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organisms, and particles are captured 

and released by suspension-feeding 

invertebrates and fishes. 

Retention can be broadly described 

as the holding (or increased residence 

times) of materials within a reef system. 

It is useful to distinguish between the 

retention of water itself and the reten-

tion of water-borne materials, including 

dissolved nutrients, gases, particles, and 

plankton. Both can be retained through 

local reduction in velocity and recircula-

tion. Water-borne materials can also be 

retained when sessile organisms extract 

the materials from the flowing water, 

and fish and many zooplankton taxa can 

resist transport and increase their reten-

tion in a system by directed swimming 

against or across the flow. A complex 

suite of interacting physical and biologi-

cal processes influences retention within 

reef systems. Biogenic reef structures 

such as atolls and reef lagoons develop 

in relation to flow dynamics, and these 

structures in turn modify wave exposure, 

tidal currents, and mean water levels 

(Wolanski and Hamner, 1988; Callaghan 

et al., 2006). The spatial arrangement and 

behaviors of reef organisms also strongly 

influence net transport and retention. 

For example, upstream production and 

recycling supply material to down-

stream consumers (Smith and Marsh, 

1973; Miyajima et al., 2007; Wyatt et al., 

2012), and the congregation of fishes on 

fore reefs leads to retention of nutrients 

captured from consumption of oceanic 

plankton (Pinnegar and Polunin, 2006; 

Hamner et al., 2007; Wyatt et al., 2013). 

Retention does not necessarily change 

simply with velocity. In some cases, slow 

flow speeds and long water residence 

times, for example, in a reef lagoon or 

semi-enclosed bay, can lead to extensive 

INTRODUC TION 

Transport and retention of water and 

water-borne materials and organisms 

fundamentally shape coral reefs and 

their interactions with the surrounding 

ocean. Transport governs the movement 

of new water, as well as nutrients and 

organic materials, into and through reef 

systems and the exchange and dispersal 

of individuals and propagules among 

spatially isolated habitats. Retention is 

critical for the accumulation of nutrients 

and organic matter within reefs and for 

the development of biogeochemical reef 

environments distinct from those of sur-

rounding offshore waters. Coral reefs are 

generally surrounded by clear, nutrient-

depleted waters, and high rates of water 

transport into, and material retention 

within, reef systems have long been 

thought necessary for the development 

and maintenance of the high biomass 

and productivity characteristic of these 

communities (Odum and Odum, 1955; 

Johannes et al., 1972). 

Mass transport of water-borne materi-

als over a reef can be described as the 

time-integrated product of flow velocity 

and material concentration per unit reef 

area. Changes in velocity are driven by 

physical factors such as wind, waves, 

tides, density structure of the water col-

umn, and coastal- and regional-scale 

currents. On reefs, water flow interacts 

with structures such as coral colonies, 

reef crests, lagoons, and passes, produc-

ing areas with relatively quiescent versus 

much more rapid flows. Variations in 

concentration within these flows are 

caused by physical processes of advec-

tion and mixing and biological processes 

that add or remove materials. For exam-

ple, photosynthesis and respiration add 

and remove oxygen and carbon dioxide, 

nutrients and dissolved organic com-

pounds are taken up and regenerated by 

aBStr ac t. The Moorea Coral Reef Long Term Ecological Research project funded 

by the US National Science Foundation includes multidisciplinary studies of physical 

processes driving ecological dynamics across the fringing reef, back reef, and fore 

reef habitats of Moorea, French Polynesia. A network of oceanographic moorings 

and a variety of other approaches have been used to investigate the biological and 

biogeochemical aspects of water transport and retention processes in this system. 

There is evidence to support the hypothesis that a low-frequency counterclockwise flow 

around the island is superimposed on the relatively strong alongshore currents on each 

side of the island. Despite the rapid flow and flushing of the back reef, waters over the 

reef display chemical and biological characteristics distinct from those offshore. The 

patterns include higher nutrient and lower dissolved organic carbon concentrations, 

distinct microbial community compositions among habitats, and reef assemblages of 

zooplankton that exhibit migration behavior, suggesting multigenerational residence 

on the reef. Zooplankton consumption by planktivorous fish on the reef reflects both 

retention of reef-associated taxa and capture by the reef community of resources 

originating offshore. Coral recruitment and population genetics of reef fishes point 

to retention of larvae within the system and high recruitment levels from local adult 

populations. The combined results suggest that a broad suite of physical and biological 

processes contribute to high retention of externally derived and locally produced 

organic materials within this island coral reef system.
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growth and accumulation of plank-

ton populations (Hamner and Hauri, 

1981). In other cases, slow flow speeds 

can limit particle capture and nutri-

ent uptake across the boundary layers 

above reef organisms. Uptake of these 

materials often increases with increas-

ing flow velocities to maximum levels 

(Patterson et al., 1991; Atkinson, 2011). 

Thus, perhaps counterintuitively, the 

rate at which dissolved and particulate 

materials are removed from moving 

water and retained in a reef ecosystem 

may be highest in areas with high flows 

and short water residence time. 

Study Site

Moorea (17°30'S, 149°50'W) can be seen 

as a case study representing the large 

number of islands and coral reefs in the 

central South Pacific. The Moorea Coral 

Reef Long Term Ecological Research 

(MCR LTER) project began in 2004 and 

includes six main study areas encom-

passing the fringing reef, back reef, and 

fore reef habitats on the north, south-

west, and southeast sides of the island 

(Figure 1). A barrier reef ~ 0.5–1.5 km 

from the shore surrounds the island, 

and the protected inshore lagoons are 

connected to the open ocean by a series 

of passes (Figure 1). The lagoon on the 

north shore connects to bays ~ 5 × 1 km. 

The offshore reef and underlying island 

edge slope steeply to > 500 m depth 

within 1–2 km of the reef. Tidal ampli-

tudes are ≤ 30 cm. The seasonal climate 

is dominated by a warm, wet season 

from November to April (austral sum-

mer) and a cooler and drier season from 

May to October (austral winter). The 

outer reef slopes around Moorea are 

low-relief coral spur-and-groove forma-

tions running approximately perpen-

dicular to the reef crest from 2 to ≥ 60 m 

depth. The fringing and back reefs are 

dominated by coral aggregations one to 

several meters in diameter, separated by 

patches of sand, rubble, and reef pave-

ment. Inshore water depths are 0.5–3 m 

in the back reef, up to 10 m in the 

lagoons, and 20–30 m in the two large 

bays on the north shore. 

phySical tr aNSpOrt 

prOceSSeS

The westward South Equatorial Current 

(SEC) dominates regional-scale flow 

near Moorea, forming the northern 

portion of a large, counterclockwise sub-

tropical gyre in the Central South Pacific 

(Rougerie and Rancher, 1994). The 

adjacent, larger island of Tahiti is pre-

dominantly upcurrent of Moorea, and 

the wake generated by the SEC flowing 

past Tahiti likely influences circulation 

Figure 1. map of moorea showing the moorea coral reef long term ecological 

research (mcr lter) sampling locations and a cross section through a typical sec-

tion of the reef. The typical cross section on moorea represented in the lower panel is 

1–2 km from the fringing reef to the fore reef.
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around Moorea. The offshore pycnocline 

extends broadly across depths, with con-

tinuous stratification observed to at least 

500 m. Maximum density stratification 

occurs at depths of 50–60 m in summer 

and deepens to 150–200 m in winter. 

