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Abstract

This study examines spatial and temporal variability in distribution of Atlantic cod

(Gadus morhua L.) eggs and larvae in Placentia Bay, Newfoundland. from three

directions. The first chapter reviews the literature regarding the roles of transport and

behavior in planktonic egg and larval pattern for benthic marine invertebrates and fish.

This review suggests that the processes affecting each group are very similar.

acknowledging that differences may be found in the capacity to contribute actively to

dispersal and habitat selection. The second chapter provides evidence that variation in

location and timing of spawning of Atlantic cod has a major impact on occurrence,

distribution and development of eggs and larvae in Placentia Bay. Repeated

ichthyoplankton surveys of the bay during the spawning and post-spawning periods

indicate that eggs spawned early in the year (March - May) are lost from the bay. By

contrast, elevated egg production late in summer of 1998 (July) resulted in a dramatic

increase in larval densities. The third chapter combines modeling and field examination

of the relationships between mortality, transport, and temperature during the egg stage,

and demonstrates that consistent transport out of the bay may limit numbers hatching

within the bay. Thus, the appearance of larvae is confined to summer months when

development times are shortest. This thesis demonstrates the importance of cod

spawning timing and location, as well as temperature and hydrographic influences on the

transport and development of planktonic eggs and larvae in coastal Newfoundland.
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Introduction and Overview

Historically, the cod stock complex off the coast of Newfoundland and southern Labrador

was one of the worlds largest and most valuable groundfish resources (Lear and Parsons

1993; Taggart et a1. 1994). Extensive exploitation, possibly compounded by poor

environmental conditions, resulted in a collapse of the stocks in the early 1990's.

Consequently, a moratorium on commercial fishing was implemented in 1992-93. Since

that time, although there has been little or no recovery in the offshore, large spawning

aggregations have been documented in coastal areas (Rose 1996; Taggart 1997).

Although there have been historic accounts of spawning aggregations in coastal areas

(Graham 1922; Thompson 1943), the current proportion relative to the offshore is

unprecedented. Therefore, the current health and eventual recovery of the stock complex

may be largely influenced by these coastal spawning events.

Despite recent documentation of coastal spawning events (Rose 1996, Lawson and Rose

1999), the degree to which inshore spawning may impact recruitment success remains

largely unknown. Smedbol et aI. (1998) made a notable contribution to this question in

finding no recruitment signal from a large spawning event in Trinity Bay Newfoundland.

but few studies have examined the egg and larval ecology of cod in coastal

Newfoundland. Given the current status of the stock complex, this information may be

critical to the proper management of a recovery. Several studies have suggested that egg

and larval distribution may be important to survival and recruitment success in Atlantic

cod. High mortality could occur due to starVation resulting from a mismatch with local

production (Ellertsen et aI. 1989) or through advection away from favorable nursery areas



(de¥oung and Rose 1993). Nonetheless, the complex. topography of Newfoundland bays

may facilitate egg and larval retention in areas with high prey densities (Frank and

Leggen 1982). As a consequence, coastal Newfoundland may provide ideal nursery

conditions.

The main purpose of this stUdy is to examine the processes that influence the presence of

eggs and larvae of Atlantic cod in Placentia Bay, Newfoundland. The study can be

divided into three components. The first component reviews the literature on factors that

influence spatial and temporal panern in planktonic eggs and larvae. This review is

broad in scope, encompassing species of benthic fish and invertebrates that possess a

planktonic dispersal stage. The second chapter examines spatial and temporal pattern in

cod eggs and larvae in Placentia Bay during the spawning and post-spawning periods

using conductivity-temperatUTC-depth (em) data, limited data from current moorings,

and chiorophyU a data from water sample extractions, in situ fluorometers, and SeaWifs

(Sea-viewing Wide field-of-view Sensor) satellite imagery data. I examine between-year

and seasonal variation in the coastal environment and the roles these variables play in egg

and larvae spatial and temporal pattern. The third chapter uses a simple model of the

influence of temperature on egg and larval pattern in order to develop several hypotheses

on the development and dispersal of cO<! eggs. The suitability of the model is then tested

using field data on cO<! eggs and larvae, temperature. and currents.
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Chapter 1. Pattern in Benthic Marine Fish and Invertebrates: the role

of transport and behavior.

1.1 Introduction

Attempts to understand the processes that contribute to and maintain temporal and spatial

pattern in benthic ecosystems have (ong been at the forefront of benthic ecology

(Snelgrove and Butman 1994). A number of these studies have suggested that pattern in

egg and larval distribution has significant consequences for recruitment and population

stability (Gaines & Roughgarden 1987; Sinclair 1988; Cowen 1995). Because a large

proportion of marine benthic and demersal organisms have a planktonic egg and larval

stage, fonnation of distribution patterns in these species is undoubtedly a combination of

biological and physical processes. Disentangling the relative contribution to pattern

fonnation of processes such as advection, locomotion, and active habitat selection has

proven to be very difficult (Boicourt 1982).

