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ABSTRACT: Thirteen cohorts of the Caribbean reef fish
Thalassoma bifasciatum were collected over 4 yr (2000 to
2003) in the upper Florida Keys, USA. Juvenile fish were
censused and collected from replicate reefs shortly after
settlement. The otoliths were examined to obtain early life
history information such as timing of spawning, larval
growth, pelagic larval duration, size-at-age, timing of set-
tlement, and juvenile age and growth. Mean water tem-
perature over the reef during the larval period explained
78% of the variation in larval growth among cohorts.
Faster-growing warm-water fish had shorter pelagic lar-
val durations (PLD), and larval growth explained 85 % of
the variation in PLD. Relative (otolith) size-at-settlement
was a function of larval growth as well as PLD: settling
larvae were largest at intermediate water temperatures.
Early juvenile growth was also directly related to water
temperature, which enabled smaller warm-water settlers
to grow rapidly and eventually exceed juvenile size-at-
age of the cooler-water cohorts. Cohorts encountering
intermediate water temperatures remained the largest
throughout early juvenile life on the reef. The relative size
of recruitment events could not be explained by any larval
or juvenile trait, nor by water temperature. Recruitment
was generally low for cool-water cohorts but quite vari-
able among warm-water cohorts. This may be due to in-
creased difficulty in sustaining high growth rates in warm
water (i.e. beyond a threshold temperature of 28.5°C) or
the interference of mesoscale advection processes. When
4 cohorts that settled during the passage of mesoscale
eddies were omitted from the analysis, 61 % of the varia-
tion in recruitment magnitude could be explained by
water temperature alone. The dynamic oceanographic
setting of the Florida Keys may obscure the relationship
between seasonal water temperature, early life history
traits, and magnitude of recruitment events.

*Email: ssponaugle@rsmas.miami.edu

Thalassoma bifasciatum. New recruit, older juveniles, and
terminal phase male (counterclockwise from upper right).
Water temperature largely determined growth rates and
duration of the pelagic phase in bluehead wrasse larvae. The
relationship between water temperature and fish recruitment
was decoupled by variable feeding success in warm oligo-
trophic water or by transport due to mesoscale oceanographic
circulation.
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INTRODUCTION
Environmentally-mediated differences in somatic

growth are well known in temperate marine fishes.
Warmer water temperatures induce higher metabolic
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rates in poikilotherms and result in generally higher
growth rates (Houde 1989, Blaxter 1992, Benoit et al.
2000). The relationship between growth, size, and
mortality has been widely examined for larvae of eco-
nomically important temperate species in the interest
of understanding stock-recruit issues (e.g. Chambers &
Leggett 1987, Rutherford & Houde 1995, Campana
1996, Otterlei et al. 1999). While growth must be sus-
tained with adequate food, water temperature plays a
central role in determining growth rates (Houde 1989,
Pepin 1991, Rombough 1997). Growth of larvae of trop-
ical species has received less attention (Cowen &
Sponaugle 1997) and due to substantially less seasonal
fluctuation in water temperature, is generally consid-
ered to be less variable (Houde 1974, 1989).

Recent otolith-based field studies have begun to
explore the extent and causes of variability in larval
growth of tropical marine fishes. In a study combining
field-collected and laboratory-reared goatfish, Mc-
Cormick & Molony (1995) demonstrated that small
temperature changes accounted for 30 % of the varia-
tion in larval growth. Water temperature similarly
explained 30 % (and food availability only 3.5 to 4.1 %)
of the variation in larval growth of a damselfish in
Western Australia (Meekan et al. 2003). Controlled
laboratory experiments further highlight the role of
temperature, maternity, and paternity in influencing
larval growth rates of a tropical damselfish (Green &
Fisher 2004, Green & McCormick 2005). In Barbados,
significant differences in larval growth, pelagic larval
duration (PLD), and relative condition at settlement
for wrasse cohorts were thought to be due to changes
in food supply (Searcy & Sponaugle 2000), including
those resulting from encounter with low-salinity eddies
shed from the retroflexion of the North Brazil Current
(Sponaugle & Pinkard 2004a).

Increasing evidence demonstrates that similar to
temperate species (e.g. Meekan & Fortier 1996, Hare &
Cowen 1997, Takasuka et al. 2003), variation in early
life history traits underlies selective mortality of tropi-
cal larvae or juveniles with particular traits (Searcy &
Sponaugle 2001, Vigliola & Meekan 2002, McCormick
& Hoey 2004). Recently, a substantial portion of the
variation in the magnitude of the settlement of 2 coral
reef fishes to Panama was shown to be explained by
variation in growth during particular windows in larval
life (Bergenius et al. 2002, Wilson & Meekan 2002).
Combined, the above studies represent a subtle shift in
research of tropical reef fish recruitment from largely
transport-dominated processes (see Cowen 2002 for
review) towards more growth-related processes as
mechanisms underlying patterns of population replen-
ishment. Yet, clearly, advective processes can play an
important role in reef fish settlement, influencing the
magnitude and/or temporal pattern of settlement (e.g.

Milicich 1994, Thorrold et al. 1994, Kingsford & Finn
1997, Sponaugle & Pinkard 2004b, Suthers et al. 2004,
Sponaugle et al. 2005). Environmental and oceano-
graphic processes both transport larvae as well as
influence growth-related processes. Bergenius et al.
(2005) used a combination of environmental variables
to explain 13 to 38 % of the variation in larval growth
and settlement magnitude of the acanthurid Acanthu-
rus chirurgus. These studies together demonstrate that
both transport- and growth-related processes can in-
fluence the magnitude of recruitment of tropical reef
fishes. However, much additional work is needed in a
diversity of systems and species to advance our knowl-
edge of the relative role of these processes and the
extent, causes, and consequences of variation in early
life history traits of tropical reef fishes.

This study was designed to examine variability in
the early life history traits of a common Caribbean-
Western Atlantic reef fish in the Florida Keys. The
reefs of the Florida Keys support a typical suite of coral
reef fish species despite their subtropical location,
where water temperatures vary ~10°C seasonally. In
addition, the reefs lie at the dynamic interface between
a shallow estuarine system and a major western
boundary current. The biological and physical mecha-
nisms by which these populations are replenished are
not well known, nor are the relationships between the
traits exhibited by young fish and recruitment success.

