Transactions of the American Fisheries Society 122:702-708, 1993
@ Copyright by the American Fisheries Saciety 1993

Sustainable Swimming Specds of Striped Bass Larvae

LESA MENG

Department of Wildlife and Fisheries Biology, University af California
Davis, California 95616, USA

Abstract. — Sustainable swimming speeds, defined as speeds maintained in 1-h tests, were mea-
sured for three size-classes (6-6.9 mm, 7=7.9 mm, and 8-8.9 mm) of larval striped bass Morone
saxarilis. Probit analysis was used to find failure velocities (the water velocity at which 50% of the
larvac fail to sustain swimiming speed) and confidence intervals for cach size-class. Failure velocitics
were 1.7, 2.1, and 3.0 em/s {or 6-6.9-mm, 7-7.9-mm, and 8-8.9-mm larvae, respectively. There
was a general improvement in swimming performance with age. There was no difference in swim-
ming ability due 1o the prescnce or absence of an inflated swim bladder. Stnped bass larvae
approached the upper range of swimming speeds recorded for other larval fishes and reached
speeds ol 3—4 body lengths/s, which are comparable to adult fish speeds. The relatively high speeds
attained by striped bass larvac may improve feeding success rates by increasing the volume of

water larvac arc capable of searching [or food.

Numbers of striped bass Morone saxatilis have
declined dramatically in the Sacramento-San Joa-
quin estuary of California (Stevens 1977, Stevens
ct al. 1985) and Chesapeake Bay (Boreman and
Austin 1985) since the carly 1970s. In both cases
a reduction in larval food supply is thought to be
a contributing factor (Stevens et al. 1985; Tsai
1991). Previous laboratory studies have quanti-
fied prey densitics required for larval stripcd bass
growth and survival (Daniel 1976; Millcr 1976;
Eldridge et al. 1981, 1982; Houde and lLubbers
1986; Chesncy 1989; Tsaj 1991; Mceng 1993), but
these dcnsities are often several times higher than
prey densities found in the field in California (Ste-
vens ct al. 1985; Meng 1993). The discrepancy
between laboratory and field results may be cx-
plained by the failure of laboratory studies 1o ad-
equately cvaluate the cffect of swimming perfor-
mance on larval scarching ability and feeding
SUCCess.

Swimming performance determincs larval feed-
ing rates and encrgy expenditures, as well as
whether or not larvac remain in food-rich areas
(Flunter 1981; Dabrowski ct al. 1988; Miller et al.
1988). Larval swimming ability determines prey
encounier rates because fish larvae altcr their
swimming speeds in response to changing prey
densitics (Rosenthal and Hempel 1970; Hunter
and Thomas 1974; Theilacker and Dorscy 1980;
Munk and Kiorboe 1985). Fish larvac may in-
crease encounter rates by swimming faster at low
prey densities (Theilacker and Dorsey 1980; Munk
and Kiorboe 1985). Cruising or sustainable swim-
ming speeds, defined here as speeds sustained lor
at least 1 h, are maintained by fish during routine
activities such as feeding (Hunter 1981).

Cruising speeds ol adult fish are well docu-
mented (Beamish 1978), but sustainable speeds of
larvae have been more diflicull to obtain. Fish
larvae are delicate and easily damaged, and the
low veloctties attained by larvae are difficult to
measure. Moreover, there is a large disparity in
reported swimming speeds of fish larvae. Speeds
of about 1 body length/s (BL/s) have been docu-
mented on film or videotape for free-swimming
larvae (Rosenthal and Hempel 1970; Hunter 1972;
Batty 1984). When larvac are subjected to currcnts
in a flume, sustainablc swimming speeds of some
larvac increase 10 3 BL/s or more (Houde 1969;
Laurcnce 1972; Doyle et al. [984), In flume stud-
ics, groups ol striped bass larvae sustained speeds
of 4 BL/s (Doyle et al. 1984) and larvae of large-
mouth bass Micropterus salmoides sustained 5
BL/s (Laurence 1972). Larvac of chub mackerel
Scomber japonicus swam around the perimeter ol
a rearing lank [or long periods at 3.8 BL/s (Hunter
and Kimbrell 1980).