We have measured currents nearly con-

tinuously at bottom depths of 15 and 

40 m at fore reef sites on each side of the 

island since 2005. Water column veloci-

ties are relatively rapid and oriented in 

the alongshore direction on each of the 

three main shores. Peak velocities are 

0.4–0.5 m s–1, root mean squared speeds 

on order of 0.1 m s–1, with reversals in 

direction at the semidiurnal tidal fre-

quency (Leichter et al., 2012). Transport 

on the deeper portions of the fore reef 

slopes (at bottom depths > 20 m) is also 

influenced by transient elevations of the 

offshore thermocline and oscillating 

surges of upslope and downslope flow. 

Internal waves that are observed around 

the island, with peak activity in austral 

summer (Leichter et al., 2012), impact 

the reef slope by driving these surges and 

the accompanying rapid changes in bot-

tom temperature. Internal waves likely 

play a large role in physical variability 

and trophic dynamics of deep reef envi-

ronments (e.g., depths > 30 m).

Surface waves breaking on the reef 

crests are a significant driver of water 

motion in the back reef and lagoon. 

We have observed surface waves from 

bottom-mounted pressure sensors and 

directional-wave current meters on the 

southwest, southeast, and north fore reefs 

of Moorea since 2005. These observa-

tions were coupled to back reef velocity 

measurements during a series of focused 

studies. Typical significant wave heights 

are 1–2 m with periods of 5–12 s, but 

significant wave heights up to 5–8 m with 

peak periods exceeding 20 s have been 

measured often, associated with storms 

and large, remotely forced swells (Hench 

et al., 2008). Wave exposure is modulated 

seasonally and varies among sides of 

the island. The southwest and southeast 

shores, which are open to swell generated 

in the Southern Ocean, receive the largest 

wave heights and longest periods, with 

peak wave energy occurring from May 

to September. The north shore generally 

has smaller wave heights and shorter 

periods, with peaks from December to 

February, corresponding to swell gener-

ated in the Northern Hemisphere winter. 

Wave shoaling and breaking at reef crests 

forces water into and across the reef flats 

and lagoons (Monismith et al., 2013). 

These wave-driven flows are subject to 

significant drag by the complex bottom 

topography in the back reef (Rosman 

and Hench, 2011). Transport out of the 

reef passes balances water entering the 

back reef and lagoon. During large wave 

events, the momentum of jets exiting 

the reef passes may transport surface 

waters and materials from the lagoon to 

the fore reef and offshore. The prevail-

ing southeasterly trade winds and the 

diurnal sea breeze also influence surface 

flows near Moorea and in the lagoons. 

Local storms, including strong, epi-

sodic northward winds locally termed 

mara’amu, can force surface waters out of 

the bays and lagoons, with compensatory 

inflow of subsurface water into the deep 

channels of the reef passes (Wolanski 

and Delesalle, 1995).

James J. Leichter (jleichter@ucsd.edu) is Associate Professor, Scripps Institution of 

Oceanography, La Jolla, CA, USA. Alice L. Alldredge is Research Professor, Department 

of Ecology, Evolution and Marine Biology, University of California, Santa Barbara, 

CA, USA. Giacomo Bernardi is Professor, Department of Ecology and Evolutionary 

Biology, University of California, Santa Cruz, CA, USA. Andrew J. Brooks is Deputy 

Program Director, Moorea Coral Reef Long Term Ecological Research, Marine Science 

Institute, University of California, Santa Barbara, CA USA. Craig A. Carlson is Professor, 

Department of Ecology, Evolution, and Marine Biology, University of California, Santa 

Barbara, CA, USA. Robert C. Carpenter is Professor, Department of Biology, California 

State University, Northridge, CA, USA. Peter J. Edmunds is Professor, Department 

of Biology, California State University, Northridge, CA, USA. Melanie R. Fewings is 

Assistant Professor of Marine Sciences, University of Connecticut, Groton, CT, USA. 

Katharine M. Hanson is Postdoctoral Fellow, American Museum of Natural History 

Center for Biodiversity and Conservation, New York, NY, USA. James L. Hench is Assistant 

Professor, Nicholas School of the Environment, Duke University, Beaufort, NC, USA. 

Sally J. Holbrook is Professor, Department of Ecology, Evolution, and Marine Biology, 

University of California, Santa Barbara, CA, USA. Craig E. Nelson is Assistant Researcher, 

Department of Oceanography, University of Hawai‘i at Mānoa, HI, USA. Russell J. Schmitt 

is Professor, Department of Ecology, Evolution, and Marine Biology, University of 

California, Santa Barbara, CA USA. Robert J. Toonen is Associate Researcher, Hawai‘i 

Institute of Marine Biology, University of Hawai‘i, Kāne‘ohe, HI, USA. Libe Washburn is 

Professor, Department of Geography, University of California, Santa Barbara, CA, USA. 

Alex S.J. Wyatt is Research Fellow, Department of Chemical Oceanography, Atmosphere 

and Ocean Research Institute, University of Tokyo, Tokyo, Japan.

mailto:jleichter@ucsd.edu


Oceanography |  Vol.  26, No. 356

phySical aNd BiOlOgical 

eVideNce FOr reteNtiON 

Net alongshore Flow 

around moorea

Many processes cause reversals of 

alongshore currents on the fore reef on 

time scales from hours to a few days, 

including tides, wind, surface waves, 

and internal waves. These processes 

are revealed by narrow peaks in the 

spectra of alongshore current velocity 

at frequencies near one and two cycles 

per day and at the inertial frequency 

of 0.6 cycles per day. Current fluctua-

tions on time scales of one hour and 

faster dominate the raw flow records 

(Figure 2A), but when these records are 

low-pass filtered with cut-off periods 

corresponding to 1.5 days, one week, 

two weeks, and three weeks, a pattern of 

net, residual flow becomes progressively 

more evident (Figure 2B,C,D, and E, 

respectively). We find a surprising result 

of a net, low-frequency alongshore flow 

to the west on the north shore (LTER 

Site 1), to the southeast on the southwest 

shore (LTER Site 5), and to the northeast 

on the southeast shore (LTER Site 4; 

Figure 3). The long-term mean velocity 

of the residual alongshore flow averaged 

on the three shores is ~ 0.03 m s–1, sug-

gesting there may be a counterclockwise 

(CCW) residual flow around the island. 

