
1.  Introduction
Anthropogenic climate change is driving major changes in the world's oceans, including ocean warming 
(Domingues et al., 2008; Durack et al., 2018; Levitus et al., 2005), deoxygenation (Breitburg et al., 2018; Keeling 
et al., 2009), and acidification (Doney et al., 2009, 2020; Kleypas et al., 1999; Kwiatkowski & Orr, 2018). These 
changes pose serious threats to marine organisms and ecosystems (Andersson & Gledhill, 2013; Eyre et al., 2018; 
Hoegh-Guldberg et al., 2007; Hughes et al., 2003) by altering the roles, functions, and biogeochemical cycles of 
marine ecosystems (e.g., Guan et al., 2020; Hughes et al., 2017; Smale, 2020). Coral reefs may be particularly 
susceptible to these changes as evidenced by recent declines in global coral cover (Bruno & Selig, 2007; Gardner 
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how global changes will impact coral reefs, we must understand the drivers of this natural variability. Past 
research efforts have explored how much of this variability is caused by biological factors, but fewer efforts 
have investigated the influence of physical factors such as seawater flow speed and light intensity. In this study, 
we measured flow speed, light intensity, oxygen concentration, and seawater acid-base balance at three different 
habitats on a coral reef for 3 weeks in Okinawa, Japan. Using statistical models, we determined that daily 
variations in mean flow speed and light intensity accounted for 25%–74% of the variability during the day, and 
flow speed alone accounted for 7%–75% of the nighttime variability. These results show that flow speed and 
light intensity play important roles in controlling coral reef oxygen and pH variability and must be considered 
when assessing how climate change and future changes in seawater chemistry will impact coral reefs.
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et  al.,  2003; Jackson et  al.,  2014). Anomalously high seawater temperatures have driven recent global mass 
coral bleaching events and continued warming will increase the frequency and intensity of these events (Hughes 
et al., 2017; van Hooidonk et al., 2016). The incidence of coral disease and associated mortality are also likely 
to increase under warming (Glynn & Manzello, 2015; Ruiz-Moreno et al., 2012; van Hooidonk et al., 2013). 
Additionally, ocean warming decreases seawater oxygen concentrations and increases biological oxygen demand, 
potentially increasing the frequency and duration of hypoxic events that have been linked to mortality of reef 
organisms ranging from cryptic infauna to corals and fish (Altieri et  al.,  2017; Hobbs & McDonald,  2010; 
Kealoha et al., 2020; Raj et al., 2020). This problem is likely to be exacerbated in regions experiencing increased 
eutrophication (Altieri et al., 2017; Diaz & Rosenberg, 2008). While projected levels of acidification alone are 
unlikely to be lethal to most reef organisms, acidification will interact synergistically with warming and hypoxia 
to decrease the overall fitness of reef organisms (Anthony et al., 2008; Dove et al., 2013, 2020), reduce calcifi-
cation rates (Albright et al., 2018; Guo et al., 2020), increase CaCO3 dissolution and bioerosion rates (Albright 
et al., 2018; Cyronak et al., 2013; Eyre et al., 2018), and may contribute to decreasing reef biodiversity (Fabricius 
et al., 2011). It is highly likely that future warming, deoxygenation, and ocean acidification will alter the role and 
function of coral reefs and change their capacity to provide essential ecosystem services.

While it is certain that future climate change will affect coral reefs, predicting how different coral reefs and 
reef habitats will be affected under global and regional climate change scenarios is challenging owing to the 
large spatiotemporal variability in physico-biogeochemical parameters present in coral reef environments (e.g., 
Cyronak et al., 2020; Koweek et al., 2015; Smith et al., 2013). For example, contemporaneous seawater temper-
atures may vary by over 10°C between forereef and back reef environments depending on properties such as 
depth, reef geomorphology, flow rates, and residence times (DeCarlo et al., 2017; Guadayol et al., 2014; Lee 
et al., 2020; Reid et al., 2020; Safaie et al., 2018; Wyatt et al., 2020). Similarly, large spatial gradients in seawater 
pH and dissolved oxygen (DO) may be created by coral reef metabolic processes. The modification of seawater 
by reef metabolism is enhanced in areas of high biomass to seawater volume ratios (i.e., shallow depth) and as 
a function of increasing residence time (Cyronak et al., 2020; Kekuewa et al., 2021). Furthermore, reef seawa-
ter pH and DO concentrations may vary strongly over a diel cycle, with some reefs experiencing values that 
exceed the full range of changes anticipated for the open ocean under global climate change by the end of the 
century (Guadayol et al., 2014; Shaw et al., 2012). Similarly, seasonal and interannual variability in pH and DO 
concentrations largely exceeds changes attributable to climate change (Gattuso et al., 1993; Guadayol et al., 2014; 
Price et al., 2012). The large spatiotemporal variability present on coral reefs necessitates a nuanced approach to 
predict how reefs will be affected by future climate change, as physico-biogeochemical differences between and 
within different coral reef systems may alter their sensitivity and susceptibility to future conditions. Quantifying 
and understanding the drivers of these physico-biogeochemical differences will be critical for determining the 
vulnerability of certain reefs and reef habitats to climate change and for guiding management efforts (Darling 
et al., 2019; McClanahan et al., 2012).

