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Pervasive and sustained coral diseases contribute to the systemic degradation of reef
ecosystems, however, to date an understanding of the physicochemical controls on
a coral disease event is still largely lacking. Water circulation and residence times
and submarine groundwater discharge (SGD) all determine the degree to which reef
organisms are exposed to the variable chemistry of overlying waters; understanding
these physical controls is thus necessary to interpret spatial patterns in coral health.
The recent discovery of coral Black Band Disease at Mākua Reef on Kaua‘i, Hawai‘i
prompted an investigation into the physicochemical drivers and geomorphic controls of
reef water circulation, and the temporally variable nutrient fluxes derived from SGD.
Results reveal localized stagnant water parcels at Mākua Reef where groundwater-
derived high nutrient loading and low salinities act in concert as stressors to coralline
health – and where Black Band Disease was uniquely identified. The observed high
nutrient levels during low tide conditions are likely associated with nearby upstream
cesspools and drain fields. Information obtained using such a multidisciplinary approach
has direct value for successful management of coastal aquifers and the health and
sustainability of adjacent nearshore coral reef ecosystems.

Keywords: Black Band Disease, submarine groundwater discharge, residence time, circulation, Mākua Reef

INTRODUCTION

Coral reefs are one of the most vulnerable marine ecosystems (Gattuso et al., 2014). They occupy
less than 0.1% of the ocean floor yet play multiple important roles, housing high levels of biological
diversity as well as contributing key ecosystem services such as coastal protection, fisheries habitats,
and environments for tourism (Weijerman et al., 2018). On the Hawaiian Islands these services
include provisioning (food, livelihoods, medicine), supporting (primary production, nutrient
cycling), regulating (shoreline protection, water quality), and cultural (religion, tourism) services
(Gattuso et al., 2014). The economic value of these services is of primary importance for the State of
Hawai‘i, having been estimated at $34 billion (Bishop et al., 2011). Addressing the drivers of change
for coral reef health is thus not only intrinsically valuable but of great societal importance.
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Coral reef health is largely dependent on water chemistry,
biology, and sediment dynamics, which in turn are critically
controlled by water circulation and residence times on reefs
(Lowe and Falter, 2015). Although submarine groundwater
discharge (SGD) has been shown to be a significant driver in the
exchange of coastal materials, SGD is rarely put into the context
of circulation on coral reefs. Coastal SGD is a highly dynamic
and complex hydrogeological phenomenon that involves both
terrestrial and marine drivers. These drivers determine the
amount and rate of submarine discharge into the coastal sea,
and this discharge also includes the exchange of water masses
through seawater intrusion into the aquifer (Zektser and Dzyuba,
2014). SGD is geochemically distinct and typically enriched in
dissolved solutes relative to both fresh waters and the receiving
marine waters (Slomp and Van Cappellen, 2004), and as a result
may affect coral reef ecosystems. Few studies have shown that
SGD has a large impact on coral reef health (Cyronak et al.,
2013). This is somewhat surprising, considering that SGD into
the marine environment is thought to be of the same order of
magnitude as riverine discharge worldwide (Moore, 2010; Kwon
et al., 2014). SGD has been shown to alter the temperature,
salinity, and nutrient loading of seawater and to introduce
anthropogenic substances from land including toxins, pathogens,
and other pollutants (Taniguchi et al., 2002; Burnett et al.,
2006; Paytan et al., 2006; Swarzenski et al., 2006). On oceanic
high volcanic islands such as the Hawaiian archipelago that are
generally considered oligotrophic regions, SGD is an important
source of freshwater, nutrients, and toxins to the coastal zone
(Dollar and Atkinson, 1992; Garrison et al., 2003; Kim, 2003;
Paytan et al., 2006; Street et al., 2008; Cardenas et al., 2010;
Swarzenski et al., 2013). As a result, SGD can impact marine
biotic communities by delivering elevated nutrient loads that may
lead to eutrophication, decreased coral abundance and diversity,
and increased algal abundance (Fabricius, 2005; Lapointe et al.,
2005; Abaya et al., 2018), as well as low pH water that can
cause coastal acidification (Wang et al., 2014; Prouty et al., 2017).
Septic leachate and fertilizers can lead to eutrophication and
alter ecosystem structures that shift reefs from being dominated
by corals to being dominated by algae (Andréfouët et al., 2002;
Hughes et al., 2007) and increase reef vulnerability to coral
diseases (Bruno et al., 2003; Redding et al., 2013).

Most of these impacts, however, are likely dependent on water
motion (Monismith, 2007; Hearn, 2011; Storlazzi et al., 2018).
Due to the high proximity of land-based sediment and nutrient
and dissolved materials sources, water circulation patterns on a
reef-scale affect reef metabolism and calcification rates (Wyatt
et al., 2010; Zhang and Mandal, 2012; Prouty et al., 2017).
Water circulation patterns also affect larval retention, export, and
connectivity between reefs (Tay et al., 2012; Storlazzi et al., 2017).
The principal impact of stressors on coral reefs can be reduced
to two opposing water circulation processes that either disperse
or concentrate stressors (Erftemeijer et al., 2012; Shedrawi et al.,
2017; Storlazzi et al., 2018). Consequently, knowing spatial water
circulation patterns in conjunction with SGD is critical for
interpreting spatial and temporal variations in stressors on reefs
and their relation to overall coral health (Storlazzi et al., 2004,
2009; Presto et al., 2006; Hoeke et al., 2013).

