'.\' frontiers

in Marine Science

ORIGINAL RESEARCH
published: 13 January 2021
doi: 10.3389/fmars.2020.595294

OPEN ACCESS

Edited by:

Charitha Bandula Pattiaratchi,
University of Western Australia,
Australia

Reviewed by:

Zhongxiang Zhao,

University of Washington,

United States

Adam Thomas Deviin,

The Chinese University of Hong Kong,
China

*Correspondence:
Paula Moehlenkamp
pmoehlen@hawaii.edu

Specialty section:

This article was submitted to
Physical Oceanography,

a section of the journal
Frontiers in Marine Science

Received: 15 August 2020
Accepted: 04 December 2020
Published: 13 January 2021

Citation:

Vollbrecht C, Moehlenkamp R,
Gove JM, Neuheimer AB and
McManus MA (2021) Long-Term
Presence of the Island Mass Effect
at Rangiroa Atoll, French Polynesia.
Front. Mar. Sci. 7:595294.

doi: 10.3389/fmars.2020.595294

Check for
updates

Long-Term Presence of the Island
Mass Effect at Rangiroa Atoll, French
Polynesia

Carleigh Vollbrecht', Paula Moehlenkamp™*, Jamison M. Gove?, Anna B. Neuheimer?3
and Margaret A. McManus'

! Department of Oceanography, School of Ocean Earth Science and Technology, University of Hawaii, Honolulu, HI,
United States, ? Ecosystem Sciences Division, Pacific Islands Fisheries Science Center, Honolulu, HI, United States,
3 Department of Biology, Aarhus University, Aarhus, Denmark

Enhancement of phytoplankton biomass near island and atoll reef ecosystems —termed
the Island Mass Effect (IME)—is an ecologically important phenomenon driving marine
ecosystem trophic structure and fisheries in the midst of oligotrophic tropical oceans.
This study investigated the occurrence of IME at Rangiroa Atoll in the French Polynesian
Tuamotu archipelago, and the physical mechanisms driving IME, through the analysis
of satellite and in situ data. Comparison of chlorophyll-a concentration near Rangiroa
Atoll with chlorophyll-a concentration in open ocean water 50 km offshore, over a 16-
year period, showed phytoplankton enhancement as high as 130% nearshore, over
75.7% of the study period. Our statistical model examining physical drivers showed the
magnitude of IME to be significantly enhanced by higher sea surface temperature (SST)
and lower photosynthetically active radiation (PAR). Further, in situ measurements of
water flowing through Tiputa Channel revealed outflowing lagoon water to be warmer,
lower in salinity, and higher in particulate load compared to ocean water. We suggest
that water inside Rangiroa’s lagoon is enriched in nutrients and organic material by
biological processes and advected as a result of tidal and wave forcing to coastal
ocean waters, where it fuels primary production. We suggest that a combination of
oceanographic and biological mechanisms is at play driving frequency and magnitude of
IME at Rangiroa Atoll. Understanding the underlying processes driving IME at Rangiroa is
essential for understanding future changes caused by a warming climate and changing
environmental conditions for the marine ecosystem.

Keywords: Island Mass Effect, Rangiroa atoll, phytoplankton biomass, Chlorophyll-a enhancement, IME

INTRODUCTION

Phytoplankton production at the base of the food web provides a fundamental source of energy
fueling entire marine ecosystems and production of the world’s fisheries (Duarte and Cebrian,
1996). In the midst of oligotrophic waters, biological biomass has been found to be significantly
enhanced around coral reef islands and atolls across the Pacific basin supporting productive
local ecosystems with high fish biomass and thriving reef communities (Doty and Oguri, 1956;
Signorini et al., 1999; Palacios, 2002; Andrade et al., 2014; Gove et al., 2016; James et al., 2020).
The increase in phytoplankton biomass near island and atoll reef ecosystems—termed the Island
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Mass Effect (IME)—has been attributed to an increase in available
nutrients in the euphotic zone (Doty and Oguri, 1956).

Mechanisms contributing to enhancement of phytoplankton
biomass in these regions have been found to be diverse and
to vary locally. Important sources of nutrients and organic
material are inputs from island terrestrial sources such as rivers
or submarine groundwater discharge (Dandonneau and Charpy,
1985). In the water surrounding the islands of Tahiti, increased
nutrients were found to occur after rain events caused runoff
of nutrient-rich land sediment (Sauzede et al., 2018). Further,
populated islands and atolls may cause anthropogenic inputs
such as human waste or agricultural fertilizer enhancing nutrient
and organic matter inputs to nearshore waters (Dandonneau
and Charpy, 1985; Gove et al, 2016). Besides direct inputs
from land, coral reef organisms can modify biogeochemical
characteristics of water flowing over reefs through a multitude
of biochemical mechanisms (e.g., Wyatt et al., 2010, 2012; Nelson
etal,, 2011), such as nitrogen fixation, nutrient regeneration, and
recycling from other biota (Atkinson, 2011) and increase nutrient
availability surrounding oceanic islands. Physical processes play
an essential role in local mixing, transport, and retention of water
masses near islands and atolls (Gilmartin and Revelante, 1974;
Heywood et al., 1990; Palacios, 2002). Organic material and other
sources of nutrients generated via coral reef ecosystem processes
can be flushed out of the atoll via wave forcing (Callaghan et al.,
2006) and tides (Chevalier et al., 2017) and provide nutrients
to the surrounding oligotrophic waters. In tropical lagoons,
water renewal time—regulated mainly by the flows through the
passages and, when the reef is partially submerged, over the coral
reef—strongly affects water quality, biological productivity, and
ecological resilience (Delesalle and Sournia, 1991; Chevalier et al.,
2017). Further, island and atoll bathymetry and slope can impact
ocean currents and cause upwelling of cold nutrient enriched
waters around islands and atolls (Hamner and Hauri, 1981; Gove
et al,, 2016). Internal waves interacting with bathymetry can lead
to instabilities in the otherwise stably stratified water column
and deliver nutrient rich water from below to the euphotic zone
(Carter et al., 2006). Many studies have presented significant
spatial and temporal variations in IME, as well as diversity in
key forcing mechanisms and their importance in driving IME
(Dandonneau and Charpy, 1985; Charpy, 1996; Charpy et al,,
1997; Martinez and Maamaatuaiahutapu, 2004; Gove et al., 2016;
Sauzede et al.,, 2018). Gove et al. (2016) analyzed chlorophyll-a
measurements recorded over 10 years via satellite for 24 islands
and 11 atolls in the tropical western Pacific and found the primary
drivers of IME magnitude to be reef area, bathymetric slope,
geomorphic type, and population status.