The residual alongshore flow is strongest 

near the surface and appears to decrease 

and to turn offshore with depth on the 

southwest and southeast sides of the 

island (gray to white vectors in Figure 3). 

These changes in direction near the 

bottom appear to be consistent with 

the interactions of the Coriolis effect 

on bottom friction within the benthic 

boundary layer, producing a bottom 

Ekman layer with flow vectors rotated to 

the right (in the Southern Hemisphere) 

with increasing proximity to the bottom 

(Ekman, 1905).

Additional analyses and modeling 

of the timing of flow reversals on each 

shore and further observations near 

the three “corners” of the island where 

currents would have to turn sharply 

to maintain continuity are required to 

determine whether there actually is a net 

continuous CCW flow around the island. 

Assuming the continuity and direction 

change at the island corners, it is possible 

that passive particles carried by the flow 

would take ~ 30 days to circle Moorea. 

However, passive particles would also 

transit over half the length of a side of 

the island (~ 20 km) in a six-hour half 

tidal cycle at the peak velocity of the tid-

ally varying currents (0.5 m s–1). At pres-

ent, it is unresolved whether a residual 

CCW flow would, in fact, lead to par-

ticles effectively circling the island. 

Several mechanisms might cause 

a CCW flow around Moorea. Surface 

waves impinging on the fore reef at 

oblique angles might drive alongshore, 

residual currents (Thornton and Guza, 

1986); however, measured vectors of 

wave energy flux around the island are 

not consistently in the direction required 

to support a CCW flow. Tidal rectifica-

tion, in which sloping topography inter-

acts with tidal currents and the Coriolis 

effect, could produce alongshore flows 

as observed on continental features such 

as Georges Bank (Loder, 1980; Chen 

et al., 1995). However, tidal amplitudes 

at Moorea are relatively small, and it is 

not clear whether tidal currents alone 
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are sufficiently strong for tidal rectifica-

tion to be important. The dominance 

of westward flow of the SEC, combined 

with eddies in the wake of Tahiti or 

Moorea itself, could also influence a 

CCW flow around the island. However, 

available data are insufficient to test 

this possibility. An offshore gradient in 

water buoyancy near the island could 

also drive a net geostrophic flow CCW 

around the island. Solar heating and 

freshwater runoff increase buoyancy of 

water in the lagoons. We hypothesize 

that as this buoyant water exits reef 

passes, the Coriolis effect turns it to the 

left, and, over a period of days, the flows 

out of multiple reef passes distributed 

around the island merge and come 

into geostrophic balance as a coastally 

trapped CCW flow. Hydrographic pro-

filing to date has failed to show a con-

sistent cross-shore gradient in surface 

buoyancy seaward of the reef. However, 

this may be because local wind events 

are sufficiently strong and intermittent 

to obscure measurement of any weaker 

mean cross-shelf density gradients that 

may support a net CCW flow. We sus-

pect that the flow around Moorea may 

be an example of a generalized tendency 

for weak low-frequency flows to circulate 

anticyclonically around islands that act 

as sufficiently large sources of buoyant 

water formed from solar heating and 

freshwater runoff. 

distinct chemical and microbial 

Signatures Over the reef 

Average water column properties 

measured twice per year on the north 

shore of Moorea since 2005 suggest that 

inshore and fore reef habitats are per-

sistently different from oceanic waters 

5 km offshore. Oceanic waters tend to 

be clearer, with lower concentrations of 

nutrients, particulate organic carbon and 

nitrogen (POC and PON), chlorophyll a, 

and water column primary production 

as well as higher concentrations of dis-

solved organic carbon (DOC) relative 

to waters over the reef. For example, 

average summer and winter concentra-

tions of nitrate (in µmol L–1) range from 

0.30–0.34 offshore, versus 0.36–0.38 on 

the fore reef and 0.41–0.58 in the lagoon. 

Average concentrations of POC (also in 

µmol L–1) are 2.1–2.4 offshore, 2.9–3.5 on 

the fore reef, and 2.9–3.1 in the lagoon 

(Alldredge and Carlson, 2011). We find 

that the strongest horizontal gradients 

in nitrate and DOC concentrations 

occur within the first 100 m inshore of 

the reef crest (Figure 4). Rapid rates of 

biological activity and/or mechanisms 

increasing local water retention must 

be present near the reef crest to sustain 

these patterns. Drifters released on the 

north shore of Moorea typically take one 

to several hours to cross the back reef, 

and a simple fluid mass balance estimate 

suggests that the back reef flushes on the 

order of hours to tens of hours depend-

ing on wave conditions (Hench et al., 

2008). Water samples taken alongside 

drifters on the back reef show marked 

decreases in DOC within the first 

100 m after water crosses the reef crest 

(Figure 4). Net removal of DOC on time 

scales of tens of minutes to hours over 

the back reef is surprising, given that 

oceanic DOC in the surface waters of 

subtropical gyres is largely comprised 

200 m
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Figure 3. long-term averages of currents from three oceanographic moorings placed at 

15 m depth on three sides of moorea. ellipses represent the variance in the major (along-

shore) and minor (cross-shore) velocity records with magnitude indicated by the scale 

at the center of the plot. red arrows indicate water column integrated mean flow, and 

arrows grading from dark gray to white indicate depth-specific means at depths of 3, 6, 

10, and 13 m, respectively.
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false-color contour plots showing elevated concentrations of nitrate (B) 

and depleted concentrations of both dissolved organic carbon (c), and 

bacterioplankton cells (d) in the surface waters of the north shore back 

reef lagoon relative to offshore surface waters. Surveys were conducted 

in September 2010 and measurement methods are described in detail in 

Nelson et al. (2011). Contour plots were constructed in Ocean Data View 

(Schlitzer, 2004) using the weighted averaging algorithm VG gridding, with 

x and y length scale set at 150 per nautical mile. The black line in panels 

B–D denotes the approximate position of the reef crest as seen in panel A.

of semilabile material that is remineral-

ized by bacterioplankton on time scales 

of days to months (Carlson, 2002). 

Simultaneous consumption and release 

of reef-derived, and perhaps more labile, 

DOC by reef microbes and inorganic 

nutrients released by reef organisms 

may produce a priming effect in which 

remineralization of labile organic sub-

strates enhances the removal of more 

recalcitrant compounds (Carlson et al., 

2004; Bianchi, 2011). Removal of DOC 

by benthic microbes and consumers 

such as sponges inside reef cavities 

(Yahel et al., 2003; de Goeij and van 

Duyl, 2007) may also be important and 

would be enhanced by the rapid fluxes 

and thin boundary layers characteristic 

of the back reef. 

