UC Irvine
UC Irvine Previously Published Works

Title

Biophysical feedbacks mediate carbonate chemistry in coastal ecosystems across
spatiotemporal gradients

Permalink

https://escholarship.org/uc/item/56m2r4v3

Journal
Scientific Reports, 8(1)

ISSN
2045-2322

Authors
Silbiger, Nyssa |
Sorte, Cascade |B

Publication Date
2018

DOI
10.1038/s41598-017-18736-6

Peer reviewed

eScholarship.org Powered by the California Diqgital Library

University of California


https://escholarship.org/uc/item/56m2r4v3
https://escholarship.org
http://www.cdlib.org/

SCIENTIFIC REPLIRTS

Biophysical feedbacks mediate
carbonate chemistry in coastal
ecosystems across spatiotemporal
e gradients

Published online: 15J 2018 o
ublistied ontie: 1> Jahuary Nyssa J. Silbiger®*?> & Cascade J. B. Sorte!

Ocean acidification (OA) projections are primarily based on open ocean environments, despite the
ecological importance of coastal systems in which carbonate dynamics are fundamentally different.
Using temperate tide pools as a natural laboratory, we quantified the relative contribution of
community composition, ecosystem metabolism, and physical attributes to spatiotemporal variability
in carbonate chemistry. We found that biological processes were the primary drivers of local pH

. conditions. Specifically, non-encrusting producer-dominated systems had the highest and most

. variable pH environments and the highest production rates, patterns that were consistent across sites
spanning 11° of latitude and encompassing multiple gradients of natural variability. Furthermore, we

. demonstrated a biophysical feedback loop in which net community production increased pH, leading

. to higher net ecosystem calcification. Extreme spatiotemporal variability in pH is, thus, both impacting

© and driven by biological processes, indicating that shifts in community composition and ecosystem
metabolism are poised to locally buffer or intensify the effects of OA.

: Ocean acidification (OA) is a significant and increasing threat to marine ecosystems! . One-third of anthro-
© pogenic CO, emissions have been absorbed by the ocean?, leading to a decrease in ocean pH of ~0.1 pH units
. since pre-industrial times>”. To date, OA projections and experimental scenarios are based primarily on
. well-mixed, open ocean conditions>**', but carbonate dynamics in coastal ecosystems are fundamentally dif-
© ferent’. Understanding these dynamics is essential given that OA threatens many goods and services provided
- by coastal ecosystems'!. Despite representing only a small fraction of the ocean (~7% is shallower than 200 m),
. coastal ecosystems contribute disproportionately to marine primary production (~25% of the ocean total) and
. fisheries catch (~90%)'>!%. Coastal systems are also disproportionately impacted by humans as the majority of
. the world’s population lives within 100 km of coastlines'*. Given the rising threat of OA to vital coastal resources,
. there is a fundamental need to understand the drivers of spatiotemporal variability in carbonate chemistry in
: coastal ecosystems.

Coastal ecosystems are embedded in a highly dynamic pH environment in which biological processes can
strongly influence local pH conditions®!>1¢. Within a single day, pH can range from 7.6 to 8.0 on a shallow
coral reef' and from 7.2 to 9.0 in a temperate intertidal zone!”'8. These ranges are, respectively, 2 and 9 times
greater than the predicted “end-of-the-century” change in global pH>®. This level of natural variability likely

: reflects biological processes, which can both drive and respond to changes in ocean pH, thereby creating bio-

. physical feedback loops. For example, OA enhances photosynthesis in many fleshy macroalgal species and

. seagrasses'’, and photosynthesis and respiration have opposing effects on CO, concentration, increasing and
decreasing pH, respectively. OA also typically decreases calcification in organisms with CaCOj shells or skel-
etons?®?!. Furthermore, calcification and dissolution also drive pH through shifts in the concentration of dis-
solved inorganic carbon and total alkalinity in which calcification decreases pH while dissolution increases it?.
Therefore, shifts in metabolic processes in response to OA could feed back to further change the local biogeo-
chemical environment.
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USA. 2Department of Biology, California State University, Northridge, 18111 Nordhoff Street, Northridge, CA, 91330,
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Figure 1. Seawater pH at sites on the U.S. West Coast. pH (total scale) over time during the (a,c,e,g) daytime
and (b,d,fh) nighttime sampling for (a,b) Bob Creek, OR, (c,d) Bodega Bay, CA, (e,f) Monterey Bay, CA, and
(g,h) Corona del Mar, CA. Data are from tide pools (black) and the adjacent ocean (grey). The map was made
with ArcGIS (ESRI. 2015. ArcGIS Desktop: Release 10.4.1. Redlands, CA: Environmental Systems Research
Institute, www. arcgis.com).

Both positive and negative feedbacks between carbonate chemistry and reef metabolism have been demon-
strated on coral reefs?>*-2%, For example, along the Florida Reef Tract, seasonal changes in net photosynthesis and
net respiration led to seasonal fluctuations in aragonite saturation state (Q,,,¢) and, thus, pH”’. The shifting Q,,,
drove changes in net calcification and dissolution and, in turn, the seasonal changes in calcification and dissolu-
tion offset changes in Q,,, creating positive feedbacks in the spring/summer (higher net photosynthesis leading
to higher net calcification) and negative feedbacks in the fall/winter (higher net respiration leading to lower net
calcification, and, in some locations, even net dissolution)?®. While biological feedbacks have been described on
coral reefs, latitudinal patterns in community metabolism and biological feedbacks are less well known in tem-
perate ecosystems.

Community composition is set to play an important role in driving positive or negative feedbacks in local pH
conditions®, given species’ differing roles in ecosystem metabolism and impacts of shifting CO, environments
on benthic communities>***. For example, autotrophs (producers) drive increases in pH during the day through
photosynthesis and decreases at night, whereas heterotrophs (consumers) always decrease pH by respiring CO,.
Biological feedbacks with pH are also likely to depend on the context of covarying physical (e.g., light, tempera-
ture, residence time) and chemical factors (e.g., dissolved oxygen) which can affect community interactions and
metabolic rates**2. As coastal habitats with high producer biomass are declining globally®*, it is critical that we
understand how shifts in community composition will impact local pH environments in the context of natural
and highly variable coastal ecosystems.

