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ABSTRACT: Larval transport was investigated in a New Zealand fiord by examining the reproductive
cycles and larval distributions of the sea urchin Evechinus chloroticus Valenciennes, and the hydrogra-
phy in Doubtful Sound over 2 sampling periods (SP). These were from 27 September 1993 to 24 March
1994 (SP1993/94) and 27 October 1994 to 11 May 1995 (SP1994/95). Reproductive cycles of E. chloroticus
were monitored at 2-weekly or monthly intervals in 3 populations in the fiord, while the transport and
development of larvae were examined by plankton sampling every 2 wk at 4 permanent stations inside
the fiord, and 1 permanent station outside. To determine water exchange in Doubtful Sound, an S4
current meter was deployed at the entrance of the fiord at 15 m depth. The fiord has an estuarine circu-
lation pattern with a thin low salinity surface layer flowing seaward, below which is a compensatory
landward flow of seawater. A major, synchronous spawning of E. chloroticus was observed during
SP1993/94 which produced a widespread, single cohort of larvae throughout the fiord. In SP1994/95,
spawning was fractional and asynchronous and resulted in 2 cohorts of larvae during the summer. Larval
densities were an order of magnitude higher during SP1993/94 (2743.0 larvae tow™'} than in SP1994/95
(155.3 larvae tow™!). E. chloroticus larval distribution patterns indicate that there was a high level of
larval retention within the fiord, consistent with the estuarine circulation pattern. During SP1993/94,
average larval densities 4 wk after spawning ranged from 65.3 to 461.0 larvae tow™' within the fiord,
compared to an average of 2.0 larvae tow™! at the outer site. Similarly, during SP1994/95 larval densities
were consistently higher within Doubtful Sound than at the outer site. Larvae completed development
within 4 to 6 wk in Doubtful Sound. These results suggest that recruitment of E. chloroticus in Doubtful
Sound is by larvae that have originated, been retained and completed development within the fiord.
Reduced larval exchange provides a mechanism for observed genetic differentiation of this population.
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INTRODUCTION

The relationship between the transport of larval
stages and hydrodynamic processes has been investi-
gated for many benthic marine invertebrate species
(see reviews by Young & Chia 1987 Shanks 1995). A
direct relationship between the 2 commonly exists,
with the resulting dispersal and/or concentration of
larvae influencing recruitment dynamics, genetic
homogeneity and migration in marine invertebrate
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populations (see reviews by Strathmann 1974, Schel-
tema 1986, Young & Chia 1987, Palumbi 19995).
Examples of these processes have been presented
for a number of echinoid species. A positive relation-
ship between recruitment and the shoreward transport
of larvae has been shown in Dendraster excentricus
(Cameron & Rumrill 1982), while larvae of populations
of the same species inhabiting a small fiord were found
to be advected offshore by wind-driven circulation
(Emlet 1986). Pedrotti & Fenaux (1992) found that dis-
persal of echinoid larvae within the Ligurian Sea was
closely related to the presence of a coastal divergence
zone. When present, the divergence zone acted as a
barrier to larval transport and larvae were retained
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close to shore in local eddies. Absence of the diver-
gence resulted in advection of larvae offshore. In the
Oregon upwelling zone, Miller & Emlet (1997) found
that alongshore transport of Strongylocentrotus fran-
ciscanus and S. purpuratus larvae was associated with
winter and summer flow regimes, while the final deliv-
ery of larvae to the coast resulted from wind-forced
Ekman transport of water onshore.

Other studies have investigated transport of echinoid
larvae indirectly. Ebert & Russell (1988) correlated poor
recruitment in populations of Strongylocentrotus pur-
puratus along the Oregon and Californian coasts with
advection of larvae offshore by upwelling and cold wa-
ter plumes. Ebert et al. (1994} monitored settlement of
S. franciscanus and S. purpuratus and found that settle-
ment rates were higher and showed less interannual
variation in southern sites compared with northern Cal-
ifornia. These settlement patterns were consistent with
nearshore retention of waters off southern California
and offshore advection in northern California. Wing et
al. (1995) examined the transport of larvae of the same
species in the northern California upwelling system,
where settlement was episodic over the season of in-
vestigation, and a main settlement event associated
with an unusual relaxation of coastal upwelling.

The retention of invertebrate larvae in fiord environ-
ments is of particular interest as net transport of water
is seaward (Young & Chia 1987). Net transport in fiords
is influenced by fiord geomorphology (Aksnes et al.
1989), adjacent coastal upwelling and downwelling
(Kaartvedt & Svendsen 1995), wind flux (Kaartvedt &
Svendsen 1995), and degree of runoff (Ketchum 1983).
Fiords that have a shallow sill at their entrance typi-
cally have an estuarine circulation pattern, with the
relatively low salinity surface waters flowing seaward,
below which is a compensatory, countercurrent flow of
seawater into the fiord. Water exchange in the deep
water basins behind the sill is intermittent. A result
of the pattern of circulation and the physical restric-
tions of a narrow entrance is that there may be a sig-
nificant retention and advection of larvae into the fiord
at intermediate depths (Young & Chia 1987). Such
advection and retention has been demonstrated for
larvae of a number of invertebrate species (e.g.
Epifanio et al. 1988, Aksnes et al. 1989, Kaartvedt &
Svendsen 1995, Petersen & Svane 1995), and has been
suggested as the cause of the relatively high species
diversity in fiord environs (Pearson 1970, Gage 1972,
Rasmussen 1973).

