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2. Public Summary
Ocean acidification represents a shift in the fundamental chemical balance of the
oceans. Acidification is driven by carbon dioxide from human use of fossil fuels and agricultural
activities dissolving in surface seawater, causing chemical reactions that reduce the pH of
seawater. Exposure to lower pH can affect physiology as well as calcification rates in many
benthic organisms, including coral. A baseline measure of conditions affected by ocean
acidification at the seafloor, where our reefs are growing, was assessed at three sites:
Hōnaunau-Keei, Pelekane Bay-Puakō, and Wai’ōpae, Hawai‘i Island. A benthic observatory
was deployed to measure temperature, salinity, oxygen, carbon dioxide and pH to study
fundamental processes of photosynthesis, respiration, and calcification occurring on reefs. At
all sites, aragonite saturation, a measure of how easily organisms like coral can produce
calcium carbonate, was lower than open ocean conditions, and lower than most coral reefs
worldwide. In coastal areas on Hawai’i Island with fresh groundwater inputs, aragonite
saturation was even lower. These systems might be at the most risk to ocean acidification,
already living at their limit of tolerance. In leeward Oahu and Kauai, groundwater flowing into
the ocean may have the capacity to buffer seawater, generating refugia to ocean acidification.
Water samples of pH and inorganic carbon were used to examine carbon cycling across
a salinity gradient at Wai’ōpae and Hōnaunau. At Wai’ōpae, greater daily variability of pH
reflected more vigorous carbon cycling, which may benefit from changes in management to
reduce acidic groundwater inputs or increase herbivory on the reef. Coral reefs on Hawai’i
Island are already exposed to ocean acidification conditions predicted to occur 40 years into the
future. Statewide measurements of inorganic carbon at the reef and in groundwater as a part of
regular water quality monitoring is needed to effectively evaluate seasonal differences or climate
related changes.
3. Technical Summary
Coral reefs in the US and elsewhere are suffering increased degradation, resulting from
a variety of threats, including ocean acidification. Ocean acidification is not benign, and the
most impacted species are known as calcifiers, organisms that secrete calcium carbonate shells
or other structures, such as corals, mollusks, and echinoderms. PISCS has identified ocean
acidification as a climate factor that produces noticeable ecological effects under Theme 3,
Anticipating and Addressing Change in Coastal and Low-Lying Areas (Helweg et al. 2014). The
precipitation of aragonite, the mineral phase of calcium carbonate that formed by corals, is
sensitive to the aragonite saturation (ΩAr), which depends on pH as well as the total inorganic
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carbon and salinity in seawater. Laboratory experiments have found that calcification in corals
and crustose coralline algae decreases with reduced ΩAr (Anthony et al. 2008; McCulloch et al.
2012), causing coral to be more susceptible to breakage and less able to compete for space
(Hoegh-Guldberg et al. 2007). Measurements that allow ΩAr to be calculated, not just pH alone,
are necessary for determining the impact of ocean acidification on calcifiers. The ΩAr varies on
diurnal to seasonal time scales due to freshwater inputs, organic carbon metabolism
(photosynthesis and respiration) and biogeochemical processes (calcification and dissolution).
To accurately assess the mean concentrations in environments with such high variability,
repeated measurements over a daily cycle are necessary to effectively evaluate interannual
differences or climate related changes.
This project evaluate carbon dioxide dynamics and ΩAr at the seafloor in Hawai’i Island.
West Hawai’i was identified as a site in critical need of baseline data on pH, ΩAr, and carbon
dynamics to support the management of the many federal and state priority areas (three
National Parks, NOAA Sentinel Site, NOAA Habitat Blueprint Focus Area, NOAA National
Marine Sanctuary, Hawaii State Coral Reef Priority Management Site). Wai’ōpae was included
because of its unique hydrology and designation as a state Marine Life Conservation District.
To capture diurnal changes in the inorganic carbon system at the reef, a benthic
observatory capable of hourly measurements of temperature, salinity, oxygen, pCO2 and pH
was developed. The benthic observatory can easily be deployed by two people from either a
boat or kayak, is depth rated to 50 m, and has sufficient battery power to operate every 10
minutes for 30 days. Four separate deployments at Hōnaunau, Keei and Puakō for a total of 27
days deployed. Significant observations at Puakō included diurnal fluctuations of pH >0.2,
night-time ΩAr as low as 2.4, early morning oxygen as low 33% saturation, and tidal fluctuations
of salinity at 10 m water depth. Nighttime ΩAr at all sites was more than 1.0 below open ocean
conditions at Station ALOHA and conditions found on typical coral reefs worldwide. Predicted of
ΩAr on Hawai’i Island based on open ocean conditions are much higher than the observed
conditions because of nearshore processes that lower ΩAr.
To characterize the subsurface carbon dynamics over weeks to months, we developed
methods for scuba divers to collect gas-tight samples of total carbon dioxide at the seafloor and
within the reef. At Hōnaunau, no significant difference in total inorganic carbon (TCO2) and
aragonite saturation was found with depth because of high variability between sampling days.
Long-term measurements of the inorganic carbon at the reef are essential to accurately
characterize these systems and understand the processes driving inorganic carbon dynamics.
The diurnal carbon dynamics from the shoreline to the reef was analyzed at Wai’ōpae,
Hōnaunau, and Pelekane Bay. All of these sites have fresh groundwater discharge at the
shoreline that impacts inorganic carbon dynamics. The pH and TCO2 of groundwater generated
lower aragonite saturation, exacerbating the already low conditions compared to offshore
conditions. Differences in pH and TCO2 between watersheds reflected different watershed
characteristics and illustrate how change on land can impact inorganic carbon dynamics in the
coastal ocean. The daily changes in total alkalinity and TCO2 along a salinity gradient were
used to calculate the rates of community calcification and net primary production. More
vigorous organic carbon cycling was found at Wai’ōpae, which may contribute to the poor health
of the reef. Since reduced calcification is a predicted response to ocean acidification, these
methods can be used by managers to monitor impacts as conditions change.
We compared our predictions of the total alkalinity and TCO2 of groundwater based on
the nearshore concentrations to groundwater measurements of alkalinity and TCO 2 made by
the USGS, and extended the analysis of TCO2 in groundwater statewide. Given the
importance of the TCO2 flux to the ocean to understanding both terrestrial and coastal
inorganic carbon dynamics, the data available was sparse. Differences were found between
the shoreline estimates and well measurements, likely caused by the heterogeneity of the
fractured bedrock aquifers, and emphasizing the need for greater sampling density to
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calculate accurate averages. Overall, significant differences in TCO2 among islands were
found, with the highest concentrations on Kauai. Hawai’i Island had the greatest fluxes of
TCO2 to the ocean from groundwater, associated with greater submarine groundwater
discharge. Sampling for TCO2 specifically in groundwater is needed to refine these budgets,
and would help in identifying potential refuges from ocean acidification.
This partnership with PICSC supported education, training and professional
development, with two undergraduate senior thesis projects, seven additional students gaining
work experience helping with laboratory and field work, and a class of 18 students collecting
and analyzing alkalinity samples and learning about the inorganic carbon system. This funding
increased the capacity of the PIs by providing travel and networking opportunities to meet with
managers and decision-makers that have led to collaborations with USDA-FS and USGS.
Instrumentation purchased with this funding has allowed for the development of collaborative
proposals for additional funding with UH Manoa, U Guam, and NOAA. Summer support
provided time for PIs to focus on this project to conduct field work, data analysis, and
manuscript development. Through this project, a lack of student training in ocean observing
systems, both instrumentation and computational skills to work with the large data sets, was
identified. Instrumentation and computational methods developed with this project will be used
in a course on Ocean Observing Systems at UH Hilo to develop the technical skills of students.
4. Purpose and Objectives
The original goal of this project was to evaluate carbon dioxide dynamics and carbonate
saturation at the seafloor at two sites in West Hawai’i. The original objectives of this project
were to:
1. Develop a benthic observatory capable of hourly measurements of temperature, salinity,
pCO2 and pH.
2. Characterize the temporal variability of subsurface carbon dioxide dynamics and aragonite
saturation.
3. Characterize the subsurface carbon dioxide dynamics and aragonite saturation in relation to
benthic and surface water quality, and other monitoring data.
These objectives were met, as described in the following sections. With the PacIOOS Kiholo
Surface Water Buoy out of the water since March 2014, we were unable to develop a surface
connection for real-time data transmission. A third site at the Wai’ōpae tidepools at Kapoho,
East Hawai’i, was added to provide a contrasting hydrogeologic environments.
5. Organization and Approach
Field Methods
Objective 1: Continuous Benthic Measurements
The benthic observatory consists of five parts: 1) a SeaBird 37 SMP to measure
pressure, temperature, salinity, and dissolved oxygen (optical sensor), 2) a Satlantic SeaFET to
measure pH, 3) a ProOceanus CO2Pro-CV sensor, 4) a Satlantic Stor-X data logger, and 5) a
15 V, 102 Ah battery pack. The instruments are housed within a stainless steel frame (1.2x 0.3x
0.3m) (Fig. 1). The entire package weighs approximately 23 kg, is depth rated to 50 m, and has
sufficient battery power to make measurements every 10 minutes for 30 days. Protocols for
instrument calibration, deployment and recovery were developed, largely based on best
practices established by the manufacturers. The intervals between data collection can be
adjusted to balance the desired sample frequency and battery capabilities. For this study, 2
minute bursts of data collected every 10 minutes was adequate.
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Fig. 1. Benthic observatory deployed at Puakō, July 2015.