The goals of this study were to evaluate the relationships and feedbacks between community composition,
ecosystem metabolism, and local pH conditions to, ultimately, determine the potential for local buffering or
intensification of OA. Natural in situ studies are essential for assessing context-dependency of biological pro-
cesses*. Tide pools can be used as natural laboratories for addressing these goals because they are essentially
closed systems during low tides; therefore, biogeochemical changes are primarily driven by quantifiable local
processes. Within 57 tide pools spanning four sites from southern California to central Oregon, USA (Fig. 1), we
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Figure 2. Community composition and physical attributes of tide pool systems. (a) NMDS plot of community
composition across tide pools grouped by site (2D stress = 0.19). (b) Average relative abundance (percent cover)
of functional group across n=13-15 tide pools per site. Colors represent functional groups with invertebrates
in grey (dark grey is the percent of invertebrates that are mussels), non-coralline crust in red, surf grass in light
green, coralline algae in pink, fleshy algae in dark green, and bare rock in black. (c) PCA of tide pool physical
attributes. Values are PC scores for individual tide pools colored by site, and arrows indicate loadings of each
variable. PC axes 1 and 2 explain 55% and 19% of the variance.

characterized community composition and physical attributes, and we quantified ecosystem metabolism during
daytime and nighttime sampling events. Specifically, we (i) tested the relative effect of producer dominance (the
relative abundance of non-encrusting producers versus consumers), ecosystem metabolism, tide pool physical
attributes, temperature, and light availability on local pH conditions (mean and variability), and (ii) determined
the importance of biological feedbacks between pH and key metabolic rates, particularly net community produc-
tion (NCP = gross primary production — respiration) and net ecosystem calcification (NEC = gross calcification
— gross CaCOj dissolution). These findings underscore the importance of understanding biophysical feedbacks
in coastal ecosystems in order to predict whether biological processes will locally buffer or amplify the impacts
of ocean acidification.

Results

Tide Pool Characterization. Tide pools were characterized in terms of both their biological communities
and their physical characteristics. The tide pool communities varied substantially both within sites and across
the latitudinal gradient (Fig. 2, Table S1). The 57 tide pool communities were most similar within sites, with the
two mid-coast sites (Bodega Bay, CA and Monterey Bay, CA) having the greatest overlap in species composition
(Fig. 2a). Across the latitudinal gradient, invertebrates (mostly the mussel Mytilus californianus) and fleshy algae
increased, while crustose coralline cover decreased, with increasing latitude (Fig. 2b). Overall, the biomass of
non-encrusting producers and consumers both increased from south to north. Our PCA analysis of physical tide
pool attributes indicated that PC1 was driven primarily by pool size (perimeter, max depth, surface area, volume,
surface area-to-volume ratio) and explained 55% of the variation in the data, while PC2 was driven by differences
in pool location with respect to the ocean (relative tide height) and explained 19% of the variation (Fig. 2c). These
physical attributes varied within sites, but there were no differences in physical characteristics when they were
compared across the four sites (Fig. 2¢, Table S2).

pH Variability Across Spatiotemporal Gradients. There was marked pH variability both within and
across tide pools (Fig. 1) as evident from daytime and nighttime low tide water sampling events. Diel pH varia-
bility during low tide ranged from 0.5 to 1.1 at Corona del Mar, 0.4 to 1.2 at Monterey Bay, 0.5 to 1.7 at Bodega
Bay, and 0.1 to 1.8 units at Bob Creek (Table S2). Mean pH also varied considerably between daytime (7.20-8.90)
and nighttime (7.09-7.78) sampling events across all 57 tide pools. Additionally, there was substantial spatial
variability in the adjacent ocean pH samples. Average ocean pH decreased with increasing latitude, from 8.12
at Corona del Mar to 7.87 at Bob Creek (Table S2). However, tide pool pH was largely de-coupled from adjacent
ocean pH during low tide. The site with the lowest oceanic pH (Bob Creek) was also the site with the highest pH
recorded across all 57 tide pools (8.9 pH units; Fig. 1). Values for the remaining carbonate parameters are available
in supplemental Table S2.

Biological versus Physical Drivers of pH.  We tested the relative effect of non-encrusting producer dom-
inance (fleshy macroalgae + surf grass — invertebrates; hereafter referred to as “producer dominance”), ecosys-
tem metabolism, light availability, temperature, and tide pool physical attributes on pH mean and range across
the latitudinal gradient. The biological parameters (producer dominance and ecosystem metabolism) were con-
sistently the primary drivers of local pH conditions (Fig. 3). Specifically, non-encrusting producer-dominated
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Figure 3. Relative effect of biological and physical parameters on mean and range in tide pool pH. Standardized
effect sizes for the pH mean (Table S4; grey) and the pH range (Table S3; black) models. Predictor variables are
producer dominance (% cover of non-encrusting producers — % cover of consumers), ecosystem metabolism
(TA/DIC slopes), pool size (PC1; Fig. 3), pool location (PC2; Fig. 3), log-transformed integrated PAR,

and temperature (mean and range for the mean and range pH models, respectively). The pH mean model

also included an interaction term for time of day (day or night) with producer dominance and ecosystem
metabolism. Values are effect sizes +95% CI. All predictors and response variables were standardized, and
values with 95% ClISs that do not cross zero are considered statistically significant.

pools had the highest and most variable pH environments (P < 0.001, Figs 3 and 4a,c, Tables S3, S4), whereas
consumer-dominated pools had lower pH values, with minimal differences in pH between day and night across
the latitudinal gradient (P < 0.001, Fig. 4c). Further, producer dominance caused a divergence between tide pool
and ocean pH (P < 0.001, Fig. 4e). Specifically, for every 10% increase in producer dominance, there was a 0.08
unit increase in pH relative to the ocean (Fig. 4e, Table S5). pH conditions were also driven by ecosystem metab-
olism (Fig. 3, Tables S3, S4), defined here as the relationship between total alkalinity (TA) and dissolved inorganic
carbon (DIC). As we expected, tide pools with more non-encrusting producers had lower TA/DIC slopes due to
high rates of NCP (P=0.009, Fig. 4f, Table S6), and lower TA/DIC slopes were associated with more variable pH
environments (P=0.03, Fig. 4b). The most productive pools also had increased mean pH relative to other pools
during the day but not at night (Day/Night interaction P=0.01, Figs 3, 4d). None of the physical parameters
significantly affected pH range (Fig. 3, Table S3). However, there was a slightly positive effect of temperature on
mean pH (P=0.05, Fig. 3, Table S4) and a significant relationship between mean pH and pool size (P=0.01,
Fig. 3, Table S4). Even so, the effect of pool size was negligible compared to producer dominance and ecosystem
metabolism, whose impacts on pH were, respectively, 17.5 and 13.5 times higher.