Organisms that reside in benthic environments face an evolutionary dilemma. On the one

hand, they must colonize new habitat in order to avoid intraspecific competition and

reduce the risk of extinction through local disturbance, predation, or a host of other

threats. Many species of fish and invertebrates have developed a similar life history

strategy, wherein planktonic larvae disperse to and colonize non-local habitats. On the

other hand, these species face the challenge of placing often weak-swimming propagules

into a habitat suitable for survival and growth. Although many larvae have some

swimming capacity, limitations in swimming ability can result in transport by currents



intO unsuitable habitat. Many species of invertebrates and fish have very specific habitat

requirements_ In fish, posHettlement movement can aid in finding suitable habitat. but

in most invertebrates the capacity to move is effectively lost at settlement. This raises the

question of whether larvae of fish and invertebrates utilize similar approaches to achieve

the sometimes inconsistent goals of dispersing to new areas, but also fUlding a suitable

benthic environment.

The majority of marine fish and up to 70% of aiL benthic temperate and tropical

invertebrate species (Thorson 1950, cited in Scheltema 1986b) display a pLanktonic larval

stage. Invertebrates and fish have therefore evolved early Life history strategies in

response to the pressures inherent to life in a planktonic environment. The presence of a

planktonic stage in the early life history of marine fish and benthic invertebrates suggests

that mechanisms regulating spatial and temporaJ panern in both groups may be similar,

but there have been few attempts to contrast the bio--physical components of planktonic

dispersal in these: groups. This dichotomy between the scientific study of fish and

invc:nebrates has undoubtedly resulted from problems associated with taxonomy and

sampling logistics (Scheltc:ma 1986b), as weH as the immense: scale involved in

examining such a question. But the discontinuity also extends across studies, in thai

scientists studying invertebrates rarely cite those studying fish and vice versa. Do the

findings of one group have significant implications for those studying the other? In other

words, should the invertebrate and fish scientists be cross-fertilizing?



The goal of this review is to contrast the relative roles of physical transport and behavior

of planktonic stages in the formation of spatial and temporal distribution in benthic

marine fish and invertebrates. A taxonomically broad approach comparing species with

extremely different life histories and locomotory abilities provides the scope to explore

the processes involved in dispersal. TILis review deals with benthic invertebrates living on

sedimentary and hard (corals and bedrock) substrates, and fishes that are associated with

these environments. Defming the dispersal stage and habitat are more difficuh for species

of invertebrates and fish with pelagic adults, and this review is restricted to benthic

species with planktonic dispersal stage.

Historical Perspective

Beginning in the early 1900's, evidence pointing to the importance of the early life

history to recruitment in marine fish began to accumulate (Hjort 1914). Many studies

(e.g., Walford 1938) were subsequently conducted during the 1930's and 40's correlating

water currents with the distribution of spawning producTS. Since these pioneering studies,

considerable effort has been put into linking meteorological and oceanographic variation

to recruitment success (Cushing 1969; Sinclair 1988; Ellensen et al. 1989).

Oceanographic features such as Ekman. geostrophic. and frontal currents are now known

to transport, concentrate, and aid in retention of eggs and larvae (Norcross and Shaw

1984; Shanks 1995). Spatial variation has also been implicated as a cause of

recruitment variability in the member-vagrant hypothesis, where vagrants may be lost

from the population through transport into unfavorable areas (Sinclair 1988).



Dispersal distances in benthic invertebrates can differ dramatically between species,

ranging from centimeters to thousands ofk.ilometers (Schellema 1986b). The pervasive

attitude toward invertebrate dispersal early in this century was that dispersal was, for the

most part, a passive process but that a sufficient number of propagules were produced to

ensure that some individuals would settle in appropriate environments (e.g., Petersen

1913). Laboratory experiments during the 1920's and 1930's demonstrated that many

benthic invertebrates are capable of habitat selection (e.g,Wilson 1937; Mortensen 1938).

Speculation on the relative roles of behavior and transport has continued through this

century (e.g., Gardiner 1904; Thorson 1961; Scheltema 1974; Butman 1987). and current

thinking is that transport and behavior both play major roles but at different spatial scales

(Butman 1987).

The dynamics of larva! behavior, and in particular the concept of active substrate

selection, has received considerable attention in the last 50 years. For some taxa,

substrate contact is required (e.g., Morse 1985), whereas for other taxa contact with

water-bourne chemicals results in modified behavior in the water column such as

cessation of swimming (Scbellema 1986b; Turner et al. 1994). Invertebrate larvae are

not usually able to settle throughout the entire planktonic period, will typically spend

some period of time in a precompetent phase during which settlement is physiologically

impossible. As development progresses, individuals reach a point where they are

physiologically capable of settling and metamorphosing. Metamorphosis is defined as a

series of morphological and physiological changes associated with settlement (defined as

a tennination of pelagic life). Topics such as the ability of many species to delay



metamorphosis in the absence of suitable habitat have been considered by others (see

Young 1996). These concepts nave developed primarily from studies of invenebrate

mcroplankton; however, several authors have applied this terminology to planktonic fish

larvae. The use of these terms varies somewhat among fish and invertebrate scientists

creates obvious problems. For instance, metamorphosis has been used extensively in the

study of reef fish recruitment (see Cowan and Sponaugle 1997), but in most instances the

process in question is settlement because the magnitude of morphological or

physiological changes observed in fish is considerably less than that observed in

invertebrates (flatfish are a notable exception).