Reef topography also affects water 

retention. Coral colonies occupy a 
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relatively large proportion of the water 

column on the reef flat, and water 

can become trapped and recirculated 

in their wakes (Hench and Rosman, 

2013), leading to increased spatial and 

temporal variability of residence times. 

Investigations of possible dilution from 

low DOC groundwater and DOC pre-

cipitation on air bubbles generated by 

breaking waves yield no evidence that 

these mechanisms account for the deple-

tion gradients in Moorea (Nelson et al., 

2011). The composition of microbes 

in the various reef habitats provides 

further evidence of extensive water 

retention in this system. The bacterio-

plankton communities appear to be 

distinct between the offshore, bay, back 

reef, and fore reef habitats, with back 

reef habitats enriched in members of 

the broad clades Gamma-, Delta-, and 

Beta-Proteobacteria, Bacteriodetes, 

Actinobacteria, and Firmicutes 

(Figure 5; Nelson et al., 2011, 2013). 

These patterns suggest there may be 

release of reef-associated bacteria taxa 

into the water column over the reef, and 

imply that water residence times in the 

back reef and lagoon habitats are suffi-

cient for distinct microbial communities 

to develop. Runoff might also enrich the 

bay and fringing reef habitats in distinct 

microbial taxa.

Zooplankton composition, 

distribution, and consumption

The abundance, behavior, and vertical 

distribution of zooplankton in Moorea 

all suggest relatively long residence times 

within the back reef and lagoon. The 

zooplankton community is dominated by 

reef-associated mollusc and crustacean 

larvae, mysids, amphipods, ostracods, 

isopods, polychaetes, and many cope-

pods only rarely found in open ocean 

waters (Alldredge and King, 2009). In 

the 2–3 m deep back reef, zooplankton 

are five to eight times more abundant 

in the uppermost 50 cm than nearer the 

bottom, and almost all zooplankton taxa 

swim up near the surface both during 

the day and on moonlit nights, probably 

to avoid being consumed by suspension-

feeding corals and visually oriented 

fish predators sheltering near the bot-

tom. By contrast, oceanic zooplankton 

avoid visual predators by migrating into 

darker, deep waters during the day and 

swimming up to feed in phytoplankton-

rich surface waters at night (Enright and 

Honegger, 1977). Alldredge and King 

(2009) hypothesized that the distinct 

behavioral pattern observed among 

reef-associated zooplankton would likely 

develop and be maintained only if popu-

lations were largely resident near reefs 

for multiple generations.

Several mechanisms may explain 

retention of zooplankton on the back 

reef despite flow rates that are often tens 

of centimeters per second or greater. 

Larger taxa may be able to swim suf-

ficiently rapidly to counter transport 

that might export them from the reef. 

Slower or more heterogeneous flow pat-

terns near the bottom and behind coral 

heads may provide refuges from the peak 

water velocities. Higher zooplankton 

Figure 5. Bacterial communities sampled at moorea are differentiated among differ-

ent nearshore and offshore habitats. The differentiation of community signatures 

from adjacent habitats suggests sufficient residence time of water in the reef to allow 

shifts in abundances of bacterial taxa. Samples are ordinated according to similarity 

in proportional bacterial taxon abundances and color/shape-coded according to 

where in the reef they were collected. larger symbols represent the mean ordinal 

position of samples from each environment with whiskers showing one standard 

deviation of the mean. The two axes are derived using nonmetric multidimensional 

scaling (stress = 0.09) from a higher order Bray-curtis community similarity matrix 

of 40 dNa samples in 150-dimensional bacterial taxon relative abundance space 

(150 phylotypes measured by terminal restriction fragment length polymorphism 

analysis of the 16S ribosomal rNa gene). The nonmetric multidimensional scaling 

ordinations are unitless projections with no meaningful axis units explicit or implied.
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abundances in the deeper channels of 

the lagoon, bays, and fringing reef sug-

gest accumulation of zooplankton where 

flows slow down. Water from the bays 

and deep channels also exits the passes 

and is likely to be transported in the 

alongshore flows on the fore reef. Some 

of this surface water might be retained 

near the island in a net CCW flow and 

could eventually be forced back over the 

reef crests by incident waves (Monismith 

et al., 2013), potentially carrying zoo-

plankton onto the back reefs again. 

Consumption of zooplankton by 

corals and fish may be an important 

mechanism by which organic material 

is retained within the reef system. We 

have observed that oceanic zooplankton 

dominate the diet of damselfish in fore 

reef habitats, while reef-associated taxa 

comprise 60–90% of the diets of fish 

inhabiting the shallow back reef and 

lagoon habitats (Hanson, 2011). The 

behavior of both the planktivores and 

their prey influence the consumption of 

both oceanic and reef-associated zoo-

plankton. For example, the planktivorous 

damselfish Dascyllus flavicaudus selects 

copepods that are brightly pigmented, 

have distinct swimming motions, 

or carry large, pigmented egg sacs 

(Hanson, 2011), and predator distribu-

tions and settling cues determine the 

vertical positioning of reef-associated 

zooplankton and larvae (Kingsford 

et al., 2002; Alldredge and King, 2009). 

Many planktivorous damselfishes shelter 

among branches of corals where they 

excrete nitrogenous wastes (primarily 

ammonium) that enhance the growth 

rate of their host corals (Holbrook et al., 

2008, 2011), thus shunting to the reef 

nutrients derived from consumption 

of zooplankton.

coral recruitment

Patterns of recruitment of the benthic 

fauna on Moorea integrate the effects 

of water transport and retention across 

time and space. The weakly swimming 

coral larvae are likely transported by 

flow and settle in locations determined 

by the complex interactions among 

water motion, characteristics of benthic 

surfaces, and selection behavior of the 

larvae themselves. The duration of the 

swimming coral larval stage in the field 

is poorly known, but is likely to be on 

the scale of days to tens of days. It is dif-

ficult to detect these delicate larvae in 

plankton tows, but we have been assay-

ing their availability in Moorea since 

2005 by measuring coral settlement rates 

on 15 × 15 cm tiles secured to the reef. In 

approximately six-month deployments, 

mean recruitment in the back reef typi-

cally varies between zero and six corals 

per tile, but with as many as 22 recruits 

on a few tiles (Edmunds et al., 2010).