Here we present an investigation of the prevalence of IME at
Rangiroa Atoll in French Polynesia. We use long-term satellite-
derived observations of chlorophyll-a (a proxy for phytoplankton
biomass) to show IME is a near-ubiquitous feature and identify
key physical drivers of variations in the magnitude of IME at
Rangiroa Atoll. Our findings of IME are contextualized with
in situ data collected in Tiputa Channel, the main exchange point
for water between Rangiroa Lagoon and the ocean. As our global
climate changes, atoll ecosystems are increasingly affected by
rising ocean temperatures, changes in wave, wind and light fields,

as well as rising sea levels. Understanding the environmental
factors that drive fluctuations in phytoplankton biomass can
provide a basis for predicting food web shifts occurring as a
result of climate change in this region. Understanding the relative
influence of environmental mechanisms driving IME at Rangiroa
Atoll is crucial in order to predict how atoll systems, such as
those in the Tuamotu Archipelago, will respond to environmental
changes in the future.

MATERIALS AND METHODS
Study Site

Rangiroa Atoll is located in the northwest of the Tuamotu
Archipelago at 15.1°S, 147.6°W (Figure 1A). The atoll is the
largest in the French Polynesia Tuamotu archipelago with a
lagoon surface area of 1446 km?, a maximum depth of 38 m, and
an estimated volume of 37.71 km? (Kumar et al., 2013). The atoll
perimeter extends ~ 200 km consisting of 415 reef islands and
fringing reef. Rangiroa’s total land area covers 170 km? (Kumar
et al., 2013) with a population of 2709 inhabitants recorded in
the 2017 census (Institute of Statistics of French Polynesia, 2017).
In addition to ~100 small passes in the fringing reef, two large
passes connect the lagoon to the open ocean in the northwest of
the atoll rim: Tiputa Channel is 310 m wide at the narrowest point
and between 10 m (lagoon side) and 45 m (oceanside) deep with a
steep drop off at the mouth to ocean depths below 60 m. Avatoru
Pass is a wider, shallower pass located 9 km to the northwest of
Tiputa Channel (Kumar et al., 2013).

The southern perimeter of Rangiroa Atoll is primarily
comprised of fringing reef and the northern perimeter has more
islands. The atoll parameter has been estimated to have ~22%
of the perimeter open to exchange with the ocean (Andréfouét
et al., 2001a). Thus, the porous rim allows both predominant
southern and northern swells to exchange water to the lagoon,
while atolls located to the east and west of Rangiroa Atoll block
or reflect waves (Andréfouét et al, 2012). Rangiroa Atoll is
classified as a partially enclosed atoll with tides and waves being
primary mechanisms forcing circulation and exchange. Using
water volume flux calculations and wave heights acquired by
satellite altimetry data, residence time at Rangiroa Atoll was
estimated to be between 130 and 155 days for wave heights in
the range of 1.5-3.5 m (Andréfouét et al., 2001b; Pages and
Andréfouét, 2001). Additionally, water residence in Rangiroa’s
lagoon was found to decrease linearly with wave forcing above
1.7 m (Andréfouét et al., 2001b).

Data

Chlorophyll-a (mg m~3): Long-term (January 2003 to February
2019) chlorophyll-a data were retrieved from NASAs Moderate
Resolution Imaging Spectroradiometer (MODIS) instrument
using the 8-day, 4-km data product. Comparison of chlorophyll-
a data sets 23 km north, 50 km north, and 23 km to the south
of the atoll, using the Mann-Whitney U test (a non-parametric
test used to indicate the probability that two independent samples
are from the same distribution, Spiegel and Stephens, 2011),
indicated that these locations are statistically of the same set,
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FIGURE 1 | (A) Southern Pacific Ocean map with Rangiroa. (B) Satellite image of Rangiroa with Tiputa Channel, Avatoru Pass, and MODIS data near and

approximately 50 km north of Tiputa Channel. (C) Bathymetric data from Tiputa Channel collected by the Secretariat of the Pacific Community Applied Geoscience
Division (SOPAC) overlaid on a Google satellite image. Deployment locations of three moorings are marked A, B, and C. The color bar shows depth in meters.