MATERIALS AND METHODS

Study site and physical data. The spur and groove
coral reefs of the Florida Keys lie ~10 km offshore,
along the edge of the Florida Current (FC). The FC
enters the Straits of Florida (SOF) from the Gulf of
Mexico Loop Current or, occasionally, directly from the
Yucatan Current. It is then pinched between Florida
and Cuba, Cay Sal Bank, and the Bahamas as it turns
northward and eventually becomes the Gulf Stream
farther north (see map in Lee et al. [1994]). Passage
of the FC through the SOF is rapid (mean speeds =
160 c¢m s~!; Richardson et al. 1969), and the frontal
boundary is characterized by frontal meanders and
mesoscale and submesoscale eddies (Lee & Williams
1999). The recirculation and shedding of major eddies,
including a coastal countercurrent, have previously
been hypothesized to play an important role in the
population replenishment of benthic marine organisms
(Lee et al. 1994). Nearshore passage of a mesoscale
eddy has recently been shown to deliver a large pulse
of settlement-stage reef fish larvae to upper Keys reefs
(Sponaugle et al. 2005); however, in other situations,
eddies may advect larvae out of the system (D'Alessan-
dro 2005).
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Information on the timing of eddy passage was ob-
tained from other concurrent studies using current
meters and satellite imagery (Sponaugle et al. 2003,
2005, D'Alessandro 2005). Additional ocean color
imagery (obtained from the MODIS high-resolution
satellite: http://modis.marine.usf.edu/index.html) was
examined directly for several short periods not covered
by these other studies. Three day composites of ocean
color images were examined for the presence of
mesoscale eddies in the vicinity of the study sites (e.g.
see Sponaugle et al. 2005). To further characterize the
physical environment, daily water temperature data
were obtained from 2 sources: the National Underwa-
ter Research Center provided water temperature data
measured continuously at 21 m at Conch Reef (24°59'N,
80°25'W), and sea surface temperature (SST) data
for the FC were obtained from SST images from the
MOPDIS high-resolution satellite.

Study species. Thalassoma bifasciatum (Bloch), the
bluehead wrasse, is a common coral reef fish found
throughout the Caribbean. It spawns daily (Warner &
Robertson 1978) and pelagic larvae spend ~50 d in the
plankton before settling back to the reef (Victor 1986a,
Sponaugle & Cowen 1997). Settlement generally
occurs in pulses associated with the third quarter or
new moons (Victor 1986b, Sponaugle & Cowen 1997,
Robertson et al. 1999). Larvae settle to the sand near
reefs and remain buried for 3 to 5 d until metamorpho-
sis is complete, and fully pigmented juveniles emerge
onto the reef (Victor 1982). These phases and transi-
tions between phases are recorded in the otoliths, or
ear stones. Increments are deposited daily
(Victor 1982a), and the relationship be-
tween body length and otolith length is
strongly correlated (Victor 1986a, Master-
son et al. 1997, Sponaugle & Cowen 1997,
Searcy & Sponaugle 2001). The width
between successive increments provides
a relative measure of somatic growth

(Molasses: MO; 25°00.74' N, 80°22.40' W; and French:
FR; 25°02.06'N, 80°21.00'W), but no fish were col-
lected. Censuses and collections were always made at
PI, but the second replicate site varied primarily
between NF and SI (Table 1).

The density of new recruits (20 mm standard
length, SL) was estimated by counting the number of
juveniles within 10 to 30 replicate 5 x 1 m quadrats.
The number of quadrats sampled each census varied
due to generally smaller than expected settlement
events, weather constraints, and other sampling needs
(i.e. over time we increased the number of quadrats
sampled in an attempt to improve our ability to mea-
sure mortality for a concurrent study). Quadrats were
placed haphazardly on the spurs along the forereef
and new recruits were counted and collected by 2
divers. Recruits were collected using hand nets and the
anesthetic quinaldine. Additional recruits were col-
lected at the end of the census to provide sufficient
sample sizes for otolith analysis. Collected recruits
were preserved in 95 % ethanol.

Most of the cohorts were censused and collected
during the late spring and summer months of 2000
(6 cohorts) and 2001 (4 cohorts), but additional collec-
tions were made during the late fall and winter during
2002 (2 cohorts) and 2003 (1 cohort) to expand the sea-
sonal comparison (Table 1). Density estimates were
made for all but the first cohort in 2000.

Otolith analysis. Prior to dissection, the SL of all col-
lected recruits was measured to the nearest 0.1 mm,
with the aid of a Leica MZ12 dissecting microscope

Table 1. Thalassoma bifasciatum. Summary of cohort sampling. Survey sites,
collection and census dates, number of quadrats for density estimates, and
number of fish aged for each cohort (coded alphanumerically to distinguish
cohorts used in a separate study). Analysis of early life history traits was
based only on fish <8 d old post-emergence, following metamorphosis. PI =
Pickles Reef, NF = North of French Reef, MO = Molasses Reef, FR = French

Reef, SI = Sand Island Reef

(Searcy & Sponaugle 2000, 2001). Cohort  Survey Census & Number of  Fish Fish
Sampling. Cohorts (fish settling within a reef(s) collection dates quadrallts aged  <8d
single lunar cycle) of newly-settled Thalas- (mo/d/yr) site” old
soma bifasciatum were cgnsuseq and col- A PI 4/21/00 . 30 19
lected monthly from replicate sites along 1 PI, NF 5/12-13/00 10 27 27
the offshore bank reefs of the upper 3 PI 7/1/00 & 7/5/00 10 29 29
Florida Keys. Pickles (PI; 24°59.2'N, 4 PI, NF 7§28;00 15 36 36
o ' . o . B PI, NF 8/14/00 15 31 30
80024.9’W), Sand Island (SI; 25°01.1'N, p P NF 9/1/00 15 51 51
25°01.2'N, 80°26.5"' W) are located within 7 PI, MO, FR, SI 5/25-26/01 30 26 26
the Florida Keys National Marine Sanctu- 8 PI, MO 8/14/01 20 47 33
ary (FKNMS), but the collection of new D Sl 9/21/01 15 29 26
its i rmitted (see Sponaugle et al E PI 81 1077/02 20 29 23
recruits 1s pe € =p g - F PI, SI 12/3/02 & 12/6/02 15 54 32
2005 for map of study sites). Density esti- 10 PI, SI 2/5/03 20 40 28
mates were occasionally obtained from *Cohort not censused
Sanctuary Protected Areas of the FKNMS
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attached to a Dage MTI video camera that passed the
image into a computer equipped with a frame grabber
and Image Pro-Plus 4.5 image analysis software
(Media Cybernetics). Both sagittae and lapilli were
dissected out using standard techniques and placed on
a microscope slide in drops of immersion oil and
allowed to clear for 15 to 30 d. Otoliths were read at
400x oil immersion magnification through a Leica
DMLB microscope, equipped with a polarizing filter
between the light source and the first stage. As above,
the microscope image was transferred through a video
camera and frame grabber to the Image Pro-Plus 4.5
software where it was sharpened and analyzed.

