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• Circulation in the Pago Bay reef flat and channel is strongly driven by wave height.
• Circulation on the fore reef is affected by wave height and wind.
• The reef flat experienced diel temperature shifts with a range as large as 12.8 ◦C.
• Pulses of relatively cooler water were observed at 16-26 m depth.
• Heavy rain events can cause dramatic changes in channel water quality.
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a b s t r a c t

Long-term observations of oceanographic patterns and processes provide necessary context for integra-
tive ecological studies and for assessing and mitigating anthropogenic impacts to coastal ecosystems.
The oceanographic patterns and processes of Pago Bay, Guam, a tropical coral reef system with a small
estuary, were observed for one year. An array of 50 sensors including current profilers, temperature and
dissolved oxygen loggers, and water quality sensors were deployed throughout Pago Bay from 0–26 m
depth. Water flow was primarily driven by wave height in the reef flat and channel. In addition, wind
and wave directions that were directly across-shore contributed to faster flow speeds throughout the
bay. On the fore reef, wave height was the strongest predictor of current speed, but wind direction
had a strong influence on current direction. Flow in the channel and on the reef flat was more tightly
tied to environmental factors of wind and waves than flow on the fore reef. Extreme daily temperature
variations on the reef flat were observed. In deeper water, cold pulses were observed, indicating that
large internal waves may propagate around the slopes of Guam. Cold pulses may deliver nutrients to
shallower ecosystems and periodically cool deeper areas of the fore reef. In response to heavy rain
events, the estimated backscatter in the channel increased sharply along with significant changes in
other water quality parameters. Rain events of this magnitude and associated backscatter increases
occur frequently. Along with soil-destabilizing land use practices in the Pago River watershed, the
current flow and water quality observations presented here indicate that sedimentation may be a risk
for the Pago Bay fore reef coral habitat. The understanding of circulation, thermal environment, and
rainstorm impacts in this fringing reef system provides a baseline for understanding the ecology, coral
reef resilience, and future oceanographic changes in Pago Bay.

© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Understanding physical oceanographic processes and patterns
is essential to a comprehensive understanding of any marine
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ecosystem. Some ecologically relevant physical parameters in-
clude flow dynamics, temperature, variability in oceanographic
parameters such as pH and nutrients, and in nearshore systems,
land-based freshwater and sediment inputs. These physical and
geochemical forcing mechanisms contribute to the distribution
of species (Fulton et al., 2005; McClanahan and Maina, 2003),
productivity of the ecosystem (Hatcher, 1990), and vulnerability
of the ecosystem to climate change and other anthropogenic
stressors (Fabricius, 2005; Nyström et al., 2000; Pastorok and
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Bilyard, 1985). In this study, we investigate the oceanographic
patterns and processes of a large fringing reef embayment, Pago
Bay, which is located on the east side of the island of Guam in
the Mariana Islands (Fig. 1).

Circulation in fringing reef environments and estuarine embayments
Complex coastlines with fringing coral reefs typically have

flow that is driven by waves, tides, and wind (e.g., Storlazzi
et al., 2004; Taebi et al., 2011). In fringing reef environments,
waves breaking over the reef crest move water onto the reef flat,
leading to wave driven pressure gradient setups that eventually
drive flow towards excurrent channels (Marsh et al., 1982; Vetter
et al., 2010; Lowe et al., 2009; Clark, 2013). Wind driven flows
are another mechanism driving flow in fringing reef systems
(Storlazzi et al., 2006, 2004) and coastal embayments (Ostrander
et al., 2008). On the deeper fore reef areas, tidal forcing often
has a more dominant influence on flow (Storlazzi et al., 2004;
Vetter et al., 2010). Buoyancy flows can also be important and
can be caused by onshore–offshore salinity and/or temperature
gradients and vertical stratification (Monismith et al., 2006).

Previous research on circulation on the reef flat of Pago Bay,
Guam found that most areas of the reef flat follow the typical
pattern of flow draining towards the channel, but restricted cir-
culation cells with longer water retention times were observed in
two areas of Pago Bay (Marsh et al., 1982). Using current profilers
deployed over a full year, this study is the first long term obser-
vation of current flow on the Pago Bay reef flat, and additionally
includes yearlong observations of current flow in the Pago Bay
channel and on the fore reef. We were also able to calculate
current ellipses and assess how environmental factors such as
wind, waves, and tides affect flow throughout the bay. These
long-term observations allow for improvement and expansion on
the existing conceptual model of Pago Bay’s circulation (Marsh
et al., 1982).

Diel and seasonal patterns in fringing reef environments
Diel to seasonal fluctuations in multiple oceanographic param-

eters, including current velocity, temperature, dissolved oxygen,
and pH, among others, were assessed in this study. Due to the
transitional nature of fringing reef environments (land – shallow
reef flat – open ocean), high variability in the physical envi-
ronment may be observed. On daily scales, trade winds (the
prevailing wind pattern in tropical latitudes, from the northeast
to east in the northern hemisphere) tend to increase during
the day and slacken at night, and these diel changes in wind
forcing coupled with land based terrigenous input can cause
diel increases in turbidity (Piniak and Storlazzi, 2008). Shallow
back reef areas can experience extreme diel variations in water
temperature, which affects organism ecophysiology (Craig et al.,
2001; Putnam and Edmunds, 2011). In shallow coastal areas, tides
can have a large impact on flow and waves (Becker et al., 2014)
and other physical factors such as light availability (Anthony et al.,
2004). On seasonal scales, riverine and groundwater input to
fringing reef systems can vary, altering the salinity and nutrient
input to the very nearshore environment, and turbid river flows
are likely to be more common in rainy season. Understanding
the natural variability of a system is essential to assessing the
systems’ vulnerability to anthropogenic impacts and may pro-
vide important insight into the overall community structure and
function.

Overall, this study provides a description of the oceanographic
patterns and processes of Pago Bay, Guam. These new insights
into Pago Bay provide a strong contextual baseline for future
marine ecological and biological studies in the region. The long
time series of observations obtained in the study provided an
opportunity to assess the impact of a major rain event in the
context of a year of continuous observational data.