The sea urchin Evechinus chloroticus Valenciennes
is abundant in coastal waters around the New Zealand
mainland and offshore islands (McRae 1959, Fell 1960,
Pawson 1965, Dix 1970a). Larvae of E. chloroticus
occur In the water column from November through to
April (Dix 1970b, Walker 1982) and reach competency

as early as 3 wk in the laboratory (Dix 1969, Walker
1984) and between 3 and 6 wk within Doubtful Sound
(Lamare 1997). A previous study on genetic differenti-
ation in this species has shown that little variation
occurs among populations, even over distances of
2200 km (Mladenov et al. 1997). One exception was
the Doubtful Sound population, which was genetically
differentiated from the other populations studied.
These findings indicate that while gene flow, and
hence larval exchange, is high among most popula-
tions, there is evidence of restricted larval exchange in
the Doubtful Sound population.

This study examines the distribution and transport of
Evechinus chloroticus larvae in Doubtful Sound. The
horizontal distributions of larvae were examined over 2
consecutive spawning seasons (years), and vertical dis-
tributions examined in the second spawning period.
Changes in the abundance and distribution of larvae
over time are compared with E. chloroticus repro-
duction and with hydrographical processes occurring
within Doubtful Sound.

METHODS

Study site. Doubtful Sound (45°18' 00" S, 166° 58' 45" E)
is one of a series of fiords indenting the southwestern
coast of South Island, New Zealand (Fig. 1). The fiord
is approximately 110 km long in total and 2 km wide with
a 40 km main channel and 5 secondary arms. Depths
within the fiord are relatively great, with a number of
basins deeper than 300 m. The fiord has 2 openings to
the ocean, the primary entrance (Doubtful Sound) being
~2 km wide and the second (Thompson Sound) ~1 km
wide. Shallow sills are present at both entrances, where
depths range from O to ~100 m.

Doubtful Sound has a large input of freshwater, with
an average rainfall of 465 mm mo™}, an annual riverine
input of 135 m® 57! and an annual anthropogenic input
from the Manapouri Hydroelectric Power Station of
350 m® s'! (Bowman & Dietrich 1995). The freshwater
input results in a thin low salinity surface layer (LSL)
throughout the fierd, which has typical salinities of 5 to
10%0 and varies in thickness spatially and temporally
from 0 to 12 m. The seaward movement of the LSL
drives a compensatory flow of deeper seawater into
the fiord, resulting in an estuarine circulation pattern.
Tidal cycles are semi-diurnal with a maximum vertical
range of 1.4 m. Sea temperatures at 10 m depth typi-
cally range from 9 to 17°C annually.

Evechinus chloroticus occurs throughout Doubtful
Sound, at depths immediately below the LSL to a
maximum of 20 m. Mean densities in this depth range
are ~04 m™? at the head of the fiord, increasing to
~2.5 m™? near the entrance.
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Reproductive cycles. Changes in the
gonad index of Evechinus chloroticus
were examined in 3 Doubtful Sound pop-
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ulations (Fig. 1), Causet Cove (RS-1),
Espinosa Point (RS-2) and Deep Cove
(RS-3), over 2 sampling periods during
the austral spring and summer months.
Between 27 September 1993 and 28
March 1994 (referred to hereafter as
SP1993/94), 20 individuals were sampled
at monthly intervals. For the second sam-
pling period, between 27 October 1994
and 27 April 1995 (referred to hereafter
as SP1994/95), 10 individuals were sam-
pled at 2-weekly intervals. For each indi-
vidual, the drained wet weight (drained
of perivisceral fluid) (g) and total gonad
wet weight (g) were measured. A gonad
index (%) was calculated using the equa-
tion

o
)

RS-1:

(D

x 100

gonad index (%) =

total gonad weight (g)
total drained wet weight (qg)

Additional information on the timing
of Evechinus chloroticus spawning in
Doubtful Sound was obtained from histo-
logical examination of gametogenesis
(data not presented in this paper), and
in situ observations made by SCUBA
divers (Lamare 1997).

Plankton sampling. Plankton samples
were taken at 5 sites (PS-1 to PS-5)
located along a transect running from the
head of Doubtful Sound to the entrance
(Fig. 1A). The sites were approximately
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ing inner-fiord samples, while the first
site (PS-1: Shelter Islands) was situated
beyond the sill. While this site is approxi-
mately 1 km from the fiord entrance, it is
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seaward of the sill and was taken as rep-
resentative of the open coast plankton
(Fig. 1B).

The horizontal distribution of larvae
was examined over 2 consecutive years.
The first sampling period was between
February and Aprl of 1994 (referred
to hereafter as SP1993/94), the second
between December 1994 and May 1995 (referred to
hereafter as SP1994/95). Samples were taken at
approximately 2-weekly intervals in both SP1993/94 (3
February, 14 February, 27 February, 15 March and 24
March 1994) and SP1994/95 (14 December 1994 and
17 January, 9 February, 23 February, 7 March, 5 April,

Fig. 1. (A)

25 20 [N

Distance along Fiord (km)

Location of the 5 plankton sampling sites (PS-1 to PS-5) and the 3

reproduction sampling sites {RS-1 to RS-3) within Doubtful Sound. (B) Cross
section of the fiord with the location of sites with respect to the 2 sills present.
The location of the S4 current meter deployment site on the inner sill is

indicated

27 April and 11 May 1995). On the first 2 sampling
dates (3 February and 14 February 1994) 2 duplicate
100 m vertical hauls were taken. For the remaining 11
sampling dates, 3 replicate 100 m vertical hauls were
taken. For each tow, a 100 pm mesh UNESCO WP2
(UNESCO 1968) plankton net with a 50 ¢m diameter
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opening was hauled vertically at a rate of 30 cm s™!. All
samples were preserved in 4 % buffered formalin.