Wave, wind, and tidal forcing are commonly the dominant
drivers of flows over fringing coral reefs (Storlazzi et al., 2004;
Presto et al., 2006; Hench et al., 2008). Differences in reef
morphology relative to the orientation of oceanographic and
meteorological forcing can generate heterogeneous waves and
currents over small spatial scales (tens of m) (Storlazzi et al.,
2018). Hench et al. (2008) and Monismith (2014) have shown that
current speeds over reefs typically scale linearly with the height
of waves breaking on the reef crest. On the other hand, wind
forcing can dominate shallow reefs protected from swell (Yamano
et al., 1998; Presto et al., 2006). Tides affect both wind-driven
currents by regulating water depth for wind–wave development
(Presto et al., 2006) and wave-driven currents by controlling
wave energy propagation onto the reef flat (Falter et al., 2004;
Storlazzi et al., 2004). In wave-driven systems, flows over fringing
reefs are controlled by bathymetry and are characterized by
rapid, cross-shore flow near the shallow reef crest that slows
moving shoreward and turns alongshore toward channels, where
water returns seaward (Hench et al., 2008; Lowe et al., 2009;
Wyatt et al., 2010; Storlazzi et al., 2018). Current speeds in
wind-driven systems typically respond linearly with wind speed
and direction, and are primarily directed downwind with cross-
shore flow over the reef crest (Storlazzi et al., 2004; Presto
et al., 2006; Monismith, 2014). In general, all water circulation
regimes over reefs are controlled by their bathymetry and the
annual distribution of episodic wave and wind events, as well as
prevailing trade winds. Recent studies by Storlazzi et al. (2018)
have shown that high-resolution reef circulation patterns can
be measured with current drifters. Although these drifters can
provide useful spatial coverage that measure flow patterns across
spatially heterogeneous coral reefs, their application is generally
limited in time (Falter et al., 2008; Wyatt et al., 2012) and, thus, it
is important to put Lagrangian measurements into a temporally
extensive Eularian context.

The Mākua (“Tunnels”) Reef to the west of Hanalei Bay on
the north coast of Kaua‘i, Hawai‘i, United States, was noted by
the US Coral Reef Task Force as a place of concern due to
the outbreak of Black Band Disease (BBD) there and elsewhere
on Kaua‘i (Aeby et al., 2015). Although BBD is prevalent in
the Indo-Pacific (Antonius, 1985; Willis et al., 2004; Page and
Willis, 2006; Sato et al., 2016), Kaua‘i is the only Hawaiian
island known to be affected (Aeby et al., 2015). The disease,
initially termed Montipora Banded Tissue Loss, because it affects
mostly this species on Kaua‘i, was later identified as BBD, and
has been monitored since 2012 (Runyon et al., 2015). BBD is
characterized by a dark mat containing a microbial consortium
of cyanobacteria and sulfur-cycling bacteria that lyses tissue as
the mat moves across the coral surface (Ducklow and Mitchell,
1979; Sato et al., 2016) (Figure 1).

The BBD outbreak on Kaua‘i followed one of the biggest
rainfall years on record and the majority of BBD was found close
to shore (Figure 2). One study in the vicinity (2 km west; Knee
et al., 2008) showed that SGD nutrient flux was significantly
greater than the nutrient flux associated with surface water
runoff, and accounted for over 70% of the total coastal nutrient
discharge. Similarly, a modeling study in the area (Delevaux et al.,
2018) suggested that SGD is an essential terrestrial driver of coral
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FIGURE 1 | Black Band Disease observed on Montipora capitata coral at Mākua, 4 Aug. 2016 Kaua‘i.

reef health. With submarine groundwater discharging a given
concentration of land-derived nutrients and contaminants, the
water circulation acting on this source is the dominant control
on the ultimate exposure of coral reefs to these stressors; as such,
a better understanding of their patterns and relations to SGD may
aid in the ongoing search for the causative factors of BBD that still
remain largely unknown (Sato et al., 2016).

To try to address the potential linkages between SGD, land-
based pollution, as well as circulation and residence time and
exposure to BBD, the U.S. Geological Survey and the University
of Hawai‘i conducted an interdisciplinary experiment at Mākua
Reef in the summer of 2016. Temporally- and spatially-extensive
oceanographic measurements were combined with SGD analysis
and nutrient measurements to test the fundamental hypothesis
that water residence times may influence the biophysical
processes that shape coral reef health. The findings of this study
at Mākua Reef are likely applicable to other places where BBD
outbreaks have occurred adjacent to high human populations.

STUDY AREA

The north coast of Kaua‘i, Hawai‘i, United States, is composed
of volcanic basalt. Although basalt is the dominant rock type on
Kaua‘i’s north shore, unconsolidated sedimentary deposits also
occur sporadically along the coast. These sedimentary deposits
and underlying weathered volcanic rocks can consolidate to form
a low-permeability confining unit (“caprock”), which can restrict

the flow of groundwater discharge at the coast (Macdonald et al.,
1960; Izuka et al., 2018). The shoreline is characterized mostly
by fringing reef systems and embayments (Battista et al., 2007).
The beaches tend to be steep and are composed of coarse-grained
calcareous sand (Fletcher et al., 2012). All data were collected
along the beach and in nearshore waters within the Mākua
(“Tunnels”) Reef area to the west of Hanalei Bay on the north
shore of Kaua‘i (Figure 2) from 30 July to 4 August 2016.

