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Submarine groundwater discharge (SGD) in high volcanic islands can be an
important source of freshwater and nutrients to coral reefs. High inorganic
nutrient content is generally thought to augment primary production in coastal
systems but when this is delivered via a freshwater vector as is the case with SGD
in this study, the effects on productivity are unclear. In the current literature,
there is limited evidence for a direct association between SGD and primary
productivity of reefs. To elucidate the response of primary productivity to SGD,
we conducted spatially and temporally explicit in situ benthic chamber
experiments on a reef flat along a gradient of SGD. We found significant
quadratic relationships between C-uptake and SGD for both phytoplankton
and the most abundant macroalga, Gracilaria salicornia, with uptake maxima at
SGD-derived salinities of ~21−22 (24.5−26.6 mmol NO3-L

−1). These results
suggest a physiological tradeoff between salinity tolerance and nutrient
availability for reef primary producers. Spatially explicit modeling of reefs with
SGD and without SGD indicate reef-scale G. salicornia and phytoplankton
C-uptake decreased by 82% and 36% in the absence of SGD, respectively.
Thus, nutrient-rich and low salinity SGD has significant effects on algal C-
uptake in reef systems.
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1 Introduction

Submarine groundwater discharge (SGD), is defined as any flow of water from the
seabed or benthos to the coastal ocean, regardless of fluid composition or driving force
(Burnett et al., 2006; Moore, 2010). The chemical composition of SGD is geographically
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unique based on land use, biogeochemical processes in the aquifer
and subterranean estuary, precipitation rates, water residence times,
and recirculation (Taniguchi et al., 2019). SGD is an important
source of terrigenous freshwater and nutrients to coastal waters
worldwide (Slomp and Van Cappellen, 2004; Burnett et al., 2006;
Luijendijk et al., 2020; Santos et al., 2021). Cho and colleagues
(2018) showed that the total SGD-derived dissolved inorganic
nitrogen (DIN) and dissolved inorganic phosphorus (DIP) fluxes
could be approximately 1.4- and 1.6-fold of the river fluxes to the
Indo-Pacific and Atlantic Oceans respectively.

Offshore coral islands which experience tidally modulated SGD
input, release nutrients via vertical pore water upwelling, tidal
pumping, and temperature-driven convection, which can in turn,
lead to sustained productivity within coral reefs (Santos et al., 2010).
Tidally dominated SGD inputs can be chronic sources of nutrients
to tropical reefs (Nelson et al., 2015; Jiang et al., 2021); this contrasts
with fluvial nutrient inputs, which vary greatly with precipitation
(Amato et al., 2016; Richardson et al., 2017a; Richardson et al.,
2017b). Hence, in coastal areas with tidally dominated SGD inputs,
SGD may comprise a significant component of reef nutrient inputs
but have highly variable biogeochemistry on small temporal scales
(i.e., hours) and spatial scales (i.e., meters) (Swarzenski et al., 2017;
Luijendijk et al., 2020; Silbiger et al., 2020).

SGD can have a freshwater component and a recirculated
seawater component although in high volcanic islands, the
freshwater component is usually large due to high precipitation
rates, high shoreline to area ratio, high relief, and immature
permeable soil (Moosdorf et al., 2015); thus, SGD input to reefs
usually decreases the salinity and increases the nutrient
concentration of coastal waters (Burnett et al., 2006; Moore,
2010). The primary producers that inhabit these ephemerally
estuarine environments must be able to withstand, grow, and
maintain productivity while being exposed to rapid fluctuations in
both salinity and nutrients (Santos et al., 2021; Bharathi et al.,
2022). All primary producers have physiologically optimized
ranges of tolerance for both inorganic nutrients and salinity
(Kirst, 1990; Guan et al., 2015; Liu et al., 2016). Although
nutrient concentrations have long been known to affect primary
productivity on reefs (Nixon et al., 1986; Duarte, 1995; Brandl
et al., 2019; Johnson et al., 2020), the effects of salinity on
productivity are usually varied and species-specific (Sudhir and
Murthy, 2004). The effects of increased nutrients on reef
productivity depends on the structure of the benthic community
(Yap et al., 1994; Marubini and Davies, 1996; Dizon and Yap,
2003; Fabricius, 2005). Specifically, gross primary productivity
(GPP) will be higher in algae-dominated reef communities (Roth
et al., 2021) because some fleshy macroalgae can make use of
inorganic nutrients on a reef more efficiently and rapidly than
zooxanthellae in coral-dominated reef communities (Littler et al.,
1991; Hughes et al., 2010; Dailer et al., 2012; Johnson et al., 2020;
Vaughan et al., 2021). Experimental factorial studies of salinity
pulses and nutrient loading on primary producers show nutrient
loading tends to have a long-term effect through complex
community interactions (Duarte, 1995; Valiela et al., 1997),
while salinity pulsing frequency and intensity has an immediate

and direct influence on growth and distribution (Boustany
et al., 2015).

