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ABSTRACT

Title:
Oceanie Transport and Life History of the Tropical Western Atlantic 

Opossum Pipefish, Microphis brachyurus lineatus

Author:
Sarah Frias-Torres

Principle Advisor:
R. Grant Gilmore Jr., Ph.D.

The opossum pipefish, Microphis brachyurus lineatus, is a tropical migratory 

syngnathid. Adults live and breed in freshwater tributaries in specific emergent 

vegetative habitats. Juveniles associate with pelagic Sargassum in the tropical 

western Atlantic. Reproduction occurs during the wet season (May-November). 

Juvenile recruitment occurs during the dry season (December-April). The objective 

of this dissertation is to study the east Florida breeding population in the freshwater 

tributaries of the Indian River Lagoon and focus on: 1) Larval drift to the Gulf 

Stream and, 2) recruitment of pelagic juveniles from the Gulf Stream onto the 

freshwater breeding habitat.

Pouch released larvae face sharp salinity changes as they drift from 

freshwater tributaries to the ocean. Two hundred-fifty aquarium released larvae were 

transferred from freshwater (0 ppt) to mesohaline lagoon water (18 ppt) and then to

in



seawater (32 ppt) in two successive replicated experiments, over a two-week period. 

Survival was highest when larvae were transferred from 0 ppt to 18 ppt within 48 h. 

When transferred from 18 ppt to 32 ppt, larvae that remained at 18 ppt had the 

highest survival. Therefore, complete passage from freshwater to the ocean must 

occur at least 2 weeks after larval release. Hydrographic conditions capable of larval 

retention are explored using a 3-D numerical salinity model of the Indian River 

Lagoon.

Pelagic juveniles that recruit into the population must leave a strong western 

boundary current, the Gulf Stream, cross the continental shelf and reach an ocean 

inlet. Between 27° and 31° N, the Gulf Stream flows north parallel to the contour of 

the continental shelf edge. Gulf Stream filaments intrude onto the continental shelf. 

The recruitment hypothesis states that the mechanism of juvenile cross-shelf 

transport is a combination of Gulf Stream filaments and onshore wind-derived 

Ekman drift and Stokes drift. The sampling method included three years of daily sea 

surface temperature satellite images and buoy wind data. Results show: 1) onshore 

Ekman drift lags recruitment (dry) season, 2) warm filaments are always present and 

are not a limiting factor for the juveniles to enter shelf waters. To determine 

recruitment time, all data are combined in a numerical recruitment model. The time 

of cross-shelf transport for the study area predicted by the model is within the limits 

of a pelagic fish larva/juvenile lifespan.

IV



Spawning and recruitment times suggest that the marine phase ranges froml 

to nearly 12 months. Hypotheses have been put forth regarding juvenile oceanic 

transport. Ocean currents transport Sargassum and the associated pelagic juveniles in 

the tropical western Atlantic. The Caribbean, Loop and Antilles Current may 

distribute juveniles within the tropical areas, and as they converge into the Gulf 

Stream, juveniles are transported northward along the US seaboard. If the marine 

phase is a year or more, juveniles could also be transported eastward to Europe by 

entering the north Atlantic Gyre, and eventually return to American shores. The 

existence of alternate oceanic migration routes is also explored.
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CHAPTER 1 

Introduction

The concept of Evolutionary Stable Strategy (ESS) was defined by Maynard 

Smith (1982), one of its first proponents, as:

“a strategy such that, if all the members of a population adopt it, then no 

mutant strategy could invade under the influence o f natural selection

Futuyma (1998) adds that such strategy cannot be replaced by any other 

phenotype under the prevailing conditions, but if ecological conditions should 

change, they may determine a different optimal strategy or ESS.

According to Steams (1992), the combination of life history traits in any 

given species is an ESS, so life history traits are tied to natural selection, fitness, 

adaptation and constraint. He enumerates eight principal life history traits: 1) size at 

birth, 2) growth pattern, 3) age at maturity, 4) size at maturity, 5) number, size, and 

sex ratio of offspring, 6) age- and size-specific reproductive investments, 7) age- and 

size-specific mortality schedules and 8) length of life. These traits are bound together
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by numerous trade-offs such as: 1) current reproduction and survival, 2) current 

reproduction and future reproduction and 3) number, size and sex of offspring.

For example, many species reproduce repeatedly (iteroparity), whereas others 

reproduce only once, and then die (semelparity). Futuyma (1998) indicates that 

iteroparity is likely to be advantageous if juvenile mortality is high, adult mortality is 

low, and the population growth rate is low. Conversely, a semelparous life history is 

likely to evolve if the population growth rate is high (at least at times), juvenile 

survival is high, and adult survival is low (so the probability of surviving to 

reproduce a second time is low).

Historical Life History Model of the Opossum Pipefish

Syngnathidae (seahorses and pipefishes) are slender and elongated 

fishes, in the order Gasterosteiformes. Rigid dermal plates cover their bodies. The 

mouth is small, on a protruding snout. Spinous dorsal and pelvic fms are absent, and 

the other fms are either present or absent depending on the species. The tail ends in 

a caudal fin (pipefishes) or is prehensile without a caudal fin (seahorses). 

Syngnathidae are sexually dimorphic. Males incubate fertilized eggs under the trunk 

or tail. The eggs are either exposed or partially to completely covered by a well- 

defined brood pouch. The opossum pipefish, Microphis brachyurus lineatus,



(Fig. 1-1) is the only Atlantic pipefish with a pouch under the trunk 

(Doryrhamphine), while all other pipefishes have a pouch under the tail (Dawson, 

1982).

Ecological and fish faunal studies conducted throughout the tropical western 

Atlantic (Fig. 1-2) show a disjunctive distribution of the opossum pipefish, 

Microphis brachyurus lineatus (Gilmore & Hastings, 1983; Gilmore & Gilbert, 

1992). Brooding males have only been collected in freshwater and low salinity 

environments (Dawson, 1982). In east Florida, brooding males are found in 

tributaries of the Indian River Lagoon only during the wet season (May to 

November). Recently recruited juveniles and non-brooding adults have been 

collected during the dry season (December to May). Specimens are usually captured 

in association with very specific bank vegetation: smartweed Polygonum, and panic 

grasses, Panicum spp. (Gilmore, 1999).

The smallest juvenile opossum pipefish have been collected in association 

with floating Sargassum, in the Caribbean Sea and Atlantic Ocean or in nearshore 

waters (Bohlke and Chaplin, 1968; Gilmore and Hastings, 1983). The Sargassum 

algae complex is made of 80 % Sargassum natans, 10 % S.fluitans and 10 % 

detached sessile S.jllapendula.
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Figure 1-1. The opossum pipefish, Microphis brachyurus lineatus. A. Larva, 72 
hours after release. Total length 5.6 mm. Adapted from Gilmore (1977). B. Pelagic 
juvenile captured in the Atlantic Ocean on Pierce Shoal. Total Length 75 mm. 
Adapted from Gilmore (1999).

A

B
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Figure 1-2. Tropical western Atlantic distribution of the opossum pipefish, 
Microphis brachyurus lineatus, based on Dawson (1982). The distribution area has 
been superimposed to a sea surface temperature (SST) satellite image of the monthly 
average of January 1987 from SeaWiFS. Reds and oranges are warm temperatures, 
blues and purples are cold temperatures. Transparent arrows are major ocean 
currents. Solid gray arrow point at the Florida east Coast population. Adapted from 
Gilmore (1999).

Floating Sargassum serve as shelter and a source of food for fishes and 

invertebrates in the open ocean (Dooley, 1972). In fact, open ocean collections of 

small metazoan plankton (64 pm or less) in Sargassum areas, from 0 to 100 m deep,
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are as high as 1,100 individuals / m3, while such metazoan plankton was absent or in 

very low concentrations in adjacent Sargas sum-free areas. Such metazoan plankton 

provide a very important food source for fish larvae and juveniles. The high 

concentrations are similar to mean concentrations found in the same depth range of 

the California Current, an area known as very productive for larval fish development 

(Bottger, 1982).

Coastal current patterns and ambient coastal winter temperatures have been 

identified as factors that prevent the existence of permanent breeding populations 

along the west Florida coast, the northern Gulf of Mexico and north of 28°N on the 

Atlantic U.S. coast. The only permanent breeding population in the U.S. is found in 

three rivers systems of east Florida (Fig. 1-3) (Gilmore and Hastings, 1983).

Figure 1-3. Florida river systems with permanent opossum pipefish populations.



Based on adult and juvenile collections, the opossum pipefish should be 

classified as anadromous: they breed in freshwater, migrate to the ocean where most 

of the growth occurs (70 to 95 %), and return to freshwater streams to complete 

growth and reproduce. In that sense, the opossum pipefish has a salmon-like 

migratory life history.

Oceanographic Processes in the Study Area

The study area is focused in one section of the opossum pipefish distribution 

area: the Gulf Stream from 27°N to 31°N and the adjacent coastal zone (Fig. 1-2). 

The Florida current (the section of the Gulf Stream south and east of the Florida 

Peninsula) and adjacent continental shelf waters have a very complex and dynamic 

oceanography. There are three major oceanographic processes: (1) Florida Current 

warm filaments and frontal eddies; (2) onshore Ekman drift; (3) alongshore coastal 

currents. Such processes could be responsible for the transport of oceanic juveniles 

from the Florida Current onto the inlets of the Indian River Lagoon and the 

subsequent recruitment of the juveniles onto the freshwater tributaries.

Florida Current Warm Filaments and Frontal Eddies

The Florida Current flows north parallel to the contour of the continental 

shelf edge, roughly the path marked by the 80°W meridian. The continental shelf 

widens in a south to north direction, as the Florida coastline angles to the north-



northwest. In a series of hydrographic studies, Stommel (1960) defined the Gulf 

Stream front, situated at the western edge of the Gulf Stream (or closest to the 

coastline), to account for the pronounced pressure gradient found in vertical profiles. 

Additional surface studies of the frontal area reported a series of overlapping thermal 

segments (Von Arx et al., 1955), and of skewed wave motions (Webster, 1961), and 

spin-off eddies with cyclonic rotation and a cold core (Lee, 1975).

Under the present terminology, frontal disturbances are any kind of structure 

that deviate the Gulf Stream front from a straight line (Lee and Brooks, 1979; Lee et 

al., 1981). These frontal disturbances are meanders and warm filaments. Meanders 

are wavelike frontal disturbances. Warm filaments are meanders that intrude deeply 

into the continental shelf and are still connected to the Gulf Stream only on one side 

(Miller and Lee, 1995). Therefore, meanders and warm filaments are the “wave 

motions” and the “shingles” observed by Webster (1961) and by Von Arx et al. 

(1955) respectively. Spin-off eddies should be called frontal eddies, because they 

may never become completely detached from the Gulf Stream as warm-core rings 

and cold-core rings of northern latitudes do (Lee et al., 1981). Recent satellite and 

hydrographic studies have determined that the most common state in the Gulf Stream 

is one of strong frontal disturbance, with meanders; frontal eddies and warm 

filaments over most of its path (Miller and Lee, 1995).
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Onshore Ekman Drift

When the wind blows along the surface of the ocean it causes surface 

currents and waves. Surface waters do not follow the wind direction, rather they are 

deflected 45° to the right (northern hemisphere) or 45° to the left (southern 

hemisphere) of the wind direction. Seasonal wind patterns influence the mean 

circulation on the inner shelf. Monthly averaged wind patterns in the Southeastern 

United States are due to the relocation of the centers of the Bermuda-Azores High 

and the Icelandic Low (Blanton et al., 1985). For example, in winter months 

(November-February), winds are dominated by the passage of cold fronts at intervals 

of 2 to 10 days. The winds are in an offshore direction gradually shifting toward a 

more southern direction (Weber & Blanton, 1980).

Alongshore Continental Shelf Currents

At the inner shelf, there is a weak (<5 cm/s) mean southward flow inside the 

15-m isobath this flow is easily reversed by alongshelf wind stress (Blanton et al., 

1989). Tidal currents are an important mixing process that affects transport of 

materials (Blanton, 1981, 1986). About 90 % of the kinetic energy on the inner shelf 

is due to the M2 tidal currents (Pietrafesa et al., 1985). Currents in mid and outer 

shelves are variable due to a combination of tides, winds and Gulf Stream forcing. 

Semidiurnal tidal currents dominate cross-shelf current variability. Gulf Stream 

meanders and eddy events on 2- to 14-day time scales dominate alongshore-current
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variability. Alongshelf winds generate cross shelf transport in the surface and lower 

layers that accelerate alongshore currents and cause the sea level to rise and fall at 

the coast. Alongshore flow events lag wind events by 6 to 12 hours. The mean 

alongshore volume transport from the coast to the shelfbreak (75 m) is northward in 

the winter, spring and summer (~ 200 x 103 m3/s) and southward in fall (~ 300 x 103 

m3/s). The residence time of water on the shelf is about 3 months (Lee and Atkinson, 

1983; Lee et al., 1984; Lee et al., 1989; Lee and Pietrafesa, 1987; Atkinson et al., 

1983; Atkinson et al., 1978; Blanton and Pietrafesa, 1978; Pietrafesa et al., 1985).

Inlet Passage

To reach the adult habitat in the freshwater tributaries, oceanic juveniles have 

to enter the Indian River Lagoon through an inlet. The Indian River Lagoon is a 

shallow bar-built estuary that extends over 273 km along the Atlantic coast of 

Florida (Gilmore, 1998). Irregularly spaced inlets restrict the exchange of water 

between the Indian River Lagoon and the adjacent Atlantic Ocean. Moderate winds 

can produce top-to-bottom water mixing (Smith, 1983b). Tidal amplitudes in the 

lagoon range from 0 to 15 cm, and are larger in the vicinity of inlets (Smith, 1990).

There are three inlets in the southern half of the Indian River Lagoon all with 

different tidal volume transport: Sebastian, Fort Pierce and St. Lucie Inlets. On an 

average tidal cycle, about 39 million m3 of water enter and leave the lagoon (Smith,



1992). Fort Pierce inlet, the largest inlet, transports about 50 %; Sebastian Inlet, 30 

% and St. Lucie Inlet 20 %. The along-axis component of the wind stress over the 

lagoon reverses seasonally. Due to the seasonal scale forcing, Sebastian Inlet 

becomes flood dominant from late fall through early spring (dry season), then ebb- 

dominant during the rest of the year (wet season) (Smith, 2001).

Comparative Value of Oceanographic Transport to the 

Opossum Pipefish

To study the effect of ocean currents on larval fish transport, the point of 

larval release and of juvenile recruitment must be known. The problem in most larval 

studies of this type is that both release and recruitment areas are either unknown or 

diffuse, i.e. the species under study spawns and recruits over a broad area of many 

possible appropriate habitats. For example, data analysis on five years of larval fish 

collections in the Gulf of Mexico (Richards et al., 1984; Kelley et ah, 1985, 1990, 

1992) show the most abundant pelagic fish larvae are the Engraulidae and Gobiidae. 

But an accurate prediction on how ocean currents affect their larval transport is 

difficult, since all species within these families can spawn and recruit over many 

habitats throughout a broad distribution area. In contrast, the Gulf pipefish 

Syngnathus scovelli, the most abundant regional svngnathid, does not have a pelagic 

larval/juvenile stage.
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The greatest advantage in using_the opossum pipefish to study the 

oceanographic influence in larval transport is that larval release and juvenile 

settlement habitats are very specific, and therefore can be isolated for study. In other 

words, the origin of the larvae is known, the destination of the juveniles is known, 

and the path of the ocean currents from release to destination is known. All we need 

is to determine the mechanisms governing larval emigration (howjarvae enter the 

ocean current system) and juvenile immigration (how juveniles leave the current 

system).

Previous research on oceanographic drifters is useful in understanding fish 

and invertebrate larval transport, and therefore, the potential mechanisms responsible 

for opossum pipefish juvenile recruitment. In a study of satellite-tracked drifting 

buoys and drift cards, Maul and Bravo (1989) reported effective transport from the 

Gulf Stream to a Florida inlet. Buoys deployed in the Gulf of Mexico came ashore 

near St. Lucie Inlet. They established the possibility of Gulf Stream onshore 

transport along the Florida Atlantic coast, both north and south of Cape Canaveral, 

especially in autumn.

Larval fish distributions and spawning sites have been correlated with 

oceanographic conditions. During a study of Gulf Stream meanders or filaments 

detected by sea surface temperature satellite images from 32° to 36° N, Stegmann
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and Yoder (1996) correlated meander events with onshore or offshore spawning 

location of the Atlantic menhaden, Brevoortia tyrannus. Spawning was onshore 

during meander and filament events, when such Gulf Stream frontal structures 

intruded onto the continental shelf. Spawning was offshore when meanders where 

absent.

Biological oceanographic studies on blue crab larvae ( sapidus)

have tried to identify mechanisms that will transport the larvae from the inner shelf 

(i.e. after detrainment from a major current or mesoscale structure) to an estuary. In a 

recent symposium on blue crab larval recruitment in the Mid Atlantic Bight (MAB), 

there was no agreement on the mechanisms responsible for transport of megalopae 

into the estuaries. Suggested mechanisms were southward blowing winds (Epifanio, 

1995), downwelling favorable winds (Blanton et al. 1995), westward winds and 

spring tides (Olmi, 1995) or winds not having any effect on larval recruitment 

(Johnson, 1995).

The American Eel, Anguilla rostrata, is catadromous, but its larvae 

(leptocephali) have ecological requirements similar to pelagic juvenile M. 

brachyurus lineatus because they are also pelagic, drift in the ocean currents and at 

some point have to leave the Gulf Stream to start their immigration into an estuary 

along the US Eastern seaboard. Studies on A. rostrata conclude that most
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leptocephali enter the Gulf Stream system directly from the Sargasso Sea and they 

drift into the system so the juveniles are distributed all along the eastern seaboard. 

However, no mechanism of immigration from the Gulf Stream has vet been 

suggested (Kleckner and McCleave, 1982; McCleave and Kleckner, 1987).

Dissertation Objective and Hypotheses

What are the constraints and trade-offs for a migratory fish? What is the 

significance of a pelagic larval phase that depends on ocean currents to complete a 

migratory route? If we look at the fish migration routes already known, we see that 

many are quite in synchrony making use of ocean currents, even when the current 

speeds are relatively low compared with the swimming speed of the fish (Bakun, 

1996).

The ocean currents present in the tropical western Atlantic may explain the 

migration path taken by opossum pipefish juveniles as they drift in association with 

pelagic Sargassum (Fig. 1-2). The major problem in understanding the opossum 

pipefish life history strategy is to identify how juveniles, with limited swimming 

abilities, can reach coastal waters and eventually recruit into freshwater

environments.
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Mortality in early life history stages (larvae and juveniles) of the opossum 

pipefish is expected to be high, due to its migratory life history and the physiological 

costs of crossing the freshwater-seawater barrier. Therefore, the production of a large 

number of offspring must be favored by natural selection. Since opossum pipefish 

are associated with very specific bank vegetation in their freshwater reproductive 

habitat, competition for space may be strong. Is iteroparity present due to the 

combination of high juvenile mortality and adult competition? Conversely, What is 

the advantage of a migratory life history? The opossum pipefish uses oceanographic 

features (currents, eddies, filaments) to disperse juveniles over a wide ocean area, 

with no energy cost associated with swimming large distances, and it has many 

opportunities to recruit into freshwater habitats. In this way, the opossum pipefish 

has evolved with an apparent strategy to exploit the ocean realm to disperse, 

replenish existing populations and to colonize new settlement sites.

The objective of the dissertation is to study the life history strategy of the 

migratory opossum pipefish, Microphis brac lineatus, with emphasis on the 

transport of pelagic larvae and juveniles by oceanographic processes. The two main 

working hypotheses are:

The opossum pipefish uses physical oceanographic conditions for  

distribution to settlement sites over a broad oceanographic realm, based on
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predictable local oceanographic and climatic phenomena such as meanders, 

warm filaments, and Ekman drift.

Local hydrographic (salinity regime, flow rates) and habitat conditions 

(vegetation type) dictate successful settlement, reproduction and larval 

transport.

These hypotheses will be addressed by examining all major collections of the 

opossum pipefish made to date, making additional collections, conducting larval 

survival experiments under various hydrological conditions and relating all of the 

distribution and larval survival data to freshwater, estuarine, coastal and oceanic 

hydrological/oceanographic models of the region.

The remainder of this dissertation is divided in three chapters. Chapter 2 

deals with the life history of the opossum pipefish. The main objective of this chapter 

is to define the life history model for the species and basic biological characteristics 

that will help in understanding the requirements and limitations of its migratory life 

history.
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Chapter 3 deals with the oceanographic mechanisms responsible for opossum 

pipefish transport, dispersal and recruitment. It also includes a numerical model that 

incorporates both the oceanographic and biological interactions.

Finally, chapter 4 provides an ecological and evolutionary interpretation of 

the opossum pipefish migratory life history.
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CHAPTER 2

Life History of the Opossum Pipefish

Introduction

The objectives of this chapter are to: 1) compare the morphology, size at 

sexual maturity, and male brood size of opossum pipefish from several sites in the 

tropical western Atlantic, 2) Present underwater observations of pipefish behavior in 

San Sebastian River, 3) Describe aquarium keeping techniques, 4) Describe larval 

release, 5) Determine larval salinity tolerance, 6) Describe captive larval behavior 

and 7) Integrate salinity tolerance and larval behavior into an already existing 

circulation model of the Indian River Lagoon, so the residence time of larvae in the 

lagoon and eventual release into the ocean can be studied to understand the early life 

history of the opossum pipefish. Historical (before 1999) opossum pipefish 

collections taken at different locations over the tropical western Atlantic are 

analyzed. Emphasis is placed on the number of individuals of each sex, standard 

length, minimum male length at which a distinctive pouch appears, and minimum 

male length at which fertilized eggs are carried in the pouch. Then, recent 

collections (2000) in San Sebastian River, and underwater observations are
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presented, followed by notes on the aquarium maintenance of adults and breeding 

pairs. Larval release, larval salinity tolerance and larval behavior are investigated in 

relation to the hydrography of the San Sebastian River and the Indian River Lagoon. 

Since pouch-released larvae face sharp salinity changes as they drift from their point 

of release in freshwater to the Atlantic Ocean, the proposed hypothesis is that the 

speed at which this transfer occurs is critical for larval survival.

The migratory life history of the opossum pipefish starts with the larval 

release in a freshwater habitat during the wet season. Pouch-released larvae are 

carried downstream to the estuary reach the estuary and then apparently through the 

ebb tide, reach the coastal ocean. At some point, they may be carried past the shelf 

edge environment into the major coastal currents and associate with pelagic 

Sargassum. They spend an unknown period of time drifting in tropical western 

Atlantic currents while in association with Sargassum. They carry out most of their 

growth within Sargassum communities. Eventually, juveniles recruit into estuarine 

waters during the dry season making use of a combination of warm filaments and 

onshore Ekman drift. Once in estuarine waters, they make their way upstream until 

they reach low salinity habitats. In the riverine system, they complete their growth 

until they reach sexual maturity, find a mate and start reproducing.
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The Freshwater and Estuarine Phases

Historical Collections

Methodology- The analysis of historical opossum pipefish collections included 393 

specimens from two different museum collections: 1. The Gilmore collection at 

Harbor Branch Oceanographic Institution (Ft. Pierce, Florida) of 210 specimens 

collected at the Indian River Lagoon freshwater tributaries from 1955 to 1983; 2.