Within the study area, the beach has three dominant features:
an ephemeral creek where beach access is located; a large
macroalgae-covered caprock referred to by the locals as “green
rock”; and a sand spit at the most northern extension of the study
area (Figure 2). A number of the datasets of this study were
collected along the shore of the study area and are thus indicated
with an alongshore reference distance in meters (Figure 2).

The physical environment offshore of the reef during the
summer was described in Storlazzi et al. (2009) and is briefly
summarized here. The study area is exposed to large North Pacific
swell in winter and northeast trade wind waves throughout the
year. During the summer, trade winds generate wave heights
of 1–3 m with periods of 5–8 s. The area has a mixed, semi-
diurnal microtidal regime, with the mean daily tidal range∼0.6 m
and the minimum and maximum daily tidal ranges at 0.4 and
0.9 m, respectively. Offshore current speeds under trade-wind
forcing are on the order of 0.1–0.2 m/s (Hoeke et al., 2013).
The fringing/pseudo-barrier reef at Mākua ranges in depth from
0.5 m to∼20 m and hosts coral communities that are considered
relatively healthy (Battista et al., 2007).
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FIGURE 2 | Map of Mākua Reef, Kaua‘i, Hawai‘i, including locations of instruments, cesspools (Department of Health [Doh], 2018), and points where coral Black
Band Disease had been previously identified (Runyon et al., 2015), consistent with the identification points found during this study. The along-shore distance track
(black axis along beach) indicates the along-shore distance (m) used in Figures 5–7, 9.

MATERIALS AND METHODS

From 30 July through 4 August 2016 oceanographic and SGD
measurements were collected within Mākua Reef and along the
shoreline. The suite of circulation observations included an array
of fixed-point (Eulerian) instruments, as well as repetitive, high-
spatial density, custom-made drifter (Lagrangian) deployments.

Eulerian Oceanographic Measurements
An array of three bottom-mounted instrument packages were
deployed in an alongshore array within Mākua Reef (T1, T2, T3).
Each of these instrument packages included an RBR solo D-wave

pressure gauge, an upwards-looking Nortek Aquadopp acoustic
Doppler profiler (ADP), and an Onset Computer HOBO Water
Temperature v2 Pro logger. The T1 and T2 sites were at about 2 m
water depth, whereas the T3 site was within a channel at about
7 m depth. An additional pressure gauge and temperature logger
were deployed 1 km offshore and north of the reef at about 12 m
water depth (T0).

Wave energy spectra S(f), peak period (Tp), peak period, (Tp)
were calculated from wave pressure gauges using methodologies
detailed in Cheriton et al. (2016). Tide levels were computed as
the deviation in water level from the mean using the T0 hourly-
averaged measurements.
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The ADPs collected a vertical profile of current velocity every
20 min. These profiles were 1000 s (∼17 min) averages. Each
profile consisted of 0.5 m vertical bins, with a 0.1 m blanking
distance above the transducers, extending to within 10% of the
surface. At T1 and T2, this resulted in 3–4 vertical bins of useable
data, whereas at T3 there were 11–12 useable bins. The HOBO
loggers measured temperature every 2 min. The current velocity
components were rotated to align with the alongshore direction,
which was also aligned with the channel axis.

Lagrangian Oceanographic
Measurements
Fine-scale, Integrated Drifters for Oceanography (FIDO) were
developed as an advancement upon the Lagrangian ocean surface
current drifters detailed in Storlazzi et al. (2018). Instead of
just internally-logging GPS units, new custom-made drifter
subsurface bodies housed Garmin T5 GPS-enabled dog collar
tracking units that could be tracked real-time via Garmin Astro-
430 hand-held units. The plastic cruciform-shaped drifter bodies
were produced by a 3-D printer and had 15 cm wide and 10 cm
high polypropylene plastic fins attached. The Garmin T5 units
were mounted vertically in the plastic body and capped with a
4 cm high, 15 cm diameter cylinder of closed-cell foam that, when
fully constructed, resulted in the top of the foam floating at sea
level; the GPS antenna was mounted horizontally on top of the
foam cylinder and the MURS-frequency whip antenna was lashed
vertically to a 25 cm tall fiberglass rod (Figure 3). In total, 20
FIDOs were constructed and tracked by two Garmin Astro-430
hand-held units on kayak, and a fixed base station connected to a
PC laptop. The Garmin T5 units logged positions internally once
every 5 s and transmitted their position every 5–10 s. The higher-
resolution, internally recorded position data was downloaded
from each unit after recovery. During each deployment, 7 FIDOs
were released at 7 fixed sites across Mākua Reef and tracked
until they exited the reef to the west and headed out of the
study area. FIDO deployments occurred both during both high
and low tide throughout the study period (see Figure 3C for
deployment times).

Salinity and Temperature
Rainfall was measured at a gage located 6 km upslope of the
study area as well as at the closest coastal gage 6 km east
of the study area. Measurements of surface salinity over the
study area were temporary offset from rainfall events by several
hours to allow for mixing and flushing (see Meteorological
Forcing Data for details). Groundwater in Hawai‘i generally
is colder than nearshore ocean waters, so local reductions in
salinity and temperature can be used to identify groundwater
inputs. Because fresh water floats on salt water, surface water
surveys were collected by towing a Castaway CTD System, which
provided GPS-referenced temperature, salinity, and water depth
measurements at 5 Hz. Surveys were performed by towing the
unit ∼10 cm below the surface by foot or off of a kayak.
All but one of the CTD surveys were carried out during
low tide, when SGD volumes were expected to be at their
maximum (Oberle et al., 2017). Near bed temperatures were also

collected at the three wave tide gauges located within the study
area (Figure 2).

