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Modelling of Swimming Ability Limits for Marine Fish
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The total energy of fish movement and the maximum burst swimming speed were estimated and formulated
in accordance with body length and water temperature for several species in fisheries by empirical methods
and also by using published results. Under the assumption of swimming energy reserve of a fish at the initial
rest state, the swimming endurance of fish with different body lengths, swimming speeds and angular velocity
was calculated using the relevant equations under similar conditions in tank experiments as well as natural
conditions in field. Relative swimming energy efficiency or the transition swimming speed between red and
white muscle for energy consumption was represented as a trigonometric function of swimming speed ratio.
Therefore, this model does closely approach the actual swimming abilities and their fimits especially in relation
to the fishing gear operation and allow for the greater vitality of the wild fish in the fields.
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Introduction

The swimming performance of fish is very important
manoeuvre in natural ecosystem, feeding, migration or
especially in fish capture process of the active fishing
gear (Wardle, 1993). The swimming ability of fish, expre-
ssed as swimming speed or endurance, is affected by
many factors such as species, body length, water tempe-
rature, muscle composition as well as individual differen-
ces (Wardle, 1975, 1979; Webb, 1975; Videler and War-
dle, 1991; Videler, 1993). The experimental results sho-
wed a wide range of variation even for fish of a similar
size within the same species and can depend on fish co-
ndition and the measurement method. In relation to the
towing speed of the fishing gear, normally at 2~4 knots
(1~2m/s), fish can always swim faster using white mus-
cle anaerobically unless the stored glycogen has been
exhausted. However response behaviour of fish as swim-
ming performance showed much variation of swimming
speed and angular velocity (Kim, 1996).

The total energy used for anaerobic swimming by
white muscle can be estimated using either the amount
of glycogen in white muscle transferred to biological ene-
rgy or the power output integrated with endurance time
(Webb, 1971, He, 1986). The amount of glycogen in a re-
sted fish varied according to the ratio of white muscle
to total body weight and the ratio of glycogen per unit
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weight of white muscle. Furthermore, the endurance and
the energy efficiency of fish swimming showed much va-
riation with swimming conditions (Videler and Wardle,
1991). Therefore simple mathematical model for swim-
ming ability limit is necessary to predict swimming en-
durance for relatively high speed including changeable
swimming hehaviour (He, 1993).

The purpose of the present model of swimming ability
is to allow estimation of the available quantity of swim-
ming energy in order to predict the relationship between
swimming speed and endurance and as it moves within
the fishing gear. The total energy of fish movement and
the maximum burst swimming speed were estimated and
formulated for several species in fisheries by empirical
methods and also by using published results.

Methods and Modelling

1. Assumptions

The main factors limiting the swimming ability of fish
are water temperature, and total body length both of
which modify the muscle contraction time and stride le-
ngth. The total swimming energy is considered to be at
a maximum value when the fish is in a rested state. The
swimming ability in this model is treated as the mean
values of individual fish. The other assumptions are exp-
lained in the relevant part of the modelling.
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2. Modelling of swimming energy and burst swim-

ming speed

Swimming speed of fish can be classified as three
steps by muscle reaction (Videler and Wardle, 1991).
Those are first slow speed as aerobic swimming using
red muscle solely, second medium speed as aerobic swi-
mming using both red and white muscle and third high
speed as anaerobic swimming using white muscle only.
The critical swimming speeds of fish -are called as the
maximum sustained swimming speed (V,, m/s) at the fi-
rst step, the maximum cruising swimming speed (Vn, m
/s) at the second step and the maximum burst swimming
speed (Vg, m/s) at the last step. It was assumed simply
that swimming ability of fish is varied by these swim-
ming steps as represented as swimming speed.

The rate of energy consumption (dQs) for swimming
speed by red and white muscle during fish swimming
(Webb, 1971, He, 1986) can be expressed as integration
over time t in terms of the current swimming speed V;
(m/s) and the transition swimming speed Vr between
red and white muscle as follows: .

dQ.=n [(V/-V)dt (V=vy) (D

where n is the relative energy efficiency and B is a coef-
ficient. The above equation should be used only for faster
swimming when Vi>V.. If the swimming speed (V) is mai-
ntained solely by anaerobic swimming using white muscle,
Vi>Va, then V. is nil. The transition swimming speed V.
between red and white muscle is varied from V, to zero
as described later. Otherwise if swimming speed Vi is sma-
ller than V., there is no swimming energy-consumed main-
taining permanent swimming endurance more than 2 hours
generally (He and Wardle, 1988).

