
Increased concentrations of CO2 in the atmosphere have already altered oceanic carbonate
chemistry, resulting in a decline in overall pH by ∼0.1 units since the year 1800 (Sabine
et al., 2004; Orr et al., 2005). As atmospheric CO2 continues to increase, pH changes are
predicted to accelerate, leading to an additional decline of 0.07 (RCP2.6, ‘‘high mitigation’’
scenario) to 0.33 (RCP8.5, ‘‘business-as-usual’’ scenario) pH units over the next 80 years
(Bopp et al., 2013). Ocean acidification is predicted to dramatically affectmarine ecosystems
(Harley et al., 2006; Doney et al., 2009). Important resources (e.g., calcifying plankton) and
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foundation species (e.g., corals, mollusks) will have difficulty maintaining their calcium
carbonate skeletons (e.g., Orr et al., 2005; Pfister et al., 2016), leading to declines in growth,
abundance, and survival (Kroeker et al., 2013). Predicting the impacts of ocean acidification
on marine communities and ecosystems is therefore critical. However, these predictions
are difficult in coastal ecosystems, where carbonate chemistry is already extremely
dynamic (e.g., Wootton, Pfister & Forester, 2008; Thomsen et al., 2010; Hofmann et al.,
2011; Guadayol et al., 2014; Chan et al., 2017; Koweek et al., 2017; Silbiger & Sorte, 2018).

The range in pH values recorded in many coastal systems is greater than the pH decline
predicted by the year 2100 under the RCP8.5 ‘‘business as usual’’ scenario (Bopp et al.,
2013; Hofmann et al., 2011; Sorte & Bracken, 2015; Silbiger & Sorte, 2018). For example,
coastal upwelling transports depth-derived, low-pH waters to the coast, resulting in some
of the lowest pH values ever recorded in the surface ocean (Feely et al., 2008; Chan et
al., 2017). Additionally, fluxes of dissolved inorganic carbon, associated with processes
such as photosynthesis and respiration, are substantially higher in coastal systems than
in the open ocean, leading to the suggestion that ocean acidification is an ‘‘open-ocean
syndrome’’ (Duarte et al., 2013). Predicting the impacts of ocean acidification in coastal
habitats is therefore complicated by the biogeochemical processes mediated by the resident
biota, which drive local-scale pH variability (Wootton, Pfister & Forester, 2008; DeCarlo
et al., 2017; Silbiger & Sorte, 2018). All organisms respire, increasing CO2 concentrations
and reducing pH (Cai et al., 2011; Kwiatkowski et al., 2016). Primary producers, however,
also photosynthesize, drawing down CO2 levels and increasing pH (Duarte et al., 2013;
Hendriks et al., 2014), and natural pH variability can be exceptionally high in vegetated
marine habitats such as seagrassmeadows and kelp forests (Hendriks et al., 2014;Kapsenberg
& Hofmann, 2016; Koweek et al., 2017). Both mean and maximum pH values increase with
the photosynthetic capacity of primary producers (Hendriks et al., 2014), highlighting a
potential role for submerged aquatic vegetation to reduce some of the impacts of ocean
acidification in coastal ecosystems (Delille et al., 2000; Semesi, Beer & Björk, 2009; Silbiger
& Sorte, 2018).

Effective predictions of ocean acidification impacts in coastal systems must consider
the biogeochemical, oceanographic, and hydrodynamic context—including ecosystem
metabolism—of these ecosystems (e.g., Hofmann et al., 2011; Koweek et al., 2017). A
variety of approaches have been taken toward accomplishing this goal, including in
situ measurements of carbonate chemistry parameters in multiple coastal ecosystems
(e.g., Hendriks et al., 2014; Silbiger et al., 2014; Kwiatkowski et al., 2016; Silbiger & Sorte,
2018), characterization of natural communities associated with volcanic CO2 seeps
(Fabricius et al., 2011; Kroeker et al., 2011), and experimental additions of CO2 in the field
(Kline et al., 2012; Campbell & Fourqurean, 2013; Sorte & Bracken, 2015; Brown, Therriault
& Harley, 2016;Cox et al., 2016). Fieldmanipulations are an especially promising approach,
but adding CO2 to a dynamic coastal environment is difficult due to short water-residence
times and the expense and logistical difficulty of adding regulated CO2 gas (Gattuso et al.,
2014). Here, we leverage experience from previous work developing cost-effective yeast re-
actors to generate CO2 in situ in tide pools on intertidal rocky reefs (Sorte & Bracken, 2015)
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to evaluate how the effects of CO2 additions on carbonate parameters are affected by the
resident biota.

We used short-termmanipulations of natural tide pool habitats on the coast of northern
California, USA, to evaluate the effects of increased CO2 on pH and pCO2 in the context
of highly variable community compositions (Bracken et al., 2008) and carbonate dynamics
(Kwiatkowski et al., 2016; Silbiger & Sorte, 2018). Our experiments were conducted during
daylight hours at low tide on two concurrent days in the spring of 2016, when pools
were isolated by the receding tide in the morning and remained isolated for ∼8 h. We
hypothesized that impacts of CO2 addition on seawater carbonate dynamics would be
mediated by primary producers in the tide pools. We predicted that pCO2 would decline
and pH would increase over the course of our experiment due to photosynthetic fixation
of CO2 (Hendriks et al., 2014; Kwiatkowski et al., 2016; Silbiger & Sorte, 2018) and that the
effects of CO2 addition on pH and pCO2 would diminish with increasing percent cover of
primary producers in the pools (Hendriks et al., 2014).

MATERIALS AND METHODS
Study location and characteristics
We conducted a CO2 addition experiment on a rocky intertidal shoreline on the northern
side of Horseshoe Cove in the Bodega Marine Reserve (BMR), Sonoma County, California,
USA (NAD83 38.31672, −123.0711). This work was conducted with the approval of
the California Department of Fish and Wildlife (Scientific Collecting Permit number
SCP-13405). Our work in the BMR was performed under Research Application # 32752
to the University of California Natural Reserves System to conduct measurements of
carbonate chemistry in tide pools. At the site, we marked and surveyed 10 tide pools in the
mid-intertidal zone. For each pool, we determined tidal elevation (mean= 1.54± 0.05 [s.e.]
m above mean lower-low water; range = 1.22 to 1.73 m), volume (mean = 22.3 ± 5.0 L;
range = 6.7 to 47.3 L), and bottom surface area (mean = 0.35 ± 0.08 m2; range =
0.16 to 1.00 m2). Tidal elevations were determined using a self-leveling rotary laser level
(CST/berger, Watseka, Illinois, USA), with reference to published tidal predictions for
Bodega Harbor Entrance (NOAA, 2016). Pool volumes were determined by adding 2 ml
of non-toxic blue dye (McCormick, Sparks, Maryland, USA) to each pool. Water samples
were read at 640 nm on a benchtop spectrophotometer (UV-1800, Shimadzu, Carlsbad,
California, USA) and compared to a standard curve relating absorbance to an equivalent
amount of dye added to known volumes of seawater (Pfister, 1995). The abundances of
primary producers and sessile invertebrates in each tide pool were determined by spreading
a flexible mesh grid (10 cm × 10 cm mesh; Foulweather Trawl Supply, Newport, Oregon,
USA) over the bottom of each pool and measuring the cover of macrophytes (seaweeds
and surfgrass) and sessile invertebrates (barnacles, mussels, sea anemones, and sponges)
and the total surface area of each tide pool (Bracken & Nielsen, 2004) (see Table S1).
Mobile invertebrates (particularly turban snails) were also counted in each pool. Tide pool
volumes, primary producer abundances, and surface areas were measured immediately
after our experiment to avoid disturbing the pools prior to water sampling.
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Experimental design and sampling
These pools included some of the same tide pools used in other studies of carbonate
chemistry under ambient conditions: Kwiatkowski et al. (2016) measured calcification
during the spring of 2014 and 2015, and Silbiger & Sorte (2018) quantified bio-physical
feedbacks during the summer of 2016. Our CO2 addition experiments were conducted
on two consecutive days: 31 March and 01 April 2016. On those days, the receding tide
isolated pools in the morning (08:30–09:30 on day 1, 09:00–10:00 on day 2), and they
remained isolated for approximately 7.5 hr. Pools were randomly assigned to experimental
treatments: control or +CO2, with n= 5 pools assigned to each treatment. There were
no differences in tidal elevation (t = 1.4, df = 8, p= 0.210), volume (t = 0.6, df = 8,
p= 0.570), or surface area (t = 0.8, df = 8, p= 0.453) between control and +CO2 pools.
Treatments were switched between day 1 and day 2, so that pools assigned to +CO2