Because swimming speeds determine the amount
of water a fish larva is able to search for {ood,
swimming speed measurements are needed for in-
clusion in feeding models. Such models attempt
1o synthesize information on larval feeding, en-
ergy expenditure, and growth to quantify food lev-
els necessary for larval survival (Blaxter 1986).
The goals of my study were (1) to determine sus-
tainable swimming speeds (maintained in 1-h tests)
for three sive-classes ol first-feeding striped bass
larvac (6-6.9 mim, 7-7.9 mm, and 8§-8.9 mm,
hercafter referred (o as 6 mm, 7 mm, and § mm)
in a current flume; (2) to cvaluate the ellect of
swim bladder inflation on swimming perfor-
mance; and (3) to relate swimming performance
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to the volume of watcr a larva is capable of scarch-
ing for food.

Methods

Culture methods. —From April to June 1992,
striped bass larvae from thc California Depart-
ment of Fish and Game Central Valley Hatchery
were transferred 1o laboratory facilitics at the Uni-
versity of California, Davis, 14 d after hatching.
I reared the larvae in 32-L circular tanks in a flow-
through system held at 17°C and 3% salinity. Fish
were maintained at a density of 8/L and in a 12
h light : 12 h dark photoperiod, Artemia sp. nauplii
were maintained al a nominal concentration of
100/L during daylight hours by aliguot sampling
2-3 timcs per day.

Experimental design.—Experiments were de-
signed to determine failure velocity (the currcnt
velocity at which 50% of the larvae fail to sustain
swimming specds) in 1-h tests. Current velocities
tested were 0.5-4.5 ¢cm/s in 0.5 cm/s increments.
Older larvae had a wider range of swimming abil-
ity and were tcsted at more velocities than 6-mm
larvae. I tested 6-mm larvae at six velocities, 0.5—
3.0 cm/s; 7-mm larvae at scven velocities, 1.0-
4.0 cm/s; and 8-mm larvac at seven velocitics,

1.5-4.5 cm/s. Ten fish in cach size-class were 1est-
¢d individually at cach velocity. 1 began testing
fish 8 d posthaich.

Swimming apparatus.—The swimming appa-
ratus lollowed the design of Bishai (1960) and
Houde (1969). A rectangle was assembled from
19-mm PVC (polyvinyl chloride) pipe., Four |3-
mm nalgene needle valves, one at each corner,
regulated the water flow (Figure 1). Fish were 1est-
ed in a clear tube (50 cm long) that ran across the
middie of the PVC rectangle, Gravity-induced
current flowed in either direction, and both cur-
rent direction and velocity were controlled by valve
adjustment. Air bubblcs were bled out of the ap-
paratus. Nitex fabric screening (900-um mesh)
prevented the fish from moving out of the swim-
ming tube and may have helped create a laminar
flow. T mcasured current velocitics by timing the
passage of dyc through the tube. Ten velocity-
calibration tcsts were made for each velocity, and
the mean valve setting was determined. Water was
supplicd to the device from the culture system
hecad tank, in which temperature and salinity were
constant.

Experimental protocol.—A larva was intro-
duced into the water-filled funnel of the swimming
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TanLe 1.—Current velocities (calculated from probit
analysis) at which 50% of striped bass larvac in three
size-classes failed to remain in a swimming tube for 1 h
(I-h FV50) at 17°C. Also given arc confidence limits for
1-h FV50 for each size-class. BL is body length.

