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Abstract 
The swimming performance of nine species of Southern California fish was tested in a flume 

at velocities of 42 to 117 cmlsecond. Genyonmus lineatus demonstrated the fastest continuous 
swimming ability of 61 crn/second, Hypsum cayi  the slowest, 4 2  cdsecond. Five embiotocids 
tested demonstrated similar continuous swimming speeds ranging from 42 to 52 cmhecond. 
Burst swimming abilities were in excess of 100 cmlsecond for four of five species tested; G. 
lineatw attained 137 cmlsecond. Chrmispunctipinnis was the best swimmer relative to body length 
(BL), reaching 5.9 BLIsecond continuous and 1 I .1 BLIsecond burst swimming speeds. Gravid 
Hypsurus cayi had a lesser swimming ability than nongravid and male individuals of the species. 

Substantial literature exists on the laboratory 
swimming performance of fish, including re- 
views by Bainbridge (l958), Blaxter (1969), and 
Webb (1975). However, it is difficult to use 
these results to predict specific capabilities of 
yet unstudied fish. Problems arise not only 
from interspecific variations, but from other 
factors known to influence swimming perfor- 
mance: size (Bainbridge 1958; Blaxter and 
Dickson 1959; Beamish 1966; Hunter and 
Zweifel 197 1 ; Brett 1973), reproductive state 
(Blaxter 1969), test methods (Bainbridge 1958; 
Blaxter 1969), feeding (Ware 1978), time and 
velocity increments (Farlinger and Bcamish 
1977), and temperature (Rulifson 1977). 

The objective of the present study was to de- 
termine the swimming abilities of several 
species entrapped by offshore water intakes of 
electric generating stations in Southern Cali- 
fornia, and to examine whether or not swim- 
ming ability can be considered a causative fac- 
tor of entrapment. 

Methods 

Experiments were performed on fish repre- 
senting the families Sciaenidae, Pomacentridae, 

Scorpaenidae, and Ernbiotocidae. Fish were 
captured from April through September in 
both 1976 and 1977 in the King Harbor area 
of Santa Monica Bay. Embiotocids and the po- 
macentrid tested were captured with box nets. 
Other fish were captured by hook and line. The 
animals were transported to the laboratory and 
held in covered tanks (1.5 m diameter, 0.8 m 
depth) supplied continuously with filtered sea- 
water. Water temperatures ranged from 15 to 
20 C. Fish were held 2-3 days prior to experi- 
mentation and were tested only once. Test in- 
dividuals were fed, but not on thc day of test- 
ing. The length of the individuals used was 
representative of the length of individuals en- 
trapped by offshore cooling water intake struc- 
tures in Southern California (Johnson et al. 
1976). 

Swimming performance was measured in a 
flume 21 m long, 1.4 m wide, and 0.7 m deep, 
similar to that described by Kerr (1953). A 
1.8-m long section of the flume served as the 
test chamber. The test chamber (Fig. 1) had 
clear Plexiglas walls, a white painted floor, and 
an open top. Vertical wire barriers defined the 
limits of the chamber. The downstreanl barrier 
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FIGURE I .-Thr swimming prflormancr test chamber. 

was electrified with 5-10-volt alternating cur- 
rent to prevent fish from resting on it. Flow 
rates were controlled by louvers and a stopdoor 
at the downstream end of the flume. Stabilizer 
bars at the upstream end of the flurne elirni- 
nated standing waves created by the upstream 
wire barrier and established a rectangular flow 
across the test chamber. The swimming perfbr- 
mance of several species was monitored by tele- 
vision and rccorded on videotape. Four 40-watt 
VitaLite fluorescent tubes supplied lighting. 
The  test chamber was enclosed to prevent ex- 
ternal disturbances. 

Before each experiment the flow rate was ad- 
justed, and measured with a Marsh-McBirriey 
#511 electromagnetic current meter. After the 
flow was adjusted, the stopdoor was temporar- 
ily closed to reduce the flow to an acclimation 
rate of 15 cmlsecond and groups of three to 
five fish were placed in the test chamber. The  
respiration rate of test anirnal, indicated by 

counts of mouth and (or) opercular movc- 
ments, reached a low steady state after 10 min- 
utes, After 30 minutes acclimation, the stop- 
door was removed; within 10 seconds the preset 
test flow was achieved. Test flows ranged from 
42 to 117 cmlsecond. Swimming time until im- 
pingement on the downstream barrier was de- 
termined. Impingement occurred (fish lying 
Hat across the wires) when the test animals were 
too exhausted to avoid the mild electric field 
that extended several centimeters from the 
wircs. As individuals were impinged they were 
removed by hand or dip net to prevent other 
animals from using the "bow wave," created by 
impinged individuals, for swimming advantage 
(Brett 1967). 