treatments on day 1 were assigned to control treatments on day 2, and vice versa. This
switching allowed us to assess the effect of CO2 addition on carbonate chemistry within
individual pools by quantifying the difference between day 1 and day 2. We assume that
because CO2 additions were within the natural variability of the system, there wereminimal
carryover effects of day 1 CO2 additions to day 2 control tide pools. Average air temperature
(day 1: 11.2 ± 0.3 ◦C; day 2: 11.8 ± 0.4 ◦C), wind speed (day 1: 14.7 ± 1.3 km hr−1; day 2:
16.8 ± 0.5 km hr−1), and photosynthetically active radiation (day 1: 871±188 µmol m−2

s−1; day 2: 1,058 ± 173 µmol m−2 s−1) values, measured at the Bodega Ocean Observing
Node weather station adjacent to our study site, did not differ substantially between day 1
and day 2.

CO2 was delivered to +CO2 pools using yeast reactors consisting of watertight
plastic boxes (Drybox 2500, OtterBox, Fort Collins, Colorado, USA) containing
500 mL of warm water, 2 g of NaHCO3 (to buffer the internal pH of the reactor),
and 0.7 g of baker’s yeast, an amount calculated to generate pH levels and
pCO2 concentrations that were within the predicted range of 21st-century ocean
acidification scenarios (Bopp et al., 2013). Tubing from each reactor led to an air
stone anchored within each +CO2 tide pool. CO2 is the most abundant gas produced
by baker’s yeast, representing ∼99.2% of headspace volume (Daoud & Searle, 1990),
though additional volatile organic compounds such as ethanol, 2-methylpropanol,
and ethyl acetate are present in low concentrations (Smallegange et al., 2010).

We calibrated the yeast reactors and determined the amount of yeast to use in our
experiment by running a series of trials in buckets across a range of temperatures and yeast
amounts. Buckets (n= 24) contained 12 L of saltwater at typical ocean concentrations
(Instant Ocean R© Sea Salt, Blacksburg, Virginia, USA). Temperature was controlled by
placing buckets in growth chambers (Percival Scientific, Perry, Iowa, USA) set to 4◦,
10◦, 20◦, or 30 ◦C. We measured pH (total scale) in each bucket every hr for 6 hr and
monitored temperature using TidbiT R© v2 datalogers (Onset Computer Corporation,
Bourne, Massachusetts, USA). These trials also represent controls, allowing us to evaluate
the effects of yeast and temperature on tide pool pH in the absence of organisms.

Seawater chemistry and other environmental conditions were measured throughout
the low tide period on each day. Water samples were collected from pools every 1.5 hr for
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6 hr, beginning as soon as each pool was isolated by the receding tide. However, due to
nonlinearity in the carbonate parameters across time—potentially due to carbon limitation
as pCO2 declined over time (Maberly, 1990)—we calculated rates of change in pH, pCO2,
net community production, and net ecosystem calcification using only the initial and final
samples for each pool, which represented the overall net change over the sampling period.
Temperature, dissolved oxygen and conductivity were simultaneously measured in each
pool using sensors (ProODO and Pro30, YSI, Yellow Springs, Ohio, USA). Samples were
collected by pumping water (400 mL) into a plastic Erlenmeyer flask using a separate piece
of tubing anchored in each pool to minimize disturbance and off-gassing. Anchoring the
tubing in each pool also ensured that our samples were collected from the same location
every time and that they were not collected adjacent to the airstones delivering CO2 to
+CO2 pools. Each water sample was immediately divided into subsamples for analyses
of pH, total alkalinity, and dissolved inorganic nutrients. Prior to sample collection,
all containers were washed in 10% HCl, rinsed 3× with DI water, and rinsed 3× with
ocean water. We measured pH by measuring voltage (mV) and temperature (◦C) of a
50 mL subsample immediately after collection using a multiparameter pH meter (Orion
Star, Thermo Fisher Scientific, Waltham, Massachusetts, USA) with a ROSS Ultra glass
electrode (Thermo Scientific, USA; accuracy ± 0.2 mV, resolution ± 0.1, drift <0.005 pH
units per day) and a traceable digital thermometer (5-077-8, accuracy= 0.05◦C, resolution
= 0.001 ◦C; Control Company, Friendswood, TX, USA). pH (total scale) was calculated
using a multipoint calibration to a Tris standard (Marine Physical Laboratory, Scripps
Institution of Oceanography, La Jolla, California, USA), as described in SOP 6a (Dickson,
Sabine & Christian, 2007). Subsamples for determination of total alkalinity were fixed with
100 µL of 50% saturated HgCl2 and stored in 250 mL brown HDPE bottles. Subsamples
for dissolved inorganic nutrients (NO−3 , NO

−

2 , NH
+

4 , and PO3−
4 ) were filtered (GF/F,

Whatman, Maidstone, UK) into 50 ml centrifuge tubes and frozen at −20 ◦C prior to
analyses.