Sagittae were analyzed by selecting the longest
otolith radius and enumerating each larval and juve-
nile increment as well as the transitional marks indi-
cating settlement and emergence (see Sponaugle &
Pinkard 2004a). Metamorphosis is indicated by a wide
band separating the larval and juvenile increments.
These features enabled the measurement of the fol-
lowing early life history traits for each fish: timing of
spawning, larval growth (increment widths), timing of
settlement, PLD, otolith size-at-age, and juvenile (post-
emergence, following metamorphosis) age and early
growth. Estimates of PLD and the timing of spawning
included the addition of 2 d to the number of larval
increments to account for time to hatch.

Both sagittae were examined during each read and
the clearest sagitta was selected for increment inter-
pretation. Identification of increments along the longest
otolith axis was made using information from the
sharpened images as well as from other parts of the
otolith viewed directly through the microscope. Each
sagitta was read blind (i.e. unknown sample identifi-
cation) and once all reads were complete, the saved
digital images were re-examined blind to confirm
interpretations (Sponaugle & Pinkard 2004a).

In total, 459 fish were aged, with a mean of 35 per
cohort. To minimize the potential influence of selec-
tive juvenile mortality, we used only fish <8 d post-
emergence in the comparisons of early life history
traits. As a result, a mean of 30 (range 19 to 51) fish was
used from each cohort (Table 1).

Data analysis. Otolith aging was used to back-
calculate the timing of settlement and spawning for
each collected recruit to identify how consistent the
timing of events was and whether any temporal varia-
tion was related to differences in early life history traits
(i.e. larval growth and PLD). Grouping calendar days
by phase of the lunar cycle (with Day 1 as the new
moon), patterns of settlement and spawning for each
cohort were described using Rayleigh circular statistics
(Batschelet 1981).

Otolith-derived early life history traits were com-
pared among cohorts using standard ANOVA tech-

niques (SYSTAT version 11.0, Wilkinson 1992) where
single measures were obtained for each individual fish
(PLD and otolith size-at-settlement and at Day 4 post-
emergence). Where multiple measures were taken
from each fish (e.g. otolith increment widths), only spe-
cific points in larval and juvenile life (i.e. at 10, 20, 30 d
larval age and 4 d post-emergence) were compared
using separate ANOVA tests. This avoided the prob-
lem of a lack of independence, as only 1 measurement
was used from each fish in each test. When significant
differences occurred among cohorts, Tukey post-hoc
multiple comparisons were performed to identify
where significant differences occurred. General rela-
tionships among early life history traits were examined
by standard least-squares regression techniques (SYS-
TAT). For relationships that were not described by a
simple linear relationship, a polynomial regression was
used.

To corroborate that observed differences in otolith
radii-at-settlement reflected real differences in somatic
size, we selected the very youngest recruits (0 to 1 d
old post-settlement, closest to emergence) and com-
pared the relative otolith radii-at-settlement and
relative SL of fast growers (mean increment width =
4.3 nm, PLD = 39 to 45 d) versus slow growers (mean
increment width = 3.8 pm, PLD = 50 to 69 d) using
t-tests. These categories were defined to provide the
largest sample sizes in each category (n = 14 and 12,
respectively).

To identify any relationship between ambient water
temperature and larval and juvenile growth, we
regressed mean otolith increment width for each
cohort against ambient near-reef water temperature
for the period being examined. We also compared
cohort-specific otolith growth to surface water temper-
atures in the FC obtained from sea surface tempera-
ture (SST) images, in case larvae were delivered to
reefs via the FC. Early juvenile growth was similarly
compared to both near-reef and offshore FC mean
daily water temperatures.

We examined the relationship between early life
history traits and cohort density by first comparing
densities among replicate sites using nonparametric
ANOVA (Kruskal-Wallis) techniques. Because there
were no significant differences in cohort densities
among replicate sites for all but one cohort (cohort 6:
Kruskal-Wallis p < 0.05, mean of means used in this
case; all other cohorts: Kruskal-Wallis p > 0.05), den-
sities were pooled among sites. A mean number of
recruits m~? of reef was obtained for each settlement
event. Mean cohort-specific densities were regressed
against mean cohort-specific early life history traits
(mean larval otolith increment widths over the entire
larval period, during separate 10 d intervals, and for 1
and 2 wk prior to settlement; mean PLD; mean otolith
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size at settlement; and mean juvenile otolith increment
width during the first 4 d on the reef). Densities were
also regressed against mean water temperature.

To examine whether any relationships between
early life history traits and recruitment were influ-
enced by the nearshore passage of recirculating
oceanographic features (mesoscale frontal eddies), all
regressions were repeated after removal of cohorts
that began settling during or within 5 d of the passage
of mesoscale eddies by the study sites. Physical
features such as mesoscale eddies have the potential
to deliver large pulses of settlement stage larvae
(Sponaugle et al. 2005) or flush larvae away from
settlement habitat (D'Alessandro 2005), thus their
nearshore passage could decouple any relationship
between growth rate and recruitment magnitude.