2. Methods

2.1. Study site

Pago Bay is a 1.5 km2 embayment on the eastern side of the
island of Guam (Fig. 1). The primary freshwater input into the
bay is from Pago River. Two inland rivers, Lonfit River and Sigua
River, feed into Pago River, which enters in the southern part
of Pago Bay and discharges to the Pacific Ocean via the Pago
Channel (Fig. 1). The bay is a popular fishing area in the local
community and in recent years large sediment inputs to the bay
due to erosion from coastal and inland development have been
observed, with unquantified effects on the bay’s ecosystem. The
average rainfall in the Pago watershed is 288.29 cm per year
(USGS Mt. ChaChao rain gauge; 2006–2015 approved data). The
region experiences a wet season (July–November) and dry sea-
son (December–June) (http://ns.gov.gu/climate.html). Easterly to
northeasterly trade winds are dominant (https://w2.weather.gov/
climate/index.php?wfo=guam). Typhoon season in the western
Pacific is generally between May–October, although no typhoons
occurred during our study period. Tides in Guam are mixed semi-
diurnal. The mean tidal range is about 0.5 m, with neap and spring
tidal ranges from 0.3–0.8 m.

Pago Bay was divided into four distinct habitat zones that
were examined in this study: the Pago River channel, the shallow
reef flats flanking the channel, an abrupt reef crest where wave
energy is dissipated, and a fore reef (Fig. 2). The channel is
about 140 m wide and reaches depths of up to ∼30 m near
its entry to the Pacific Ocean. The reef flat and reef crest areas
are shallow, with some areas exposed during low tide. At its
widest area near the channel, the reef flat extends about 715
m from shoreline to reef crest, and the narrower area in the
northern part of the bay is about 185 m wide. The benthos of
the channel is generally uncolonized and a mix of sand and
mud; the benthic community of the reef flat and reef crest is
made up of turf algae, crustose coralline algae, and macroalgae,
with some inshore areas of seagrass; the fore reef is a complex
coral reef habitat with 10%–50% coral cover, and has a slope of
about 4.7–8.9 degrees between 0–20 m depth (NOAA National
Center for Coastal Ocean Science, https://products.coastalscience.
noaa.gov/collections/benthic/default.aspx, accessed 17 September
2018; Google Earth).

2.2. Instrumentation and study objectives

Fifty instruments were deployed in the channel, reef flat, reef
crest, and fore reef during the planned study period of 8 August
2016–24 July 2017 (Fig. 3). An additional current profiler was
deployed from 9 March 2018–7 May 2018 to gather data about
the southern part of the reef flat (Fig. 2). Our overall goal was to
observe temporal and spatial patterns of current flow and water
properties in the bay to better understand the physical dynamics
of the bay and provide baseline information for future ecological
studies.

2.3. Calibration and programming

The compass of each current profiler was calibrated according
to instructions in the user manuals (SonTek/YSI, 2000; Nortek,
2017). The HOBO R⃝ Dissolved Oxygen Logger (U26-001) was cal-
ibrated using the ‘‘100% saturation method’’ both before and after
each deployment to address drift that may have occurred during
the deployment (Onset, 2012). The reference spectrum of the
Satlantic SUNA V2 was updated prior to each deployment using
deionized water (Satlantic, Inc., 2016). The Sea Bird Electronics
16plus V2 SeaCAT CTP Recorder, Sea Bird Electronics 63 Optical
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Fig. 1. Map of Guam showing major rivers. The inset in orange highlights the rivers that drain the Pago watershed and the study site, Pago Bay. GIS data: University
of Guam Water and Environmental Research Institute of the Western Pacific.

Fig. 2. Map of Pago Bay with locations of sensors plotted over geographic zones as they are referred to in this study. Geographic zone data from NOAA’s National
Centers for Coastal Ocean Science (NCCOS) (https://products.coastalscience.noaa.gov/collections/benthic/e99us_pac/default.aspx, accessed 17 September 2018).

https://products.coastalscience.noaa.gov/collections/benthic/e99us_pac/default.aspx
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Table 1
Instrumentation details including instrument type, parameters the instrument measured, in what zones (channel, fore reef, reef flat, reef crest) the instruments were
deployed, the sampling intervals used, and the depths of deployment.
Instrument Parameters measured Location

(# instruments)
Sampling rate Depth deployed

Sontek acoustic Doppler profiler
1000 kHz

Current magnitude and
direction, estimated
backscatter, pressure

Channel (1);
Fore reef (2)

10, 20, or 30 min 10 m (channel)a;
15 m (fore reef)

Nortek acoustic Doppler current profiler
2000 kHz

Current magnitude and
direction, pressure

Reef flat (2) 10 min 1 m

HOBO TidBitb Temperature Reef flat (5);
Reef crest (6);
Fore reef (5)

5 or 10 min <1 m (reef flat,
reef crest);
15 m (fore reef)

HOBO Dissolved Oxygen Logger (U26-001) Dissolved oxygen, temperature Reef flat (4); Fore
reef (6)

10 min <1 m (reef flat);
7 m (fore reef)

HOBO TidBit Temperature Channel (2) 1 or 5 min 25.4 m; 5.7 m

HOBO Water Level Logger
(vertical temperature chain)

Pressure, temperature Channel (12) 1 min 25 m to 6 m

Sea Bird Electronics
16plus V2 SeaCAT CTP Recorder

Temperature, conductivity,
pressure

Channel (1) 30 min 10 ma

WETlabs ECO FLNTU
(integrated with SeaCAT)

Fluorescence, turbidity Channel (1) 30 min 10 ma

Sea Bird Electronics 63
(integrated with SeaCAT)c

Dissolved oxygen Channel (1) 30 min 10 ma

Satlantic SUNA V2 Nitrate Channel (1) 5 min 10 ma

Satlantic SeaFET pH, temperature Channel (1) 1 min 10 ma

aOn deployment 1, these instruments were deployed at 13 m.
bOn some deployments, HOBO Pendants were used to measure temperature instead of TidBits.
cOn deployment 2, a HOBO Dissolved Oxygen logger sampling at 10 min interval replaced this sensor.

Fig. 3. Time series observations from August 2016–July 2017 of (A) wave height, (B) wind magnitude and direction, (C) subtidal currents on the south fore reef, (D)
subtidal current vectors on the north fore reef, (E) subtidal current vectors in the channel, and (F) subtidal current vectors on the north reef flat. Date format on
the x-axis is MM/DD/YYYY.