Sample processing
Subsamples for total alkalinity were analyzed using open-cell titrations (T50, Mettler-
Toledo AG, Schwerzenbach, Switzerland), as described in SOP 3b (Dickson, Sabine &
Christian, 2007). A certified reference material (Marine Physical Laboratory, Scripps
Institution of Oceanography, La Jolla, California, USA) was run daily. Our measurements
of the reference material never deviated more than ±0.4% from the certified value,
and alkalinity calculations were corrected for these deviations. NO−3 + NO−2 and PO3−

4
concentrations (µmol L−1) were measured on a QuickChem 8500 Series Analyzer (Lachat
Instruments, Loveland, Colorado, USA), and NH +4 concentrations (µmol L−1) were
measured using the phenolhypochlorite method (Solórzano, 1969) on a UV-1800 benchtop
spectrophotometer (Shimadzu, Carlsbad, California, USA). In situ pH values and other
carbonate parameters were calculated using the seacarb package in R v. 3.2.2 (R Foundation
for Statistical Computing, Vienna, Austria) (Gattuso et al., 2017) (Table S2). We note that
error propagation for calculating�arag based on pH andTA is∼3.6% (Riebesell et al., 2011).
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Calculation of net community production and net ecosystem
calcification in control tide pools
Differences in dissolved inorganic carbon (DIC) were used to calculate net community
production (NCP) rates (mmol C m−2 hr−1), as described in Gattuso, Frankignoulle &
Smith (1999):

NCP=
1DIC ·ρ ·V

SA · t
−NEC−FCO2

where 1DIC is the difference in salinity-normalized DIC between the first and last time
points (in this case 0 and 6 hr; mmol kg−1), ρ is the density of seawater (1,023 kg m−3), V
is the volume of water in the tide pool at each time point, SA is the bottom surface area of
each pool (m2), and t is the time interval between sampling points (6 hr).

NEC is the rate of net ecosystem calcification (mmol CaCO3 m−2 hr−1), which was
calculated as follows:

NEC=
1TA ·ρ ·V
2 ·SA · t

where, in addition to variables defined above, 1TA/2 is the difference in total alkalinity
(TA, mmol kg−1) between the time points. TA was normalized to a constant salinity and
corrected for dissolved inorganic nitrogen and phosphorus to account for their small
contributions to the acid–base system (Wolf-Gladrow et al., 2007), including the potential
for primary producers to change alkalinity via nutrient uptake (Brewer & Goldman, 1976;
Stepien, Pfister & Wootton, 2016). One mole of CaCO3 is formed per two moles of TA,
hence the divisor of 2.

Finally, FCO2, the air-sea flux of CO2 (mmol m−2 hr−1), was calculated as follows:

FCO2= k · s · (CO2[water]−CO2[air])

where k is the gas transfer velocity (m hr−1), and s is the solubility of CO2 in seawater,
which was calculated based on in situ measurements of temperature and salinity (Weiss,
1974). The concentration of CO2 in air was assumed to be 400 µatm (Tans & Keeling,
2017). The transfer velocity of CO2 was based on wind velocities measured at the Bodega
Ocean Observing Node weather station located 100 m from our study location. Calculated
FCO2 values (mmol kg−1 hr−1) were converted to mmol CO2 m−2 hr−1 based on the
volume of the tide pool, the density of seawater, and the bottom surface area. All data for
NCP, NEC, and FCO2 are provided in the electronic supplementary materials (Table S3).

Statistical analyses
Changes in pH in buckets were evaluated as a function of temperature (◦C) and yeast (g)
using multiple linear regression (PROC GLM) in SAS v. 9.4 (SAS Institute, Cary, North
Carolina, USA). Changes in pH and pCO2 in field tide pools over time (i.e., pH units
hr−1 or µatm hr−1) were calculated by subtracting the initial value (0 hr) from the final
value (6 hr) and dividing by the elapsed time. The difference between +CO2 and control
pools was evaluated for each individual pool (the experimental unit in all analyses). We
quantified the effect of macrophytes (seaweeds and surfgrass) on carbonate parameters
by calculating the cover of non-calcifying macrophytes in each tide pool. We excluded
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calcifying species because of low photosynthetic biomass relative to non-calcifying species
from this location (Bracken & Williams, 2013). On average, less than 5%of algal cover in the
pools was composed of calcifying seaweeds.We also quantified the effect of invertebrates by
estimating total invertebrate cover based on our surveys. For mobile invertebrates (mostly
turban snails), we estimated cover from count data based on the number of individuals
of each species in a 10 cm × 10 cm quadrat (=0.01 m2). We then evaluated relationships
between macrophyte and invertebrate abundances and net community production (NCP)
using linear regression (PROC GLM) in SAS. To account for the effects of primary
producers on pH and pCO2, we used linear regression to evaluate the difference between
control and +CO2 tide pools as a function of the abundance of macrophytes in the pools.
We calculated these differences by subtracting the rates of change in pH (total scale hr−1)
or pCO2 (µatm hr−1) in each pool under ambient CO2 conditions from the rates when
CO2 was added to those same pools. Over time, pH increased and pCO2 decreased due to
photosynthesis. Thus, a negative effect of CO2 addition on pH indicated that CO2 addition
reduced pH in +CO2 pools relative to control pools. Conversely, a positive effect of CO2

addition on pCO2 indicated that CO2 addition enhanced pCO2 in +CO2 pools relative
to control pools. We assessed how pH, pCO2, net ecosystem calcification (NEC), and
O2 responded to changes in NCP under ambient CO2 conditions using linear regression
(PROCGLM in SAS). Similarly, we evaluated whetherNEC was related to cover of calcifiers
(mussels, turban snails, and coralline algae) using linear regression. Prior to running linear
regressions, we verified that data met the assumptions of normality and homogeneity of
variances.

RESULTS
Biological processes resulted in substantial changes in both pH and pCO2 in tide pools over
the course of a single low tide: pH increased by ∼0.4 units and pCO2 decreased by ∼233
µatm in both control and +CO2 pools (Fig. 1; Table S4). The effects of our experimental
CO2 additions on pH and pCO2 weremasked by the dominant effects of primary producers
on carbonate chemistry; there was no apparent difference in either the pH (t = 0.6, df = 9,
P = 0.591; Fig. 1A) or the pCO2 (t = 0.3, df = 9, P = 0.777; Fig. 1B) of control versus
+CO2 pools. Physical parameters –such as changes in temperature (R2

= 0.17, F1,8= 1.6,
P = 0.238) and light availability (R2 <0.01, F1,8 <0.1, P = 0.996)—had minimal effects, by
themselves, on changes in tide pool pH.

Effects of CO2 additions on pH and pCO2 only became apparent after accounting for
primary producer abundances in the tide pools (Fig. 2). As the abundance of macrophytes
(seaweeds and surfgrass) increased, the negative effect of CO2 addition on pH was
ameliorated (R2

= 0.45; F1,8 = 6.6, P = 0.033; Fig. 2A), indicating that macrophytes
limited the reduction in pH associated with CO2 addition. The effect of CO2 addition on
pH in the absence of non-calcifying macrophytes is represented by the y-intercept of this
relationship (Fig. 2A), which indicates a reduction in pH of 0.07 (±0.03 s.e.) units hr−1

(t = 2.1, df = 9, P = 0.062). We compared this value to the change in pH predicted by
our bucket calibration trials. In the absence of organisms, pH declined more rapidly as
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Figure 1 Tide pool pH and pCO2 values measured over time. Over 6 hr following isolation of pools by
the receding tide, (A) pH increased by an average of 0.4 units (total scale) and (B) pCO2 declined by an av-
erage of∼233 µatm. However, there were no differences in pH (P = 0.591) or pCO2 (P = 0.777) between
control pools (with no CO2 added; red circles) and+CO2 pools (blue triangles). Values are means±s.e.