Biogeochemical variability on coral reefs is influenced by both biological and physical factors. The domi-
nant biogeochemical processes that alter reef seawater biogeochemistry include photosynthesis, respiration, 
calcification, and CaCO3 dissolution (Albright et  al., 2015; Cyronak et  al., 2018; Gattuso et  al., 1993, 1996; 
Kinsey,  1978,  1985). Photosynthesis increases pH and DO concentrations, while respiration decreases these 
parameters. Calcification and CaCO3 dissolution decrease and increase pH, respectively, with no direct influ-
ence on DO. These processes occur within both benthic and water column communities (Kinsey, 1985; Pezner 
et al., 2021; Smith et al., 2013; Tilstra et al., 2018). The degree to which the biogeochemistry of reef seawater 
is modified depends on the relative rates of these processes, which vary over diel (Gruber et al., 2017; Kekuewa 
et al., 2021) and seasonal timescales (Davis et al., 2020; Page et al., 2019), and the benthic communities modify-
ing the overlying seawater (e.g., seagrass, seaweed, sand, rubble, and corals; Jokiel et al., 2014; Page et al., 2016). 
Rates of photosynthesis and calcification generally increase with incident light (Cohen et al., 2016; Sawall & 
Hochberg, 2018), although light-induced changes in photosynthetic rate may also be influenced by the photo-
adaptive ability of the coral (Anthony & Hoegh-Guldberg, 2003). Additionally, the range of variability in reef 
seawater biogeochemistry appears to partly scale with depth (Cyronak et al., 2020; Page et al., 2019), but with 
strong influence from the local hydrodynamics (Falter et al., 2013; Kekuewa et al., 2021; Mongin & Baird, 2014; 
Zhang et al., 2011, 2012). The magnitude of biogeochemical variability is also affected by seawater flow rate 
and trajectory (i.e., the path the water takes across the reef), which determine the habitats seawater intersects, the 
time the seawater is in contact with the benthos, and the amount of mixing and dilution that occurs between open 
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ocean and other water masses (Falter et al., 2013; Gruber et al., 2017; Lowe & Falter, 2015; Winter et al., 2020). 
Seawater flow also affects the rates of metabolic processes by alleviating mass-transfer limitation (Dennison & 
Barnes, 1988; Falter et al., 2004), which may influence the response of corals to ocean warming (Edmunds & 
Burgess, 2017; Rogers et al., 2016) and acidification (Comeau et al., 2014). Reef seawater circulation and biolog-
ical drivers of biogeochemical variability are therefore inextricably linked within coral reef systems and must be 
characterized for coral reef biogeochemical variability to be fully understood.

Breaking waves have been recognized as the primary forcing of seawater circulation on many coral reefs since 
the mid 20th century (Lowe et al., 2009b; Munk & Sargent, 1948; Symonds et al., 1995), though tides (Dumas 
et al., 2012), winds (Kraines et al., 1999; Lowe et al., 2009a), and buoyancy differences (Monismith, 2007) can 
also play important roles. As waves shoal and break on the reef crest, the mean water level increases within the 
surf zone (i.e., wave setup), creating a pressure gradient that drives seawater flow over the reef flat and into 
the lagoon (Lowe et al., 2009a; Munk & Sargent, 1948; Taebi et al., 2011; Vetter et al., 2010). This increase in 
mean water level within the surf zone is balanced on the offshore side by the radiation stress gradient created 
by the transfer of momentum from breaking and shoaling waves into the water column (Longuet-Higgins & 
Stewart, 1962), and on the onshore side by the friction of the reef flat. The magnitude of the wave setup and the 
resulting speed and direction of flows generated for a given wave condition are determined by the geomorphology 
and friction of the reef system (Falter et al., 2013; Lentz et al., 2016; Lindhart et al., 2021; Monismith et al., 2013; 
Vetter et al., 2010).