Dissolved Oxygen, WET Labs ECO FLNTU, the Satlantic SeaFET, and
HOBO Tidbit sensors were factory calibrated.

Instruments’ sampling rates ranged from 1 min to 30 min de-
pending on battery life and deployment length (Table 1). Planned
deployment lengths ranged from 2 to 7 months, which resulted in
some differences in programming strategy throughout the study.
Sampling rate details by deployment are shown in Table S1.

2.4. Deployments

Instruments were deployed using snorkel, SCUBA, and over-
the-side boat deployment techniques, depending on the depth,
size, and location of sensors and moorings. A short summary of
the field deployments follows; technical details of each deploy-
ment can be found in the Supplement.

Current profilers were deployed in the channel, the reef flat
north and south of the channel, and the fore reef north and south
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of the channel (Fig. 3, Table 1). The current profilers were moored
on the seafloor and upward-looking (Fig. S1). Temperature log-
gers and dissolved oxygen loggers were attached to the substrate
throughout the bay in areas of sand, rubble, or rock (avoiding live
coral) (Figs. S2, S3). The thermistor chain was anchored to silty
substrate and suspended with a subsurface mooring ball at 5 m
depth to avoid entanglements with boat traffic in the channel.
Temperature chain data were collected in a series of discrete
deployments: a 2-month deployment from August–October 2016,
and a series of 1-month deployments during November 2016,
March 2017, June 2017, and July 2017. Pressure sensors were
deployed at the top and bottom of the water column from March
2017 onward to determine the effect of current on the angle
of the thermistor chain, and these data were used to calculate
actual sensor depths. A CTD with integrated dissolved oxygen,
fluorescence, and turbidity sensors, a pH sensor, and a nitrate
sensor (Table 1) was deployed alongside the current profiler in
the Pago Bay channel (Fig. S4).

2.5. Data recovery

Data were recovered successfully from most instruments
throughout the year-long deployment (Table S2). Current mag-
nitude and direction data were obtained from the all current
profilers except the May–July 2017 deployment in the channel
due to a malfunctioning beam. There were other issues that
caused minor data loss: Biofouling issues caused oxygen sen-
sors to record unrealistic dissolved oxygen data from August
2016–March 2017; a suite of instruments needed repair during
deployment 2 (October 2016–March 2017); and problems with
the nitrate sensor calibration and drift in the deployments 3 and
4 resulted in unreliable data.

2.6. Data analyses

2.6.1. Spatial and temporal current patterns in Pago Bay
Current data were separated into categories based on wind

and wave conditions. Trade wind conditions were defined as
mean daily wind directions between 30–120◦. Any other mean
daily wind direction was defined as non-trade wind conditions.
Large waves were defined as a daily mean greater than 1.5 m,
which was the median observed significant wave height through-
out the time series. Small waves were defined as a daily mean
significant wave height less than 1.5 m. The resulting four cate-
gories were: trade winds/large waves, trade winds/small waves,
non-trade winds/large waves, and no-trade winds/small waves.

Current magnitude and direction at subtidal frequencies were
evaluated by filtering the data using a low-pass Butterworth
filter with a cutoff of 33 h (Ryan et al., 2008). Mean subti-
dal current vectors during each environmental category were
calculated. Near-surface and near-bottom current ellipses (rep-
resenting perturbations from the mean) were calculated for each
current profiler location and each wind and wave category. Gen-
eralized additive modeling (GAM) was employed to determine
any statistical significance of environmental forcing and its effects
on current velocity.

2.6.2. Generalized additive modeling (GAM) of environmental drivers
of current speed

GAMs are similar to general linear models (GLM) but allow
relationships between predictors and the response variable to
be nonlinear. GAMs were fit to investigate the importance of
various environmental drivers of current velocity in Pago Bay
at each of the current profiler locations. The predictor variables
assessed were wave direction, wave height, wind speed, wind
direction, and daily cumulative tidal change. Pearson correlation

coefficients and analysis of variance inflation factors (VIFs, for
multicollinearity) indicated that wind speed and wave height
were correlated, and wind direction and wave direction were cor-
related (VIF > 3) (Zuur et al., 2010; Zuur, 2012). Therefore, multi-
ple model runs were constructed to avoid collinearity bias while
still investigating all parameters. Wind direction was smoothed
using a cubic spline to set 360 degrees equal to zero degrees.
All other covariates were smoothed using a thin plate regression
spline (including wave direction, which only varied in a narrow
window). A smoothed variable, day, was included in every model
run to help account for temporal autocorrelation.

The GAMs were constructed for each location type (reef flat,
channel, and fore reef) using the gamma distribution and a log
link function. No GAM was constructed for the reef crest because
current velocity measurements were not taken in this location.
The response variable distributions better approximated normal
distributions when separated by location type. The channel, north
reef flat, and south reef flat locations were modeled individually;
for the fore reef, the north and south locations were modeled
together using a random factor to account for the two separate
deployments in this location type. All possible model combina-
tions were assessed using the R package ‘‘dredge’’. The presented
model for each location type was selected by the lowest Akaike
information criteria with a correction for small sample sizes
(AICc) where the model included only statistically significant
smoothers.

Statistical modeling for water speed was carried out in R
(R Core Team, 2017) using the mcgv, car, AICcmodavg, MuMIn,
and lattice packages (Barton, 2009; Fox et al., 2012; Mazerolle and
Mazerolle, 2017; Wood, 2001; Sarkar, 2008).

2.6.3. Temperature and oxygen mapping in Pago Bay
Data from temperature and oxygen sensors deployed through-

out the bay were analyzed for spatial and temporal trends. Spec-
tral analysis was used to identify the dominant scales of vari-
ability. An animated map of temperature measurements (Au-
gust 2016–July 2017) was created using gridded interpolation
between daily means to illustrate seasonal variability and spa-
tial variation throughout the bay. Additionally, we investigated
two hypotheses regarding dissolved oxygen concentrations: (1)
higher wind speed can cause higher gas exchange rates, so higher
wind will be correlated with a higher dissolved oxygen con-
centration; (2) higher current speeds will correlate with higher
dissolved oxygen measurements. All calculations were done in
MatLab (Mathworks, 2017).