The vertical distribution of Evechinus chloroticus
larvae within the water column was examined at PS-4
(Malaspina Reach) on 14 December 1994, 17 January
1995 and 9 February 1995. Sampling during the pre-
vious spawning season had shown this site to have high
densities of E. chloroticus larvae. Sampling was carried
out between 09:00 and 11:00 h on each sampling date.
Six depth strata were sampled, 100 to 50, 50 to 30, 30 to
20, 20 to 10, 10 m to the 33 % isohaline (taken as demar-
cating the bottom of the LSL), and from the LSL halo-
cline to the sea surface. Three replicate samples were
taken for each depth stratum, using an automatically
closing 100 pm mesh UNESCO WP2 plankton net with
a 50 cm diameter opening. The net was hauled verti-
cally at a rate of 30 cm s7!, and all samples were imme-
diately preserved in 4 % buffered formalin.

Immediately prior to sampling the vertical distribu-
tion of larvae, the depth of the LSL halocline was lo-
cated by recording sea temperature, dissolved oxygen
and salinity profiles. Seawater temperatures and dis-
solved oxygen concentrations were recorded from the
surface down to 50 m depth using a Yeo+Kal Model 603
Dissolved Oxygen/Temperature Meter, while salinities
were recorded from the surface down to 20 m depth us-
ing a Yeo+Kal Model 605 Inductive Salinity Dip Meter.
Measurements were made at 50 cm depth intervals.

Measurements of chlorophyll a concentration (mg
m~3) were taken at depths of 1 m (within the LSL), 10,
20, 50 and 100 m on each sampling date. Two litre
water samples were taken at each depth and the con-
centration of chlorophyll a was determined spectro-
photometrically (Strickland & Parsons 1972).

Analysis of samples. The UNESCO WP2 plankton
net has a mean catch efficiency of 94 % in oligotrophic
water (as in Doubtful Sound) for tows less than 16 min
duration (Hernroth 1987). All tows in this study were
less than 6 min duration and were assumed to have a
catch efficiency of 100 %. Samples were sorted using a
dissecting binocular microscope and Bogorov counting
dish, with larger samples halved using a Folsom plank-
ton splitter. Evechinus chloroticus larvae recovered
from the field were positively identified by comparison
with laboratory reared E. chloroticus larvae and with
larvae of the Pseudechinus genus (the only 2 genera
of sea urchins recorded from Doubtful Sound). The
number of larvae in each sample was counted, and
each larva classified according to the stage of develop-
ment into 1 of 10 development stages (Table 1).

Hydrographical data. The direction and magnitude
of water movement over the inner sill of Doubtful
Sound (Fig. 1) were examined using an S4 current
meter moored at a depth of 15 m (earlier plankton sam-
ples indicate that 15 m was the depth of maximum

Table 1. Classification of Evechinus chloroticus larval devel-
opmental stages

Developmental Notes
stage
Blastula No larval arms present

Postoral and anterolateral arms present
but neither at full length

Early 4-armed

Both postoral and anterolateral arms fully
formed. Gut obvious

4-armed

Late 4-armed ‘Bud’ postdorsal arms obvious
Early 6-armed  Postdorsal arms partially formed

Postoral, anterolateral and postdorsal
arms fully formed

6-armed

Early 8-armed  Early development of preoral arms

8-armed Postoral, anterolateral, postdorsal and
preoral arms fully formed

8-armed Rudiment obvious but no sign of either

(rudiment) tube feet or pedicellaria

8-armed Tube feet and/or pedicellaria visible

(competent) protruding from the larval body

density of Evechinus chloroticus larvae). Measure-
ments were made every 2 min for a 37 d period
between 15 March and 23 April 1995. Later, data were
converted to current speeds in the north/south and
east/west direction, and an hourly and 12-hourly aver-
age calculated over each sampling period to remove
tidal residuals. Freshwater discharge rates in Doubtful
Sound from the Manapouri Hydroelectric Power Plant
for the period 15 March to 23 April 1995 were supplied
by Electricity Corporation New Zealand. Hourly wind
speed and direction data in Doubtful Sound during the
periods 25 January 1994 to 25 March 1995 and 15
March to 23 April 1995 were supplied by the New
Zealand National Institute of Water and Atmospheric
Research. These wind data were converted to speeds
in the north/south and east/west direction.

To examine the relationship between wind and
water flow, wind speed data were transformed to wind
stress using the equation

T = CpP,U? (2)

where 1T = wind stress, P, = density of air and U = wind
speed (ms™!). For 1 <« U< 15ms™Y, C,=05/Ux 1073,
and for U> 15 m s}, Cp = 2.6 x 10~". Cross-correlation
analysis was used to calculate the coefficient of
variation (R), and time lag (t) between north/south,
east/west wind stress components, with the north/south,
east/west water flow components using the equation
N

(X, —XX¥V11— V)
R = Y ——= 2 3
Py No, o, (3)

where x, is the time series of wind stress, y, is the time
series of current speeds, t is time, T is the time lag



Lamare: Origin and transport of larvae of Evechinus chloroticus 111

between wind and water movement, X and y are the
means of each time series, o, and o, are the standard
deviations of each time series, and N is the length of
both time series. To allow for autocorrelation within
each time series, tests of the significance of each corre-
lation were made with the standard error (s) of R(1)
calculated as

s = _ZN{l_%}[Rxx(i)Ryy(j)] “)

where R,,(i) and R,,(i) are the autocorrelation coeffi-
cients for each time series at time lag i (Kope & Bots-
ford 1988).