We uncovered strong biophysical feedbacks at all four study sites, with NCP and NEC both driving and
responding to changes in pH. Specifically, CO, fixation (NCP) increased pH (P < 0.0001, Fig. 5a and Table S7)
which in turn increased NEC (P < 0.0001; Fig. 5¢, Table S8), creating a biophysical feedback loop. NCP and NEC
were also positively correlated (P < 0.0001; Fig. 5b and Table S9), and there was a significant interaction with site
for all three models (P < 0.002; Fig. 5, Tables S7-S9). Interestingly, the effect of NCP on NEC was strongest at
Bob Creek, the site with the highest abundance of macrophytes and also highest calcification rates (Table S10).
Furthermore, dissolved oxygen (DO) and pH were highly correlated (P < 0.001, R*=0.72; Figs S1, S2), indicating
that changes in pH are tightly coupled with production and respiration rates.

Discussion
The coastal systems studied here exhibited extreme spatiotemporal variability in pH that is both affecting and
largely driven by biological processes. Specifically, producer dominance and ecosystem metabolism had a com-
manding influence over the mean and range in tide pool pH (Figs 3 and 4a,c), and this pattern persisted across
unique biological and physicochemical environments at sites spanning ~1,800 km of coastline (Fig. 2, Table S2).
Pools with the highest relative amount of non-encrusting producers always had the highest and most variable pH
environments, and had significantly different mean pH values between daytime and nighttime sampling events
(Figs 3, 4). This relationship holds true across all 57 tide pools, independent of latitude. Two processes likely
drove the major differences in daily pH variability between producer- and consumer-dominated pools. First,
both producers and consumers always respire, whereas producers also photosynthesize, increasing pH during
daylight hours. Therefore, nighttime respiration rates were likely driven by the total biomass of organisms in each
pool as opposed to daytime when pH conditions diverged between producer- and consumer-dominated pools
(Fig. 4¢). Second, nighttime respiration was limited by oxygen availability as pools became rapidly hypoxic at
night (Fig. S2). pH quickly stabilized (i.e., the difference in pH between sampling times decreased) and average
pH became similar across pools regardless of producer dominance or tide pool physical attributes (Figs 1 and
4c,d). These results in a dynamic natural ecosystem are consistent with findings from controlled laboratory exper-
iments that fleshy macroalgae can increase mean and variance in pH>>*, highlighting the exceptional ability of
producers to control local pH conditions.

The relationships between pH, NCP, and NEC illustrate the importance of biophysical feedbacks in coastal
ecosystems (Fig. 5). Here, pH both drove and mediated critical ecosystem functions. The fact that producer domi-
nance was a significant driver of both pH and ecosystem metabolism further highlights the key role of community
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Figure 4. Relationships between producer dominance and ecosystem metabolism with pH in (a,b) range and
(c,d) mean pH models. pH was influenced by (a,c) producer dominance (% cover of non-encrusting producers
- % cover of consumers) and (b,d) ecosystem metabolism (TA/DIC slopes). Mean pH values (c,d) are shown for
day (light grey) and night (dark grey) sampling. Panel (e) shows the relationship between producer dominance
and pH divergence (the max difference in pH between the tide pool and the adjacent ocean sample). Panel

(f) shows the relationship between ecosystem metabolism and producer dominance. ANOVA and summary
results for all models are in Tables S3-S6. Values are from n =57 tide pools, with best-fit lines and shaded 95%
Cls. Symbols are Courtesy of the Integration and Application Network, University of Maryland Center for
Environmental Science (ian.umces.edu/symbols/).
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Figure 5. Feedback loop between pH and ecosystem functioning in coastal ecosystems. Community
composition and ecosystem metabolism influence pH via photosynthesis and respiration rates (black arrow).
NCP drives pH, in turn influencing calcification and dissolution (grey arrow). Our results show that (a)

net community production (NCP) has a positive effect on pH (Table S7), (b) pH has a positive effect on net
ecosystem calcification (NEC) (Table S8), and (c) NCP has a positive effect on NEC (Table S9). Values are
for individual tide pools, colored by site. Symbols are Courtesy of the Integration and Application Network,
University of Maryland Center for Environmental Science (ian.umces.edu/symbols/).

composition in determining the strength of this biological feedback loop. However, other environmental con-
ditions also vary across coastal systems and can influence the feedbacks between pH and ecosystem processes.
For example, mean pH was related to pool size (Fig. 3, Table S4), a factor controlling seawater residence time in
the pools which is known to amplify or dampen biologically-driven pH variation®. Increased temperature also
tended to increase pH mean (Fig. 3), possibly by decreasing CO, solubility. Environmental conditions can also
indirectly influence pH dynamics as multiple parameters including temperature, light availability, and nutrients
mediate NCP and NEC rates!”?%*. Such indirect effects are missing from many current OA projections that are
based on open ocean data and from laboratory experiments that attempt to minimize factors driving pH varia-
bility (but see**-#2). Several of these parameters are predicted to change in the future along with ocean pH, under-
scoring the need to incorporate natural variability and feedbacks from multiple parameters in OA projections.
The California Current System has extensive spatiotemporal variability in its physicochemical environment,
especially with respect to pH*>*, likely due to regional differences in upwelling dynamics*. From our southern
to northern study sites, which spanned ~11° in latitude, mean oceanic pH decreased from 8.12 to 7.87 (Table S2).
However, tide pool pH was de-coupled from ocean pH during low tide, highlighting the capacity for local com-
munities to buffer changes in open ocean chemistry. For example, communities at the northernmost site (Bob
Creek) experienced the lowest ocean pH, but also had the highest tide pool pH (Fig. 1a,b) and highest within-site
pH variability, including a 3 orders of magnitude increase in pH range from the most stable pool (7.16-7.29) to
the most variable pool (7.14-8.9). Notably, a change in pH of 1.77 units over 12 hours in the most variable pool
is nearly 9 times the predicted change in pH over a century?®. This is because, while having the highest cover of
calcifying invertebrates (mostly mussels Mytilus californianus; Fig. 2b) and highest average NEC rate (Table S10),
Bob Creek pools also contained the greatest cover of non-encrusting producers (Fig. 2b). Specifically, the pool
that had the highest relative amount of non-encrusting producers was 0.85 pH units higher than the adjacent
ocean (Fig. 4e). Notably, the pool with the highest relative cover of consumers (also at Bob Creek) also deviated
substantially from the ocean, dropping pH by 0.4 units relative to the ocean (Fig. 4e). Therefore, the community
composition of the pools is driving pH further away from background conditions. Indeed, further research on
how these communities respond to changing global conditions over the next 50-100 years—and especially how
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time averaged pH of each tide pool will track ocean pH conditions—is necessary for understanding how local pH
conditions will change in the future.