Full-size DOI: 10.7717/peerj.4739/fig-1

temperature (F1,21= 20.1,P < 0.001) and yeast amount (F1,21= 44.2,P < 0.001) increased.
We used the parameter estimates from the multiple linear regression, the amount of yeast
(0.7 g), and the ambient tide pool water temperature (17.7 ◦C) to predict the change in
pH in the absence of organisms. We predicted a reduction in pH of 0.06 (±0.03 s.e.) units
hr−1, which is similar to the observed rate in the absence of macrophytes (t = 0.2, df = 32,
P = 0.845). Correspondingly, as macrophyte cover increased in tide pools, the effect of CO2

addition on pCO2 was reduced (R2
= 0.42; F1,8= 6.0, P = 0.040; Fig. 2B). The y-intercept

of this relationship (Fig. 2B) represents the effect of CO2 addition on pCO2 in the absence
of non-calcifying macrophytes and indicates an increase of 81.22 (±33.80 s.e) µatm hr−1

(t = 2.4, df = 9, P = 0.041).
The effects of macrophytes on pH and pCO2 emerged because increases in macrophyte

abundance were associated with increases in net community production (NCP, mmol C
m−2 hr−1; Fig. 3A). This relationship held for all non-calcifying macrophytes considered
together (R2

= 0.47; F1,8 = 7.1, P = 0.029) and was especially apparent for the most
abundant macrophyte in the tide pools, the red seaweed Prionitis sternbergii (C. Agardh)
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Figure 2 Effects of CO2 addition on rates of change in pH (total scale hr−1) and pCO2 (µatm hr−1)
in tide pools were reduced as macrophyte cover increased. The effect of CO2 addition was defined for
each pool as the rate of change when CO2 was added minus the rate when CO2 was at ambient levels. As
macrophyte abundance in the pools increased, (A) the effect of CO2 addition on pH became more positive
(R2
= 0.45, P = 0.033) and (B) the effect of CO2 addition on pCO2 became more negative (R2

= 0.43, P =
0.040). Rates of change in pH and pCO2 in the absence of macrophytes are indicated by the y-intercept of
the regression lines (pH:−0.07± 0.03 s.e. total scale hr−1; pCO2:+81.22± 33.80 µatm hr−1). Regression
lines are means±95% c.i.

Full-size DOI: 10.7717/peerj.4739/fig-2

J. Agardh (R2
= 0.68; F1,8 = 16.8.1, P = 0.004). Non-calcifying macrophytes, including

the seaweeds Gelidium coulteri Harvey, Hildenbrandia rubra Sommerfelt (Meneghini),
Mastocarpus papillatus (C. Agardh) Kützing (both upright and Petrocelis forms),Mazzaella
splendens (Setchell & N. L. Gardner) Fredericq, and P. sternbergii and the surfgrass
Phyllospadix torreyii S. Watson, were abundant in the pools, collectively composing
56% of cover on the benthos (Fig. 3B). However, NCP was not related to cover of
any macrophyte species other than Prionitis (e.g., Hildenbrandia [R2

= 0.18; F1,8 = 1.8,
P = 0.216], Phyllospadix [R2

= 0.0.1; F1,8 <0.1, P = 0.846]). NCP was also unrelated to
abundances of invertebrates (primarily mussels [Mytilus californianus T. A. Conrad], sea
anemones [Anthopleura spp.], and turban snails [Tegula funebralis A. Adams]) in the tide
pools (R2

= 0.09; F1,8= 0.8, P = 0.409). Net ecosystem calcification (NEC) was unrelated
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Figure 3 Effects of macrophytes on net community production (NCP, mmol Cm−2 hr−1). (A) In-
creases in macrophyte cover were associated with increases in NCP for both the most abundant macro-
phyte, the red alga Prionitis sternbergii (red circles, solid trendline; R2

= 0.68, P = 0.004), and all macro-
phytes (blue triangles, dashed trendline; R2

= 0.47, P = 0.029). Inset image: P. sternbergii. Image credit:
Matthew Bracken. (B) Macrophytes, including seaweeds and the surfgrass Phyllospadix, dominated cover
in the pools, collectively occupying the majority of the substratum. Macrophytes in the ‘‘Other’’ category
each contributed<5% of cover and included Cladophora, Endocladia,Mazzaella flaccida, and calcifying
species. Invertebrates represented∼15% of total cover.

Full-size DOI: 10.7717/peerj.4739/fig-3

to abundances of calcifying invertebrates in the tide pools, including Mytilus (R2
= 0.03;

F1,8= 0.2, P = 0.653), Tegula (R2
= 0.03; F1,8= 0.2, P = 0.654), and coralline algae (R2

<0.01; F1,8= 0.1, P = 0.788).
Rates of change in pH (R2

= 0.63; F1,8= 13.7, P = 0.006; Fig. 4A), pCO2 (R2
= 0.43;

F1,8 = 6.1, P = 0.039; Fig. 4B), and NEC (R2
= 0.67, F1,8 = 16.2, P = 0.004; Fig. 4C)

were strongly related to changes in NCP. O2 production in the tide pools was also strongly
related toNCP (R2

= 0.65, F1,8= 14.7, P = 0.005; Fig. 4D), linkingmacrophyte abundances
(Fig. 3A), NCP (measured by evaluating carbonate parameters), and O2 production.

Bracken et al. (2018), PeerJ, DOI 10.7717/peerj.4739 10/19

https://peerj.com
https://doi.org/10.7717/peerj.4739/fig-3
http://dx.doi.org/10.7717/peerj.4739


Figure 4 Relationships between net community production (NCP) and other carbonate parameters in
tide pools. Increases in NCP (mmol C m−2 hr−1) in control tide pools were associated with (A) increases
in pH (total scale hr−1; R2

= 0.62, P = 0.007), (B) declines in pCO2 (µatm hr−1; R2
= 0.47, P = 0.029),

(C) increases in net ecosystem calcification (mmol CaCO3 m−2 hr−1; R2
= 0.67, P = 0.004), and (D) in-

creases in O2 concentrations (mg m−2 hr−1; R2
= 0.65, P = 0.005).

Full-size DOI: 10.7717/peerj.4739/fig-4

DISCUSSION
Primary producers modified the effects of CO2 addition on pH and pCO2 in the tide pools,
ameliorating the negative effect of CO2 addition on pH and reducing the effect of CO2

addition on pCO2. In fact, at the highestmacrophyte abundances, the effect of CO2 addition
on the change in pH was positive, indicating that added CO2 may be ameliorating carbon
limitation and enhancing rates of photosynthesis (e.g., Gao et al., 1991)—and thereby
amelioration of low pH conditions—during the day. Based on rates of change in pH and
pCO2 in the absence of macrophytes, by the time pools were re-submerged by the rising
tide, our yeast reactors had, in effect, elevated pCO2 by∼487 µatm relative to control pools,
reducing pH by ∼0.4 units over ∼6 hr. Observed effects of net community production
(NCP) on net ecosystem calcification (NEC) highlight the potential for primary producers
to not only mediate pH and pCO2, but to also enhance other ecosystem functions during
the day. Furthermore, the relationship between O2 production andNCP suggests that CO2

drawdown in the tide pools was due to photosynthesis.
Our results underscore the difficulty of quantifying the effects of realistic levels of

CO2 addition on pH and pCO2 in a producer-dominated coastal ecosystem and suggest
that macrophytes such as seagrasses and seaweeds have the potential to ameliorate some
impacts of ocean acidification in marine systems (Delille et al., 2000; Frieder et al., 2012;
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Hendriks et al., 2014). As shown in previous research (Delille et al., 2000; Hendriks et al.,
2014), including measurements from many of the tide pools included in the current study
(Kwiatkowski et al., 2016; Silbiger & Sorte, 2018), photosynthetic uptake of CO2 plays a
dominant role in driving carbonate chemistry in coastal marine systems, especially during
the daytime (Duarte et al., 2013). For example, we found that NCP was closely coupled
to changes in pH, pCO2, and NEC. The fact that macrophyte-mediated enhancement of
production also enhanced calcification is particularly important in the context of impacts
of ocean acidification on calcifying organisms.