RESULTS
Reproductive biology

Spawning times of Evechinus chloroticus in each
population were identified from decreases in gonad
indices (Fig. 2). During SP1993/94, gonad indices in-
creased to a pre-spawning peak on 3 December 1993,
with pre-spawning indices of 20.0, 18.3 and 19.1%
recorded in the Causet Cove (RS-1), Espinosa Point
(RS-2) and Deep Cove (RS-3) populations respectively.
Spawning occurred between 3 December 1993 and 1
February 1994, with a post-spawning indices of 8.8, 9.6
and 11.2% recorded in the 3 populations respectively.

During SP1994/95, spawning-related decreases in
indices were asynchronous between the Causet Cove,
Espinosa Point and Deep Cove populations, and ap-
peared to be partial. In Causet Cove, a pre-spawning
maximum of 19.2% was observed on 19 January 1995,
with decreases of 4.5 and 7.0 % observed from 19 Jan-
uary to 9 February and 23 February to 5 April 1995
respectively. At Espinosa Point, the indices increased
over the sampling period, with the only evidence of
spawning being a 3.1% decrease in the gonad index
that occurred between 14 December 1994 and 19 Jan-
uary 1995. In Deep Cove a pre-spawning maximum of
13.7% was observed on 14 December 1994, followed
by a 3.6 % decrease over the following month. A sec-
ond, smaller pre-spawning maximum of 13.6% was
observed on 5 April 1995 which was followed by a
3.3 % decrease over the following 3 wk.

Spawning observations

On 27 January 1994 (7 d prior to the first plankton
samples) Evechinus chloroticus individuals of both
sexes were observed spawning in situ along a 100 m
section of Doubtful Sound (Lamare & Stewart 1998).
These observations were between 17:30 and 18:30 h
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Fig. 2. Changes in the gonad index (+ SE) of Evechinus

chloroticus from 3 populations in Doubtful Sound between

27 September 1993 and 28 March 1994 (SP1993/94) and be-

tween 27 October 1994 and 27 April 1995 (SP1994/95). The

commencement of spawning periods based on decreases in

gonad index are indicated (). n = number of individuals
sampled on each sampling date

(2 h prior to sunset), with a full moon and spring tide
conditions. The sea urchin formed a dense spawning
aggregation of both sexes (densities increasing to
20-30 m~? during spawning), with greater than 90 % of
urchins observed spawning at the time. This appeared
to be a major event with the water discoloured by the
released gametes. No spawning was observed in situ
during SP1994/95.

Horizontal distribution of larvae
Mean number of larvae tow™! (= SE) of Evechinus

chloroticus (Table 2) and the numbers of larvae in each
development stage on each sampling date (Table 3)
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Table 2. Mean number of Evechinus chloroticus larvae (= SE) tow™" at § sites within Doubtful Sound over the 2 sampling periods,
(A) SP1993/94 (3 February to 24 March 1994) and (B) SP1994/95 (14 December 1994 to 11 May 1995)

Date PS-1: Shelter Islands
(A) SP1993/94

3 Feb 1994 87.5 (16.5) 415.5 (154.5)
14 Feb 1994 613 5 (280 5) 1729.5 (379.5)
27 Feb 1994 0 (0. 65.3(11.3)
15 Mar 1994 0 (0. 6) 8.5(1.5)
24 Mar 1994 0.0 0.0
(B) SP1994/95

14 Dec 1994 0.0 41.3 (8.4)
17 Jan 1995 0.0 1.7 (0.3)

9 Feb 1995 0.0 0.0
23 Feb 1995 0.0 1.7 (1.2)

7 Mar 1995 3(0.3) 2.7 (2.7)

5 Apr 1995 0.0 0.3(0.3)
27 Apr 1995 0.0 7.0(1.2)
11 May 1995 0.0 0.0

PS-2: Malaspina Reach PS-3: Crooked Arm  PS-4: Fergusson Island

PS-5: Hall Arm

66.0 (15.0) 360.0 (205.0) 18.0 (2.0)
2743.0 (568.9) 1732.0 (280.0) 366.0 (51.0)
1050(19 5) 1467( 5) 461.0 (165.9)
0 (2.0) 0 (2.0) 0.3 (0.3)
o.o o.o 0.0
119.7 (24.7) 155.3 (51.6) 12.0 (0.6)
1.7 (0.3) 0.0 4.7 (2.0)
0.0 0.0 0.0
0.7 (0.7) 0.0 0.0
0.0 0.7 (0.3) 0.0
0.3 (0.3) 0.0 0.0
15.7 (0.8) 22.3 (4.8) 0.3 (0.3)
0.0 0.0 0.0

are given for SP1993/94 and SP1994/95. Horizontal
concentrations of larvae are also represented schem-
atically for each sampling period respectively (Figs. 3
& 4).