Is it a question ofswimming abjfjry ?

In a static ocean, dispersal would depend entirely on locomotory ability. Although the

range of swim speeds and planktonic durations in fish varies, it is reasonable to assume a

maximum sustained swim. speed of Icmfs and a dispersal time of 4--6weeks (fable I).

Swimming at this speed for 24 hours a day for 6 weeks would give larvae a dispersal

distance of about 40 ian. For an invenebrate larva with a swim speed on the order of

-3mm1s (Butman 1986) for 6 weeks would result in a total travel distance of about 10

Ion. However, dispersal is never this simple. There are many examples of fish (e.g.,

Schultz & Cowen 1994 ) and invertebrate larvae (e.g., Katt et a1. 1994) that are

transported much greater distances over shorter time periods or remain at spawning

grounds despite currents that would be expected to result in greater dispersion.



In contrast to dispersal, the ability 10 select habitat actively at settlement may aLSO

directly influence distribution patterns. This capacity is dependent on swimming ability

in relation to boundary flow conditions. We hypothesis that fish larvae have greater

swim speeds relative to most invertebrates which may favour active habitat selection

under a wider range of flow speeds. Although swimming ability and habitat selection

may contribute significantly to adult distributions in both groups, our inability to explain

dispersal by swimming capacity and behavior alone suggests the need for

interdisciplinary studies that incorporate behavior, larval duration, and physical

oceanography.

1.2 Dispersal and Concentration Processes

Currents produced by wind, tides, and thermohaline forces interact to move bodies of

water on multiple spatial and temporal scales. These processes concentrate and disperse

reproductive propagules. The latter are critical in maintaining habitat associations, and

the fonner allow colonization of new habitat and the extension of distributions. The

process of dispersal often begins from the moment that eggs are released into the water.

On a small scale, eggs and passive larvae in a static ocean would disperse through eddy

diffusion, and diffusion alone could disperse planktonic larvae up to 100 km over a

period of a month (Okubo 1994). For colonizing new habitats in particular, these

mechanisms can be extremely effective, but many species retain reproductive propagules

within a suitable envirorunent. Just as water masses advect eggs and larvae, various

circulation features have the potential to concentrate buoyant particles, including eggs

II



and larvae. Retention and concentration of propagules is theoretically possible anywhere

eddies (Fig. 1.1a, 1.1 b). gyres. or persistent downwelling associated with frontal

formation occur (Fig. l.lc, l.ld).

Planktonic offspring can be released in or rransponed to areas favorable to survival. In

many cases successful recruittnent depends on retention of larvae in these habitats.

whereas transport away reduces survival (Hare & Cowen 1993). Harden Jones's (1969)

classic model of larval drift from spawning to nursery areas and juvenile migration to

adult spawning grounds is unsuitable for many species. Cod and haddock larval

distributions off the northeastern United States coast suggest that the spawning and

nursery grounds are the same area (Sherman et aI. 1984). The vast majority of benthic

invertebrates are immobile or have little mobility after settlement. Thus. most

invenebrates will metamorphose into juveniles as they settle and remain near their

settlement site through maturation. Only in some instances (e.g.• Vance 1973; prawns in

Australia) are juveniles and adults predictably segregated spatially.

1.3 Passive and active processes: a maher of scale?

In the following sections the literature on the dispersal and concentration of invertebrate

and fish eggs and larvae is reviewed, starting first with large-scale processes and moving

toward small-scale influences on spatial and temporal distributional patterns. We

hypothesize that due to the limited locomotory abilities of most larvae. passive processes

will dominate in large-scale pattern formation and active processes dominate at much

smallersca1es.



Large-Scale Ocean Currents

The importance of large-scale ocean currents to variation in settlement and recruitment

has been recognized for over a century. These are currents that have their source in

ocean basin dynamics. Haeckal (1892) stressed the importance of these currents in the

transport of marine organisms, even referring to them as "zoocurrents". The relatively

poor swim speeds of many invertebrate and fish larvae in relation to currents means that

rate and direction of advection will depend more on passive transport than on behavior

(Bunnan 1986, Carlon and Olson 1993). Currents such as the Kuroshio (Yamaguchi

1986), and the Leeuwin Current (Morgan and WeUs 1991) have been extensively studied

with respect to larval transport.

Infestations ofAcanthaster planci off the coast of Japan have been studied in response to

papulation explosions that have decimated reef-building corals. Yamaguchi (1986)

correlated a shift in infestation sites in the mid-seventies with a shift in the Kuroshio, and

suggested that removal projects have been unsuccessful to date because the larvae are

coming from an upstream source. Since the 1970's, large scale removal projects have

been in place to protect the reefs, but with little success. Similar work by Kenchington

(1977) suggests that crown-of-thorns starfish outbreaks on the Great Barrier Reef system

move in conjunction with the East Australian current, from nonh to south.