One important caveat, however, is that our experiments were only conducted during
daylight hours, when photosynthetic draw-down of CO2 is maximized. Thus, we have no
data to address whether macrophytes can ameliorate impacts of CO2 additions at night,
when respiration adds CO2 and contributes to dissolution of calcifying species (Kwiatkowski
et al., 2016; Silbiger & Sorte, 2018). Can daytime reduction of pCO2 and enhancement of
NEC by primary producers help to counterbalance nighttime dissolution? Several lines
of evidence suggest that the answer may be yes. First, the enhancement of calcification
during daylight hours is substantially greater than dissolution at night in tide pools at
our study site, suggesting that producers can counterbalance pH-mediated declines in
net calcification (Kwiatkowski et al., 2016). Second, research in seagrass beds indicates
that both maximum pH values and mean pH values —averaged across both daytime and
nighttime measurements— increase as macrophyte abundance increase, demonstrating a
dominant effect of macrophyte abundance on pH overall (Hendriks et al., 2014). Third,
photosynthesis, growth, and calcification can be higher under fluctuating pH conditions
than under stable conditions (Dufault et al., 2012; Britton et al., 2016; Price et al., 2012). For
example, mussels have been shown to shift the timing of shell production to daylight hours
whenmacrophytes ameliorate impacts of elevated CO2 (Wahl et al., 2018). Finally, whereas
daytime pH values are strongly related to producer dominance in tide pools, nighttime pH
is unrelated to community composition (Silbiger & Sorte, 2018). Higher NCP during the
day does not translate to higher community respiration at night, and overall pH values are
higher in pools dominated by primary producers.

Tide pools have long served as model systems for evaluating ecological and
biogeochemical processes in coastal habitats, as their isolation at low tide allows
manipulation and measurement of replicated local ecosystems (e.g., Lubchenco, 1978;
Dethier, 1984; Pfister, 1995; Bracken & Nielsen, 2004; Bracken et al., 2008; Sorte & Bracken,
2015). However, they also represent an extreme case, as they are physically isolated from the
surrounding ocean during low tide. Although our local-scale CO2 additions only effectively
manipulated pH while pools were isolated, there is some evidence, based on research in
subtidal kelp beds and seagrass meadows, that marine macrophytes can substantially alter
nearshore carbonate chemistry and potentially limit impacts of ocean acidification in
more open nearshore systems (Delille et al., 2000; Frieder et al., 2012; Hendriks et al., 2014;
Nielsen et al., 2018).
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CONCLUSIONS
In conclusion, we have shown that primary producers can mediate daytime carbonate
chemistry in a coastal ecosystem and that the effects of productivity on pH and pCO2 can
mask the effects of short-term CO2 addition during daylight hours. Based on these results,
we suggest that primary producers, especially in highly vegetated coastal systems, have the
potential to reduce impacts of increasing CO2 concentrations in those systems. However,
large, dominant macrophytes, including kelps and seagrasses, that have the potential to
ameliorate the impacts of ocean acidification (Frieder et al., 2012; Hendriks et al., 2014),
are threatened by overfishing, coastal development, eutrophication, and climate change
(Steneck et al., 2002; Orth et al., 2006). Species that have a large capacity to ameliorate
impacts of ocean acidification are potential candidates for conservation or restoration. In
general, efforts to conserve and restore coastal macrophytes are important for maintaining
this capacity in the face of predicted climatic changes (Nielsen et al., 2018).

ACKNOWLEDGEMENTS
We thank P Wallingford for assistance in the field and K Monuki for help with sample
preparation and processing in the lab. Logistical support was provided by K Brown, T Hill,
S Olyarnik, and J Sones at Bodega Marine Laboratory. Comments from J Ruesink and
two anonymous reviewers substantially improved this manuscript. This is CSUN Marine
Biology contribution #269.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding
This research was made possible through funding provided by the University of California,
Irvine, including a Seed Funding Track 1 award to Cascade Sorte and Matthew Bracken
from the Office of Research. The funders had no role in study design, data collection and
analysis, decision to publish, or preparation of the manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:
University of California, Irvine.

Competing Interests
The authors declare there are no competing interests.

Author Contributions
• Matthew E.S. Bracken conceived and designed the experiments, performed the
experiments, analyzed the data, contributed reagents/materials/analysis tools, prepared
figures and/or tables, authored or reviewed drafts of the paper, approved the final draft.
• Nyssa J. Silbiger and Genevieve Bernatchez conceived and designed the experiments,
performed the experiments, analyzed the data, contributed reagents/materials/analysis
tools, authored or reviewed drafts of the paper, approved the final draft.

Bracken et al. (2018), PeerJ, DOI 10.7717/peerj.4739 13/19

https://peerj.com
http://dx.doi.org/10.7717/peerj.4739


• Cascade J.B. Sorte conceived and designed the experiments, performed the experiments,
contributed reagents/materials/analysis tools, authored or reviewed drafts of the paper,
approved the final draft, and coordinated the project.

Field Study Permissions
The following information was supplied relating to field study approvals (i.e., approving
body and any reference numbers):

This work was conducted with the approval of the California Department of Fish and
Wildlife (Scientific Collecting Permit number SCP-13405).

Data Availability
The following information was supplied regarding data availability:

The raw data are provided in the Supplemental Tables.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.4739#supplemental-information.

REFERENCES
Bopp L, Resplandy L, Orr JC, Doney SC, Dunne JP, GehlenM, Halloran P, Heinze

C, Ilyina T, Seferian R. 2013.Multiple stressors of ocean ecosystems in the
21st century: projections with CMIP5 models. Biogeosciences 10:6225–6245
DOI 10.5194/bg-10-6225-2013.

BrackenMES, Friberg SE, Gonzalez-Dorantes CA,Williams SL. 2008. Functional
consequences of realistic biodiversity changes in a marine ecosystem. Proceedings
of the National Academy of Sciences of the United States of America 105:924–928
DOI 10.1073/pnas.0704103105.

BrackenMES, Nielsen KJ. 2004. Diversity of intertidal macroalgae increases with
nutrient loading by invertebrates. Ecology 85:2828–2836 DOI 10.1890/03-0651.