SP1993/94 (Tables 2 & 3, Fig. 3). Larvae were found
at all sampling sites on 3 February 1994 (7 d post-
spawning), both within the fiord and beyond the sill
(Fig. 3A). The largest numbers of larvae tow™! (Table 2A)

were found at Malaspina Reach (mean no. of larvae
tow™! = 4155) and Fergusson Island (mean = 360.0).
Lower numbers were found at Shelter Islands (mean =
87.5), with the lowest numbers recorded at Hall Arm
(mean = 18.0). All samples were dominated by a single
cohort of 4-armed larvae (Table 3A). By 14 February,
the mean number of larvae tow™! had increased from
the previous sampling date (Fig. 3B). Within the fiord,

Table 3. Number and percentage of Evechinus chloroticus larvae in each development stage for all sites pooled within Doubtful

Sound on each sampling date during (A} SP1993/94 and (B) SP1994/95. n = total number of larvae sampled on each date

(A) SP1993/94
Stage
Blastula

Early 4A

4A

Late 4A

Early 6A

6A

Early 8A

8A

8A rudiment
8A competent
n

(B) SP1994/95
Stage

Blastula
Early 4A

4A

Late 4A
Early 6A

6A

Early 8A

8A

8A rudiment
8A competent
n

3 Feb 1994 14 Feb 1994 27 Feb 1994
0 0 0
91 (4.8%) 14 (<0.0%) 0
1642 (86.7 %) 115 {0.8%) 23 (0.9%)
128 (6.8%) 14115 (98 %) 94 (4.0%)
33 (1.7 %) 50 (0.3 %) 164 (7.0%)
0 25 (0.2%) 563 (24.1%)
0 2 (<0.0%) 228 (9.7 %)
0 1(0.3%) 594 (25.4%)
0 9 (<0.0%) 479 (20.5%)
0 2 (<0.0%) 195 (8.3 %)
1894 14373 2340
14 Dec 1994 17 Jan 1995 9 Feb 1995 23 Feb 1995
0 0 0 0
18 (1.8%) 0 0 0
963 (97.7 %) 0 0 0
5 (0.5 %) 3(12.5%) 0 7 (100.0%
0 4 (16.7%) 0 0
0 0 0 0
0 4 (16.7 %) 0 0
0 5 (20.8%) 0 0
0 8 (33.3%) 0 0
0 0 0 0
986 24 0 7

7 Mar 1995
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Sie 3

Site §

A.3/02/%4 B 14/02/%4 D 15/03/94

Larval Density . ° o o ‘ .

(mean number of
larvae per tow) 0-50 50-100 100-250 250-500 500-1000 1000-2000  >2000

Fig. 3. Distribution of Evechinus chloroticus larvae within Doubtful Sound during the SP1993/94 sampling period (3 February to
15 March 1994). Larval densities are expressed as the mean number of larvae per tow. Note that as there were no larvae present,
there is no corresponding map for the 24 March 1994 sample

A 14112/94 B. 17/01/95 C. 9/02/%5 D 230285

E 710395 /\ F5/04195 G 2704195 H 110595

Larval Density . ) [ ] ) . .

(mean number of
larvae per 1ow) 0-50 50-100 100-250 250-500 500-1000  1000-2000  >2000

Fig. 4. Distribution of Evechinus chloroticus larvae within Doubtful Sound during the SP1994/95 sampling period (14 December
1994 to 11 May 1995). Larval densities are expressed as the mean number of larvae per tow
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the greatest increase in larval density was found at
Crooked Arm (42-fold increase in mean density from
the previous sampling date), while at Hall Arm, Fer-
gusson Island and Malaspina Reach increases were
20-, 5- and 4-fold respectively (Table 2A). Numbers at
Shelter Islands tended to be lower than at sites within
the fiord (mean = 613.5). All samples were dominated
by a single cohort of late 4-armed larvae (Table 3A). By
27 February 1994 (Fig. 3C), 2 notable changes in the
distribution of larvae had occurred. Firstly, while the 4
outer sites showed a decrease in numbers (Table 2A),
the largest decrease in larval densities was observed at
Shelter Islands (mean = 2.0). Numbers within the fiord
remained comparatively high, ranging from a mean of
461.0 (Hall Arm) to 65.3 (Malaspina Reach). Secondly,
the only site to show an increase in larval densities
over this period was Hall Arm, where numbers in-
creased 1.3-fold, from a mean of 366.0 to a mean of
461.0. All samples contained a wide range of larval
developmental stages (Table 3A). By 15 March 1994
{Fig. 3D}, all sites were found to have very low densi-
ties of larvae, with numbers ranging from 0.3 to a max-
imum of 8.5 larvae (Table 2A). No larvae were found at
any of the 5 sites on 24 March 1994.

Almost no competent Evechinus chloroticus larvae
were found in plankton samples taken on 3 and 14 Feb-
ruary (18 d post-spawning), but were present on 27
February (31 d post-spawning) (Table 2A). By 15 March
(47 d post-spawning), very few larvae were found in the
plankton (<0.27% of the total number of larvae sam-
pled). These findings indicate that almost all larvae
reach competency some time between 18 and 31 d.

SP1994/95 (Tables 2 & 3, Fig. 4). On 14 December
1994, Evechinus chloroticus larvae were present at all
but the Shelter Islands site (Fig. 4A). Densities were
highest at Fergusson Island (mean no. of larvae tow™! =
155.3) (Table 2B) and Crooked Arm sites (mean =
119.7). Lower densities were recorded at Malaspina
Reach (mean = 41.3) and Hall Arm (mean = 12.0). The
larvae sampled on this date represent the first of 2
E. chloroticus larval cohorts sampled during the
SP1994/95 sampling period, and were the highest
densities of larvae recorded over SP1994/95. Samples
were dominated by a single cohort of 4-armed larvae
(Table 3B). On 17 January 1995 (Fig 4B) larvae were
absent at the Shelter Island and Fergusson Island sites,
and present at low numbers at the Hall Arm {(mean =
4.7), Crooked Arm (mean = 1.7) and Malaspina Reach
sites (mean = 1.7) (Table 2B). These larvae ranged from
4-armed to 8-armed rudiment stages (Table 3B). A
small cohort of well developed larvae (8-armed and
8-armed rudiment) was present at Hall Arm (Table 3B).
Between 9 February and 5 April 1995 (Fig. 4C-F)
larvae were recorded in low densities throughout the
fiord. No larvae were found in Hall Arm during this