Despite high spatial and temporal vari-

ation in coral recruitment, our observa-

tions point to the influences of transport 

and retention on coral recruitment in 

the back reef. During a study conducted 

between 2005 and 2007, adult corals in 

the family Acroporidae were rare on the 

back reef but relatively abundant on the 

fore reef. Thus, recruitment of acroporids 

in the back reef was likely dependent on 

larvae produced by adult colonies on the 

fore reef. In the austral fall and winter 

when acroporids are reproducing, coral 

recruitment is elevated on the south-

western shore where wave exposure and 

transport into the back reef is greatest 

(Figure 6). In this period, wave exposure 

along the north shore is more limited, 

and reduced cross-reef transport there 

probably deprives the back reef of acro-

porid larvae. Acroporids have finished 

reproduction by the time wave exposure 

increases on the north shore. In contrast, 

corals in the family Poritidae recruit 

in relatively large numbers throughout 

the year, and during 2005–2007 adult 

Porites were common on both the outer 

reef and back reef habitats. We suspect 

poritid larvae settling in the back reef 

originate from adults in both the fore 

reef and back reef environments, and 

they are transported repeatedly into the 

back reef. Patterns of coral reproduction 

and recruitment, and the ways in which 

these processes are affected by transport 

and retention, will likely be particularly 

important in coming years as the outer 

reef of Moorea recovers from the recent 

major disturbances created by the out-

break of the Crown-of-Thorns starfish 

Acanthaster plancii beginning in about 

2006 and Cyclone Oli in 2010 (Adam 

et al., 2011; Kayal et al., 2012). 

“mOOrea iS aN ideal SyStem tO 

Further Our uNderStaNdiNg OF the rOleS 

traNSpOrt aNd reteNtiON play iN ShapiNg 

cOral reeF ecOSyStemS.

”
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larval Fish recruitment and 

population connectivity 

Transport and retention also play critical 

roles in the recruitment and population 

connectivity of reef fishes. A fundamen-

tal obstacle to understanding reef fish 

population biology is the difficulty of 

tracking larvae and identifying dispersal 

pathways. For many decades, reef fish 

larvae were thought to be transported 

long distances by currents to settle on 

reefs far removed from parent adults. 

However, studies in the late 1990s 

examining the chemistry of fish otoliths 

(ear bones) demonstrated that larvae of 

coral reef fish were sometimes retained 

and recruited back to their natal reefs 

(Jones et al., 1999; Swearer et al., 1999). 

Subsequent studies, using anemonefish 

as model systems, assigned recruits to 

parents based on genetic paternity analy-

ses, and uncovered unexpectedly high 

levels of larval retention within island 

populations (e.g., Planes et al., 2009; 

Berumen et al., 2012).

In French Polynesia, we have found 

high genetic diversity in populations 

of the three-spot damselfish, Dascyllus 

trimaculatus (Leray et al., 2010). Yet, 

despite this high diversity, at least 14% 

of juvenile damselfish recruiting to an 

experimental anemone array on the 

northwestern shore of Moorea were very 

close relatives, related on the order of 

half siblings or greater (Bernardi et al., 

2012). Members of at least one pair 

that recruited on the same night were 

full siblings who likely completed their 

entire pelagic larval phase together. This 

study added to growing evidence that 

larval fishes and invertebrates are often 

not well mixed, and at least some spe-

cies can remain together from birth to 

settlement despite relatively long plank-

tonic durations (e.g., Selkoe et al., 2006; 

Buston et al., 2007). In another study, 

we sampled the genetic signatures of 

378 adult and 101 juvenile anemonefish, 

Amphiprion chrysopterus, on Moorea, 

and identified 27% of the juveniles as off-

spring from the island’s adults (Beldade 

et al., 2012), indicating significant larval 

retention. Knowing the date of capture 

and the age of the juveniles, we can 

back-calculate the hatching date for each 

juvenile and, potentially, test hypotheses 

of larval trajectories, self-recruitment, 

water movement, and retention in rela-

tion to currents around the island. 

cONcluSiONS 

Moorea is an ideal system to further our 

understanding of the roles transport 

and retention play in shaping coral reef 

ecosystems. Many physical and biologi-

cal patterns around Moorea reflect the 

dynamic balance between transport 

and retention processes. Alongshore 

and cross-reef transport affect nutrient 

fluxes, recruitment of coral larvae, diets 

of planktivorous fish, and fish population 

connectivity between habitats. Biological 

and chemical patterns, including the 

distinct chemical signatures of the water 

over the various reef habitats, patterns 

of microbial and zooplankton composi-

tion, and observations of reef-specific 

zooplankton and planktivore behaviors, 
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suggest high degrees of physical reten-

tion of water and biological retention 

of water-borne materials within the 

reef system. The potential for a net, 

low-frequency circum-island current 

suggests a pathway by which larvae 

and other biological particles might 

stay in relatively close proximity to the 

island over periods of days to weeks. As 

described for islands in the Caribbean 

(Cowen and Castro, 1994; Cowen, 

2002; Paris and Cowen, 2004), attenu-

ation of alongshore current velocities 

with depth suggests that plankton with 

active swimming behavior, such as fish 

and coral larvae, may increase retention 

near the island by vertical migration to 

depth. The possibility that Tahiti’s island 

wake affects Moorea suggests that the 

metapopulation dynamics of fish, cor-

als, and other invertebrates on both 

islands, as well as on the nearby atoll 

Tetiaroa and the island of Maiao, may all 

be linked by pathways of dispersal and 

population connectivity. 

ackNOwledgemeNtS

We thank K. Seydel, S. Holloway, L. Carr, 

J. O’Donnell, Y. Ralph, J. Nielsen, 

V. Moriarty, M. Murray, C. Gotschalk, 

B. O’Connor, and the entire staff of the 

UC Berkeley Gump Research Station. 

Comments of two anonymous review-

ers and the editor of this special issue 

greatly improved the manuscript. 

This is a contribution of the National 

Science Foundation LTER Program’s 

Moorea Coral Reef LTER under 

grants OCE 0417412, OCE 1026851, 

OCE 1236905, as well as awards 

OCE 0927448 to JJL and OCE 0927411 

to CAC, and support from the Gordon 

and Betty Moore Foundation. 

reFereNceS
Adam, T.C., R.J. Schmitt, S.J. Holbrook, 

A.J. Brooks, P.J. Edmunds, R.C. Carpenter, 

and G. Bernardi. 2011. Herbivory, connec-

tivity, and ecosystem resilience: Response 

of a coral reef to a large-scale perturbation. 

PLoS ONE 6(8):e23717, http://dx.doi.org/ 

10.1371/journal.pone.0023717.

Alldredge, A.L., and C.A. Carlson. 2011. 

MCR LTER: Coral Reef: Water Column: 

Nearshore Water Profiles, CTD, Primary 

Production, and Chemistry. Available on line 

at: http://metacat.lternet.edu/knb/metacat/

knb-lter-mcr.10.30/lter.

Alldredge, A.L., and J.M. King. 2009. Near-surface 

enrichment of zooplankton over a shallow back 

reef: Implications for coral reef planktivores. 

Coral Reefs 28:895–908, http://dx.doi.org/ 

10.1007/s00338-009-0534-4.