The Leeuwin Current off Western Australia has been correlated with the southward

transport of propagules of several species of tropical marine organisms along the west

coast of Australia (Maxwell and Cresswell 1981, Cresswell 1986, Hutchins 1991,

13



Morgan and Wells 1991). Hutchins & Pearce (1994) reported that patterns in reef fish

larval transpOrt could be: explained by the strengthening of the Leeuwin cunent in the

spring.

Regional Currents

On a smaller spatial scale, regional currents such as those formed through continental

shelf dynamics may also influence transport eggs and larvae. Atlantic cod eggs and

larvae for example, are transported in the Labrador current along the coast of

Newfoundland towards the Grand Banks (pepin and Helbig 1997). Similarly, Jenkins

and Black (1994) observed that high interannual variability in the frequency and timing

of regional hydrodynamics regulated transport of larvae to juvenile habitats in Port

Phillip Bay, Australia. In the Shelikof Strait in Alaska, eggs and larvae of walleye

pollock (Thelagra chalcogromma) were observed to drift southwest with predominant

coastal currents [0 downstream nursery habitats (Hinckley et al. 1991). Barnacle

recruitment has been largely explained by predictions based on the transport of

planktonic stages from coastal areas off Rhode Island (Gaines and Benness 1992) and

California (Roughgarden et al. 1988).

Modifications to Large~ScaieCunents

Mesoscale Eddies

Eddies are rotary currents, deflned here to range in size from centimeters to kilometers in

diameter. Eddies often result in the formation of convergences and can therefore

concentrate buoyant plankton (Fig. l.1a). The effect of ocean eddies on larval transport



and subsequent recruitment has received limited anention (Wroblewski & Cheney 1984).

Based on a modeling study of Gulf Stream ring and larval dynamics, Flier! &

Wroblewski (1985) propose a relationship between the frequency of ring interaction and

year class strength in cod and haddock on Georges Bank. Wolanksi and Hammer (t 988)

conclude that topographically-controlled currents such as eddies commonly aggregate

buoyant particles and prevent dispersion as would be expected in the open ocean.

Coastal and island eddies are bener understood than ocean eddies with respect to their

influence on recruitment dynamics. Stabeno et al. (1996) observed high larval and egg

abundances in association with eddies in the Shelikof Strait of Alaska. Drogues placed in

these eddies were entrained for several weeks before they drifted away. The waters off

Hawaii are characterized by mesoscale eddies that may have implications for larval

transport and retention. Lobel & Robinson (1986) conclude that mesoscale eddy systems

can entrain larval fish from reefs over sufficient time periods for many reef fish species 10

complete their pelagic development phase. Oceanic islands such as Hawaii pose a

particularly interesting case given their isolation from other areas of shallow habitat. Are

local populations self seeded or are larvae advected from elsewhere? Schultz & Cowen

(1994) examined this question for Bermuda fishes. A comparison of planktonic larval

duration with predicted transport speeds indicated that populations of reef fish must be

replenished mainly by local spawning events because of the great distance from other

larval sources, and a local retention mechanism is therefore necessary.

Pattiaratchi (1994) raises the interesting point that most studies of eddies assume

negligible wind effects, yet only in rare spawning events is this condition ever met. For

"



example. there arc: several accounts of coral spawning slicks during CORSPEX (coral

spawning experiment) that were brok.en up within days by strong winds (Wolanski et al.

1989, Willis & Oliver 1990).

Ekman transport and wind/arcing

Many studies nave shown that wind driven Ekman flow can transport the eggs and larvae

of nearshore and offshore spawners towards or away from appropriate nursery grounds

(Norcross & Shaw 1984). Wind-induced transpOrt has been associated with recruitment

success ofa nwnber of marine invertebrates (Roughgarden et at. 1988, Farrell et al. 1991,

Miller & Emlet 1997) and marine fish (Riley etal. 1979, Bailey 1981). The presence ofa

seasonal Ekman upwelling off central California is one example of the effect of Ekman

transport on settlement in benthic invertebrates (Farrell et al. 1991). Transport associated

with Ekman upwelling resulted in barnacle cyprid larvae dispersal offshore; onshore

transport., and thus recruitment, depend on ~Iaxation of dominant winds. The result is

that highly variable recruitment is observed. though variation can be offset somewhat by

the extended spawning period (Miller and Emlet 1997). Another example is variation in

senlement of benthic invertebrates such as the acorn barnacle. &miba/anus balanoides.

Settlement variation bas been linked to local weather conditions through transpOrt of

larvae by wind--driven circulation (Bertness et al. 1996) In fact, wind signatures have

been observed to affect senlement panerns of many planktonic invertebrate larvae.