Studies have shown that abundance of cyanobacteria,
phytoplankton, and macroalgae usually increases with high-
nutrient SGD input (Gobler and Boneillo, 2003; Troccoli-
Ghinaglia et al., 2010; Waska and Kim, 2011; Peterson et al.,
2012; Lee and Kim, 2015; Amato et al., 2016; Lecher and Mackey,
2018; La Valle et al., 2021; Dulai et al., 2023). Specifically, in
Hawai‘i studies have found that SGD increases invasive
macroalgal abundance, thus altering reef community
composition (Amato et al., 2016; La Valle et al., 2019; Dulai
et al., 2023). Johnson and Wiegner (2014) showed that coastal
primary production and respiration respond differently to surface
plumes of SGD over short spatial and temporal scales, with some
locations showing net autotrophic conditions and some showing
net heterotrophic conditions. In shallow macroalgal-dominated
reefs, benthic macroalgae account for the majority of the overall
ecosystem productivity (Valiela et al., 1997; Dailer et al., 2012).
Hence, we hypothesize that the effect of SGD on the productivity
of benthic macroalgae and phytoplankton will be net positive and
play an important role in the ecology of reefs and coastal systems
with SGD.

Many of the studies measuring production rates, especially in
macroalgae, are done in laboratory and mesocosm settings. In situ
flux estimates on reef communities are in short supply, mostly
because they are difficult to perform, yet these types of studies are
critical to improve our understanding of real-time productivity in
these algae-dominated coral reefs. Measuring C-uptake rates of
primary producers on a reef with SGD characterized by low
salinity and high inorganic nutrients gives us species-specific
and functional group-specific productivity rates and can shed
light on the relationship between productivity and nutrients
delivered via a freshwater medium. In this study we measured in
situ C-uptake of the main primary producers on an algal-
dominated reef with SGD influence using benthic chambers.
The experimental design was spatially and temporally explicit in
order to capture C-uptake rates across a gradient of SGD input.
We then coupled this data with benthic cover data to map and
estimate both benthic and water column C-uptake on a reef with
SGD and a reef without SGD. This work can elucidate the
magnitude of the effect of SGD on both benthic and water
column algal productivity of reefs. The effects of high-nutrient
SGD on reef primary productivity and reef community
composition has important wastewater and land-based pollutant
management implications in watersheds with SGD.

2 Materials and methods

2.1 Study site description and
experimental design

The study site is Maunalua Bay along the southeast coast of
O‘ahu, Hawai‘i. Our specific study area, the reef flat adjacent to
Wailupe beach park (Figure 1), has one localized SGD (21.2756°N,
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157.7624°W) close to the shoreline (Nelson et al., 2015). The reef
flat is dominated by macroalgae. The most abundant algal species
was the invasive Gracilaria salicornia, accounting for an average of
13% of the total benthic cover (areas without algal cover included)
and approximately 31% of algal cover. The average SGD discharge
rate is 20 m3 d−1 m−1 of coast at Wailupe and average nutrient
concentrations at the seep were 68 mM NO3− and 2 mM PO4

3−

resulting in groundwater derived nutrient fluxes of 8902 mol NO3−
d−1 km−1 shoreline and 238 mol PO4

3− d−1 km−1 shoreline
(Holleman, 2011). SGD is the dominant source of nutrients to the
water column and throughout the majority of the year is the only
source of terrestrial freshwater (McGowan, 2004).

Experiments were done across space and at different tidal
heights (from −0.16 m to 1.5 m MLLW) (Tide Predictions –

NOAA Tides & Currents, 2015) in order to capture a range of
groundwater input (i.e., different salinities) (Figure 1). All
experimental sites were shallower than 2 m at all tide levels. The
benthic chamber was sealed using multiple ring-shaped sandbags at
the base with additional weighted chains placed on top of the sand
bags. The chambers were placed on top of hard substrate covered in
macroalgae. The benthic chamber was constructed out of clear 6 mil
polypropylene bags (Lehua Greenhouse tarp, 93% PAR
transparency) and had a sampling port. Following deployment,
benthic chambers were enriched with about 0.3 g of 98 at.%
NaH13CO3 to increase total DIC by about 10% (Mateo et al.,
2001) and incubated for 1 hour. Each benthic chamber
accommodated about 20 L of seawater and encompassed a 0.25
by 0.25 m2 area of reef at its base. Benthic chamber deployments
were done across the reefflat in an area 0.11 km2 (440 m offshore by
250 m alongshore) during peak daylight hours (i.e., 9:00−14:00).