2.6.4. Water column temperature and cold pulses
Temperature time-series records from the temperature chain

were investigated using spectral analysis to determine dominant
scales of variability throughout the water column and between
seasons. Pulses of relatively cooler near-bottom water in Pago
Bay were identified in the lower water column. Cold pulses are
intrusions of colder water into a shallower environment, often
driven by internal waves (McManus et al., 2008). In this study,
cold pulses were defined as a decrease in temperature of at
least 0.3 ◦C in a span of 5 min. In Hawaii, pulses with 0.5 ◦C
lower temperature were associated with significant changes in
backscatter and phytoplankton measurements (Sevadjian et al.,
2012), and based on visual inspection of the time series data,
this cutoff captured the anomalous decreases in temperature,
but avoided the more typical fluctuations which occurred more
slowly. Cold pulse identification was carried out for all tempera-
ture records throughout the water column to determine how far
up the water column the cold pulse was detectable. If cold pulses
were identified in the mid to upper water column but were not
connected to a bottom-up pulse, they were likely not related to
internal waves and therefore not included in this analysis. The
length of each cold pulse was defined as the time it took for the
temperature to recover by 50% (after Sevadjian et al., 2012).
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2.6.5. Pago Bay channel: Oceanographic parameters and response to
an extreme storm event

For all measured parameters, spectral analysis was used to
determine important timescales of variability under normal con-
ditions. Then, the measured oceanographic parameters – temper-
ature, salinity, oxygen, fluorescence, turbidity, nitrate, and pH –
were investigated for a response to a heavy storm event on April
23–28, 2017. Statistics for each parameter were compared for the
period 14 days prior to the storm event (baseline conditions) and
the period of 5 days during storm event. The most extreme ob-
servations during the storm event were compared to the baseline
levels.

Estimated backscatter was calculated from the measured echo
intensity at the channel and fore reef current meters deployment
following the methods of Deines (1999). A GAM was constructed
to investigate the effects of rain and wave height on estimated
backscatter. A smoothed variable for ‘‘day’’ was included to help
account for temporal autocorrelation. The model was constructed
using the gamma distribution and a log link function.

2.7. Environmental data

Rain data from the USGS rain gauge at Mt. Chachao and from
the University of Guam campus were used in the study. Data
from the USGS rain gauge were downloaded from (https://water
data.usgs.gov/gu/nwis/inventory/?site_no=132617144423366&ag
ency_cd=USGS), and data from the University of Guam rain gauge
were provided by Mark Lander (WERI, University of Guam, pers.
comm.).

Wind data were downloaded from the NOAA National Weather
Service data archives for the Guam International Airport (https:
//w2.weather.gov/climate/index.php?wfo=guam).

Wave data (wave height and direction) were collected by a Pa-
cIOOS wave buoy deployed in Ipan, Guam and downloaded from
http://www.pacioos.hawaii.edu/waves/buoy-ipan/. The buoy is
located about 7 km south of Pago Bay.

3. Results

3.1. Spatial and temporal current patterns in Pago Bay

Time series records of wind, waves, and currents in Pago Bay
showed that the flow on the fore reef changed direction de-
pending on environmental conditions, while the flow on the reef
flat and channel was more consistent in direction. The current
magnitude was positively correlated with wave height at all sites
(Figs. 3, 4).

Of the days of our study with current data, 53.6% had trade
winds with large waves, 29.8% had trade winds with small waves,
1.3% had non-trade winds and large waves, and 15.3% had non-
trade winds and small waves. The average subtidal flow on the
reef flat was fastest during large wave and trade wind conditions
(north reef flat: 17.9 cm/s, south reef flat: 8.7 cm/s), and slower
during trade winds and small wave conditions (north reef flat:
13.1 cm/s, south reef flat: 2.6 cm/s) (Fig. 5). Trade winds drove
the flow inshore on the southern reef flat (Fig. 5B). In the channel,
the currents consistently flowed out towards the open ocean
regardless of environmental forcing. The mean flow speed in the
channel was 13.8 cm/s with trade winds and large waves, and
8.9 cm/s with trade winds and small waves. Similar patterns were
observed for non-trade conditions.

On the fore reef, the observed magnitudes were slower than in
other regions, but the fastest current speeds also occurred during
large waves and trade wind conditions (3.5 cm/s on the southern
fore reef and 1.8 cm/s on the northern fore reef). The south fore
reef flow tended to reverse direction depending on the wind,

with trade winds leading to alongshore flow in the southwest
direction, and non-trade winds leading to alongshore flow in the
northeast direction.

Current ellipses (showing perturbations around the mean ve-
locity) showed largely consistent patterns during different en-
vironmental conditions (Fig. S5). Variation in flow was typically
alongshore on the fore reef. The primary axis of variation was in
the same direction as the mean flow on the reef flat and channel.
Shear between the upper and lower water column was observed
in the channel during all conditions except non-trade winds with
small waves (Fig. S5D).

3.2. Environmental drivers of current speed

Current speed (waterspeed) in Pago Bay was found to correlate
to wave height (waveheight) and direction (wavedir), wind di-
rection (winddir), and spring/neap tidal cycles (tidechange) using
the best-fit GAMs. The best-fit models for water speed at each
location were chosen by finding the combination of significant
smoothers with the lowest AICc score. The two fore reef locations
responded similarly to environmental shifts and were modeled
together, using the factor of ‘‘site’’ to account for differences in
the shape of the response between the two sites. A smoother
for ‘‘day’’ was included to help reduce residual structure from
temporal autocorrelation. The following models were selected:

Channel:
waterspeed ∼ s(waveheight) + s(tidechange) + s(wavedir)

+ s(day)

Fore reef:
waterspeed ∼ s(waveheight, by = site) + s(winddir, bs = ‘‘cc ’’)

+ s(day, by = site) + s(tidechange) + site

Reef flat (north):

waterspeed ∼ s(waveheight) + s(day) + s(tidechange)
+ s(wavedir) + s(winddir, bs = ‘‘cc ’’)

Reef flat (south):

waterspeed ∼ s(waveheight) + s(day) + s(winddir, bs = ‘‘cc ’’)

Results of the selected GAMs are shown in Table 2. Statistics,
estimates, and significance for each model variable are shown in
Table S3. Residual plots and other goodness of fit assessments are
shown in the supplement (Figs. S6–S9).