Conversely, Corona del Mar, a site dominated by encrusting corallines with little fleshy macroalgal or inver-
tebrate cover (Fig. 2b), had the lowest variability in tide pool pH with less than an order of magnitude increase in
the pH range from the most stable pool (7.76-8.26) to the most variable pool (7.58-8.56) (Fig. 1g,h). pH values
were most similar between tide pools and the adjacent ocean at Corona del Mar (difference between tide pool
and ocean pH ranged from —0.02 to 0.31 across all pools), suggesting that these systems are more likely to be
affected by changes in average ocean pH than pools at the other three sites. As producer dominance is a crucial
driver of this decoupling of local pH from oceanic conditions, alterations to community composition via human
disturbance***” or global changes in temperature*”* are likely to diminish the capacity of coastal ecosystems to
locally buffer OA and maintain ecosystem functioning.

Prior studies have suggested that producer-dominated systems, such as seagrass beds and kelp forests, could
act as local refugia from OA because of their ability to elevate daytime pH*»*. However, it is still unclear whether
increasing daytime pH (and diel variability) can benefit calcifiers when high nighttime respiration rates in these
systems create corrosive conditions. A recent laboratory study showed higher calcification rates in oscillating
relative to stable pCO, environments in corals, possibly because they can store carbon (in the form of HCO;™)
at night when pCO, is high®. Another field study demonstrated that calcification may be more related to the
number of hours spent at high pH rather than the mean®. Further, a recent study demonstrated that the mussel,
Mytilus edulis, can increase calcification rates in the presence of dense macrophyte communities by shifting calci-
fication activity to the day when pH is high®. Here, calcifiers experienced extreme swings in pH over a diel cycle
(Fig. 1) and were consistently exposed to under-saturated waters at night (Table S2), yet the tide pool systems still
maintained high abundances of invertebrate calcifiers and high rates of daytime NEC (Table S10). In other words,
invertebrate calcifiers are not just persisting in these extremely variable pH conditions; they are thriving, suggest-
ing that pH buffering is important even under present day conditions. It is important to note, however, that local
pH buffering will not adequately alter global changes in ocean pH>*. Further, long-term studies are needed to
quantify the response of tide pool pH to global changes in ocean acidity.

Interestingly, we documented a latitudinal pattern in community composition that parallels the current under-
standing of how different types of algae respond to ocean pH. Specifically, ocean pH decreased from south to north,
and across this gradient, there was a transition from high crustose coralline cover to high fleshy macroalgal cover
(Fig. 2b). Coralline algae are highly sensitive to pH™, and studies at natural CO, vents have shown a shift from cor-
alline to fleshy algal dominance in closer proximity to these vents®**”. The gradient in ocean pH from south to north
could be facilitating the shift from calcifying to non-calcifying algae, which in turn could be creating a favorable
environment for mussels. (Notably, nutrients and several other factors also varied across our latitudinal gradient and
nutrient availability can differentially affect fleshy and coralline algae®*-%?). Mussels are also the dominant calcifiers
in other low and variable pH environments, such as in the Kiel Fjord® and, therefore, may be better at withstanding
“harsh” pH environments than other calcifiers. However, pH conditions in this study were only measured during low
tide, when the tide pools are separated from the ocean. During high tide, the mussels (and other calcifiers) may get a
reprieve from corrosive pH environments, which could also be facilitating their persistence.

This study explicitly included the natural variability of coastal ecosystems, rather than attempting to control
it, finding strong and consistent evidence for biological drivers of pH conditions. Previous laboratory studies,
primarily focused on coral reef organisms, demonstrated that individuals®® and community interactions®>*? can
alter local pH, and targeted field studies have quantified the contribution of either ecosystem metabolism or
community composition to local pH in coral reef?>*+2627:62_ seagrass bed**, kelp forest>®*, and rocky inter-
tidal systems'”?*%, The present study, however, reveals the importance of community composition in mediating
biological feedbacks at sites across a latitudinal gradient with unique physical, biological, and chemical environ-
ments. Further, we show here that biological feedbacks have a major impact on ecosystem functioning, as pH
is both driven by and mediating ecosystem metabolism. The robustness of this feedback loop is a conduit for
ecosystems to naturally buffer themselves from the increasing threat of ocean acidification.

Materials and Methods

Study Sites and Tide Pool Characterization. To test the relative effect of producer dominance, eco-
system metabolism and physical attributes on pH variability, tide pool habitats were characterized at four sites
from southern California to central Oregon spanning approx. 11 degrees of latitude: Corona del Mar, CA (n=14
pools), Monterey Bay, CA (n=13 pools), Bodega Bay, CA (n=15 pools), and Bob Creek, OR (n=15 pools,
Fig. 1). All data were collected between July and September 2016. Pools were selected haphazardly within the
mid to high intertidal zone, assuring a range of different physical and biological characteristics to represent the
spectrum of local habitats.

Tide pools were characterized in terms of both their physical characteristics and their biological communities.
The measured physical attributes of each pool included tide height, maximum depth, water volume, perimeter,
bottom surface area, and ratio of bottom surface area to volume. Tide heights were surveyed with a laser level
and were normalized to the maximum tidal extent at each site to account for variation in tidal amplitude across
the latitudinal gradient. Maximum depth was measured with a standard ruler at the deepest point in the pool,
and pool volume was estimated using dye dilution assays on a spectrophotometer®. A flexible mesh quadrat with
10 x 10 cm squares was placed over the bottom of each pool to estimate surface area, and a demarcated chain
was spread along the edge of each pool to measure perimeter.

To determine community composition, water was temporarily removed from each pool with a hand-pump
and a flexible mesh quadrat was spread along the bottom. Percent cover of all sessile organisms was estimated by
visual surveys®, while individual mobile organisms were counted and converted to percent cover as described
in the supplemental text (Supplemental Methods). Taxa were identified to the lowest possible taxonomic
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unit (Table S1) and then grouped as either producers or consumers for calculation of “producer dominance”.
Community percent cover could exceed 100% due to canopy layering within the pools, and relative cover of each
functional group was calculated as the percent cover of each group divided by total cover in each pool. All physi-
cal and biological measurements were taken at least 24 h before the water sampling events, ensuring that the tide
pools were flushed with ocean water at least twice before water sampling occurred.

Biogeochemical Characterization of Tide Pool Seawater. To characterize the physicochemical environ-
ments within pools and calculate metabolic rates, daytime and nighttime water sampling was conducted during
low tide at each site. All data from this study were collected in a hierarchical design with time points (five or six
samples) nested within time of day (day or night), tide pools, and sites. In each pool and the adjacent ocean, discrete
water samples (400 ml) were collected hourly through tubing connected to a sealed plastic Erlenmeyer flask using
a hand-pump over a 6-hour period (note: samples were collected only during a 5-hour period at night in Corona
del Mar due to the timing at which pools were flushed by the rising tide). Tide pool water samples were collected
right above the benthos, and adjacent ocean samples were collected at the surface. Each water sample took approx.
5minutes to collect and process. Simultaneously, temperature, dissolved oxygen (DO), and salinity were measured
using a multi-parameter and ODO pro meter (YSI, Yellowsprings, OH, USA). YSI probes were calibrated within 24h
of each sampling period using standard calibration solutions. Wind speed was measured hourly using a hand-held
anemometer (HoldPeak HP-846A, Hong Kong). Continuous measurements of temperature and light intensity were
recorded at 1 min intervals using HOBO TidbiT temperature loggers and Pendant light loggers bolted to the center
of each tide pool (Onset Computer Corp., Bourne, MA). Light intensity (lumens m~2) was converted to photosyn-
thetically active radiation (PAR; pmol photons m~? s7!) following methods by Long et al.*.