Electrical Resistivity Tomography (ERT)
Surveys
The utility of electrical resistivity to examine the dynamics and
scales of the freshwater/saltwater interface in coastal groundwater
is well established (Manheim et al., 2004; Swarzenski et al., 2006,
2007; Oberle et al., 2017). During the study period, time-series
multichannel, electrical resistivity tomography (ERT) surveys
were conducted along eight transects (Figure 2) during low tides.
Transects were aligned parallel to the shoreline (except for the
perpendicular transect near the ephemeral creek) and located
∼0.75 m above mean sea level. An AGI SuperSting R8 system
was used to measure the electrical resistivity of the subsurface
waters along a 56-electrode cable (electrodes spaced 2 m apart).
Each electrode was pinned to the underlying sediment with a
35 cm stainless steel spike. The electrical resistivity measurements
were acquired using a dipole-dipole array setting. The relative
elevation of each electrode was carefully kept at a constant height.
The primary aim of the ERT surveys was to identify SGD hotspots
along the beachfront, so that SGD flux could then be calculated
for these hotspots.

Submarine Groundwater Discharge
(SGD) Measurements
The utility of 222Rn as a water mass tracer is well-proven to study
rates of SGD due to its very short half-life (3.8 days) and its
multifold enrichment in groundwater relative to surface water
(Swarzenski, 2007). Durridge RAD7 radon detection systems
were employed to measure Rn in air using a water/air exchanger.
This setup allows for a near real-time calculation of the aqueous
Rn concentration by measuring the air 222Rn concentration
and knowing the temperature-dependent 222Rn partitioning
coefficient (Burnett and Dulaiova, 2003; Burnett et al., 2003,
2006; Dulaiova et al., 2006; Swarzenski et al., 2006; Schubert
et al., 2012). An additional onsite monitoring station was set
up with a piezometer into a submerged spring at 1 m depth,
∼20 m upslope from the discharge area to establish a 222Rn
groundwater endmember.

222Rn time-series measurements were taken every 30 min
for 12 h. The 222Rn endmember value was established after
measurements at peak values had fully leveled (n = 10). The
results were compared with the endmember values established
by Knee et al. (2008) for a well 1km west of the study
site. For the 222Rn time-series, the surface- and bottom-
waters were instrumented with Solinst LTC Leveloggers that
continuously measured pressure, conductivity, and temperature
of ambient seawater. A simple non-steady state radon mass-
balance box model was then employed for calculations of
SGD following methods developed by Burnett and Dulaiova
(Burnett and Dulaiova, 2003; Burnett et al., 2006). In general,
this box model accounts for radon sources from (a) total
benthic fluxes via submarine groundwater discharge (SGD); (b)
diffusion from sediments; and (c) production from dissolved
226Ra. Radon losses were calculated by including gas evasion,
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FIGURE 3 | Time series of meteorological and oceanographic data used to define time periods of different forcing conditions. Scale is in local time (HST). (A) Wind
speed and direction. (B) Offshore significant wave height. (C) Offshore tidal height. (D) Water temperatures on the reef and depth-averaged alongshore current
speeds on the reef. Wind vectors denote direction “to” in degrees from true north. Note the temporal variability in waves and current speeds on the reef that indicate
waves are smallest, temperature is lowest, and current speeds are slowest during low tides when the offshore waves are small.

radioactive decay, and mixing with offshore radon-depleted
water. In all cases, the excess inventory per time (i.e.,
differences between source and sink fluxes) was divided
by radon concentration in groundwater (i.e., groundwater
endmember) to calculate groundwater discharge. Site locations
for these surface water time-series deployments (Figure 2) were
strategically placed based on results from the ERT surveys and
assumptions regarding gradients in oceanographic, geologic, and
hydrologic controls.

Major Nutrients
Nutrients were sampled during high and low tide by two separate
sampling teams and, as a result, sampling methodologies differed
slightly. Low tide samples were taken from 10 nearshore locations
spanning the entire distance of the study site (Figure 2) for
possible linkage to SGD. Due to fieldwork time constraints high
tide nutrient samples were only collected at two locations where

high SGD was suspected and Black Band Disease had been
identified (Figure 2).

Low tide nutrients were sampled on 1 August 2016 between
7:00 and 8:30 (all reported times in HST), as beach sediment and
ambient water (pore water and overlying water). Samples were
collected at 0.5–1.0 m (MLLW) water depth in polypropylene
jars, stored in the dark, and frozen within 4 h of collection.
Whole sediment and water samples were defrosted and decanted,
and the liquid portion filtered through 0.2 µm pore size
polyethersulfone syringe-tip filters. Filtered seawater was stored
frozen until analysis. In low tide samples inorganic nutrients
nitrate + nitrite (N), phosphate (P), and silicate (Si) were
analyzed by flow-injection colorimtetry (Lachat QuikChem8000)
at the University of California at Santa Cruz Institute of Marine
Sciences. Standards and blanks were run every 10 samples to
correct for instrument drift. The relative standard deviation of
four in-run standards was less than 5% for all analyses, and
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detection limits, defined as three times the standard deviation of
the blank, were less than 0.1 µmol/L for all analytes. Conductivity
was measured with an Orion 3-Star portable conductivity meter.
It is important to note that the freezing of whole seawater samples
can cause plankton cells to rupture and add cytoplasmic nutrients
to whole water samples. In order to capture this effect, N:P ratios
were investigated and it was found that all but one sample had
lower ratios than those typically found in coastal plankton in the
region (median = 17, n = 4; Laws et al., 1984), an indication that
cellular leakage of N and P did not have a large effect on the
sampled nutrients.