In the channel, the GAM showed primarily wave-driven flow
(Fig. 6). A model with only wave height and a smoother for tem-
poral autocorrelation explained 65% of the variation in current
speed. Adding wave direction resulted in an increase in percent
deviance explained to 72.6%. The smoothers for wave height
and wave direction were significant. Flow speed increased with
increasing wave height, and wave directions approaching directly
across shore were also associated with faster flow speeds. Days
with spring tides had slightly faster flow than days with neap
tides. The relationship was significant and increased the percent
deviance explained to 74.5%.

On the northern reef flat, the model investigation resulted
in a best-fit model showing significant positive relationships for
wave height and a negative relationship with the daily mean
tide fluctuation. A model with only wave height and a smoother
for temporal autocorrelation factor explained 72.4% of the vari-
ation. Wave directions that were closer to directly across shore
increased the water speed on the reef flat (Fig. 6). The smoother
for wave direction increased the deviance explained to 83%. The
smoother for wind direction showed an increase in water speed
as wind turned more across-shore, and increased the deviance
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Fig. 4. Time series observations from March 2018–May 2018 of (A) wave height, (B) wind magnitude and direction, (C) subtidal currents on the south reef flat. Date
format on the x-axis is MM/DD/YYYY.

Fig. 5. Subtidal flow magnitude and direction at each current profiler location under four types of environmental conditions. (A) Trade winds and large waves, (B)
trade winds and small waves, (C) non-trade winds and large waves, and (D) non-trade winds and small waves. Where arrows are missing, there were no available
data during that environmental condition category.
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Table 2
R-squared values and % deviance explained for each of the selected models.
Location Smoother p-value Adjusted R2 % Deviance explained

Channel
Wave height <0.001

0.71 74.5Spring–neap tide <0.001
Wave direction <0.001

Fore reef

Wave height (south) <0.001

0.528 55.1Wave height (north) <0.001
Wind direction <0.001
Spring–neap tide 0.006

Reef flat north

Wave height <0.001

0.869 88.8Spring–neap tide <0.001
Wave direction <0.001
Wind direction <0.001

Reef flat south Wave height <0.001 0.937 94.8Wind direction 0.04

explained to 87.6%. The large confidence intervals in the westerly
directions reflect that there were few days with observations of
west winds, so that part of the smoother should be interpreted
with caution. During extreme low tides, much of the reef flat was
dry and exposed, and relatively little water was pushed over the
reef crest by waves. The effect on the model was small, increasing
deviance explained to 88.8%, but the smoother was significant
and decreased AICc score by 12.

The southern reef flat had the best-fitting model with 94.8%
of deviance explained. Most of the deviance in current speed was
explained by wave height alone, and wind direction had a signif-
icant but smaller effect in which across-shore wind correlated to
faster flow speeds (Fig. 6).

On the fore reef, the GAM verified that larger waves were
associated with faster flow (Fig. 6). At larger wave heights, the
flow was more strongly impacted at the southern fore reef than
the northern fore reef. A model constructed with only wave
height and a smoother for temporal autocorrelation explained
50.6% of the variation. When wind was across-shore in the same
direction as the mean flow of the northern fore reef, water speed
was faster, and additionally westerly wind was associated with
higher flow rates (Fig. 6). Adding wind direction to the model
increased the deviance explained to 54.5% and was significant.
The spring/neap tidal cycle had a small positive correlation with
flow speed, increasing the deviance explained to 55.1% with a
significant smoother.

3.3. Temperature and oxygen mapping in Pago Bay

Benthic temperature data on the reef flat, fore reef, and chan-
nel were collected throughout the year of deployment (Media
1 — Supplement). Pago Bay experienced a very stable mean
temperature throughout the year, with the difference in mean
temperature between wet and dry season ranging only 0.18–
1.55 ◦C at each sensor (Fig. 7). Differences in temperature be-
tween the reef flat and fore reef were similarly small. However,
daily temperature variability was much higher on the reef flat
(median 1.94 ◦C) than in deeper water on the fore reef (median
0.38 ◦C) (Fig. 7). Spectral analysis showed variability was pri-
marily diel, indicating that daily solar insolation was the most
influential factor controlling temperature both on the shallow
reef flat and on the fore reef. The greatest temperature variation
occurred on the southern reef flat in both wet and dry season
with temperature variability as great as 12.38 ◦C in a single day,
and spectral analysis showed that this variation occurred on a diel
frequency.

Dissolved oxygen concentrations varied on diel time scales on
the reef flat and on the fore reef. Oxygen was higher during the
day by an average of 2.40 mg/l on the reef flat and 0.60 mg/l on
the fore reef (tailed two sample t-test, p < 0.001). Spectral analysis

revealed consistent variation at the 24 h period and harmonics.
Reef flat daytime dissolved oxygen was positively correlated with
temperature in the southern reef flat, and the strength of the
correlation decreased moving northward (R2 values, south to
north on the reef flat: 0.78, 0.41, 0.17, 0.02). Regression analysis
revealed no consistent trends between dissolved oxygen and
wind speed in any location, or between dissolved oxygen and
current speed.

3.4. Water column temperature in Pago Channel

The thermistor chain deployed in the channel measured water
column temperature for a total of 203 recording days. Seasonal
warming and cooling of the entire water column was observed
(Fig. S10), along with diel heating that was observed through
the entire water column (Fig. 8). Currents changed the angle of
the thermistor chain throughout the deployment. The thermistor
chain was moored at approximately 28 m, and the water profile
depth coverage ranged from 6.0 m–24.0 m during low current
speeds to 12.0 m–25.6 m during the fastest current speeds (Fig. 8).

Water temperature in Pago Bay fluctuates at semidiurnal M2
(range 11.88–12.15 h) and diurnal (range 23.36–24.14 h) periods.
Throughout the year, the top part of the water column warmed
and cooled based on solar heating (Fig. 9). Near the benthos, diel
heating was only observed during dry season (December–June).