2.2 Isotope analyses and
numerical procedures

Water samples (1 L) were collected before the beginning of the
experiment, right after the NaH13CO3 enrichment, and after the
experiment from within the benthic chambers and filtered through
a 0.7mm glass fiber filter. Water samples were sent to the
Biogeochemical Stable Isotope Facility at the University of
Hawai‘i at Mānoa for d13C analysis of dissolved inorganic carbon
(DIC; Torres et al., 2005). Pre-enrichment and post experiment
filters were analyzed for N, 15N, C, and 13C content using a Carlo
Erba 2500 elemental analyzer coupled with a Finnigan Delta S mass
spectrometer (internal error was ±0.05 ‰ with total analytical
precision ±0.2 ‰). Ambient samples (i.e., natural abundance
samples collected prior to 13C enrichment) of all macroalgal
species present in the benthic chamber were picked within 0.3 m
of the benthic chamber and all of the macroalgae was gathered from
within the benthic chamber at the end of the experiment.
Macroalgal samples were separated by species, cleaned of
epiphytes and sediment and dried at 60°C over 3 days. The
species-specific dried ambient (natural abundance) pre-
experimental and post experiment enriched macroalgae was
ground, weighed, and analyzed for N, 15N, C, and 13C content in
accordance with methods described in Teichberg et al. (2008) and
de los Santos et al. (2022).

Isotopic equations are listed in supplemental Table 1 and were
derived from equations in Hayes (2004). Macroalgal uptake rates
(P) were calculated using equation 1 below, derived from Hama
et al. (1983) and used in Mateo et al. (2001). Similar calculations are
also specified in Cornelisen and Thomas (2002).

FIGURE 1

Map of experiment deployments. Exact locations at Wailupe marked by white and black squares; circle shows location of main SGD seep.
(Inset) Map of O‘ahu, Hawai‘i, blue dot shows Wailupe’s location.
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P (mg C d−1dw h−1) =
C • ðais " ansÞ

t • (aic " ans) • dw
(1)

Where ans is the atomic % 13C in the ambient sample’s tissue, ais
is the atomic % 13C of the enriched sample tissue, taken after a 1-
hour incubation, and aic is the atomic % 13C in the dissolved
inorganic carbon in the incubation medium after enrichment. C
(mg) is the carbon content of the sample, dw refers to dry weight (g)
of the sample, and t (h) is time. Phytoplankton uptake rates were
determined using the C-uptake rate equation in Hama et al. (1983).

P (µg C L−1 h−1) =
POC • ðais " ansÞ
t • (aic " ans)

(2)

POC refers to the particulate organic carbon (µg C L−1) in the
incubated sample. No correction factor for isotopic discrimination

against 13C has been applied to the calculations. C-uptake rates for
G. salicornia, phytoplankton, and Acanthophora spicifera were
modeled against salinity and fit with quadratic least squares
regressions (Figure 2).

2.3 Water chemistry and physical
parameter measurements

Salinity, temperature, photosynthetically active radiation
(PAR), and current speed were measured using autonomous
sensors located inside and outside the benthic chambers. Water
samples were taken from within the benthic chamber for dissolved
inorganic carbon (DIC) and pH analysis pre-experiment, right after
the isotope enrichment, and after the 1-hour incubation. Dissolved

A B

D

E

C

FIGURE 2

Peak carbon uptake by primary producers at intermediate SGD levels. C-uptake rates modeled against salinity on a reef flat with SGD for (A) G.
salicornia, (C) phytoplankton, and (E) A. spicifera. Model statistics for quadratic regressions for (B) G. salicornia and (D) phytoplankton. Quadratic
relationships are significant for G. salicornia and phytoplankton C-uptake and salinity (*=p<0.05, **=p<0.01, ***=p<0.001).
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inorganic nutrient samples were taken before the incubation and at
the end of the experiment (~1 hr).

Salinity and temperature – Two autonomous salinity sensors
(Odyssey Temperature and Conductivity loggers, 3 to 60 mS cm−1)
and a temperature logger (Onset TidbiT v2 Water Temperature
Data Logger) were deployed inside and outside the benthic
chambers. The sampling frequency was one measurement per
minute for both sensors. Salinity of water samples was measured
with a conductivity probe (Orion Star portable meter) to ground
truth salinity time series data.

Dissolved inorganic nutrients – Water samples for dissolved
inorganic nutrient analysis were filtered through a 0.2 µm
previously combusted glass fiber filter. The samples were brought
to room temperature, mixed, and analyzed on a Seal Analytical
Segmented Flow Injection AutoAnalyzer AA3HR for soluble
reactive phosphate (PO4

3−) ammonium (NH+
4 ), nitrate + nitrite

(N + N; NO2− + NO3−), and silicate (SiO4) at the SOEST
Laboratory for Analytical Biogeochemistry (S-LAB) at the
University of Hawai‘i at Mānoa. A filter blank was collected and
used to standardize our silicate values.

Dissolved inorganic carbon (DIC) – Water samples for DIC
analysis (300 ml) were collected from within the benthic chamber
using a 1 L syringe in borosilicate bottles before the experiment,
right after the NaH13CO3 enrichment and at the end of the
experiment. Samples were brought back to the lab and fixed with
200 ml HgCl2 per 250 ml seawater. Samples were analyzed for DIC
using the UIC Coulometer and Marianda VINDTA 3D at the S-
LAB at the University of Hawai‘i at Mānoa.

pH – pH on the total scale (pHtot) was measured using a
Thermo Scientific Orion Star A329 portable meter with a pH
electrode calibrated against a Tris buffer of known pH from the
Dickson laboratory at Scripps Institution of Oceanography. Using
DIC data, the pH values were corrected for in situ temperature
recorded by the temperature loggers at each experimental location
using CO2SYS (Lewis and Wallace, 1998). HSO−

4 dissociation
constants were taken from Uppstrom (1974) and Dickson (1990),
while K1 and K2 dissociation constants for carbonic acid were taken
from Mehrbach et al. (1973) and refit by Dickson and
Millero (1987).