High tide samples were collected from 1 to 3 August 2016
as subsamples from 10 l water samples obtained using a
peristaltic pump and tubing from water just above the seafloor.
All samples were collected at mid-day, between 11:50 a.m.
and 12:50 p.m. local time, through a 0.8 µm inline filter.
Temperature (±0.2◦C), salinity (±1.0% of reading or 0.1 ppt,
whichever was greater), and dissolved oxygen (±0.1 mg/l) were
measured using a YSI multimeter in a bucket filled with pumped
water after the subsample bottle was filled and sealed. Salinity
was calculated within the multimeter based on conductivity
(±1.0% of reading or 0.001 µS/cm, whichever was greater) and
temperature measurements. The YSI multimeter was calibrated
using 50,000 µS/cm ± 1% at 25◦C conductivity standards from
YSI. This calibration was done at the beginning of sampling
at each study site and when batteries were changed. Twenty
milliliter per site per day were filtered through a 0.20 µm syringe
filter into a vial and immediately frozen until analysis. Samples
were processed within an hour of collection. High tide water
samples were analyzed for the dissolved nutrients nitrate [NO3

−],
ammonium [NH4

+], phosphate [PO4
3−], and silicate [Si] at the

Woods Hole Oceanographic Institution nutrient laboratory.

Meteorological Forcing Data
Hourly wind velocity and precipitation data were obtained from
the MKAH1 station on Makaha Ridge (22.1298◦N, 159.7224◦W),
located ∼19 km southwest of the study area. This weather
station is maintained by the Bureau of Land Management,
and the data were downloaded from the University of Utah’s
MesoWest website1. Daily precipitation data were also obtained
from the closest NOAA operated rain gauge in Princeville
(station #5181652) and an upslope USGS maintained rain gauge
(station #2209271593550013).

Coral Surveys
Field surveys for BBD were initiated by performing a rapid area
survey following Aeby et al. (2015) where divers swam from
shore out to the reef crest and all Montipora spp. colonies along
an ∼6 m wide swath were examined. After this, point-intercept
method (Hill and Wilkinson, 2004) was employed to characterize
coral cover and BBD lesions. Coral colonies were counted by
genera along replicate belt transects (25 m × 2 m) at 25 cm
intervals. All corals with BBD lesions were identified along wider

1https://mesowest.utah.edu/
2https://climate.ncsu.edu/cronos
3https://waterdata.usgs.gov

25 × 6 m transects. Survey sites ranged in depth between 1 and
12 m and surveys were repeated each summer from July 2013
to September 2015. The outer reef was not surveyed due to high
wave and current activities. Detailed results from these surveys on
prevalence and BBD abundance have previously been published
(Runyon et al., 2015) and showed, in brief, that BBD was
identified each consecutive year. BBD locations were confirmed
in September 2016 during this study and are shown in Figure 2.
This research was conducted under Special Activity Permit No.
2013–16 issued by the Hawai‘i Division of Aquatic Resources.

RESULTS

Meteorological and Oceanographic
Forcing
During the study period, winds exhibited a trade-wind pattern,
with sustained wind speed of ∼10 m/s out of the northeast
(Figure 3A). Offshore wave heights were initially elevated, with
Hs ∼ 1.8 m and Hmax up to 2.7 m, and then decreased slightly
over the 4 days study period (Figure 3B). The tides at the study
site were mixed semidiurnal, with two high and two low tides for
each tidal day. During the study, the maximum tidal range was
∼0.8 m (Figure 3C).

Waves and Circulation
Waves inside Mākua Reef were strongly depth-limited, with
larger Hs during high tides and smaller Hs at low tides. The
current meter sites and drifter tracks were separated according
to the 5 m isobath inshore of the channel. Depth-averaged flow at
T1 and the drifter velocities measured inshore of this boundary
were, on average, 3–4 times slower than those within the channel
and farther offshore (Figure 3D). The inshore velocities were
also more strongly correlated with water levels (R = 0.85 for T1,
compared to R = 0.75 at T2 and R = 0.63 at T3). All three reef
sites had depth-averaged flows that were consistently directed
alongshore, out of the channel to the southwest. T2 and T3 had
very similar current magnitudes, ranging from ∼0.2 m/s at low
tide to 0.4–0.5 m/s at high tide, whereas T1, which was further
from the channel, had much slower current speeds, ranging from
<0.1 to 0.2 m/s (Figure 3D). The current speeds at T1 and T2
were faster at the beginning of the study, when offshore incident
wave heights were larger. This pattern was likely a result of
increased onshore transport of water into the reef from enhanced
wave breaking over the reef crest. Bottom temperature measured
at the current meters inside the reef also fluctuated with the
surface tides, with warmer near-bed temperatures during high
tides and the coolest temperatures at low tide.