Settlement on the southern side of Narragansen Bay in 1991 and 1992 was associated

with winds from the north, and conversely settlement on the northern side was associated

with southerly winds (Bertness et al. 1996). Daily larval settlement and the accumulation

16



of n:cnJirs were also correlated with local winds. Similarly, Botsford et al. (1994)

matched the distribution of Dungeness crab with empirically-denved predictions of

abundance based on the effects of wind forcing.

Wmd patterns are perhaps the most temporally variable of the processes that influence

larval distributions, and they can have dramatic effeclS on larval fish survival and

settlement (e.g., Bailey 1981). Given that surface cwt'ent speed produced from wind

events is -3% of the wind speed and decreases with depth, the ability of larvae to move

horizontally and vertically may playa major role in transpOrt. Cod larvae on Georges

Bank associated with the Ekman layer (upper 10 - 20m) were generally lost to the open

ocean and assumed perished where Ekman transport carried them offshore (Lough et al.

1994). Larvae occurring deeper in the water column were less influenced by wind

forcing and more likely to remain on the bank.

SeamOUnlS - Taylor Cap Formation

Taylor caps are formed when ocean currenrs move up and over raised topograph.y such as

seamounts; their rotary and convergent properties may retain planktonic eggs and larvae.

TIle vertical current movement at the seamount compresses fluid above and results in the

anticyclonic (clockwise in the northern hemisphere, counter clockwise in the southern

hemisphere) motion in order to conserve vorticity (Fig \.Ib; Chapman and Haidvogel

1992; Mullineaux and Mills 1997). The extent to which seamounts possess the potential

for retention of larvae is unknown. Temporal stability of such structures is dependent on

the stability of the current. If the current is relatively stable, then these structures may



persist for long periods of time (weeks to months). Small flucruations in the curren!

direction. however. will cause the column to be shed and larvae will no longer be retained

(Bakun 1994). Larval settlement on seamounts has been shown to be partially a

function of retention. and larval .abundances correlate with tidally rectified circulation in

flow generated by interaction with the seamount (Mullineaux and Mills 1997).

As with eddies. the temporal stability of Taylor caps may dictate the extent to which they

affect settlement. Parker and Tunnicliffe (1994) examined benthic invertebrate dispersal

and Taylor cap stability on Cobb Seamount off the Oregon coast. They estimated the

residency time of water over the seamount at 17 days. which may be very significant in

this habitat because their survey of benthic invertebrate species showed that the seamount

is dominated by species with either short-lived or non-planktonic larval stage. They

propose that Taylor cap stability is important for trapping short-lived larvae over the

bank, and that species with larval periods greater than the replacement time are advected

away from the seamount.

Tidal currents

The utilization of tidal currents by larvae has lead to several theories on selective tidal

transport. Many studies have explained transport and retention in estuaries using vertical

migration (e.g., Bousfield 1955; Rowe & Epifanio 1994; review by Dame and Allen

1996). Several authors have observed increasing larva! size from the offshore to the

inshore (Norcross & Shaw 1984). and attributed the pattern to shoreward transport of



developing larvae via tides and currents. Larvae can be transported in tidal streams. over

internal waves. and within a tidal bore produced by an internal wave (Shanks 1995).

As previously mentioned. wind.driven Ekman forcing often results in a net transport of

water and organisms offshore in many coastal areas. Many researchers have suggested

tidal currents as a mechanism for onshore transport. Settlement of the megalopae of the

rock crab, Cancer irroralUS. in Block Island Sound, Rhode Island is dependent on tidal

advection resulting in a shoreward movement (Clancy & Cobb 1997).

Two mechanisms related to tidal currents have been proposed for shoreward transport of

eggs and larvae via internal waves (Shanks 1983. Shanks and Wright 1987, Pineda 1991.

Pineda 1994). Internal waves are often fonned when the tides ebb and flow over areas of

irregular bottom topography such as the shelfbreak, but the mechanisms of these waves

are not well understood (pond and Pickard 1995). The fonnation of currents over the

wave causes a convergence over the trough and a divergence over the crest (see Fig. 1.1.;

Ewing 1950). A number of studies have hypothesized that the onshore movement of a

convergence associated with the trough of an internal wave could transport buoyant

particles shoreward (Shanks 1983, Jillet and Zeldis 1985, Kingsford and Choat 1986,

Shanks and Wright 1987). Evidence that these waves can propagate larvae is seen off

southern California (Shanks 1983; Shanks and Wright 1987), where surface drifters and

high organism abundance are associated with the convergence zone.

"



An extension of this mechanism occurs when large internal waves become asymmetrical

and break to form a tidal bore. Tidal bores occur near the bottom and propagate towards

shore. Settlement of intertidal barnacles has been correlated with temperature anomalies

that were probably an indication of an internal tidal bore (pineda 1991). Pineda (1994)

developed this hypothesis in demonstrating that onshore larval transport was dependent

on these internal tidal bores.

Although surface slicks and internal tidal bores both provide potential transport

mechanisms for larvae, their role may depend on larval position in the water column.