BrackenMES,Williams SL. 2013. Realistic changes in seaweed biodiversity af-
fect multiple ecosystem functions on a rocky shore. Ecology 94:1944–1954
DOI 10.1890/12-2182.1.

Brewer PG, Goldman JC. 1976. Alkalinity changes generated by phytoplankton growth.
Limnology and Oceanography 21:108–117 DOI 10.4319/lo.1976.21.1.0108.

Britton D, Cornwall CE, Revill AT, Hurd CL, Johnson CR. 2016. Ocean acidification
reverses the positive effects of seawater pH fluctuations on growth and photo-
synthesis of the habitat-forming kelp, Ecklonia radiata. Scientific Reports 6:26036
DOI 10.1038/srep26036.

Brown NEM, Therriault TW, Harley CDG. 2016. Field-based experimental acidification
alters fouling community structure and reduces diversity. Journal of Animal Ecology
85:1328–1339 DOI 10.1111/1365-2656.12557.

CaiW-J, Hu X, HuangW-J, Murrell MC, Lehrter JC, Lohrenz SE, ChouW-C, Zhai
W, Hollibaugh JT,Wang Y, Zhao P, Guo X, Gundersen K, Dai M, Gong G-C.

Bracken et al. (2018), PeerJ, DOI 10.7717/peerj.4739 14/19

https://peerj.com
http://dx.doi.org/10.7717/peerj.4739#supplemental-information
http://dx.doi.org/10.7717/peerj.4739#supplemental-information
http://dx.doi.org/10.7717/peerj.4739#supplemental-information
http://dx.doi.org/10.5194/bg-10-6225-2013
http://dx.doi.org/10.1073/pnas.0704103105
http://dx.doi.org/10.1890/03-0651
http://dx.doi.org/10.1890/12-2182.1
http://dx.doi.org/10.4319/lo.1976.21.1.0108
http://dx.doi.org/10.1038/srep26036
http://dx.doi.org/10.1111/1365-2656.12557
http://dx.doi.org/10.7717/peerj.4739


2011. Acidification of subsurface coastal waters enhanced by eutrophication. Nature
Geoscience 4:766–770 DOI 10.1038/ngeo1297.

Campbell JE, Fourqurean JW. 2013. Effects of in situ CO2 enrichment on the structural
and chemical characteristics of the seagrass Thalassia testudinum.Marine Biology
160:1465–1475 DOI 10.1007/s00227-013-2199-3.

Chan F, Barth JA, Blanchette CA, Byrne RH, Chavez F, Cheriton O, Feely RA,
Friederich G, Gaylord B, Gouhier T, Hacker S, Hill T, Hofmann G, McManus
MA, Menge BA, Nielsen KJ, Russell A, Sanford E, Sevadjian J, Washburn L. 2017.
Persistent spatial structuring of coastal ocean acidification in the California Current
System. Scientific Reports 7:2526 DOI 10.1038/s41598-017-02777-y.

Cox TE, Gazeau F, Alliouane S, Hendriks IE, Mahacek P, Le Fur A, Gattuso J-P. 2016.
Effects of in situ CO2 enrichment on structural characteristics, photosynthesis,
and growth of the Mediterranean seagrass Posidonia oceanica. Biogeosciences
13:2179–2194 DOI 10.5194/bg-13-2179-2016.

Daoud IS, Searle BA. 1990. On-line monitoring of brewery fermentation by mea-
surement of CO2 evolution rate. Journal of the Institute of Brewing 96:297–302
DOI 10.1002/j.2050-0416.1990.tb01034.x.

DeCarlo TM, Cohen AL,Wong GTF, Shiah F-K, Lentz SJ, Davis KA, Shamberger
KEF, Lohmann P. 2017. Community production modulates coral reef pH and the
sensitivity of ecosystem calcification to ocean acidification. Journal of Geophysical
Research: Oceans 122:745–761 DOI 10.1002/2016JC012326.

Delille B, Delille D, Fiala M, Prevost C, Frankignoulle M. 2000. Seasonal changes
of pCO2 over a subantarcticMacrocystis kelp bed. Polar Biology 23:706–716
DOI 10.1007/s003000000142.

Dethier MN. 1984. Disturbance and recovery in intertidal pools: maintenance of mosaic
patterns. Ecological Monographs 54:99–118 DOI 10.2307/1942457.

Dickson AG, Sabine CL, Christian JR. 2007.Guide to best practices for ocean CO2

measurements. Sidney: North Pacific Marine Science Organization.
Doney SC, Fabry VJ, Feely RA, Kleypas JA. 2009. Ocean acidification: the other CO2

problem. Annual Review of Marine Science 1:169–192
DOI 10.1146/annurev.marine.010908.163834.

Duarte CM, Hendriks IE, Moore TS, Olsen YS, Steckbauer A, Ramajo L, Carstensen J,
Trotter JA, McCullochM. 2013. Is ocean acidification an open-ocean syndrome?
Understanding anthropogenic impacts on seawater pH. Estuaries and Coasts
36:221–236 DOI 10.1007/s12237-013-9594-3.

Dufault AM, Cumbo VR, Fan T-Y, Edmunds PJ. 2012. Effects of diurnally oscillating
CO2 on the calcification and survival of coral recruits. Proceedings of the Royal Society
B: Biological Sciences 279:2951–2958 DOI 10.1098/rspb.2011.2545.

Fabricius KE, Langdon C, Uthicke S, Humphrey C, Noonan S, De’ath G, Okazaki
R, Muehllehner N, Glas MS, Lough JM. 2011. Losers and winners in coral reefs
acclimatized to elevated carbon dioxide concentrations. Nature Climate Change
1:165–169 DOI 10.1038/nclimate1122.

Bracken et al. (2018), PeerJ, DOI 10.7717/peerj.4739 15/19

https://peerj.com
http://dx.doi.org/10.1038/ngeo1297
http://dx.doi.org/10.1007/s00227-013-2199-3
http://dx.doi.org/10.1038/s41598-017-02777-y
http://dx.doi.org/10.5194/bg-13-2179-2016
http://dx.doi.org/10.1002/j.2050-0416.1990.tb01034.x
http://dx.doi.org/10.1002/2016JC012326
http://dx.doi.org/10.1007/s003000000142
http://dx.doi.org/10.2307/1942457
http://dx.doi.org/10.1146/annurev.marine.010908.163834
http://dx.doi.org/10.1007/s12237-013-9594-3
http://dx.doi.org/10.1098/rspb.2011.2545
http://dx.doi.org/10.1038/nclimate1122
http://dx.doi.org/10.7717/peerj.4739


Feely RA, Sabine CL, Hernandez-Ayon JM, Ianson D, Hales B. 2008. Evidence
for upwelling of corrosive’’ acidified’’ water onto the continental shelf. Science
320:1490–1492 DOI 10.1126/science.1155676.

Frieder CA, Nam SH,Martz TR, Levin LA. 2012.High temporal and spatial variability
of dissolved oxygen and pH in a nearshore California kelp forest. Biogeosciences
9:3917–3930 DOI 10.5194/bg-9-3917-2012.