RESULTS

Thalassoma bifasciatum settles and recruits to the
upper Florida Keys year-round. While it was not our
goal to census every recruited cohort and describe
overall recruitment patterns, settlement of the 13
cohorts censused and collected during this study
occurred primarily during the third quarter and new
moons (Fig. 1a). Only 4 cohorts differed from this gen-
eral pattern: cohorts A and B settled on the first quarter
moon, and cohorts 4 and 8 settled a few days earlier
(between the full and third quarter moons). Back-
calculated spawning of successful recruits was more
variable than settlement and occurred over almost all
periods of the lunar cycle; however, it was generally
concentrated between the first quarter and full moons
(Fig. 1b). Spawning of cohorts 10 and F was not signif-
icantly concentrated during any portion of the lunar
month, cohort 4 was spawned early between the new
and first quarter moons, and mean spawning of cohorts
A, B, and D occurred slightly late, just after the full moon.

The 13 cohorts of Thalassoma bifasciatum that re-
cruited to the upper Florida Keys varied in all of the
early life history traits examined (Table 2). Larval

Table 2. Thalassoma bifasciatum. Mean values of early life
history traits by cohort arranged in increasing order of near-
reef water temperature. Larval growth is mean otolith incre-
ment width over entire pelagic larval duration (PLD); juvenile
growth is mean otolith increment width during the first 4 d
post-emergence. Overall value is the mean for all cohorts

Cohort Near-reef Larval PLD Settlement Juvenile
temp growth (d) size growth
(°C) (pm) (pm) (pm)

10 22.8 3.6 56.0 199.1 3.9

C 23.5 4.2 49.7 190.6 6.6

A 24.0 4.1 52.2 199.1 5.9

1 24.7 4.0 51.8 192.9 5.5

7 24.8 4.3 48.2 193.6 6.8

3 26.4 4.6 46.0 196.3 6.7

4 26.9 4.8 46.5 203.9 7.4

F 27.3 4.3 49.2 201.8 5.5

B 27.9 4.6 49.8 211.9 6.8

6 28.4 4.8 43.9 193.2 7.4

8 28.7 5.0 39.6 183.4 6.9

D 29.1 4.8 41.7 189.9 7.1

E 29.3 4.8 41.5 189.2 6.2

Overall 26.7 4.1 47.0 195.9 6.5

growth (otolith increment width) varied significantly
among cohorts at all 3 time periods examined (Days 10,
20, 30; ANOVA p < 0.001; Fig. 2a). Late-summer
cohorts (cohorts B, 6, 8, D and E) exhibited higher
larval growth than cohorts recruiting during winter
months (cohorts 10 and C; Tukey p < 0.001 to 0.006) on
all 3 test days. Mean increment width varied between
the warmest and coolest cohorts by up to 2 pm mid-
larval life, and these growth rate differences led to sub-
stantial differences in size-at-age: by Day 40, otolith
radii varied by as much as 50 pm, or ~25 % (Fig. 2b).
Mean larval growth (otolith increment width) was
directly related to water temperature: seasonal varia-
tion in near-reef water temperature accounted for 78 %
of the variation in mean overall larval growth (Fig. 3a).
When we divided larval life into 3 periods, we ob-
served an even stronger relationship between larval
growth and water temperature in the latest period: r? =
0.89 for Days 21 to 30 (Table 3). Holding the time of set-

Table 3. Thalassoma bifasciatum. R? values for regressions of mean larval growth (LG; pm) versus mean water temperature

(WT; °C), mean pelagic larval duration (PLD; d) versus mean LG and mean WT, and mean juvenile growth during the first 4 d

post-emergence (JG; pm) versus LG, all measured over the larval period specified. *p < 0.05, **p < 0.01, ***p < 0.001; + and -
refer to positive and negative relationships

Larval growth period LG vs. WT (4) PLD vs. LG (-) PLD vs. WT (-) JGvs. LG (+)
Entire larval period 0.78*** 0.85*** 0.73*** 0.72***
Increments 1 to 10 0.73*** 0.79*** 0.62*** 0.35**
Increments 11 to 20 0.71*** 0.85*** 0.64*** 0.52**
Increments 21 to 30 0.89*** 0.87*** 0.67*** 0.44**

2 wk prior to settlement 0.61** 0.74*** 0.74*** 0.53**

1 wk prior to settlement 0.49** 0.74*** 0.72*** 0.52**
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tlement constant for each cohort and back-calculating
growth during the previous 1 or 2 wk did not improve
the regression between larval growth and water tem-
perature (Table 3). Reduced seasonal fluctuation in FC
SST (Fig. 3b) resulted in a slightly weaker relationship
between cohort-specific larval otolith growth and the
mean FC water temperature (r? = 0.73; p < 0.001).

PLD varied inversely with water temperature over
the entire larval period (r? = 0.73; Table 3) and differed
significantly among cohorts (ANOVA: p < 0.001;
Table 2). Slow-growing cool-water fish spent longer in
the plankton before settling. Variation in mean larval
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Fig. 1. Thalassoma bifasciatum. Lunar day of (a) settlement

and (b) successful spawning for 13 cohorts from the upper

Florida Keys (Day 1 = new moon). Where settlement or

spawning was non-uniform, the mean day about which settle-

ment/spawning occurred is indicated. Uniform settlement is
indicated by NS (not significant)

growth explained 85 % of the variation in PLD (Fig. 4a).
Because faster larval growth leads to larger sizes-at-
age (Fig. 2b) but also to a shorter PLD (fewer days of
growth), otolith size-at-settlement (proxy for somatic
size-at-settlement) was not directly related to larval
growth and could best be described as a quadratic
function of PLD (r? = 0.4%; p < 0.05; Fig. 4b). Rapidly-
growing warm-water larvae (e.g. cohorts 8, D, and E)
spent so few days in the plankton that they were the
smallest at settlement (Table 2). At intermediate water
temperatures, intermediate growers spent more days
in the plankton and settled at relatively large sizes.
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However, in the coolest water temperatures, increased
time in the plankton could not offset very low growth
rates (e.g. cohorts 10 and C).