Each discrete water sample was immediately divided into separate storage containers for analysis of pH, total
alkalinity (TA), and dissolved inorganic nutrients (NH,*, NO;~, PO,*"). All sampling and storage containers
were cleaned with 10% HCI, rinsed with MilliQ water, and rinsed three times with sample water. pH (total scale)
was measured immediately in 50 ml of seawater using an Orion Star Multiparameter Meter 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) for multipoint calibration to a tris standard from the Dickson Lab at Scripps Institution
of Oceanography following Dickson SOP 6a%. The glass electrode used to measure mV (converted to pH) was
calibrated within 24 h of each sampling event. TA samples were stored in 250 ml brown Nalgene® bottles and fixed
with 100 pl of 50% saturated HgCl, The remaining water was filtered through GF/F filters (0.7 um) with a syringe,
stored in 50 ml centrifuge tubes, and frozen at —20°C for dissolved inorganic nutrient analyses. In situ pH and the
remaining carbonate parameters were calculated using the seacarb package in R®®. We note that error propagation
for calculating Q,,, based on pH and TA is ~3.6% and longer-term studies should consider using TA and DIC®.

Sample Processing. Total alkalinity samples were analyzed using open-cell potentiometric titrations on
a Mettler-Toledo T50 auto-titrator following Dickson SOP 3b%. A certified reference material (CRM) from the
Dickson Lab at the Scripps Institution of Oceanography was analyzed at the beginning of each sample set. The
accuracy of the CRMs never deviated more than & 0.8% from the standard value, and TA measurements were
corrected for these deviations. NO;~ and PO,*~ analyses were conducted on a QuickChem 8500 (Lachat, USA),
and NH, " was analyzed using the phenol-hypochlorite method on a UV-1800 Shimadzu spectrophotometer”,
with standard curve R* values of >0.99 in all cases.

Net Ecosystem Calcification and Net Community Production Calculations. The total alkalinity
anomaly technique” was used to calculate hourly measurements of net ecosystem calcification (mmol CaCO,
m~2hr™!) with the following equation:

ATA -p-V

NEC =
2-SA -t (1)

ATA/2 is the difference in TA (mmol kg™!) between two consecutive time points, with one mole of CaCO,
formed per two moles of TA; p is the density of seawater (1023kgm™3); V is the volume of water in the pool
at each time point (m?); SA is the bottom surface area of the tide pool (m?); and ¢ is the time between sam-
pling points (h). TA was normalized to a constant salinity of 36 units to account for changes in evaporation, and
then corrected for dissolved inorganic nitrogen and phosphorus to account for their small contributions to the
acid-base system””. Positive NEC values represent net calcification while negative values represent net dissolution.
Differences in dissolved inorganic carbon (DIC), calculated from pH and TA using the seacarb package in
R, were used to calculate net community production rates (mmol C m~2 hr') using the following equation”:

ADIC-p- V. yre FCO,

SA-t @)
ADIC is the difference in salinity-normalized DIC (mmol kg™!) between consecutive time points, and NEC is
subtracted to account for changes in DIC by the precipitation or dissolution of CaCOs. Positive values represented
net photosynthesis while negative values indicate net respiration during that time interval. FCO, (mmol m—2
hr~!) is subtracted to account for the air-sea flux of CO, and is calculated as:

NCP =

FCO, = k-s- p(COZ—wuter - COZ*ﬂir) (3)
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where k is the gas transfer velocity (m h™'), and s is the solubility of CO, in seawater calculated from in situ tem-
perature and salinity’. CO, in air was assumed to be 400 patm based on concurrent measurements at the Mauna
Loa Observatory”. The CO, transfer velocity was based on wind measurements from the handheld anemometer
using the parameterization by Ho et al.”.

Data Analysis. Linear mixed effects models were used to (i) test the relative contribution of biological
and physical processes to pH variability, (ii) determine the relationship between producer dominance and the
de-coupling of ocean and tide pool pH, (iii) determine the relationship between producer dominance and eco-
system metabolism, and (iv) assess the relationship between pH, NCP, and NEC in the tide pool ecosystems. To
determine the relative contribution of producer dominance, ecosystem metabolism, tide pool physical attributes,
temperature, and integrated PAR on pH variability in tide pools, we constructed two models. First, we modeled
mean tide pool pH over the 5 or 6-h sampling period as the dependent variable with an interaction term for
whether samples were collected during the day or night, and the second model evaluated range in pH over the
entire sampling period (both day and night) as the dependent variable. To determine if producer dominance
led to the de-coupling of local pH from ocean pH during low tide, we tested the relationship between producer
dominance and the maximum difference between tide pool and ocean pH over the entire sampling period. We
also evaluated the relationship between producer dominance and ecosystem metabolism. Site was included as a
random intercept in all above models to account for site-level variability, and day/night was included as a random
intercept in the mean model to account for repeated measures within each pool. To test the relationship between
pH, NCP, and NEC across all time points, individual linear models were used with pool as a random effect and
site as an interaction term. Lastly, variance in community composition both within and across sites was visualized
with a nonmetric multidimensional scaling (NMDS) analysis using the Vegan package in R”’.

We evaluated producer dominance and ecosystem metabolism as biological processes that could influence car-
bonate dynamics in the pools. Producer dominance was calculated as the relative percent cover of non-encrusting
producers (macroalgae + surfgrass) minus percent cover of consumers (all invertebrates). Positive values indi-
cate non-encrusting producer-dominated communities, whereas negative values indicate consumer-dominated
communities. Encrusting algae were not included in this analysis because they had a very low contribution to
producer biomass in the pools” even though there was a high percent cover of them at the lower latitude sites.
As net production rates are likely more dependent on biomass than percent cover, including them would have
skewed the analysis. As a composite measure of ecosystem metabolism for each pool, we quantified the relation-
ship between TA and DIC across all time points (Fig. S3), where TA represents relative changes in calcification
versus dissolution (NEC) and DIC represents changes in production (NCP). TA/DIC slopes are commonly used
as an integrative measure of NEC and NCP**%27%, with higher TA/DIC slopes signifying greater changes in calci-
fication/dissolution per unit production/respiration across the entire time-series within each tide pool (Fig. S3).