PAR and current – Two autonomous Odyssey Submersible
Photosynthetic Active Radiation (PAR) Loggers were deployed
about ~15 cm from the benthos; one within and one outside the
benthic chamber. The scan rate was one per minute and the
detected wavelength was cosine corrected photosynthetic
irradiance (400−700 nm). A Nortek Vector 3D Acoustic
Velocimeter was deployed outside the chamber at mid-height of
the water column (~0.5–1 m depth), set to sample continuously at a
rate of 8 Hz, with a nominal velocity range of 0.30 m s−1.

2.4 Distribution maps for carbon uptake

Percent cover of benthic macroalgae was measured on a 400 m
by 250 m gridded map of Wailupe (n=73; Figure 3A) using 0.25 ×
0.25 m2 quadrats and interpolated via linear interpolation within

the boundaries of the data (interp function in package akima in R;
Akima and Gebhardt, 2015). All of the biomass was collected from
the quadrats, separated by species, rinsed with DI water, and dried
for 3 days in a drying over at 60°C. Statistics and plots for linear
regressions of species-specific dry weight by percent cover are given
in Supplemental Figure 1.

To create C-uptake rate maps of G. salicornia for a reef with
SGD, the map of percent cover was converted to biomass using an
empirically derived regression model (dw = 0.0392 • (% cover),
p=<0.001, F=58.42, r2 = 0.7322; Supplemental Figure 1). The carbon
uptake rate maps on a reef without SGD (Figures 4B, D) were
calculated using a mean value for carbon uptake rates measured in
experiments located at least 250m from the SGD seep and with no
SGD influence (ie. >34 salinity) (C-uptake ratenoSGD = 0.0213 mg C
g dw−1 h−1 for G. salicornia; 0.0423 mg C g dw−1 h−1 for A. spicifera)
multiplied with measured dry weight of either G. salicornia or A.
spicifera (dwA.spi(i), g) (Figures 4A, C). The regression model of
carbon uptake rates vs. salinity (Figure 2) was multiplied with
biomass (Figure 3A) to calculate carbon uptake rates of G. salicornia
across the reef with SGD influence (Figure 3C) interpolating a
snapshot of salinity values taken by the salinity sensor at a low tide
of −0.12 m MLLW (Figure 3B) for each percent cover point. C-
uptake at ith benthic survey location (C-uptakeSGD(i), mg C h−1) was
calculated by multiplying measured dry weight (dwG.sal(i), g) of G.
salicornia by regressed values of C-uptake rate (C-uptake rateG.sal(i),
mg C g dw−1 h−1) versus salinity. A. spicifera was only found in
benthic experiments located away from the groundwater seep and
therefore carbon uptake rates were not calculated for areas with
high SGD input.

2.5 Relating benthic carbon uptake and
water column carbon uptake

G. salicornia is responsible for the majority of the carbon uptake
of the benthic community as it is the most abundant macroalga on
the reef. The C-uptake values for G. salicornia on a reef with SGD
and on a reef without SGD were given as (mg C h−1 m−2) for each
benthic location by dividing the respective C-uptake values by the
area of the quadrats used for the benthic surveys (0.0625 m2); the
values were then square root transformed and C-uptake values for a
reef without SGD were subtracted from the C-uptake values for a
reef with SGD (Figure 3D; Supplemental Figure 2). The productivity
values were square-root transformed simply for visual purposes, to
show the gradient of productivity monochromatically in the maps.
Water column productivity on a reef with or without SGD
(µg C h−1) was calculated using the regression values for C-
uptake rates (µg C L−1 h−1) versus salinity multiplied by water
column depth (depth(i), m) at each benthic survey location
(Table 1). For this model, we assume that biomass of G.
salicornia is the same on this reef and a reef without SGD. A
mean C-uptake rate (C-uptake ratenoSGD(i) = 0.692 mg C h−1 L−1)
was calculated from experimental data collected about 250m from
the SGD seep when there was no SGD influence (i.e., >34 salinity;
Table 1) and used to create C-uptake maps on a reef without SGD.
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3 Results

3.1 Relationships between productivity
and SGD

There were strong linear relationships between salinity and
inorganic nutrients (i.e., nitrate and nitrite, total dissolved
phosphorus, and silicate) of water samples from varying distances
from the localized SGD seeps (Table 2). This shows close to
conservative mixing relationships, where the SGD comes in with low
salinity (~2) and high nutrient concentrations, and as the SGD mixes
with coastal water, the SGD gets diluted. These linear relationships
were also found by Richardson and colleagues (2017b). Because
salinity, nitrate and nitrite, total dissolved phosphorus, and silicate
covary on this reef and we know SGD is the main source of freshwater
and nutrients at this site, salinity was used as a proxy for nutrient
concentrations and a metric for SGD contribution. Histograms of
values for salinity, temperature, DIN, DIP, silicate, DIC, pH, and
current speed can be found in Supplemental Figure 2.