The Dawson collection at the Gulf Coast Research Laboratory (Biloxi, Mississippi) 

of 183 specimens collected at various locations in the Caribbean Sea and Gulf of 

Mexico, from 1961 to 1978 (Fig. 2-1). Although individuals at ichthyological 

collections are adequately classified, the author decided it was appropriate to design 

an identification key for use in both the laboratory and the field (Appendix, Fig. A2- 

1). The key is mainly based on the lateral ridge patterns as described by Dawson 

(1982). Syngnathidae (pipefishes and seahorses) are covered by a series of dennal 

plates that present distinct “sutures” or ridges for each genus. The lateral ridge 

pattern is easy to see in both preserved and live specimens. To view the ridges, one 

side of the specimen should be blotted dry, and under natural or artificial light, rotate 

the specimen slowly until the ridges become apparent. The identification of adult 

males is immediate because Microphis brachyurus lineatus is the only pipefish
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Figure 2-1. Sampling location, years collected (in brackets) and number of 
individuals (n) of historical opossum pipefish collections analyzed at the Gulf Coast 
Research Laboratory, MS (Dawson Collection) and the Harbor Branch 
Oceanographic Institution, FL (Gilmore Collection).
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with a pouch under the trunk (Doryrhamphine), while all other western Atlantic 

genera have the pouch under the tail. However, females and juveniles need further 

identification.

In the historical collections, each specimen was sexed by external characters: 

the presence of a pouch indicates a male; the absence of a pouch indicates either a 

juvenile or a female. Juveniles have distinctive “spiny” ridges. Specimens were also 

measured for standard length, pouch length, number of eggs, and embryo
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development. The definition of Standard Length (SL) in pipefishes followed 

Dawson (1982):

“Straight line distance from tip of lower jaw (mouth closed) to articular base 

of median caudal-fin rays”.

The presence or absence of specimens at different times of the year was used 

to determine adult breeding and juvenile recruitment seasons.

Results- The smallest size at which males have a distinctive pouch is 105 mm 

Standard Length (SL). The smallest male observed carrying a brood of fertilized 

eggs was 118 mm SL (Table 2-1). Therefore, in all subsequent analysis, specimens 

with no distinctive pouch and SL of less than 105 mm are considered juveniles.
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Table 2-1. Minimum Standard Length (SL) of males with developed pouch 
(w/pouch) and carrying fertilized eggs (w/eggs). Order of sampling sites follows 
Figure 2 anticlockwise.

Minimum Male SLmm
Location N total N males W/ Pouch W/ Eggs
East Florida 210

Sebastian River 198 24 110 135
St. Lucie Co. 6 1 110
Loxahatchee River 4 1 105
Atlantic Ocean 2 0

Biloxi, MS 64 18 105 131
Mexico 14 4 106 153
Honduras 4 0
Nicaragua 2 0
Panama 40 1 106
Colombia 12 0
Venezuela 2 0
Puerto Rico 1 1 119

The sites with the largest collections are Biloxi, MS (n = 64) and the 

Sebastian River, east Florida (n = 198). When all specimens collected for those sites 

are plotted against the month of the year, it is observed that in Biloxi, no specimens 

were found from November to April during the period 1961 to 1975, although 

fieldwork continued year-round. But in Sebastian River, East Florida, specimens are 

found year round, during the period 1955 to 1983 (Fig. 2-2 and Table 2-2). However, 

the monthly abundance of males, females and juveniles is not constant from year to 

year and from one month to another at both sites (Appendix, Fig A2-2 and Fig. A2- 

3). Figure 2-3 shows the range of SL found in males, females and juveniles from the 

USA (east Florida, Biloxi), Mexico and Panama.
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Figure 2-2. Opossum pipefish standard length distribution at Biloxi, MS and east 
Florida historical collections. Compare with Table 2-2.

Biloxi

□  Males □  Females ■  Juveniles

East Florida

□  Males □  Females ■  Juveniles
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Table 2-2. Opossum pipefish Standard Length (mm) in Biloxi, MS (n total = 64), and 
east Florida (n total = 210) historical collections. Stdv = standard deviation, n= 
number of individuals.

Biloxi, MS, collections (1961-1975)

________ Males ____________ Females_______________Juveniles
___________ Mean Stdev N Mean Stdev N Mean Stdev N
January
February
March
April
May 123 0 1 94 0 1 84 0 1
June 137.4 6.6 9 133.4 7.3 15 100 0 1
July 152 11.3 2 130.7 20.6 6 97 9.9 2
August 149 22.4 6 140 19.4 5 92 0 1
September 141.9 13.4 9 154.3 2.1 3
October 163.5 14.8 2
November
December

East Florida collections (1955-1983)

Males Females Juveniles
Mean Stdev N Mean Stdev N Mean Stdev N

January 183 0 1 122.7 12.2 7 84.7 12.9 18
February 130.2 17.0 6 124.8 26.2 3 94.2 8.2 5
March 111 0 1 118 7.3 5 87.0 8.7 24
April 119.3 16.7 3 91.7 10.2 10
May 144 27.1 3 120.1 13.2 11 75.8 10.0 5
June 110 0 1 113.5 2.1 2 84 1.4 2
July 139.3 21.9 4 144.3 17.8 7 91 4.2 2
August 164 7.2 3 151 0 1 72.8 3.0 2
September 139 0 1 102 0 1
October 67.3 12.1 3
November 132.8 22.1 6 130.9 29.4 8 87.4 7.8 27
December 105 0 1 130.7 33.2 3 82.6 10.2 34
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Figure 2-3. Mean standard length at four geographic locations. Bars are standard 
error (SE).

USA, East Florida, n = 86 •  USA, Biloxi, n = 64 O
Mexico. Veracruz, n = 14 ■ Panama, Atlantic, n = 40 □

Further analysis of the Sebastian River historical collections reveals that, in 

males, the pouch length increases with the SL (R2 = 0.95, P<0.001) (Fig. 2-4). The 

trunk is wider in females than in males, and in both sexes, it increases with 

increasing SL (R2 = 0.74 to 0.79, PO.OOl) (Fig. 2-5). The number of eggs carried by 

each male seems to increase with the SL of the male (Fig. 2-6). In a total of 9 males 

with a full pouch, the average number of eggs was 539.6 eggs (stdev = 130.9). When 

only the males with a pouch full of eggs are plotted, there is a trend of larger males 

carrying more eggs than smaller males (Figure 2-7).
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Figure 2-4. Linear regression of pouch length versus standard length for males from 
San Sebastian River. Dashed lines are 95 % confidence limits. Dotted lines are 95 % 
prediction limits. Rsq = R .

SL (mm)

ANOVA alpha = 0.05
Source DF SS MS F P
Regression 1 3218.55 3218.55 480.35 < 0.001
Residual 22 147.41 6.7
Total 23 3365.96 146.34
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Figure 2-5. Linear regression of trunk height versus standard length for males and 
females of San Sebastian River. A sub-sample of 25 females was used. Dashed lines 
are 95 % confidence limits. Dotted lines are 95 % prediction limits. Notice changes 
in the Y-axis scales. Rsq = R2.

Males

ANOVA alpha = 0.05
Source DF SS MS F P
Regression 1 14.78 14.78 64.31 < 0.001
Residual 22 5.05 0.23
Total 23 19.83 0.86

Females
12 -i------------------------------------------- ------------

H = -5.128 + 0.0793 x SL 
Rsq = 0.79; n = 25

© ©€*> ©
2 -

100 110 120 130 140 150 160 170 180

SL (mm)
ANOVA alpha = 0.05
Source DF SS MS F P
Regression 1 76.93 76.93 86.27 < 0.001
Residual 23 20.51 0.89
Total 24 97.44 4.06
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Figure 2-6. Number of pouch eggs in relation to male SL found in each museum 
collection.
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Figure 2-7. Trend found in museum specimens when only males with a pouch full of 
eggs are plotted.
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Unlike other pipefish species, in the opossum pipefish, fleshy flaps do not 

cover the male pouch; therefore a direct observation of the fertilized eggs is possible. 

When observed under a dissecting microscope (x20), different stages of embryo 

development were found in different brooding males. Based on the museum 

specimens, a sequence of embryo development was established (Table 2-3). Heads of 

embryos sharing the same pouch were oriented in different directions in relation to

each other.
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Table 2-3. Sequence of embryo development based on brooding males observed in 
the Gilmore and Dawson collection.

Sequence Development
stage

Description

1 Yolk phase Eggs have a white to yellow yolk, no embryo is visible
2 White filament 

phase
A yolk is covered by an embryo with the appearance of 
a white filament

3 Brown eye 
phase

The embryo is white and has brown eyes. No visible 
melanophors

4 Pre-hatch
embryo

Well-developed embryo with black pigmentation: black 
eyes and black melanophors.

Discussion- Historical collections were beneficial in that they allowed the 

determination of: 1) the minimum male SL with a developed pouch, 2) the presence 

of a temporal population in Biloxi versus a permanent population in east Florida, 3) 

the pouch size is proportional to male SL and 4) female trunks are wider than male 

trunks.

The smallest size at which a male had a developed pouch was 105 mm SL. 

The smallest male carrying fertilized eggs was 135 mm SL. Therefore, when using 

external sexual characters, opossum pipefish specimens of less than 105 mm SL 

should be considered juveniles, and if larger but with no distinctive pouch 

developed, should be considered females.
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Teleost fish have indeterminate growth: they grow during their whole life, 

although at a progressively slower rate (Pitcher and Hart, 1982). Therefore size is a 

good indicator of age: larger individuals are older than smaller ones. However, this is 

not always the case. Scarce food resources or harsh environmental conditions may 

reduce the growth rate, so two teleost fishes of a given species may measure the 

same but may be of different age. The problem of age determination in pipefishes is 

further explored in chapter 4.

In Biloxi, there were no specimens found from November to April, whereas 

in east Florida, specimens are found year round. The most important difference 

between both sites is the presence of ocean currents that influence winter 

temperatures. In a study of the Indian River Lagoon ichthyofauna diversity, Gilmore 

(1995) indicates that the presence of the Florida Current along the Florida east coast 

and its absence in the Florida Gulf coast during the period of minimum winter 

temperatures, causes the 20°C winter-time isotherm to intersect the Florida Gulf 

coast at 25°20’ N but the same isotherm intersects the Florida east coast at 27° 50’ N. 

So a tropical aquatic environment and its associated fish fauna will occur in coastal 

habitats at slightly higher latitudes (up to 28° 00’ N) on the east coast than on the

west coast.
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Similarly, in sea surface temperature (SST) satellite images from the 

Advanced Very High Resolution Radiometer (AVHRR) on board NOAA weather 

satellites, the northern Gulf of Mexico shows a marked decrease in surface water 

temperatures during the winter months. The Loop Current is not always present close 

to the Biloxi opossum pipefish population, and it cannot act as a buffer to cooling 

winter temperatures. Rather, the Loop Current and its associated eddies influence the 

Biloxi population in a different way, which is explored in Chapter 4. Therefore, 

when winter cooling occurs, the Biloxi population dies, while the Florida east coast 

population in the tributaries of the Indian River Lagoon survive year-round.

Groundwater seepage has also been identified as a factor in providing a warm 

temperature refugia for tropical fish populations during winter time in the Indian 

River Lagoon and its freshwater tributaries (Gilmore et al. 1978). In fact, Kim 

(2001) reports that there are several layers in the Florida Aquifer that contribute to 

groundwater seepage, and the average seepage rate is 0.12 m/day in the central 

Indian River Lagoon.

Male pouch size was directly proportional to SL, and larger males had more 

space in their pouch to receive fertilized eggs (Fig. 2-7). Therefore, larger males 

have increased reproductive capacity than smaller males. In teleost fish, due to 

indeterminate growth, the number of eggs produced per individual (fecundity)



34

increases with age. This is not the case for mammals and birds (Pitcher and Hart, 

1982). Indeed, the number of pouch eggs increases with the size of the male in 

Syngathus scovelli (Dawson, 1982), in S.floridae (Brow, 1972) and the number of 

eggs in ovaries of females and number of developing young in brood pouch of males 

increases with adult size in Hippocampus zo and H. erectus (Vari, 1982).

Female trunks were wider than male trunks. In both sexes trunk width 

increases with increasing SL. In aquarium specimens, it was observed that female 

trunks appeared slightly swollen a few days prior to egg transfer. Swelling could be 

explained by the oocyte maturation process that occurs before mating. However, 

histological analysis of female and male gonads is necessary to confirm the timing of 

the maturation process. The different directions in which embryos were oriented 

suggested that embryos move or rotate while they are in the paternal pouch. This was 

confirmed after observing live brooding males (see section 4).

The historical collections helped to determine basic characteristics related to 

sexual dimorphism and reproduction. New specimens in the study area were 

collected to compare to the historical collections.
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Recent San Sebastian River collections

Methodology- The objective for this collection was to record the length distribution 

and abundance of opossum pipefish, to determine how they related to the historical 

collections, and to collect breeding pairs (male, female) that could be kept in aquaria 

for behavioral adult and larval studies. Two types of sampling gear were used: a 10 

m seine net with a 5 mm mesh size and a 30 x 40 cm square dipnet with an outer net 

of 4 mm mesh size and an inner net of 0.5 mm mesh size. Sampling of opossum 

pipefish in Fellsmere Canal (Fig. 2-8) was targeted to areas with underwater bank 

vegetation and Panicum sp. As Table 2-4 shows, some days were more successful 

than others. At the collection sites the depth ranged from 1 to 1.5 m, surface and 

bottom salinities were close to freshwater conditions with 0.8 ppt (SE 0.2); surface 

temperature was 27.6° C (SE 0.6) and bottom temperature was 27.8° C (SE 0.5); 

surface dissolved oxygen was 4.8 mg/L (SE 0.3) and bottom dissolved oxygen was 

4.2 mg/L (SE 0.5). Salinity, temperature and dissolved oxygen were measured with a 

YSI digital sensor (Appendix, A2-1).

During the May 2000 Fellsmere Canal sampling, opossum pipefish were 

recorded in the wild, using a Hi-8 video camera in an underwater housing and 

snorkel gear. A total of 4 hours of film were obtained over two days of filming.
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Figure 2-8. USGS map of San Sebastian River showing principal populations 
of opossum pipefish (open circles), and the location of the Fellsmere Canal where 
recent (year 2000) collections occurred. Adapted from Gilmore (1999).
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Panicum and water were collected to establish aquaria in the laboratory for 

observational studies. Once in the laboratory, all pipefish were measured to the 

nearest millimeter. Adult male-female pairs and brooding males were transferred to 

aquaria. Non-brooding males, solitary females and juveniles were put in a plastic bag 

with water and frozen for future genetic analysis.

A total of three 50-liter glass aquaria were set up in a controlled light and 

temperature room. Aquaria were filled with water from Fellsmere canal (salinity 0.7 

ppt), fitted with standard undergravel filters (white and brown gravel) and air pumps. 

Several stems of Panicum were kept at the surface and half submerged. Water and 

air temperature were kept at a constant 25° C. Illumination came exclusively from 

automatic fluorescent lights set on a 13:11 light:dark cycle.

Preliminary research was done to determine what kind of food is adequate to 

maintain captive opossum pipefish. From previous experience with aquarium 

keeping on the pipefish Syngnathus scovelli and the seahorse Hippocampus reidi, I 

knew that captive Syngnathidae are extremely difficult to take care of. They only eat 

live prey, although some species ( Syngnathussp.) can be trained to eat frozen or 

dried food pellets. The common staple food is live brine shrimp ( salina),

but they are of poor nutritious value, and only a short-term solution.
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Garrick-Maidment (1997) provides a detailed description of the difficulties of 

seahorse and pipefish aquarium keeping.

The only available information of opossum pipefish nutrition comes from the 

southeastern Brazil population. Teixeira and Perrone (1998) analyzed the gut 

contents of 109 opossum pipefish and found that the most abundant prey were insect 

larvae, followed by juvenile fish (Gerreidae) and small crustaceans. To compare 

Teixeira and Perrone’s results, to the feeding of Florida opossum pipefish kept in 

aquaria, I systematically presented them with a variety of foods (one at a time) and 

recorded their reaction over a 1-hour observation period (Table 2-4).

Table 2-4. Food offered to opossum pipefish in aquaria. One type was offered at a 
time. Preys are in order of increasing size. Food was either accepted (A) or rejected 
(R).

Opossum pipefish
Food Juveniles Adults
Live food  
Artemia adults R A
Amphipods R R
Glass shrimp R R
Guppies:

Fry R A
Juveniles R A
Small adults R A

Dry food  
Artemia R R
Amphipods R R
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Results- From March to July 2000, a total of 114 opossum pipefish were collected in 

Fellsmere canal: 37 males, 46 females and 31 juveniles. The smallest male with a 

completely developed pouch was 107 mm SL, collected on April 8. However, on 

April 8, a specimen of only 96 mm SL had some indication of pouch plate 

development. Since the pouch was not completely developed, it was classified as 

juvenile. The smallest male with a brood of fertilized eggs was 120 mm SL (Table 2- 

5). Brooding males were collected on May 7 (173 mm SL), May 11 (165 mm SL) 

and May 19 (120, 125, 125 mm SL) (Appendix, Tables A2-1 through A2-4).

Table 2-5. Opossum pipefish Standard Length (mm) collected in Fellsmere Canal, 
Sebastian River, Florida (n total = 114). Stdv = standard deviation, n= number of 
individuals.

Year 2000 Males Females Juveniles
Mean Stdev N Mean Stdev N Mean Stdev N

March 179.5 10.7 4 149.5 24.3 4 93.9 8.8 11
April 132.1 27.6 12 120.6 22.6 22 98.1 4.9 14
May 129.8 14.6 20 134.4 24.5 16 96.0 10.2 5
June 113.7 7.2 4 105 0 1
July 135 0 1

Total 37 Total 4 6 Total 31

Figure 2-9 shows a length-frequency plot for the Fellsmere canal collection. 

This is a powerful analysis technique used in fisheries management, and it helps in 

determining different cohorts (groups of fishes that have a similar age). All data on 

SL were classified in 5 mm class intervals. Juveniles show a strong mode (most 

frequent SL) at 100 mm (98-102 mm interval). Females have a strong mode at 110
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mm (108-112 mm interval) and a secondary peak at 135 mm (133-137 mm interval). 

Males have a strong mode at 125 mm (123-127 mm interval)

Fig. 2-9. Length-Frequency distribution in the Fellsmere Canal, Year 2000.

□  Juveniles ■  Males □  Females

The best prey for captive adult opossum pipefish are commercially available 

guppies (fry, juveniles and small adults) and small glass shrimp. Guppies ( 

spp.) are livebearers or viviparous (Poeciliidae). Both guppies and glass shrimp not 

only offer a good nutritious package by themselves, but they can also act as a good 

method to offer other supplements to pipefish, by feeding the guppies and shrimp



41

vitamin enriched flakes, that are then passed to the pipefish. Juveniles were more 

difficult to feed since they rejected all types of prey.

The captive opossum pipefish spent most of their time in the submerged 

vegetation, close to the bottom in a diagonal head-up position, or slowly cruising the 

aquarium. Their movements resemble a twig that slowly drifts in the current, or a 

stem that is part of a submersed plant. They achieve this controlled form of 

locomotion by undulations of the dorsal fin, while the pectoral fins are used for side- 

to-side movement. The caudal fin is mostly used as a breaking mechanism: it 

remains closed at the slow cruising speed, and it opens when the fish suddenly stops. 

The most active part of the day was during feeding time (scheduled at noon, and 4:00 

pm), when the pipefish actively pursued prey. When disturbed, the pipefish will 

suddenly curve their bodies and swiftly move from one side of the aquarium to the 

other. This escape technique was also used by individuals caught in the seine and 

dipnet, which made collecting a challenging activity.

Discussion- Recent Fellsmere Canal collections allowed the determination of: (1) a 

transitional period between juvenile stage and developed pouch stage in males; (2) 

most juveniles being close to the critical size of male/female differentiation by 

external sexual characters; (3) most males mating with females that are larger or 

smaller than they are.



42

Since males do not have a completely developed pouch until they reach 105 

mm SL, the developing pouch plates in the 96 mm SL male indicate that, at least in 

males, there is a transition period between the juvenile stage (no differentiated 

external sexual characters) and the male stage (with a fully developed pouch). In this 

population, the transition period may comprise a SL range between 96 mm and 105 

mm.

In fisheries management, the length frequency distribution of a fish of a given 

year-class (age) resembles a normal distribution about some mean length. This is 

because not all individuals of the same species grow at the same rate. In a 

commercial catch, a length-frequency distribution may indicate a multimodal 

distribution, with multiple normal distributions over a range of size classes, 

representing different year-classes (Gulland and Rosenberg, 1992). Most fisheries 

managers use commercial catch data of several moths and years to plot length- 

frequency distributions and, through complex mathematical models, determine the 

age composition and fertility of a fish stock. Such detailed stock determinations are 

beyond the scope of this dissertation. Detailed descriptions of length-frequency 

distribution analysis for fisheries stock management are provided by Gulland (1983), 

and Gulland and Rosenberg (1992).
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For the threatened opossum pipefish, there is no commercial fishery on the 

species, so there are few data available on size over long periods of time at a specific 

sampling location. The Fellsmere canal collection was conducted during part of the 

dry and wet season of the year 2000, thus the length-frequency distribution provides 

a snapshot of the different size (age) groups present a the site.

The juvenile mode at 100 mm SL (interval 98-102 mm) suggests most of the 

juveniles are close to the critical size at which males differentiate from females (105 

mm SL). In the Gilmore collection (previous section) the smallest juveniles captured 

in freshwater were 70 mm SL, and were captured during December, March April and 

June (mainly dry season). This suggests a recruitment size of 70 mm SL. Therefore 

most of the juveniles present in the Fellsmere canal during 2000 likely recruited 

earlier in the dry season prior to the time of sampling.

The female mode at 110 mm SL indicates this is the most abundant size class 

at the Fellsmere Canal, and will probably carry most of the reproductive effort for 

the season. However, the second peak at 135 mm SL indicates there is also a group 

of larger (older) females that may contribute significantly to the reproductive effort, 

since larger females produce more eggs (see previous section). The male mode at 

125 mm SL indicates that males will be mating with females that are either larger 

(135 mm peak) or smaller (110 mm peak) than they are. In both males and females
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there is a tail of less frequent modes, which indicates larger (older) individuals are 

less frequent, probably due to predation or disease.