Six physical attributes of the tide pools, light availability, and temperature were assessed as physical parameters
that could affect carbonate dynamics in the tide pools. To reduce dimensionality in the six physical attributes, we
conducted a principal components analysis (PCA). The first two axes were used to describe differences in physi-
cal attributes in all subsequent analyses. PAR was integrated between the first and last water sample collected for
each pool and represents the cumulative amount of light available in each pool. PAR was log transformed to meet
model assumptions. Temperature was the mean or range over each sampling period for the mean and range pH
models, respectively.

Normality and homoscedasticity were assessed visually for all models using quantile-quantile plots and box
plots of residuals by grouping factors, respectively. Heteroskedasticity of the pH mean model (between day and
night sampling events) led us to use the Varldent function to allow for unequal variances between daytime and
nighttime sampling events. Subsequent models met all model assumptions. We checked for multicollinearity
using variance inflation factors, which were <2 for all predictors indicating no collinearity (Table S11). We tested
for non-linearity in our models, but found none. Therefore, we used linear relationships in all statistical models.
All mixed effects models were run using the nlme package in R¥.

Data accessibility statement. All data and code used for this study are available at https://github.com/
njsilbiger/Biophysical_feedbacks_in_coastal_ecosystems.

References
1. Hofmann, G. E. et al. The effect of ocean acidification on calcifying organisms in marine ecosystems: an organism-to-ecosystem
perspective. Annual Review of Ecology, Evolution, and Systematics 41, 127-147 (2010).
2. Doney, S. C., Fabry, V. ], Feely, R. A. & Kleypas, J. A. Ocean Acidification: The Other CO, Problem. Annual Review of Marine Science
1, 169-192, https://doi.org/10.1146/annurev.marine.010908.163834 (2009).
3. Sunday, J. M. et al. Ocean acidification can mediate biodiversity shifts by changing biogenic habitat. Nature Climate Change 7, 81-85 (2017).
4. Sabine, C. L. et al. The oceanic sink for anthropogenic CO,. Science 305, 367-371 (2004).
5. Orr, J. C. et al. Anthropogenic ocean acidification over the twenty-first century and its impact on calcifying organisms. Nature 437,
681-686, https://doi.org/10.1038/nature04095 (2005).
6. Caldeira, K. & Wickett, M. E. Oceanography: anthropogenic carbon and ocean pH. Nature 425, 365-365 (2003).
7. Feely, R. A. et al. Impact of anthropogenic CO, on the CaCO; system in the oceans. Science 305, 362-366 (2004).
8. Bopp, L. et al. Multiple stressors of ocean ecosystems in the 21st century: projections with CMIP5 models. Biogeosciences 10,
3627-3676 (2013).
9. Duarte, C. M. et al. Is Ocean Acidification an Open-Ocean Syndrome? Understanding Anthropogenic Impacts on Seawater pH.
Estuaries and Coasts 36, 221-236 (2013).
10. Browman, H. I. Applying organized scepticism to ocean acidification research. ICES Journal of Marine Science 73, 529-536 (2016).
11. Cooley, S. R., Kite-Powell, H. L. & Doney, S. C. Ocean acidification’s potential to alter global marine ecosystem services.
Oceanography 22, 172-181 (2009).
12. Pauly, D. & Christensen, V. Primary production required to sustain global fisheries. Nature 374, 255 (1995).

SCIENTIFICREPORTS| (2018) 8:796 | DOI:10.1038/s41598-017-18736-6 9


https://github.com/njsilbiger/Biophysical_feedbacks_in_coastal_ecosystems
https://github.com/njsilbiger/Biophysical_feedbacks_in_coastal_ecosystems
http://dx.doi.org/10.1146/annurev.marine.010908.163834
http://dx.doi.org/10.1038/nature04095

www.nature.com/scientificreports/

18.

19.

20.

21.

22

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.
44,

45.

46.
47.

48.

49.
50.

51.

52.

53.

54.

55.

56.

. Pauly, D. et al. Towards sustainability in world fisheries. Nature 418, 689-695 (2002).

. Vitousek, P. M., Mooney, H. A., Lubchenco, J. & Melillo, J. M. Human domination of Earth’s ecosystems. Science 277, 494-499 (1997).
. Hofmann, G. et al. High-frequency dynamics of ocean pH: A multi-ecosystem comparison. Plos one 6, €28983 (2011).

. Guadayol, O,, Silbiger, N. J., Donahue, M. J. & Thomas, F. I. M. Patterns in temporal variability of temperature, oxygen and pH along

an environmental gradient in a coral reef. PloS one 9, €85213 (2014).

. Kwiatkowski, L. et al. Nighttime dissolution in a temperate coastal ocean ecosystem increases under acidification. Scientific reports

6(2016).

Sorte, C. J. B. & Bracken, M. E. S. Warming and elevated CO, interact to drive rapid shifts in marine community production. PloS
one 10, 0145191 (2015).

Koch, M., Bowes, G., Ross, C. & Zhang, X. H. Climate change and ocean acidification effects on seagrasses and marine macroalgae.
Global change biology 19, 103-132 (2013).

Andersson, A. J. & Gledhill, D. Ocean Acidification andCoral Reefs: Effects on breakdown, dissolution, and net ecosystem
calcification. Annual Review of Marine Science 5, 321-348, https://doi.org/10.1146/annurev-marine-121211-172241 (2013).
Kroeker, K. J., Kordas, R. L., Crim, R. N. & Singh, G. G. Meta-analysis reveals negative yet variable effects of ocean acidification on
marine organisms. Ecology Letters 13, 1419-1434, https://doi.org/10.1111/j.1461-0248.2010.01518 x (2010).

Kleypas, J. A., Anthony, K. & Gattuso, J. P. Coral reefs modify their seawater carbon chemistry-case study from a barrier reef
(Moorea, French Polynesia). Global Change Biology 17, 3667-3678 (2011).

Andersson, A. J. et al. Net Loss of CaCO; from a subtropical calcifying community due to seawater acidification: mesocosm-scale
experimental evidence. Biogeosciences 6, 1811-1823 (2009).

Shaw, E. C., McNeil, B. L, Tilbrook, B., Matear, R. & Bates, M. L. Anthropogenic changes to seawater buffer capacity combined with
natural reef metabolism induce extreme future coral reef CO, conditions. Global Change Biology 19, 1632-1641 (2013).

Booth, J. A. T. et al. Natural intrusions of hypoxic, low pH water into nearshore marine environments on the California coast.
Continental Shelf Research 45, 108-115 (2012).