period, while only 1 larva was recorded in the Shelter
Islands samples. A small number of late 4-armed
larvae were found at Malaspina Reach (mean = 1.7)
and Crooked Arm (mean = 0.7) on 23 February. On the
subsequent sampling date (7 March) low numbers of
late 4-armed larvae and 6-armed larvae were present
at Malaspina Reach (mean = 2.7) and Fergusson Island
(mean = 0.7). The second cohort of E. chloroticus
larvae identified during SP1994/95 was recorded in
the 4 inner fiord sites on 27 April 1995 (Fig. 4G), but
was absent from the Shelter Islands. Densities of larvae
within this cohort were comparatively low (Table 2B),
ranging from a mean of 22.3 larvae tow™! (Fergusson
Island) to 0.3 (Hall Arm). This cohort was made up of
late 4-armed and early 6-armed larvae (Table 3B). On
11 May 1995 no larvae were recorded (Fig. 4H).

Vertical distribution

On 14 December 1994 (Fig. 5) Evechinus chloroticus
larvae were not found in the low salinity layer (LSL), or
at depths greater that 30 m. Larvae were present
between the LSL halocline (4.0 m depth), and 10 m at
a mean density of 3.9 larvae m™® (mean of 4.7 larvae
tow™'), with the highest densities recorded between
10 and 20 m depth at an average density of 7.3 larvae
m~ (mean of 14.3 larvae tow™!). Densities of 4.9 larvae
m™> (9.7 larvae tow™!) were recorded between 20 and
30 m depth. The larvae sampled on this date were
almost entirely early to late 4-armed stages, and no
depth related differences in the distribution of devel-
opmental stages were apparent. One 8-armed larva
was recovered between the LSL halocline and the 10 m
depth stratum. A total of 2 larvae were found in the
17 January 1995 and 9 February 1995 samples. For
17 January, one 8-armed larva was found between 50
and 100 m depth, while one late 4-armed larva was
found between the LSL halocline and 10 m depth on
9 February.

The relationship between the vertical distributions of
larvae and the stratification of the water column was
examined for the 14 December 1994 samples (Fig. 5).
Larvae were restricted to salinities ranging from 33.0
to 35.0%., being absent in the LSL. Within the LSL,
salinities ranged from 7.7%. at the surface to 16.6%
immediately above the halocline (3 m depth). Water
temperatures and dissolved oxygen concentrations
were highest immediately below the LSL halocline
(13.3°C and 7.7 mg I"! respectively). Larvae were asso-
ciated with water temperatures ranging from 11.6 to
13.3°C and oxygen concentrations ranging from 6.4 to
7.7 mg 1”1 A small cline in water temperatures at 24 to
26 m depth and an oxycline between 25 and 30 m
depth coincided with the lower depth limits of larvae.
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Fig. 5. Vertical density of Evechinus chloroticus larvae (no. m™®) between 0 and 100 m depth at Malaspina Reach on 14 December

1994, 17 January 1995 and 9 February 1995. (A) The proportion of larvae in each developmental stage is indicated. Note only 4 of

the stages were present during the vertical sampling. {B) Depth profiles of chlorophyll a from 0 to 100 m on each sampling date.
(C) Depth profiles of salinity (0 to 20 m), sea temperature (0 to 50 m) and oxygen (0 to 50 m) for each sampling date
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Table 4. Cross-correlation coefficients R(t) between the east/

west and north/south components (time lag) of wind stress

and water flow in Doubtful Sound between 15 March and

24 April 1995. *p < 0.05, accounting for autocorrelation within
each time series

N-S wind E-W wind N-S current
E-W wind 0.895* (0 h)
N-S current 0.520* (2h) 0.527* (2h)
E-W current 0.597* (1h) 0.601' (Oh) 0.760" (0 h)

Chlorophyll a concentrations over the 3 sampling
dates tended to decrease with depth (Fig. 5). On 14
December, concentrations were highest in the LSL
(2.6 mg m™3), decreasing to 0.0 mg m~* at 50 m depth.
Maximum larval densities coincided with chlorophyll a
concentrations of 1.4 to 1.9 mg m™, although some
larvae were found between 20 and 30 m depth where
concentrations were <1.4 mg m™>.

Fiord hydrography

The speed of water movement in the north/south and
east/west components and net current speeds at 15 m
depth over the inner sill of Doubtful Sound are illus-
trated (Fig. 6). A semi-diurnal tidal current oscillation
was evident during this period, over-ridden by a resid-
ual movement of water into and out of the fiord. Four
residual current phases were apparent during this
period. Between 15 and 26 March water moved in a
southwest direction (out of the fiord) at typical net
current speeds of from 5 to 9 cm s™'. Between 26 March
and 10 April, water movement alternated between
periods of inward, southeast flow (26 to 31 March, 2 to
3 April, 5 to 10 April) and periods of southwest, out-
ward flow (31 March to 2 April, 3 to 5 April). A net
inward flow of 4.14 cm s! was recorded over this
period. Between 10 and 16 April, a period of northwest,
outward water flow was evident, with typical net
current speeds of between 6.5 and 9 cm s™! recorded.
Finally, between 16 and 24 April, water movement
alternated between periods of inward, southeast flow
and periods of outward, southwest flow. A net inflow at
average speeds of 4.8 cm s™! was recorded over this
last phase.