The Lagrangian drifter tracks exhibited spatial patterns related
to geomorphology and temporal patterns related to physical
forcing (Figure 4). Under all forcing conditions, of the surface
flow over the outer to mid-reef was toward shore (southward) and
then closer to shore the flow turned shore-parallel, directed out
the channel (southwestward). The fastest surface current speeds
were over the outer reef flat, just inshore of the reef crest and
in the southwest channel; whereas the slowest surface speeds
were close to the shoreline (within 5 m horizontal distance)
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FIGURE 4 | Average current speeds and residence times across Mākua Reef as a function of tidal level from FIDOs. (A) Current speeds at low tide. (B) Current
speeds at high tide. (C) Residence times at low tide. (D) Residence times at high tide. Note the geomorphic and oceanographic controls on circulation and thus
residence time, with the greatest residence times close to shore during low tides. The along-shore distance track (white axis along beach) indicates the along-shore
distance in hundreds of meters (m).

(Figures 4A,B). Using these circulation patterns as a proxy for
local residence times, the shortest water residence times occurred
in the outer to mid-reef flat and inside the channel, while the
longest residence times were found inshore of the channel, along
the shoreline (Figures 4C,D). Reef circulation current speeds
increased with higher water levels (Figure 4) and under larger
offshore wave forcing (Figure 3D), indicating that residence
times would be longest under lower water levels and low-energy
offshore wave conditions.

Salinity
Heavy rains at the start of the survey period were followed
by intermittent and occasionally heavy rain throughout the

week. A gage located 6 km upslope of the study area
measured total rain accumulation during the study of ∼20 cm.
Within the study area rainfall accumulated to ∼10 cm during
the study period (recorded at the coastal rain gauge 6 km
east). The monthly rainfall for August was roughly twice as
high (177%) during the study period compared to decadal
averages. Runoff from Manoa Stream (∼1 km southwest
from study area), appeared to remain west of the study
area due to the prevailing winds and surface flow from
the northeast. Runoff from Wainiha River (∼2.5 km east
of study area) and Hanalei River (∼7 km east of study
area) produced visibly muddy plumes offshore that did not
reach the study site.
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FIGURE 5 | Alongshore near-surface salinity profiles relative to prominent geomorphic locations. Each horizontal panel is a single survey. Green line represents
high-tide measurement; blue lines are low-tide measurements. Red vertical lines mark locations that show lower salinities across multiple surveys. Location names of
orange vertical lines and alongshore distances are marked on Figure 2. SGD was measured at 390 m due to its lower salinity prevalence even during high tide
conditions.

The spatial variability in nearshore salinity revealed hotspots
of SGD (Figure 5). Salinity differences were generally fairly small,
indicating either low discharge or high levels of mixing, but were
consistent across multiple surveys. With the exception of one
high-tide survey, these alongshore surveys were all performed
during low tide when nearshore residence times were longest
and groundwater discharge could be expected to be highest as
well. Four areas of lower salinity stand out: one at ∼480 m
alongshore near the sand spit, at ∼330–410 m (high tide signal)

near the green algae-covered rocks, at ∼260 m and at ∼ 140–
210 m near the ephemeral creek, close to the southwestern
limit of the study area (Figure 5). The most dramatic and
more widespread nearshore signal was in the very shallow
area of the ephemeral creek (0–80 m) with salinities as low
as 16 PSU. Two major alongshore hydrographic boundaries
are reflected in the salinity patterns: a broad shallow reef
platform at approximately x = 0 m that is exposed at low
tide, impounding a shallow basin to the west, and a sand
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spit at ∼500 m that marks the northeastern limit of more
sheltered nearshore waters. Waters offshore and east of the
sandspit experience strong currents and surface mixing from
water advecting across the offshore reef flats and through the
offshore channel, just east of the sandspit and from the prevailing
northeast trade winds.

Nutrients
There was a notable difference in the mean nutrient
concentrations observed during low and high tide (Figure 6),
confirming the influence from the higher SGD rates during
low-tide conditions. High tide nutrients were one to two orders
of magnitude lower than low tide nutrients from comparable
locations. Dissolved silicate, a weathering product of basaltic
rock and volcanic ashes in Hawai‘i that gets transported to
the coast by groundwater flow and SGD, was two to twelve
times higher at low tide compared to high tide. Salinity
levels in high tide nutrient samples represented near oceanic
conditions, averaging 34.7 PSU, whereas low tide samples were
approximately half the high-tide values at 17.4 PSU. Low tide
salinity patterns in the nutrient samples exhibited an alongshore
variability that is mirrored by the alongshore CTD salinity
surveys (Figure 5). The highest freshwater concentrations
were recorded just southwest of the ephemeral creek at 75 m.
Although nutrient levels were high across the entire study
area during low tide, highest levels were recorded in samples
at 370 and 440 m in the vicinity of the algae-covered “green
rock” (Figure 2).

FIGURE 6 | Nutrient and salinity values as a function of tide. (A) Low tide
measurements. (B) High tide measurements. Note that differences in the
y-axis values indicating that nutrient values were one order of magnitude
higher at low tide than at high tide. Numerical data can be found in
Supplementary Table S1.

Submarine Groundwater Discharge
The near-bed temperatures measured at current meters T1, T2,
and T3 show a daily heating pattern (Figure 3D). However,
the water at T1, being the most nearshore of the sensors, is
generally cooler than the other sites. Especially during low tides
T1 is on average, 0.5◦C cooler than T2, despite T1 having
considerably slower flow speeds (and, thus, longer residence
times). This points to a pronounced influence of SGD at T1.
Furthermore, conductivity measurements (representing salinity)
taken in combination with SGD measurements had a strong
tidal signature, with lower salinities during low tides and higher
salinities during high tides (Figure 7). This type of salinity
signature is strongly indicative of SGD influence.