In this study, the main goal was to assess how daily variations in incident light and reef seawater circulation 
affected the magnitude of diel variability in seawater pH and DO at contrasting reef habitats (reef flat, lagoon, and 
outflow channel) on a fringing coral reef system in Okinawa, Japan over a 3-week period. The results highlight 
the important role physical drivers play in modulating biogeochemical variability on fringing reef systems and 
serve as a starting point for developing predictive capacity at the local scale.

2.  Materials and Methods
2.1.  Field Site Description

This study was conducted on a fringing coral reef near Onna-son, Okinawa, Japan (26.449720°N, 127.794245°E, 
Figure 1a) in October 2019. This timing allowed us to observe the Onna-son system under high flow and moder-
ate light conditions while reducing the likelihood that the study would be impacted by typhoons. The reef system 
consists of a forereef characterized by spur and groove formations that rises to a reef flat approximately 2.8 km 
long and 150 m wide, with a mean depth of approximately 1.3 m. The reef flat is composed of a flat, tightly 
consolidated pavement covered by crustose coralline algae, sand, small chunks of rubble, and turf algae. Small 
coral colonies are present within holes in the framework. Behind the reef lies a lagoon (depth = 3–4 m) ranging 
from 600 to 1,500 m wide. The lagoon benthos consists predominantly of sand, seagrass, and coral rubble, with 
several small patch reefs as well as several coral and seaweed farms (Figure S1 in Supporting Information S1). 
The lagoon is primarily connected to the open ocean through a ∼100 m wide, 12–15 m deep channel in the north 
and a complex system of deeper channels (depth >20 m) and patch reefs in the south. A smaller, ∼5 m deep chan-
nel runs through the center of the lagoon to service the Maeganeku fishing port. Channel depths were estimated 
using Google Earth Engine after (Li et al., 2021), based on Sentinel-2 surface reflectance.

2.2.  Measurement of Waves, Currents, and Wave Setup

An array of current meters and pressure sensors were deployed between 10–29 October to measure seawater flow 
speed, direction, and wave setup (see Table 1 and Figure 1b for deployment settings and locations). In addition, 
significant wave height and period were estimated hourly on the forereef based on pressure measurements from 
two 2 MHz Nortek Aquadopp acoustic Doppler current profilers (ADCPs, C7 and C8) while waves on the reef 
crest and back reef were measured continuously by two RBR Virtuoso pressure sensors (2 Hz; P1 and P2). Waves 
on the reef flat were measured hourly by a Nortek Vector acoustic Doppler velocimeter (ADV, C1). Current 
profiles were measured using two 2 Mhz Aquadopps (C7 and C8), three 1 Mhz Aquadopps (C2, C3, and C6), 
and two Teledyne RDI Sentinel Versus (C4 and 5) with bin sizes ranging from 0.3 to 1 m. All current meters 
burst sampled at 1 Hz but had different burst durations and intervals due to the different memory and battery life 
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capacities of each instrument (Table 1). Forereef sensors were deployed later than lagoon and channel sensors due 
to wave related safety concerns and logistical constraints.

2.3.  Drifter Deployments

Drifter deployments were conducted using Pacific Gyre reef drifters on 16, 17, 21, and 22 October with multiple 
deployments being conducted on all days except 22 October. During each deployment, one drifter was released 
at each of the points D1–D4 (Figure 1b) in quick succession and allowed to drift until they became caught on the 
shoreline, left the reef system, or time constraints forced us to recover the drifters. The position of each drifter 
was recorded every minute via the drifters' iridium telemetry.

2.4.  Biogeochemical Measurements

Seawater temperature (T), salinity (S), pH, and DO were measured every 30 min at stations P2, C2, and C3, form-
ing a transect from the back reef to the southern channel that roughly followed the predominant flow trajectory 
(Figure 1b). These parameters were measured by a SeapHOx (Bresnahan et al., 2014) at P2, and by pairing a 
SeaFET (pH) and a Seabird SBE 16 plus V2 SeaCAT recorder (T, S) equipped with an oxygen optode (Aanderaa 
Oxygen Sensor 3835) at C2 and C3. pH sensors were cross calibrated prior to deployment, however the oxygen 