With the first data set, I realized that to efficiently analyze the large time series data files
generated with this project required using a scientific computing language. After consulting with
colleagues at UH Manoa on different options, I settled on learning Python. Python is similar to
MATLAB, which I was already familiar, and is free, which makes it accessible to students. I
have written routines to summarize, perform QA/QC, and analyze data.
Objective 2a: Benthic Carbon Dynamics over Hours to Days
The benthic observatory was deployed at two sites: Hōnaunau -Keei (10 days), and
twice at Puakō (5 km south of Pelekane Bay; 7 days, 9 days). Keei and Puakō were both
chosen because of their proximity to National Parks, but far enough to minimize the potential
interactions with divers that frequent these waters. The benthic observatory was easily
deployed onto a gravel patches by two people from either a rigid-hulled inflatable boat or a
kayak. The submerged weight of the observatory was sufficient to stay in place during seas up
to 2 m. Additional sand anchors could be added for longer deployments when rougher
conditions were expected.
Objective 2b: Benthic Carbon Dynamics over Weeks to Months (Hōnaunau)
At Hōnaunau, benthic water samples for alkalinity, pH, and Ωar analysis. Six scuba dives
were done between 12/14 and 3/15 under University of Hawaii Dive Safety protocol. Triplicate
samples were collected above the coral reef and three samples from within the coral reef
structure at two different depths (5m and 15m), totaling 12 samples per dive. The temperature
was recorded in situ by using HOBO Water Temp Pro v2 data logger.
Objective 3a: Diurnal Surface Carbon Dynamics (Wai’ōpae, Hōnaunau, Pelekane Bay)
To capture the daytime change in total alkalinity (TA) and dissolved inorganic carbon
(TCO2), surface water samples were collected in the morning and afternoon at five shoreline
stations along a salinity gradient at Wai’ōpae and Hōnaunau. Only morning samples were
collected at Pelekane Bay. Duplicate samples were collected at each station to test for
accuracy.
Objective 3b: Groundwater Inputs of Inorganic Carbon to the Coastal Ocean (Statewide)
The concentration of alkalinity, pH and TCO2 in groundwater that flows into the coastal
ocean is monitored by the USGS, and little additional effort was required to develop a statewide
summary of these fluxes. Aquifers in Hawai’i have been delineated into a series of “hydrologic
units” based on surface geology, and the groundwater flux of TCO2 from each unit to the ocean
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was calculated as: ������=�∗�, where Q is the submarine groundwater discharge (SGD) and
C is the concentration of TCO2 in groundwater. Submarine groundwater discharge estimates
were based on hydrologic budgets developed by the USGS for the five largest islands in
Hawai’i. Future fluxes of TCO2 were based on predictions of changes in rainfall from each
hydrologic unit used to estimate changes in SGD based on the rainfall to recharge ratio of each
hydrologic unit, using a linear relationship to accounting for changes in hydrologic processes.
Sample Collection: Surface water samples were collected using a bucket, siphoned into
BOD bottles, and allowed to overflow to prevent gas exchange. For this project, methods were
developed for scuba divers to collect benthic water samples using a syringe and injected into
individual non-air permeable Tedlar bags (Sigma-Aldrich). Samples were stored on ice until
returned to the lab and stored at 4°C. Temperature and salinity of the water in the bucket was
measured using a handheld probe (YSI ProPlus), calibrated each sampling day with a 50
mS/cm standard solution (YSI), or the salinity was calculated based on sample conductivity
measured in the lab (Orion Star).
Laboratory Methods: Within 48 hrs of collection, samples were brought to room
temperature, and the initial pH of each sample was measured by inserting the pH electrode
(Orion Ross Ultra) with a fitted rubber gasket into the BOD bottle (Miller et al. 2009). Total
alkalinity was measured using the modified Gran titration method (Hansson and Jagner 1973)
(Thermo Orion Sage dispensing system). Laboratory and field data were input into the
CO2Calc program (Robbins et al. 2010) to calculate TCO2 and in situ aragonite saturation ΩAr.
Groundwater Data: Well data for pH (n=481 from 283 wells) and alkalinity (n=399 from
269 wells) from the USGS were summarized (USGS 2014). Of the data, 94% were from <7 km
from the shoreline, providing a reasonable estimate of the alkalinity for basal groundwater
flowing into the ocean. For each well, the average alkalinity, pH and temperature were
computed. TCO2 for the 234 wells was calculated using the USGS CO2Calc software (Robbins
et al. 2010). For each hydrologic system, the mean (±SD) concentration was computed. For
system lacking measurements, the average TCO2 concentration of adjacent hydrologic units
was applied.
6. Project Results
Objective 2a: Benthic Carbon Dynamics over Hours to Days
Three deployments of the benthic observatory were made at two sites in West Hawai’i.
Diurnal signals are evident in the temperature, oxygen, pH, pCO2, and aragonite saturation data
(Fig. 2). In general, during the daytime, temperatures are higher due to solar heating and
photosynthesis generates a maximum for oxygen, pH and aragonite saturation and a minimum
in pCO2. Salinity displayed a strong tidal signal, varying by as much as 0.2 between high and
low tide.
Table 1. Summary of observations made during benthic observatory deployments at Ke‘ei and Puakō.
Location
Keei
Puako
Puako