Coniinuous swimming abilities were defined 
from tests in which all animals of a species were 
able to swim against the experimental velocity 
for 60 minutes. At that time, tests were termi- 
nated; fish were not tested again. Any species 
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TABLE 1.-Swimming pnj4onnance of nine California inshurejshes. CContanum speeds are thus mainluinerl by thefish 
for more than 60 minutes. Burst speeh were measured for about 1 second afterfish touched an rlectriJird w're. Data 
for intermediate speeds are constunts in the equdiun log,dseconds to exhaustion) = a + blog,dvelocity),  plus 
corrvldion coe&cients for the regressions (sign$cunt at a d 0.05 for all statvd values). Continuow data were not 
included in intermediate speed analysis. BL, body lengths. 

Swimming performance 

Standard Continuous Burst (mean + SD) lntermediate 
length 
(cm) cm per BL per cm per BL per 

Species (mean k SD) N second second N second second N a 6 r 

c ~ o g a s l m  
~ ~ ~ ~ e @ =  

wypsurus 
cayia 

H~perprrnopon 
argmteum 

P h u n d o n  
furcatus 

Embiotoca 
jackrcmi 

Chroml 
punclipinnis 

Sebartes 
wwanoicks 

Sebartw 
mysrznvr 

Genyonmw 
lintatus 

' Nongravid. 
Regression was nonsignificant at u = 0.05. 

impinged upon the downstream barrier in an 
average of less than 100 seconds at a test veloc- 
ity, was not tested at any faster flow rate. N o  
experiments were continued past 60 minutes. 
The standard lengths of test animals were mea- 
sured after the experiment. Embiotocids were 
sexed and their reproductive status assessed. 

Swim speed data for female embiotocids in 
an advanced reproductive state were exluded 
from general analyses as preliminary data in- 
dicated they had reduced swimming capabili- 
ties. Swim speed tests wcre conducted on Hyp- 
sums caryi to confirm this observation in July 
1977. Tests were ~ o n d u ~ t e d  at velocities of 75 
to 77 cm/second (5-6 body lengthslsecond). 
The embryos carried by these fish were re- 
moved and weighed to develop a reproductive 
index, 100(embryo weight)/(total weight - em- 
bryo weight), which was compared to the swim- 
ming performance of these fish. 

Swimming burst specd was determined for 
five species from video tapc rccordings of fish 
burst-swimming upstream after they encoun- 
tcred the elcctric firld. Fish bursts of approxi- 

mately 1-m distances were analyzed. Each of 
these observations lasted about 1 second, de- 
pending on the test fish. 

Swimming data were separated into three 
categories: burst speeds; intermediate speeds 
(those between continuous and burst swim- 
ming); and continuous speeds (those main- 
tained for the 60-minute tcst period). Contin- 
uous swimming performance data wcre 
analyzed separately because tests wcre stopped 
at 60 minutes and did nor measure abso1u1.e 
performance to exhaustion. Burst speed data 
were not analyzed with continuous or inter- 
mediate swimming speeds. Least-squares 
regression values for intermediate speeds 
(where data of time LO exhaustion at a velocity 
were ascertained) and stiatistical results were 
obtained by methods outlined in Snedecor and 
Cochran (1969) and Draper and Smith (1966). 

Results 

At higher velocities fish fatigued faster (Ta- 
ble 1; Figs. 2 and 3). The intermediate swini- 
ming spees o f  all fish tested except Sobuslr~ mys- 
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FIGURE 2.-TILP .swiw~mingpe$omur~cr c f j v r  rmbiotocids. 
The r~grcssion lincs, lo&dtimc to exhaustion) = a + 
b log,,(velocity), describe swimming ability and thr 95% 
c-onjdencr limils for thr true mpan walur c f  time to ex- 
haw.tion,fi)r a given vrlority. 
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FIGURE 3.-Tht swimming p ~ ~ r f ~ r m u n m  u/ Sebastes mystinus, S .  serrarioides, Ghrornis punclipinnis, and Gcny-  
onemus linratus. The regression lines, log,dtirne to exhaustion) = a + b log,dvelocity), dust-ribr swimming abilily 
and the 95% confidence limitsfor the true mean v a l w  of  time to exhzcslionfor a grvrn velocity. Sebastrs mystinus 
data did not f i t  a line within the 95 %, cortfidencr limits. 

tinus showed consistent declining performance 
at higher velocities. Hypsurus calyi was least af- 
fected by increasing velocities as demonstrated 
by the low slope of the regression line. The per- 
formance of Phancrrcidon furcatus changed the 
most at higher test velocities, showing de- 
creased swimming abilities. 