1-h FV50
Size-class Median 95% confidence
(mm) velocity limits
Velocities In cm/s
6.0-6.9 1.7 1.3 = FV50 = 2.1
7.0-7.9 2.1 1.6 = FV50 = 2.5
B.0-8.9 3.0 2.6 = TV50 = 34
Velocities in BL/3
6.0-6.9 2.8 2.2 =5 FV50 = 3.5
7.0-79 3.0 232 TVa0 = 3.6
8.0-8.9 3.8 3.3 FV50 =43

device with a plastic spoon, Release of the clamp
below the funnel washced the larva into the swim-
ming iube. The current was immediately shut ofT,
and the larva was allowed 10 min to acclimate 1o
the tube. I increased the current gradually up to
test velocity. Because most fish larvae arc pho-
totactic (Corazza and Nickum 198]) as well as
rheotactic (Blaxter 1969), an incandescent light
source at the upsiream cnd of the tube provided
the larva with an additional orientation cuc. 1 ob-
served the larva carefully during the acclimation
period and the first 5 min of the test. If therc was
any evidence of damage to a larva from handling
or if it did not swim lor 5 min, the test was ler-
minated.

I scored a larva as ““passed” if it remained in
the 50 em swimming tube for 1 h. If the larva
was washed downstream and impinged on the
Nitex screening in less than 1 h, it was scorcd as
“failed.” Occasionally a larva would lie on the
bottom of the tube where the current was minimal
because of hydrodynamic drag. If a larva “rested”
for morc than 5 min, it was scored as failed. The
fish was removed from the tube after the swim-
ming test and held in a beaker. Afier being ob-
served in the beaker for at lcast 1 h, the fish was
measured (standard length), and the prescnce or
absence of an inflated swim bladder was recorded.

Observations were recorded on fish acuivity at
15-min intervals throughout the swimming test. 1
recorded position of the larvae in the tube (cross-
scctional and lengthwisc) as wcll as tail-beat fre-
quency (slow or fast).

Statistical analysis.—1 used probit analysis,
which is based on the Jincar transformation of a
sigmoid-type curve (Hubert 1984), to analyze the
swimming data. Determination of swimming abil-
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Ity can be viewed as a bioassay cxperiment (Brett
1967; Houde 1969). Current velocitics arc dose
rates, and the velocity at which 50% of the larvae
fail (FV50) is analogous to the dose at which 50%
of lest organisms die (LD50). I used the SAS prob-
it proccdure (SAS Institute 1990) to calculate FV 50
and confidence limits for cach size-class. T used a
chi-square test of independence for a two-way
contingency table (Sokal and Rohlf 1981) to test
for dilferences in swimming ability attributable to
swim bladder inflation.

Results

Failure velocities (FV 50) increased with size for
striped bass larvae and were 1.7, 2.1, and 3.0 cm/s
for 6-, 7-, and 8-mm larvae, respectively (Table
1). Lack-of fit tests (Pearson chi-square) for cach
successive size-class showed that the fraction fail-
ing to swim for 1 h at each velocity fit the probit
model (P = (.14, 0.43, and 0.89), and confidence
limits were calculated (Table 1). Fish tended to
either swim for 1 h or fail within 15 min; inter-
mediate swim times were less common (Figure 2).

Larval behavior differed in the velocities tested.
After being washed into the tube and in the ab-
sence of a current, larvae explored the tube unless
they were damaged. Damaged larvac lay on the
bottom and were removed. When the current was
turned on, larvae immediatcly swam into it and
oriented themselves facing the upstream cnd of
the tube and near the light. At higher velocities
larvae maintained a constant position in the top
half of the tube, where the velocities were expected
to be near the mean value in the cross section of
the tube. At lower velocities the fish did not main-
tain a constant position and tended to move about
the tube, alternately Josing and gaining position in
reference to ihe upstream cnd necar the light.
Whenever a larva approached (he darkness ol the
downstream cnd of the tube it swam vigorously
upstrcam. At failure velocities, larvae tended to
losc tube position incrementally and spent scveral
minutes at the downstream cnd fighting to stay in
the lit portion of the tube. Failure was more un-
predictable at lower velocities; at low vclocities, a
larva could be swept away (or swim downstrcam
or simply stop swimming) from any position in
the tube. The fraction of oldcr larvac complcting
the 1-h tests was more predictable and more close-
ly related to veloeity than that of 6- and 7-mm
larvac (Figure 3).