Dates
5/17-26/15
6/13-19/15
7/11-19/15

Min.
4.6
10.4
10.3

Pressure (dbar)
Ave.
Max.
4.9 ± 0.2
5.4
10.8 ± 0.3
11.3
10.6 ± 0.2
11.2

Min.
25.0
25.7
25.9

Temperature (°C)
Ave.
Max.
25.7 ± 0.3
26.9
26.5 ± 0.2
27.0
27.0 ± 0.4
28.4

Location
Keei
Puako
Puako

Dates
5/17-26/15
6/13-19/15
7/11-19/15

Min.
7.86
7.87
7.84

pH
Ave.
7.99 ± 0.03
7.98 ± 0.04
7.97 ± 0.05

Min.
365
334
334

pCO2 (µatm)
Ave.
437 ± 38
451 ± 48
468 ± 73

Max.
8.05
8.08
8.08
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Max.
624
609
668

Min.
34.2
34.4
34.6

Salinity
Ave.
34.4 ± 0.1
34.5 ± 0.0
34.8 ± 0.1

Aragonite Saturation
Min.
Ave.
2.5
3.3 ± 0.2
2.5
3.1 ± 0.2
2.4
3.1 ± 0.3

Max.
34.6
34.7
35.0

Max.
3.7
3.7
3.8

Dissolved Oxygen (mL/L)
Min.
Ave.
Max.
3.7
4.7 ± 0.3
5.7
3.2
4.3 ± 0.5
5.9
1.7
3.4 ± 0.8
4.8

Temperature (°C)

35.1

28.0

35.0

27.5

34.9

27.0

34.8

26.5

34.7

26.0

Pressure (dbar)

25.5
7/11

7/14

7/15
7/16
Date (HST 2015)

7/17

7/18

7/19

34.5

11.2

11.0

11.0

10.8

10.8

10.6

10.6

10.4

10.4

5.0
4.5
4.0
3.5
3.0
2.5
2.0
1.5
7/11

7/12

7/13

7/14

7/15
7/16
Date (HST 2015)

7/17

7/18

7/19

Oxygen (mL/L)
pH

7/12

7/13

7/14

7/15
7/16
Date (HST 2015)

7/17

7/18

7/19

10.2

8.10
8.05
8.00
7.95
7.90
7.85
7.80
7.75

4.0

600

3.5

500

3.0

400

2.5

pCO2 (µatm)
Aragonite Saturation

Aragonite Saturation

700

pH

Oxygen (mL/L)

7/13

11.2

10.2
7/11

pCO2 (µatm)

34.6

Temperature (°C)
Salinity

7/12

Salinity

28.5

2.0
7/15
7/16
7/17
7/18
7/19
Date (HST 2015)
Fig. 2. Time series of ocean chemistry at the seafloor recorded by the benthic observatory at Puakō, HI,
during 7/11-19/15: A) temperature and salinity, B) water pressure, which is approximately equivalent to
depth in meters, C) dissolved oxygen and pH, and D) partial pressure of dissolved carbon dioxide (pCO2)
and aragonite saturation.
300
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7/12
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7/14

The variability of all parameters was similar at the two sites (Table 1). The Ωar varied by
more than 1.0 at all sites, reaching minimums of 2.4 and 2.5 at Puakō and Keei, respectively.
The magnitude of diurnal changes in oxygen, pH, and pCO2 provide insight into the rates of
photosynthesis, respiration and calcification occurring on the reef. At Puakō, the range of O2
and pCO2 increased during July 2015 compared to June 2015, with the oxygen minimum as low
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as 1.7 mL/L, approximately 33% of saturation. These large swings in concentration suggesting
either an increase in the rate of carbon cycling or a decrease in circulation over the reef.
Objective 2b: Benthic Carbon Dynamics over Weeks to Months (Hōnaunau)
At Hōnaunau, TCO2 ranged from 1930 µmol kg-1 to 2160 µmol kg-1, and the Ωar ranged
from 1.3 to 3.5 with the lowest value at 5 m depth and the highest at 15 m depth. However,
TCO2 and Ωar did not differ significantly across depths or location on the reef (Fig. 3).