Behavioral observations allowed the determination of: (1) stages in embryo 

development; (2) opossum pipefish as ambush predators; (3) twig mimicry behavior. 

When live brooding males are observed under a dissecting microscope (x20), the 

embryos of the brown-eye phase and the pre-hatch phase move: they twist, turn and 

rotate, each one at a different time and sequence. This explains the different head 

orientations found in the preserved brooding males.

Aquarium observations revealed that opossum pipefish are ambush predators. 

The sepia brown color and the twig mimicry behavior is a camouflage technique to 

stalk the prey, and wait until it comes within striking distance. When presented with 

guppies, the pipefish used the twig mimicry behavior to slowly position themselves 

next to the unsuspecting prey, at the best angle and distance to strike. Not all 

Syngnathidae are ambush predators. Rather they wait until zooplankton and small 

Crustacea approach them (Garrick-Maidment, 1997). In addition to being ambush 

predators, opossum pipefish are daylight hunters. Guppies left in the tank at night 

were still alive by sunrise. Teixeira and Perrone (1998) report that pipefish fed 

during daylight time, because empty guts occurred during nocturnal periods.



45

The opossum pipefish body is of a sepia brown color that even in the clear 

aquarium water served its purpose to camouflage them among submersed and 

floating vegetation. The best conditions for underwater observation occurred by the 

end of the dry season (April, May). But even when visibility was at its best, the 

brown hue of the water due to dissolved organics (tannins) made locating pipefish in 

the wild very difficult. Identification relied on focusing a search image on shape 

rather than color.

The underwater observations in the wild confirmed the behavior observed in 

aquaria. Opossum pipefish were found performing the twig mimicry behavior in both 

submerged Panicum sp. and over bare bottom (1 m deep). Although feeding was not 

observed in the wild, schools of 10 to 20 individuals of various size Gambusia 

holbrooki were observed swimming close to and among the submerged vegetation, 

when the pipefish were also hiding there. Therefore, predator and potential prey were 

in the same place at the same time.

Larval Ecology

Larval Release and Behavior

Methodology- Larval release occurred several times in aquaria (Table 2-6). The 

actual event of larval release was first observed from a brooding male 132 mm SL 

was captured in the Fellsmere Canal on August 13, 2000. Under a dissecting
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microscope (x20), the eggs had a uniform pale yellow color with no larvae being 

observed inside (Yolk phase, Table 2-3). This stage of egg development was 

considered as day one. The male was placed in a 50 L glass aquarium with the same 

set up as described in the previous section.

A total of 50 aquarium released larvae in 1999 and 2000 and not used in the 

salinity tolerance experiments (see next section) were stocked in two 10-liter glass 

aquaria, where swimming larval behavior was observed. Aquaria contained Indian 

River Lagoon filtered water (18 ppt) and very gentle aeration, produced by a 

micropipette attached to the smallest air-pump commercially available (for 5-liter 

aquaria). After the fifth day, larvae were presented with rotifers and Artemia nauplii. 

To confirm whether the larvae were feeding at all, a sub-sample of five larvae were 

placed into a glass Petri dish and observed under a dissecting microscope (x20) in 

low light setting.

Results- The larval release event observed occurred nine days after capture, on 

August 22. On that day, a power outage interrupted the automatic light cycle at 2:00 

pm. At 3:00 pm it was observed that the male had begun releasing the larvae. During 

larval release, the male remained close to the bottom, in a diagonal head-up 

orientation. The sequence of larval release was as follows: The male shook 

repeatedly for two seconds, whereupon a string of 5 to 6 eggs was detached in a tail-



47

to-head direction. Beginning with the most distal egg, the egg membrane ruptured, 

releasing a curled larva. Released larva then uncurled and with an undulating 

movement swam away from the male. Brief shaking of the male always preceded 

any succession of larval hatching. In the frontal and medial sections of the pouch, 

direct hatching (without a preliminary release of a string of eggs), was observed.

The observed larval release event lasted for 35 minutes. Once completed, a total of 

250 larvae were swimming throughout the aquarium. The exact number of larvae 

released was found when counting the larvae for the salinity tolerance experimental 

setup described in the next section.

Aquarium hatching from three additional males, collected at the same site 

during the 1999 and 2000 wet seasons, also occurred, but larval release was not 

observed . Table 2-6 shows the state of brood development and gestation for each 

male. The time from brooding male capture to larval release was recorded as 

incubation. After male 2 released the larvae, he was observed to carry eggs again on 

December 5, 2000, therefore, mating had occurred in the aquarium on December 4. 

The mating with a resident female in the aquarium was not observed, but it indicates 

that 10 days is the gestation period for the opossum pipefish.
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Table 2-6. Aquarium larval release from several male opossum pipefish captured in 
Fellsmere Canal, St. Sebastian River, East Florida. Brood development stages follow 
description in Table 2-3. Bold marks the only larval release event observed.

Capture
Date

Male
number

Brood development 
State at capture

Aquarium 
Temp. °C

Larval
release

Gestation
days

Year 
1999 

Nov. 22 i Brown eye phase 20 Nov. 26 4
2 White filament 20 Nov. 29 7

2
phase
Mating in aquarium 20 Dec. 14 10

Year 
2000 

Aug. 13 3 Brown eye phase 25 Aug. 17 4
4 Yolk phase 25 A ug.22 9

Larvae spent most of their time inactive, in a diagonal position, either head- 

up or head-down. They were randomly distributed in the aquarium, with no clear 

phototaxis: they neither move away from the light, nor towards the light. When they 

swam, they did so in a burst-swimming mode: their whole bodies vibrated in groups 

of two or three bursts, after which they rested.

After the fifth to eighth day, the remainder of the yolk sac was no longer 

visible. In the tank, larvae were seen to burst swim in a diagonal head-down position 

with their mouth touching the bottom of the aquarium, as if they were ploughing a 

meadow, where organic material had accumulated.
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When observed under a dissecting microscope, larvae were seen to follow 

rotifers (0.05 mm width) and strike at them, as if feeding on them. Whether ingestion 

of the rotifers happened it was not clearly seen. When presented with Artemia nauplii 

(0.15 mm width), larvae followed the movements of the nauplii but at no time were 

seen to strike at them. In a detailed description of seahorse rearing, Garrick- 

Maidment (1997) states that the width of the prey determines what seahorses can eat, 

rather than the length, due to the suction created by the snapping of the seahorse 

jaws. When compared with the larvae, it was observed that the Artemia nauplii width 

is larger than the jaw width of a 5 to 10 day-old opossum pipefish larvae, which 

makes it a prey too big to be ingested.

Discussion- The complete incubation period in the opossum pipefish is 

approximately 10 days (Table 2-6). Incubation periods for aquarium specimens of 

other pipefish species have been reported at 6-8 days in Pseudophallus 

elcapitanensis, 10 days in Syngnathusfloridae and S.fuscus, and 11-15 days in S. 

scovelli (Dawson, 1982). In seahorses ( Hippocasp.), incubation lasts 14 days 

for small species, and up to four weeks for larger species. Release of the seahorse 

brood is preceded for up to 12 hours of contractions, with the actual release taking 

just a few seconds (Garrick-Maidment, 1997). The variation in incubation period 

among the males (Table 2-6) can be explained by the different state of development



50

of the broods when the males were captured. All other conditions being equal, the 

slight difference in incubation time between the 20° C and 25° C aquaria might be 

due to a faster embryo development at higher temperatures.

Based on the broods from preserved specimens (Table 2-3) and on the broods 

from live specimens (Table 2-6) a temporal sequence of brood development can be 

constructed (Fig. 2-10).

Figure 2-10. Proposed temporal sequence of brood development in opossum 
pipefish. Numbers indicate the incubation day.

Yolk
Phase

1

White Brown
Filament Eye
Phase Phase

1 1

Pre-hatch
Embryo

!
l - > 2 - > 3 - > 4 - > 5 - > 6 - ^ 7 - > 8 - > 9 - >  10

Aristotle (350 B.C.) was the first to describe the process of brood release in 

pipefishes:

“When the time of parturition arrives, [the pipefish] bursts in two, and the 

eggs escape out (...) the fish has a diaphysis or cloven growth under the belly
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and abdomen, and after it has spawned by the splitting of this diaphysis, the 

sides of the split grow together again. (...) The young fish cluster round the 

parent (...) for the fish spawns onto herself; and if  any one touch the young,

they swim away”

Aristotle was perhaps referring to Syngnathus acus, a common pipefish in inshore 

coastal areas o f the Mediterranean Sea.

Gilmore (1977) first reported larval release in opossum pipefish. A brooding 

male captured on July 1975 was placed in a 75-liter freshwater aquarium. Four hours 

later, a large brood of larvae (100 +) were swimming throughout the aquarium. 

Actual larval release was not observed.

In the opossum pipefish, larval release is probably at dusk or nocturnal. The 

power outage in the early afternoon, and the observed hatching that followed the 

dark period seems to confirm a dusk or nocturnal preference for larval release. 

Although the act of larval release was not observed in males 1 to 3 (Table 2-6), 

larvae were observed spread all over the aquarium at midnight (males 1 and 2) and 

early morning (male 3).
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The male did not reach the surface to release the larvae; rather it stayed close 

to the bottom, in a diagonal head-up position. Gilmore (1977) suggests that lotic 

(river) currents carry the very small larvae (3-6 mm TL) into the adjacent estuary. 

According to Thresher (1984), marine fishes that depend on current dispersal of their 

eggs and larvae have been observed to reach surface waters at the moment of release. 

In the case of the opossum pipefish, the proximity to the bottom might indicate that 

dispersal strategies in the river differ from those in the ocean. Alternatively, the 

larval release position assumed by the male might be an artifact o f the aquarium 

setting. The location of male pipefish at the time of larval release in the wild is 

unknown.

Recently hatched opossum pipefish young are 3 to 5 mm total length, and 

quite undeveloped: they still carry the remains of a yolk sac, with jaws not fully 

functional. In this respect, opossum pipefish young resemble the yolk-sac larval 

stage of pelagic fish spawners, and should be best referred as larvae. Dawson (1982) 

reports that total length at hatching in other pipefish species is 8 - 9.5 mm in 

Pseudophallus starksii, 11.5 mm in Syngnathus floridae, 10-12.2 mm in S.fuscus 

and 12-15 mm in S. scovelli. These pipefish species have all functional jaws and fins 

at hatching. Vari (1982) reports that in seahorses, total length at hatching is 6 mm in 

Hippocampus erect us. and may reach 9 mm in Hippocampus zosterae. The seahorse
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brood resembles miniature adults, with fully functional jaws and fins, ready to feed 

by themselves from the very moment of release.

Larvae kept for behavior observations, had very gentle aeration. Although a 

thorough aeration of the experimental container (aquarium, jar) is needed, rising 

bubbles may damage delicate larvae, by directly impacting with them, or crashing 

the larvae against the container walls (Blaxter, 1981). When diffusers producing very 

small bubbles are used, to avoid mechanical destruction of the larvae, some larvae 

mistake the air bubbles for rotifers, and ingest large quantities of air, which may 

cause death (Dhert et al. 1998). Future attempts to extend the lifespan of captive 

opossum pipefish larvae will have to provide a solution for the aeration problem.

At the fifth to eighth day, the yolk sac is no longer evident. This is a 

remarkable difference compared with other pipefish and seahorse hatchlings, ready 

to feed on their own from the time of pouch release (Dawson, 1982; Garrick- 

Maidment, 1997). An explanation of the relatively undeveloped state at which 

opossum pipefish larvae and how it relates to their migratory life history is offered in 

Chapter 4.

In the only systematic laboratory study found on pouch-released pipefish 

larvae, Tamaru et al. (1999) reported that in the Pacific double-ended pipefish,
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Syngnathoides biaculeatus, pouch released larvae fed on wild zooplankton (>500 

pm), mostly copepods, at concentrations of 0.5 - 1 copepods/ml, right from the first 

day of pouch-release. Survival at 30 days of post hatching was 80 %.

Adult copepods cannot be used in the case of opossum pipefish larvae, as the 

experience with the Artemia nauplii demonstrates. However, Dr. Kevin Johnson at 

the Dept. Marine and Environmental Systems, Florida Institute of Technology (pers. 

comm.) suggested the use of first and second stage copepod nauplii, which are 

smaller than Artemia nauplii and most likely the natural food prey that opossum 

pipefish larvae will encounter in the Indian River Lagoon during the wet season. 

Alternatively, opossum pipefish larvae could be kept in unfiltered Indian River 

Lagoon water. However, this could bring technical problems of other kind, such as 

poor water quality due to the accumulation of non-ingested plankton (too big or too 

small for the larvae), and the presence of larvae predators.
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Indian River Lagoon Circulation and Larval Salinity tolerance 

Methodology- Dr. Gary A Zarillo at the Florida Institute of Technology has 

developed a calibrated Indian River Lagoon/Sebastian River 3-D Numerical Model 

to quantify the hydrodynamic and salinity regime of the Sebastian River and nearby 

Indian River Lagoon.

The overall grid includes approximately 826 active water cells and 5 layers in 

the vertical dimension. The boundary conditions for model runs include: time series 

of water surface elevation, salinity, water temperature, freshwater inflow, tidal flow 

and meteorological parameters. The period covered by the model runs from mid- 

June through early August 1995. Several significant storms and freshwater runoff 

events typical of the wet season in central Florida are included. The occurrence of 

Hurricane Erin on August 2, 1995 is also noted. The model performs well under 

complex estuarine conditions. It is capable of simulating the salinity and flow 

structure as it changes either at low frequency or abruptly due to episodic freshwater 

inflows.

Zarillo and Yuk (1997) report that the calibration/validation of the predictive 

capabilities of the model indicate that it performs well under complex estuarine 

conditions and is capable of simulating the salinity and flow structure as it changes 

either at low frequency or abruptly due to episodic freshwater inflows. Salinity



56

changes depend on two processes that operate at different time-scales: episodic 

freshwater inflows and wind-forced residual flows that exchange water with the 

coastal ocean (Fig. 2-11).

Figure 2-11. Salinity and hydrographic model of the Sebastian River/Indian River 
Lagoon and adjacent Atlantic Ocean developed by Dr. Gary A. Zarillo at Florida 
Institute of Technology. Computer animations of this model show the relative 
advance and retreat of low salinity river water at the surface and the high salinity 
lagoon and marine water at the bottom. The color scale is salinity (0 ppt to 36 ppt)

Surface Salinity for IRUSebastian River Model 

July 19.1995 - Augusta. 1995

1 m/sec
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In order to study larval salinity tolerance, the drifting sequence from the point 

of pouch release in freshwater to the lagoon and to the ocean must be replicated. The 

sharp salinity changes characteristic of the Indian River Lagoon also need 

replication. Representative salinity values used for each habitat were 0 ppt 

(freshwater), 18 ppt (mesohaline water) and 32 ppt (marine water). A total of two 

salinity tolerance experiments were conducted, the fist in the wet season 1999 and 

the second during wet season 2000. In both cases, brooding males were collected at 

the Fellsmere Canal, San Sebastian River. Collecting gear and aquarium setup is 

explained previously in this chapter.

Extreme care must be taken when handling opossum pipefish larvae, and 

conventional techniques used for the rearing of pelagic fish larvae are appropriate in 

this case. After pouch release, larvae were transferred to replicated jars (see 

experimental setting). A modified sequence of Garrick-Maidment (1997) protocol 

for seahorse rearing followed:

1. The first 24 hours of life (day 0) are spent in water from the parental aquarium (0 

ppt, 25°C).

2. Transfer from the parental aquarium to the experimental jars must be done without 

exposing the larvae to air, and without touching the larvae directly. This was 

accomplished by scooping the larvae and water in a plastic spoon, one larvae at a

time.
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3. Freshwater was made from tap water. Both free chlorine and chloramine are found 

in drinking water and must be eliminated before use in a fish aquarium. Tap water 

went trough a 3-day dechlorination process: through continuous aeration, free 

chlorine was eliminated after 24 hours. After adding a chlorine neutralizer (mainly 

sodium thiosulfate), chloramine was eliminated with two more days of aeration. 

Double-filtered seawater was obtained from the Vero Beach Laboratory from Florida 

Institute of Technology. Mesohaline water was obtained by mixing freshwater and 

seawater until 18 ppt salinity was reached. To avoid water quality degradation due to 

accumulation of organic matter, larvae were not fed during the experiment. Water 

was changed daily for each experimental replicate.

4. Avoidance of pathogens. To ensure larval health and avoid possible pathogen 

transfer (bacteria and fungi) the experimenter used rubbing alcohol to disinfect her 

hands, with a final distilled water wash. All material in contact with the larvae (glass 

and plastic) was washed first with tap water then with distilled water.

There were two criteria to choose the larvae: age and abundance. Larvae had 

to be released at the same time so all were the same age. Enough larvae had to be 

released in order to conduct the experiment with the necessary replicates. The 1999 

experiment started with 200 larvae released from a single male. The 2000 experiment 

started with 250 larvae released simultaneously by two different males.
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The working hypothesis is that the speed at which salinity transfer occurs 

determines larval survival. Each salinity tolerance experiment was conducted in two 

different sequences: transfer from freshwater to mesohaline water, and transfer from 

mesohaline to seawater. In the transfer from freshwater to mesohaline water, the 

experimental design consisted of one treatment, the transfer speed, with five levels: 

Control, 24 h, 48 h, 72 h, and 96 h. The control level consisted on leaving the larvae 

always in freshwater. The 24h level consisted on transferring the larvae to 

mesohaline water after keeping them in freshwater during the first 24h after pouch 

release. Transfer to lagoon water occurred at the time indicated by the 48 h., 72 h., 

and 96 h levels. The same process was used for the mesohaline water to seawater 

transfer sequence. Water was changed everyday to the appropriate salinity.

Therefore, all larvae at each replicate at all treatments were handled for the same 

amount of time.

The 1999 brooding male was kept in a 50 L glass aquarium, with Fellsmere 

Canal water (0.7 ppt) and a constant water and room temperature of 20° C. The 

aquarium was close to a window that set up a natural day-night pattern. The 2000 

experiment was conducted at the controlled temperature room at the Biological 

Oceanography Laboratory, Florida Institute of Technology, described in the previous 

section, with a constant water and room temperature of 25° C.
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Each 1999 and 2000 experiments used a different number of larvae and 

replicates in each sequence due to different number of larvae released, and death of 

larvae from the freshwater to mesohaline water transfer. The 1999 experiment was a 

trial experiment. It started with 200 larvae that were distributed in replicated 1 L 

glass jars. The first freshwater to mesohaline water sequence was done with 2 

replicates per treatment level, with a total of 20 larvae in each replicate. The 

surviving larvae were used for the second mesohaline water to seawater sequence, 

with 2 replicates per treatment level, and 10 larvae in each replicate.

The 2000 experiment started with 250 larvae that were distributed in 

replicated 500 ml glass jars. The first freshwater to mesohaline water sequence was 

done with 10 replicates per treatment level, with a total of 5 larvae in each replicate. 

The surviving larvae were used for the second mesohaline water to seawater 

sequence, with 5 replicates per treatment level, and 3 larvae in each replicate. In this 

second sequence, there were enough larvae to do only the control, 24 h, 48 h and 72 

h treatment levels. Tables 2-7 through 2-10 show the experimental design for each 

sequence of the 1999 and 2000 experiments.
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Table 2-7. Experimental design for the 1999 freshwater (0 ppt) to mesohaline water 
(18 ppt) transfer, with n = 2 replicates, and 20 larvae in each replicate. The first day 
of transfer at any given treatment level is in bold type. F = Freshwater, 0 ppt; M = 
Mesohaline water, 18 ppt.

Treatment: Day
Transfer 0 1 2 3 4 5 6 7
Control F F F F F F F F
24 h F M M M M M M M
48 h F F M M M M M M
72 h F F F M M M M M
96 h F F F F M M M M

Table 2-8. Experimental design for the 1999 mesohaline water (18 ppt) to seawater 
(32 ppt) transfer, with n = 2 replicates, and 10 larvae in each replicate. The first day 
of transfer at any given treatment level is in bold type. M = Mesohaline water, 18 
ppt; S = Seawater (32 ppt).

Treatment: Day
Transfer 0 1 2 3 4 5 6 7
Control M M M M M M M M

24 h M S S S S S S S
48 h M M S S S S s S
72 h M M M S s s s S
96 h M M M M s s s s
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Table 2-9. Experimental design for the 2000 freshwater (0 ppt) to mesohaline water 
(18 ppt) transfer, with n = 10 replicates, and 5 larvae in each replicate. The first day 
of transfer at any given treatment level is in bold type. F = Freshwater, 0 ppt; M = 
Mesohaline water, 18 ppt.

Treatment: Day
Transfer 0 1 2 3 4 5 .. ... 10
Control F F F F F F .. ... F
24 h F M M M M M M
48 h F F M M M M .. ... M
72 h F F F M M M M
96 h F F F F M M .. ... M

Table 2-10. Experimental design for the 2000 mesohaline water (18 ppt) to seawater 
(32 ppt) transfer, with n = 5 replicates, and 3 larvae in each replicate. The first day 
of transfer at any given treatment level is in bold type. M = Mesohaline water, 18 
ppt; S = Seawater (32 ppt).

Treatment: Day
Transfer 0 1 2 3 4 5 .. ... 10
Control M M M M M M .. ... M

24 h M S S S S S S
48 h M M s S S S S
72 h M M M S s s .. ... s

Results- Figures 2-10 through 2-16 show data on larval survival and box plots for 

each sequence of the 1999 and 2000 experiments. To comply with the assumptions 

of ANOVA on normality and homogeneity of variances, a square root transformation 

(Y + 0.5) 1/4 (to compensate of zero values) of the data was required (Sokal and 

Rohlf,1995). Only the number of larvae alive at the end of each experiment were
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used for ANOVA. After transformation, data for the 1999 experiment complied with 

the assumptions of ANOVA. Bartlett’s test for homogeneity of variances was not 

significant for both the freshwater to mesohaline water transfer (p= 0.4783, alpha = 

0.05) and the mesohaline water to seawater transfer (p = 0.1000, alpha = 0.05). One

way Model I ANOVAs were run on the data. The ANOVA was not significant in 

both cases (Tables 2-11 and 2-12).

Figure 2-12. Mean larval survival in the 1999 freshwater to mesohaline water 
transfer experiment. Bars are standard errors of the means, n = 2 replicates.
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Table 2-11. One-way ANOVA Model I for the 1999 experiment, freshwater to 
mesohaline water transfer. There are no significant sources of variation. Alpha = 
0.05.

Source of variation df MS_____ F p-level
Transfer 4 0.8661 3.3561 0.1082
Error 5 0.2581

Figure 2-13. Box plot in the 1999 freshwater to mesohaline water transfer 
experiment.
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Figure 2-14. Plot of means for the transformed data in the 1999 freshwater to 
mesohaline water transfer experiment.