eliminating the sets 23 km north and south. Further, chlorophyll-
a measurements near Tiputa Channel and near the southern
fringing reef were found to be statistically of the same set,
eliminating the set near the southern fringing reef. For that
reason, we focused our analysis of IME at Rangiroa on two
locations using 7 MODIS data points (center of each pixel)
near the Tiputa Channel and 10 MODIS data points located
approximately 50 km offshore and to the north of Rangiroa Atoll
(Figure 1B and Table 1). To assess IME, the difference between
average chlorophyll-a concentration at these two locations (near
Tiputa Channel and offshore of Rangiroa Atoll) was calculated
(Figure 1B). Data within ~3.27 km of the 30 m isobath
were removed to avoid optically shallow water and errors
induced by terrigenous input, resuspended material, or bottom
substrate properties (sensu Gove et al., 2013). Due to sensor
limitations, any data points with chlorophyll differences less than
0.005 mg m~* were excluded reducing the data set from 507 to
317 data points. Latitude and longitude of MODIS data locations
near Tiputa Channel and offshore are given in Table 1.

Sea surface temperature (°C): SST data were retrieved from
the same instrument as chlorophyll-a using the 8-day, 4-km data
product near Tiputa Channel.

TABLE 1 | Latitude and longitude of MODIS data near Tiputa Channel and
approximately 50 km offshore of Tiputa Channel.

Latitude/Longitude Tiputa Channel Latitude/Longitude 50 km offshore

. 14.896°S, 147.729°W
. 14.896°S, 147.688°W
. 14.896°S, 147.646°W
14.896°S, 147.604°W
. 14.896°S, 147.563°W
. 14.938°S, 147.604°W
. 14.938°S, 147.563°W

N OO A ®N =

. 14.479°8, 147.729°W
. 14.479°8, 147.688°W
. 14.479°8, 147.646°W
14.479°S, 147.604°W
. 14.479°8, 147.563°W
. 14.438°S, 147.729°W
. 14.438°8S, 147.688°W
. 14.438°S, 147.646°W
9. 14.438°S, 147.604°W
10. 14.438°S, 147.563°W

MODIS data is centered at these points.
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Photosynthetically active radiation (Einstein m~2 d~!): PAR
data were analyzed to identify the optimal amount required
for peak chlorophyll-a. PAR data were retrieved from the same
instrument as chlorophyll-a using the 8-day, 4-km data product
near Tiputa Channel.

Wind forcing: An 8-day average of daily wind direction (°)
and magnitude (m s~1) was calculated from NASA SeaWinds
sensor on the QuikSCAT satellite' (data are 0.125° spaced) from
January 2003 to November 2009 and NOAA ASCAT sensor on
the METOP satellite’ (data are 0.25° spaced) from November
2009 to February 2019. For each 8-day segment, the mean value
of the box bounded by latitudes 14.5°S and 15°S and longitudes
147.25°W 147.5°W (to the east of the chlorophyll-a locations)
was computed. Interference with winds caused by topography
was not of significant concern as Rangiroa Atoll or neighboring
atolls do not contain substantial vertical relief (highest point
is ~12 m). For alignment purposes, all wind data were time
centered and averaged using the same time window that was used
for chlorophyll-a.

Rainfall (in mm): Daily rainfall totals were downloaded from
the multi-satellite Global Precipitation Measurement (GPM)
mission, version 5. Data were available ina 0.1° x 0.1° grid. Area
rainfall data were downloaded for the period 18-22 April 2014,
to correspond with the in situ data’.

Wave forcing: Wave data were obtained from the WaveWatch
III model from two sources: CAWCR Wave Hindcast 1979-2010*
and the CAWCR wave Hindcast extension. Wave data past June
2013 is from WaveWatch III (WW3) Global Wave Model>. An
8-day average of daily maximum wave significant wave height,
peak wave period, and peak wave direction was calculated from
hourly wave data. Wave data were centered (south of the atoll,
15.5°S, 147.5°W) and aligned with chlorophyll-a dates. This
location presented the closest model grid cell to the atoll that
would capture the biggest swell during the winter months. Mean
significant wave height (H;) and peak period (t,) were used
to calculate wave power (E;) in kW m™' using Eq. 1 below:

2
B = B8

= aHftp/moo (1)

where p is the density of seawater (1024 kg m~2) and g
is the acceleration of gravity (9.8 m s~2). The combination
of mean significant wave height and peak wave period into
wave power allows wave events to be identified in a single
predictor variable.

Multivariate ENSO index: Multivariate ENSO Index Version
2 (MEI) data were retrieved from NOAAS. MEI has a range
of -2.4 to 2.2 and is used to characterize the magnitude of
ENSO events with positive MEI values indicating an El Nifio
event (warming) and negative values indicating a La Nifia event

Uhttps://coastwatch.pfeg.noaa.gov/erddap/griddap/erdQSwind1day.html
Zhttps://coastwatch.pfeg.noaa.gov/erddap/griddap/erdQAwind1day.html
*https://pmm.nasa.gov/data-access/downloads/gpm

*https://www.pacificclimatechange.net/document/cawcr-wave- hindcast- 1979-
2010

Shttp://00s.soest.hawaii.edu/erddap/griddap/NWW3_Global_Best.html
Chttps://www.esrl.noaa.gov/psd/enso/mei/

(cooling). MEI combines oceanic and atmospheric variables
[sea level pressure (SLP), sea surface temperature (SST), zonal
and meridional components of the surface wind, and outgoing
longwave radiation (OLR)] into a single index computed 12
times a year in overlapping two-month periods to account
for seasonality.