Otolith size-at-settlement differed significantly among
cohorts (ANOVA p < 0.001), with cohort B significantly
larger than cohorts 1, 6, 8, C, D and E, and cohort 8 sig-
nificantly smaller than cohorts 4, 5 and B (Tukey p <
0.001 to 0.04). The comparison of relative otolith and
somatic size (SL) among the very youngest recruits
that grew relatively fast and those that grew more
slowly during larval life corroborated that measured
differences in otolith radii-at-settlement reflected real

CohortB: 17d

“"CohortD:'17d """

Cohort E: 13 d

3 6 9 12 15
Lunar day spawned

18 21 24 27

Fig. 1 (continued)

differences in somatic size (Fig. 5). Significantly faster
growers (f-test df = 24, p < 0.001) with significantly
smaller otolith sizes-at-settlement (t-test df = 24, p <
0.001) were significantly smaller at emergence than
slower growers ({-test df= 24, p = 0.008).
Cohort-specific juvenile otolith growth also varied
seasonally, with summer and fall cohorts having a
mean otolith increment width of 6.9 pm and cohort 10
(February 2003) a mean increment width of 3.9 pm
(Table 2). Variation in juvenile growth during the first
4 d after emergence onto the reef was directly related
to ambient near-reef water temperature during the
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Fig. 2. Thalassoma bifasciatum. (a) Mean otolith increment
widths (proxy for somatic growth) and (b) mean cumulative
otolith radius (proxy for size) during the larval period of 13
cohorts from the upper Florida Keys. Trajectories are plotted up
to the mean pelagic larval duration for each cohort. Cohorts are
identified by color corresponding roughly to the mean near-reef
water temperature during the entire larval period of each
cohort. Representative SE bars are provided for reference

same period (r? = 0.75) and, likewise, variation in larval
growth (r? = 0.78) (Fig. 6a, Table 3).

Differences in juvenile growth contributed to some
shifting in relative size-at-post-emergence-age during
early juvenile life for the cohorts that were in the
warmest and coolest water as larvae. Although warm-
water cohorts were generally the smallest at settlement,
faster early juvenile growth enabled them to increase in
juvenile size-at-age to more intermediate values by
Day 4 (Fig. 6b). Similarly, cool-water cohorts that were
intermediate in size-at-settlement continued to grow
slowly and dropped to the lower end of the juvenile
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Fig. 3. Thalassoma bifasciatum. (a) Relationship between
mean otolith increment and near-reef water temperature dur-
ing the entire larval period for 13 cohorts. (b) Mean water
temperature (+SE) off the upper Florida Keys during 2000 to
2003. Near-reef temperature was measured at 21 m depth
at Conch Reef; Florida Current (FC) temperature was esti-
mated from SST satellite imagery at a point offshore of the
study sites

size-at-age range by Day 4. Cohorts that were in inter-
mediate water temperatures as larvae (e.g. cohort 4 and
B) were in relatively warm water as juveniles; thus, fast
growth enabled these cohorts to maintain their larger
sizes at settlement during the first 4 d of juvenile life
(e.g. at Day 4 cohorts 4 and B were significantly larger
than cool water cohorts 10, 1, and 7 as well as warm-
water cohort 8; B was also larger than C and E; ANOVA
p <0.001; Tukey p <0.001 to 0.05; Fig. 6b).

The size of recruitment events was relatively small:
density varied between 0.13 to 0.45 recruits m~2 with
an overall mean of 0.26 recruits m2. There were no
clear seasonal patterns—the largest event in 2000
occurred during August, but during 2001 the large
events occurred in October and December. There were
no significant relationships between the magnitude of
recruitment events (i.e. cohort density) and any early
life history trait. Neither was recruitment related to
ambient water temperature during larval life (least-
squares linear regression: p = 0.34). Levels of recruit-
ment were consistently low for cool-water cohorts, but
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Fig. 4. Thalassoma bifasciatum. Relationship between (a) mean

pelagic larval duration (PLD) and larval growth (mean otolith

increment width over entire larval period), and (b) mean size-

at-settlement and PLD for 13 cohorts that recruited to the

upper Florida Keys. Linear regressions were fit to data

using least squares techniques; however, for (b) a polynomial
regression provided a better fit

quite variable for warm-water cohorts (recruitment
beyond 28.5°C was also generally low). If 4 cohorts that
settled during or shortly after the nearshore passage of
a mesoscale eddy were removed from the analysis
(e.g. cohorts 1, 8, D, and E; Table 4), variation in
water temperature explained 61 % of the variability in
recruitment magnitude (Fig. 7).

DISCUSSION

Recent studies have begun to demonstrate that, simi-
lar to temperate species (Houde 1987, Meekan &
Fortier 1996, Hare & Cowen 1997, Shima & Findlay
2002), variation in the growth of larvae of tropical fishes
may have important consequences for their survival
(Searcy & Sponaugle 2001, Vigliola & Meekan 2002,
Wilson & Meekan 2002, Hoey & McCormick 2004, Mc-
Cormick & Hoey 2004) and thus, potentially, the magni-
tude of larval supply and juvenile recruitment (Berge-
nius et al. 2002, Wilson & Meekan 2002). However, we

230 12.0
— * ©
Otolith settlement size
220 — F11.5

Standard length

2101 F11.0
©

200 10.5

190 10.0

Mean standard length (mm)

180

Mean otolith size at settlement (um)
©
[6,]

170 9.0
Fast Slow

Fig. 5. Thalassoma bifasciatum. Mean otolith size (radius)-at-
settlement and standard length (SL) of new recruits (i.e. 0 to
1 d old post emergence) to the upper Florida Keys that grew
relatively fast as larvae (mean increment width = 4.3 pm,
pelagic larval duration [PLD] = 39 to 45 d, n = 14) versus those
that grew more slowly (mean increment width = 3.8 pm,
PLD =50t0 69 d, n =12). Error bars = SE, *p <0.001, ©: p < 0.01

are still at the early stages of identifying and defining
such variability within tropical species and understand-
ing the processes that contribute to this variability.

Larval growth variability and water temperature

Thalassoma bifasciatum recruits year-round to the
upper Florida Keys, but the early life history traits
of cohorts settling during different seasons are highly
variable. Variation in near-reef water temperatures
explained 78 % of the variation in larval otolith growth
exhibited by 13 cohorts settling over several years:
larval growth of winter cohorts was significantly lower
than larval growth of late-summer cohorts. Almost
90% of the variation in growth during 10 d in the
middle of the larval period (Days 21 to 30) was due to
differences in water temperature.