Fig. 3. Average (±SD) a) TCO2 and b) Ωar from water samples collected December 2014- March 2015
from Hōnaunau Bay, Hawaii. (Ziegler 2015)

Objective 3a: Diurnal Surface Carbon Dynamics (Wai’ōpae, Hōnaunau)
Total Alkalinity (TA) and Total Inorganic Carbon: At Hōnaunau and Wai’ōpae, a wide
range of salinities, from at least 20 to 34, were sampled during the morning and afternoon (Fig.
4). TA was about 2300 µmol kg-1 at the seaward end of both transects. Salinity explained >96%
of the variability of TA, and was significantly lower in the afternoon. The TA of fresh groundwater
was estimated based on the intercept at S=0: 836 ± 25 µmol kg-1 at Hōnaunau and 825 ± 22
µmol kg-1 at Wai’ōpae (±1 SD). The net ecosystem calcification (G) based on the ΔTA between
afternoon and morning was similar: 5.2 ± 1.2 mmol m-3 hr-1 at Hōnaunau and 6.2 ± 1.6 mmol m-3
hr-1 at Wai’ōpae.
TCO2 decreased with salinity at each site and was well-characterized by a linear
regression (Fig. 4). Salinity accounted for >82% of the TCO2 variability, and the morning TCO2
was significantly greater than the afternoon TCO2. The TCO2 of fresh groundwater, based on
the intercept at S=0, was: 906 ± 36 µmol kg-1 at Hōnaunau and 1153 ± 40 µmol kg-1 at
Wai’ōpae. Net primary production (NP), based on the ΔTCO2 between afternoon and morning
and accounting for calcification and gas exchange, was higher by a factor of two at Wai’ōpae:
26.4 ± 2.8 mmol m-3 hr-1 at Hōnaunau and 55.7± 5.3 mmol m-3 hr-1 at Wai’ōpae. The G/NP ratio
was higher at 0.20 ± 0.05 at Hōnaunau compared to 0.11 ± 0.03 at Wai’ōpae.
pH and Aragonite Saturation: Fresh groundwater had different impacts on pH at the two
sites (Fig. 4). At Wai’ōpae, salinity accounted for 66% of the variability, but at Hōnaunau, there
was little change in pH with salinity. At both sites, pH was significantly higher in the afternoon.
The model fit poorly to the pH, particularly at low salinities, which suggests that processes
controlling pH were not constant across the nearshore. The pH of fresh groundwater was 8.20 ±
0.06 at Hōnaunau and 6.79 ± 0.11 at Wai’ōpae. At both sites, ΩAr increased significantly with
salinity. Water was corrosive to aragonite at Wai’ōpae, where under-saturation (ΩAr <1.0) was
observed across the salinity gradient in the morning, and even during the afternoon at S<22.
The ΩAr increased during the day by 40 ± 5% at Hōnaunau and more than doubled at Wai’ōpae.
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Fig. 4. Distribution of (A, B) total alkalinity, (C, D) TCO2, (E, F) pH, and (G, H) aragonite saturation along a
salinity gradient at Hōnaunau (left column) and Wai’ōpae, HI (right column). Circles are morning samples,
and boxes are afternoon samples, and the lines are results of a General Linear Model for the morning
and afternoon data. (Colbert et al. Submitted)