TRANSFER Main Effect 
F(4,5)=3.36; p<.1083
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Figure 2-15. Mean larval survival in the 1999 mesohaline water to seawater transfer 
experiment. Bars are standard errors of the means, n = 2 replicates.
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Table 2-12. One-way ANOVA Model I for the 1999 experiment, mesohaline water 
to seawater transfer. There are no significant sources of variation. Alpha = 0.05.

Source of variation df MS p-level
Transfer
Error

4
5

1.0733
0.2683

4.000 0.0804
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Figure 2-16. Box plot in the 1999 mesohaline water to seawater transfer experiment

Box Plot: Lagoon water to seawater transfer in 1999
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Figure 2-17. Plot of means for the transformed data in the 1999 freshwater to 
mesohaline water transfer experiment.

TRANSFER Main Effect 
F(4,5)=4.00; p<.0804
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After transformation, data for the 2000 experiment complied with the 

assumptions of ANOVA. Bartlett’s test for homogeneity of variances was not 

significant for both the freshwater to mesohaline water transfer (p= 0.1000, alpha = 

0.05) and the mesohaline water to seawater transfer (p = 0.1000, alpha = 0.05). One

way Model I ANOVAs were run on the data. The ANOVA was significant for the 

freshwater to mesohaline water transfer (Table 2-13) and not significant for the 

mesohaline water to seawater transfer (Table 2-15).

Figure 2-18. Mean larval survival in the 2000 freshwater to mesohaline water 
transfer experiment. Bars are standard errors of the means, n = 10 replicates

- - A - -Control •  24h — 0— 48h — ■— 72h — □— 96h
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Figure 2-19. Box plot in the 2000 freshwater to mesohaline water transfer 
experiment.

Box Plot: Freshwater to Lagoon water transfer in 2000
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Table 2-13. One-way ANOVA Model I for the 2000 experiment, freshwater to 
mesohaline water transfer. Significant sources of variation are in bold. Alpha = 0.05.

Source of variation df MS______ F p-level
Transfer 4 1.3919 12.5116 0.000001
Error 45 0.1112



70

A post-hoc comparisons Tukey’s honest significant difference test (HSD test) was 

run on the data (Table 2-14).

Table 2-14. Tukey HSD test for the 2000 experiment, freshwater to mesohaline 
water transfer. Significant comparisons are in bold.

HSD test Control 24 h 48 h 72 h 96 h
Control
24 h 0.0002 -—
48 h 0.0001 0.8238 -—
72 h 0.4885 0.0106 0.0005 -—
96 h 0.0725 0.1382 0.0104 0.8276 -—

Figure 2-20. Mean larval survival in the 2000 mesohaline water to seawater transfer 

Experiment. Bars are standard errors of the mean; n = 5 replicates.
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Figure 2-21. Box plot in the 2000 mesohaline water to seawater transfer experiment

Box Plot: Lagoon water to Seawater transfer in 2000
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Table 2-15. One-way Model IANOVA for the 2000 experiment, mesohaline water 
to seawater transfer. The analysis was not significant. Alpha = 0.05

Source of variation d.f. MS_____F p-level
Transfer 3 0.0000 ------  -----
Error 16 ------ 0.24

Discussion- Larval salinity tolerance experiments allowed the determination of a 

maximum time at which pouch-released larvae can survive a 0 ppt salinity, and a 

minimum time at which larvae must stay at mesohaline salinities of 18 ppt.

Gilmore (1977) conducted the only previous study on the early life history of 

the opossum pipefish. He recorded aquarium larval release in opossum pipefish,



72

although he did not observe the larval release event. Larvae remained in the parental 

aquarium for six days, while decreasing in numbers, until none were observed. The 

adults did not feed on the larvae. Based on the freshwater to mesohaline water 

transfer experiments, larvae that remained in freshwater during the length of the 

experiment (control) had the least survival (Figs. 2-10 and 2-14). This explains why 

larvae from Gilmore (1977) progressively decreased in numbers in the parental 

aquarium (freshwater) until none were observed on the sixth day.

The salinity experiment was a survival experiment in starving conditions. 

After the fifth to eighth day, when the remains of the yolk sac are absorbed (see next 

section), larval survival will depend on both the adequate salinity and the endurance 

to starvation the larvae have. Larvae in the 1999 experiment came all from the same 

parent. However, larvae from the 2000 experiment came from two different males. 

Survival may depend on the nutrition state of the brooding male, in how much yolk 

is allocated into each larva, so larvae that hatch from different males may have 

different survival fitness. Different survival may also be due to different rearing 

temperatures. The 2000 experiment was conducted at 5° C higher than the 1999 

experiment. Metabolism increases at higher temperatures, and therefore increases the 

stress in the starving larvae.

Both 1999 and 2000 experiments show that in the freshwater to mesohaline 

water transfer, survival was highest when larvae were transferred from 0 to 18 ppt
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within 48 h. Therefore, the highest mortalities are encountered when larvae are left in 

freshwater conditions, which confirms the high mortality observed by Gilmore 

(1977). When transferred from 18 to 32 ppt, larvae that remained at 18 ppt had the 

highest survival. Although the ANOVAs for year 1999 were not significant, the 

trend of decreasing survival (Figs. 2-10 and 2-15) is similar to the significant results 

for year 2000. Therefore, the speed at which the transfer between salinities occurs is 

critical for larval survival. In their natural habitat, larvae must reach the Indian River 

Lagoon within 48 hours of pouch release. Then, they must remain at least for 2 

weeks in the Lagoon before they migrate into the Atlantic Ocean. Alternatively, if 

salinity stratification occurs, they should remain at the level with the adequate 

salinity.

In a study on the salinity regime in the San Sebastian River, Marshall (1997) 

reported that salinity profiles over a four-year period (1992-1996) show stratified 

salinity conditions prevail in downstream locations (e.g. close to the Indian River 

Lagoon), where the river has two to three stratified layers, with the freshwater on 

top. But upstream locations, such as Fellsmere Canal and C-54 Canal, are seldom 

stratified. Field measurements reflect the full tidal cycle, and a longer-term 

variability due to the changes from wet to dry season is reflected in mean salinity

values.
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Zarillo and Yuk (1997) explain that in the early wet season, residual flows in 

the Indian River Lagoon are usually directed to the south or divergent north-south in 

the vicinity of Sebastian Inlet. After mid-summer, freshwater flow events increase 

and combine with a persistent north-directed residual flow in the central Indian River 

Lagoon, coupled with the annual increase in water levels, results on a net movement 

of the Sebastian River freshwater to the north in the Indian River Lagoon, forming an 

horizontal stratification pattern.

The work by Zarillo and Yuk (1997), and Marshall (1997) demonstrate the 

salinity regime in the Sebastian River and nearby Indian River Lagoon is complex. 

Opossum pipefish larvae drifting from their point of pouch-release in freshwater may 

encounter many opportunities to reach mid-range salinities (around 18 ppt) within 48 

hours: they may use their burst swimming technique to move into the deeper salinity 

stratified layers of the Sebastian River downstream localities, or they may enter the 

Indian River Lagoon and get trapped in one of the several flux reversals, so they stay 

in mid-range salinities for at least two weeks. They may feed on rotifers and larval 

zooplankton (copepod nauplii) in this stage.

The model has been used to assess the impacts of freshwater runoff on 

salinity regime in the central Indian River Lagoon (Liu et al. 1997). They identified 

four sources of forcing in the hydrography of the central Indian River and associated
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freshwater discharges from the Sebastian River: 1) barotropic pressure gradient due 

to lagoonward sloping of the river plume (the most important forcing), 2) horizontal 

density gradient between the distant part of the lagoon and the point of freshwater 

discharge, 3) The nature and volume of freshwater discharges is episodic and 

determines pulses of salinity, 4) wind, the most important external factor, which 

modifies the direction and the extent of the river plume.

How relevant is the Indian River Lagoon hydrography throughout the 

ontogeny or development of the larval and early juvenile stages of the opossum 

pipefish? Although most of the time opossum pipefish larvae were inactive in the 

holding jars and aquarium, when swimming they did so in short bursts, then 

remained inactive again. Burst swimming is common in pelagic fish larvae, with 

speeds of 10 - 20 body lengths/second, and cruising speeds, of 1 - 5 body 

lengths/second (Blaxter, 1986). It may seem that opossum pipefish larvae do not 

have enough stamina to sustain a cruising speed, but they may have a physical reason 

to limit themselves to burst swimming.

When you are small, water is “sticky”. Water “stickiness” or viscosity, is best 

quantified by calculating the Reynolds number: a ratio of the inertial force to the 

viscous force acting on a body moving through a fluid (water in this case). Viscosity 

is the internal resistance of the water. Mann & Lazier (1991) define the inertial force
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as “the force that was necessary to accelerate the body to the velocity it now 

possesses, or to stop the body now traveling at a constant speed under its own 

inertia” .

The Reynolds number (Re) is a ratio, a dimensionless number,

Re = UL / v

Where U = swimming speed, L = maximum length of swimming body, v = 

kinematic viscosity of water.

The range of Reynolds numbers associated with living organisms is 

enormous, and it covers several orders of magnitude (Table 2-16). The division 

between smooth and turbulent motion occurs when Re is about 2500 (or 2.5 x 103): 

an organism at Re < 2500 lives in a viscous world, but if Re> 2500, inertial forces 

dominate, and the fluid environment is similar to our everyday swimming experience 

(Mann & Lazier, 1991).

Table 2-16. Range of Reynolds numbers for several aquatic organisms. Notice the 
bold exponents. Adapted from Vogel (1981).

Organism and swimming speed Reynolds number
A large whale swimming at 10 m s ' 3 x 108
A tuna swimming at the same speed 3 x 107
A copepod, 1 mm long, in a speed burst of 0.2 m s '1 3 x 102
An invertebrate larva, 0.3 mm long, at 1 mm s'1 3 x 10'1
A sea urchin sperm at 0.2 mm s'1 
A bacterium swimming at 0.01 mm s'1

3 x 10'2
1 X 10'5
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When Re numbers are plotted against the size of the organism, in a 

logarithmic scale (Fig.2-22), the Reynolds number (Re) increases systematically with 

the size o f the organism (d) according to an approximate regression of

Re = 1.4 x 106 x d 1,86

Which seems to confirm the everyday observation that large animals swim 

faster than small ones (Vogel, 1981). However, when swimming speed is described 

in relation to animal size small organisms move about 10 body lengths/second (see 

Blaxter example on pelagic fish larvae), but larger animals swim at about 1 body 

length/second.
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Figure 2-22. Reynolds number (RE) versus organism size (d). Adapted from Mann 
and Lazier, 1991. The heavy line is the best fit to the data. Thin lines illustrate the 
relationships for swimming at 1 and 10 bodylengths per second. The arrow points at 
the limit between the viscous and the inertial world. Below the arrow, viscous forces 
dominate. Above the arrow, inertial forces dominate. The critical length of 1 cm is 
underlined. It is the total length at which the transition between the viscous and the 
inertial world occurs.
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Based on Figure 2-22, opossum pipefish larvae live in a world dominated by 

viscous forces. In our everyday human experience, this means swimming in a pool of 

thick honey or molasses. As larvae grow, their world will eventually become 

dominated by inertial forces once they reach 1 cm of total length. Therefore, before 

the critical length of 1 cm is reached, pouch-released larvae will depend completely 

on the hydrographic regime of the Sebastian River and Indian River Lagoon to reach 

an adequate salinity range for development. After they have grown to the critical size 

of 1 cm and beyond, they will be able to have more control in their movement as 

they have entered a world dominated by inertial forces.

The length of the larval phase is unknown, but eventually they must reach the 

Atlantic Ocean during the wet season. Even after they reach 1 cm of total length, and 

they no longer live in a viscous world, opossum pipefish larvae may not be very 

strong swimmers, and rely completely on the Indian River Lagoon hydrodynamic 

regime to reach the Atlantic Ocean. In a recent study of the transport patterns in the 

Indian River Lagoon, Smith (2001) reports that there is a seasonal reversal in the 

transport through Sebastian Inlet: a net outflow occurs during the wet season, and a 

net inflow occurs during the dry season. Smith (2001) study shows that the timing of 

Sebastian Inlet flushing is appropriate for the early life history of the opossum 

pipefish, because pipefish larvae are only released during the wet season 

(reproductive season) or the period of net transport to the continental shelf.
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CHAPTER 3

Oceanographic Mechanisms for Pipefish Transport, 

Dispersal and Recruitment

Introduction

The life history of the opossum pipefish requires onshore transport of the 

pelagic juveniles during the dry season and offshore transport of the pelagic larvae 

during the wet season. This chapter concentrates on pelagic juvenile onshore 

transport or recruitment to the tributaries of the Indian River Lagoon (Fig. 3-1). The 

working hypothesis is that migration from the Gulf Stream to the Indian River 

Lagoon is due to a combination of Gulf Stream warm filaments, wind-derived 

Ekman drift, Stokes drift by waves, and inlet tidal effects.

The objective of this chapter is: (1) To quantify Gulf Stream frontal 

variability on dry versus wet season; (2) To quantify wind-derived Ekman drift



variability on dry versus wet season and their coupling with Gulf Stream frontal 

variability; (3) To discuss the biological relevance of the oceanographic transport 

mechanisms investigated.

Figure 3-1. Florida river systems with permanent opossum pipefish populations. 
Compare with Fig. 3.2.

As previously indicated in the introduction, The Gulf Stream deviates from a 

straight path along the 80°W, with the formation of frontal disturbances. These 

frontal disturbances are meanders and warm filaments. Meanders are wavelike 

disturbances that resemble the meanders in a river. Warm filaments are “fingers” of 

warm water that intrude deeply into continental shelf waters and are still connected

to the Gulf Stream only on one side (Figs. 3-2 and 3-3).
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Gulf Stream Variability

Methodology - The ephemeral nature of Gulf Stream meanders requires the analysis 

of daily satellite images. Daily sea surface temperature (SST) satellite images (day- 

night) from May 1999 to December 2001 were obtained from the Institute of Coastal 

and Marine Sciences Remote Sensing Lab, at Rutgers University (web page 

www.marine.rutgers.edu/mrs). Most internet sites that store SST images provide 

averaged images over a week period, which were not appropriate for the present 

research. Rutgers University started to provide daily SST images in early 1999, 

which explains the choice of the satellite-sampling period. Resolution for the daily 

SST images is 1.1 km at nadir. The onboard satellite sensor that measures SST is the 

Advanced Very High Resolution Radiometer (AVHRR). The AVHRR is a passive 

sensor, in that it measures the thermal energy radiated from the surface of the ocean. 

Clouds block the radiated energy. Therefore, SST observations are limited to cloud 

free conditions. Satellite images are downloaded with a superimposed 0.5° latitude x 

longitude grid. Reference points are the intersection between parallels and meridians 

and the squares delimited by them.

For each cloud-free SST satellite image (Figs. 3-2, 3-3), the following was 

recorded: (1) Number of frontal disturbances (meanders and warm filaments) 

between 27° N and 31° N; (2) Location (Latitude) of the frontal disturbance;

http://www.marine.rutgers.edu/mrs
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Figure 3-2. Satellite image of the Gulf Stream meanders off Florida. The red (27°C) 
water that flows northward delineates the Gulf Stream. Frontal variability can be 
seen in the form of warm filaments.

Figure 3-3. The same images as Fig. 3-2, with warm filaments 1 through 4. It also 

shows a sequence of warm filament maturation later explained in this chapter.
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(3) Maximum latitude dimension of the disturbance. Meanders and warm filaments 

were counted for each cloud-free image, as an indication of the opportunities 

available for juvenile recruitment. Therefore, some meanders and warm filaments 

may have been counted twice, when they persisted for several consecutive days that 

had cloud-free images. However, due to the patchy distribution of consecutive cloud- 

free days (see Appendix), the problem of overestimation is diminished. However, 

when several days of cloud-free images were available, the translation speed of 

meanders and warm filaments could be calculated.

Results- The highest number of cloud-covered images, and therefore, useless images 

for the analysis, is found during the wet season (May through November) for the 

1999-2001 sampling period (Fig. 3-4, Appendix A3.1, A3.2, A3.3). Even after the 

general surface warming due to summertime, the SST signature was distinguishable 

in the few cloud-free days available during the summer months. A total of 151 cloud- 

free images were available during the 3-year sampling period: 68 images for all wet 

seasons combined and 83 images for all dry seasons combined. A total of 68 

meanders were counted: 20 in 1999, 26 in 2000 and 22 in 2001. A total of 238 warm 

filaments were counted: 43 in 1999, 119 in 2000 and 76 in 2001.
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Figure 3-4. Usable SST satellite images for the 1999-2001 sampling period.
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The most frequent observation for both the dry and wet season is of 1 

meander/day between the latitudes of 27°N and 31°N (Fig. 3-5). For warm filaments, 

the most frequent observation during the wet season is 3 warm filaments/day and 2 

warm filaments/day for the dry season between the latitudes of 27°N and 31°N (Fig. 

3-6).

A t-test comparison of the means reveals there is no significant difference 

between the wet and dry season in the number of meanders/day and warm 

filaments/day, when alpha is 0.05. However, the number of warm filaments/day is 

significant when alpha is 0.1 (Table 3-1), with more warm filaments per day found in 

the wet season than in the dry season.

Table 3-1. Results of t-test comparison of means for meanders and warm filaments 
during the 1999-2001 sampling period. Bold indicates significant results.

____________ t-table________
Wet vs dry season df t-value Alpha = 0.05 Alpha = 0.1
Meanders 149 -0.603 1.98<t<1.96 1.66<t<1.64
Warm filaments 149 1 .924  1.98< t <1.96 1 .6 6 < t< 1 .6 4

A more detailed statistical analysis was then conducted on the meander/day 

and the warm filaments/day data. To comply with the assumptions of ANOVA on 

normality and homogeneity of variances, the transformation (Y + 0.5) /z was used

(Sokal and Rohlf, 1995).
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Figure 3-5. Daily meander frequencies observed in the 1999-2001 sampling period, 
wet vs. dry season; n = number of cloud-free images available.

Number of meanders/day

Figure 3-6. Daily warm filament frequencies observed in the 1999-2001 sampling 
period, wet vs. dry season.
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After transformation, data for meanders and warm filaments complied with 

the assumptions for ANOVA. Bartlett’s test for homogeneity of variances (alpha = 

0.05) was not significant in both cases (p = 0.3611 for meanders, and p = 0.2505 for 

filaments). A Model I two-way ANOVA (both “year” and “season” factors are 

fixed) was run on the data. In the case of the meanders, only the interaction of “year 

x season” was significant (Table 3-2, Fig. 3-7). For the warm filaments, both the 

“year” and “season” factors were significant, while the interaction was not 

significant (Tables 3-3, Fig. 3-8, 3-9).

Table 3-2. Two-way ANOVA Model I for the number of meanders/day from 1999 to 
2001. Bold indicates significant value. Alpha = 0.05.

Source of variation df MS F______ p-level
Year
Season
Year x Season 
Error

2 0.0119 0.1216 0.8856
1 0.0002 0.0018 0.9662
2 0.3650 3.7070 0 .0 2 6 9  

145 0.9845
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Figure 3-7. Plot of means for the significant interaction in the meander ANOVA

Plot of Means: 2-way interaction 
F(2,145)=3.71; p<0.0269

SEASON:
Wet

SEASON:
Dry

Table 3-3. Two-way ANOVA Model I for the number of warm filaments/day from 
1999 to 2001. Bold indicates significant value. Alpha = 0.05.

Source of variation df
Year 2
Season 1
Year x Season 2
Error 145

MS F______ p-level
0.7246 4.1637 0 .0 1 7 4  
1.1522 6.6206 0 .0111  
0.0836 0.4805 0.6194 
0.1740
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Figure 3-8. Plot of means for the significant factor “year” in the warm filament 
ANOVA

Factor: Year (Unweighted Means) 
F(2,145)=4.16; p<0.0174
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Table 3-4. Tukey HSD test for the significant factor “year” from the warm filament 
ANOVA. Bold indicates significant comparison.

HSD test 1999 2000 2001
1999
2000 0 .0 0 0 4  -—
2001 0 .0 0 0 7  0.9915 -----
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Figure 3-9. Plot of means for the significant factor “season” in the warm filament 
ANOVA.

Factor: Season (Unweighted Means) 
F(l,145)=6.62; pO .O lll

A post-hoc comparisons Tukey’s honest significant difference test (HSD) 

was run for the significant factor “year” from the warm filament ANOVA 

(Table 3-4). The year 1999 is significantly different from the years 2000 and 2001, 

and as Figure 3-8 shows, the number of warm filaments/day is lower. When 

compared, years 2000 and 2001 are not significantly different.

Most meanders are found between 29° and 30° N during both wet and dry 

seasons. Warm filaments are mostly found between 29° and 30° N during the dry 

season, and 28° to 29° N, or 30° to 31° N during the wet season (Fig. 3-10).
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Figure 3-10. Average latitudinal location for meanders and warm filaments observed 
between 80 and 80.5 of West Longitude, on SST-AVHRR satellite images during the 
1999-2001 sampling period.
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The maximum dimension of both meanders and warm filaments was 

measured as degrees of latitude. On average, meanders are 1.04° wide (SE 0.04) in 

the wet season and 1.36° (SE 0.12) during the dry season. Warm filaments are 

0.88°wide (SE 0.03) during the wet season and 0.94° wide (SE 0.04) during the dry 

season. A t-test comparison of the means on latitude width (Table 3.5) reveals there 

is a significant difference in meander width in wet versus dry season, when alpha is 

0.05, and there is a significant difference in warm filament width in wet versus dry 

season when alpha is 0.1. Using the transformation T latitude = 1850 m, metric 

dimensions of both meanders and filaments are shown in Table 3-6.

Table 3-5. Results of t-test comparison of means for meander and warm filament 
dimension during the 1999-2001 sampling period. Bold indicates significant results.

____________________ t-table_______________
Wet vs dry season df t-value Alpha = 0.1 Alpha = 0.05 Alpha = 0.02
Meanders 58 2.39 2 .0 2 < t< 2 .0 0  2.42<t<2.39
Warm Filaments 228 1.74 1 .6 5 < t< 1 .6 4  1.98<t<1.96

Table 3-6. Latitudinal width of meanders and filaments during the 1999-2001 
sampling season. Units are km.

Range
Mean Minimum Maximum

Meanders
Wet season 111 111 222
Dry season 

Warm Filamens
144.3 55.5 333

Wet season 99.9 11.1 222
Dry season 100.8 33.3 222
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The largest variability in meander dimension was found during the dry season 

(largest value range). The largest variability in warm filament dimension was found 

during the wet season (Table 3-6).

The best continuous sequence of daily cloud-free SST satellite images was 

found during the year 2000. Such images were used to measure the northward 

translation speed of meanders and warm filaments (Fig. 3.11). During the wet 

season, the average translation speed is 27 km/d (SE 6.2), and during the dry season, 

the average translation speed is 31.7 km/d (SE 4.9). A t-test comparison reveals the 

two means are significantly different at alpha = 0.05 (ts = 3.89, t-table = 2.13). 