Maximum continuous swimming speeds 
ranged between 42 and 61 crnlsecond for the 
nine species tested. Of the ninr species, Chromk 
punctipinni demonstrated the fastest continu- 
ous swimming speed relative t o  body length 
(BL), 5.9 BLIsecond. 

The  burst-swimming abilities were greatest 
for Genyonmw lzn~atus, 137 cmlsecond. Four 
of the five species tested were able to attain 
burst speeds in excess of 100 cmlsecond for at 
least 1 second. Chromzi punclipinnis was the fast- 
est species in terms of size, although it was the 
slowest in absolute velocity, but riot significantly 
different from Cymalogaster aggrcguta. 

As determined by a Spearman rank correla- 
tion test (P < 0.05) on 18 gravid fish, higher 
reproductive indices in Hypsum caryi were as- 
sociated with decreased swimming perfor- 
mance. Gravid fish fatigued faster than the 24 
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nongravid and male specimens tested at inter- 
mediate swimming velocities. 

Discussion 

Our test procedures were designed to simu- 
late flow conditions encountered near the en- 
trance to an offshore watcr intake for a power 
plant. Such flows arc predcjminantly horizontal 
with velocities ranging between 46 and 100 cml 
second. The  average design flows at the cn- 
trance of offshore water intakes in Southern 
California are 76 cniisecond (Schuler and Lar- 
son 1975). The  velocity field extends up to 5 tn 
from the intake enmince; at a distance of about 
2 m from thc structure, flows decrease below 
30 cmlsecond (L. E. Larson, Southern Califor- 
nia Edison Company, personal communica- 
tion). 

Test animals wcre acclimated at low velocities 
(15 cm/second), similar to ambient currents en- 
countered offshore around power plant water 
intakes, and then subjected to the experimental 
flow rate. We felt that this technique simulated 
the condition that fish cncountered when mov- 
ing within about 2 nl to the entrance of a water 
intake. Continuous swimming data enabled us 
to determine the probability with which fish 
would avoid impingement on protective screen- 
ing in onshore scrcenwells if entrapped within 
a power plant cooling water system. Because of 
this ratiorlale, we chose not to follow Brctt's 
method of stepwise velocity increase (Brett 
1964) in testing. 

The swim speeds obtained in this study are 
comparable to those reported in Blaxter's 
(1969) review for many other species. The re- 
sults of the present study demonstrate that even 
the smallest species tested are capable of cscap- 
ing by burst-swimming against a water intake 
flow of 76 cmlsecond. Field observations of 
these fish verify this statement. Many of the 
species tcsted were observed by  he authors to 
swim in and out of several water intakes. Orrly 
two of thc nine species tested, C. uggregalu and 
G. liwutus, are entrapped in large numbers in 
water intakrs (Johnson et al. 1976). 

'I'he results of our experiments in conjunc- 
tion with impingement data, demonstrate that 
thr  intake velocity should not be a major con- 
sideration in evaluating the causative factors of 
fish entrainment. Swimming performance tests 
would not appear to be useful for such future 
ana1ytir:al cndeavurs. 

Gravid Hyp~uru~ cavi did not swim as well as 
those not in an advanced reproductive condi- 
tion, implying that gravid animals are more vul- 
nerable to entrapment. 

Fish which are  entrapped by offshore intakes 
are swept into onshore screenwells. Schuler and 
Larson (1975) identified a "threshold velocity" 
of 60 c:m/second in screeriwells at which fish, 
while positively rheotactic, were displaced 
downstream. Only G, lineutus with an' average 
continuous swimming speed of 6 1 cm Isrcond 
might be expected to remain upstream. Al- 
though our data show all species can burst-swim 
in excess of these flows, their sustained swim- 
m h g  capabilities are not as good. These fish 
will envetltually tire and become impinged on 
downstream screens. 

In summary, these data suggest that with the 
exception of gravid surfperch all fish tested can 
swim well enough to avoid power plant entrap- 
ment. It must, therefore, be a combination of 
additional factors such as wave surge, light 
level, schooling, and feeding behavior that in- 
fluence the degree of impingement. 