Failurc to sustain swimming in the current was
not permanently debilitating. All larvae survived



SWIMMING SPEEDS OF STRIPED BASS LARVAE

705

40
35
30+

254

Number of larvae

BN 6-6.9 mm IR 7-7.9 mm EEH 68-8.9 mm

5 10 15 20 26 30 35 40

Swim time (min)

Fiure 2.—Duration of sustained swimming (min) by striped bass larvae of three size-classes in a laboratory

swim chamber, all vclocitics combined.

the tests and swam normally in beakers for at least
| h after being removed from the tube,

There was no difference in sustained swimming
ability between the larvae due to the presence or
absence of an inflated swim bladder (7 = 0.20,
0.70, and 0.35 for 6-, 7-, and 8-mm larvae, re-
spectively), Observations during the swim test
suggested that larvae with uninflated swim blad-
ders swam with greater tail beat frequency.

Discussion

Striped bass larvae of 6=9 mm approach the
upper range of sustainable swimming speeds that
have been determined for larvae ol other perci-
form fishes in this size range (Table 2). The speeds
(BL/s) 1 calculated for striped bass larvae arc
slightly lower than those of Doyle et al. (1984),
but our methods diffcred and the larvae in my
study were smaller. Doyle et al, (1984) began their
experiments with 9—-11.9-mm larvae and tested 10
fish at a ume at three velocities: 3.0 cm/s, 6.0 cm/
s, and 18 cm/s. All 9-11.9-mm larvae failed at 18
cm/s. Neither water temperature nor number of
replicates were specified by Doyle et al. (1984). In
addition, because 10 fish wcre tested at the same
lime, there may have been a schooling effect.
Striped bass larvae from both studies, however,
were able to attain 3—4 BL/s (Table 2),

Cruising speeds become asymplotic at 3—4 BL/s
for many species of adult fish (Bainbridge 1960).
1 did not rcach the asymptote in my study, but
my objective was 10 study swimming speeds of
the youngest larvae at the age that they are switch-

ing to exogenous [oods. Doyle ¢t al. (1984) re-
corded speeds of 10 BL/s for 12--20-mm larvac,
but Doyle et al. included fish that occupied areas
of reduced low along the edges of the flume. Crit-
ical swimming speeds, the maximum velocity fish
can maintain lor a precisc time period (Beamish
1978), of 3--4 BL/s have been measured for striped
bass juveniles (Young and Cech, in press); adults
reach critical swimming specds of 2.9-3.3 BL/s
(Freadman 1979). Sisson and Sidcll (1987) re-
ported sustainable swimming speeds of 1.8-2.4
BL/s for striped bass adults by measuring the speed

0.91
0.81
0.7
0.61
0.51
0.44

0.3

Fraction compieting 1-h tests

0.24
0.11

O T T T T T -
0 06 1 15 2 25 3
Veloclty (crm/s)
Fioure 3.—Fraction of striped bass larvae of each
size-class that continued to swim for 1 h in laboratory
swirnming lests as a function of water velocity.
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TABLE 2. —Average sustainable swimming specds for
selecied fish larvae (standard length 5-10 mm). BL is
body length.

Tem-
per-
alure  Speed Study
Species () (BL/3) method Refercnce
Pacific 10 0.83 Film Rosenthal
herring? and Hempel
(1970)
10 1.3 Videotape Batly (1984)
Northern 17 1.7 Film Hunier
anchovy (1972)
Stnped 34 Flume Doyle
bass et al. (1984)
17 2.8-3.8 Flume This study
Largemouth 19 4-5 Flume Laurence
bass (1972)
Yellow 13 2.8 Flume Houde (1969)
perch®
Walleyed 13 1.5 Flume Houde (1969)

N Clupea harengus.

b Engraulis mordax.

¢ Perca flavescens.

d Syizostedion vitreum.

at which white muscle fiber was recruited. Swim-
ming performance, expressed in BL/s, favors
smaller individuals due to reduced hydrodynamic
drag (Beamish 1978), and this may explain why
the devcloping larvae wcere able to reach adult
speeds according to this mcasure.