In situ Measurements

To measure the current velocity in Tiputa Channel, three
SonTek Acoustic Doppler Profilers (ADPs) were deployed in
consecutively deeper locations from the lagoon to the ocean
(Moorings A, B, and C at 22.5, 29.5, and 38 m, respectively) along
the primary axis of the channel. A Sea-Bird Electronics 19plus
CTD’ measuring conductivity, temperature, and pressure; a Wet
Labs C-Star transmissometer® measuring light transmittance
(a proxy for water clarity); and a BioSpherical Instruments
QSP-2200PD PAR Sensor’ measuring photosynthetically active
radiation (PAR) were deployed on Mooring C to assess water
conditions. Moving from mooring A to B the channel narrows
and the seafloor depth drops from 22.5 to 25.9 m, continuing to
mooring C the channel opens to the ocean and seafloor depth
continues to drop to 38 m. Between moorings A and C spaced
0.4208 km apart, depth drops to a total of 15.5 m. Net water
exchange through Tiputa Channel was calculated over a 24-
h period following methods used by after Moehlenkamp et al.
(2019). In brief, along channel water volume flux was calculated
using Eq. 2:

Flux = Width x Depth x Velocity, (2)

where width is the channel width (175 m at mooring B), depth
the channel depth (varies with tide, ~29.5 m), and velocity
the vector of measured along channel current velocity. Water
velocity was recorded at mooring B due to its central location
in the channel and its constant cross-channel depth. The flow
was unidirectional, and the rate of flow for each time point was
averaged over the recorded water column measurements (23 bins
with 1 m vertical spacing, from a depth of 4.5-26.5 m were
averaged to a single flow rate). This flow rate was then applied
to the entire depth of 29.5 m.

Statistical Analysis

Our research explores factors affecting the difference in
chlorophyll-a concentration (mg m~3) between Rangiroa Atoll
(near Tiputa Channel; Figure 1B) and waters offshore (i.e.,
onshore-offshore). Here, IME can be seen as a positive difference
in chlorophyll-a concentration (Achl, mg m~2) between these
onshore and offshore locations. We test the hypothesis that Achl
varies with sea surface temperature (SST; °C), photosynthetically
available radiation (PAR; Einstein m—2 d~!), wind magnitude
(m s~!), wind direction (°), wave power (kW m~!), wave
direction (°), and the multivariate ENSO index (MEI). Note that
MEI and wind magnitude are inherently correlated with one

http://www.seabird.com
Shttp://www.wetlabs.com
“http://www.biospherical.com
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another. We choose to include both in our model to allow us to
assess both wind effects (a combined effect of wind magnitude
and direction), as well as more general ENSO forcing effects. To
account for covariate collinearity, we model with a combination
effect of wind direction and magnitude and use generalized
additive modeling (more below) where the non-linear fitting is
more robust (vs. linear modeling) to collinearity among predictor
variables. Each predictor variable was averaged over the same 8-
day period as the chlorophyll-a data with no lag between response
and predictor variables. Entries missing a value were removed
from the dataset, resulting in 310 time points for analysis. The
response (Achl;) was modeled as observations from a normal
distribution as they are continuous and can be both positive and
negative. The expected value of the response was modeled as
a function of the predictors using a generalized additive model
(GAM). GAMs do not assume a priori any specific form of the
relationship between the dependent variable and the covariates
and can be used to reveal and estimate non-linear effects of the
covariate on the dependent variable. To account for temporal
autocorrelation, a variable (SampleDay) containing the number
of days since the first sample was included in the model. Our
GAM was:

Achl; ~ N(;, 0)
and

Wi ~ f(SST;) + f(PAR;) + f(WindMagnitude;,
WindDirection;)

+f (WindPower;, WindDirection;) + f (MEIL)

+f (SampleDay;) (3)

Effects of wind magnitude and direction were assessed via a
two-dimensional smoother with magnitude smoothed using a
thin plate regression spline and direction smoothed with a
cyclic cubic regression spline (the latter reflecting the cyclical
nature of wind direction). The link function, g(...), providing
the relationship between the expected value of the response
and the linear predictor was set as the canonical identity link
function, and model residuals were assessed regarding this
assumption by inspecting residuals and determining the ability
for the model to give rise to the data by comparing residuals to
those simulated from the model. The importance of predictors
in explaining response variability was assessed by comparing
models representing all possible combinations of predictors via
corrected Akaike Information Criteria (AICc). Models always
included the SampleDay predictor to help adjust for temporal
autocorrelation (as mentioned above). All statistical analysis
was fit using R (R Core Team, 2018) via the mgcv, lubridate,
ggplot2, DHARMa, MuMIn, visreg, reshape2, and metR packages
(Wickham, 2007, 2016; Barton, 2009; Grolemund and Wickham,
2011; Wood, 2011; Breheny and Burchett, 2017).

To test correlations among the predictors, a Pearson’s pairwise
correlation test was performed to test for a linear relationship
between two sets of data. Equation 4 below calculates the

correlation coefficient or r-value (r) using each sample point (i)
in the two datasets (x and y)

2 (x = mo)(y — my)

RS

where m, is the mean of the set x and m, is the mean of the set y.
Positive signs of R values indicate a positive correlation, negative
signs indicate a negative correlation. The magnitude spans from
0 to 1 with larger numbers showing a higher correlation. P-values
range from 0 to 1 and indicate the probability that the r-value
relationship is not true (significant if p < 0.05, Abbott, 2017).