Acknowledgments 

We wish to thank J. Stephens for reviewing 
the manuscript and C. Murray for advice on 
statistical analysis. M. Helvey and M. Curtis 
provided experimental animals; L. Larson de- 
signed the flume; 3. Kelly designed the electri- 
cal system: and J. Yuge and J. Brady drafted 
the figures. Funding was provided by Southern 
California Edisotl Company to C)ccidental Col- 
lege under contract to U0695903 to J. Sto- 
phetls. 

References 

BAINBRIDGE, R. 1958. ?'he spced of swirrming of 
fish as rclalrd to size and to the frequency and 
amplitude of the tail beat. Journal of Experi- 
mental Biology 35:lOY-133. 

BEAMISH, F. W. H. 1966. Swimming endurance of 
sonlc northwest Atlantic: fishes. Journal of the 
Fisheries Research Board of Canada 23:341- 
347. 

BLAXTER, J. H. S. 1969. Swimming speeds of fish. 
FA0 (Food and Agricul~ural Organization of the 
United Nations) Fisheries Reporis 62:69-100. 

BLAXT~R, , J .  H. S . ,  AND W. DICKSON. 1959. Obser- 
vations on swirnming speeds of' fish. Journal du 
Conseil Chnseil International pour I'Exploration 
de la Mrr 24:472-479. 

RAETT, J. R. 1964. Thc tespirable rnc~abolism and 
swirnnling prrfor~nancc of young sockeye salm- 



372 DORN ET AL. 

on. Journal of the Fisheries Research Board of 
Canada 21: 1188-1226. 

BRETT, J. R. 1967. Swimming performance of salm- 
on (Oncorhymhtu nerka) in relation to fatigue time 
and temperature. Journal of the Fisheries Re- 
search Board of Canada 24:1731-1741. 

BRETT, J. R. 1973. Metabolic rates and critical swim- 
rning speeds of sockeye salmon (Oncorhynchus 
nerh)  in relation to size and temperature. Jour- 
nal of the Fisheries Research Board of Canada 
30:379-387. 

DRAPER, N. R., AND H. SMITH. 1966. Applied regres- 
sion analysis. John Wiley and Sons, New York, 
New York, USA. 

FARLINGER, S., AND F. W. H. BWMISH. 1977. Effects 
of time and velocity increments on the critical 
swimming speed of largemouth bass (Micrqtenu 
salmoides). Transactions of the American Fisher- 
ies Society 106:436-439. 

HUNTER, J. R., AND J. H. ZWEIFEL. 1971. Swimming 
speed, tail beat frequency, tail beat amplitude, 
and size in jack mackerel, Trachutw symmstricw, 
and other fishes. United States Fish and Wildlife 
Service Fishery Bulletin 69:253-266. 

JOHNSON, L., P. DORN, K. MUENCH, AND M. HOOD. 

1976. An evaluation of fish entrapment associ- 
ated with the offshore cooling water intake sys- 
tem at Redondo Beach Steam Generating Station 

Units 7&8. Report for Phase 11. Southern Cali- 
fornia Edison Company Research and Develop- 
ment Series, Rosemead, California, USA. 

KERR, J. E. 1953. Studies on fish preservation at the 
Contra Costa steam plant of the Pacific Gas and 
Electric Company. California Department of 
Fish and Game Fish Bulletin 92: 1 4 6 .  

RULIFSON, R. A. 1977. Temperature arid water ve- 
locity effects on the swimming performances of 
young-of-the-year striped mullet (Mu& cepha- 
lus), spot (Leiaslornus xanthurns), and pinfish &a- 
godon rhomboides). Journal of  the Fisheries Re- 
search Board of Canada 94:2316-2522. 

SCHULER, V. J., AND L. E. ~ R S O N .  1975. Improved 
fish protection at intake systems. Proceedings of 
the American Society of Civil Engineers 
101EE6:897-910. 

SNEDECOR, G. W., AND W. G. COCHRAN. 1969. Sta- 
tistical methods. Iowa State University Press, 
Ames, Iowa, USA. 

WARE. D. M. 1978. Bioenergetics of pelagic fish: the- 
oretical change in swimming speed and ration 
with body size. Journal of the Fisheries Research 
Board of Canada Y5:220-228. 

WEBB, P. W. 1975. Hydrodynamics and energetics 
of fish propulsion. Fisheries Research Board of 
Canada Bulletin 190. 