Therefore, northward translation speed of meanders and filaments is faster during the 

dry season than during the wet season.

Figure 3-11. Northward translation speed for meanders and filaments obtained from 
SST satellite images in 2000; n = number of meanders and filaments available.
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Discussion- During the 1999-2001 sampling period, a total of 151 cloud-free images 

were available for analysis, or about 14 % from a total of 1,096 possible images 

available. Cloud cover limits the number of SST-AVHRR images available for 

analysis. Results in wet versus dry season comparison should be interpreted with 

caution. Although statistical tests take into account the different sample sizes of wet 

season versus dry season comparisons, the wet season is misrepresented due to the 

lack of cloud-free conditions. Averaged SST-AVHRR images over a one-week 

period may not be the solution for the analysis of Gulf Stream frontal disturbances, 

since the averaging on each image pixel may dilute the signal of a meander or a 

warm filament.

New developments in satellite telemetry may hold the solution for SST 

observations through cloud cover. In fact, Wentz et al. (2000) report that satellite 

microwave radiometry can make SST measurements in all weather conditions except 

rain, but at a much lower resolution and with less accuracy than the AVHRR. For 

example, The Tropical Rainfall Measuring Mission (TRMM) spacecraft was 

launched in November 1997. The microwave sensor onboard that measures SST has 

a spatial resolution of 50 km and provides a full coverage of the planet in 3 days. 

When compared with the AVHRR, the resolution is still coarse, and it may not be 

able to distinguish the smallest Gulf Stream meanders and warm filaments 

encountered during the dry season. Also, coverage of a given area only every 3 days
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does not provide a detailed temporal resolution of Gulf Stream frontal disturbances. 

However, as Wentz et al. (2000) indicate, the TRMM was the first in a series of 

microwave radiometers that will be launched within the present decade, with 

improved temporal and spatial resolution. Therefore, in the short-term future, a 

detailed analysis of Gulf Stream frontal disturbances would be accomplished year- 

round.

Cloud-free images during the wet season had more warm filaments/day than 

cloud-free images during the dry season. The largest value range in meander 

latitudinal dimension was found during the dry season, but the largest value range for 

warm filament dimension was found during the wet season. Meander and warm 

filament dimensions are within the range found in previous studies. Based on Maul 

et al. (1978) and Lee et al. (1981), a sequence of increase in warm filament 

dimensions is found from the Florida Keys to Cape Hatteras (Table 3-7).

Table 3-7. Data from Maul et al. (1978) and Lee et al. (1981) on warm filament 
downstream dimensions.

Region_____________________________ Warm filament dimensions
From Charleston, SC, to Cape Hatteras 200-300 km
From Jupiter, FL, to Charleston, SC 100-200 km
South of Jupiter, FL 10 - 50 km
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Therefore, the warm filament dimensions measured from SST satellite 

images were within the range of values expected.

Most meanders (wet and dry season) and warm filaments during the dry 

season are found between 29° and 30° N. During the wet season, most warm 

filaments are found between 28° - 29° N, or 30° - 31° N. The geography of the 

Florida peninsula itself may play an important role in where meanders and filaments 

form. In east Florida, the continental shelf broadens in a northward direction, while 

the edge of the continental shelf approximately follows the path marked by the 80°W 

meridian. Warm filaments start to develop at 27° N. As the continental shelf 

broadens, it provides more space for the warm filaments to spread while they move 

northward. Therefore, the four warm filaments found in Figures 3-2 and 3-3 are also 

a sequence of warm filament evolution, from the smaller filaments found at 27°N, 

constrained by the bottom topography, to the more extensive filaments at 30°N. This 

could also explain the different dimensions shown on Table 3-7.

There are several hypotheses to explain the origin of meanders, and later 

development of warm filaments in the Gulf Stream. In the first comprehensive study 

of the Gulf Stream, Stommel (1960) suggested Gulf Stream meanders result from the 

Stream’s friction from bottom topography and the subsequent instability generated in 

such a fast moving current. In a recent laboratory study on multi-layer numerical
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experiments, Stem and Chassignet (2000) concluded that friction with topographic 

features is not always required in the formation of meanders and filaments that 

originate from a coastal current. Instead baroclinic and /or barotropic instability 

effects between water masses can account for such formation. Barotropic conditions 

occur when isobaric (equal pressure) surfaces are parallel to the sea-surface and the 

isopycnic (equal density) surfaces. Baroclinic conditions occur when isobaric and 

isopycnic surfaces are inclined with respect to one another. The formation of Gulf 

Stream meanders and warm filaments in the 27°N to 31°N range may be due to a 

combination of the mechanisms proposed by Stommel (1960) and Stem and 

Chassignet (2000).

The ANOVA for the meander/day data show the interaction “year x season” 

is significant, while the ANOVA for the warm filament/day show factors “year” and 

“season” as significant. In the case of the meander ANOVA, the variability of the 

factors “year” and “season” when considered separately cannot detect a difference in 

meander/day formation. However, the significant interaction indicates that annual 

differences of meander/day depend on the season under consideration. In the case of 

the warm filament ANOVA, it is possible to separate the variability due to the years 

1999 through 2001, or due to the two seasons (wet and dry). The significance 

associated with year 1999 is due to the lack of data from January through April for 

that sampling year.



99

Traditional oceanographic studies have considered meanders, warm filaments 

and cold-core eddies as independent features (Von Arx et al., 1955; Webster,1961; 

Lee, 1975). However, SST satellite images provide a synoptic view of the Gulf 

Stream at once, and show that Gulf Stream meandering originates as a coupled 

system of warm filament and cold-core eddies. Such pair filament-eddy generates a 

cold upwelling (Miller and Lee, 1995). Gulf Stream frontal eddies have been 

identified as the primary cause for summer and winter upwelling in Florida Atlantic 

shelf waters (Smith, 1983a; Smith 1987).

A frontal eddy resembles a storm in the ocean. The kinetic energy released by 

a typical eddy of 100 km diameter is similar to that of a severe thunderstorm, in the 

order of 1014 joules (Open University, 1989). The upwelling associated with the 

warm filament is very large. The upward movement of water is approximately 10 

m/day in the upper 200 m and transports nutrients into the euphotic zone for 

biological uptake (Lee et al., 1991). Massive upwellings associated with eastern 

boundary currents on the Atlantic and Pacific Oceans are an average of 1 - 2 m/day 

(Open University, 1989). Therefore, water exchange with shelf waters is very fast. 

The residence time on shelf waters is only 2 weeks, or the time between the passage 

of one filament and the next. If this is the case, the warm filament will represent a 

higher possibility of exchange between the Gulf Stream and shelf waters and a faster 

way for the juveniles to move into the coastal area. Therefore, the exchanges
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between the Gulf Stream and shelf waters resemble a series or a chain of localized 

storms in the ocean weather that crawl along the U.S. eastern seaboard.

Wind-Derived Ekman Drift

Methodology- Wind direction determines whether Ekman drift is onshore or 

offshore. In east Florida, northerly winds generate a maximum onshore Ekman drift, 

with a range of different drift intensity between 0° and 180°. Southerly winds 

generate a maximum offshore Ekman drift, with a range of different drift intensity 

between 180° and 360°. Easterlies and Westerlies generate alongshore Eklman drift.

In mathematical tenns, the domain for each Ekman drift based on wind 

direction (wd) is:

Onshore: 0° < wd < 180° Onshore

Offshore: 180° < wd < 360°

Alongshore: wd = 0°, wd = 180°
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Figure 3-12. Wind-derived Ekman drift based on wind direction off East Florida.

Wind data were obtained from two stations: a NOAA weather buoy and the 

Sebastian Inlet weather station. NOAA weather buoy # 41009 is located 20 miles 

east of Port Canaveral. Data from 1997 to 2001 were obtained from the National 

Data Buoy Center via Internet at, http://www.ndbc.noaa.gov. The buoy is a 6-meter 

boat-shaped hull (NOMAD). The two sets of measurements used were water 

temperature and wind speed and direction. Water temperature is measured at 1 m 

below the site elevation, with an accuracy of +/- 1°C and within a range o f -6 to 

40°C. The anemometer height is at 5 m above the site elevation, and it measures 

wind speed with an accuracy of +/-1 m/s within a range of 0 to 62 m/s, and wind 

direction with an accuracy of +/-10° and a range of 0° to 360°.

The Sebastian Inlet weather station is located at the end of the north Jetty at 

Sebastian Inlet State Park on the east coast of central Florida. The weather station

http://www.ndbc.noaa.gov
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reads the wind speed and direction over the ocean at 10 meters above sea level, at 

15-minute intervals and stores it in memory. In addition a wave gauge measures 

wave height, period and direction, and a tide gauge measures water level. 

Periodically, this data is retrieved, processed, and archived. Dr. Lee Harris at Florida 

Institute of Technology maintains the station. Permission to use the data has been 

obtained (Harris, pers. Comm.). The sampling period, January 1997 to December 

1999, covers only the years that were successfully recovered from the Florida tech 

web site (http://www.fit.edu/dmes/wavedata).

Results- Wind speed and direction data from buoy 41009 were used to calculate the 

direction and speed of wind-derived Ekman transport. The percentage of 

observations that result in onshore, offshore, or alongshore Ekman transport from 

January 1997 to December 1999 are shown in the appendix (Table A3.4, and A3.5). 

The magnitude of the Ekman transport speed for the years when SST satellite images 

are available (1999 to 2001) is shown in the next section, as they relate to the set up 

of the oceanographic recruitment model. Onshore Ekman transport lags dry 

(recruitment) season (Fig. 3-13)

Since year 2000 had the best series of sequential cloud-free SST satellite 

images, buoy surface temperature data for year 2000 were compared with meander 

and warm filament occurrence (Fig. 3-14). Expected increases in surface

http://www.fit.edu/dmes/wavedata
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temperature due to the presence of meanders and warm filaments do not always 

correlate with increases in surface temperature measured by the buoy sensor.

Averaged plots of wind speed and direction were obtained from the Sebastian 

Inlet weather station (Figs. 3-15 through 3-17). Four-hour averaged data show both 

onshore and offshore wind-derived Ekman conditions exist in any given month.

Figure 3-13. Wind-derived Ekman drift from NOAA buoy 20 miles east of Port 
Canaveral.
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Figure 3-14. Mean sea surface temperature recorded at buoy 41009, year 2000.
Means are based on 24 measurements/day. Error bars are standard errors of the 
mean. Asterisks (*) mark days when meanders and warm filaments were observed on 
SST-AVHRR satellite images.
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Figure 3-14. Mean sea surface temperature recorded at buoy 41009, year 2000. 
(Continued).
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Figure 3-15. Wind speed and direction, year 1999, from the Sebastian Inlet Weather 
Station (Florida Institute of Technology). Each stick represents 4 hours of wind data. 
The length of each stick is proportional to the speed of the wind, and the direction is 
based on true north being toward the top of the plot. Missing graphs are due to data 
not processed, failure of the station hardware or unavailable data.
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Figure 3-15. Wind speed and direction, year 1999, from the Sebastian Inlet Weather 
Station. (Continued).
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Discussion- The percentage of observations favorable to offshore or onshore Ekman 

transport shows a trend that onshore Ekman transport lags the recruitment (dry) 

season. Menzel et al. (1993) report that in the South Atlantic Bight, wind has to be 

constant for 6 to 12 hours to produce effective Ekman transport. In a study with 

moored near-surface and bottom current meters off Fort Pierce, Kerr (1980) 

identified meandering periods of 2 to 3 days; further, north-south currents were 

directly coupled with north-south wind stress at periods 2 to 3 days.

After the bulk data analysis of percentages in Fig.3-13 the next step is to 

average wind speed and direction over a given time, and plot the results in relation to 

a time scale. The bar graphs in Figure 3-15, from the Sebastian Inlet weather station, 

show that wind direction reversals are common within a given month. Only year 

1999 is shown, because it was the only year when both SST image analysis and 

NOAA buoy data were available. When observed in sequence, there is no clear 

pattern of a dominant direction on wind-derived Ekman drift. Only year 1999 in the 

Sebastian Inlet weather station dataset had been analyzed for SST satellite images. 

However, since later years were not available, years 1997 and 1998 are also provided 

to show the general trend of wind reversals.

In a recent study of larval fish transport on the South Atlantic Bight, Epifanio 

and Garvine (2001) analyzed a 29-month record of hourly wind data. After a power
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spectra analysis they concluded that there are two patterns superimposed to any wind 

dataset. High-frequency wind-driven circulation, which includes the effects of the 

diurnal sea breeze, produces quick reversals in wind direction. This should not be 

considered as an important agent in cross-shelf transport. The second pattern is the 

residual wind (period equal or larger than 10 days) which has the most significant 

effect in the long-term transport of pelagic fish larvae on the continental shelf, 

because is on a time scale relevant to the typical duration of larval development.

The apparent lack of correlation between the SST measured by the buoy and 

the presence of warm filaments and meanders observed in the satellite images may 

be due to the satellite sensor or to the location of the buoy itself. The AVHRR 

measures the radiated heat energy emitted from the millimeter thin skin of the ocean 

(Emery et al., 1995). The buoy measures temperature at 1 m below the sea surface. 

Barton (1995) reports that sometimes the surface signal of the Gulf Stream detected 

by the satellite may be a few meters off from the Gulf Stream vertical profile 

measured by an in situ instrument. However, satellite-measured SST usually is only 

0.5-l°C cooler than if the temperature is measured with a thermometer.

The buoy is located at 28° 30' N and 80° 10' W. Although warm filaments 

intrude onto the continental shelf, they are still attached to the Gulf Stream at the 

80°W meridian, so the buoy may constantly detect Gulf Stream warm water, except
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in those cases when meandering and cold-core upwelling associated with the inner 

part of a warm filament is so severe that sharply deviates from 80°W.

A Recruitment Oceanographic Model for the East Florida 

Opossum Pipefish

Biological Relevance of the Oceanographic Transport Mechanisms 

Investigated

How relevant are Gulf Stream disturbances and wind-derived Ekman 

transport for the recruitment of juvenile opossum pipefish? Juvenile opossum 

pipefish have been found associated with pelagic Sargassum (Bohlke and Chaplin, 

1968). Therefore, surface circulation is relevant to understand juvenile transport and 

recruitment into coastal habitats.

How does a pelagic juvenile fish leave the Gulf Stream and approach the 

Florida coastline? The problem of cross-shelf transport has been proposed many 

times. Studies on invertebrate larvae and some pelagic fish eggs and juveniles in the 

Southeastern United States have focused on species that are located within the inner 

and outer shelf, and do not recruit onto shelf waters directly from the Gulf Stream. 

Leptocephali o f the American eel, Anguilla rostrata, face a similar recruitment
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challenge as opossum pipefish juveniles. A. rostrata reproduce in the Sargasso Sea. 

The pelagic phase (leptocephali) is carried on the Gulf Stream System and recruits 

onto the freshwater systems along the Southeastern US. At some point it has to leave 

the Gulf Stream and enter the coastal systems (coastal lagoons, deltas, estuaries). But 

a recruitment mechanisms has yet to be proposed (Kleckner and McCleave, 1982).

From the point of view of the larvae or juvenile, this is a formidable task. 

Surface velocities in the Gulf Stream can reach 5 knots, or 216 km/d, and the highest 

velocities are to the left of the center of the current (Knauss, 1997). The situation 

does not improve with depth, since similar velocities extend down to 1000 m where 

currents have been recorded in excess of 0.5 m/s. The Gulf Stream is moving north, 

and the pelagic juveniles have to recruit to the west of the Stream. They must 

overcome 5 knots of northward movement.

Warm filaments provide a solution to the need to step away from the fast 

moving Gulf Stream and enter inshore waters. Average warm filament and meander 

northward transport speeds of 27 km/d (wet season) and 31.7 km/d are one order of 

magnitude less than Gulf Stream northward speed. Such reduction in transport speed 

coupled with the penetration of warm filaments into inshore waters brings 

Sargassum and their associated juveniles close enough to the shore for other forces

to act.
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Sargassum is readily found in the beaches along the east Florida coast. 

Therefore, a passive mode of cross-shelf transportation must be available. Here 

wind-derived Ekman drift could be a key component in facilitating the arrival of 

Sargassum into coastal waters. Data do not show a clear predominance of onshore 

Ekman drift during the dry (recruitment) season, and offshore Ekman transport 

during the wet (reproductive) season, rather a lag phase in Ekman transport patterns. 

However, such lag pattern does not rule out Ekman transport as an essential 

component to facilitate the approach of Sargassum entrained into a warm filament to 

be carried into the beach.

Surface slicks could also act as a passive cross-shelf transport mechanism. In 

a study off New Zealand, Kingsford and Choat (1986) found that drift algae (e.g. 

Sargassum) and the pre-settlement fishes associated with them, concentrated on 

surface slicks, which moved at 0.5 to 1.25 km/h in the direction of shore. Unlike the 

windrows associated with Langmuir circulation, surface slicks are associated with 

internal waves, and do not align parallel to the wind stream unless by chance, while 

the direction of the internal wave movement is perpendicular to the slicks. Shanks 

(1983) proposed that surface slicks associated with tidally driven internal waves 

might be an important mechanism for the onshore transport of pelagic fish stages. 

Recently, in a study of the pelagic phase of invertebrates, Pineda (1999) proposed 

that slicks could also originate by internal tidal bores which are produced when
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internal waves break when they shoal, and occur every 12.42 to 24.84 hours. Internal 

tidal bores are then proposed as a mechanism for onshore pelagic larval transport. 

Apel (1995) indicates that the surface signal of internal waves can be detected by 

scanners and radars on board satellites, for example, the Multispectral Scanner 

(MSS) on board the spacecraft Landsat, and the synthetic aperture radar (SAR) on 

the European Space Agency ERS-1.

Alternatively, once warm filament intrusion has occurred, cross-shelf 

transport could be active: opossum pipefish juveniles could swim actively away from 

the Sargassum and enter an ocean inlet. In a laboratory study of the swimming 

abilities of pre-settlement juvenile coral reef fishes from the Great Barrier Reef, 

Australia, Stobutzki and Bellwood (1997) proposed that sustained swimming is one 

major way in which the pelagic stages of juvenile fishes could modify their dispersal. 

They set up a circulation system at a constant speed of 13.5 cm/s, because it 

approximates the mean current speeds around reefs in the region. They then recorded 

how long the juveniles will swim, and transformed such values into an equivalent 

distance traveled. Out of the 9 families studied (Lutjanidae, Pomacanthidae, 

Acanthuridae, Chaetodontidae, Monocanthidae, Pomacentridae, Lethrinidae, 

Apogonidae and Nemipteridae), the juveniles with the most stamina were the 

Lutjanidae (snappers) travelling a maximum of 140.2 km and a minimum of 12.6 

km. The family with the least marathon swimmers was the Nemipteridae, with a
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maximum of 35.8 km and a minimum of 0 km traveled. Maximum values for the 

other families ranged from 174.3 to 253.1 km and minimum values ranged from 0 to 

12.3 km traveled. They concluded that pre-settlement pelagic stages of coral reef 

fishes are competent swimmers and if they can orient themselves in relation to the 

reef, they can be selective in their settlement choice.

Based on the SST satellite images, warm filaments are seen to intrude onto 

the continental shelf up to the 40m or the 20 m isobath. Although there are no data 

on Syngnathidae swimming abilities, opossum pipefish juveniles show elongated 

dorsal and caudal fins (Dawson, 1982), which may help in improved sustained 

swimming. Therefore, it is possible that, once the warm filament has approached the 

complex Sargassum-juvenile into inshore waters, opossum pipefish juveniles may

orient themselves in some way (sound, smell, taste) and start swimming towards the 

ocean inlet. Juveniles could also congregate in schools in their approach to the ocean 

inlet. In fact, in a field and modeling study of the flow patterns in a North Carolina 

ocean inlet, Seabergh (1988) concludes the flow tide creates a cone to tidal influence 

in inshore waters that is relevant to the transport of fish larvae through inlets.

Although several three-dimensional conceptual models of warm filaments 

and associated cold-core eddies have been proposed (Lee et ah, 1981; Chew, 1981), 

the structure is yet to be completely resolved. There is evidence that warm filaments
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may detach from the Gulf Stream. In a study on satellite-tracked buoys released in 

the Atlantic Ocean off east Florida, Maul and Bravo (1989) report that buoys 

followed anticyclonic and cyclonic turns, as it will be expected when entrained in the 

pair warm filament/cold core eddy. Buoys also were tracked entering the Indian 

River Lagoon through the St. Lucie Inlet.

The sequence of warm filaments shown on Figures 3-2 and 3-3 is part of the 

evolution in warm filament formation. Figure 3-16 shows my own interpretation of 

the three-dimensional structure of a warm filament-cold core eddy pair, the inlet- 

associated tidal flow circulation, and how each structure is located in relation to the 

bottom topography of the area and the distance from the coastline. Maul and Bravo 

(1989) proposed that warm filaments do detach from the Gulf Stream in the final 

stages of their evolution. Once detached, they will drift southward due to the inner 

shelf current, and can eventually crash onto the coastline, with the help of onshore 

Ekman drift. Such a sequence of warm filament detachment is shown in Figure 3-16. 

SST satellite images may not detect the detached warm filament because of mixing 

processes. Such warm filament detachment hypothesis explains how floating 

Sargassum and their associated opossum pipefish juveniles could finally reach 

inshore waters, and approach the ocean inlet, so the inlet tidal influence will bring

them into the Indian River Lagoon.
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Figure 3-16. A) Author’s proposed three dimensional structure to explain the 
interaction between Gulf Stream warm filaments, upwelling, cold core (cold dome) 
and inlet tidal effects in east central Florida. Diagram prepared with the technical 
assistance of Mr. Felix Morales, at the Dept, of Marine and Environmental Systems, 
Florida Institute of Technology. B) Sequence of warm filament detachment: 1. Warm 
filament (as seen on A), 2. warm filament has detached from the Gulf Stream, 3. 
Warm filament crashes with the coastline. Circles are floating Sargassum.
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The challenging environment faced by opossum pipefish juveniles in their first step 

to recruit into the freshwater tributaries has been presented in this chapter. An 

oceanographic recruitment model that deals with all possible recruitment choices is 

developed in the next section.

Mathematical Model Setup

Introduction- The proposed oceanic transport model is inspired by the model 

described by Hare & Cowen (1993) that explains the larval transport of bluefish, 

Pomatomus saltatrix, in the Mid-Atlantic Bight. In Hare & Cowen s model, P. 

saltatrix spawn continuously as they migrate northward along the coast, and 

recruitment of their offspring is affected by variations in mesoscale circulation: 

cross-shelf (warm filaments) and along-shelf transport. I have adapted Hare & 

Cowen’s model to account for the different life history of the opossum pipefish and 

the oceanography of the South Atlantic Bight. The model calculates the recruitment 

time for juvenile opossum pipefish from the Gulf Stream to the Sebastian Inlet.