Gao K, Aruga Y, Asada K, Ishihara T, Akano T, Kiyohara M. 1991. Enhanced growth of
the red alga Porphyra yezoensis Ueda in high CO2 concentrations. Journal of Applied
Phycology 3:355–362 DOI 10.1007/bf00026098.

Gattuso J-P, Epitalon J-M, Lavigne H, Orr J, Gentili B, Hagens M, Hofmann A, Proye
A, Soetaert K, Rae J. 2017. Package ‘seacarb’: seawater carbonate chemistry. v. 3.2.
Vienna: Comprehensive R Archive Network.

Gattuso J-P, Frankignoulle M, Smith SV. 1999.Measurement of community metabolism
and significance in the coral reef CO2 source-sink debate. Proceedings of the
National Academy of Sciences of the United States of America 96:13017–13022
DOI 10.1073/pnas.96.23.13017.

Gattuso J-P, KirkwoodW, Barry J, Cox E, Gazeau F, Hansson L, Hendriks I,
Kline D, Mahacek P, Martin S. 2014. Free-ocean CO2 enrichment (FOCE)
systems: present status and future developments. Biogeosciences 11:4057–4075
DOI 10.5194/bg-11-4057-2014.

Guadayol Ò, Silbiger NJ, DonahueMJ, Thomas FIM. 2014. Patterns in temporal
variability of temperature, oxygen and pH along an environmental gradient in a
coral reef. PLOS ONE 9:e85213 DOI 10.1371/journal.pone.0085213.

Harley CDG, Hughes AR, Hultgren KM,Miner BG, Sorte CJB, Thornber CS, Rodriguez
LF, Tomanek L,Williams SL. 2006. The impacts of climate change in coastal marine
systems. Ecology Letters 9:228–241 DOI 10.1111/j.1461-0248.2005.00871.x.

Hendriks IE, Olsen YS, Ramajo L, Basso L, Steckbauer A, Moore TS, Howard J, Duarte
CM. 2014. Photosynthetic activity buffers ocean acidification in seagrass meadows.
Biogeosciences 11:333–346 DOI 10.5194/bg-11-333-2014.

Hofmann GE, Smith JE, Johnson KS, Send U, Levin LA, Micheli F, Paytan A, Price
NN, Peterson B, Takeshita Y, Matson PG, Crook ED, Kroeker KJ, Gambi
MC, Rivest EB, Frieder CA, Yu PC, Martz TR. 2011.High-frequency dy-
namics of ocean pH: a multi-ecosystem comparison. PLOS ONE 6:e28983
DOI 10.1371/journal.pone.0028983.

Kapsenberg L, Hofmann GE. 2016. Ocean pH time-series and drivers of variability
along the northern Channel Islands, California, USA. Limnology and Oceanography
61:953–968 DOI 10.1002/lno.10264.

Kline DI, Teneva L, Schneider K, Miard T, Chai A, Marker M, Headley K, Opdyke B,
NashM, ValetichM, Caves JK, Russell BD, Connell SD, Kirkwood BJ, Brewer P,
Peltzer E, Silverman J, Caldeira K, Dunbar RB, Koseff JR, Monismith SG, Mitchell
BG, Dove S, Hoegh-Guldberg O. 2012. A short-term in situ CO2 enrichment
experiment on Heron Island (GBR). Scientific Reports 2:413 DOI 10.1038/srep00413.

Bracken et al. (2018), PeerJ, DOI 10.7717/peerj.4739 16/19

https://peerj.com
http://dx.doi.org/10.1126/science.1155676
http://dx.doi.org/10.5194/bg-9-3917-2012
http://dx.doi.org/10.1007/bf00026098
http://dx.doi.org/10.1073/pnas.96.23.13017
http://dx.doi.org/10.5194/bg-11-4057-2014
http://dx.doi.org/10.1371/journal.pone.0085213
http://dx.doi.org/10.1111/j.1461-0248.2005.00871.x
http://dx.doi.org/10.5194/bg-11-333-2014
http://dx.doi.org/10.1371/journal.pone.0028983
http://dx.doi.org/10.1002/lno.10264
http://dx.doi.org/10.1038/srep00413
http://dx.doi.org/10.7717/peerj.4739


Koweek DA, Nickols KJ, Leary PR, Litvin SY, Bell TW, Luthin T, Lummis S, Muccia-
rone DA, Dunbar RB. 2017. A year in the life of a central California kelp forest:
physical and biological insights into biogeochemical variability. Biogeosciences
14:31–44 DOI 10.5194/bg-14-31-2017.

Kroeker KJ, Kordas RL, Crim R, Hendriks IE, Ramajo L, Singh GS, Duarte CM,
Gattuso J-P. 2013. Impacts of ocean acidification on marine organisms: quantifying
sensitivities and interaction with warming. Global Change Biology 19:1884–1896
DOI 10.1111/gcb.12179.

Kroeker KJ, Micheli F, Gambi MC, Martz TR. 2011. Divergent ecosystem responses
within a benthic marine community to ocean acidification. Proceedings of the
National Academy of Sciences of the United States of America 108:14515–14520
DOI 10.1073/pnas.1107789108.

Kwiatkowski L, Gaylord B, Hill T, Hosfelt J, Kroeker KJ, Nebuchina Y, Ninokawa A,
Russell AD, Rivest EB, SesboüéM, Caldeira K. 2016. Nighttime dissolution in a
temperate coastal ocean ecosystem increases under acidification. Scientific Reports
6:22984 DOI 10.1038/srep22984.

Lubchenco J. 1978. Plant species diversity in a marine intertidal community: importance
of herbivore food preference and algal competitive abilities. The American Naturalist
112:23–39 DOI 10.1086/283250.

Maberly SC. 1990. Exogenous sources of inorganic carbon for photosynthesis by marine
macroalgae. Journal of Phycology 26:439–449 DOI 10.1111/j.0022-3646.1990.00439.x.

Nielsen KJ, Stachowicz JJ, Carter H, Boyer K, BrackenM, Chan F, Chavez F, Hovel K,
Kent M, Nickols K, Ruesink J, Tyburczy J, Wheeler S. 2018. Emerging understanding
of the potential role of seagrass and kelp as an ocean acidification management tool in
California. Oakland: California Ocean Science Trust.

NOAA. 2016.NOAA tide predictions: Bodega Harbor entrance, CA, 2016. Silver Springs:
National Ocean Service.

Orr JC, Fabry VJ, Aumont O, Bopp L, Doney SC, Feely RA, Gnanadesikan A, Gruber
N, Ishida A, Joos F, Key RM, Lindsay K, Maier-Reimer E, Matear R, Monfray
P, Mouchet A, Najjar RG, Plattner G-K, Rodgers KB, Sabine CL, Sarmiento JL,
Schlitzer R, Slater RD, Totterdell IJ, Weirig M-F, Yamanaka Y, Yool A. 2005.
Anthropogenic ocean acidification over the twenty-first century and its impact on
calcifying organisms. Nature 437:681–686 DOI 10.1038/nature04095.