Atkinson, M.J. 2011. Biogeochemistry of nutrients. 

Pp. 99–206 in Coral Reefs: An Ecosystem in 

Transition. Z. Dubinsky and N. Stambler, eds, 

Springer Dordrecht.

Beldade, R., S.J. Holbrook, R.J. Schmitt, S. Planes, 

D. Malone, and G. Bernardi. 2012. Larger 

female fish contribute disproportionately more 

to self-replenishment. Proceedings of the Royal 

Society B 279:2,116–2,121, http://dx.doi.org/ 

10.1098/rspb.2011.2433.

Bernardi, G., R. Beldade, S.J. Holbrook, and 

R.J. Schmitt. 2012. Full-sibs in cohorts of newly 

settled coral reef fishes. PLoS ONE 7(9):e44953, 

http://dx.doi.org/10.1371/journal.pone.0044953.

Berumen, M.L., G.R. Almany, S. Planes, G.P. Jones, 

P. Saenz-Agudelo, and S.R. Thorrold. 2012. 

Persistence of self-recruitment and patterns of 

larval connectivity in a marine protected area 

network. Ecology and Evolution 2:444–452, 

http://dx.doi.org/10.1002/ece3.208.

Bianchi, T.S. 2011. The role of terrestrially derived 

organic carbon in the coastal ocean: A changing 

paradigm and the priming effect. Proceedings of 

the National Academy of Sciences of the United 

States of America 108:19,473–19,481, http://

dx.doi.org/10.1073/pnas.1017982108.

Buston, P.M., S.M. Bogdanowicz, A. Wong, and 

R.G. Harrison. 2007. Are clownfish groups 

composed of close relatives? An analysis of mic-

rosatellite DNA variation in Amphiprion per-

cula. Molecular Ecology 16:3,671–3,678, http://

dx.doi.org/ 10.1111/j.1365-294X.2007.03421.x.

Callaghan, D.P., P. Nielsen, N. Cartwright, 

M.R. Gourlay, and T.E. Baldock. 2006. Atoll 

lagoon flushing forced by waves. Coastal 

Engineering 53:691–704, http://dx.doi.org/ 

10.1016/j.coastaleng.2006.02.006.

Carlson, C.A. 2002. Production and removal pro-

cesses. Pp. 91–151 in Biogeochemistry of Marine 

Dissolved Organic Matter. D.A. Hansell and 

C.A. Carlson, eds, Academic Press. San Diego. 

Carlson, C.A., S.J. Giovannoni, D.A. Hansell, 

S.J. Goldberg, R. Parsons, and K. Vergin. 

2004. Interactions among dissolved organic 

carbon, microbial processes, and commu-

nity structure in the mesopelagic zone of 

the northwestern Sargasso Sea. Limnology 

and Oceanography 49:1,073–1,083, http://

dx.doi.org/10.4319/lo.2004.49.4.1073.

Chen, C., R.C. Beardsley, and R. Limeburner. 

1995. A numerical study of stratified tidal 

rectification of finite-amplitude banks. 

Part II: Georges Bank. Journal of Physical 

Oceanography 25:2,111–2,128, http://

dx.doi.org/10.1175/1520-0485(1995)025 

<2111:ANSOST>2.0.CO;2.

Cowen, R.K. 2002. Larval dispersal and retention 

and consequences for population connectivity. 

Pp. 149–170 in Coral Reef Fishes: Dynamics and 

Diversity in a Complex Ecosystem. P.F. Sale, ed., 

Academic Press.

Cowen, R.K., and L.R. Castro. 1994. Relation of 

coral reef fish larval distributions to island 

scale circulation around Barbados, West Indies. 

Bulletin of Marine Science 54:228–244.

Edmunds, P.J., J.J. Leichter and M. Adjeroud. 2010. 

Landscape-scale variation in coral recruitment 

in Moorea, French Polynesia. Marine Ecology 

Progress Series 414:75–89, http://dx.doi.org/ 

10.3354/meps08728.

Ekman, V.W. 1905. On the influence of the earth’s 

rotation on ocean currents. Arkiv för matema-

tik, astronomi och fysik 2:1–53.

Enright, J.T., and H.W. Honegger. 1977. Diurnal 

vertical migration: Adaptive significance and 

timing. Part 2. Test of the model: Details of tim-

ing. Limnology and Oceanography 22:873–887.

de Goeij, J.M., and F.C. van Duyl. 2007. 

Coral cavities are sinks of dissolved 

organic carbon (DOC). Limnology and 

Oceanography 52:2,608–2,617, http://

dx.doi.org/10.4319/lo.2007.52.6.2608.

Hamner, W.M., P.L. Colin, and P.P. Hamner. 2007. 

Export-import dynamics of zooplankton on 

a coral reef in Palau. Marine Ecology Progress 

Series 334:83–92, http://dx.doi.org/10.3354/

meps334083.

Hamner, W.M., and I.R. Hauri. 1981. Effects 

of island mass: Water flow and plankton 

pattern around a reef in the Great Barrier 

Reef Lagoon, Australia. Limnology and 

Oceanography 26:1,084–1,102.

Hanson, K.M.W. 2011. Planktivorous fish link 

coral reef and oceanic food webs: Causes and 

consequences of landscape-scale patterns in fish 

behavior, diet and growth. PhD Dissertation. 

University of California at San Diego.

Hench, J.L., J.J. Leichter, and S.G. Monismith. 2008. 

Episodic circulation and exchange in a wave-

driven coral reef and lagoon system. Limnology 

and Oceanography 53:2,681–2,694, http://

dx.doi.org/10.4319/lo.2008.53.6.2681.

http://dx.doi.org/10.1371/journal.pone.0023717
http://dx.doi.org/10.1371/journal.pone.0023717
http://metacat.lternet.edu/knb/metacat/knb-lter-mcr.10.30/lter
http://metacat.lternet.edu/knb/metacat/knb-lter-mcr.10.30/lter
http://dx.doi.org/10.1007/s00338-009-0534-4
http://dx.doi.org/10.1007/s00338-009-0534-4
http://dx.doi.org/10.1098/rspb.2011.2433
http://dx.doi.org/10.1098/rspb.2011.2433
http://dx.doi.org/10.1371/journal.pone.0044953
http://dx.doi.org/10.1002/ece3.208
http://dx.doi.org/10.1073/pnas.1017982108
http://dx.doi.org/10.1073/pnas.1017982108
http://dx.doi.org/10.1111/j.1365-294X.2007.03421.x
http://dx.doi.org/10.1111/j.1365-294X.2007.03421.x
http://dx.doi.org/10.1016/j.coastaleng.2006.02.006
http://dx.doi.org/10.1016/j.coastaleng.2006.02.006
http://dx.doi.org/10.4319/lo.2004.49.4.1073
http://dx.doi.org/10.4319/lo.2004.49.4.1073
http://dx.doi.org/10.1175/1520-0485(1995)025<2111:ANSOST>2.0.CO;2
http://dx.doi.org/10.1175/1520-0485(1995)025<2111:ANSOST>2.0.CO;2
http://dx.doi.org/10.1175/1520-0485(1995)025<2111:ANSOST>2.0.CO;2
http://dx.doi.org/10.3354/meps08728
http://dx.doi.org/10.3354/meps08728
http://dx.doi.org/10.4319/lo.2007.52.6.2608
http://dx.doi.org/10.4319/lo.2007.52.6.2608
http://dx.doi.org/10.3354/meps334083
http://dx.doi.org/10.3354/meps334083
http://dx.doi.org/10.4319/lo.2008.53.6.2681
http://dx.doi.org/10.4319/lo.2008.53.6.2681