Methodology- The model area is limited to the latitudes between 27°N and 30°N. 

Juveniles are continuously drifting in the Gulf Stream. Their trajectory starts when 

they reach latitude 27°N. From that point, they have to reach Sebastian Inlet, 

following the transport path:
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Gulf Stream -> cross-shelf -> along-shelf -> Sebastian Inlet

The transport model is made of a series of distance-speed equations to 

estimate the temporal recruitment scale, that is, to calculate how long it takes for an 

opossum pipefish pelagic juvenile drifting in the Gulf Stream to reach the Sebastian 

Inlet.

The model has three transport components: Gulf Stream, cross-shelf and 

along-shelf (Fig.3-17). The Gulf Stream component is the northward transport due to 

the Gulf Stream. Cross-shelf transport is due to a combination of warm filaments that 

deviate from the Gulf Stream and intrude onto the continental shelf, favorable 

onshore Ekman transport and active juvenile swimming. The Along-shelf component 

is the transport due to the southward inshore current. Figure 3-18 shows a flowchart 

of the different conditions required for a successful juvenile recruitment.

The model equations are:

T = Tgs + Tcs + Tas

Where Tgs= Dgs Vgsi Tcs = D cs/V cs; Tas = D as/V as

T = time (days) required to cover the three sides of the path 

Tgs = Time required for transport from 27°N to the point of cross-shelf transport

D gs = distance from 27°N to the cross-shelf transport
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Vgs = transport speed of the Gulf Stream component 

Tcs = Time required for transport from the initial point of cross-shelf mechanism to 

along-shelf transport

Dcs = distance from cross-shelf mechanism to along-shelf transport 

Vcs = transport speed of warm filament and juvenile swimming 

Tas = Time required for transport from cross-shelf mechanism to Sebastian Inlet 

Das = distance from cross-shelf mechanism to Sebastian Inlet 

Vas = transport speed of along-shelf component

Figure 3-17. Schematic representation of transport components. White circle locates 
Sebastian Inlet. GS = Gulf Stream, CS = Cross-shelf, AS = Along-shelf.



Figure 3-18. Oceanographic model components for juvenile opossum pipefish 
recruitment, until they reach Sebastian Inlet.
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There are three basic conditions for the model. First, the geographic setting 

was resolved in 13 locations. Each location had a different distance value. Both DgS 

and Das values increase from 27°N to 30°N. However, by definition, each latitude 

will have different values of Dgs and Das. Table 3-8 lists the distances used for the 

model. The conversion used to calculate Dgs and Das was:

1 minute latitude = 1850 meters

Table 3-8. Values of Dgs and Das for each latitude. Once the juveniles have passed 
the 28°N latitude (Sebastian Inlet) in the along-shelf component, they are out of the 
model (Das = 0).

Latitude North Latitude decimal Dgs (km) Das (km)
27° 00' 27.00 0 0
27° 15' 27.25 27.75 0
27° 30’ 27.50 55.50 0
27° 45’ 27.75 83.25 0
28° 00' 28.00 111 0
28° 15’ 28.25 138.75 27.75
28° 30’ 28.50 166.50 55.50
28°45’ 28.75 194.25 83.25
29° 00* 29.00 222 111
29° 15' 29.25 249.75 138.75
29° 30’ 29.50 277.50 166.50
29° 45' 29.75 305.25 194.25
30° 00' 30.00 333 222

The second condition defined the transport speed of each component. For 

each component a total of three transport speeds were used which represent values 

obtained from the literature. The Gulf Stream speed ranged from 50 cm/s to 100
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cm/s. The cross-shelf transport speeds were selected to represent two mechanisms: 

active swimming of pelagic juveniles or transport associated with warm filaments. 

The pipefish body plan is not adapted to strong swimming. There are no 

measurements on opossum pipefish pelagic juvenile swimming. However, pelagic 

juveniles have extended dorsal fins, which will definitely improve their swimming 

abilities in relation to adults. A typical swimming speed for a pelagic fish is 10 cm/s 

(Hare and Cowen, 1993). Using this value as a reference, active swimming was 

reduced to 5cm/s. Extreme values of warm filament velocities have been reported as 

50 cm/s (Epifanio and Garvine, 2001). The combination o f active swimming and 

warm filament was represented by the value range 10 cm/s to 50 cm/s. Along-shelf 

transport speeds ranged from 2.5 cm/s (low to average speed) to 7.5 cm/s (average to 

high shelf flow) (Pomeroy et al., 1993). .

However, the cross-shelf speeds must show the increment due to onshore 

Ekman drift and Stokes drift. The magnitude of Ekman drift is calculated based on 

wind data from the NOAA buoy 41009, situated 20 miles east of Port Canaveral. 

Data were obtained from the National Data Buoy Center at 

http://www.ndbc.noaa.gov.

Ekman drift speed is obtained from the formula:

1 /2Ekman speed = ax / (Az f)

http://www.ndbc.noaa.gov
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Where, x = wind stress (N/m2) = cW2; c — 2/103 and W — wind speed (m/s)
-3 2Az = coefficient of viscosity =10" m /s  

a  = 1/density of seawater =10" kg/m 

f  = Coriolis = 10'4 s"1

The resulting Ekman speed in m/s was transformed to km/d. Using data from 

the wet season of years 1999 to 2001, two sets of Ekman speeds were calculated: 1) 

Based on winds that generate maximum onshore Ekman drift at 90°, with an interval 

of plus/minus 10° (Table 3-9), 2) Based on all other winds favorable for onshore 

Ekman transport included in the domain 0° < wind direction < 180° (Table 3-10).

Table 3-9. Maximum onshore Ekman drift generated by 80° to 110° wind direction.

Wind Speed
Mean SE Range Ekman

Year Month m/s m/s m/s n km/d
1999 January 6.4 0.2 0 .7 -1 5 .6 180 16.6

February 5.3 0.5 0.3-14.8 65 13.7
March 4.3 0.2 0 .2 -1 0 .0 112 11.1
April 4.4 0.2 0 .3 -8 .8 93 11.4
December 6.0 0.2 1.0 -  8.8 66 15.5

2000 January 5.9 0.3 0.7- 10.2 85 15.3
February 5.7 0.3 0 .9 -9 .4 58 14.8
March 7.1 0.3 1.8-12.8 78 18.4
April 6.5 0.3

od1o\d

50 16.8
December 5.6 0.2 1.0-10.1 76 14.5

2001 January 3.5 0.3 0 .5 -6 .2 26 9.1
February 6.6 0.3 0 .2 -1 0 .2 81 17.1
March 6.8 0.5 1.1 - 15.7 43 17.6
April 6.9 0.1 0 .5 -1 2 .3 155 17.9
December 5.7 0.2 0 .3 -9 .3 66 14.8
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Table 3-10. Onshore Ekman drift generated by 0°< wind direction<180°, excluding 
data shown on Table 3-11.

Wind speed
Mean SE Range Ekman

Year Month m/s m/s m/s n km/d
1999 January 6.4 0.1 0 .7-14 .1 791 16.6

February 5.2 0.1 0.5-13.8 368 13.5
March 5.5 0.1 0 .4 -1 3 .9 591 14.3
April 5.3 0.1 0 .1 -1 1 .0 581 13.7
December 6.6 0.1 0 .7 -1 2 .9 239 17.1

2000 January 6.2 0.2 0 .6 -1 4 .5 236 16.1
February 6.2 0.1 1.0- 11.0 252 16.1
March 6.1 0.1 0.5 - 12.8 337 15.8
April 5.7 0.3 0 .2 -1 0 .9 314 14.8
December 7.1 0.1 1 .1 -12 .7 371 18.4

2001 January 4.8 0.2 0 .5 -1 0 .7 144 12.4
February 5.5 0.1 0.1 - 10.5 282 14.2
March 6.6 0.2 0 .3 -1 3 .5 256 17.1
April 5.6 0.1 0 .5 -1 1 .9 331 14.5
December 6.4 0.1 0.3-14.3 391 16.6

The average wind speed in Table 3-9 is 5.8 m/s (SE 0.2). In Table 3-10 the 

average wind speed is 5.9 m/s (SE 0.1). The value of 6 m/s is then used as a 

representative value of wind speed that generates onshore Ekman drift. Such wind 

speed will produce a 15 km/d onshore Ekman drift during the dry season. Therefore, 

the 15 km/d onshore Ekman drift speed is added to the values of Vcs. When Ekman 

drift is included, the transport speeds for each component are shown on Table 3-11.

Table 3-11. Transport speeds (cm/s) for each component, Ekman transport included

Vgs Vcs Vas
50 25 2.5
75 35 5.0

100 65 7.5
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Surface waves are not perfectly sinusoidal. Real surface waves are more or 

less trochoidal, with long troughs and sharp crests. They provide a residual surface 

net transport that moves directly downwind. Knauss (1997) reports that for a typical

-2kzocean wave of period 6 , the Stokes translation speed is 0.25 e m/s. At the 

surface, where z(depth) = 0, there is a significant surface current. The surface current 

will be of 0.25 m/s, or 25 cm/s (roughly 25 km/d). Such Stokes transport may reduce 

the time required for cross-shelf transport, and it may act in synergy with onshore 

Ekman drift (Fig.3-19). The value of 25 cm/s is added to Vcs after Ekman, to 

account for the increased effect in cross-shelf transport due to Stokes drift (Table 3-

12).
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Figure 3-19. Stokes drift due to surface waves and synergy with onshore Ekman 
drift. A. Real shape of surface waves. B. The gray arrow indicates the resultant drift 
of a detached Gulf Stream warm filament due to onshore Ekman drift and Stokes 
drift.

Table 3-12. Transport speeds (cm/s) for each component, Ekman drift and Stokes 
drift included.

Vgs Vcs Vas
50 50 2.5
75 60 5.0

100 90 7.5
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The third condition defined the cross-shelf distance. Dcs was calculated over a 

nautical chart as the distance between the 80°W longitude and two isobaths: the 40 m 

isobath (Dcs40) and the 20 m isobath (Dcs20). Warm filaments intrude into the 

continental shelf up to the inner shelf (depth less than 50 m). Since current speeds 

due to favorable onshore Ekman transport were not included in the initial model run, 

isobaths 40 and 20 are included to account for the maximum approach to the 

coastline. Table 3-13 lists the cross-shelf distances used for each latitude. The 

conversion used was:

1 minute longitude = 1850 meters x cos (latitude).

Results- The model was run in Excel. The complete model runs, with Ekman only 

and Ekman and Stokes combined are shown in the appendix. Results for latitudes 27° 

N to 28 ° N should not be considered as significant for the model, because the 

pelagic juveniles have not completed the whole transport cycle of Gulf Stream/cross- 

shelf/along-shelf at those latitudes.

When Ekman drift is included, the minimum recruitment time is 6.1 days, 

and the maximum recruitment time is 115.2 days (Fig.3-20). Similar results are 

obtained when both Ekman and Stokes are included (Fig. 3-21).
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Table 3-13. Cross-shelf distance from 80°W to the 40 m isobath (Dcs 40) and the 20 
m isobath (Dcs 20) for each latitude. Warm filaments have been rarely observed in 
latitudes 27° N and 28° N, in satellite sea surface temperature images, therefore their 
Dcs value is zero.

Latitude North Latitude decimal Dcs 40 Dcs20
27° 00' 27.00 0 0
27° 15' 27.25 0 0
27° 30’ 27.50 0 0
27° 45' 27.75 0 0
28° 00' 28.00 0 0
28° 15' 28.25 12.2 48.9
28° 30' 28.50 24.4 48.7
28°45' 28.75 24.3 48.6
29° 00' 29.00 36.4 60.7
29° 15' 29.25 36.3 72.6
29° 30' 29.50 36.2 48.3
29° 45' 29.75 48.2 101.2
30° 00’ 30.00 52.8 100.9
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Figure 3-20. First model run. Longest and shortest recruitment time at Dcs20 and 
Dcs 40 with Ekman drift included.

Dcs40 Short —A— Dcs20 Short — Dcs40 Long Dcs20 Long
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Figure 3-21 . Second model run. Longest and shortest recruitment time at Dcs20 and 
Dcs 40 with Ekman drift and Stokes transport included.

Dcs40 Short - a -  Dcs20 Short Dcs40 Long - A -  Dcs20 Long
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Discussion- The longest transport time of 115.2 days is quite unexpected. It means, 

it will take up to 4 months for a pelagic juvenile to go from latitude 27 0 N to 

Sebastian Inlet if they are carried by the longest path at the slowest speeds. At the 

other end of the spectrum, the shortest recruitment time was 6.1 days, which 

accounts for the shortest path with the fastest speeds. In general, the recruitment 

time, and the time for cross-shelf transport predicted by the model is within the limits 

of a pelagic fish juvenile lifespan.

Oceanic juvenile swimming abilities are unknown for the opossum pipefish, 

and an educated estimate of 5 cm/s was used, based on calculated swimming speeds 

for post larval fishes (Hare and Cowen, 1993). Since pelagic juveniles have 

elongated dorsal fins (Dawson, 1982), it is possible that their swimming abilities are 

better than those of adults, which have shorter dorsal fins. Following the flowchart in 

Figure 3-20, once the combination of warm filaments and onshore Ekman transport 

(with or without Stokes transport) approached floating Sargassum to the ocean inlet, 

the pelagic juveniles may swim onshore in response to a chemical cue. Probably, 

juvenile opossum pipefish leave Sargassum at a certain point, organize into a school 

(a tight group of individuals that swim more or less in synchrony) and approach the 

ocean inlet in response to the flood tide. There is no information on schooling 

behavior in Syngnathidae. However, in his review of Indo-Pacific pipefishes,

Dawson (1985) shows a picture of a hovering school of “unidentified juvenile
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pipefishes”, 50-75 mm in length, at a depth of 5 m in Spencer Gulf, South Australia. 

Therefore, schooling behavior is a possibility in juvenile opossum pipefish, as a way 

to approach the final distance that separates the drifting Sargassum from the ocean 

inlet.
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CHAPTER 4

Ecological and Evolutionary Interpretation of the 

Opossum Pipefish Life History

What are the ecological and evolutionary implications of a migratory life 

history? The migratory life history must be an evolutionary stable strategy, or ESS 

(Steams, 1992), in that the population that adopts the migratory path (i.e. the alleles 

that promote a migratory lifestyle) is not eliminated by selection.

Futuyma (1998) differentiates between dispersal and migration. Dispersal is 

the movement of organisms from their birthplace to the locations at which they will 

reproduce. It is usually undirected and influenced by prevailing winds or currents. 

Migration is a cyclical movement between specific regions, and is highly directed 

(i.e. salmon migrations).

In the case of the opossum pipefish, the strong dependence on passive 

transport due to oceanographic mechanisms and the lack of a highly directed



134

migration to freshwater habitats (i.e. they do no recruit necessarily to their birthplace 

as in migratory salmon species), will classify the opossum pipefish movement as 

intermediate between Futuyma’s dispersal and migration concepts. In addition, 

dependence on oceanographic features will minimize the energetic costs related to 

swimming.

In a study of the evolution of diadromy, Gross (1987) proposes the basic 

negative trade-offs for a migratory life history, such as: (1) The osmoregulatory costs 

associated with crossing the sea-freshwater boundary; (2) The energetic demands of 

swimming; (3) Exposure to predators or disease. Jonsson et al. (1999) add a human- 

induced fourth negative trade-off to diadromy associated with fish dependence upon 

multiple habitats. Habitat degradation due to human activities implies that 

diadromous fishes are at a higher risk of extinction than other groups of fishes, due 

to multiple habitat dependence.

Trade-offs are the linkages between traits that constrain the simultaneous 

evolution of two or more traits. An essential trade-off is the number and size of 

offspring (Steams, 1992). Offspring characteristics follow two basic patterns in 

reproduction (MacArthur and Wilson 1967): (1) To produce many young of small 

size (r-strategy); (2) To produce a few young of large size (K-strategy).
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For example, r-strategy species have a large number of small eggs, from 

which fairly undeveloped larvae hatch, and each larvae has a poor chance of survival 

to a mature adult. This strategy is typical of pelagic spawners (e.g. groupers) that 

release large masses of eggs into the water column, and pelagic larvae are left to drift 

in the ocean currents on their own. K-strategy species have few eggs, but they are 

cared for, reducing the chances of death. At hatching, young are well developed and 

of larger size than offspring from r-strategy species. Considerable effort is put into 

parental care rather than into the number of eggs produced. This is typical of species 

where hatching is more associated with benthic habitats. Syngnathid protection of 

eggs within a pouch represents an excellent example of parental care, and therefore, 

K-strategy (Pitcher and Hart, 1982).

However, within Syngnathidae, there is also a distinction between r and K 

strategy that reflects different life history strategies. Dawson (1982) provides the 

most comprehensive reproductive data on western North Atlantic pipefishes. When 

the number of pouch-eggs is plotted against total length at hatching (Figure 4-1) an 

interesting relationship appears. Species with benthic-associated juveniles are found 

at the bottom right of the graph, the K-strategy species: Anarchopterus criniger and 

Syngnathus scovelli. Species with pelagic larvae or juveniles appear at the top left of 

the graph, the r-strategy species: the opossum pipefish Microphis brachyurus
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lineatus. Intermediate species are more or less spread to the right side of the graph: 

Pseudophallus starksii, Syngnathus floridae and S. fuscus.

Figure 4-1. Different r and K strategies in Syngnathidae. Species with an r-strategy 
are at the top left comer of the graph. Species with a K-strategy are at the bottom 
right comer of the graph. Microphis brachyurus lineatus has an r-strategy. Legend: 
AC= Anarchopterus criniger, MB = Microphis brachyurus , SFL =
Syngnathus floridae, SF= S. fuscus, SS= S. scovelli, PS= Pseudopahllys starksii. 
Data from Dawson (1982).
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The most abundant pipefish in east Florida is the gulf pipefish, Syngnathus 

scovelli (K-strategy). S. scovelli lives in seagrass beds, abundant in the Indian River 

Lagoon. They produce a few young, large and well developed at hatching. Young do 

not migrate, but remain in the same area where they are released. Living in such 

abundant and stable habitat, mortality of the young is expected to be relatively low.

In contrast, the opossum pipefish releases the smallest young reported in pipefishes 

and they are released in large numbers, therefore, showing an r-strategy pattern when 

compared with S. scovelli. Due to its migratory life history, and the fact that early 

stages have to face major salinity changes, offspring mortality is expected to be high. 

According to Dawson (1982), Pseudopahllys starksii has been collected in fast 

moving rivers from Mexico to Ecuador. The size o f their young is intermediate 

between that of opossum pipefish and the gulf pipefish (Fig. 4-1). But the large 

number of young released may be a way to compensate for losses due to rapid river 

flow.

At present, there is a central question in larval fish ecology: Can pelagic fish 

larvae and juveniles be routinely and predictably transported by currents and disperse 

over great distances from their point of release thus forming an Evolutionary Stable 

Strategy? In a study of the establishment of marine reserves in the Caribbean Sea, 

Roberts (1997) suggests surface current patterns are a route for larval dispersal. He 

proposes the concept of sources and sinks: areas upstream within the main current
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(sources) export larvae to areas downstream within the same current (sinks). The 

sources and sinks concept was challenged by Cowen et al. (2000) in their statement 

that larval stages of marine organisms cannot depend on surface currents for their life 

history, because due to diffusion, their concentration is reduced beyond meaningful 

survival, so retention rather than dispersal by currents has been favored by evolution.

Surface currents clearly act as a mechanism of dispersal and migration for 

larvae and juvenile opossum pipefish, based on the location of adult and juvenile 

collections over the tropical western Atlantic (Fig. 1-2), Future genetic studies may 

provide evidence that the different opossum pipefish populations in the tropical 

western Atlantic are genetically similar due to the mixing effect of the pelagic 

juvenile phase from a variety of breeding locations throughout the pipefish range.

Spawning and recruitment times suggest that the marine phase ranges from 1 

to 12 months. The Caribbean, Loop and Antilles Current may distribute juveniles 

from a variety o f tropical western Atlantic areas, and as they converge into the Gulf 

Stream, juveniles may be transported to northward along the U.S. seaboard. If the 

marine pelagic phase lasts a year or longer, juveniles could also be transported 

eastward to Europe by entering the north Atlantic Gyre, and eventually returning to 

American shores. Is it possible that the opossum pipefish has alternate oceanic 

migration routes? The oceanographic time scales should be taken into consideration
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when proposing migratory routes. For example, a drifter takes one month to move 

from the mouth of the Mississippi River to Cape Canaveral (Sullivant, 1994). In up 

to three years the Gulf Stream and North Atlantic Gyre can transport a drifter from 

Cape Canaveral across the Atlantic basin and return to the point of origin (Pickard & 

Emery, 1990). Testing for the proposed juvenile transport hypotheses is difficult 

since there are no aging studies in Syngnathidae. Future work should include the 

search of an aging structure in the opossum pipefish (otoliths, vertebrae) so the 

length of the pelagic phase and the time scale of oceanographic processes can be 

correlated.

In the opossum pipefish, reaching the settlement site depends on the 

existence of reliable favorable currents and cross-shelf transport mechanisms. As the 

juveniles go into their tropical western Atlantic trip, they start recruiting into the 

different estuaries and then to freshwater tributaries. The recruitment mechanism 

proposed in this dissertation in east central Florida is also found within the tropical 

western Atlantic distribution area. The Caribbean Current has frontal instabilities that 

result in the formation of meanders, warm filaments and detached eddies. The Loop 

Current is more relevant as a transport mechanism than a regulatory mechanism to 

avoid low winter temperatures. Warm core eddies detach from the Loop Current, 

they drift to the southwest and eventually crash with the coastline. In fact, the sites of
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opossum pipefish permanent breeding populations in the southwest Gulf of Mexico 

correspond to sites were warm-core rings will crash into the coastline.

The path of surface ocean currents (Gulf Stream, Caribbean Current, Loop 

Current) is predictable, because they are driven by the wind systems that redistribute 

heat between the Equator and the Poles. Cross-shelf transport between the currents 

and estuaries is predictable because meanders and warm filaments are usually 

present and Ekman drift depends on prevailing easterlies. Is the use of oceanic 

transport within the requirements of an ESS? Why would this ocean transport and 

dispersal benefit the opossum pipefish? The ephemeral nature of the opossum 

pipefish breeding habitat has selected for a resilient life history strategy that exploits 

predictable physical transport mechanisms on an ocean-wide scale. Thus, the 

opossum pipefish uses the ocean as a vehicle of juvenile delivery to a large number 

of isolated freshwater populations and to start new colonies in previously 

unexploited freshwater habitats, minimizing the effect of local extinctions on the 

overall survival of the species. The prevailing habitat and environmental conditions 

have selected for members of the population that adopted such a migratory strategy. 