Objective 3b: Groundwater Inputs of Inorganic Carbon to the Coastal Ocean (Statewide)
TCO2 was calculated at 234 wells across Hawaii, ranging from 3.3 to 81.5 mg C/L (Fig.
5A). Most samples fell within a relatively narrow range of 20.3 ± 11.6 mg C/L. TCO2 varied
considerably on each island, with the highest values in areas with likely geothermal activity
(Thomas 1986). The median TCO2 in groundwater varied significantly among islands (H=35,
p<.001). While the highest mean TCO2 was on Kauai, there was no trend in TCO2 as a function
of island age.
The largest flux of TCO2 from each hydrologic unit was generally from units with with the
largest SGD, such as on the windward coasts of Hawai’i Island, Maui and Molokai (Fig. 5B).
The greatest TCO2 flux was from Hawai’i Island, accounting for 71% of the total. While the
TCO2 concentration was greatest on Kauai, the flux was not as large as other islands due to the
smaller SGD. Models predict future rainfall conditions to be rainier in areas with high rainfall
and dryer in areas with low rainfall. Overall, the model predicts SGD to increase by 24%. The
statewide increase is dominated by the large SGD of Hawai’i Island. Assuming the TCO2 of
groundwater remains constant, the statewide TCO2 flux will also increase by 22%.
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Fig. 5. For each hydrologic unit in Hawai’i, A) the concentration of TCO2 and B) TCO2 flux from
submarine groundwater discharge (MacKenzie et al. In Prep).
7. Analysis and Findings
Objective 2a: Benthic Carbon Dynamics over Hours to Days
The maximum Ωar measured at Keei and Puakō was similar to conditions measured at
the open ocean Station ALOHA (Doney et al. 2009). Average Ωar of 3.1-3.3 and nighttime Ωar of
2.4-2.5 were not just lower than open ocean conditions, but also below the limit of 3.4 that reefs
are commonly found (Kleypas et al. 1999). Projections for Hawai’i based on open ocean
conditions predict that Ωar will drop below 3.0 in 2050 (Van Hooidonk et al. 2014). The reality is
that reefs are already experiencing these conditions. Most models do not account for nearshore
processes like the tight coupling of photosynthesis and respiration and freshwater inputs, and
therefore fail to accurately simulate coastal conditions. These reefs might be at the most risk
from acidification, already living at their limit of tolerance (Hofmann and Todgham 2010).
On average, the reefs were a source of CO2 to the atmosphere, with pCO2 greater than
atmospheric pCO2 (400 µatm). This is a common feature that occurs in systems with high rates
of calcification that consumes carbonate. Further work on these data sets is needed to
calculate rates of photosynthesis, respiration, and calcification based on the diurnal variability of
oxygen, pH, and pCO2.
While the range of salinity at both sites were similar, only at Puakō did the salinity vary
up to 0.2 between high and low tide. The change was not likely due to stratification of the water
column, since the salinity gradient at 10 m water depth is about 0.01 m-1 at other sites in West
Hawai’i (Grossman et al. 2010; Beets, pers. comm.). Instead, the tidal changes in salinity must
come from the nearshore, supplying terrestrial nutrients and pollutants. Further studies are
needed to understand the mechanism that is transporting water to the seafloor. Turbulent
processes including wave action and strong tidal currents enhance vertical mixing and reduce
stratification. Alternatively, downward secondary flows can also develop as a result of wave
action and periodic reef topography (Rogers et al. 2015).
Objective 2b: Benthic Carbon Dynamics over Weeks to Months (Hōnaunau)
At Hōnaunau, morning sampling on 6 days over 3 months failed to distinguish any trend
in TCO2 or Ωar with depth. This is not surprising, given that this collection method only provides
a “snap shot” in time, but the carbon chemistry on the reef is fluctuating throughout the day and
perhaps longer time scales. As a result, the variability was too large to distinguish changes with
depth. This data supports the possibility that longer-term variability (weeks-months) may be
significant. Using the benthic observatory, or at least sampling for TCO2 and Ωar as part of
regular water quality analysis, would help to identify these trends.
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Objective 3a: Diurnal Surface Carbon Dynamics (Wai’ōpae, Hōnaunau, Pelekane Bay)
Increasing TA and TCO2 with salinity has been reported elsewhere on Hawai’i Island
(Paquay et al. 2007) and in coastal waters around Oahu (Fagan and MacKenzie 2007), driven
by freshwater inputs with low TA and TCO2. The predicted TA of fresh groundwater was similar
to previous groundwater measurements from the aquifers of Mauna Loa and Kilauea of 719 ±
123 µM (Schopka and Derry 2012). In remote areas that lack groundwater wells or in areas
without wells near the coastline due to saltwater intrusion, this method can be used to calculate
the alkalinity of coastal fresh groundwater. In addition, this may allow analysis of alkalinity
differences at the watershed scale, which can be significant in heterogeneous fractured bedrock
systems.
The ΩAr increases is partly due to the dependence of ΩAr on salinity, but also on the pH
and TCO2 of the groundwater, which depend on the watershed characteristics. For example, at
Wai’ōpae, the pH was lower in brackish water relative to seawater, but not at Hōnaunau (Table
2). This difference likely represents more acidic groundwater in the Wai’ōpae watershed,
possibly from geothermal convection or rotting organic matter in the many anchialine ponds that
dot the surrounding neighborhood. Hōnaunau, on the other hand, is far from volcanic activity
and contains only a handful of anchialine ponds that are maintained to prevent organic matter
accumulation. When considering the nearshore processes that impact the inorganic carbon
chemistry, watershed processes and their impact must be considered.
This daily change in pH and ΩAr was calculated for a particular salinity, but the variability
that benthic organisms experience will differ as tides, winds and other processes cause the
salinity gradient to move with time. For example, flood tides bring higher pH and ΩAr water into
the nearshore and reduce submarine groundwater discharge (Colbert and Hammond 2007).
The largest fluctuations at a point on the seafloor will occur with morning lower-low tides, as
low-salinity water moves seaward, exposing the seafloor to the lowest pH and ΩAr conditions.
At both sites, G was similar (5.2 and 6.2 mmol m-2 hr-1 at Hōnaunau and Wai’ōpae,
respectively) and near the middle of the range when compared to G measured at other fringing
reef and patch reef systems (Andersson and Gledhill 2013). Less calcification at Wai’ōpae was
expected, because ΩAr<1.0 was common and previous studies have found a decrease in
calcification associated with decreases in ΩAr (Andersson and Gledhill 2013; Erez et al. 2011).
One possibility is that Wai’ōpae or both sites may preferentially precipitate calcite, which is more
stable than aragonite, and should be investigated further based on benthic surveys.
Alternatively, G may be supported by the higher rates of NP at Wai’ōpae (Albright et al. 2015;
Gattuso et al. 1999). At Wai’ōpae, the diurnal fluctuations of pH and ΩAr were of a similar
magnitude to temperate and subtropical estuaries and back reefs, and reflects more vigorous
carbon cycling (Hofmann et al. 2011; Koweek et al. 2015; Yates et al. 2007). This is reflected in
the high rate of NP at Wai’ōpae. Compared to the more open shoreline of Hōnaunau, the
complex bathymetry at Wai’ōpae may create greater surface area for algae to grow and prevent
access to large herbivores such as green sea turtles.
Objective 3b: Groundwater Inputs of Inorganic Carbon to the Coastal Ocean (Statewide)
Across Hawai’i, the TCO2 concentration was generally less than seawater (25 mg C/L),
which creates low ΩAr when the groundwater discharges into the coastal ocean. However, a
few hydrologic units had TCO2 concentration greater than seawater, such as the Waianae Coast
of Oahu and the leeward side of Kauai. Groundwater in these areas may provide excess
carbonate to the oceans, buffering the effects of ocean acidification. The TCO2 flux from each
island was primarily controlled by the SGD. Windward Hawai’i Island, with high rates of rainfall
and large watersheds, was the dominant source of TCO2 from groundwater to the ocean. While
this study assumed that all SGD flows out of a basal aquifer, deep confined aquifers have been
identified (Thomas et al. 1996). However, little is known about the distribution, magnitude of
flow, and geochemistry of these deep aquifers. Further studies that refine our understanding of
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island hydrology will improve estimates of SGD and TCO2 fluxes, particularly for rainfall at high
elevation that seems to feed these confined aquifers.
8. Conclusions and Recommendations
Benthic Observatory: The benthic observatory provides continuous measurements of
fundamental properties of ocean chemistry necessary to understand the impact of ocean
acidification on coastal ecosystems. With continuous data, the benthic observatory is recording
data when safety would have otherwise prevented sampling, such as at night and moderate (<2
m) wave conditions. As a result, the benthic observatory provides an accurate assessment of
the variability of parameters that have a large diurnal range, including oxygen, pCO2, and pH.
Further, since the observatory is at the seafloor, the data reflects conditions that the coral is
experiencing, away from freshwater plumes and gas exchange that occurs at the surface of the
ocean. The data from the benthic observatory will allow us to examine fundamental processes