Orth RJ, Carruthers TJB, DennisonWC, Duarte CM, Fourqurean JW, Heck KL,
Hughes AR, Kendrick GA, KenworthyWJ, Olyarnik S, Short FT,Waycott M,
Williams SL. 2006. A global crisis for seagrass ecosystems. BioScience 56:987–996
DOI 10.1641/0006-3568(2006)56[987:AGCFSE]2.0.CO;2.

Pfister CA. 1995. Estimating competition coefficients from census data: a test with
field manipulations of tidepool fishes. The American Naturalist 146:271–291
DOI 10.1086/285798.

Pfister CA, Roy K,Wootton JT, McCoy SJ, Paine RT, Suchanek TH, Sanford E. 2016.
Historical baselines and the future of shell calcification for a foundation species in a

Bracken et al. (2018), PeerJ, DOI 10.7717/peerj.4739 17/19

https://peerj.com
http://dx.doi.org/10.5194/bg-14-31-2017
http://dx.doi.org/10.1111/gcb.12179
http://dx.doi.org/10.1073/pnas.1107789108
http://dx.doi.org/10.1038/srep22984
http://dx.doi.org/10.1086/283250
http://dx.doi.org/10.1111/j.0022-3646.1990.00439.x
http://dx.doi.org/10.1038/nature04095
http://dx.doi.org/10.1641/0006-3568(2006)56[987:AGCFSE]2.0.CO;2
http://dx.doi.org/10.1086/285798
http://dx.doi.org/10.7717/peerj.4739


changing ocean. Proceedings of the Royal Society B: Biological Sciences 283:20160392
DOI 10.1098/rspb.2016.0392.

Price NN, Martz TR, Brainard RE, Smith JE. 2012. Diel variability in seawater pH
relates to calcification and benthic community structure on coral reefs. PLOS ONE
7:e43843 DOI 10.1371/journal.pone.0043843.

Riebesell U, Fabry VJ, Hansson L, Gattuso J-P. 2011.Guide to best practices for ocean
acidification research and data reporting. Luxembourg: Publications Office of the
European Union DOI 10.2777/66906.

Sabine CL, Feely RA, Gruber N, Key RM, Lee K, Bullister JL, Wanninkhof R,Wong CS,
Wallace DWR, Tilbrook B. 2004. The oceanic sink for anthropogenic CO2. Science
305:367–371 DOI 10.1126/science.1097403.

Semesi IS, Beer S, BjörkM. 2009. Seagrass photosynthesis controls rates of calcification
and photosynthesis of calcareous macroalgae in a tropical seagrass meadow.Marine
Ecology Progress Series 382:41–47 DOI 10.3354/meps07973.

Silbiger NJ, Guadayol Ò, Thomas FI, DonahueMJ. 2014. Reefs shift from net accretion
to net erosion along a natural environmental gradient.Marine Ecology Progress Series
515:33–44 DOI 10.3354/meps10999.

Silbiger NJ, Sorte CJB. 2018. Biophysical feedbacks mediate carbonate chemistry
in coastal ecosystems across spatiotemporal gradients. Scientific Reports 8:796
DOI 10.1038/s41598-017-18736-6.

Smallegange RC, SchmiedWH, Van Roey KJ, Verhulst NO, Spitzen J, MukabanaWR,
TakkenW. 2010. Sugar-fermenting yeast as an organic source of carbon dioxide
to attract the malaria mosquito Anopheles gambiae.Malaria Journal 9:Article 292
DOI 10.1186/1475-2875-9-292.

Solórzano L. 1969. Determination of ammonia in natural waters by the phenolhypochlo-
rite method. Limnology and Oceanography 14:799–801 DOI 10.4319/lo.1969.14.5.0799.

Sorte CJB, BrackenMES. 2015.Warming and elevated CO2 interact to drive rapid shifts
in marine community production. PLoS ONE 10:e0145191
DOI 10.1371/journal.pone.0145191.

Steneck RS, GrahamMH, Bourque BJ, Corbett D, Erlandson JM, Estes JA, Tegner
MJ. 2002. Kelp forest ecosystems: biodiversity, stability, resilience and future.
Environmental Conservation 29:436–459 DOI 10.1017/S0376892902000322.

Stepien CC, Pfister CA,Wootton JT. 2016. Functional traits for carbon access in
macrophytes. PLOS ONE 11:e0159062 DOI 10.1371/journal.pone.0159062.

Tans P, Keeling R. 2017. Trends in atmospheric carbon dioxide. Boulder: NOAA Earth
Systems Research Laboratory.

Thomsen J, GutowskaMA, Saphörster J, Heinemann A, Trübenbach K, Fietzke J,
Hiebenthal C, Eisenhauer A, Körtzinger A,Wahl M. 2010. Calcifying invertebrates
succeed in a naturally CO2-rich coastal habitat but are threatened by high levels of
future acidification. Biogeosciences 7:3879–3891 DOI 10.5194/bg-7-3879-2010.

WahlM, Covachã SS, Saderne V, Hiebenthal C, Müller JD, Pansch C, Sawall Y.
2018.Macroalgae may mitigate ocean acidification effects on mussel calcification

Bracken et al. (2018), PeerJ, DOI 10.7717/peerj.4739 18/19

https://peerj.com
http://dx.doi.org/10.1098/rspb.2016.0392
http://dx.doi.org/10.1371/journal.pone.0043843
http://dx.doi.org/10.2777/66906
http://dx.doi.org/10.1126/science.1097403
http://dx.doi.org/10.3354/meps07973
http://dx.doi.org/10.3354/meps10999
http://dx.doi.org/10.1038/s41598-017-18736-6
http://dx.doi.org/10.1186/1475-2875-9-292
http://dx.doi.org/10.4319/lo.1969.14.5.0799
http://dx.doi.org/10.1371/journal.pone.0145191
http://dx.doi.org/10.1017/S0376892902000322
http://dx.doi.org/10.1371/journal.pone.0159062
http://dx.doi.org/10.5194/bg-7-3879-2010
http://dx.doi.org/10.7717/peerj.4739


by increasing pH and its fluctuations. Limnology and Oceanography 63:3–21
DOI 10.1002/lno.10608.

Weiss RF. 1974. Carbon dioxide in water and seawater: the solubility of a non-ideal gas.
Marine Chemistry 2:203–215 DOI 10.1016/0304-4203(74)90015-2.

Wolf-GladrowDA, Zeebe RE, Klaas C, Körtzinger A, Dickson AG. 2007. Total alka-
linity: the explicit conservative expression and its application to biogeochemical
processes.Marine Chemistry 106:287–300 DOI 10.1016/j.marchem.2007.01.006.

Wootton JT, Pfister CA, Forester JD. 2008. Dynamic patterns and ecological impacts
of declining ocean pH in a high-resolution multi-year dataset. Proceedings of the
National Academy of Sciences of the United States of America 105:18848–18853
DOI 10.1073/pnas.0810079105.

Bracken et al. (2018), PeerJ, DOI 10.7717/peerj.4739 19/19

https://peerj.com
http://dx.doi.org/10.1002/lno.10608
http://dx.doi.org/10.1016/0304-4203(74)90015-2
http://dx.doi.org/10.1016/j.marchem.2007.01.006
http://dx.doi.org/10.1073/pnas.0810079105
http://dx.doi.org/10.7717/peerj.4739