In that sense, the use of oceanic transport is within the requirements of an ESS.

Most settlement sites within the tropical western Atlantic can be accessed 

through barrier type coastal lagoons, which have two or more inlets (Alvarez and
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Gaitan, 1994; Rodriguez, 1973). Smith (2001), found evidence that seasonal scale 

forcing in the Indian River Lagoon (a multi-inlet lagoon) results in flood-dominant 

inlets from late fall through early spring, and ebb-dominant during the rest of the 

year. This means, that juvenile recruitment occurs when inlet transport is mostly in 

the direction of the freshwater tributaries, and larval release occurs when inlet 

transport is mostly towards the ocean. Smith proposed that such directional net 

transport must be a common feature of all multi-inlet coastal lagoons (Ned Smith, 

Harbor Branch Oceanographic Institution, pers. comm.). Therefore, such directional 

transport may be essential in the recruitment of juvenile opossum pipefish across the 

tropical western Atlantic. If this transport mechanism is predictable and widespread, 

then it offers a predictable transport mode from the continental shelf to estuarine 

waters throughout the tropical western Atlantic.

The opossum pipefish adult and breeding habitat is exclusively river bank 

vegetation, mostly semi-submerged grasses that provide shelter underwater. In the 

tropics, grasses in river banks and other aquatic plants are soon overshadowed by 

fast growing trees, or may be eaten by herbivores, burnt by fires, or uprooted by 

hurricanes. This is an unstable and vulnerable habitat. In comparison, the Gulf 

pipefish, Syngnathus scovelli, lives in estuarine seagrass meadows, a more stable 

habitat. The opossum pipefish also must persist in an unstable realm of multiple 

habitats due to its migratory life history. The Gulf pipefish does not migrate, rather is
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a sedentary species. For the opossum pipefish, each offspring released into 

freshwater and eventually reaching the ocean is a new opportunity to start a colony 

in a new settlement site, or to replenish an already existing population. A proportion 

of the juveniles is lost when they recruit into unfavorable habitats, such as the 

temporal warm temperate populations depicted in Figure 1 -2, which die during 

cooling winter temperatures. However, enough juveniles reach adequate or optimum 

settlement sites within coastal regions of the tropical western Atlantic, to allow a 

migratory species such as the opossum pipefish to persist.

The natural vulnerability of the opossum pipefish breeding habitat is 

exacerbated by human population development in east central Florida. First, by 

directly eliminating riverbank vegetation through herbicides and mechanical 

removal. Second, by increasing unnatural discharges of water flow in man-made 

canals, which may prevent juvenile opossum pipefish recruiting from the ocean to 

reach their settlement sites upstream.

In fact, the unofficial status of the opossum pipefish Florida population is 

threatened (Gilmore 1999). It is also a candidate to the U.S. Endangered Species list 

(Musick et al. 2000). The opossum pipefish is a member of a guild of fishes (a group 

of unrelated species with the same biogeographic and ecological needs) known as the 

tropical peripherals (Gilmore and Hastings, 1983). The tropical peripherals are warm
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stenothermic (=they tolerate a limited range of warm temperatures), and most of 

them are also migratory. In addition to the opossum pipefish, six tropical peripheral 

species in the U.S. have breeding populations only in the tributaries of the Indian 

River Lagoon: the centropomid snooks (tarpon snook, Centropomus pectinatus and 

fat snook, C. parallelus), and the gobioids (bigmouth sleeper, Gobiomorus 

river goby, Awaous banana; slashcheek goby, Gobionellus pseudofasciatus and 

blackear goby, G. fasciatus). Tropical peripherals are either threatened or endangered 

(Musick et al. 2000).

Some authors support a marine ancestry for all diadromous fishes (Gross, 

1987), while others do not support this hypothesis (McDowall, 1993). Perhaps, 

diadromy is a leftover strategy from the past. In fact, McDowall (1987) indicates that 

families in which diadromy is strongly represented usually are very ancient, dating 

back into the Mesozoic: lampreys (Agnatha), sturgeons (Chondrichthyes), anguillid 

eels (Anguillidae), and various salmoniform families. However, some more recent 

families, such as gobiids (Perciformes), have migratory species. Therefore, diadromy 

is a successful evolutionary stable strategy (ESS) that has prevailed since the start of 

the Mesozoic Era, 250 million years ago, but may have evolved on multiple 

occasions. With predictable mechanisms of transport to and from coastal breeding 

habitats it is highly likely that oceanic dispersal of progeny may benefit a variety of 

unrelated phyletic groups, particularly if local breeding habitats are ephemeral.
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Figure A2.1. A quick key for western Atlantic pipefish genera. This is the one-sheet 
guide used in pipefish identification compiled by the author. Adapted from Dawson 
(1982).
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Figure A2-2. Monthly abundance of opossum pipefish collected for every sampling 
year in Biloxi, MS. Compare with Figure 2-2.

□  Male □  Female ■  Juvenile
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Figure A2-2. Continued.

Jan Feb Mar April May Jun Jul Aug Sep Oct Nov Dec

□  Male □  Female ■  Juvenile



169

Figure A2-3. Monthly abundance of opossum pipefish collected for every sampling 
year in east Florida. Compare with Figure 2-2.
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Figure A2-3. Continued.
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Table A2-1. Physical parameters at C54 and Fellsmere Canal (San Sebastian River), 
year 2000. “Start” indicates time when readings are taken at first station (Boat raft). 
It takes 30 minutes to reach Fellsmere Canal. Sfc = Surface, Btm = Bottom

Stations

Date
5/27
Sfc

Start | 
11:00! 
Btm i

Date
6/10
Sfc

Start
9:38
Btm

Date
7/1
Sfc

Start
7:55
Btm

Date
9/10
Sfc

Start
9.30
Btm

Date Start 
9/24 8:30 
Sfc Btm

Mouth C54:
Temperature, C 30.6 30.1; 26.9 28.2 28.8 28.9 29.0 30.9 28.7 30.0

Salinity, ppt 21 28. lj 8.9 28.8 11.9 31.6 17.3 29.8 11.2 28.9

D.O., mg/L 5.8 4.5 j 6.3 4.1 4.9 1.9 4.3 0.4

Boat raft:
Temperature, C 31.2 29.31 29.9 30.4 28.2 31 27.9 30.9 28.1 30

Salinity, ppt 20.3 30 .4 ; 4.1 33.1 4.7 33 5.1 30.6 1 31

D.O., mg/L 6.2 1.4| 5.5 0.1 5.3 0.1 5.1 0.1

Manatee Sanctuary:
Temperature, C 30.9 31.3 j 26.9 30.2 27 30.9 27.3 31.1 28 30

Salinity, ppt 14.2 26.1! 1 23.3 4.9 27.2 1 29.8 2.3 29

D.O., mg/L 6.3 4.2; 5 2.6 3.9 0.1 5 0.1

Fellsmere canal:
Temperature, C 29.4 29.5! 25.5 26.6 28.4 28.4 27.3 27.1 27.7 28

Salinity, ppt 0.7 0.7 j 0 0.7 0.6 0.6 0.7 0.7 1.7 1.6

D.O., mg/L 5.8 5.7| 4.7 3.9 4.3 3.1 4.3 4.3
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Table A2-2. Tropical peripherals collection data, at Fellsmere Canal on 9/10/2000. 
Gear type was 30 feet bag seine. At all hauls: Temperature = 27.3°C, Salinity = 0.7 
ppt, Dissolved Oxygen = 4.3 mg/L. Code Key Vegetation: 1 = Panicum, 2 = Water 
lilly, 3 = Water fern, 4 = Brazilian Pepper, 5 = Cattails, 6 = Juncus. Code Key 
Substrate: 1 = Sand, 2 = Mud, 3 = Shells, 4 = Oysters, 5 = Rocks.

Haul #: lj 2| 3 4i 5 6! 7 8; 9 10 llj  12 13 14 15 16 17j 18 19; 20 21
Vegetation: type 1 x j x j x X i X x j x x j x X X |X X X X X x j x x j x X
Vegetation: other ! 5,6i i 5 ! i 5 4 j 4 5 5 i iii j 3
Substrate: type 1 x ¡ x | x iii ¡X XI X I11 X X X X i X X j X X
Substrate: other 2 Í 2 i 2 1 1 1 1

iiiii
2!11

2 ;
ii

2 11111
2 2,

5
2,
5

2 ,  i 2 ,

5 ! 5 jco r
„

L

Water Depth (cm): 60 j 60 j 60 60 j 30 60130 30 ¡60 60 60 ¡60 11 111
Species Accounts:
Lepisosteus osseus
L. platyrhincus
Amia calva
Anguilla rostrata
Anchoa mitchilli

I_____ J-------- J.

Notropis maculatus
• i.-------X.

.1-------- X.
Lucania goodei
L. parva
Gambusia holbrocki
!Poecilia latipinna
Labidesthes sicculus
h

f —1
4— i---¡_. ■j—-+--f

i i i 
i i i

f — f — f

-b—\ h + — 4— ¡. ■I—-f—+—4— 8— h-Menidia peninsulae
- I— j— j-. f — f !— 4Menidia spp. 16

Microphis brachyurus
Centropomus spp. 30 22 "t*82"!

-------- T-------- T 54 74 30!
Lepomis machochirus
Lepomis microlophus
Lepomis punctatus
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Table A2-2. Continued.

¡Haul’# :“ ' 1
—

2
——

3 4 5 6
— T

7
— ( 

8 9 10! 11! 12! 13
---- 1
14

---- r
15

— T 
16 17! 18j 19 20 21

¡M icropterus salm oides i i i ii i i i —
¡Etheostom a fusiform e 1 i i

I I 1 ’
jLutjanus griseus i i i i

i i i i

¡E ugenes p lum ieri i i! | — ————-
i i

—
¡Eucinostomus harengulus i i i i

i i i t i i---- +----A-----
¡Eucinostom us spp. 50 59 30 17 1 3 ¡724- -4-

24
_ ___ ——___

1 1 1 1 1 1

¡D iapterus auratus 2 1 6 5 11 i 1 1 1 1 1 3 2
j — ■j—  
1 1_-A---- 1----

30 45’
¡Archosargus probatoc. 1 1\ j

1 1 1 1 ! j

¡Lagodon rhom boides
1 1 1 1 1 1 ___ ___ —_

i i i i i i___±___i---- ___
¡Tilapia m ariae

1 1 1 1 1 1 1___ ___ —
i i i i i i

L__±___l___ ___
¡M ugil cephalus

1 1 1 1 1 1
L 1._J.___ ___ __ —

1 1 1 1 1 1
L--- 4--- J----- ___ — i

¡M. curem a
1 1 1 1 1 1___JL__ JL___ __ __ ___ ___

1 1 1 1 1 1— 1— J---- ___i
¡Mugil spp. 1 1

—
1 1 1 1 1 1___ JL__ JL___ ___ ___ ___ ___

1 1 1 1__JL___|---- ___ ___ii---------------------------------------
¡D orm itator m aculatus 1 1 1 1 ' 1 1 1 1 1

_____L__ J.___
5

___ ___ —
1 1 1 1— i.— J---- ___ 1 l 

— !j---------------------------------------
¡Eleotris pisonis

— — — — — ___ ___
1 1 1 11 _ 1 _____

i i i i__4— 4-----r--------------------------------------
¡G ob iom orus d o rm ito r

— — —
rT

— __
— - i 1 | 2

{ T

3 i i j i 11

¡Awaous banana
— — — —

1 1 1 11 1 ___
T 1i i— 4— 4—

¡Evorthodus lyricus
---- r 1—i i i i i i--- '

i i 1 |

[Ctenogobius pseudofasciatus 
1

— — — i i i i i i i i__i__ i___
¡G-obiosoma bo sc

)—  i — — ■ - i ■ ii i i i i i i t
i-------------------------  ----------1—
!G. robustum i i i i

i i 1 1

¡Lophogobius cyprinoides
— i i i i__ i i__

! ii i
i----------------- —----------- ——•
¡M icrogobius gulosus

— — — i i i i Ti i 1 |

¡Citharichthyes spilopterusi
—

ii i 1 ! i !■ i ii i
¡Trinectes m aculatus i i i i i i i i
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Table A2-3. Tropical peripherals collection data, at Fellsmere Canal on 9/24/2000. 
Gear type was 30 feet bag seine. At all hauls: Temperature = 27.7°C, Salinity = 0.7 
ppt, Dissolved Oxygen = 4.3 mg/L. Code Key Vegetation: 1 = Panicum, 2 = Water 
lilly, 3 = Water fern, 4 = Brazilian Pepper, 5 = Cattails, 6 = Juncus. Code Key 
Substrate: 1 = Sand, 2 = Mud, 3 = Shells, 4 = Oysters, 5 = Rocks.

Haul #: i 2 3 4 i 5 6___ 7 8 9 10___ 11 Ì___ i
Vegetation 1,5 1 1 1 ! 1 1 1 1 1 l ;
Substrate: 1 1 1 1 1 1 1 1 1 1 1 1,2 |
Water Depth (cm): 
Species A ccounts:

30 30 30 30 | 30 30 30 30" ~30" To" To’]

Lepisosteus osseus _ ___
L. platyrhincus
Amia calva

— —

---- -
Anguilla rostrata
Anchoa mitchilli _ ___
Notropis maculatus
Lucania goodei

*
1

L. parva
Gambusia holbrocki 1 1 8 l ___
Poecilia latipinna

___
___ l ___

Labidesthes sicculus
" " ‘

1i .. .
Menidia peninsulae

t" " " " "

Menidia spp. 3 8 —
M icrophis brachyurus . 1 —
C entropom us spp. 15 1 1 30 1 116 18
Lepomis machochirus

mm-m J
2 1 6 1 ----

Lepomis microlophus
Lepomis punctatus j i L___ 1
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Table A2-3. Continued.

¡Haul#:” ' i
——— -r 

2

------------r
3 |

4 ! 5 | 6  ]
----------r

7 j 8  | 9 |  10 r 1 1
—

Micropterus salmoides
,, ,___ i

iii 1 ! i i
________i_______ 4 -------------- _______

Etheostoma fusiforme
i
___ j.

•i i
--------------j-------------4 -------------r----------------------------------------------------------------------------------------------------------

Lutjanus griseus i i i ii i —

"Eugerres plumieri
!
! i

Eucinostomus harengulus i i
________

Eucinostomus spp. 32 19 3 35 49
—

2  i 2  1l i 38

Diapterus auratus 44 1 2 1 8 1 2 6  T 15 ii i 8

Archosargus probatocephalus 1 i 1 i 1
——————

Lagodon rhomboides " T T i
---------------1-------------4 -------------

4i-------------
Tilapia mariae 1

11 Si 1
_______

1 1 1 ' 1 1 i * i
-------------1-------------4—— |

iiL-------------

Mugil cephalus 1
l
1i

1 i
1
i

i i 
i i i

l

M. curema l
l

I ■
i i

T
i i 
i i

l
l

jDormitator maculatus 1 1 j 1 1 I 
i

1
1

1 ! 
1 1

lj

jEleotris pisonis i
l

l
l
i

l
1
1

1
1

1 1 
1 1

---------------1-------------4 -------------

l
l
l
L ______

jG obiom orus dorm itor
—

i
i

i 1
l

! 1 i j 7 1 i | !
I--------------

! Awaous banana
l

i
l
i

T
1
1

!
j

, . j

i i
i i

h-------- —- t — ——  -t— ——

i
i
i ____ _

¡Evorthodus lyricus
-----

i
!
i
i

i ij
i
ii

¡Ctenogobius pseudofasciatus !
ii

1
1
1_ ________

i
i
ij________

i
! !

------------ 1-------------4 -------------

!i
JL______L------------------------- --— ---------------------------------------------------------------------

iGobiosoma bosc
_

i
i
ii

1
1
1

1
1 1 
1 1 I 1

1

[G. robustum i
ii_

1
11

i
i i

1
1
1
1-----

[Lophogobius cyprinoides i
1

! 1 
i i 1

1

¡Microgobius gulosus
i
i
i

j

1
1
1

1 _______

i i 
i i

1
1
1L______

iCitharichthyes spilopterus 1
i
i

_i

1
1
1

1
1 ! 1 

•r ------------ !-------------4-------------

1
1

[Trinectes maculatus i
i
i

1
1
1

1 1
I I ' .

1
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Table A3-1. Number of Gulf Stream frontal structures off east Florida (27° - 31° N) 
observed in SST-AVHRR satellite images in 1999.

Month Day Meanders Filaments Total

May 23 2 1 3
Jun
Jul 6 1 0 1

7 1 0 1
8 2 0 2
9 2 0 2

31 1 0 1
Aug 5 2 0 2

11 0 2 2
14 0 0 0
19 0 2 2
26 1 0 1
27 1 0 1
30 2 0 2

Sep 1 1 3 4
2 1 3 4
3 0 3 3
4 0 2 2
5 0 3 3

Oct 12 0 2 2
18 0 1 1
19 0 1 1
21 0 3 3
23 0 4 4
24 0 3 3

Nov 3 0 3 3
4 3 0 3
5 0 3 3
6 0 2 2

Dec 1 0 0 0
2 0 0 0
3 0 0 0
6 0 2 2
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Table A3-2. Number o f Gulf Stream frontal structures off east Florida (27° - 31° N) 

observed in SST-AVHRR satellite images in 2000.

Month Day Meander Filament Total Month Day Meander Filament Total
Jan 14 2 0 2 Anr 22 1 0 1

16 2 0 2 25 0 2 2
17 0 3 3 26 2 2 4
22 1 0 1 27 1 1 2

Feb 4 1 2 3 28 0 3 3
5 0 2 2 29 1 1 2
6 1 1 2 30 1 1 2

10 0 3 3 May 1 0 1 1
11 0 3 3 3 0 2 2
15 1 1 2 4 0 1 1
16 0 2 2 7 0 1 1
17 1 2 3 8 0 0 0
18 0 2 2 10 0 3 3
19 0 2 2 23 0 3 3
27 1 1 2 Jun 1 0 3 3

Mar 1 0 0 0 2 0 2 2
2 0 1 1 3 0 5 5
3 0 1 1 4 0 5 5
5 0 0 0 5 0 5 5
6 0 1 1 9 0 2 2
7 0 1 1 10 0 2 2
8 0 3 3 13 0 2 2
9 0 2 2 14 0 2 2

12 0 0 0 Jul 2 2 0 2
28 0 1 1 5 0 2 2
29 0 0 0 9 2 1 3

Apr 5 0 3 3 19 2 2 4
6 0 2 2 31 0 2 2
7 0 1 1 Aug 1 0 1 1
9 0 0 0 Sep

10 0 1 1 Oct 6 0 1 1
16 0 3 3 Nov 10 0 3 3
17 0 1 1 15 0 2 2
18 2 0 2 22 0 2 2
19 1 2 3 Dec 6 0 2 2
20 1 2 3 19 0 1 1
21 0 2 2
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Table A3-3. Number of Gulf Stream frontal structures off east Florida (27° - 31° N) 
observed in SST-AVHRR satellite images in 2001.

Month Day Meander Filament Total
Jan 4 1 1 2

5 0 3 3
6 0 4 4

19 0 3 3
25 0 2 2

Feb 6 1 1 2
7 1 2 3

21 0 2 2
22 0 3 3
27 0 1 1
28 0 1 1

Mar 2 2 1 3
5 1 0 1
6 1 0 1
7 1 1 2
8 0 1 1

11 2 0 2
22 0 2 2
23 0 2 2
24 0 3 3
27 0 2 2

Apr 1 0 1 1
2 0 2 2
3 0 2 2
7 1 1 2
9 1 1 2

10 1 1 2
11 1 1 2
16 2 2 4
17 2 1 3
18 1 1 2
28 1 1 2

Month Day Meander Filament Total
May 6 0 2 2

7 0 1 1
12 0 1 1
13 0 1 1
15 1 1 2
16 1 1 2
19 0 4 4

Jun 14 0 2 2
15 0 1 1

Jul
Aug 24 0 1 1
Sep
Oct 2 0 2 2

3 0 5 5
Nov 8 0 3 3
Dec 21 0 2 2
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Table A3-4. Percentage of dry season wind-derived Ekman drift observations at 
buoy 41009, 20 miles east of Port Canaveral. Obs/h = number of observations per 
hour; n = total number of observations; ON = onshore; OFF = offshore; ALG = 
alongshore; n/a = data not available.

Percentage
Year Month Obs/h n ON OFF ALG n/a
1997 Jan 2 1488 38.8 59.5 0.6 1.0

Feb 2 1344 63.5 32.7 1.4 2.3
Mar 2 1488 58.8 38.9 1.9 0.3
Apr 2 1440 55.4 42.4 0.9 1.2
Dec 2 1488 19.5 75.3 1.3 3.9

1998 Jan 2 1488 51.3 42.6 0.3 5.8
Feb 2 1344 36.2 60.5 2.3 1.0
Mar 2 1488 44.2 51.1 0.6 4.1
Apr 2 1440 53.5 40.8 1.4 4.2
Dec 2 1488 57.3 41.1 0.9 0.6

1999 Jan 2 1488 65.2 32.9 1.5 0.3
Feb 2 1344 32.1 63.9 2.0 1.9
Mar 2 1488 47.2 47.5 1.8 3.4
Apr 2 1440 46.8 50.3 2.9 0
Dec 1 744 40.9 57.3 1.1 0.7

2000 Jan 1 744 43.3 55.1 0.7 0.9
Feb 1 696 44.4 53.9 0.8 0.8
Mar 1 744 55.8 42.8 0.8 0.5
Apr 1 720 50.5 47.8 0.4 1.2
Dec 1 744 60.1 38.7 0.9 0.3

2001 Jan 1 744 22.8 66.8 0.9 9.4
Feb 1 672 54.0 32.4 0.4 13.1
Mar 1 744 40.2 59.0 0.4 0.4
Apr 1 720 67.5 31.3 0.8 0.4
Dec 1 744 61.4 37.4 0.8 0.4
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Table A3-5. Percentage of wet season wind-derived Ekman drift observations at 
buoy 41009, 20 miles east of Port Canaveral. Obs/h = number of observations per 
hour; n = total number of observations; ON = onshore; OFF = offshore; ALG = 
alongshore; n/a = data not available.