including photosynthesis, respiration and calcification, which can then be used to compare how
reefs function worldwide. The data also includes anomalies that challenge our expectations
(e.g. increasing pH while oxygen decreases; salinity decreases at 10 m depth), and forcing us to
develop new paradigms for the processes that impact reef ecosystems.
Aragonite Saturation: This project provides some of the first comprehensive
measurements of ΩAr in West Hawai’i, a baseline for assessing changes that will occur with
climate change. Compared to open ocean conditions, ΩAr at these reefs was lower and the
diurnal fluctuations were greater than seasonal fluctuations in the open ocean. With ΩAr lower
than conditions found on reefs worldwide, reefs in West Hawai’i are likely already experiencing
the pressures of acidification. Further work is needed to examine the variability of ΩAr on reefs
across the state, particularly in Kauai, which is predicted to experience lower ΩAr associated
with colder surface temperatures, but may also be buffered by high TCO2 groundwater. Further
work is needed to identify seasonal cycles to determine how the competing processes of
circulation and metabolisms affect ΩAr in West Hawai’i.
Calcification and Primary Production: The balance of calcifiers to primary producers, as
demonstrated by the community calcification to net primary production ratio, was low at
Wai’ōpae (G/NP=0.11), which is characteristic of macro-algal dominated communities. The
Hōnaunau G/NP=0.20 is characteristic of reef flat communities (Gattuso et al. 1999; Lantz et al.
2014). Broadly, the benthic communities were similar at both sites, increasing from a rubble/
boulder habitat near groundwater seeps out into a high (>50% coral cover) at the high salinity
(Cochran et al. 2007; Colbert unpub. data). These data support other studies that have found
the reefs at Wai’ōpae to be stressed (Burns et al. 2011; Couch et al. 2014). Management
changes that increase G/NP may help the reef at Wai’ōpae, such as removing organic matter
from anchialine ponds to increase the pH of groundwater or increased herbivory through
reduced fishing pressures. The G/NP may be a useful tool to assess the impact of
management decisions in these brackish water environments.
Groundwater Measurements: The alkalinity and TCO2 of groundwater is critical in
studying the carbon cycle and the flow of carbon between systems. Overall, there is a lack of
alkalinity and TCO2 data in groundwater. For alkalinity, 36% of aquifer sectors statewide lacked
any alkalinity measurements, and only 39% have more than 2 measurements. TCO2 is not
measured directly. For this study, we calculated TCO2 based on alkalinity and pH, but with
many caveats, including not having paired pH and alkalinity measurements in space or time, low
resolution of the pH data, and unknown temperature of analyses. In Hawai’i, the statewide
mean TCO2 was less than the TCO2 of surface seawater near Hawaii, creating low ΩAr in
coastal waters, which reduce the ability of organisms to form calcium carbonate structures. This
has the potential to enhance the effects of ocean acidification in the coastal ocean. TCO2 should
be a parameter that is explicitly measured. A concerted effort to collect data statewide and
analyzed with a consistent method would be a great improvement. Given the importance of
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SGD on the flux of TCO2 to the ocean, locations with the highest SGD that are lacking TCO2
data should be priority sites for gathering data. These include the Hilo, Anaeho'omalu, and
Ka'apuna systems on Hawai’i Island, and Waikamoi and Keanae systems on Maui.
Capacity Building: From this project, I learned that students graduating have little
experience with the technology that underlies ocean observing systems, and they lack the skills
required to process the data derived from these systems. To address these issues and develop
a workforce with experience with ocean observing systems, I will offer a course on Ocean
Observing Systems during Fall 2016, including working with the the benthic observatory and
analyzing data in Python. This practical experience will provide technical skills that are in
demand at ocean technology companies, a fast growing component of marine science.
9. Management Applications and Products
While water quality monitoring is widely accepted by state and federal agencies that
manage coastal ecosystem, measurements of the dissolved inorganic carbon system are rarely
made. I expect the findings of this study to provide evidence to managers that measuring
inorganic carbon is just as important as temperature, salinity, and nutrients. Routine sampling
will provide essential information to monitor the impacts of ocean acidification, which our reefs
may already be experiencing.
The instrumentation purchased for this project has provided several collaborative
research opportunities. I developed a collaboration with the USDA-FS and USGS to quantify
the groundwater inputs of TCO2 to the coastal ocean as described above to quantify the
statewide losses of inorganic carbon to the ocean. Through the PICSC-PICCC meetings, I met
Dr. Rusty Brainard, NOAA CRED Division Chief, and learned about similar monitoring being
done by NOAA throughout the tropical Pacific. I am working with Dr. Brainard to identify
sources of funding to collaborate by supplementing their work with greater temporal and spatial
coverage in the main Hawaiian Islands. We also developed a collaborative NSF proposal with
UH Manoa and the University of Guam to study ocean chemistry variability in Guam and Hawaii,
which unfortunately was not funded. However, using other funds, Dr. Tom Schils at UG
purchased similar instrumentation, and we are hopefully to modify the proposal and resubmit.
10. Outreach
The results of this project have been presented so far in two manuscripts (one
submitted, one in preparation) (Table 2). Five conference presentations, including two PICCCPICSC meetings and two Hawai’i Conservation Conferences that were both well attended by
managers and decision-makers. Results will also be presented at two upcoming international
conferences: ASLO 2016 Ocean Sciences meeting in New Orleans, LA, and at the 2016
International Coral Reef Symposium in Honolulu, HI. Two public presentations through UH Hilo
were made to reach a broader audience regarding ocean chemistry changes.
This partnership with PICSC supported education, training and professional
development. Student training included developing methods for collecting alkalinity samples by
scuba divers, conducting field work to collect surface and benthic water samples and to deploy
and recover the benthic observatory, processing samples in the laboratory, and data analysis
(Fig. 6). This project supported two undergraduate senior thesis projects, one master’s thesis
project (Kenda Hart), and provided work experience for six additional students (Table 3).
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Fig. 6. UH Hilo undergraduate Rebecca Ziegler a) collecting alkalinity samples at Hōnaunau,
and b) performing alkalinity titrations.
To introduce students to measuring the carbonate system, I developed a laboratory
exercise for the junior-level MARE 353L Pelagic Methods and Analysis Laboratory. The lab
required students to collected water samples along a salinity gradient produced by submarine
groundwater discharge, analyze the samples for pH and alkalinity, and calculate pCO2, TCO2, and
aragonite saturation using the USGS software, CO2Calc. This was an excellent laboratory
exercise, with fairly complex methods but clear results that were easy to interpret.
Table 2. Publications, presentations and products supported by the PICSC benthic observatory
project.
Submitted peer-reviewed publications
Colbert SL, Kiili S, Hart K, Submitted, Net ecosystem calcification and net primary production
along a tropical nearshore salinity gradient. Estuaries & Coasts.
Publication in Preparation
MacKenzie R, Strouch A, Stets T, Striegel R, Colbert SL, Wiegner T, In Prep, Carbon
Assessment of Hawaii. USGS publication.
Conference Presentations
MacKenzie R, Strauch A, Wiegner T, Colbert SL, Stets E, Striegl R, 2015, Baseline carbon
fluxes to nearshore waters. Hawaii Conservation Conference, Hilo, HI.
Colbert SL, 2015, Nearshore and Groundwater Variability of Dissolved Inorganic Carbon and
Alkalinity in Hawai'i, Pacific Island Climate Science Center, Honolulu, HI.
Colbert SL, 2014, Environmental Variability on a Coral Reef: Kiholo Bay & Wai‘opae, HI. Hawaii
Conservation Conference, Honolulu, HI.
Kiili S, Colbert SL, Wiegner T, 2014, Effects of geothermally heated groundwater on the
dissolved inorganic carbon system at Wai ʻŌpae, Hawaiʻi Island. AGU/ASLO Ocean Science
Meeting, Honolulu, HI.
Colbert SL, 2013, Real‐Time Observations of Benthic Ocean Chemistry on Two Coral Reefs in
West Hawai‘I, Pacific Island Climate Science Center, Honolulu, HI.
Public Presentations
Colbert SL, November 2013, Environmental Variability on a Coral Reef, Kīholo Bay, HI.
Tropical Conservation Biology and Environmental Studies Seminar, UH Hilo.
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Colbert SL, May 2015, Calcification & Primary Production on Coral Reefs, Quantitative
Underwater Ecological Surveying Techniques, Kealakehe, HI.
Student Products
Ziegler R. 2015. Aragonite saturation in seawater at differing depths at Hōnaunau Bay, Hawaii.
Senior Thesis, University of Hawai’i at Hilo
Niedermeyer J. 2014. Effect of reduced pH on Padina australis calcification. Senior Thesis,
University of Hawai’i at Hilo.
Table 3. Personnel supported under the PICSC benthic observatory project.
Last
First
Position
Support
email
Steven
James
Kendra
Kaile’a
Rebecca
Jaysen
Jenna
Tyler
Julia
Serina
Ashley