Shanks (1995) suggested that larvae suspended near the surface could be aggregated in

surface slicks and transported shoreward; however, larvae would have to be near the

bonom to be influenced by internal tidal bores (pineda 1991). Pineda (1999)

demonstrated that warm tidal bore fronts can accumulate neustonic larvae and transport

them as the fronts propagate shoreward. He suggested that although the surface slicks

described by Shanks (see Shanks 1983) may concenttate and accumulate strong

swimming larvae, warm bore fronts m3y bener explain the panems observed.

When the convergences that concentrate and retain eggs and larvae of marine organisms

are displaced horizontally (see discussion of internal waves above), organisms trapped in

the front will be transponed (pineda 1999). The presence of frontal circulation and its

influence on larval transport has been studied by several authors. Larval cod retention and

loss on Georges Bank, for example, has been related to frontal fonnation (Townsend and

Pettigrew 1996).
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Oceanographic gyres

Oceanographic gyres are large-scale rolaIy currents and are present in most large ocean

basins and over coastal banks (e.g., Georges Bank). Because gyres result in very little net

displacement, they can retain eggs and larvae. In addition to the closed nature of a gyre.

the formation of convergent fronts at its boundaries can also help retain eggs and larvae.

Gagne and O'Boyle (1984) concluded that for the Scotian Shelf, cod larvae do not drift

from spawning to nursery grounds, but are retained within the general spawning area.

O'Boyle et aI. (1984) proposed that this retention mechanism may result from tidally­

generated gyres, a mechanism that has been proposed for other species (Sherman et al.

1984., Smith & Morse 1985). Similarly, retention of sea scallop (Placopeclen

magellanicus) larvae over Georges Bank is thought to be entirely dependent on the

stability of the gyre that persists over the bank (Silva and C'Dor 1988; Tremblay and

Sinclair 1990). One might predict that retention would be greatest when development

time is shortest, and that spawning in warm waters would result in reduced time to

settlement and less transport off of banks where monality would presumably be high.

lndeed, sea scallops on Georges Bank spawn during the warmest water temperatures,

which occur in the fall of the year.

Fronls

Frontal formation occurs near the ocean surface at sharp boundaries between adjacent

water masses with different characteristics (Fig l.lc & LId; Shanks 1995). Within the

frontal zone, flow may be convergent on one or both sides. It is this surface flow toward

the front and subsequent downward net movement that results in the accwnulation of
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buoyant particles. Front fonnation is often the product of secondary flow generated in

association with complex topography such as islands, reefs, and headlands (Wolanski and

Hammer 1988). In these situatioos, stable wakes generated by topography interact with

shallow bottoms to produce secoodaJy circulation that characteristically slopes upward

from lhe center of these eddies. This slope results in bonom flow moving radially toward

the center, producing upwelling at the center of the eddy and downwelling at the edges.

As an example of fronts, visible surface slicks formed from larvae of broadcast spawning

corals have been observed on the Great Barrier Reef; observations of these features over

time have provided insight into the biologicat importance of topographically generated

fronts. Willis and Oliver (1990) reported aggregations of coral larvae in topographically­

generated fronts associated with islands, headlands, and reefs. Alexander and

Roughgarden (1996) found that the dynamics of central California barnacle populations

were determined by the interaction of advection - diffusion and the location of an

offshore fronL Larvae associated with the front successfuHy recruited if wind conditions

moved the front into the coastline, but larvae were lost and recruiunent was unsuccessful

if the front remained fae from shore.

Many fish species rely on frontal circulation to maintain larvae in the vicinity of suitable

nunery habitats. Dover sole, Microstomus pacificus, in the North Sea, for example, are

retained in suitable offshore waters by fronts associated with a winter convergence

(Hayman & Tyler 1980). On lhe Scotian Shelf, Taggart et aI. (1996) found fish larvae and

zooplankton were most concentrated in a narrow frontal region generated by a gyre-like



water mass. Peak densities of larval cod in the North Sea are also associated with a front.

and may be a recurrent phenomenon resulting from the spawning habits of cod and

convergence associated with the front (Munk et aL 1995). They speculate that retention

in the frontal zane is beneficial through enhancement of food availability and initial

cohesion of the population.

Hydrothennal Plumes -"Larval Highways in the Deep Sea"

Perhaps one of the greatest dispersal challenges is observed in species endemic to

hydothermal vents. The long-term viability of communities inhabiting vents may well

depend on dispersal, given that vent activity is ephemeral on time scales of decades

(Mullineaux et al. 1995). As hydrothermal flow slows and stops, colonization of new

vent habitat becomes essential to species survival. Mullineaux et al. (1995) sampled

plumes associated with the Juan de Fuca Ridge and found a wide variety of vent species

with abundances as high as 600 larvae per 1000 cubic meters. This work and others (see

Kim et al. 1994) suggest that plumes may facilitate dispersal of larvae into new

environments.