Percentage
Year Month Obs/h n ON OFF ALG n/a
1997 May 2 1488 65.8 32.6 1.0 0.5

Jun 2 1440 48.5 49.9 0.9 0.6
Jul 2 1488 36.8 50.0 1.9 11.2
Aug 2 1488 45.4 50.1 1.0 3.5
Sep 2 1440 68.9 29.6 0.8 0.7
Oct 2 1488 62.1 35.2 1.1 1.5
Nov 2 1440 40.7 54.6 2.0 2.6

1998 May 2 1488 40.3 56.5 1.9 1.3
Jun 2 1440 36.5 53.4 1.1 9.0
Jul 2 1488 36.8 59.8 1.7 1.6
Aug
Sep 2 1440 63.7 33.7 0.9 1.7
Oct 2 1488 78.1 20.6 0.1 1.2
Nov 2 1440 64.7 33.7 1.4 0.2

1999 May 2 1488 50.8 40.8 2 6.4
Jun 2 1440 59.2 38.7 1.1 0.9
Jul 2 1488 19.3 1.2 0.1 79.4
Aug 2 1488 40.8 49.1 0.9 9.1
Sep 1 720 58.9 39.7 0.4 0.9
Oct 1 744 78.9 20.4 0.2 0.4
Nov 1 720 71.1 24.8 0.5 3.5

2000 May 1 744 68.2 29.9 0.5 1.3
Jun 1 720 75.4 23.9 0.5 0.1
Jul 1 744 48.1 51.1 0.5 0.3
Aug 1 744 64.3 34.8 0.4 0.5
Sep 1 720 70.7 27.9 1.3 0.1
Oct 1 744 61.8 36.8 0.5 0.8
Nov 1 720 51.4 47.1 1.2 0.3

2001 May 1 744 70.2 29.3 0.4 0.1
Jun 1 720 51.7 47.1 0.9 0.3
Jul 1 744 51.9 47.7 0.3 0.1
Aug 1 744 59.4 39.4 1.1 0.1
Sep 1 720 70.0 28.0 1.1 0.8
Oct 1 744 74.1 25.1 0.5 0.3
Nov 1 720 74.2 25.1 0.4 0.3
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Table A3-6. Recruitment time (days) for second model runs: Dcs 20, Ekman 
included.

Vgs50;
Latitude

Vcs25: 
2.5 cm/s

Vas=
5 cm/s 7.5cm/s

27 0 0 0
27.25 0.6 0.6 0.6

27.5 1.3 1.3 1.3
27.75 1.9 1.9 1.9

28 2.6 2.6 2.6
28.25 18.3 11.9 9.8

28.5 31.8 19.0 14.7
28.75 45.3 26.0 19.6

29 59.3 33.6 25.1
29.25 73.4 41.3 30.6
29.5 85.7 47.2 34.4

29.75 101.7 56.7 41.7
30 115.2 63.8 46.6

Vgs50; Vcs35: Vas=
Latitude 2.5 cm/s 5 cm/s 7.5cm/s

27 0 0 0
27.25 0.6 0.6 0.6
27.5 1.3 1.3 1.3

27.75 1.9 1.9 1.9
28 2.6 2.6 2.6

28.25 17.7 11.3 9.1
28.5 31.2 18.3 14.0

28.75 44.6 25.4 19.0
29 58.5 32.8 24.3

29.25 72.4 40.3 29.6
29.5 85.1 46.6 33.7

29.75 100.3 55.4 40.4
30 113.8 62.4 45.3

Vgs50; Vcs65: Vas=
Latitude 2.5 cm/s 5 cm/s 7.5cm/s

27 0 0 0
27.25 0.6 0.6 0.6

27.5 1.3 1.3 1.3
27.75 1.9 1.9 1.9

28 2.6 2.6 2.6
28.25 16.9 10.5 8.4

28.5 30.4 17.6 13.3
28.75 43.9 24.6 18.2

29 57.6 31.9 23.3
29.25 71.3 39.2 28.5

29.5 84.4 45.8 33.0
29.75 98.8 53.8 38.8

30 112.3 60.9 43.8

Vgs75; Vcs25: Vas=
Latitude 2.5 cm/s 5 cm/s 7.5cm/s

27 0 0 0
27.25 0.4 0.4 0.4

27.5 0.9 0.9 0.9
27.75 1.3 1.3 1.3

28 1.7 1.7 1.7
28.25 17.3 10.8 8.7

28.5 30.5 17.7 13.4
28.75 43.8 24.5 18.1

29 57.6 31.9 23.4
29.25 71.5 39.3 28.6

29.5 83.6 45.1 32.2
29.75 99.3 54.4 39.4

30 112.6 61.2 44.1
Vgs75; Vcs35: Vas=
Latitude 2.5 cm/s 5 cm/s 7.5cm/s

27 0 0 0
27.25 0.4 0.4 0.4

27.5 0.9 0.9 0.9
27.75 1.3 1.3 1.3

28 1.7 1.7 1.7
28.25 16.6 10.2 8.0

28.5 29.9 17.0 12.7
28.75 43.1 23.9 17.5

29 56.8 31.1 22.6
29.25 70.5 38.4 27.7

29.5 83.0 44.4 31.6
29.75 98.0 53.0 38.0

30 111.3 59.9 42.7
Vgs75; Vcs65: Vas=
Latitude 2.5 cm/s 5 cm/s 7.5cm/s

27 0 0 0
27.25 0.4 0.4 0.4
27.5 0.9 0.9 0.9

27.75 1.3 1.3 1.3
28 1.7 1.7 1.7

28.25 15.9 9.4 7.3
28.5 29.1 16.3 12.0

28.75 42.4 23.1 16.7
29 55.9 30.2 21.6

29.25 69.4 37.3 26.6
29.5 82.2 43.7 30.8

29.75 96.4 51.5 36.5
30 109.7 58.3 41.2
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Table A3-6. Continued.

VgslOO; Vcs25: Vas=
Latitude 2.5 cm/s 5 cm/s 7.5cm/s

27 0 0 0
27.25 0.3 0.3 0.3
27.5 0.6 0.6 0.6

27.75 1.0 1.0 1.0
28 1.3 1.3 1.3

28.25 16.7 10.3 8.2
28.5 29.9 17.0 12.7

28.75 43.0 23.8 17.3
29 56.8 31.1 22.5

29.25 70.5 38.4 27.7
29.5 82.5 44.0 31.1

29.75 98.1 53.2 38.2
30 111.3 59.9 42.8

VgslOO; Vcs35: Vas=
Latitude 2.5 cm/s 5 cm/s 7.5cm/s

27 0 0 0
27.25 0.3 0.3 0.3

27.5 0.6 0.6 0.6
27.75 1.0 1.0 1.0

28 1.3 1.3 1.3
28.25 16.1 9.6 7.5
28.5 29.2 16.4 12.1

28.75 42.4 23.1 16.7
29 56.0 30.3 21.7

29.25 69.5 37.4 26.7
29.5 81.9 43.4 30.5

29.75 96.8 51.8 36.9
30 110.0 58.6 41.5

VgslOO; Vcs65: Vas=
Latitude 2.5 cm/s 5 cm/s 7.5cm/s

27 0 0 0
27.25 0.3 0.3 0.3

27.5 0.6 0.6 0.6
27.75 1.0 1.0 1.0

28 1.3 1.3 1.3
28.25 15.3 8.9 6.8

28.5 28.5 15.6 11.4
28.75 41.7 22.4 16.0

29 55.0 29.3 20.8
29.25 68.4 36.3 25.6

29.5 81.2 42.6 29.8
29.75 95.3 50.3 35.3

30 108.4 57.0 39.9
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Table A3-7. Recruitment time (days) for first model runs: Dcs 40, Ekman included.
Vgs50; Vcs25: Vas= Vgs75; Vcs25: Vas=
Latitude 2.5 cm/s 5 cm/s 7.5cm/s Latitude 2.5 cm/s 5 cm/s 7.5cm/s

27 0 0 0 27 0 0 0
27.25 0.6 0.6 0.6 27.25 0.4 0.4 0.4

27.5 1.3 1.3 1.3 27.5 0.9 0.9 0.9
27.75 1.9 1.9 1.9 27.75 1.3 1.3 1.3

28 2.6 2.6 2.6 28 1.7 1.7 1.7
28.25 16.6 10.2 8.1 28.25 15.6 9.1 7.0
28.5 30.7 17.8 13.5 28.5 29.4 16.5 12.3

28.75 44.2 24.9 18.5 28.75 42.7 23.4 17.0
29 58.2 32.5 24.0 29 56.5 30.8 22.2

29.25 71.7 39.6 28.9 29.25 69.8 37.7 26.9
29.5 85.2 46.6 33.8 29.5 83.0 44.5 31.7

29.75 99.2 54.3 39.3 29.75 96.9 51.9 36.9
30 112.9 61.5 44.4 30 110.4 59.0 41.8

Vgs50; Vcs35: Vas: Vgs75; Vcs35: Vas:
Latitude 2.5 cm/s 5 cm/s 7.5cm/s Latitude 2.5 cm/s 5 cm/s 7.5cm/s

27 0 0 0 27 0 0 0
27.25 0.6 0.6 0.6 27.25 0.4 0.4 0.4
27.5 1.3 1.3 1.3 27.5 0.9 0.9 0.9

27.75 1.9 1.9 1.9 27.75 1.3 1.3 1.3
28 2.6 2.6 2.6 28 1.7 1.7 1.7

28.25 16.5 10.0 7.9 28.25 15.4 9.0 6.8
28.5 30.4 17.5 13.2 28.5 29.1 16.2 11.9

28.75 43.8 24.6 18.1 28.75 42.3 23.1 16.6
29 57.7 32.0 23.5 29 56.0 30.3 21.8

29.25 71.2 39.1 28.4 29.25 69.3 37.2 26.5
29.5 84.7 46.2 33.3 29.5 82.6 44.0 31.2

29.75 98.6 53.6 38.6 29.75 96.2 51.3 36.3
30 112.2 60.8 43.7 30 109.7 58.3 41.1

Vgs50; Vcs65: Vas Vgs75; Vcs65: Vas
Latitude 2.5 cm/s 5 cm/s 7.5cm/s Latitude 2.5 cm/s 5 cm/s 7.5cm/s

27 0 0 0 27 0 0 0
27.25 0.6 0.6 0.6 27.25 0.4 0.4 0.4
27.5 1.3 1.3 1.3 27.5 0.9 0.9 0.9

27.75 1.9 1.9 1.9 27.75 1.3 1.3 1.3
28 2.6 2.6 2.6 28 1.7 1.7 1.7

28.25 16.3 9.9 7.7 28.25 15.2 8.8 6.6
28.5 30.0 17.1 12.9 28.5 28.7 15.9 11.6

28.75 43.5 24.2 17.8 28.75 42.0 22.7 16.3
29 57.2 31.5 22.9 29 55.5 29.8 21.2

29.25 70.7 38.5 27.8 29.25 68.7 36.6 25.9
29.5 84.2 45.6 32.8 29.5 82.0 43.5 30.6

29.75 97.9 52.9 37.9 29.75 95.5 50.5 35.5
30 111.4 60.0 42.9 30 108.9 57.5 40.3
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Table A3-7. Continued.

VgslOO; Vcs25: Vas=
Latitude 2.5 cm/s 5 cm/s 7.5cm/s

27 0 0 0
27.25 0.3 0.3 0.3

27.5 0.6 0.6 0.6
27.75 1.0 1.0 1.0

28 1.3 1.3 1.3
28.25 15.0 8.6 6.5
28.5 28.8 15.9 11.6

28.75 41.9 22.6 16.2
29 55.6 29.9 21.4

29.25 68.8 36.7 26.0
29.5 82.0 43.4 30.6

29.75 95.7 50.7 35.7
30 109.1 57.7 40.6

VgslOO; Vcs35: Vas=
Latitude 2.5 cm/s 5 cm/s 7.5cm/s

27 0 0 0
27.25 0.3 0.3 0.3

27.5 0.6 0.6 0.6
27.75 1.0 1.0 1.0

28 1.3 1.3 1.3
28.25 14.9 8.4 6.3

28.5 28.4 15.6 11.3
28.75 41.6 22.3 15.9

29 55.2 29.5 20.9
29.25 68.3 36.2 25.5

29.5 81.5 43.0 30.1
29.75 95.1 50.1 35.1

30 108.4 57.0 39.9
VgslOO; Vcs65: Vas=
Latitude 2.5 cm/s 5 cm/s 7.5cm/s

27 0 0 0
27.25 0.3 0.3 0.3

27.5 0.6 0.6 0.6
27.75 1.0 1.0 1.0

28 1.3 1.3 1.3
28.25 14.7 8.2 6.1

28.5 28.1 15.2 10.9
28.75 41.2 22.0 15.5

29 54.6 28.9 20.3
29.25 67.8 35.7 24.9
29.5 80.9 42.4 29.6

29.75 94.3 49.4 34.4
30 107.6 56.2 39.1
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Table A3-8. Recruitment time (days) for third model runs: Dcs 20, Ekman and 
Stokes included.

Vgs50; Vcs50: Vas= Vgs75; Vcs50: Vas:
Latitude 2.5 cm/s 5 cm/s 7.5cm/s Latitude 2.5 cm/s 5 cm/s 7.5cm/s

27 0 0 0 27 0 0 0
27.25 0.6 0.6 0.6 27.25 0.4 0.4 0.4
27.5 1.3 1.3 1.3 27.5 0.9 0.9 0.9

27.75 1.9 1.9 1.9 27.75 1.3 1.3 1.3
28 2.6 2.6 2.6 28 1.7 1.7 1.7

28.25 17.2 10.8 8.6 28.25 16.1 9.7 7.6
28.5 30.7 17.8 13.5 28.5 29.4 16.5 12.3

28.75 44.2 24.9 18.5 28.75 42.7 23.4 17.0
29 57.9 32.2 23.7 29 56.2 30.5 22.0

29.25 71.7 39.6 28.9 29.25 69.8 37.7 26.9
29.5 84.6 46.1 33.2 29.5 82.5 43.9 31.1

29.75 99.3 54.4 39.4 29.75 97.0 52.0 37.0
30 112.8 61.4 44.3 30 110.3 58.9 41.7

Vgs50; Vcs60: Vas: Vgs75; Vcs60: Vas:
Latitude 2.5 cm/s 5 cm/s 7.5cm/s Latitude 2.5 cm/s 5 cm/s 7.5cm/s

27 0 0 0 27 0 0 0
27.25 0.6 0.6 0.6 27.25 0.4 0.4 0.4

27.5 1.3 1.3 1.3 27.5 0.9 0.9 0.9
27.75 1.9 1.9 1.9 27.75 1.3 1.3 1.3

28 2.6 2.6 2.6 28 1.7 1.7 1.7
28.25 17.0 10.6 8.4 28.25 15.9 9.5 7.4
28.5 30.5 17.6 13.4 28.5 29.2 16.4 12.1

28.75 44.0 24.7 18.3 28.75 42.5 23.2 16.8
29 57.7 32.0 23.4 29 56.0 30.3 21.7

29.25 71.4 39.3 28.6 29.25 69.5 37.4 26.7
29.5 84.4 45.9 33.0 29.5 82.3 43.8 30.9

29.75 98.9 54.0 39.0 29.75 96.6 51.6 36.6
30 112.4 61.0 43.9 30 109.9 58.5 41.3

Vgs50; Vcs90: Vas Vgs75; Vcs90: Vas
Latitude 2.5 cm/s 5 cm/s 7.5cm/s Latitude 2.5 cm/s 5 cm/s 7.5cm/s

27 0 0 0 27 0 0 0
27.25 0.6 0.6 0.6 27.25 0.4 0.4 0.4

27.5 1.3 1.3 1.3 27.5 0.9 0.9 0.9
27.75 1.9 1.9 1.9 27.75 1.3 1.3 1.3

28 2.6 2.6 2.6 28 1.7 1.7 1.7
28.25 16.7 10.3 8.1 28.25 15.6 9.2 7.1
28.5 30.2 17.3 13.0 28.5 28.9 16.0 11.8

28.75 43.7 24.4 18.0 28.75 42.2 22.9 16.5
29 57.3 31.6 23.0 29 55.6 29.9 21.3

29.25 71.0 38.8 28.1 29.25 69.0 36.9 26.2
29.5 84.1 45.6 32.7 29.5 82.0 43.4 30.6

29.75 98.3 53.3 38.3 29.75 95.9 51.0 36.0
30 111.8 60.4 43.3 30 109.2 57.8 40.7
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Table A3-8. Continued.
VgslOO; Vcs50: Vas=
Latitude 2.5 cm/s 5 cm/s 7.5cm/s

27 0 0 0
27.25 0.3 0.3 0.3
27.5 0.6 0.6 0.6

27.75 1.0 1.0 1.0
28 1.3 1.3 1.3

28.25 15.6 9.2 7.0
28.5 28.7 15.9 11.6

28.75 41.9 22.6 16.2
29 55.4 29.7 21.1

29.25 68.8 36.7 26.0
29.5 81.4 42.9 30.0

29.75 95.8 50.8 35.9
30 109.0 57.6 40.4

VgslOO; Vcs60: Vas=
Latitude 2.5 cm/s 5 cm/s 7.5cm/s

27 0 0 0
27.25 0.3 0.3 0.3
27.5 0.6 0.6 0.6

27.75 1.0 1.0 1.0
28 1.3 1.3 1.3

28.25 15.4 9.0 6.8
28.5 28.6 15.7 11.4

28.75 41.7 22.5 16.0
29 55.1 29.4 20.9

29.25 68.5 36.4 25.7
29.5 81.2 42.7 29.8

29.75 95.4 50.5 35.5
30 108.6 57.2 40.1

VgslOO; Vcs90: Vas=
Latitude 2.5 cm/s 5 cm/s 7.5cm/s

27 0 0 0
27.25 0.3 0.3 0.3
27.5 0.6 0.6 0.6

27.75 1.0 1.0 1.0
28 1.3 1.3 1.3

28.25 15.1 8.7 6.5
28.5 28.2 15.4 11.1

28.75 41.4 22.1 15.7
29 54.7 29.0 20.5

29.25 68.1 35.9 25.2
29.5 80.9 42.4 29.5

29.75 94.8 49.8 34.8
30 107.9 56.5 39.4
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Table A3-9. Recruitment time (days) for third model runs: Dcs 40, Ekman and 
Stokes included.

Vgs50; Vcs50: Vas: Vgs75; Vcs50: Vas=
Latitude 2.5 cm/s 5 cm/s 7.5cm/s Latitude 2.5 cm/s 5 cm/s 7.5cm/s

27 0 0 0 27 0 0 0
27.25 0.6 0.6 0.6 27.25 0.4 0.4 0.4

27.5 1.3 1.3 1.3 27.5 0.9 0.9 0.9
27.75 1.9 1.9 1.9 27.75 1.3 1.3 1.3

28 2.6 2.6 2.6 28 1.7 1.7 1.7
28.25 16.3 9.9 7.8 28.25 15.3 8.8 6.7

28.5 30.1 17.3 13.0 28.5 28.8 16.0 11.7
28.75 43.6 24.3 17.9 28.75 42.1 22.8 16.4

29 57.4 31.7 23.1 29 55.7 30.0 21.4
29.25 70.9 38.7 28.0 29.25 68.9 36.8 26.1
29.5 84.3 45.8 33.0 29.5 82.2 43.7 30.8

29.75 98.1 53.1 38.2 29.75 95.8 50.8 35.8
30 111.7 60.3 43.2 30 109.1 57.8 40.6

Vgs50; Vcs60: Vas: Vgs75; Vcs60: Vas:
Latitude 2.5 cm/s 5 cm/s 7.5cm/s Latitude 2.5 cm/s 5 cm/s 7.5cm/s

27 0 0 0 27 0 0 0
27.25 0.6 0.6 0.6 27.25 0.4 0.4 0.4

27.5 1.3 1.3 1.3 27.5 0.9 0.9 0.9
27.75 1.9 1.9 1.9 27.75 1.3 1.3 1.3

28 2.6 2.6 2.6 28 1.7 1.7 1.7
28.25 16.3 9.9 7.7 28.25 15.2 8.8 6.7

28.5 30.0 17.2 12.9 28.5 28.7 15.9 11.6
28.75 43.5 24.2 17.8 28.75 42.0 22.7 16.3

29 57.2 31.5 23.0 29 55.5 29.8 21.3
29.25 70.7 38.6 27.9 29.25 68.8 36.7 26.0

29.5 84.2 45.7 32.8 29.5 82.1 43.5 30.7
29.75 97.9 53.0 38.0 29.75 95.6 50.6 35.6

30 111.5 60.1 43.0 30 108.9 57.5 40.4
Vgs50; Vcs90: Vas= Vgs75; Vcs90: Vas=
Latitude 2.5 cm/s 5 cm/s 7.5cm/s Latitude 2.5 cm/s 5 cm/s 7.5cm/s

27 0 0 0 27 0 0 0
27.25 0.6 0.6 0.6 27.25 0.4 0.4 0.4

27.5 1.3 1.3 1.3 27.5 0.9 0.9 0.9
27.75 1.9 1.9 1.9 27.75 1.3 1.3 1.3

28 2.6 2.6 2.6 28 1.7 1.7 1.7
28.25 16.2 9.8 7.7 28.25 15.1 8.7 6.6
28.5 29.9 17.0 12.7 28.5 28.6 15.7 11.4

28.75 43.4 24.1 17.7 28.75 41.9 22.6 16.2
29 57.0 31.3 22.7 29 55.3 29.6 21.0

29.25 70.5 38.4 27.7 29.25 68.6 36.4 25.7
29.5 84.0 45.4 32.6 29.5 81.8 43.3 30.4

29.75 97.6 52.7 37.7 29.75 95.3 50.3 35.3
30 111.2 59.8 42.6 30 108.6 57.2 40.1
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Table A3-9. Continued.

VgslOO; Vcs50: Vas=
Latitude 2.5 cm/s 5 cm/s 7.5cm/s

27 0 0 0
27.25 0.3 0.3 0.3
27.5 0.6 0.6 0.6

27.75 1.0 1.0 1.0
28 1.3 1.3 1.3

28.25 14.7 8.3 6.2
28.5 28.2 15.3 11.1

28.75 41.4 22.1 15.7
29 54.8 29.1 20.5

29.25 68.0 35.8 25.1
29.5 81.1 42.6 29.7

29.75 94.6 49.6 34.6
30 107.9 56.5 39.3

VgslOO; Vcs60: Vas=
Latitude 2.5 cm/s 5 cm/s 7.5cm/s

27 0 0 0
27.25 0.3 0.3 0.3

27.5 0.6 0.6 0.6
27.75 1.0 1.0 1.0

28 1.3 1.3 1.3
28.25 14.7 8.3 6.1

28.5 28.1 15.2 11.0
28.75 41.3 22.0 15.6

29 54.7 29.0 20.4
29.25 67.8 35.7 25.0

29.5 81.0 42.5 29.6
29.75 94.4 49.4 34.4

30 107.7 56.3 39.1
VgslOO; Vcs90: Vas=
Latitude 2.5 cm/s 5 cm/s 7.5cm/s

27 0 0 0
27.25 0.3 0.3 0.3

27.5 0.6 0.6 0.6
27.75 1.0 1.0 1.0

28 1.3 1.3 1.3
28.25 14.6 8.2 6.0
28.5 27.9 15.1 10.8

28.75 41.1 21.8 15.4
29 54.4 28.7 20.2

29.25 67.6 35.5 24.8
29.5 80.8 42.2 29.4

29.75 94.1 49.1 34.1
30 107.3 55.9 38.8