Furthermore, the ERT profiles clearly identified a distinct
freshwater layer in the nearshore environment and also recorded
salinization with depth (Figure 8). The ERT freshwater layer
was relatively uniform throughout the study area, with only a
minor indication of a zone of higher SGD between 360 and
420 longshore meters. The high tide salinity profile (Figure 5)
also indicated elevated discharge in the same stretch from 330–
410 m. SGD was measured in this zone near “green rock” at
390 m alongshore (Figures 8, 9). SGD rates were on average
∼8 cm/d and varied between 1 and 25 cm/d. Higher SGD rates
were observed shortly after low tide, whereas high tides caused
a landward seawater hydraulic head gradient that reduced SGD.
It is important to mention that groundwater endmember values
within the study area have been shown to vary with distance
from the shoreline and by season (Knee et al., 2008), as well as
other parameters such as rainfall that were not addressed in this
study. In an effort to minimize the uncertainty associated with
endmember variability in our discharge calculations, we only
used endmember values taken from a piezometer relatively close
to shore (20 m), with the rationale that this water would best
represent what was actually discharging.

DISCUSSION AND CONCLUSION

Although there is increasing concern about the health
of coral reefs worldwide, a modern understanding of the
complex interactions between ocean, SGD and reef processes
is still emergent.

Meteorological and Oceanographic
Controls on Reef Circulation
Resolving circulation flow patterns at ecologically relevant spatial
and temporal scales is difficult in coral reef environments due
to the high biological and geomorphic heterogeneity (Monsen
et al., 2002). Here, utilizing the sampling strategy outlined by
Storlazzi et al. (2018) we combined frequent, high spatial-density
Lagrangian drifter deployments with high temporal-resolution
Eulerian current meters to resolve the complex flow patterns over
different portions of the reef and examined how these patterns
change under different water levels.

During the study period, waves and winds were consistently
out of the northeast, which is the typical trade wind pattern
that characterizes ∼75% of the annual conditions (Fletcher et al.,
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FIGURE 7 | Water level and conductivity measured at the SGD intake. Location at ∼390 m alongshore (Figure 2). Times are HST.

FIGURE 8 | Electrical Resistivity Tomography (ERT) shore parallel profiles following the along-shore distance track (Figure 2) reveal the freshwater-saltwater
interface. Upper profile was recorded 1 August, 2016 at 19:00 HST (∼mid tide) and includes the alongshore location where SGD was sampled (at 390 m); lower
profile was recorded 3 August, 2016 at 20:30 HST (∼mid tide) and spans across most of the ephemeral creek (between 140 and 190 m). Lower values are indicative
of saltwater, higher values indicates brackish to fresh water. The profiles show saltwater intrusion (blue) above a freshwater lens (green), underlying an elevated
unsaturated sandy beach (yellow and red). Inferred water table is shown by dotted line.

2002; Garza et al., 2012). As such, though our study duration was
only 5 days, it can be considered representative of the dominant
oceanographic and meteorological forcing regime for the area.
Under sustained northeasterly trade winds, the bathymetry of the
reef and the degree of wave breaking over the outer reef crest
appear to exert the dominant control on circulation patterns on
the Mākua Reef platform.

During the 4 days study period, winds and waves were
relatively consistent, with a sustained trade-wind pattern
(Figure 3A), and waves approaching the reef from the
northeast. Significant wave heights were on average 1.4 m
(± 0.17 m; Figure 3B), with an average peak period of
8.0 s (± 1.2 s). Thus, while wind and waves are strong

drivers of reef circulation, because these forcings were relatively
constant during our deployment, the primary control on reef
flows was tides. Water levels also control the influence of
waves, whereby higher water levels increase the effect of waves
breaking over the reef. This coupled with the decreased bottom
friction under higher water levels results in faster reef flows,
which is seen in both the drifter and fixed current meter
observations (Figure 3D). These spatial and temporal patterns
in flow speeds and the resulting residence times are similar
to those reported by Storlazzi et al. (2018) in a fringing reef-
lined embayment.

In addition to incident offshore wave characteristics, the water
levels (tides) also controlled the degree of wave-driven circulation
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FIGURE 9 | Time series showing ocean water levels (summation of tides plus wave-driven water levels, in blue) and the computed submarine groundwater
discharge (SGD) advection rates (in green), with ±1 standard deviation (vertical gray bars). Average advection is 5 cm/d. Location at ∼390 m alongshore (Figure 2).
Times are HST.

over the reef. At low water levels (<0 m tide height), wave
breaking occurred at, but not over the outer reef crest, while at
higher water levels, wave breaking over the reef crest resulted
in a crescent-shaped hydraulic head over the outer reef that
accelerated flow from the outer- and mid-reef nearshore and
into the channel (Figure 4). On average, water speeds over
the reef platform, directly along the beach, and in the outflow
channel were 122% faster during high tide than low tide. Low
water levels resulted in stagnant water areas (>10 min residence
time) along the beachfront (Figure 4C), while during high
tide there were no stagnant water areas except for two small
patches near the ephemeral creek (95 m) and the green rock at
250–300 m (Figures 2, 3).

SGD Source
ERT beach profiles reveal that a shallow freshwater lens is floating
on intrusive saline water throughout the entire alongshore area.
This indicates that some SGD occurs diffusely throughout the
study area. However, the combined analysis of the alongshore
salinity observations (Figure 6.) and ERT profiles (Figure 8)
shows sites of concentrated flux spanning across the ephemeral
creek and between 380 and 420 alongshore meters, which
indicate SGD channeling or venting. This partially contradicts
a previous hypothesis of widespread diffusive SGD release

throughout the entire study area as shown in a modeling study
(Delevaux et al., 2018).