Over this period, there was a large input of freshwater
into Doubtful Sound from the Manapouri Power Station.
This input was not correlated with change in the direc-
tion of water movement in Doubtful Sound (Fig. 6). Dis-
charge increased from 49 m® s™* on 15 March to 464 m?®
s"' on 21 March and, with the exception of a 100 m*®s™!
dip on 10 and 17 April, remained constant during the rest
of the sampling period (~460 m®s™}).

In contrast, flow of water within Doubtful Sound ap-
pears to be wind driven (Fig. 6). Cross-correlation
analyses (Table 4) indicate that movement of water in
the east/west component was positively correlated with
wind stress in the north/south direction (R = 0.597, 1 =
1 h, p < 0.05) and negatively with wind stress in the
east/west direction (R = 0.601, 1 =0 h, p < 0.05). Water
movement in the north/south direction was negatively
correlated with wind stress in the north/south direction
(R =0.520, 1= 2 h, p < 0.05) and positively correlated
with wind stress in the east/west direction (R=0.527 1=
2h, p<0.05). There was a high cross-correlation within
the 2 wind components (R =0.895, 1=0h, p <0.05), and
within the 2 water flow components (R = 0.760, t=0 h,
p < 0.05), and their flows cannot be examined separately
(Table 4). In general however, water flows out of the
fiord (west direction) during periods of onshore winds
(east direction), and into the fiord (east direction) dur-
ing periods of offshore (west direction) winds.

DISCUSSION

Larval transport in Evechinus chloroticus in Doubtful
Sound was investigated though an examination of re-
production, planktonic distributions, and hydrographic
processes. The spatial and temporal distribution of
larvae differed greatly between sampling seasons. For
SP1993/94, a single cohort of larvae was sampled, with
numbers peaking on 14 February 1994 (2743 larvae
tow™!). For the corresponding period during SP1994/95,
mean larval densities were less than 5 tow™, with the
highest densities recorded on 14 December 1994
(155.3 larvae tow™!) and on 27 April 1995. The maxi-
mum density during SP1993/94 was ~22-fold higher
than the maximum recorded for SP1994/95.

Differences in the temporal distribution of larvae
between the sampling periods can be correlated with
interannual differences in the reproductive cycles of
Evechinus chloroticus. In SP1993/94, both a synchro-
nous drop in gonad indices in all 3 populations and an
observed mass spawning event are consistent with the
suggestion that spawning was a major, synchronous
event on 27 January. Larval distributions for this year
are also consistent with this suggestion, with a single
cohort of early 4-armed larvae {which are 4 to 6 d old
larvae when reared in the laboratory) found through-
out Doubtful Sound on 3 February, 7 d after the
observed spawning. No advanced E. chloroticus larvae
were found in these first plankton samples, nor was a
large cohort of 4-armed larvae found in any of the later
plankton samples. This suggests no significant spawn-
ing occurred either before or after 27 January. In
contrast, spawning in SP1994/95 was asynchronous
throughout the fiord, occurred over a longer time
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period (14 December 1994 to at least 27 April 1995)
and appeared intermittent, with possibly 2 spawning
episodes. Two cohorts of larvae were present during
the season; the first, found on 14 December 1994, cor-
responded to a 3.1 and 3.6 % decrease in mean gonad
indices during December at Espinosa Point and Deep
Cove, respectively; the second, found on 27 April 1995,
corresponded with a 7.0 and 3.3% decrease in mean
gonad indices during March and April at Causet Cove
and Deep Cove, respectively.

Spatial differences in the distributions of Evechinus
chloroticus larvae provide information on the patterns
of larval transport in Doubtful Sound. Firstly, densities
of larvae were almost always higher at sites within the
fiord, compared with samples taken beyond the sill
(Shelter Islands). High densities of larvae within the
fiord provide good evidence that the larvae sampled
during SP1993/94 and SP1994/95 originated from
adult E. chloroticus populations within the fiord. The
results also suggest that there is a higher rate of larval
retention within the fiord compared with the site
beyond the sill. This retention was most apparent dur-
ing SP1993/94, when densities of larvae tow™! outside
the fiord decreased from 613.5 tow™! on 14 February
1994 to 2.0 tow ! 13 d later. Densities within the fiord
over the same period remained comparatively high,
ranging from 65.3 to 461.0 larvae tow ! Secondly,
during SP1993/94 the density of larvae in Hall Arm
increased between 14 and 27 February 1994, while all
other sites showed a decrease in densities over the

same period. This was due to an increase in the num-
bers of advanced-stage larvae, indicating there was
up-fiord transport and accumulation of larvae at this
site over time.

The mechanisms of retention and up-fiord transport
of larvae in Doubtful Sound can be examined. S4 cur-
rent meter recordings indicated that at 15 m depth,
water movement over the sill of the fiord was either:
(1) a relatively slow, fluctuating flow into and out of the
fiord at periodicities of 1 to 3 d, with a net up-fiord flow
of water over a period of up to 2 wk; or (2) a faster flow
out of the fiord for periods of 4 d to at least 11 d. This
movement of water can be correlated with wind forc-
ing. Periods of offshore winds (west direction) correlate
with water flowing into the fiord at typical speeds of
~5.0 cm s! During the period of the S4 deployment,
offshore winds were present for 25.5% of the time,
with water flowing into the fiord for 32.9% of the time.
Periods of onshore winds (east direction) correlate with
a faster flow of water out of the fiord at typical speeds
of ~9.0 cm s™! Onshore winds occurred in Doubtful
Sound for 74.5% of the recording time, with water
flowing out of the fiord 67.1 % of the recording time.