We found significant quadratic relationships between C-uptake
rates of G. salicornia and phytoplankton with salinity (Table 1;
Figure 2). Linear regressions were not found to be significant. A.
spicifera only occurred in 7 out of the 22 experimental sites and only
in areas that experienced salinities above 27 (Figure 2E), therefore
there were insufficient samples to determine a significant model
between C-uptake rate and SGD. Quadratic relationships for G.
salicornia and phytoplankton peak at approximately 21−22 salinity
(24.5−26.6 mmol NO3− L−1 and 0.54–0.58 mmol PO3

+4 L−1).

3.2 Effects of SGD on benthic and water
column productivity

Maps of G. salicornia and A. spicifera’s biomass and C-uptake
on a reef without SGD are shown in Figure 4. Even though uptake
rates of each species in areas with no SGD were comparable (mean
C-uptake rateG.salicornia = 0.014 ± 0.082 mg C g dw−1 h−1; mean C-
uptake rateA. spicifera = 0.0423 ± 0.029 mg C g dw−1 h−1), G.

A B

DC

FIGURE 3

Spatial distribution and modeled C-uptake rates of G. salicornia with respect to SGD inputs on a reef flat. Contour plots shaded by (A) G. salicornia
dry weight (g). Black points on maps refer to actual sampling locations. (B) Snapshot of salinity recorded via autonomous sensors at low tide (May 15,
2015). (C) Modeled C-uptake on a reef flat with SGD (mg C h−1). (D) Histogram of the square root transformed differences between G. salicornia C-
uptake on a reef with SGD and a reef without SGD. Biomass is assumed to be the same for these reefs for this model. The mean of the square root
transformed values is indicated by the blue arrow.
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salicornia’s biomass is much greater than that of A. spicifera;
therefore, G. salicornia is responsible for the majority of the
benthic macroalgal uptake at this site. G. salicornia has also
increased in abundance over the last decade from 4.6% in 2003–
2004 (McGowan, 2004) to 13% cover according to our benthic
surveys done between 2014−2017. G. salicornia is currently the
most abundant algal species at this site.

We calculated C-uptake of G. salicornia across the Wailupe reef
flat with SGD input (Figure 3). The uptake map (Figure 3C) shows
hotspots of uptake where there is high biomass and intermediate
salinity. The difference between C-uptake on a reef with SGD and a
reef without SGD was calculated for G. salicornia (Figure 3D;

Supplemental Figure 3). At low tide, G. salicornia is responsible
for a mean additional 0.097 mg C h−1 uptake. C-uptake
contribution from the water column and benthos on a reef with
SGD are 0.697 mg C m−2 h−1 and 2.72 mg C m−2 h−1, respectively.
On a reef with no SGD C-uptake decreases by 32% for the water
column and 82% for the benthos (Table 1).

4 Discussion

Our study shows that SGD increases both water column and
benthic C-uptake in tropical reef systems. Peak C-uptake of both

A B

DC

FIGURE 4

Spatial distributions and modeled C-uptake rates for macroalgal species on a reef without SGD. Contour plots of biomass as dry weight (√g) for
(A) G. salicornia and (C) A. spicifera. Contour plots of C-uptake on a reef flat without SGD (mg C h−1) for (B) G. salicornia and (D) A. spicifera.

TABLE 1 C-uptake rates for G. salicornia and phytoplankton for reefs with and without SGD.

C-uptake on reef with SGD (m ± se) C-uptake on reef without SGD (m ± se)

G. salicornia
C-uptake rate

0.111 ± 0.031 mg C g−1 dw h−1 0.014 ± 3.274 mg C g−1 dw h−1

2.72 ± 0.035 mg C m−2 h−1 0.487 ± 0.005 mg C m−2 h−1

Phytoplankton
C-uptake rate

1.39 ± 0.423 µg C l−1 h−1 0.136 ± 0.033 ug C l−1 h−1

0.697 ± 0.075 mg C m−2 h−1 0.449 ± 0.021 mg C m−2 h−1

Values in rows 2 and 4 are normalized to benthic area.
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phytoplankton andG. salicornia occurred in environments with low
SGD-derived salinities of ~21.5, and high nutrient concentrations
(25.5 mmol NO3− L−1 and 0.54 mmol PO4

3+ L−1), suggesting a
physiological tradeoff between salinity tolerance and nutrient
availability for reef primary producers. The water column and
benthic contributions to C-uptake on a reef with SGD are
approximately 36% and 82% higher than a reef without SGD,
respectively. This suggests that SGD increases productivity
especially in macroalgae-dominated reefs.