The strong dependency of larval growth on temper-
ature is consistent with many previous studies of tem-
perate marine, estuarine, and freshwater larvae, both
within species and across a variety of species (Houde
1989, Pepin 1991, Blaxter 1992, Houde & Zastrow
1993, Rombough 1997, Benoit et al. 2000). Tropical
coral reef fishes have lower larval growth rates than
would be predicted by temperature (Houde & Zastrow
1993) and, in general, are thought to be less responsive
to changes in water temperature (Rombough 1997).
However, Houde & Zastrow (1993) suggested that
small differences in water temperature in the Indo-
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Fig. 6. Thalassoma bifasciatum. (a) Relationship between
mean juvenile growth (mean otolith increment width) during
the first 4 d on the reef and larval growth (mean otolith in-
crement width) during the entire larval period for 13 cohorts
that recruited to the upper Florida Keys. (b) Juvenile size
(mean cumulative otolith radius) at settlement (S), emergence
onto the reef (E), and the first 4 d on the reef. Statistical com-
parisons were made using Day 4 values due to sample size
limitations. Sample SE bars are provided for reference.
Cohorts are identified by color corresponding roughly to the
mean near-reef water temperature during the entire larval
period of cohort

Pacific and Caribbean may account for observed geo-
graphic differences in PLD for some fishes. Indeed,
evidence is beginning to accumulate for a diversity of
tropical reef fishes that fluctuations in water tempera-
ture can explain some of the variability in early life
history traits.

A compilation of Qo data suggests that temperate
and tropical species respond in similar ways to temper-
ature changes (Green & Fisher 2004). Of course, the
influence of water temperature is much less apparent
where there is little variation in water temperature.
Growth of larval Acanthurus chirugus settling to Pana-
manian reefs over 3.5 yr was unrelated to water tem-
perature (Bergenius et al. 2005). Similarly, variation in

water temperature did not influence the growth of
Thalassoma bifasciatum settling to Barbados during
spring and fall months (Searcy & Sponaugle 2000). In
both cases, the authors point to the lack of substantial
seasonal water temperature fluctuation as contributing
to the reduced role of temperature variation in influ-
encing larval growth. However, evidence from other
species indicates that water temperature can influence
larval growth of tropical reef fishes. A combination of
temperature, rainfall, and wind explained 7 to 36 % of
the variation in larval growth of the bicolor damselfish
Stegastes partitus in Panama (Wilson & Meekan 2002).
Elsewhere, ambient water temperature explained 30 %
of the variation in larval growth rates of the goatfish
Upeneus tragula (McCormick & Molony 1995) and the
damselfish Pomacentrus coelestis (Meekan et al. 2003).
We found that water temperature had an even stronger
effect on larval growth in Thalassoma bifasciatum in
the Florida Keys (explaining 78 to 89 % of growth vari-
ation), leaving little room for improvement by the addi-
tion of other factors. The 6°C variation in water tem-
perature among cohorts likely contributed to the
strong influence of temperature on larval growth as
well as our ability to detect it.

Larval growth efficiency does not differ between
temperate and tropical waters, therefore temperature-
mediated metabolic rates require that relatively high
food supplies be available for larvae growing in warm
waters (Houde 1989). For example, time to starvation
for several unfed fish species under laboratory condi-
tions was shorter for fish reared at higher water tem-
peratures (Houde 1974, Fukuhara 1990). In addition,
the rapid depletion of nutrients in warm tropical waters
with stable water columns (e.g. Gonzalez et al. 2000)
may result in lower larval food availability. Thus, warm
water cohorts should have the highest risk of food
limitation or starvation at any point during larval life.
Although we did not observe any indirect effects of
reduced food availability on growth, such as reduced
growth rates at higher temperatures, it is possible that
several of the warmest water cohorts were directly
affected by food limitation and had higher mortality
rates (these larvae would not have been represented
in our samples of juveniles that successfully settled).
Higher larval mortality rates may have contributed to
smaller than predicted recruitment events for some of
these warm-water cohorts (see below).

Larval duration and size at settlement

As a result of the distinct temperature-related varia-
tion in larval growth, mean cohort-specific PLD also
varied with temperature and larval growth: variation
in mean larval growth explained 85 % of the variability
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Table 4. Thalassoma bifasciatum. Settlement (settle) windows and passage of

mesoscale eddies (ME) by cohort, listed in chronological order. Dates of

mesoscale eddy passage were determined by analysis of current meter records

and satellite imagery in conjunction with other studies. — indicates that no
mesoscale eddies passed by the study site

Larval growth and PLD both influ-
enced size-at-settlement: the positive
relationship between larval growth
and otolith size and the inverse rela-

tionship between larval growth and

C . PLD resulted in a curvilinear relation-
ohort Earliest Latest Mesoscale Source
settle date settle date eddy passage Shlp between mean otolith size-at-set-
(mo/d/yr)  (mo/d/yr) (mo/d/yr) tlement (proxy for settlement size) and
A 4/8/00  4/16/00 - Ocean color imagery PLD. Faster growing larvae were
1 5/1/00 5/7/00 4/21/00-5/4/00 Ocean color imagery larger-at-age during the larval period,
3 6/22/00 6/28/00 - Sponaugle et al. (2003) but because they spent fewer days in
4 7/16/00 7/22/00 - Sponaugle et al. (2003) the plankton, they were generally
B 8/3/00 8/11/00 - Sponaugle et al. (2003)
6 8/21/00 8/28/00 _ Sponaugle et al. (2003) smaller at settlement (see also Searcy
C 4/14/01 4/22/01 - Ocean color imagery & Sponaugle 2000). However, cohorts
7 5/16/01 5/23/01 - Sponaugle et al. (2005) with the longest mean PLD were
8 8/1/01 8/8/01 7/18/01-7/27/01 (ME2) Sponaugle et al. (2005) .
D 9/10/01  9/18/01  9/13/01-10/01 (ME3)  Sponaugle et al. (2005) growing so slowly that even though
E 9/26/02  10/2/02  9/18/02-9/29/02 (ME3) D'Alessandro (2005) they spent up to 16 d longer in the
F 11/24/02 12/2/02 - D'Alessandro (2005) plankton, their otolith size-at-settle-
10 1/24/03 2/1/03 - Ocean color imagery ment was not as large as would be