Figure 1.  (a) Location of study site and Okinawa (inset). (b) Instrument deployment locations in Onna-son, Okinawa, Japan. 
Points labeled C represent current meters (circles), points labeled P represent pressure sensors (squares), and points labeled D 
denote drifter deployment locations (triangles). Colored symbols denote points at which pH, dissolved oxygen, salinity, and 
temperature measurements were obtained in addition to physical sensors. Photosynthetically active radiation was measured 
at C1. See Table 1 for full instrument deployment details. (c) Time and depth averaged Eulerian current vectors (pink) and 
principal component ellipses (white, radii represent one current velocity standard deviation). (d) Drifter tracks under high 
flow (C2 speed >15 cm/s, white) and low flow (C2 speed <15 cm/s, orange). Under high flow conditions, drifters tracked 
benthic striations visible in Google Earth Pro imagery.
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4.  Results
4.1.  Waves, Wave Setup, and Lagoon Currents

Tides were mixed-semidiurnal, with a mean range of 1.37 ± 0.42 m (mean ± 1 SD) and a maximum range of 
2.10 m (Figure 2). The reef flat was occasionally exposed during low tide. Significant wave height HS measured 
at the forereef varied from 0.2 to 1.6 m with a mean of 0.8 ± 0.3 m (mean ± 1 SD) and peak period TP ranged 
from 3.5 to 9 s with a mean of 7.61 ± 0.75 s (mean ± 1 SD). The largest HS was observed on 24 October, and 
the longest Tp was measured on 24, 25, and 27 October. Waves were consistently from the northwest (321° ± 7°, 
mean ± 1 SD) and were onshore as the reef flat faced the northwest (∼305°).

Wave setup ranged from 0.7 to 9.0 cm and 0.8–7.6 cm at P1 and P2 respectively (Figure 2) and demonstrated a 
clear tidal signal, with setup being greatest during low tide at both sites. Setup at P1 was greater than at P2 during 
low tide, creating an onshore pressure gradient across the reef flat. At high tide, setup was similar at both sites 
and produced small pressure gradients that acted in either direction at different points in the time series. Setup 
increased with offshore significant wave height (Figures 3a and 3b). Wave setup was assessed as a function of 
incident wave energy and seawater depth using MLRs and found to be strongly correlated with these predictive 
variables at both sites, with adjusted R 2 values of 0.92 and 0.85 for setup at P1 and P2 respectively (Figures 3a 
and 3b, Table S3 in Supporting Information S1). A significant interaction was found between the effects of water 
level and incident wave energy on the resulting wave setup at both P1 and P2, with the difference between the 
setups observed at high tide and low tide increasing at higher incident wave energy fluxes (greater setups at low 
tide, smaller setups at high tide).

On average, circulation within the reef system was dominated by two distinct circulation cells in the north and 
south of the lagoon respectively. In both cells, the predominant flow tracked benthic striations visible in Google 
Earth imagery (Figure 1c). Both cells comprised seawater flowing into the lagoon over the reef crest and exit-
ing through channels. The tracks of drifters released from D1 and D2 (Figure 1b) suggested that the boundary 
between these two cells moved, but typically lay between these points. We could not determine what controlled 
the location of this boundary.

Except for 23–27 October, the circulation in the southern cell (C1–C5) was highly consistent for the duration of 
the study, with mean flows roughly aligned with the principal component axes (Figure 1c). The direction of the 
flow in the northern cell (C6) was more variable, with onshore flow during flood tides (121° ± 47°, mean ± 1 SD) 
and channel-ward flow during ebb tides (97° ± 47°, mean ± 1 SD, Figure 4, see also drifter tracks in Figure 1c).

Measured flow speeds were higher at C1 (uC1 = 17 ± 14 cm/s), C2 (uC2 = 26 ± 13 cm/s), and C3 (uC3 = 20 ± 10 cm/s) 
than at C6 (uC6 = 14 ± 8 cm/s). Flow speeds measured at C5 were much lower than at the other sites within the 
lagoon (uC5 = 2 ± 2 cm/s).

Flow speeds in the mean flow direction were significantly correlated (p < 0.001 at all sites) with incident wave 
energy flux alone (C3, R 2 = 0.71; C4, R 2 = 0.88, Figures 3e and 3f), or both incident wave energy flux and tide 
(C1, R 2Adj = 0.72; C2, R 2Adj = 0.72; C5, R 2Adj = 0.20; C6, R 2Adj = 0.63. See Figure 3c, 3d, 3g and 3h, and Table 
S3 in Supporting Information S1 for full regression results). Significant interactions (p < 0.05) between incident 
wave energy flux and water level were found at C1, C2, and C6. Flow speeds at C3 and C4 were correlated with 
the square root of the incident wave energy flux, while linear relationships were observed at all other sites (Table 
S3 in Supporting Information S1). Current speeds perpendicular to the direction of the mean flow were weakly 
correlated with incident wave energy at all sites (R 2 < 0.05 at all sites). Flow speed varied at near tidal frequencies 
at C1, C2, C3, and C6, but the magnitude of this variation and the relationship between tide and speed differed 
between the sites (Figure S2 in Supporting Information S1). The fastest speeds observed at C1 and C6 occurred 
during low tide, while the fastest speeds at C3 occurred during ebb tides. The oscillations in flow speed at C2 
appeared to be out of phase with the tide, with higher flow speeds occurring at low tide before 14 October and 
after 25 October, but greater flow speeds being measured during high tides in the intervening period (Figure S2 
in Supporting Information S1).