4.1 Macroagal productivity on reefs
with SGD

Several studies on macroalgae species in the Gracilaria genus
have shown optimal growth rates between 20−30 salinity (Hoyle,
1975; Glenn et al., 1999; Choi et al., 2006). A study by Duarte and
colleagues (2010) on the native Hawaiian species Gracilaria
coronopofolia showed quadratic relationships between growth and
SGD, with maxima at (27 salinity, 7.51 mmol nitrate, 0.15 mmol
phosphate). G. salicornia, the main primary producer on this reef, is
one of the main invasive species in Hawai‘i. Our work shows that G.
salicornia can have high C-uptake rates in areas with SGD (high
nutrients and low salinity), which implies that some macroalgae, an
invasive species in this case, may outcompete others and thrive in
areas with groundwater input.

Wailupe’s benthic community is composed of a variety of
macroalgae, zooanthids, and sparse coral. Even considering these
major functional groups, whose cover is less than 5% each, G.
salicornia is likely responsible for the largest portion of C-uptake on
this reef. Our G. salicornia uptake values (2.72 mg C m−2 h−1 on a
reef with SGD) account for a small fraction of gross reef
productivity, which have been reported to range from 0.33−30 g
C m−2 h−1 (Sorokin, 1995; Gattuso et al., 1996; Andréfouët and
Payri, 2001). The lack of biodiversity of the benthic community at
Wailupe could explain the low productivity at this site. The high
abundance of invasive G. salicornia could have created a less
productive reef which lacks the variety in functional groups
needed to boost this system’s C-uptake (Steneck and Dethier,
1994; Nyström, 2006).

Both the SGD research community and management groups
share an interest in the fate of the dissolved inorganic nutrients
brought to coastal systems via SGD. Gracilaria species have been
well studied for aquaculture purposes and are widely known to have

high uptake rates for NH4
+, NO3−, and PO3

3− (Glenn et al., 1999;
Yang et al., 2006; Huo et al., 2012). They can remove 13−85% DIN
and DIP within 23−45 days (Yang et al., 2006; Huo et al., 2012) in a
closed system. Wailupe reef flat has a residence time of
approximately 1 day (Wolanski et al., 2009), which suggests that
large amounts of DIN and DIP are being exported to the reef crest
and other areas offshore.

4.2 Phytoplankton productivity on a reef
with SGD

Phytoplankton uptake rates were boosted 32% in reefs with
SGD, emphasizing that the effects of SGD on productivity affect the
entire reef system. Sugimoto and colleagues (2017) found C-uptake
rates of phytoplankton to range from 2−50 µg C l−1 h−1 in a coastal
embayment with SGD. Our values fall on the low end of this range,
with 1.39 µg C l−1 h−1 on a reef with SGD and decreased by an order
of magnitude to 0.136 µg C l−1 h−1 on a reef without SGD. These
rates are comparable to those from Alldredge et al. (2016) who used
radioisotope incorporation methods on a similar reef flat with SGD
inMo‘orea, French Polynesia to obtain average uptake rates of 0.423
± 0.276 µg C l−1 h−1. C-uptake values of phytoplankton from Paiko
lagoon in Maunalua bay (21.2811°N, −157.7296°W) range from 7
−15 mg C m−2 d−1 (K. Peyton, pers. comm.). Our mean C-uptake
values are comparable at 10.8 mg C m−2 d−1 on a reef with no SGD
and 17.7 mg C m−2 d−1 on a reef with SGD.

4.3 Biogeochemical and temporal effects
of SGD

Several studies have shown that high islands with semidiurnal
tides, such as the main Hawaiian islands, have high fluxes of SGD
with high nutrient levels (Dimova et al., 2012; Moosdorf et al.,
2015). On reefs with mostly freshwater SGD that experience semi-
diurnal tidal patterns, intermediate salinities can occur up to four
times a day, creating a periodicity that could produce consistently
elevated productivity on reefs with SGD. Consistent with previous
surveys of spatial distribution of SGD at this site (Nelson et al., 2015;
Richardson et al., 2017a; Richardson et al., 2017b; Lubarsky et al.,
2018), we showed that groundwater can have an effect on
productivity up to 200 meters offshore (Figure 1; Supplemental
Figure 4); it is important to understand SGD’s full spatial extent in

TABLE 2 Linear relationships for nutrients and salinity at Wailupe.

Nutrient concentrations (mmol L−1) Linear Relationship with salinity R2 p-value

N+N −2.1×salinity + 70.5 0.990 <0.001

TDP −0.1×salinity + 2.1 0.964 <0.001

SiO4
2− −23.7×salinity + 817.6 0.998 <0.001

SGD is the main and largest source of freshwater and inorganic nutrients to this site. These relationships were found using linear regressions obtained from salinity vs. nutrients plots.
N + N = NO2− + NO3−. TDP, total dissolved P (mainly in the form of phosphate).
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order to create more accurate productivity maps and estimates. Our
findings are relevant to any coastal areas with tidally modulated
SGD discharging onto an area with high abundance of primary
producers, whether in high volcanic islands or karst environments,
where the SGD characteristics (i.e., low salinity, low temperature
compared to surrounding coastal water, and high in nutrient
concentrations) are similar. The effects of SGD with high nutrient
concentrations on productivity are likely magnified in oligotrophic
waters. These coastal systems with SGD can be hotspots for possible
phase shifts as well as restoration sites. These areas should be
monitored for changes in community structure and can be targeted
by groups engaged in conservation efforts such as local Hawaiian
community groups who are currently outplanting limu (algae)
maunaea (Gracilaria coronopofolia) as well as other native and
endemic species.