1.4 Influences of Planktonic Duration and Behavior on Dispersal

The past tendency has been to treat passive and active transport as mutually exclusive

processes despite evidence pointing towards interaction bet'Neen the t'NO (Boicoun 1982;

Butman 1987). Active contributions to transport can come from t'NO mechanisms. First,

a mechanism of regulating transport relates to duration in the plankton. For species with

broadly-defmed habitats, an increase in planktonic duration will lead to an increase in

23



dispersal. For species with very specific habitat requirements. increased precompetent

larval duration may decease: the likelihood of encountering a suitable habitat unless the

competency period is also increased (sec: Jackson and Strathman 1981). Second. as

described earlier, swimming can make a significant contribution to horizontal dispersal

(see section 1.5).

Dispersal Potential and Planlctonic Duration

Dispersal ability or potential has been equated by many authors with the ability to survive

long periods in the plankton (Maragos & JokieL 1986). For this review, dispersal

potential is defined as the length of the planktonic period (Maragos & Jokiel 1986).

The use of development and dispersal terminology is more common in reference to

invertebrate larvae than to fish, suggesting either a lack of knowledge regarding the

physiological basis of sc:tt1ement in fish or perhaps a fundamental difference in

settlement processes in fish and invertebrates (exceptioDS occur in coral reef fish studies,

sec: Cowen 1991). An additional problem is that invertebrate planl1.onic durations are

often measured from fertilization, however, marine flSh Larvae are aged from hatch and

egg stage duration is therefore generally not included. Although egg stage duration may

be very short (days) in tropical areas, it may be on the order of ....-eeks in temperate

latitudes. Unfortunately there are insufficient published data to adjust fish larval

durations adequately to include the egg stage, compounding the difficulty in contrasting

fish and invertebrates.



Within larvae of benthic invenebrates and fish there are species whose larvae have very

short or very long planktonic durations. However. synthesizing the published literature

on dispersal distances is c;ha11enging because most of the ·published information is vague.

if available at all. With the exceptions of a few tunicate species (Davis and Butler 1989;

Olson 1985) there are virtually no data on dispersal distance. Identifying dispersal

distance is problematic aot only because planktonic durations are highly variable, but

also because the exact spawning location for many species of invertebrate and demersal

fish varies with biotic and abiotic conditions and is rarely known. Even when planktonic

periods are known, most -data are based on laboratory experiments. Some authors have

pointed out that many of these appear to be overestimates as more field studies are

conducted (levin & Bridges 1995). For these reasons, it is not presently possible to

measure dispersal dislances for many species.

Despite the limitations on available data, it is possible to swmnarize the current

information on dispersal p-otential in larval invertebrates and fish, though several

generalizations and assurn.]ltions are required. The influence of factors such as

temperature, salinity. and Jlrey density on larval duration cannot be considered because

there is linle published inf"-ormation on these effects for fish and invertebrates. Moreover.

data on larval duration often represent a single estimate from a range of possible values.

Whenever possible. median. duration values have been estimated for a given taxon. The

majority of published data are from laboratory experiments; however. the degree to

which these studies represent what happens in a field setting has yet to be determined

(Mann 1988; Young 1996). Although there is increasing interest in studying invertebrate
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larval development in the field (reviewed by Levin 1990), there are many logistic

challenges to overcome. Table 1 presents the data collected from the literature on the

PLD (planktonic larval duration) offish and invertebrate species, as well as data on the

distribution and habitat preferences of these species.

One-way analysis of variance comparing larval duration of 100 invertebrate larvae and

112 fish larvae gave a p-value = 0.236 (df= 211, f- 1.4(4). Thus, from this sample of

PLO's, there is no difference in larval duration and therefore the passive dispersal

potential between the two groups. The relative percentages of both fish and invertebrate

larvae in each of the three groupings of dispersal potential (see Table I) show similar

distributions (see Fig. 1.2). Invertebrates and fish are both composed of a high

proportion of actaeplanic species, fewer teleplanic species, and fewest anchiplanic

species.

Planktonic Duration and Geographic Range

The assumption that dispersal potential is directly related to PLO can be evaluated

through an examination of the biogeography of the species listed in Table 1.1. For this

evaluation, the world's coasts were divided up into approximately equal regions of

coastline o( about 10 degrees latitude based on regions used by Scheltema (1989) with

the addition of several others. The number of regions occupied by the species in Table

1.1 for different PLO groupings is shown in Fig. 1.3. Invertebrates and fish both show an

increase in the proportion of teleplanic (PLO > 2 months) species that occupy a larger



number of regions. The anchiplanic (pLD < 1week) invertebrate occupy far fewer

regions, but anchiplanic fish species were too few to draw any generalizations.

The observation of no significant difference in planktonic durations of the two groups

and the similarity in geographic pattern seen in Fig. 1.3 suggests that planktonic duration

is associated with dispersal, and that dispersal potential between the two groups is

similar. A critical assumption here is that differences in evolutionary time scales for

invertebrates and fish have not created convergent patterns. The influence of planktonic

dispersal on biogeography has been developed by other authors working on fish and

invertebrate species (Gardiner 1904; Thorson 1961; Schelterna 1989). Most noticeably,

the planktonic duration of species inhabiting isolated islands and reefs has provided

insight into barriers to dispersal. Johnston Atoll has been referred to as one of the world's

most isolated reefs due to lack of island stepping stones between it and other reef habitat.