Oceanography  |  September 2013 63

Hench, J.L., and J.H. Rosman. 2013. Observations 

of spatial flow patterns at the coral colony scale 

on a shallow reef flat. Journal of Geophysical 

Research 118:1,142–1,156, http://dx.doi.org/ 

10.1002/jgrc.20105. 

Holbrook, S.J., A.J. Brooks, R.J. Schmitt, and 

H.L. Stewart. 2008. Effects of sheltering 

fish on growth of their host corals. Marine 

Biology 155:521–530, http://dx.doi.org/10.1007/

s00227-008-1051-7.

Holbrook, S.J., R.J. Schmitt, and A.J. Brooks. 2011. 

Indirect effects of species interactions on habitat 

provisioning. Oecologia 166:739–749, http://

dx.doi.org/10.1007/s00442-011-1912-5.

Johannes, R.E., J. Alberts, C. D’Elia, R.A. Kinzie, 

L.R. Pomeroy, W. Sottile, W. Wiebe, 

J.A. Marsh Jr., P. Helfrich, J. Maragos, and oth-

ers. 1972. The metabolism of some coral reef 

communities: A team study of nutrient and 

energy flux at Eniwetok. Bioscience 22:541–549, 

http://dx.doi.org/10.2307/1296314. 

Jones, G.P., M.J. Milicich, M.J. Emslie, and 

C. Lunow 1999. Self-recruitment in a coral reef 

fish population. Nature 402:802–804, http://

dx.doi.org/10.1038/45538.

Kayal, M., J. Vercelloni, T.L. de Loma, P. Bosserelle, 

Y. Chancerelle, S. Geoffroy, C. Stievenart, 

F. Michonneau, L. Penin, S. Planes, and 

M. Adjeroud. 2012. Predator Crown-of-

Thorns starfish (Acanthaster planci) outbreak, 

mass mortality of corals, and cascading 

effects on reef fish and benthic communities. 

PLoS ONE 7:e47363, http://dx.doi.org/10.1371/

journal.pone.0047363.

Kingsford, M.J., J. Leis, A. Shanks, K. Lindeman, 

S. Morgan, and J. Pineda. 2002. Sensory 

environments, larval abilities and local 

self-recruitment. Bulletin of Marine 

Science 70(Suppl.):309–340.

Leichter, J.J., M.D. Stokes, J.L. Hench, J. Witting, 

and L. Washburn. 2012. The island-scale inter-

nal wave climate of Moorea, French Polynesia. 

Journal of Geophysical Research 117, C06008, 

http://dx.doi.org/10.1029/2012JC007949. 

Leray, M., R. Beldade, S.J. Holbrook, 

R.J. Schmitt, S. Planes, and G. Bernardi. 

2010. Allopatric divergence and speciation 

in coral reef fish: The three-spot dascyllus, 

Dascyllus trimaculatus, species complex. 

Evolution 64:1218–1,230, http://dx.doi.org/ 

10.1111/j.1558-5646.2009.00917.x.

Loder, J.W. 1980. Topographic rectification of tidal 

currents on the sides of Georges Bank. Journal 

of Physical Oceanography 10:1,399–1,416, 

http://dx.doi.org/10.1175/1520-0485(1980)010 

<1399:TROTCO>2.0.CO;2.

Miyajima, T., Y. Tanaka, I. Koike, H. Yamano, 

and H. Kayanne. 2007. Evaluation of spatial 

correlation between nutrient exchange rates 

and benthic biota in a reef-flat ecosystem 

by GIS-assisted flow-tracking. Journal of 

Oceanography 63:643–659, http://dx.doi.org/ 

10.1007/s10872-007-0057-y. 

Monismith, S.G., L.M.M. Herdman, 

S.H. Ahmerkamp, and J.L. Hench. 2013. 

Wave transformation and wave-driven flow 

across a steep coral reef. Journal of Physical 

Oceanography, http://dx.doi.org/10.1175/

JPO-D-12-0164.1.

Nelson, C.E., A.L. Alldredge, E.A. McCliment, 

L.A. Amaral-Zettler, and C.A. Carlson. 2011. 

Depleted dissolved organic carbon and dis-

tinct planktonic bacterial communities in a 

rapid-flushing coral reef ecosystem. The ISME 

Journal 5:1,374–1,387, http://dx.doi.org/ 

10.1038/ismej.2011.12. 

Nelson, C.E., S.J. Goldberg, L.W. Kelly, A.F. Haas, 

J.E. Smith, F. Rohwer, and C.A. Carlson. 2013. 

Coral and macroalgal exudates vary in neutral 

sugar composition and differentially enrich 

reef bacterioplankton lineages. The ISME 

Journal 7:962–979, http://dx.doi.org/10.1038/

ismej.2012.161.

Paris, C.B., and R.K. Cowen. 2004. Direct 

evidence of a biophysical retention mecha-

nism for coral reef fish larvae. Limnology 

and Oceanography 49:1,964–1,979, http://

dx.doi.org/10.4319/lo.2004.49.6.1964.

Patterson, M.R., K.P. Sebens, and R.R. Olson. 1991. 

In situ measurements of flow effects on primary 

production and dark respiration in reef corals. 

Limnology and Oceanography 36:936–948.

Pinnegar, J.K., and N.V.C. Polunin. 2006. 

Planktivorous damselfish support sig-

nificant nitrogen and phosphorus 

fluxes to Mediterranean reefs. Marine 

Biology 148:1,089–1,099, http://dx.doi.org/ 

10.1007/s00227-005-0141-z.

Planes, S., G.P. Jones, and S.R. Thorrold. 2009. 

Larval dispersal connects fish populations in a 

network of marine protected areas. Proceedings 

of the National Academy of Sciences of the 

United States of America 106:5,693–5,697, 

http://dx.doi.org/10.1073/pnas.0808007106.