Colbert
Beets
Hart
Carlson
Ziegler
Niedermeyer
Budke
Phelps
Stewart
Kiili
Pugh

PI
PI
UHH graduate student
UHH graduate student
UHH undergraduate
UHH undergraduate
UHH undergraduate
UHH undergraduate
UHH undergraduate
UHH undergraduate
UHH undergraduate

Summer Support
Summer Support
Work experience
Work experience
Work experience
Work experience
Work experience
Work experience
Work experience
Work experience
Work experience

colberts@hawaii.edu
beets@hawaii.edu
kh453@hawaii.edu
kaileac@hawaii.edu
rebeccaz@hawaii.edu
jaysenn@hawaii.edu
jbudke@hawaii.edu
phelpst@hawaii.edu
jms9@hawaii.edu
sreveira@hawaii.edu
apugh6@hawaii.edu

References:
Albright, R., J. Benthuysen, N. Cantin, K. Caldeira, and K. Anthony. 2015. Coral reef
metabolism and carbon chemistry dynamics of a coral reef flat. Geophysical Research Letters
42: 3980–3988.
Andersson, A.J., and D. Gledhill. 2013. Ocean acidification and coral reefs: effects on
breakdown, dissolution, and net ecosystem calcification. Annual Review of Marine Science, 5:
321-348.
Anthony, K.R., D.I. Kline, G. Diaz-Pulido, S. Dove, and O. Hoegh-Guldberg. 2008. Ocean
acidification causes bleaching and productivity loss in coral reef builders. Proceedings of the
National Academy of Sciences 105: 17442-17446.
Burns, J.H.R., N.K. Rozet, and M. Takabayashi. 2011. Morphology, severity, and distribution of
growth anomalies in the coral, Montipora capitata, at Wai‘ōpae, Hawai‘i. Coral Reefs 30: 819826.
Colbert, S.L. and D.E. Hammond. 2007. Temporal and spatial variability of radium in the coastal
ocean and its impact on computation of nearshore cross-shelf mixing rates. Continental Shelf
Research, 27: 1477-1500.
Couch, C.S., J.D. Garriques, C. Barnett, L. Preskitt, S. Cotton, J. Giddens, and W. Walsh. 2014.
Spatial and temporal patterns of coral health and disease along leeward Hawai’i Island. Coral
Reefs 33: 693-704.