Oceanographic and Geomorphic
Controls on SGD Patterns
The observed flow speed of SGD at the plume location (Figure 2)
showed variation associated with changes in water levels, with
higher SGD rates (25 cm/d) shortly after low tide, and greatly
reduced SGD rates (3 cm/d) at high tide (Figure 9), likely
caused by a landward seawater hydraulic head gradient. Similarly,
low SGD rates of average ∼3 cm/d were modeled (Delevaux
et al., 2018) and observed (Knee et al., 2008) for the nearby
Haena Beach and Haena State Park areas (1 km southwest and
2 km west, respectively). The bathymetry within the study area
also controls water residence time, and, subsequently, freshwater
related nutrient loading. In general, water moves faster over
deeper areas of the reef complex (e.g., the channel) due to
decreased friction. Some shallower areas such as the outer reef
are effectively flushed by waves, but this is not true for the area
shoreward of the channel, which is both shallow and sheltered
from offshore wave breaking, resulting in slow current speeds
and longer residence times (Figure 4). The reduced flushing of
nearshore water can lead to stratification, whereby the nutrient
rich, less saline water from the SGD plume floats atop the more
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FIGURE 10 | Conceptual drawing of semi-diurnal tide and fluctuating salinity conditions in a shallow reef environment. Dark blue water represents low salinities. The
combined effect of tides, stagnant water circulation, SGD, and shallow bathymetry can cause corals to be exposed to potentially stressful high nutrient brackish
water conditions.

saline marine waters. This could lead to alternating salinity
and nutrient conditions for corals, depending on water levels:
during high tide, corals would be exposed to mostly marine (high
salinity/low nutrient) conditions, while during low tide corals
could be bathed in high nutrient, brackish waters (Figure 10).

Cesspools and SGD Nutrient Loading at
Mākua Reef
There is strong evidence that the high nutrient concentrations
associated with SGD along the shoreline of Mākua reef are
sourced from local cesspools. The highest nutrient concentrations
were found at a site co-located with a distinct SGD plume
(Figure 9) that has a low-salinity signature identifiable at
both high and low tide (Figure 5). ERT data (Figure 8)
also coincides with nutrient data (Figure 6A) displaying a
thicker freshwater lense in the zone where nutrient levels are
highest (370–440 alongshore meters). In general, at low water
levels, nearshore water samples showed freshwater influence and
nutrient concentrations up to an order of magnitude greater than
those measured during high tides (Figure 6). These high nutrient
concentrations exceed the reported eutrophication thresholds for
Pacific reefs (NO2,3

− > 20 µmol/L and PO4 > 2 µmol/L; e.g.,
Bell et al., 2007), suggesting a nearby anthropogenic nutrient
input. During the study period, the ephemeral creek was dry,
and reported nutrient levels in the nearby but down-current
Manoa Stream and off-shore directed Wainiha rivers are lower
(<5 NO2,3

− and < 0.5 PO4
3− µmol/L; Knee et al., 2008)

than what was measured in the SGD plume. In addition, the
plume discharge location is directly up-current of the heavily
macroalgae-covered “green rock” location (Figure 2), further
suggesting a heightened nutrient source at this location. Several
recent studies have pointed to coastal cesspools as a likely
anthropogenic source of nutrients to reefs (e.g., Derse et al.,
2007; Dailer et al., 2010; Prouty et al., 2017). There are 24
known cesspools located within 0.5 km of Mākua Reef, including
3 that appear to be less than 100 m from the ocean along

the studied stretch of coastline (Figure 2). A recent modeling
study of the Mākua reef beach identified very high nutrient
recharge levels in the adjacent inland areas (Delevaux et al.,
2018), further underscoring the likely association of reef nutrient-
loading with the presence of these nearby cesspools. Legislators
have recognized the potential harmful effect of cesspools and
under current legislation all cesspools in the state of Hawai‘i must
be removed by 2050.

Coral Health
The complex nature of the BBD, based on the interactions
of multiple microbes rather than a single pathogen, makes it
difficult to isolate and predict the causative factors or to develop
management strategies (Sato et al., 2016). At Mākua reef, we
predict the corals most at risk for negative effects due to nutrient-
laden SGD are those found in nearshore zones of relatively
stagnant water that are also directly influenced by SGD. These
zones can be identified by high water residence times which
allow SGD driven nutrient levels, low salinities, and potential
pathogens to reach peak levels, thus making reduced coral health
and resilience more likely. Our results also show that SGD is
advected in the alongshore environment putting corals toward
the southwest corner of the study area at greatest risk. The
sites that meet these criteria coincide with the locations where
BBD has been identified in the study area (Figure 2). The
herein presented combined analysis of reef circulation, SGD,
and nutrient and/or pathogen loading provides reef managers
with a predictive tool to identify reef zones subject to higher
levels of stress to corals, and that thus may require higher
levels of protection.

The State of Hawai‘i has recently recognized that the estimated
53 million gallons of untreated sewage that exit cesspools each
day can threaten the health of coral reefs. As a consequence,
the removal of all cesspools on Kaua‘i has started to be carried
out in accordance to priority regions and completed by 2050
(Department of Health [Doh], 2018). The herin presented
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data may help city planners and reef managers in identifying
a priority zone for cesspool removal that can directly benefit
the Mākua Reef.
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