Flow direction became more consistent with increasing speed at all sites within the lagoon (Figure 4), though the 
direction and strength of this relationship varied between sites. The consistency in the direction of high-speed 
flows was greatest at C1, C2, C3, and C4, while there was a weaker effect at C5. Flow direction reversed at C3 
and C4 on 17, 21, 22, 23, 26, and 28 October. Flow direction at C6 in the northern lagoon also became more 
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cooler but more variable (TC3 = 26.27°C ± 0.36°C, mean ± 1 SD) than the reef flat (TP1 = 26.40°C ± 0.24°C) 
or lagoon (TC2 = 26.37°C ± 0.30°C). However, during the day the channel was the warmest site and the reef flat 
the coolest while the opposite was observed at night. The magnitude of diel seawater temperature variability was 
highest on 10, 15, 21, and 26 October, and smallest on 20 October. On several nights (i.e., 10 and 11 October), 
small nocturnal increases in seawater temperature were observed during rising tides.

Salinity was largely invariable at each site (SC1 = 34.49 ± 0.05, SC2 = 34.57 ± 0.04, SC3 = 34.69 ± 0.05, mean ± 1 
SD), except for large (∼0.2) decreases observed after rainfall events (Figure 2). Decreases were initially observed 
on the reef flat, then subsequently in the lagoon and channel, with the magnitude of the decrease generally 
increasing with distance from the reef crest. Conversely, the greatest decrease was observed on the reef flat on 23 
October following 9.6 mm of rain falling over 2 days. Following precipitation events, salinity initially increased 
rapidly at each site before rising more gradually over the course of several days to pre-precipitation event values.

Seawater pH and DO exhibited clear diel signals at all sites (Figure 2). For both parameters, variability was 
greater within the lagoon (pHC2 = 8.00 ± 0.06, DOC2 = 211 ± 35 μmol kg −1, mean ± 1 SD) than the channel 
(pHC3 = 8.03 ± 0.04, DOC3 = 214 ± 22 μmol kg −1) or the reef flat (pHP1 = 8.08 ± 0.02, DOP1 = 189 ± 13 μmol kg −1). 
Mean pH was highest on the reef flat and lowest within the lagoon. The oxygen sensors were not cross-calibrated 
under identical conditions, potentially introducing differences in absolute values and limiting comparisons to 
the relative variability between sites. Diel pH and DO variability (whether characterized as the difference of the 
extremes relative to the time series mean, daily maximum or nightly minimum values, or the difference between 
the daily maximums and minimums) was relatively consistent at all sites from 10–17 October, before decreasing 
to a minimum on 20 October. The diel variability in both parameters subsequently increased after 20 October and 
exhibited greater interdaily variability than was observed between 10–17 October. While pH generally decreased 
at night, temporary increases in nighttime pH were observed at the reef flat and lagoon sites (C1 and C2) but were 
not prominent in the channel or coincident with increases in the DO data. Unfortunately, the DO sensor in the 
lagoon (C2) became biofouled later in the deployment, and only data before 21 October are presented.

Figure 4.  Flow direction (θ) as a function of flow speed (U) at C1–C6 (a–f). The color of each point represents the change 
in depth relative to the previous measurement with red indicating rising tides and blue indicating falling tides. Dashed lines 
represent the direction of onshore flow, which varied slightly between each site. At sites C1–C3, C5, and C6, flow during 
rising tides (red points) was more aligned with the onshore direction than flows during falling tides (blue points).
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wave climate to that of our study period (October–January), daylight durations range from 10:27 to 11:55 hr and 
are within 8% of the durations observed during this study. A lack of long-term PAR records prevented the influ-
ence  of seasonal cloud cover variability on incident light intensity from being assessed.