A total of 109 cold pulses were identified during the time
series (0.3 ◦C decrease in 5 min). Ninety of these cold pulses
recovered within 3 h, 80 recovered within 2 h, and 30 recov-
ered within 1 h. Comparisons of cold pulse occurrence frequency
with oceanographic conditions showed that cold pulses were
observed more often when sea surface temperature was higher
than the mean yearly SST (Student’s two-sample t-test, p =

0.0038) (Fig. 10). Cold pulses were detectable from the bottom of
the water column (deepest sensor at ∼25 m depth) up to about
15 m depth, and they were observed more regularly during the
wet season (July to November). Cold pulses were not observed
in other fore reef temperature records, which were located at 14
and 7.6 m depth. This suggests that cold pulses propagate to ∼15
m depth but generally not shallower.

3.5. Oceanographic parameters in Pago Channel: Scales of variability
and response to an extreme storm event

3.5.1. Oceanographic parameters in Pago Bay Channel
Oceanographic parameters, which included temperature, pH,

dissolved oxygen, fluorescence and turbidity, were measured in
the channel of Pago Bay in addition to currents (Fig. 11). Typical
seasonality was observed in temperature, with warmer tempera-
tures in the wet season (summer to fall) and cooler temperatures
in the dry season (winter to spring). pH and oxygen did not
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Fig. 6. Plots of the estimated smoothers for the selected GAM for water speed at each location. On all plots, the x-axis shows the covariate/forcing variable, and
the y-axis shows the response of water speed. The response variable is scaled by the log relationship and centered around zero. The y-axis shows the centered
smoothing function of the response variable for each covariate. The smoothing spline fits are the solid curves, and 95% confidence bands are shown as dashed lines.

show any seasonal trends. Increases in backscatter were more
frequent during the rainy season. The shift to slightly higher
values in oxygen during the March–July period co-occurred with
the change of instrument, so cannot be attributed to seasonal
trends.

Spectral analysis indicated that oxygen and fluorescence pri-
marily varied at 24 h periodicity. Turbidity did not have con-
sistent periodicity, with one deployment showing no significant
spectral peaks, one showing a weak peak at 12 h, and another
showing weak spectral peaks at 12.4 and 23.9 h. Variability in

pH corresponded to both tidal periodicities (12.4 h) and diel
periodicities (24 h), with the diel periodicity generally being
stronger.

3.5.2. Case study of an extreme rain event
A total of 13 heavy rain events (24 h rainfall > 5 cm after

Fagan et al., 2004) occurred during the study period, primarily
in September–December 2016 and April–June 2017. The largest
rain event occurred in late April 2017 with rainfall from 23 April
2017 02:48 to 28 April 2017 12:58, during which 13.9 cm of



10 C.M. Comfort, G.O. Walker, M.A. McManus et al. / Regional Studies in Marine Science 31 (2019) 100740

Fig. 7. Mean temperature in Pago Bay during the (A) dry and (B) wet seasons. Each measurement site is marked by a circle; the color of the circle indicates mean
temperature. The size of the circle indicates the standard deviation. Lines indicating isobaths of the reef crest (<1 m) and on the fore reef (10 m, 15 m, and 20 m)
are shown. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 8. Water column temperature (oC) in the Pago Bay channel for the 3 deployments where pressure records were available: (A) March to April 2017, (B) May to
June 2017, and (C) June to July 2017. The deployment from August–October 2016 did not have pressure sensors for depth correction; data are shown in Fig. S10.
Date format on the x-axis is MM/DD/YYYY.

rain fell in three days after 133 days without any significant
rainfall (Fig. 11G). The effects of this rainfall were seen in sev-
eral of the channel parameters. Salinity decreased by 1.27 PSS
below the previous 14-day mean (Fig. 12B), and a 1.23 mg/m3

increase in fluorescence was observed above the 14-day mean
(Fig. 12C). The first large drop in salinity occurred 3 h earlier
than the beginning of the fluorescence increase. An increase in
turbidity was observed up to 24.14 NTU higher than the 14-
day mean (Fig. 12F). The daily range in pH during the storm
event dropped as low as 0.12, compared to the previous 14 days
with ranges of 0.18 to 0.26 (Fig. 12D). Estimated backscatter
observed by the current profiler on the mooring also showed an
abrupt increase. The estimated backscatter during the acute rain-
associated backscatter increase was 25.29 dB above background
levels, which equates to an increase by a factor of 337. The overall
geometric mean backscatter reading for the day of the spike was
a factor of 7.5 times higher than background (Fig. 12H).

Other instances of sudden backscatter increases were iden-
tified throughout the study. There were eight instances where
the daily geometric mean of backscatter was 7.5 to 25.7 times
higher than the previous day, indicating that these increases
were of comparable or greater severity than the examined case
study. Five of these additional backscatter increases also occurred
during heavy rain events. The remaining three increases occurred
during rapid wave height increases of > 1.6 m. The water quality
sensors were not collecting data during these other events, but it
is possible that similar changes in water quality as observed in
the April 2017 rain event may have occurred, particularly during
events associated with rain. A generalized additive model of es-
timated backscatter in the channel with rainfall and wave height
as predictors explained 64.8% of the variability in backscatter.
Both predictors were significant and had a positive relationship to
estimated backscatter. Details of the GAM are shown in Table S4
and Fig. S11. (See Fig. 12.)
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Fig. 9. Power spectral density (PSD) results from the temperature chain. PSD plots are shown for near-surface and near-bottom sensors. A sample spectrum is shown
for each during a wet season deployment (August–October 2016, 1st column) and a dry season deployment (March–April 2017, 2nd column). Dashed lines show the
24 h and 12.4 h periods.

Fig. 10. Time of observed cold pulses versus depth of detection (black vertical lines) measured at the temperature chain in the channel of Pago Bay. The SST at the
time of the observed cold pulse and the daily SST mean throughout the thermistor chain deployments is shown in color, with blue indicating cooler sea surface
temperature and red indicating higher sea surface temperature. The wet season is indicated by the blue bar, and the dry season is indicated by the orange bar. Grey
boxes indicate times when the thermistor chain was not collecting data. The standard deviation in depth reflects changes in sensor depth due to currents increasing
the angle of the t-chain. Date format on the x-axis is MM/DD/YYYY. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)

4. Discussion

4.1. Circulation in Pago Bay

Circulation in Pago Bay had characteristics of typical fringing
reef circulation patterns. The reef flat and channel both had con-
sistent unidirectional flow, and the reef flat and channel current
magnitudes were strongly driven by wave height. With larger
waves, more water is being moved onto the reef flat and therefore
more water is moved back out to the open ocean via the channel,
so current speeds increase. This pattern of circulation in fringing
reefs has been observed in coastal systems all over the world
(Coronado et al., 2007; Hench et al., 2008; Storlazzi et al., 2006;
Taebi et al., 2011), including in other bays in Guam (Péquignet
et al., 2011; Vetter et al., 2010). During days with very low
tides, the mean daily velocity on the reef flat was lower. This
observation is likely due to large areas of the reef flat that are
dry and exposed during extreme lows, along with reduced water
transport over the reef crest during low tides. Together, this
disrupts normal flow patterns and results in more stagnant reef
flat water.