(4)

RESULTS

Nearshore Phytoplankton Enhancement

We found that during 75.7% of the 16-year study period
(from January 2003 to February 2019), Rangiroa Atoll displayed
localized nearshore enhancement in chlorophyll-a, which is
the IME, Achl. Averaged chlorophyll-a concentration at Tiputa
Channel was 16% greater than the concentration offshore to the
north with a maximum enhancement nearshore as high as 130%.
The chlorophyll-a difference between nearshore and offshore
ranged from -0.043 mg m~2 (no IME) to 0.091 mg m™> with
a mean value of 0.008 mg m~> (Figure 2). The mean positive
chlorophyll-a difference (i.e., IME) was 0.015 mg m~2, and the
mean negative chlorophyll-a difference was —0.013 mg m™3
(Figure 2A). Chlorophyll-a near Tiputa Channel and offshore
followed similar, though not identical, patterns of both increases
and decreases through the record (Figure 2B).

We investigated the factors that influence the nearshore
to offshore chlorophyll-a difference via a suite of physical
predictor variables using a GAM with normal error distribution
assumption. The resulting statistical model exhibited relatively
uniform residuals with only a slightly skewed distribution from
the expected (likely due to an outlier). The model was refit
with a “log” link function but the change did not improve
residual behavior.

A comparison of models representing all possible predictor
combinations (but always including SampleDay; see Materials
and Methods) revealed five models within AAICc < 2 of
the lowest AICc model (Table 2). Best-specified models also
exhibited well-behaved uniform residuals with no significant
outliers. SST and PAR appeared in all best-specified models
resulting in an importance estimate (via sum of model weights)
of 1 for each (Table 2). Wind effects (magnitude and direction)
appeared in three best-specified models with an importance
estimate of 0.66. Wave effects (power and direction) appeared
in two best-specified models with an importance estimate of
0.35. MEI effects appeared in one best-specified model with
an importance estimate of 0.17. Effect plots were drawn from
Model 1 in Table 2 which had the highest weight (0.337)
relative to other best-specified models and explained 18% of the
variation in Achl. The highest proportion of variation in Achl
was explained by wind effects (magnitude and direction; 5.8%).
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FIGURE 2 | (A) Eight-day average of chlorophyll-a difference between near Tiputa Channel and offshore from January 2003 to February 2019. Positive values
represent times when the IME was present; negative values represent times when the IME was not present. (B) Eight-day average of chlorophyll-a data near Tiputa
Channel (black) and offshore (aqua).

TABLE 2 | Five models resulting from a comparison of models investigating Achl representing all possible predictor combinations within AAICc < 2 of the

lowest AICc model.

Model Explained variation Log likelihood AlCc AAICc Weight
1 wi ~ f(SST)) + f(PAR)) + f(WindMagnitude;, 0.18 892.296 —-1735.7 0.00 0.337
WindDirection;) + f(SampleDay;)
w; ~ f(SST;) + f(PAR;) + f(WavePower;, WaveDirection;) + f(SampleDay;) 0.14 884.531 —-1734.8 0.97 0.208
3 wi ~ f(SST)) + f(PAR)) + f(WindMagnitude;, 0.18 892.226 —-1734.4 1.34 0.172
WindDirection;) + f(MEL;) + f(SampleDay;)
4 ; ~f(SST) + f(PAR) + f(WindMagnitude;, 0.19 894.165 —17341 1.67 0.147
WindDirection;) + f(WavePower;, WaveDirection;) + f(SampleDay;)
5 W ~ f(SST)) + f(PAR)) + f(SampleDay;) 0.13 881.498 -1733.9 1.82 0.136
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Achl declined with increasing wind magnitude and showed the
highest values over a mid-range in wind directions (Figure 3A).
SST explained the second highest proportion of variation in
Achl (4.7%). Achl increased with increasing mean temperature
(Figure 3B). Finally, PAR explained 3.3% of the variation in Achl
with declining Achl with increasing PAR (Figure 3C). As all
modeled effects have the prediction estimate above the 0 Achl
line on the y-axis, they are describing effects on the magnitude of
IME for Rangiroa.

Seasonal Patterns in the Island Mass
Effect

Chlorophyll-a difference data was plotted on 8-day increments
across 16 years (January 2003 to February 2019) to investigate
seasonality (Figure 4). IME across years was variable (Figure 4A):
the mean value of IME was 0.008 mg m~> with a large standard
deviation of 0.015 mg m~3. The highest value 0.091 mg m~3 was
recorded in March 2010, and the lowest value -0.043 mg m™3
was recorded in September 2012 (Figure 4B). The month with
the highest chlorophyll-a difference across the 16-year time span
was May with a mean chlorophyll-a difference of 0.014 mg m~>.
The month with the lowest chlorophyll-a difference across the
16-year time span was September with a mean chlorophyll-a
difference of 0.002 mg m~>. March had the highest variability
with the standard deviation of 0.020 mg m~3, and February had
the lowest variably with the standard deviation of 0.009 mg m™3
(Figure 4B). Data were spaced unevenly throughout the year
due to clouds during the rainy summer season resulting in fewer
chlorophyll-a records in the months of October through March.
Chlorophyll-a near Tiputa Channel and offshore both showed a
gradual rise in chlorophyll-a from March through August when
all years are averaged; however, when comparing year to year, this
pattern was not consistent and there was considerable variability
across the years for each month (Figure 4). While seasonal
trends in chlorophyll-a difference can be identified, these were
not consistent across years. Mean chlorophyll-a concentration
nearshore and offshore of Tiputa Channel visualized across the
entire study period from January 2003 to February 2019 showed

a clear IME (i.e., the enhancement of chlorophyll-a concentration
nearshore) (Figure 5A). However, the degree to which IME was
present varied strongly across years, with strong magnitudes in
2013 (Figure 5B) and weaker magnitudes in 2016 (Figure 5C).