In summary, the conditions we observed during the study period are likely representative of conditions in Onna-
son from October to January. Under these conditions, statistically significant and consistent correlations were 
observed between flow speed, light intensity, and pH/DO changes at the reef flat, lagoon, and channel sites 
during both day and night, highlighting the influence these physical drivers have on regulating biogeochemical 
variability in coral reef habitats. However, the strength of the relationship between physical drivers and bioge-
ochemical variability varied between parameters and sites, raising questions about the underlying factors and 
complexity that caused deviations from anticipated trends. In the subsequent sections, we discuss the potential 
factors contributing to the observed trends and differences observed between the contrasting sites.

5.1.  Drivers of Reef Circulation

Our results showed that flow speed at all sites except C5 was highly correlated with incident wave energy, indi-
cating breaking waves were the dominant driver of circulation within the Onna reef system during the study 
period. Consequently, observed variations in flow speed through the study site were primarily driven by changes 
in incident wave energy. In addition, time series of unfiltered flow speed data for all sites except C5 displayed 
strong tidal modulation (Figure S2 in Supporting Information S1). However, regression analyses indicated water 
level was only a significant predictor of flow speed at C1, C5, and C6 (Figure 3, Table S4 in Supporting Infor-
mation S1). This may suggest that the interactions of waves and water level influenced current speed nonlinearly 
within the southern lagoon.

The dominance of waves as the primary driver of reef circulation is somewhat unexpected as the mean tidal range 
to significant wave height ratio (MTR:HS) was above 1 throughout the study period (Figure S6 in Supporting 
Information S1), which is typical of reefs that are tidally driven (Lowe & Falter, 2015). This could indicate that 
the geomorphology of the Onna-son reef system allows its circulation to be wave driven at high MTR:HS values, 
or that our forereef measurements did not fully capture the incident wave energy. Regardless, if the wave climates 
are similar between Onna-son and the nearby Port of Naha, these results suggest that the circulation of the Onna-
son reef system is primarily wave driven from October through January (Figure S6 in Supporting Information S1) 
but may be tidally driven during the summer months.

Differences in mean flow speed at C1, C2, and C3 were likely driven by changes in the cross-sectional area of 
the coral reef system at each site. As seawater moved from the broad reef flat to the narrower lagoon it must have 
accelerated to conserve volume.

The increased variability in flow direction at slow speeds (Figure 4) may indicate that in the absence of wave forc-
ing other factors influenced flow direction, such as wind and/or tides. However, we do not have wind data from 
the reef location, and no significant correlations were found between wind speeds and directions obtained  from 
Meterological Terminal Air Report data from nearby Kadena airport and measured seawater flow speeds or 
directions.

The magnitude of the wave setup observed during this study was similar to other reefs backed by lagoons or open 
water (Lentz et al., 2016; Lowe et al., 2009b), and smaller than the setup observed on reefs that transition directly 
to land (Vetter et al., 2010). The presence of lagoon setup indicates that return flow from the lagoon to the open 
ocean was hindered by the friction of the reef system (Lowe et al., 2009b). The relationship between wave setup 
and water level was consistent with theory; at lower tides (shallower depths) more wave breaking and shoaling 
occur and reef flat friction is enhanced, producing a greater wave setup (Monismith, 2007), and vice versa at high 
tide. By changing the friction of the reef flat, the water level also changes the relationship between incident wave 
energy and the resulting setup and so creates the significant interaction observed at P1 and P2 between incident 
wave energy and water level. As the setup determines the resulting pressure gradients and flow speeds, the inter-
active effect of incident wave energy and water level on setup also likely accounts for the significant interactions 
observed between these factors and flow speeds at C1, C2, and C6, the three sites closest to the reef flat. The 
apparent reduction in wave setup observed at high incident wave energies is also a result of these tidal effects 
as the largest waves we observed over the entire study period happened to occur at high tide, and so produced 
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of pH and DO variability observed at the benthos in the channel during the day although nighttime dissolution 
seems like a plausible possibility that has been documented elsewhere (e.g., Page et al., 2016). Another option is 
that the decoupling of pH and DO in the channel does not represent local changes, but rather is a result of mixing 
of different water masses. While channel flows did reverse on 17, 21, 22, 23, 26, and 28 October, ∆pH and ∆DO 
for these days and nights (blue points, Figure 6f) mostly followed the expected trends, with a few notable excep-
tions and did not account for the variability observed in the channel ∆pHnight. Multilayer flow was not observed.