Swimming in a currcnt filume may produce
higher spceds than would normal feeding activity
in a rcaring tank. The forced swimming speeds
did not appear to be overly stressful becausc all
fish in my study swam normally for at least 1 h
after testing and did not appear otherwisc stresscd.
Fish that completed the 1-b tests remained in the
upstream e¢nd of the tube and had to be mancu-
vered oul the tube after an hour, suggesting that
the spceds reached could be sustained lor longer
than the test period,

Striped bass larvae in this study showed vari-
able swimming ability. Thc ability of younger lar-
vae to sustain swimming for 1 h was lcss closcly
related to velocity than that of 8-mm larvae (Fig-
ure 3). The more variable swimming ability in
relation to velocity among the youngest fish may
indicate a gencral improvement in swimming per-
formance with age. The greatest variability in ve-
locity-related swimming performance occurred in
7-mm larvae (Figure 3) and may indicate a tran-
sition period in swimming ability.

Methods for measuring swimming speeds of lar-
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val fish [all into two categories: observation, in-
cluding the use of film or videotapc, or testing
swimming ability againsi a current in a flume. Ob-
scrvation techniques tend to restrict fish to smaller
containers suitable for photographic purposes and
may explain, in part, the lower velocities attained
in observation studies (Table 2).

The development of swimming ability is specics
specific, and differences in swimming speeds for
5-10 mm larvae (Table 2) may represent diflerent
stages of devclopment or swimming modes. Wall-
eye larvac arc relatively poor swimmers at 7-9
mm (Table 2) due to large yolk sacs and slow
development of fins, but swimming speeds double
as yolk is absorbed (Houde 1969). Swimming
modes bascd on anatomical differcnces (Webb and
Weihs 1986) also aflect larval swimming speeds.
The eel-like larvac of Pacific herring swim in a
slow undulating fashion (Rosenthal and Hempel
1970; Batty 1984) whereas northern anchovy
(Hunter 1972) achieve intermediatc speeds with
“beat-and-glide”” swimming (Table 2). Chub
mackerel reach high speeds with continuous tail
beats (Hunter and Kimbrell 1980).

Swimming modes and consequent foraging
ability arc based on energetic tradeolls (Hunter
1981). Swim bladder inflation achieves neutral
buoyancy, increases swimming efficiency (Doro-
shov et al. 1981), and might be expected to aid
sustained swimming. In my study, however, 1
found no difference in 1-h sustainable swimming
spceds due to the presence or absence of an in-
flated swim bladdcr. Fish without inflated swim
bladders swam with greater tail beat [requencics.
Chub mackerel larvae attained high speeds with
rapid tail beat frequencics, which overcame neg-
ative buoyancy (Beamish 1978), but the larvae
paid a high metabolic price (Hunter and Kimbrell
1980). Rapid tail beats and fast swimming help to
increase search arca but are not as cnergetically
favorable as beat-and-glide swimming used by lar-
vae with inflated swim bladders (Webb and Weihs
1986). Rapid tail beat frequency becomes increas-
ingly unfavorable as larvac grow and Reynold’s
number and inertial forces increase. Striped bass
larvae with uninflated swim bladders have poorer
feeding success and survival rates than their coun-
terparts (Doroshov et al. 1981; Meng and Orsi
1991).

Swimming speeds are important to feeding
modcls because speeds determine how much area
larvac are capable of searching lor food (Hunter
1981; Dabrowski et al. 1988). Reactive distance,
the distance at which prey is perceived, is com-
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bined with swimming speed 1o determince the vol-
ume of water a larva is capable of searching (Blax-
ter 1986). Swimming speeds reachcd by striped
bass in this study suggest that the larvae may be
capable of scarching greater volumes than previ-
ously believed. Reported search volumes range
from 0.1 L/h 10 1.8 L/h for 6-10-mm fish larvac
(Hunter 1981). Assuming a half-circle perceptive
area and a 5-mm reactive distance similar to other
larval fishes (Hunter 1981), striped bass larvac
may be capable of searching 4 L/h. This searching
ability suggests the larvac may be able to grow
and survive at prey densitics observed in the field.
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