To examine inward and outward flow of water in
Doubtful Sound during plankton sampling (and hence
the transport of Evechinus chloroticus larvae during
SP1993/94), the wind conditions during the plankton
samples from 27 January to 24 March 1994 (Fig. 7) can
be examined. From the time of spawning (27 January)
to the first plankton sampling (3 February), wind was
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constantly onshore (east direction). For the remainder
of the sampling period that Evechinus larvae were
recorded in the plankton (3 February to 15 Marchj,
wind blew offshore (west direction) for 83.9% of the
time. As water tends to move up the fiord during
periods of offshore winds (Fig. 7), it is likely that water
was moving up the fiord during the majority of plank-
ton sampling.

In light of these qualitative observations, and as-
suming that Evechinus chloroticus larvae behave as
passive particles in the water column, the distribution
of larvae can be interpreted. Firstly, the vertical distri-
bution of larvae within Doubtful Sound may be corre-
lated with the stratification of the water column. The
lack of E. chloroticus larvae in the surface layers of
Doubtful Sound is in contrast to most echinoid species
previously examined (Rumrill et al. 1985, Emlet 1986,
Pennington & Emlet 1986, Pedrotti 1990, Sewell &
Watson 1993, Miller & Emlet 1997) and would be ex-
pected since echinoid larvae are known to be sensitive
to low salinities (Stickle & Diehl 1987). In addition,
the entrainment of near surface seawater by the out-
flowing LSL may cause an advection of larvae out
of the fiord at these depths, resulting in lower larval
densities. At greater depths there is probably a higher
retention of larvae within the fiord, resulting in higher
larval densities. Early stage E. chloroticus larvae are
geonegative and/or photopositive when grown in
culture (pers. obs.), and it is possible that in the
absence of a LSL and a high rate of larval advection at
shallower depths, larvae will occur nearer to the sea
surface. Secondly, the slow movement of water into
the fiord during periods of offshore winds likely results
in the high level of larval retention observed. Larval
numbers were consistently higher within the fiord
during both SP1993/94 and SP1994/95, compared with
the outer fiord site. During SP1993/94 for example,
4 wk after spawning, larval densities within the fiord
ranged from 65.3 to 461.0 larvae tow™! compared to an
average density of 2.0 larvae tow™' outside the fiord.
The lower abundances of larvae at the outer-fiord site
are probably due to the greater offshore advection and
dispersal of larvae associated with coastal currents. A
lower rate of larval retention within Doubtful Sound
would be expected during periods of onshore winds.
Thirdly, the counter-current flow up-fiord likely results
in an advection of larvae to inner fiord sites. During
SP1993/94, the numbers of larvae at the inner Hall
Arm site increased over the 4 wk post-spawning
period, with these increase in densities due to the
transport of late-stage larvae into the area.

Two important consequences of the observed larval
retention and reduced larval exchange are evident.
Reduced larval exchange provides a mechanism for
the genetic differentiation of the Doubtful Sound

Evechinus chloroticus population documented by
Mladenov et al. (1997). Genetic differentiation of estu-
arine populations has been reported in invertebrate
species, including Balanus improvisus (Furman et al.
1989) and Mpytilus edulis (Corte-Real et al. 1994). In
both cases, reduced larval exchange has been cited
as the probable cause of the differentiation. Reduced
larval exchange will also influence recruitment pro-
cesses, with E. chloroticus populations in Doubtful
Sound being closed or semi-closed. This is probably in
contrast to the majority of E. chloroticus populations
which occur along open coast and are almost certainly
open in terms of larval supply. Open marine inverte-
brate populations are more likely to have urregular
and/or low recruitment (recruitment-limited), primar-
ily due to a decoupling of reproduction and recruit-
ment (Hughes 1990}, and to the variability of larval
supply associated with long range larval transport
(Vance 1980, 1984). Examples of recruitment limitation
in open populations are given for a number of species
(Roughgarden et al. 1985, Sutherland 1987 Hughes
1990, Karlson & Levitan 1990). In contrast, closed in-
vertebrate populations are likely to receive a regular
supply of larvae, as in the asteroid Pisaster ochraceus
(Sewell & Watson 1993). Recruitment rates are high in
Doubtful Scund compared with most E. chloroticus
populations (Lamare 1997). The interpretation of these
findings is that the variability in larval supply due to
larval transport mechanisms is reduced in the Doubtful
Sound population, resulting in higher recruitment.
For more open populations, variable larval transport
results in low recruitment. This hypothesis is sup-
ported by settlement collector data (Lamare 1997).
Settlement rates in Doubtful Sound (a measure of
larval supply) were greater and occurred over a longer
period compared with settlement rates in another,
open E. chloroticus population studied in Tory Chan-
nel, New Zealand.

Information on distributions and transport of Evechi-
nus chloroticus larvae in Doubtful Sound suggests that
this population has closed or semi-closed recruitment.
Self-seeding populations such as in Doubtful Sound are
rare among marine species with a relatively long-lived
planktoniclarval stage. Therefore, many issues relating
to stock-recruitment relationships not adequately as-
sessed in open populations could be addressed in
Doubtful Sound and offer a better understanding of the
dynamics of marine populations. Information of this
nature is essential for the management of these popula-
tions in the face of increased harvest and anthropo-
morphic changes in habitat. Further examination of the
larval biology of E. chloroticus in Doubtful Sound may
also address wider questions on the influence that fiord
environments can have on invertebrate larval distribu-
tions, population biology and genetic variability.
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