Another aspect to consider in our assessment of daily pH and DO variability is the influence of temperature 
on chemical equilibria and metabolic rates. Thermodynamic pH variability driven by daily temperature varia-
bility was estimated to be approximately ∼0.01 units during the day and <0.007 units at night across all sites 
based on calculations with CO2SYS (Lewis et al., 1998). Assuming a Q10 value of 2 (Clausen & Roth, 1975; 
Edmunds,  2005,  2008; Howe & Marshall,  2001; Scheufen et  al.,  2017), the mean change in metabolic rates 
caused by temperature variability was 3.0% on the reef flat, 4.6% in the lagoon, and 5.4% in the channel, while 
nocturnal variability would produce changes ≤3.0% across all sites. Given the range of ∆pH and ∆DO values 
observed during this study it is unlikely that temperature changes drive a significant amount of the variability we 
measured during this study.

5.3.  Interactive Effects of PAR and Current Speed on Biogeochemical Variability

The interaction terms present in the lagoon pH and channel DO MLRs were consistent with the expected synergy 
between flow speed, light intensity, and biogeochemical changes. The degree to which water is modified by meta-
bolic processes is proportional to the product of the rate of the metabolic process and the time the water has been 
in contact with the metabolizing organisms (i.e., ∆DO or ∆pH ∝ rate × time). Consequently, at low flow speeds 
water will spend more time in the reef system and so be exposed to PAR-enhanced metabolic rates (e.g., Chalker 
et al., 1975; Cohen et al., 2016) for longer, resulting in a greater biogeochemical change. The effect of PAR on 
∆DO and ∆pH is therefore dependent on the flow speed, with this dependence appearing as an interactive term 
in the MLRs. The lack of significant interaction terms in the MLRs for reef flat ∆pHday and ∆DOday with high 
leverage points removed was unexpected and may reflect the increased difficulty of resolving significant inter-
actions within smaller signals, while the absence of interaction terms in the lagoon ∆DOday MLR and channel 
∆pHday MLR may stem from the small sample size resulting from biofouling (lagoon DOday) and the mechanisms 
responsible for decoupling pH and DO previously discussed (channel ∆pHday).

pH and DO variability not explained by the MLR models may stem from several non-linearities present within 
the system. Slow flow speeds can cause mass transfer limitation and subsequently decrease metabolic rates, while 
high flow speeds can enhance metabolic rates by alleviating mass transfer limitation (Baird et al., 2004; Edmunds 
& Burgess, 2017; Falter et al., 2004; Mass et al., 2010), with either of these processes resulting in the relation-
ship between flow speed and ∆pH or ∆DO becoming nonlinear. Additionally, coral photosynthesis-irradiance 
(PI) curves are non-linear (Anthony & Hoegh-Guldberg, 2003; Mass et al., 2007; Rodolfo-Metalpa et al., 2008), 
with the photosynthetic rate achieving a maximum value beyond a certain light intensity, though Sawall and 
Hochberg (2018) found PI relations tended to be linear over daily or longer timescales. Quicker light saturation 
of calcifying and photosynthetic organisms on the shallow reef flat may explain the lack of an interaction term 
observed in reef flat ∆pHday and ∆DOday MLRs, while the presence of interaction terms in the deeper lagoon 
may indicate that photo-saturation does not occur to the same degree. Differences in how these phenomena 
affect each site could also result from differences in community composition, as different organisms experience 
mass-transfer limitation at different thresholds (Falter et al., 2004; Reidenbach et al., 2006) and PI curves vary 
between species (Sawall & Hochberg, 2018 and references therein). The logarithmic nature of the pH scale and 
the series of chemical equilibria that regulate carbonate chemistry are additional complicating factors that may 
produce variability that was not captured by the MLR models and explain why correlations between flow speed, 
PAR, and ∆DO were typically stronger than those between the physical drivers and ∆pH.