Odum, H.T., and E. Odum. 1955. Trophic struc-

ture and productivity of a windward coral 

reef community on Eniwetok Atoll. Ecological 

Monographs 25:291–320, http://dx.doi.org/ 

10.2307/1943285.

Rosman, J.H., and J.L. Hench. 2011. A frame-

work for understanding drag parameteriza-

tions for coral reefs. Journal of Geophysical 

Research 116, C08025, http://dx.doi.org/ 

10.1029/2010JC006892.

Rougerie, F., and J. Rancher. 1994. The Polynesian 

south ocean: Features and circulation. Marine 

Pollution Bulletin 29:14–25, http://dx.doi.org/ 

10.1016/0025-326X(94)90421-9.

Schlitzer, R. 2004. Ocean Data View. http://www.

awi-bremerhaven.de/GEO/ODV.

Selkoe, K.A., S.D. Gaines, J.E. Caselle, and 

R.R. Warner. 2006. Current shifts and kin 

aggregation explain genetic patchiness in fish 

recruits. Ecology 87:3,082–3,094.

Smith, S.V., and J.A. Marsh. 1973. Organic carbon 

production on windward reef flat of Eniwetok 

Atoll. Limnology and Oceanography 18:953–961.

Swearer, S.E., J.E. Caselle, D.W. Lea, and 

R.R. Warner. 1999. Larval retention and recruit-

ment in an island population of a coral-reef 

fish. Nature 402:799–802, http://dx.doi.org/ 

10.1038/45533.

Thornton, E.B., and R.T. Guza. 1986. Surf zone 

longshore currents and random waves: 

Field data and models. Journal of Physical 

Oceanography 16:1,165–1,178, http://dx.doi.org/ 

10.1175/1520-0485(1986)016<1165:SZLCAR>

2.0.CO;2.

Wolanski, E., and B. Delesalle. 1995. Wind-

driven upwelling in Opunohu Bay, Moorea, 

French Polynesia. Estuarine Coastal 

Shelf Science 40:57–66, http://dx.doi.org/ 

10.1016/0272-7714(95)90013-6.

Wolanski, E., and W.M. Hamner. 1988. 

Topographically controlled fronts in the 

ocean and their biological influence. 

Science 241:177–181, http://dx.doi.org/10.1126/

science.241.4862.177.

Wyatt, A.S.J., J.L. Falter, R.J. Lowe, S. Humphries, 

and A.M. Waite. 2012. Oceanographic 

forcing of nutrient uptake and release 

over a fringing coral reef. Limnology and 

Oceanography 57:401–419, http://dx.doi.org/ 

10.4319/lo.2012.57.2.0401.

Wyatt, A.S.J., R.J. Lowe, S. Humphries, and 

A.M. Waite. 2013. Particulate nutrient 

fluxes over a fringing coral reef: Source-sink 

dynamics inferred from carbon to nitrogen 

ratios and stable isotopes. Limnology and 

Oceanography 58:409–427, http://dx.doi.org/ 

10.4319/lo.2013.58.1.0409.

Yahel, G., J.H. Sharp, D. Marie, C. Hase, and 

A. Genin. 2003. In situ feeding and ele-

ment removal in the symbiont-bearing 

sponge Theonella swinhoei: Bulk DOC is 

the major source for carbon. Limnology and 

Oceanography 48:141–149, http://dx.doi.org/ 

10.4319/lo.2003.48.1.0141.

http://dx.doi.org/10.1002/jgrc.20105
http://dx.doi.org/10.1002/jgrc.20105
http://dx.doi.org/10.1007/s00227-008-1051-7
http://dx.doi.org/10.1007/s00227-008-1051-7
http://dx.doi.org/10.1007/s00442-011-1912-5
http://dx.doi.org/10.1007/s00442-011-1912-5
http://dx.doi.org/10.2307/1296314
http://dx.doi.org/10.1038/45538
http://dx.doi.org/10.1038/45538
http://dx.doi.org/10.1371/journal.pone.0047363
http://dx.doi.org/10.1371/journal.pone.0047363
http://dx.doi.org/10.1029/2012JC007949
http://dx.doi.org/10.1111/j.1558-5646.2009.00917.x
http://dx.doi.org/10.1111/j.1558-5646.2009.00917.x
http://dx.doi.org/10.1175/1520-0485(1980)010<1399:TROTCO>2.0.CO;2
http://dx.doi.org/10.1175/1520-0485(1980)010<1399:TROTCO>2.0.CO;2
http://dx.doi.org/10.1007/s10872-007-0057-y
http://dx.doi.org/10.1007/s10872-007-0057-y
http://dx.doi.org/10.1175/JPO-D-12-0164.1
http://dx.doi.org/10.1175/JPO-D-12-0164.1
http://dx.doi.org/10.1038/ismej.2011.12
http://dx.doi.org/10.1038/ismej.2011.12
http://dx.doi.org/10.1038/ismej.2012.161
http://dx.doi.org/10.1038/ismej.2012.161
http://dx.doi.org/10.4319/lo.2004.49.6.1964
http://dx.doi.org/10.4319/lo.2004.49.6.1964
http://dx.doi.org/10.1007/s00227-005-0141-z
http://dx.doi.org/10.1007/s00227-005-0141-z
http://dx.doi.org/10.1073/pnas.0808007106
http://dx.doi.org/10.2307/1943285
http://dx.doi.org/10.2307/1943285
http://dx.doi.org/10.1029/2010JC006892
http://dx.doi.org/10.1029/2010JC006892
http://dx.doi.org/10.1016/0025-326X(94)90421-9
http://dx.doi.org/10.1016/0025-326X(94)90421-9
http://www.awi-bremerhaven.de/GEO/ODV
http://www.awi-bremerhaven.de/GEO/ODV
R.R.Warner
http://dx.doi.org/10.1038/45533
http://dx.doi.org/10.1038/45533
http://dx.doi.org/10.1175/1520-0485(1986)016<1165:SZLCAR>2.0.CO;2
http://dx.doi.org/10.1175/1520-0485(1986)016<1165:SZLCAR>2.0.CO;2
http://dx.doi.org/10.1175/1520-0485(1986)016<1165:SZLCAR>2.0.CO;2
http://dx.doi.org/10.1016/0272-7714(95)90013-6
http://dx.doi.org/10.1016/0272-7714(95)90013-6
http://dx.doi.org/10.1126/science.241.4862.177
http://dx.doi.org/10.1126/science.241.4862.177
http://dx.doi.org/10.4319/lo.2012.57.2.0401
http://dx.doi.org/10.4319/lo.2012.57.2.0401
http://dx.doi.org/10.4319/lo.2013.58.1.0409
http://dx.doi.org/10.4319/lo.2013.58.1.0409
http://dx.doi.org/10.4319/lo.2003.48.1.0141
http://dx.doi.org/10.4319/lo.2003.48.1.0141