in PLD. An inverse relationship between larval growth
and PLD was identified by Houde (1987, 1989) among
a diversity of temperate and tropical marine fish. This
has been further demonstrated empirically within
species in a number of laboratory studies of tropical
fishes. Slower-growing damselfish (Green & Fisher
2004, Green & McCormick 2005) and goatfish (Mc-
Cormick & Molony 1995) larvae raised at 25°C took
longer to undergo metamorphosis than larvae reared
at higher temperatures. Consistent results have also
been found in field studies. Faster-growing larvae both
within and among cohorts of Thalassoma bifasciatum
recruiting to Barbados had shorter PLDs (Searcy &
Sponaugle 2000, Sponaugle & Pinkard 2004a).
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Fig. 7. Thalassoma bifasciatum. Mean cohort-specific recruit
density as a function of mean water temperature experienced
during larval life. Least squares regression of all cohorts was
not significant, but exclusion of 4 cohorts that settled during
the passage of mesoscale Florida Current frontal eddies (O:
eddy cohorts) resulted in a significant relationship (regression
line) between temperature and magnitude of recruitment
for the remaining cohorts (®)

expected based on PLD alone. A com-
parison of somatic size of the youngest recruits con-
firmed these otolith relationships. Larvae in inter-
mediate water temperatures were consistently larger
at settlement than larvae in either cooler or warmer
water. Fuiman et al. (1998) concluded that in response
to changing temperatures, developmental rate changes
more than growth such that larvae experiencing differ-
ent temperatures are different sizes at metamorphosis.
Clearly, with a variable age- and size-at-settlement,
competency to settle does not appear to be directly
age- or size-based in Thalassoma bifasciatum. Searcy
& Sponaugle (2000) suggested that competency to
settle in T. bifasciatum may be determined by attain-
ing a minimum condition (more rapid in fast-growing
individuals).

Influence of water temperature on recruitment

As aresult of the inverse relationship between larval
growth and PLD, fast-growing Thalassoma bifasciatum
larvae were not only larger-at-age in the plankton but
had the advantage of a shorter stage duration. The size
advantage, growth rate, and stage duration hypothe-
ses (Anderson 1988) would all predict that these fast-
growing cohorts should experience higher survival. By
extension and with all else being equal (e.g. spawning
output), larvae from these cohorts should settle in
the highest numbers. While it is true that the highest
recruitment rates were exhibited by warm water
cohorts, there was substantial variance in recruitment
magnitude among the warmest water cohorts. Cool
water cohorts settled in consistently small events,
whereas warm water cohorts settled in both large and
small events. Thus, regressions of cohort density
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versus cohort-specific water temperature and early life
history traits were not significant.

We focus on 2 primary explanations for this observa-
tion. The first, as suggested earlier, is that larvae may
have increased difficulty in sustaining higher growth
rates in warm water due to food limitation, which
would result in higher mortality for some fast-growing
warm water cohorts. Such constraints may establish
a threshold temperature (e.g. 28.5°C), beyond which
recruitment is more variable and frequently low. Com-
parisons among a diversity of fishes have shown that
larval mortality varies directly with water temperature
(Houde 1989, Pepin 1991). Although such relationships
should not be extended to patterns within individual
species (Houde 1989), Pepin (1991) suggests that
higher mortality rates at higher water temperatures
may counter the positive advantages of higher growth
and shorter stage duration. Higher risk of successfully
sustaining fast growth would be consistent with our
observations of more variance in recruitment at higher
temperatures.

The second potential explanation for the lack of a
strong relationship between recruitment and larval
growth or water temperature is through the interaction
of physical oceanography. When the cohorts that
settled during or immediately following the nearshore
passage of a mesoscale eddy were omitted from the
analysis (the complexity of eddy passage prevented
the simple quantification or incorporation into a re-
gression relationship), variation in water temperature
explained 61 % of the variation in recruitment strength.
The reefs of the Florida Keys are uniquely situated at
the frontal boundary between a shallow coastal system
and a strong western boundary current. Consistent in
strength, the FC is less consistent in position, meander-
ing on and offshore as eddies of various sizes propa-
gate along the front (Lee & Williams 1999). Many reef
fish larvae may remain in nearshore waters directly
over the reef during their larval period (Sponaugle et
al. 2003), while others may be transported to the reef
via the passage and nearshore impingement of meso-
scale eddies (Sponaugle et al. 2005). Depending on the
specifics of the timing and movement of such features,
frontal eddies also have the potential to advect larvae
out of the system, resulting in smaller than expected
settlement events (D'Alessandro 2005). Thus, the near-
shore passage of eddies along the Florida Keys may
decouple the relationship between water temperature,
larval growth, and recruitment.

Bergenius et al. (2005) recommended that multiple
variables be considered when seeking to explain
settlement or recruitment variability. Indeed, combina-
tions of a number of environmental variables were
needed to explain 22 % of year-round recruitment vari-
ability of Acanthurus chirurgus (40 % within a season).

The examination of multiple variables has been some-
what less successful in explaining Thalassoma bifas-
ciatum recruitment to 2 other Caribbean locations. In
Panama, Wilson & Meekan (2001) found no relation-
ship over 18 mo between the magnitude of T. bifascia-
tum settlement events and wind speed and direction,
rainfall, solar radiation, or water temperature. Simi-
larly, monthly T. bifasciatum recruitment over 11 yr
was unrelated to wind or tides (Robertson et al. 1999).
In Barbados, although the growth of larval T. bifascia-
tum was reduced during the passage of low salinity
North Brazil Current rings by the island, settlement
magnitude was not consistently lower following ring
passage and in one prominent case was substantially
enhanced (Sponaugle & Pinkard 2004a). These pat-
terns were thought to be the result of the interaction
of both growth-rate and transport-related processes.
In the present study, temperature variation alone ex-
plained more than 60% of the variability in recruit-
ment after cohorts experiencing major adjective pro-
cesses were removed. It should be noted, however,
that although the strong positive relationship between
larval growth and water temperature indicates that
growth-related mechanisms are important during
larval life, water temperature also likely influences
adults, and thus potentially spawning output.