5.4.  Implications

Physical controls of biogeochemical and physical variability may influence the susceptibility of different coral 
reefs and coral reef habitats to future anthropogenic climate change in multiple and contrasting ways. On coral 
reefs with high flow speeds and short residence times, water may not stay within the reef system long enough to 
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develop a large biogeochemical signal and so extreme pH and DO values may not occur as early or as frequently 
as they would on reefs with slow flow speeds and high residence times. High flow speeds also reduce the thick-
ness of diffusive and thermal boundary layers (Mass et  al.,  2010), potentially increasing coral resilience by 
increasing gas exchange, nutrient uptake (Baird et al., 2004; Falter et al., 2004, 2005), waste removal, thermal 
dissipation (Jimenez et al., 2011; Rowan et al., 1997), and enhancing coral autotrophy (Mass et al., 2010; Osinga 
et al., 2017), growth (Schutter et al., 2010, 2011), and heterotrophy (at least up to speeds beyond which tentacular 
feeding is suppressed; Wijgerde et al., 2012). Conversely, while reef regions that experience high levels of phys-
ical and biogeochemical variability may cross physiological thresholds sooner, there are indications that corals 
exposed to large biogeochemical and physical variability are more resistant to the stresses imposed by ocean 
warming and acidification (Cornwall et al., 2018; Rivest et al., 2017; Schoepf et al., 2015). Additionally, rising 
sea levels and changes in coral reef structure may alter coral reef circulation, and corals that currently benefit 
from high flow speeds may be particularly susceptible to these changes if the flow speeds they experience are 
reduced. Determining the effects of physical factors such as flow speed and light intensity on coral resilience is 
vital for predicting how reefs will fare in the future under warmer, less oxygenated, and more acidic conditions.

In addition to bettering our understanding of the drivers of pH and DO variability, constraining the circulation of 
coral reefs may aid future management efforts (Rivest et al., 2017), including within the Onna reef system. The 
uptake of carbon by seaweed farms near coral reefs may alleviate local ocean acidification (Mongin et al., 2016; 
Unsworth et al., 2012), however this method requires corals be located downstream of the seaweed farms. The 
consistency of the seawater flow paths observed during this study and the existence of Mozuku seaweed farms 
make the Onna-son reef system an ideal location to further investigate this hypothesis.

The observed physical control of biogeochemical variability and the highly consistent nature of the flow during 
this study also raises the possibility that biogeochemical variability may be predictable if the seawater circulation 
and incident PAR of a coral reef system is known (Cyronak et al., 2020). Employing recent advances in remote 
sensing techniques and hydrodynamic models to develop such predictive capacity would further improve our abil-
ity to identify corals growing in high and low variance regions and predict how future ocean changes will impact 
individual reef environments (Foo & Asner, 2019).

The effects of flow speed and light intensity on pH and DO variability extend to other parameters that are 
predominantly altered by benthic metabolic processes, such as total alkalinity (TA) or dissolved inorganic carbon 
(DIC). Changes in TA and DIC throughout a reef system are often used to calculate reef metabolism and assess 
coral reef function. While uncertainties in flow speed are recognized as one of the greatest sources of error in 
reef metabolism calculations (Courtney & Andersson, 2019), our results highlight the role light intensity plays 
in determining biogeochemical variability (Barnes & Devereux, 1984). As field campaigns are often relatively 
short, the effect of several uncommonly sunny or cloudy days could result in large variations in metabolic rates 
measured within the same reef.

6.  Conclusions
Despite the mean tidal range to significant wave height ratio being above one throughout the study period, flow 
speed and direction within the coral reef system in Onna-son, Japan, was predominantly driven by waves, but 
modulated by tides. In the context of annual significant wave height patterns for Okinawa, it is likely that circu-
lation in Onna-son is primarily wave driven from October through January but may be tidally driven during 
the summer months. Reef circulation was highly consistent throughout the study period and followed benthic 
striations visible from satellite imagery. PAR intensity during this study was likely moderate to low compared to 
annual values. Together, PAR intensity and flow speed explained 25%–74% of the daytime pH and DO variabil-
ity and 7%–75% of the nighttime variability in these parameters across a reef flat, lagoon, and outflow channel 
within the study area. The relative importance of these drivers is likely to vary seasonally, with the influence of 
flow speed increasing during the winter months characterized by larger waves and lower PAR intensities, and 
PAR becoming more significant during summer when the waves are smaller and the days are longer. Variability 
for both pH and DO generally increased from the reef flat to the lagoon and the channel as a result of longer tran-
sit times and the accumulation of signals from different reef environments as seawater moved from the reef flat 
to the channel. Light intensity and flow speed explained a large proportion of the DO variability observed in the 
channel (68% during the day, 75% at night), but little of the pH variability (25% during the day and 7% at night), 
suggesting that the drivers of variability for these parameters may be decoupled at this site.
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Our results demonstrate the critical role physical drivers play in controlling coral reef biogeochemical variability. 
The strong influence of physical factors on biogeochemical variability, and the highly consistent nature of the reef 
circulation observed also indicate that on certain reefs it may be possible to predict biogeochemical variability by 
constraining their circulation and incident PAR. Identifying the reef characteristics that would allow biogeochem-
ical variability to be predicted from physical measurements warrants future study.

Data Availability Statement
The data set analyzed in this study is available at https://doi.org/10.5061/dryad.gf1vhhmrc.
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