14/16

Doney, S.C., V.J. Fabry, R.A. Feely, and J.A. Kleypas. 2009. Ocean acidification: the other CO2
problem. Annual Review of Marine Science 1: 169-192.
Erez, J., S. Reynaud, J.,Silverman, K. Schneider, and D. Allemand, D. 2011. Coral calcification
under ocean acidification and global change. In Coral reefs: an ecosystem in transition, ed. Z.
Dubinsky and N. Stambler, 151-176. Springer Netherlands.
Fagan, K.E., and F.T. Mackenzie. 2007. Air–sea CO2 exchange in a subtropical estuarine-coral
reef system, Kaneohe Bay, Oahu, Hawaii. Marine Chemistry 106: 174-191.
Grossman, E.E., Logan, J.B., Presto, M.K., and Storlazzi, C.D., 2010. Submarine groundwater
discharge and fate along the coast of Kaloko-Honokōhau National Historical Park, Island of
Hawai‘i; Part 3, Spatial and temporal patterns in nearshore waters and coastal groundwater
plumes, December 2003–April 2006: U.S. Geological Survey Scientific Investigations Report
2010-5081, 76 p.
Gattuso, J.P., D. Allemand, and M. Frankignoulle. 1999. Photosynthesis and calcification at
cellular, organismal and community levels in coral reefs: A review on interactions and control by
carbonate chemistry. American Zoologist 39: 160-183.
Hansson, I., and D. Jagner. 1973. Evaluation of the accuracy of Gran plots by means of
computer calculations: application to the potentiometric titration of the total alkalinity and
carbonate content in sea water. Analytica Chimica Acta 65: 363-373.
Helweg, D., Nash, S., and Polhemus, D., 2014, The Pacific Islands Climate Science Center fiveyear science agenda, 2014–2018: U.S. Geological Survey Open-File Report 2014–1075, 30 p.
Hoegh-Guldberg, O., P.J. Mumby, A.J. Hooten, R.S. Steneck, P. Greenfield, E. Gomez, C.D.
Harvell, P.F. Sale, A.J. Edwards, K. Caldeira, N. Knowlton, C.M. Eakin, R. Iglesias-Prieto, N.
Muthiga, R.H. Bradbury, A. Dubi, and M.E. Hatziolos. 2007. Coral reefs under rapid climate
change and ocean acidification. Science 318: 1737-1742.
Hofmann, G.E., and A.E. Todgham. 2010. Living in the now: physiological mechanisms to
tolerate a rapidly changing environment. Annual Review of Physiology 72: 127-145.
Hofmann, G.E., J.E. Smith, K.S. Johnson, U. Send, L.A. Levin, F Micheli, A. Paytan, N.N. Price,
B. Peterson, Y. Takeshita, P.G. Matson, E.D. Crook, K.J., Kroeker, M.C. Gambi, E.B. Rivest,
C.A. Frieder, P.C. Yu, and T.R. Martz. 2011. High-frequency dynamics of ocean pH: a multiecosystem comparison. PLOS One 6: e28983.
Kleypas, J.A., J.W. McManus, and L.A. Meñez. 1999. Environmental limits to coral reef
development: where do we draw the line?. American Zoologist, 39: 146-159.
Koweek et al. 2015;
Lantz, C. A., M.J. Atkinson, , C.W. Winn, and S.E. Kahng. 2014. Dissolved inorganic carbon and
total alkalinity of a Hawaiian fringing reef: chemical techniques for monitoring the effects of
ocean acidification on coral reefs. Coral Reefs 33: 105-115.
McCulloch, M., J. Falter, J. Trotter, and P. Montagna. 2012. Coral resilience to ocean
acidification and global warming through pH up-regulation. Nature Climate Change 2: 623-627.

15/16

Miller, A. W., A.C. Reynolds, C. Sobrino and G. F. Riedel. 2009. Shellfish face uncertain future
in high CO2 world: influence of acidification on oyster larvae calcification and growth in
estuaries. PLoS one 4: e5661.
Paquay, F.S., F.T. Mackenzie, and A.V. Borges. 2007. Carbon dioxide dynamics in rivers and
coastal waters of the “Big Island” of Hawaii, USA, during baseline and heavy rain conditions.
Aquatic Geochemistry 13: 1-18.
Robbins, L.L., Hansen, M.E., Kleypas, J.A., Meylan, S.C. 2010. CO2calc—A user-friendly
seawater carbon calculator for Windows, Max OS X, and iOS (iPhone): U.S. Geological Survey
Open-File Report 2010–1280: 1-17
Rogers, J.S., Monismith, S.G., Dunbar, R.B., Koweek, D. 2015. Field observations of
wave‐driven circulation over spur and groove formations on a coral reef. Journal of
Geophysical Research: Oceans, 120, 145-160.
Schopka, H.H., Derry L.A. 2012. Chemical weathering fluxes from volcanic islands and the
importance of groundwater: the Hawaiian example. Earth and Planetary Science Letters, 339,
67-78.
Thomas D.M., Paillet F.L., Conrad, M.E. 1996. Hydrogeology of the Hawaii Scientific Drilling
Project borehole KP‐1: 2. Groundwater geochemistry and regional flow patterns. Journal of
Geophysical Research: Solid Earth, 101: 11683-11694.
Thomas, D.M. 1986. Geothermal resources assessment in Hawaii. Geothermics, 15, 435-514.
USGS. 2014. (http://nwis.waterdata.usgs.gov/hi/nwis/)
Van Hooidonk, R., J.A. Maynard, and S. Planes. 2013. Temporary refugia for coral reefs in a
warming world. Nature Climate Change 3: 508-511.
Yates, K.K., C. Dufore, N. Smiley, C. Jackson, and R.B. Halley. 2007. Diurnal variation of
oxygen and carbonate system parameters in Tampa Bay and Florida Bay. Marine Chemistry
104: 110-124.

16/16