Wind and wave direction have a small but significant impact
on water speed on the reef flat. As the direction of waves and

wind become closer to directly across-shore, current magnitude
on the reef flat increases.

Flow on the fore reef was more affected by wind direction than
flow on the reef flat and channel. Changes in wind direction corre-
sponded to changes in both current speed and current direction.
Reversals of current direction during trade wind conditions vs.
non-trade wind conditions were observed on the southern fore
reef, close to the channel mouth. The fate of water exiting the
channel may therefore be different on trade wind days, when it
is more likely to be transported south along the coast of Guam,
as compared to non-trade wind days where the plume from the
channel may carried to the north.

Previous work on the circulation in Pago Bay used dye-tracer
methods on the reef flat (Marsh et al., 1982). The dye tracer
study’s results were supported by results from this study on the
north reef flat via current profiler and on the south reef flat
via temperature observations. In the south reef flat, Marsh et al.
(1982) identified a circulation cell of restricted water flushing.
The south reef flat current profiler in this study was deployed
in that cell, and the observed mean flow was towards shore
and the channel. However, that water could get entrained in
the circulation cell and remain in the area longer. Temperature
observations from this study within the circulation cell had the
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Fig. 11. Time series plots of (A) wind (mph), (B) wave height (m), (C) daily subtidal currents (cm/s), (D) sea surface temperature (SST) (◦C), (E) temperature at 10
m depth (T) (◦C), (F) pH, (G) rain (cm), (H) turbidity (NTU), (I) backscatter, normalized on a scale of 0 to 1, (J) dissolved oxygen (mg/L), (K) salinity (PSS), and (L)
fluorescence (mg/m3). Variables are shown from 8 August 2016 to 24 July 2017. Plots C, E, F, and H-L show oceanographic measurements collected in the Pago Bay
channel for this study; plots A, B, D, and G are additional environmental data. The red rectangles highlight an extreme rainfall event (see Section 3.5.2). Date format
on the x-axis is MM/DD/YYYY.

Fig. 12. Time series observations from the Pago Bay channel at 10 m from 15 April 2017–5 May 2017, highlighting the storm event on 23–28 April 2017. Time
series plots are shown for (A) rain, (B) salinity, (C) fluorescence, (D) pH, (E) Temperature, (F) turbidity, (G) oxygen, and (H) scaled estimated backscatter. Date format
on the x-axis is MM/DD/YYYY.
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highest magnitude and highest daily heating, which supports that
water was retained in this area longer and subject to more solar
heating. This study expanded on the Marsh et al. (1982) study by
monitoring a much longer time series, by observing current flow
in the channel and fore reef, and by discerning the effects of wind,
waves, and tides on flow patterns.

4.2. Temporal–spatial variability in temperature and oxygen

Temperatures in Pago Bay were warmer in the wet season and
the mean temperature patterns were fairly consistent throughout
the bay, but the reef flat had extreme diel temperature fluctua-
tions that occasionally were over 9 ◦C. The highest temperature
and daily temperature ranges were observed in the southern,
inshore reef flat where circulation patterns result in longer water
residence times (Marsh et al., 1982) and river water may intrude.

Corals living in different areas of the reef can acclimate to
different levels of thermal variability, and factors other than
temperature contribute to whether corals can survive in a par-
ticular habitat, especially solar irradiance (Fitt et al., 2001). In
exceptional circumstances, some corals have been observed to
withstand regular temperature fluctuations of 6 ◦C (Oliver and
Palumbi, 2011). However, temperature fluctuations of the mag-
nitude measured on the reef flat may be well over the limit of
coral thermal tolerance. In addition to occasional extreme tem-
perature fluctuations, the reef flat also has high solar radiation
exposure due to its shallow depth, and areas close to the channel
experience sudden increases in turbidity during rain events that
could inhibit photosynthesis for several days. All of these factors
may contribute to the lack of a coral community on the Pago
Bay reef flat. Corals are much more abundant on the fore reef,
where mean temperatures are very similar to the reef flat but diel
variability due to solar insolation is lower. Future research will
measure temperature and solar irradiance in fore reef habitats in
Guam to better characterize the environmental limits associated
with bleaching events in this community.

The turf and macroalgal community that is prevalent on the
reef flat appeared to drive daily variation in dissolved oxygen
via photosynthesis. While flow can enhance photosynthesis by
driving the efflux of oxygen from algae, seagrass, and coral tissues
(Finelli et al., 2006; Mass et al., 2010), and wind can increase
dissolved oxygen at the air–sea interface, the variability in dis-
solved oxygen we observed was not correlated to currents or
wind and dissolved oxygen concentrations increased during the
day, pointing to photosynthesis as the primary driver of oxygen
variability in Pago Bay. The observed higher dissolved oxygen
measurements with higher temperatures on the reef flat may be
due to a high temperature optimum for photosynthesis in the
benthic algae (Kirk, 1983).

4.3. Cold pulses

Cold pulses were observed in the deeper part of the water
column near the mouth of the Pago Channel, and these pulses
occurred more frequently when sea surface temperatures were
higher. The cold pulses were likely driven by internal waves on
a tidal frequency since strong tidal fluctuations were observed
at the deeper part of the water column during the time periods
when most pulses were observed. Previous modeling work has
suggested that large internal waves may propagate around Guam
(Wolanski et al., 2003), and these cold pulse observations also
suggest that these internal waves exist.