In situ Observations in Tiputa Channel

In situ observations of pressure (water depth), PAR, light
transmittance, temperature, conductivity (salinity), and current
velocity in Tiputa Channel (18-22 April 2014) revealed strong
influence of tidal forcing (Figure 6). PAR followed a typical
diurnal pattern with solar insolation increasing after sunrise and
decreasing before sunset (Figure 6A). Water leaving the atoll on
ebb tide was higher in turbidity indicating a higher concentration
of particulate matter compared to ocean water flooding into the
atoll (Figure 6B). In addition, water flowing into the atoll on
the flood tide was colder, saltier, and denser compared to water
flowing out of the atoll with the low tide (Figures 6C,D). Current
flow at the three moorings was predictable, primarily following
the tide (Figure 7A). Horizontal currents at moorings A, B, and
C flowed in the along channel direction, oriented at 32.2° (true;
northeast) for outgoing low tide, and for 212.2° (true; southwest)
incoming high tide. Outgoing current speeds had a higher
velocity than incoming velocities given the additional pressure
gradient between the lagoon and the ocean (Table 3). During
the sensor deployment period, the maximum outgoing current
speed was 2.594 m s~ ! recorded at mooring B; the maximum
incoming current speed was 1.813 m s~! recorded at mooring
A. Water balance over the 24-h period summed 969,000 m?
entering the atoll and 2,810,000 m* exiting the atoll highlighting
a significant difference between inflow and outflow with more
water exiting than entering Rangiroa Atoll through the Tiputa
Channel at each tidal cycle. The net water exchange between
Rangiroa lagoon and the ocean was 1,841,000 m* (outward) for
the 24-h period 20 April 2014 00:00 through 23:59. During the
flood tide, as the water level increases so does the volume flux,
until reaching the midpoint or highest water level at which point
it decreases. On ebb tide the flow reverses following the same
pattern (Figure 7B).
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DISCUSSION
IME Present at Rangiroa Atoll

Our investigation of IME demonstrated that nearshore
phytoplankton enhancement is a long-term, near-persistent
feature at Rangiroa Atoll. IME is present in waters outside
Tiputa Channel, Rangiroa Atoll 75.7% of a 16-year period with

phytoplankton enhancement as high as 130% and an average
enhancement of 16% near Rangiroa Atoll compared to offshore.
The magnitude and frequency of enhanced chlorophyll-a
concentration clearly indicate presence of the Island Mass Effect
(IME) in coastal waters offshore of Tiputa Channel. These results
agree with past studies that found increased phytoplankton
biomass around islands and atolls in the Tuamotu Archipelago
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mooring C (depth 37 m) from 18 April 2014 through 22 April 2014.

despite the surrounding oligotrophic waters of the South Pacific
Subtropical Gyre (Ferrier-Pages and Furla, 2001). Studies found
enhanced biomass inside atoll lagoons with particulate organic
matter to be 2-5 times higher inside the atolls compared to the
open ocean (Charpy et al.,, 1997; Ferrier-Pages and Furla, 2001).
The Island Mass Effect was first described over 70 years ago

(Doty and Oguri, 1956), since then, IME has been documented
for numerous island-reef ecosystems (e.g., Signorini et al., 1999;
Palacios, 2002; Andrade et al., 2014; Gove et al.,, 2016). In a
10-year study investigating IME across the tropical Pacific, Gove
etal. (2016) found an increase of phytoplankton biomass in 91%
of the 32 islands and atolls surveyed.
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SST and PAR Are Significant Drivers of

IME Magnitude

We found that SST was a significant driver of IME. Multiple
studies have documented an important relationship between SST
and chlorophyll-a (Lo-Yat et al., 2011; Uz et al.,, 2017; Dunstan
et al, 2018). Dunstan et al. (2018) found that chlorophyll-
a change, as a response to SST, is highly heterogeneous
with large regional differences: some regions showed increased
chlorophyll-a with increased SST; other regions in contrast
showed decreased chlorophyll-a with increased SST. Our study
indicated a positive relationship between IME (the positive
chlorophyll-a difference between coastal Rangiroa waters and
offshore) and SST with increasing IME as a result of increasing

SST. Chlorophyll-a concentration in coastal Rangiroa waters and
offshore of Tiputa Channel are likely influenced by different
mechanisms. Chlorophyll-a offshore can be influenced by broad
scale climate forcing such as ENSO that lead to changes in
SST (McPhaden, 2012). Uz et al. (2017) identified changes in
the thermocline and upwelling intensity related to El Nifio
and La Nifa in the equatorial Pacific between 10°N and 10°S.
During an El Nifo event, enhanced SST can lead to more stable
stratification in the upper ocean and a reduction in surface
mixing depth resulting in lower chlorophyll-a concentrations
(Uz et al, 2017). The relationship of enhanced SST leading
to decreased chlorophyll-a in oligotrophic waters offshore was
also confirmed by Lo-Yat et al. (2011), who investigated satellite
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TABLE 3 | Measurement of current velocity at moorings A, B, and C.