DeCarlo, T. M. et al. Community production modulates coral reef pH and the sensitivity of ecosystem calcification to ocean
acidification. Journal of Geophysical Research: Oceans 122, 745-761 (2017).

Muehllehner, N., Langdon, C., Venti, A. & Kadko, D. Dynamics of carbonate chemistry, production, and calcification of the Florida
Reef Tract (2009-2010): Evidence for seasonal dissolution. Global Biogeochemical Cycles 30, 661-688 (2016).

Fabricius, K. et al. Losers and winners in coral reefs acclimatized to elevated carbon dioxide concentrations. Nature Climate Change
1, 165-169, https://doi.org/10.1038/NCLIMATE1122 (2011).

Wootton, J. T., Pfister, C. A. & Forester, J. D. Dynamic patterns and ecological impacts of declining ocean pH in a high-resolution
multi-year dataset. Proceedings of the National Academy of Sciences 105, 18848-18853 (2008).

Kroeker, K., Micheli, F., Gambi, M. & Martz, T. 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, https://doi.
org/10.1073/pnas.1107789108 (2011).

Hoegh-Guldberg, O. & Bruno, J. E. The impact of climate change on the world’s marine ecosystems. Science 328, 1523-1528 (2010).
Harley, C. D. G. et al. The impacts of climate change in coastal marine systems. Ecology letters 9, 228-241 (2006).

Duarte, C. M., Dennison, W. C., Orth, R. J. W. & Carruthers, T. ]. B. The charisma of coastal ecosystems: addressing the imbalance.
Estuaries and coasts 31, 233-238 (2008).

Silbiger, N. J. & DeCarlo, T. M. Comment on “Bioerosion: the other ocean acidification problem”: on field studies and mechanisms.
ICES Journal of Marine Science 74, 2489-2493 (2017).

Page, H. N. et al. Differential modification of seawater carbonate chemistry by major coral reef benthic communities. Coral Reefs 35,
1311-1325 (2016).

Smith, J. E., Price, N. N., Nelson, C. E. & Haas, A. F. Coupled changes in oxygen concentration and pH caused by metabolism of
benthic coral reef organisms. Marine Biology 160, 2437-2447 (2013).

Jury, C. P,, Thomas, F I. M., Atkinson, M. J. & Toonen, R. J. Buffer capacity, ecosystem feedbacks, and seawater chemistry under
global change. Water 5, 1303-1325 (2013).

Howarth, R. W. Nutrient limitation of net primary production in marine ecosystems. Annual review of ecology and systematics 19,
89-110 (1988).

Silverman, J., Lazar, B. & Erez, J. Effect of aragonite saturation, temperature, and nutrients on the community calcification rate of a
coral reef. Journal of Geophysical Research-Oceans 112, 14, https://doi.org/10.1029/2006jc003770 (2007).

Silbiger, N. J. & Donahue, M. J. Secondary calcification and dissolution respond differently to future ocean conditions. Biogeosciences
12, 567-578, https://doi.org/10.5194/bg-12-567-2015 (2015).

Boyd, P. W. et al. Biological responses to environmental heterogeneity under future ocean conditions. Global Change Biology 22,
2633-2650 (2016).

Anthony, K., A Kleypas, J. & Gattuso, J. P. Coral reefs modify their seawater carbon chemistry-implications for impacts of ocean
acidification. Global Change Biology 17, 3655-3666 (2011).

Chan, F. et al. Persistent spatial structuring of coastal ocean acidification in the California Current System. Scientific Reports 7 (2017).
Kroeker, K. J. et al. Interacting environmental mosaics drive geographic variation in mussel performance and predation vulnerability.
Ecology letters 19,771-779 (2016).

Feely, R. A., Sabine, C. L., Hernandez-Ayon, J. M., Ianson, D. & Hales, B. Evidence for upwelling of corrosive “acidified” water onto
the continental shelf. Science 320, 1490-1492 (2008).

Addessi, L. Human Disturbance and Long-Term Changes on a Rocky Intertidal Community. Ecological applications 4, 786-797 (1994).
Thompson, R. C., Crowe, T. P. & Hawkins, S. J. Rocky intertidal communities: past environmental changes, present status and
predictions for the next 25 years. Environmental Conservation 29, 168-191 (2002).

Barry, J. P, Baxter, C. H., Sagarin, R. D. & Gilman, S. E. Climate-related, long-term faunal changes in a California rocky intertidal
community. Science 267, 672 (1995).

Hendriks, I. E. et al. Photosynthetic activity buffers ocean acidification in seagrass meadows. Biogeosciences 11, 333 (2014).
Kapsenberg, L. & Hofmann, G. E. Ocean pH time-series and drivers of variability along the northern Channel Islands, California,
USA. Limnology and Oceanography 61, 953-968 (2016).

Dufault, A. M., Cumbo, V. R, Fan, T.-Y. & Edmunds, P. J. Effects of diurnally oscillating pCO2 on the calcification and survival of
coral recruits. Proceedings of the Royal Society of London B: Biological Sciences, rspb20112545 (2012).

Price, N. N, Martz, T. R, Brainard, R. E. & Smith, J. E. Diel variability in seawater pH relates to calcification and benthic community
structure on coral reefs. PloS one 7, €43843-e43843 (2012).

Wahl, M. et al. Macroalgae may mitigate ocean acidification effects on mussel calcification by increasing pH and its fluctuations.
Limnology and Oceanography, doi:10.1002/In0.10608 (2017).

Andersson, A. J., Mackenzie, F. T. & Ver, L. M. Solution of shallow-water carbonates: An insignificant buffer against rising
atmospheric CO2. Geology 31, 513-516 (2003).

McCoy, S. J. & Kamenos, N. A. Coralline algae (Rhodophyta) in a changing world: integrating ecological, physiological, and
geochemical responses to global change. Journal of Phycology 51, 6-24 (2015).

Kroeker, K. J., Gambi, M. C. & Micheli, E. Community dynamics and ecosystem simplification in a high-CO, ocean. Proceedings of
the National Academy of Sciences 110, 12721-12726 (2013).

SCIENTIFICREPORTS| (2018) 8:796 | DOI:10.1038/s41598-017-18736-6 10


http://dx.doi.org/10.1146/annurev-marine-121211-172241
http://dx.doi.org/10.1111/j.1461-0248.2010.01518.x
http://dx.doi.org/10.1038/NCLIMATE1122
http://dx.doi.org/10.1073/pnas.1107789108
http://dx.doi.org/10.1073/pnas.1107789108
http://dx.doi.org/10.1029/2006jc003770
http://dx.doi.org/10.5194/bg-12-567-2015

www.nature.com/scientificreports/

57. Porzio, L., Buia, M. C. & Hall-Spencer, J. M. Effects of ocean acidification on macroalgal communities. Journal of Experimental
Marine Biology and Ecology 400, 278-287 (2011).