The lack of favorable currents limits external larval supply to species with a prolonged

planktonic stage (Maragos and Jokiel 1986). On a broad geographic scale, Wellington

and Victor (1989) found that reef fish genera with a confmed regional distribution have a

shorter mean larval life than widely-distrlbuted genera.

Similar examples of relationships between geographic range and dispersal mode have

been noted for invertebrates. Scheltema (1986a) observed that gastropod species present

in coastal Hawaii have longer planktonic durations than species associated with

continental masses. Given that Hawaiian species have longer plaru..1.onic durations, the

low level of endemism is hardly surprising, and this suppons the idea of continuous gene



flow (Scheltema I986a) through the entire Indo-Pacific for species with te[eplanic Iwvae.

Interestingly, Indo-Pacific species of reef fish with planktonic durations of a week to a

month generally have larger ranges than species from other geographic regions,

suggesting relatively long transpl?rt potential even for non-teleplanic species.

Because planktonic duration can have a strong influence on dispersal, there is

considerable potential influence of temperature on dispersal through its effect on stage

duration. The effect of temperature on Iwval stage duration can be seen in Fig. 1.4,

which indicates that lower temperatures increase dispersal potential. Given that a rise in

temperature may shorten the pelagic Iwval stage, temperature must be taken into account

when considering temporal effects of transport or retention mechanisms. Thus an ocean

current that is wanned as it progresses (e.g., currents rwming from W. Africa to Brazil)

may transport propagules shorter distances than currents that are cooled (e.g, the Gulf

Stream) as they progress (Thorson 1961), all other things being equal.

Connolly and Roughgarden (1999) document an increase in intertidal barnacle

recruitment, which they suggest was due to transport anomalies associated with the

presence of El Nino conditions. While their argument is convincing, changes in flow

associated with EI Nino conditions are also accompanied with a rise in water temperature

that may also affect dispersal potential (refer to Fig. 1.4). Scheltema and Williams

(1982) examined the effect of temperature on development time of barnacle lwvae

(Balanus eburneus) from nauplii to cyprid stage. They show a decrease in Iwval stage

duration of almost 64% with an increase in temperature of 10°C. A 7°C difference in



nearshore temperatures between El Niiio and non-El Niiio years off California is not

unusual (Strub et al. 1991), and the wann temperarure during EI Niiio will have dramatic

consequences for dispersal of barnacle larvae and may interact with the transport effects

to produce the observed increases in recruitment.

Despite the physiological constraints on planktonic duration the ability to raft on floating

matter enables both fish and invertebrates a mechanism 10 prolong planktonic duration

beyond the larval period. The larvae of the ascidian, Borrylloides sp., swim for a short

time after release (minutes to an hour) before settling and metamorphosing (Worcester

1994). Because of this short planktonic period, long distance dispersal is dependent on

rafting on substrate (e.g., eel grass Zostera marina) that breaks off and drifts. Rafting

colonies generally can travel distances two orders of magnitude greater than by

swimming alone. (Worcester 1994), and rafting may therefore be an important

mechanism for the colonization of new habitat by some hard substrate benthic

invertebrates.

Rafting appears to be a rarity in larval fish perhaps because of the nature of the substrate

interaction (i.e., no physical attachment). In an examination of geographic distribution

and larval duration in damselfishes Wellington and Victor (1989) observed a link

between short planktonic duration and relatively small geographic ranges, with one

exception. The genus Abudefduf is widely distributed, yet possesses a short planktonic

period, perhaps because many species of this genus are capable of metamorphosing



while beneath floating debris and drifting for long periods (e.g., Gooding and Magnuson

1%7)

Locomotion and Dispersal

In terrestrial systems, animal distributions are most often equated with active mobili[)'

and locomotion. Plant seed dispersal may be a bener analogy to marine larvae, but eveo

in this case there is 00 behavior, growth or development during dispersal. In planktonic

organisms, understanding dispersal means understanding the hydrodynamics of the parcel

of water that cootains these organisms, as well as the contribution of active behavior.

Larval contributions to pattern fonnation can come from two sources. Active swimming

can significantly affect tnlIlSport, and prolonged competency periods (see previous

section) can also impact dispersal and retention.

For many organisms vertical movement may playa more significant role in transport.

Bakun (1994) suggests that the ocean be thought of as a series of stacked conveyor belts

moving in opposite directions. Simply by changing vertical position in the water column

and malcing use of various eurrents, horizontal dispersal can sometimes be controlled (sec

review by Dame and Allen 1996). The advantage of this strategy is that vertical currents

tend to be weaker than horizontal currents and a relatively weak swimmer has a greater

chance of regulating its tranSport through vertical movement than horizontal swimming.
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