Mooring A Mooring B Mooring C
Max out 2.594 2.636 2.556
Max in —1.813 —1.444 —-1.215
Max up 0.292 0.267 0.238
Max down —0.140 —0.298 -0.211
Mean out 1.467 1.393 1.323
Mean in —0.931 —0.675 —0.582
Mean up 0.028 0.053 0.038
Mean down —0.016 —0.084 —0.033

Current speeds inm s~.

chlorophyll-a data between January 1996 and March 2000 in
a study 124 km (14.1°S, 147.1°W) outside Rangiroa Atoll
and found a strong relationship between the timing of an El
Niflo warming event and satellite-derived chlorophyll-a. While
not a statistically significant driver of IME, the relationship
between the Multivariate ENSO Index (MEI) and IME was
found to be positive in this study (Figure 8). While open
ocean chlorophyll-a can be depressed during strong warming
events as a result of more stable stratification, chlorophyll-a in
Rangiroa’s coastal waters may be affected less by this dynamic
due to its proximity to the lagoon and atoll. Hence, increased
SST could lead to a stronger IME (the positive chlorophyll-
a difference between coastal Rangiroa waters and offshore).
Pearson’s pairwise correlation on SST and chlorophyll-a (not
IME) near Tiputa Channel (r-value -0.29) and offshore (r-
value -0.37) found a negative linear relationship (increased
SST, decreased chlorophyll-a) for both locations (Figure 8).
However, this trend is more pronounced for the offshore location
compared to near Tiputa Channel, supporting the hypothesis that
warming water affects chlorophyll-a offshore and close to the
coast differently.

While IME increased with increasing SST, IME decreased with
increasing PAR (Figure 3). High light levels driving reduced
chlorophyll-a biomass has been documented in other studies
(Flombaum et al., 2013; Jyothibabu et al., 2018). High levels
of PAR can cause photoinhibition, which has been observed in
Prochlorococcus with cell abundance reduced 31% off-peak in a
global study (Flombaum et al., 2013). In contrast, cloud cover
in the Bay of Bengal causing lower levels of PAR was found to
increase chlorophyll-a (Jyothibabu et al., 2018). While sunlight
is crucial for photosynthesis of phytoplankton, PAR may reduce
surface chlorophyll-a concentration by causing photoinhibition
both near and offshore of Rangiroa Atoll, hence reducing the
magnitude of IME.

Other Mechanisms Contributing to IME

The total statistical model explains 18% of the variation in Achl
and SST and PAR explain 8% of the variation in Achl. Therefore,
44% (i.e., 8%/18%) of the total variation explained by the model
can be attributed to effects of SST and PAR. 5.8% of variation in
Achl was explained by wind effects (magnitude and direction).
However, 82% of the variation in Achl remains unexplained
by the model, suggesting that a combination of biophysical

drivers shape IME at Rangiroa. Autochthonous nutrient sources
in coral reef ecosystems present one primary driver for increased
phytoplankton biomass at island and atoll ecosystems. Processes
including nitrogen fixation, regeneration through decomposition
of primary producers or from sediment deposition, and recycling
from other biota increase the availability of essential limiting
nutrients in the water column (Suzuki and Casareto, 2011;
Gove et al, 2016). Benthic nitrogen fixation was found to
account for 24.4% of benthic primary production requirements
at neighboring Tikehau Atoll Lagoon (Charpy-Roubaud et al.,
1990, 2001). Further, animal waste products derived from sea
birds, reef fish, and marine invertebrates have also been shown
to enhance nutrient concentrations in coral reef ecosystems
(Williams and Carpenter, 1988; McCauley et al., 2012; Burkepile
et al., 2013). Human activities can increase nearshore nutrient
concentrations through runoftf from urban development and
agricultural land use or wastewater (Smith et al., 1999), and
population status has been shows to be a significant driver for
IME in other studies (Gove et al., 2016). While Rangiroa Atoll
is populated (2709 people), it has a flat terrain and lacks rivers,
hence the amount of terrigenous material exported via run-off is
expected to be limited.

Physical processes such as water residence time and incoming
light energy affect biogeochemical processes within coral reefs
and can cause variations in total reef-derived nutrients available
to phytoplankton (Atkinson, 2011; Suzuki and Casareto, 2011).
Wave- and tidal-driven flushing may export nutrient enriched
water from lagoons to surrounding waters fueling enhanced
nearshore phytoplankton biomass (Gove et al, 2016). Even
though statistical analysis did not find wave forcing to be a
significant driver of IME (p > 0.05) in the present study, wave
forcing has been shown in other studies to force atoll flushing,
advecting detritus, and other sources of nutrients generated via
coral reef ecosystem processes (Callaghan et al., 2006). Further,
bathymetric influences on ocean currents can force vertical
transport of subsurface nutrient-rich waters that fuel nearshore
productivity: divergence of flow around steep island/atoll systems
has been documented to cause upwelling of deeper nutrient-rich
water near coasts (Caldeira et al., 2002; Spall and Pedlosky, 2013;
Gove et al., 2016). Internal waves breaking due to abrupt changes
in topography can to play a role in the vertical transport of
particles and thus fuel IME (Leichter et al., 2012; Gove et al., 2016;
Zhao, 2018). Rangiroa Atoll has been documented to generate
internal tides, as a result of tide-bottom interactions (Zhao, 2018).
Recent satellite results clearly show that internal tides radiate
from Rangiroa and other atolls (Figure 13 in Zhao, 2018). Internal
tides may cause pulses of nutrient-rich deep water to be advected
up coastal slopes and fuel primary production that enhances IME.