58. Nielsen, K. J. Bottom-up and top-down forces in tide pools: test of a food chain model in an intertidal community. Ecological
Monographs 71, 187-217 (2001).

59. Delgado, O. & Lapointe, B. E. Nutrient-limited productivity of calcareous versus fleshy macroalgae in a eutrophic, carbonate-rich
tropical marine-environment. Coral Reefs 13, 151-159 (1994).

60. Belliveau, S. A. & Paul, V. J. Effects of herbivory and nutrients on the early colonization of crustose coralline and fleshy algae. Marine
Ecology Progress Series 232, 105-114 (2002).

61. Thomsen, J. et al. Calcifying invertebrates succeed in a naturally CO,-rich coastal habitat but are threatened by high levels of future
acidification. Biogeosciences 7, 3879 (2010).

62. Yeakel, K. L. et al. Shifts in coral reef biogeochemistry and resulting acidification linked to offshore productivity. Proceedings of the
National Academy of Sciences 112, 14512-14517 (2015).

63. Krause-Jensen, D. et al. Macroalgae contribute to nested mosaics of pH variability in a subarctic fjord. Biogeosciences 12,4895-4911 (2015).

64. Pfister, C. A. Estimating competition coefficients from census data: a test with field manipulations of tidepool fishes. The American
Naturalist 146, 271-291 (1995).

65. Bracken, M. E. S. & Nielsen, K. J. Diversity of intertidal macroalgae increases with nitrogen loading by invertebrates. Ecology 85,
2828-2836 (2004).

66. Long, M. H., Rheuban, . E., Berg, P. & Zieman, J. C. A comparison and correction of light intensity loggers to photosynthetically
active radiation sensors. Limnology and Oceanography: Methods 10, 416-424 (2012).

67. Dickson, A. G., Sabine, C. L. & Christian, J. R. Guide to best practices for ocean CO, measurements. (2007).

68. Gattuso, J.-P. et al. Package ‘seacarb’ (2017).

69. Riebesell, U., Fabry, V. ]., Hansson, L. & Gattuso, ].-P. Guide to best practices for ocean acidification research and data reporting. (Office
for Official Publications of the European Communities, 2011).

70. Solorzano, L. Determination of ammonia in natural waters by the phenolhypochlorite method. Limnol Oceanogr 14, 799-801 (1969).

71. Chisholm, J. R. M. & Gattuso, J. P. Validation of the alkalinity anomaly technique for investigating calcification and photosynthesis
in coral reef communities. Limnology and Oceanography 36, 1232-1239 (1991).

72. Wolf-Gladrow, D. A., Zeebe, R. E., Klaas, C., Kortzinger, A. & Dickson, A. G. Total alkalinity: The explicit conservative expression
and its application to biogeochemical processes. Marine Chemistry 106, 287-300 (2007).

73. Gattuso, J.-P.,, Frankignoulle, M. & Smith, S. V. Measurement of community metabolism and significance in the coral reef CO,
source-sink debate. Proceedings of the National Academy of Sciences 96, 13017-13022 (1999).

74. Weiss, R. F. Carbon dioxide in water and seawater: the solubility of a non-ideal gas. Marine chemistry 2, 203-215 (1974).

75. Tans, P. & Keeling, R. (Boulder, Colorado, USA: NOAA Earth Systems Research Laboratory, 2017).

76. Ho, D. T. et al. Measurements of air-sea gas exchange at high wind speeds in the Southern Ocean: Implications for global
parameterizations. Geophysical Research Letters 33, L16611 (2006).

77. Oksanen, J. et al. The vegan package. Community ecology package 10, 631-637 (2007).

78. Bracken, M. E. S. & Williams, S. L. Realistic changes in seaweed biodiversity affect multiple ecosystem functions on a rocky shore.
Ecology 94, 1944-1954 (2013).

79. Suzuki, A. & Kawahata, H. Carbon budget of coral reef systems: an overview of observations in fringing reefs, barrier reefs and atolls
in the Indo-Pacific regions. Tellus B 55, 428-444 (2003).

80. Pinheiro, J., Bates, D., DebRoy, S. & Sarkar, D. R Core Team (2014) nlme: linear and nonlinear mixed effects models. R package
version 3.1-117. Available at http://CRAN.R-project.org/package=nlme (2014).

Acknowledgements

We especially thank P. Wallingford for continual support, field assistance, and planning throughout the duration
of the project, G. Bernatchez for expert field and lab assistance, and GoWesty for providing lodging and travel
support (“The Bio Bus”). We also thank L. Pandori, L. Elsberry, B. Walker, L. McGeorge, K. Benes, A. Korabik,
N. Lowe, S. Todd, K. Monuki, SilbiQuad, and R. Singh for help in the field and with lab analyses. Feedback from
M. Bracken, H. Putnam, M. Iacchei, and two anonymous reviewers greatly improved this manuscript. Funding
for this project was provided by a UC-Irvine Single & Multi-investigator Research Projects Seed Fund Award to
C. Sorte (PI). We also received research and travel assistance via the UCI Oceans Initiative and crowd sourcing.

Author Contributions
N.J.S. collected the data, analyzed the data, and wrote the manuscript. N.J.S. and C.J.B.S. designed the project,
contributed to fieldwork, revised the manuscript, and gave final approval for publication.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-18736-6.

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
CE | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS| (2018) 8:796 | DOI:10.1038/s41598-017-18736-6 11


http://CRAN.R-project.org/package=nlme
http://dx.doi.org/10.1038/s41598-017-18736-6
http://creativecommons.org/licenses/by/4.0/

	Biophysical feedbacks mediate carbonate chemistry in coastal ecosystems across spatiotemporal gradients

	Results

	Tide Pool Characterization. 
	pH Variability Across Spatiotemporal Gradients. 
	Biological versus Physical Drivers of pH. 

	Discussion

	Materials and Methods

	Study Sites and Tide Pool Characterization. 
	Biogeochemical Characterization of Tide Pool Seawater. 
	Sample Processing. 
	Net Ecosystem Calcification and Net Community Production Calculations. 
	Data Analysis. 
	Data accessibility statement. 

	Acknowledgements

	Figure 1 Seawater pH at sites on the U.
	Figure 2 Community composition and physical attributes of tide pool systems.
	Figure 3 Relative effect of biological and physical parameters on mean and range in tide pool pH.
	Figure 4 Relationships between producer dominance and ecosystem metabolism with pH in (a,b) range and (c,d) mean pH models.
	Figure 5 Feedback loop between pH and ecosystem functioning in coastal ecosystems.