The influence of growth-rate processes on recruit-
ment strength is likely species- and location-specific.
Growth-rate processes accounted for a significant
amount of monthly variability in light trap catches of
the damselfishes Stegastes partitus (Wilson & Meekan
2002) and Pomacentrus coelestis (Meekan et al. 2003),
and growth during a 4 d window early in larval life
explained 49 % of the variability in the settlement of an
acanthurid (Bergenius et al. 2002). The relative impor-
tance of water temperature in influencing recruitment
strength (via growth) will probably vary not only geo-
graphically, depending on the seasonal range in water
temperature experienced by larvae, but also de-
pending on the physical setting of different locations.
Growth-related processes will likely play a greater
role in influencing settlement in physically benign
locations, whereas transport-related processes may
overwhelm growth-rate processes in oceanographi-
cally dynamic areas. In the Florida Keys, water temper-
ature is an important influence on recruitment but this
signal may sometimes be obscured by mesoscale
advection events.

Timing of spawning and settlement
Patterns of back-calculated spawning (i.e. 'success-

ful spawning’, sensu Sponaugle & Pinkard 2004b; or
‘settler production’, sensu Robertson et al. 1999) and
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settlement of Thalassoma bifasciatum in the Florida
Keys were generally similar to patterns elsewhere in
the Caribbean. Lunar spawning patterns of most co-
horts were more variable than the settlement records
and occurred during the first quarter to full moon peri-
ods (~Days 7 to 15), whereas settlement was generally
concentrated between the third quarter and new moon
periods (~Days 21 to 1). With a maximum mean PLD
difference of 16 d among cohorts of T. bifasciatum,
some shifting in the time of either spawning or settle-
ment must occur between warm versus cooler water
cohorts. Eight of the 13 cohorts exhibited this general
pattern (although spawning of 2 of these cohorts, 10
and F, was not significantly concentrated in any one
period).

The remaining cohorts included fish that settled dur-
ing eddy and non-eddy periods: mean spawning of
both cohorts A and B was several days late; thus, after
slightly longer PLDs, they also settled later than the
‘general’ pattern. Cohort 4 displayed the opposite pat-
tern: fish were spawned slightly earlier and after a
mean PLD, settled a few days early. Cohorts 8 and D
(both with short PLDs) exhibited 2 quite different pat-
terns. Spawning of cohort 8 fell within the general pat-
tern, but these fish with the shortest PLD exhibited the
earliest settlement. In contrast, fish from cohort D were
spawned a few days late (similar to cohorts A and B)
but a short PLD enabled them to settle within the gen-
eral window, rather than late like A and B. Thus, there
was no consistent trend in how the relative timing of
spawning and settlement was shifted with changes in
PLD. A flexible PLD may enable larvae to synchronize
settlement to optimal settlement periods (Sponaugle &
Cowen 1994, Robertson et al. 1999), and larvae settling
during non-optimal periods may need to be of higher
condition to survive (Sponaugle & Pinkard 2004b).
Because so few cohorts settled to the Florida Keys out-
side of the general or ‘optimal’ settlement pattern (only
cohorts A and B settled during the first quarter moon),
we did not have sufficient data to examine this in
greater detail.

Larval-juvenile stage linkages

Fast-growing larval Thalassoma bifasciatum cohorts
with shorter PLDs settled at smaller sizes. According to
the size-advantage hypothesis (i.e. 'bigger-is-better’;
Anderson 1988, Sogard 1997), this may suddenly place
new settlers at a survival disadvantage. Interestingly,
due to the warm water temperatures encountered by
these settlers on the reef, new warm-water recruits
grew at faster juvenile growth rates. Within the first 4 d
on the reef they were able to reach or even exceed the
size-at-age of larger, cool-water settlers. This is not

‘growth compensation’ per se because this high juve-
nile growth rate does not follow a period of reduced
growth (Sogard & Olla 2002). However, warmer water
temperatures enable a form of size compensation,
enabling fast-growing but small settlers to rapidly
increase their relative size. Fishes settling at interme-
diate temperatures were the largest, and relatively
rapid juvenile growth enabled them to maintain this
pattern over the first 4 d on the reef.

Growth-rate processes, recruitment, and population
connectivity

Variation in water temperature significantly influ-
ences several critical early life history traits of Thalas-
soma bifasciatum recruiting to the Florida Keys, and
accounts for a significant portion of the variability in
recruitment strength. Such variation or plasticity in
early life history traits, particularly in PLD, also has the
potential to influence the distance traveled by larvae
and, thereby, ecological connectivity among local pop-
ulations. Larvae experiencing a difference in mean
water temperature of 6°C had PLDs that differed by as
much as 16 days. In addition to the effect on larval
survivorship, less time in the plankton may theoreti-
cally contribute to reduced dispersal and higher self-
recruitment (Sponaugle et al. 2002). By extension, it is
therefore possible that ecological connectivity is lower
in regions experiencing generally warmer water tem-
peratures or during warm seasons. Further, the depen-
dence of fast-growing warm-water larvae on high food
resources could reduce the ability of larvae to survive
transit through nutrient-poor oceanic waters, further
decreasing the likelihood of successful long-distance
transport through warm water (although vertical
migration among different thermal layers of the water
column may be one mechanism that enables larvae to
balance growth and access to food in different water
masses).

The tighter relationship between larval growth of
Thalassoma bifasciatum and near-reef versus FC water
temperatures is consistent with near-reef residency
of larvae, even during the cool winter months. The
greater variance between on- and offshore winter
water temperatures may underlie this difference, but it
is important to note that there is also likely more error
associated with estimating SST from satellite imagery.
Detailed ichthyoplankton studies examining the
growth and relative condition of reef fish larvae both
near-reef and farther offshore will contribute to our
ability to resolve such questions. In addition, the inclu-
sion of empirical data on the relationships between
larval growth, PLD, and water temperature (as well as
other variables such as temperature-dependent mor-
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tality rates [Houde 1989] and, in some cases, tempera-
ture-mediated spawning [Danilowicz 1995]) together
with remotely-sensed water temperatures in numerical
dispersal models should enable refinement of our
understanding of the conditions influencing popula-
tion connectivity in marine organisms.
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