In this study, we have shown that SGD is an important source of
freshwater and nutrients to reef systems. In this macroalgal-
dominated reef, the productivity of both the water column and
the main macroalgal species are increased at intermediate SGD-
derived salinities. Further research on the benthic communities
associated with SGD and its biochemistry is warranted.
Understanding the effects of SGD on coastal communities will
help direct and prioritize conservation and management efforts.
Close attention should be paid to the photosynthetic communities
present in coastal areas with SGD as these areas may be hotspots for
phase shifts and restoration.
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SUPPLEMENTARY TABLE 1

Important equations and corresponding descriptors.

SUPPLEMENTARY FIGURE 1

Dry weight vs. % cover regressions (A) G. salicornia and (B) A. spicifera.
Regression statistics for G. salicornia (dry weight = 0.0392 • % cover, p<
0.001, F = 58.4, r2 = 0.732) and for A. spicifera (dry weight = 0.00665 • %
cover, p< 0.001, F = 32.9, r2 = 0.571).

SUPPLEMENTARY FIGURE 2

Histograms of salinity, temperature, nitrate and nitrite (N + N) concentrations,
phosphate (PO4

3−), ammonium (PO4
3−), pH, dissolved inorganic carbon (DIC),
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photosynthetically active radiation (PAR), and mean flow velocity measured
for all 22 benthic chamber experiments.

SUPPLEMENTARY FIGURE 3

G. salicornia C-uptake with and without SGD. (A) Histograms of square root
transformed C-uptake by G. salicornia on a reef without SGD (light gray bars)
and with SGD (light green bars, overlap between the two histograms is
indicated by the dark gray). (B) Histogram of the square root transformed

differences between G. salicornia C-uptake on reef with SGD and without
SGD. The mean of the differences is 0.0923 mg C h−1.

SUPPLEMENTARY FIGURE 4

C-uptake rates for primary producers partitioned by reef zone and tidal cycle.
(A) Conceptual maps of biogeochemical zones (modified from Nelson et al., 2015).
Legend shows the colors corresponding to biogeochemical zones. C-uptake rates
across tide and zone for (B) G. salicornia, (C) A. spicifera and, (D) phytoplankton.
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Hoyle, M. D. (1975). The literature pertinent to the red algal genus gracilaria in
Hawaii (University of Hawaii: Marine Agronomy Program).

Hughes, T. P., Graham, N. A. J., Jackson, J. B. C., Mumby, P. J., and Steneck, R. S.
(2010). Rising to the challenge of sustaining coral reef resilience. Trends Ecol. Evol. 25,
633–642. doi: 10.1016/j.tree.2010.07.011

Huo, Y., Wu, H., Chai, Z., Xu, S., Han, F., Dong, L., et al. (2012). Bioremediation
efficiency of gracilaria verrucosa for an integrated multi-trophic aquaculture system
with pseudosciaena crocea in xiangshan harbor, China. Aquaculture 326–329, 99–105.
doi: 10.1016/j.aquaculture.2011.11.002

Jiang, Z.-P., Lv, J., Li, Q., Dai, M., Kao, S.-J., Zheng, N., et al. (2021). Tidal-driven
submarine groundwater discharge and its influences on the carbonate system of a
coastal coral reef in the northern south China Sea. J. Geophys. Res. Oceans 126,
e2021JC017203. doi: 10.1029/2021JC017203

Johnson, M. D., Fox, M. D., Kelly, E. L. A., Zgliczynski, B. J., Sandin, S. A., and Smith,
J. E. (2020). Ecophysiology of coral reef primary producers across an upwelling gradient
in the tropical central pacific. PloS One 15, e0228448. doi: 10.1371/
journal.pone.0228448

Johnson, E. E., and Wiegner, T. N. (2014). Surface water metabolism potential in
groundwater-fed coastal waters of Hawaii island, USA. Estuaries Coast. 37, 712–723.
doi: 10.1007/s12237-013-9708-y

Kirst, G. O. (1990). Salinity tolerance of eukaryotic marine algae. Annu. Rev. Plant
Biol. 41, 21–53. doi: 10.1146/annurev.pp.41.060190.000321

La Valle, F. F., Kantar, M. B., and Nelson, C. E. (2021). Coral reef benthic community
structure is associated with the spatiotemporal dynamics of submarine groundwater
discharge chemistry. Limnol. Oceanogr. 66, 188–200. doi: 10.1002/lno.11596