Connecting Satellite Data to in situ

Measurements

The in situ sensors measured warmer, fresher, less transparent
water exiting the atoll at each ebb tide (Figure 6). This
suggests that Rangiroa lagoon provides a source of particulates,
chlorophyll-a and likely nutrients into the surrounding
oligotrophic ocean. As described previously, we suggest that
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benthic processes increasing available nutrients in the lagoon.
Water residence time has been found to cause nutrients and
organic matter to be recycled multiple times and increase
biomass (Chevalier et al, 2017). Rangiroas long residence
time (estimated between 130 and 155 days (Andréfouét et al.,
2001b; Pages and Andréfouét, 2001) could allow nutrients and
organic matter to be recycled several times by biota before being
exported toward the open ocean. Charpy et al. (1997) found
that phytoplankton biomass inside the lagoon was inversely
related to the water exchanged between the lagoon and ocean.
In contrast, rapid flushing leading to short residence times can
inhibit the recycling of nutrients that fuel primary production
(Ferrier-Pages and Furla, 2001). Hence warmer, particulate and
likely nutrient enriched water are advected into the oligotrophic
waters surrounding Rangiroa, where it fuels phytoplankton
production (Kirk, 2011). Over the 5-day span, 18-22 April
2014, 48 mm of precipitation fell on the far west of the lagoon.
Lower rainfall amounts were recorded over the remainder of
the atoll ranging from 12 mm in the far east upward to 48 mm
in the far west. Large fluctuations in daily rainfall (between
0 and 360 mm) observed during the study period did result
in a strong salinity signal in our measurements (Figure 6C).
Instead, fluctuations in salinity were strongly correlated with
the tidal cycle (Figure 6C). Lower salinity of outgoing lagoon
water compared to incoming ocean water can likely be attributed
to submarine groundwater discharge (SGD) originating from
an atoll fresh water lens. Atoll fresh water lenses have been
described to fill during the rainy season (November—April)

and discharge freshwater into lagoon and surrounding oceanic
water via processes such as SGD (Rougerie et al., 2004). SGD
can be enriched in nutrients and may play a significant role in
nutrient cycling enriching primary productivity in the coastal
ocean (Caroline and Van Cappellen, 2004). Water exchange
calculations show that 2.9 times more water volume was exiting
than entering Rangiroa Atoll through Tiputa Channel indicating
that a large amount of water exchange can be attributed primarily
to wave forcing of water over the fringing reef. In a study
examining permeability of various atoll rims, Rangiroa was
found to have ~22% of the perimeter open to exchange with the
ocean (Andréfouét et al., 2001a). The porous rim allows both
predominant southern and northern swells to add water to the
lagoon. Other atolls to the east and west block or alter waves
from those directions (Andréfouét et al., 2012). A comparison
of horizontal current at mooring B to wave power during the
deployment period, associated higher wave power with a faster
current flow out of Rangiroa Atoll (r* values of 0.04). This
relationship is supported by Pages and Andréfouét (2001), who
found that net outflow of Tiputa Channel increases with wave
heights above 1.4 m.

Future Implications

Climate change has many effects on our oceans including
warming sea surface temperatures, sea level rise, and acidification
(Goeldner-Gianella et al., 2019), as well as increasing frequencies
and intensity of El Nifio events (Wang et al., 2019). These changes
are likely impacting IME at Rangiroa Atoll, now and will in the
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future. Sea level rise threatens to change Rangiroa from a semi-
enclosed atoll to a more open atoll, through both erosion and by
submerging the southern fringing reef. Open atolls allow lagoon
water to be flushed more quickly resulting in shorter residence
times and water with properties more similar to the surrounding
ocean (Ferrier-Pages and Furla, 2001). Further, ocean warming
and acidification are likely to limit coral growth, prohibiting
vertical atoll growth via coral as sea level rises and suppressing
an important nutrient source (Goeldner-Gianella et al., 2019). In
a study by Andréfouét et al. (2001b), biomass and atoll residence
time were found to be linearly related for large Tuamotu atolls,
a more open atoll would have a reduced residence time leading
to reduced biomass contribution to the coastal ocean and a
reduction to IME. Moreover, atmospheric and ocean warming
are affecting wind and wave patterns, which may alter atoll reef
structure and could affect water residence time (Andréfouét et al.,
2001a; Duvat et al., 2017; Goeldner-Gianella et al., 2019).

CONCLUSION

We investigated the occurrence of IME at Rangiroa Atoll and
its relationship to physical forcing by analyzing satellite data
and in situ data. Comparison of chlorophyll-a concentration
near Tiputa Channel with offshore resulted in a phytoplankton
enhancement nearshore as high as 130% and an average
enhancement nearshore of 16% during the 16-year record.
Our statistical model examining physical drivers showed the
magnitude of IME to be significantly enhanced by higher
sea surface temperature (SST) and lower photosynthetically
active radiation (PAR). In situ measurements and historical
studies indicate that the lagoon likely presents a source of
increased nutrients for phytoplankton production compared
to the oligotrophic ocean that surrounds it. A combination
of biological processes and long water residence time in the
lagoon causes particulate-rich and likely nutrient-rich water
to be advected to surrounding coastal waters by tidal and
wave forcing. A biological oasis in the vast oligotrophic Pacific
could not exist without increased phytoplankton biomass in
Rangiroa’s coastal waters. Tourism and pearl farming are
the main sources of income in the Tuamotu Archipelago
(Chevalier et al., 2017), making the biologically productive
lagoon Rangiroa’s primary resource. Understanding long term
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