A strongly stratified water column may allow more intrusion
of deep water to shallower depths than a well-mixed water col-
umn (Leichter et al., 1996), and water column stratification may
vary seasonally with wind and temperature. The most extreme

cold pulses observed in Pago Bay resulted in a 1.3 ◦C decrease in
temperature within 5 min. On Florida’s Conch Reef, cold pulses
produced temperature decreases of up to 5.4 ◦C (Leichter et al.,
1996), and in Hawaii, maximum observed cold pulses ranged
from 1.08–1.52 ◦C (Sevadjian et al., 2012).

The pulses were observed at 15–26 m depth, and at this depth
the benthic cover in Pago Bay is a mix of coral and turf algae,
with turf algae increasing with depth. Cold pulses can play an
important role in reef nutrient cycling and ecology by bringing
nutrient-rich cooler water to shallower depths (Leichter et al.,
2003; Sevadjian et al., 2012) and by transporting phytoplankton
assemblages along slopes (Sevadjian et al., 2012). Where the
cold pulses intersect with coral reef habitat, they can provide a
thermal refuge for corals in the face of rising ocean temperatures.
Internal waves have been shown to reduce coral mortality from
bleaching events even during periods of anomalously high sea
surface temperatures (Wall et al., 2015), and in addition to relief
from temperature stress corals may additionally benefit from
increased salinity and biotic and abiotic material available in the
pulse water (Storlazzi et al., 2013).

4.4. Oceanographic response to an extreme storm event

Rain events and the associated runoff and sedimentation are
major threats to Guam’s marine benthic habitats (Gawel, 1999;
Prouty et al., 2014; Richmond, 1993; Wolanski et al., 2003)
(Fig. 13). The high sedimentation rates in Guam are related to
land-use practices that remove vegetation, such as intentionally-
set wildfires, agriculture, and construction (Burdick et al., 2008;
Minton, 2006). Sedimentation has significant biological and phys-
ical impacts on reef ecosystems by increasing turbidity, reducing
light availability to organisms, smothering benthic organisms,
reducing coral recruitment, acting as a vector for pollution such
as persistent organic pollutants, sewage, and heavy metals to reef
environments, and decreasing reef productivity, calcification, and
accretion (Burdick et al., 2008; Rogers, 1990).

The large storm event examined in this study resulted in ele-
vation of turbidity, fluorescence, and estimated backscatter, and
a depression in salinity and in the variability of dissolved oxygen,
temperature, and pH that persisted for one week. Smaller rain
events likely cause similar changes in surface waters that were
not detected by our 10 m sensors. While the sinking rate of the
sediment is not known, it is apparent from field observations that
sediment settles in the channel, on the reef flat adjacent to the
channel, and on the fore reef. Sediment that does get flushed out
of the channel could become entrained in the observed along-
shore flow on the fore reef and eventually sink onto the fore
reef coral habitat, with the direction of flow being dependent
on wind conditions. During high wave conditions (which lead
to faster flow out the channel) more sediment may be exported
to the fore reef area and become entrained in alongshore flow
before sinking; during small wave conditions, flow magnitudes on
the fore reef are very small, and the flow out the channel could
export the sediment far offshore. Future research on sediment
sinking rates and sediment accumulation in different areas in and
surrounding the channel would allow a better understanding of
the fate of the sediment and the scale of the impact to fore reef
coral ecosystems.

Rain events of the magnitude examined in this study are
not uncommon. Eight other events caused increases in backscat-
ter in the channel of similar or greater magnitude during the
study period. Five of these backscatter increases occurred during
other large-scale rain events, and three occurred during rapid
increases in wave height, which indicates that while rain is usu-
ally the trigger for increase in turbidity and backscatter, waves
can cause sediment resuspension. If the sedimentation impact on
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Fig. 13. Photo of Pago Bay, Guam following heavy sediment input related to coastal development. Image credit: Jason S. Biggs, University of Guam Marine Laboratory.

coral habitat in this region is found to be significant in further
study, land-based erosion mitigation strategies may be called for.

Recent work on erosion mitigation on the island of Lanai,
Hawaii, USA demonstrated that community-constructed gabion
dams using local invasive plant species significantly reduced the
amount of sediment exported to the reef over the course of
one year (Teneva et al., 2016). A similar installation of semi-
permeable dams in rivers in damaged watersheds of Guam could
slow water flow during rain events enough to reduce the amount
of sediment that reaches the coral reef systems, while still allow-
ing freshwater organisms to move through their native habitat.

4.5. Conclusions

This study provides a baseline of the physical oceanographic
patterns and processes of Pago Bay, Guam. In addition, this study
provides insights into the daily to seasonal fluctuations in the
temperature and dissolved oxygen environment, as well as to the
scales of variability of nutrients and pH. This study also provides
detailed observations of the impacts of a rain event on water
quality in Pago Bay.

Observations of circulation expanded on the existing Marsh
et al. (1982) model of circulation in Pago Bay. On timescales of
days to seasons, wave height, wind and wave direction, and to
a small extent neap/spring tide cycles had an influence on the
observed water speed. Higher wave heights and wave and wind
directions that were across-shore drove faster current speeds
throughout the bay.

Temperature and dissolved oxygen were also mapped
throughout the bay for a period of a year. These maps show
that diel variation was dominant over tidal variation, and that
diel variation was stronger in shallower areas, and strongest
in the southern reef flat. Observations of temperature in the
water column revealed that internal waves can propagate cooler,
deeper water up to 15 m depth, and these intermittent cold
pulses should not be overlooked when considering the overall
thermal habitat of organisms living on the deeper fore reef. The
spatial and temporal observations of circulation, temperature,
and dissolved oxygen in Pago Bay provided an essential baseline
understanding of the physical system for future ecological studies
and assessments of changes in the watershed.

Finally, the scales of variability of oceanographic and water
quality parameters in the channel were documented. The im-
pact of a large rain event on the normal cycles was observed.
Destabilization of sediment in the Pago River watershed leads
to heavy sediment influx to Pago Bay during rain events, and
based on our circulation and estimated backscatter results, the
southern fore reef may be at a higher risk than the northern
fore reef for sedimentation deposition associated with flow out
the Pago Channel during normal trade wind conditions. Future
work will move towards a better understanding of reef resilience
in Guam by examining coral susceptibility to bleaching within
the context of the observed flow regime, temperature environ-
ment, and storm impacts using genetic tools in combination with
observations.
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