La Valle, F. F., Thomas, F. I., and Nelson, C. E. (2019). Macroalgal biomass, growth
rates, and diversity are influenced by submarine groundwater discharge and local
hydrodynamics in tropical reefs.Mar. Ecol. Prog. Ser. 621, 51–67. doi: 10.3354/meps12992

Lecher, A. L., and Mackey, K. R. M. (2018). Synthesizing the effects of submarine
groundwater discharge on marine biota. Hydrology 5, 60. doi: 10.3390/
hydrology5040060

Lee, J., and Kim, G. (2015). Dependence of coastal water pH increases on submarine
groundwater discharge off a volcanic island. Estuar. Coast. Shelf Sci. 163, 15–21.
doi: 10.1016/j.ecss.2015.05.037

La Valle et al. 10.3389/fmars.2023.1178550

Frontiers in Marine Science frontiersin.org10

https://CRAN.R-project.org/package=akima
https://CRAN.R-project.org/package=akima
https://doi.org/10.1371/journal.pone.0165825
https://doi.org/10.1007/s003380000117
https://doi.org/10.1007/s003380000117
https://doi.org/10.1016/j.csr.2021.104643
https://doi.org/10.1098/rsos.140053
https://doi.org/10.1002/fee.2088
https://doi.org/10.1038/s41598-018-20806-2
https://doi.org/10.1007/s10811-006-9033-y
https://doi.org/10.4319/lo.2002.47.4.1223
https://doi.org/10.1016/j.hal.2012.03.008
https://doi.org/10.1007/s10021-022-00801-5
https://doi.org/10.1016/0021-9614(90)90074-Z
https://doi.org/10.1016/0021-9614(90)90074-Z
https://doi.org/10.1016/0198-0149(87)90021-5
https://doi.org/10.1029/2011JC007509
https://doi.org/10.3989/scimar.2003.67n2117
https://doi.org/10.1080/00785236.1995.10422039
https://doi.org/10.1029/2010WR009094
https://doi.org/10.1002/lol2.10232
https://doi.org/10.1002/lol2.10232
https://doi.org/10.1016/j.marpolbul.2004.11.028
https://doi.org/10.1016/j.marpolbul.2004.11.028
https://doi.org/10.3354/meps145109
https://doi.org/10.1016/S0044-8486(99)00139-8
https://doi.org/10.3354/meps255101
https://doi.org/10.1371/journal.pone.0128831
https://doi.org/10.1371/journal.pone.0128831
https://doi.org/10.1007/BF00396282
https://doi.org/10.1575/1912/27058
https://doi.org/10.1016/j.tree.2010.07.011
https://doi.org/10.1016/j.aquaculture.2011.11.002
https://doi.org/10.1029/2021JC017203
https://doi.org/10.1371/journal.pone.0228448
https://doi.org/10.1371/journal.pone.0228448
https://doi.org/10.1007/s12237-013-9708-y
https://doi.org/10.1146/annurev.pp.41.060190.000321
https://doi.org/10.1002/lno.11596
https://doi.org/10.3354/meps12992
https://doi.org/10.3390/hydrology5040060
https://doi.org/10.3390/hydrology5040060
https://doi.org/10.1016/j.ecss.2015.05.037
https://doi.org/10.3389/fmars.2023.1178550
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Lewis, E. R., and Wallace, D. W. R. (1998). “Program developed for CO2 system
calculations,” (United States: Environmental System Science Data Infrastructure for a
Virtual Ecosystem (ESS-DIVE).

Littler, M. M., Littler, D. S., and Titlyanov, E. A. (1991). Producers of organic-matter
on tropical reefs and their relative dominance. Mar. Biol. 6, 3–14.

Liu, X., Xiao, W., Landry, M. R., Chiang, K.-P., Wang, L., and Huang, B. (2016).
Responses of phytoplankton communities to environmental variability in the
East China Sea. Ecosystems 19, 832–849. doi: 10.1007/s10021-016-9970-5

Lubarsky, K. A., Silbiger, N. J., and Donahue, M. J. (2018). Effects of submarine
groundwater discharge on coral accretion and bioerosion on two shallow reef flats.
Limnol. Oceanogr. 63, 1660–1676. doi: 10.1002/lno.10799

Luijendijk, E., Gleeson, T., and Moosdorf, N. (2020). Fresh groundwater discharge
insignificant for the world’s oceans but important for coastal ecosystems.
Nat. Commun. 11, 1260. doi: 10.1038/s41467-020-15064-8

Marubini, F., and Davies, P. S. (1996). Nitrate increases zooxanthellae population density
and reduces skeletogenesis in corals. Mar. Biol. 127, 319–328. doi: 10.1007/BF00942117

Mateo, M. A., Renom, P., Hemminga, M. A., and Peene, J. (2001). Measurement of
seagrass production using the 13C stable isotope compared with classical O2 and 14C
methods. Mar. Ecol. Prog. Ser. 223, 157–165. doi: 10.3354/meps223157

McGowan, M. P. (2004). Submarine groundwater discharge: freshwater and nutrient input
into Hawai‘is coastal zone [master’s thesis] (Honolulu (HI: University of Hawai‘i at Mānoa).
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