Thrust power lost of fish swimming in curved a track
from argument by Weihs (1981) could be considered as
deduction of swimming endurance or swimming speed
redefined by He and Wardle (1988). Let change of swim-
ming direction as swimming curved track be dA which
is difference of swimming direction over time difference
dt >15s as definition of angular velocity in fish moveme-
nts by Kim (1996). Then, the rate of energy consumption
for angular velocity dQA can be simply represented by
5% of linear increment of swimming energy when angu-

lar velocity 0.2n (rad/s) which is one circle turn during
10s as follows:

dQs=w dA/dt @)

where @ is a coefficient. Resultant rate of energy consu-
mption dQ by both swimming speed and angular velocity
can be combined with equation (1) and (2) as follows:

dQ=n(1+e dA/dD) [(V/—VP)dt Vzv) (3

The initial swimming energy reserve for anaerobic
swimming was estimated using equation (3) with measu-
red data from tank experiments (Videler and Wardle,
1991) and some data from field observations (Main and
Sangster, 1981, 1983). With energy efficiency as a mean
relative value {n=1) and coefficients ®=0.25/n and p=
3, the estimated energy represented as the actual consu-
mable swimming energy using above empirical data, is
plotted against body length for 5 species of round fish
and a flatfish in Fig. 1. Then initial swimming energy (Qq,
J) is defined as the total available swimming energy for
white muscle and can be represented with total body le-
ngth (L, m/s) as follows:

Q.=B, L 4)

where B, is an intercept and n is a coefficient.

The temperature effects on swimming ability for cod
(G. morhua) were estimated using muscle contraction
time, tail beat frequency and stride length (Wardle,
1979). These data are adapted to an approximation of the
temperature effects as a linear relationship between B,
and current water temperature (T., C) proportional to
the swimming energy (Qs) at T.=8C by conversion
from swimming endurance and swimming speed as fol-

lows:

B,=a Qs+b Qs T (5)

where a and b are coefficients. By combining the
equation (4) and (5) using a conversion of each data
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Fig. 1. The relationship between initial swimming
energy reserve and total body length, adap-
ted to water temperature of 10C for 5 spe-
cies of round fish such as haddock (Melano-
grammus aeglefinus), saithe (Pollachius vF
rens), whiting (Merlangius merlangus), Atlan-
tic mackerel (Scomber scombrus), Atlantic
cod (Gadus morhua) and flatfish such as
dace (Leuciscus leuciscus), place (Pleuronec-
tes platessa), lemon sole (Microstomus kitt),
dabs (Limanda limanda).

set with water temperature, species and body length, the
total swimming energy (Q,) can be transformed with two
variables such as body length (L) and temperature (T.)
as follows:

Q= (Eo+ ElTw)Lrn 6

where Ey and E, are coefficients. Actual output swim-
ming energy could be decreased with higher temperature
over optimum temperature T, () as decreased in swi-
mming speed (Brett, 1967). Therefore, if current water
temperature is over than optimum temperature, T of
equation (6) should be substituted as 2T,-T.. The power
n in equation (4) is calculated as a slope in Fig. 1 and
coefficients Eq and E, are estimated using equation (5)
of cod for other species.

The burst swimming speed which is defined as the ma-
ximum swimming speed for a period of 2~6s is one of the
most difficult values to estimate in swimming experiments,
due to the doubt that the fish are swimming their best ei-
ther voluntarily or when forced. When fish escape from fi-

shing gear the fish might be wusing its maximum speed as
the burst swimming speed. The burst swimming speed
from published swimming data (Wardle and He, 1988) or
the estimated burst swimming speed derived from equation
(3) considering the natural-vitality of fish in the sea, are
plotted against body length:in Fig. 2.
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The relationship between burst swimming
speed and body length for fish adapted to a
water temperature 10C for 5 species of
round fish and a flatfish (Refer to species in
Fig. 1).

The burst swimming speed can also be expressed as
a function of body length and water temperature in a si-
milar way to the swimming energy equation (6). In addi-
tion, the burst swimming speed could be decreased with
decreasing swimming energy reserved and can be expre-
ssed by the swimming energy reserve ratio (Rq) which
is the ratio of the current swimming energy (Q) to the
initial total energy (Qo). Let critical energy reserve ratio
representing fatigue point be Rc which can affect the ma-
ximum burst swimming speed. The resultant burst swi-
mming speed (Va) is calculated from the 3 variables L
T« and Rq as follows:

Vo= (Ho+ HiTw) (1—G+GRo/RIL™ )

where Ho, H, G and m are coefficients and R.=1
when Rq>R.. If current water temperature is over than
optimum temperature, T, of equation (7) should be sub-
stituted as 2T,-Tw according to the measurements for sa-
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Table 1. The estimated values of coefficients in equation (6) and (7) for swimming limit of fish

Species Swimming energy Swimming speed

Eo E: n N I Ho H, m N r
Haddock 12339 6169 0.747 4 0.997 1514 0279 0345 4 0.999
Whiting 11272 56.36 0834 4 0.985 1776 0257 0477 4 0.989
Saithe 14549 7274 0.793 6 0.960 1877 0259 0321 6 0.990
Cod 22263 11132  0.958 3 0.999 2095 0288 0528 3 0.999
Mackerel 16244 8122 0.801 3 0.999 2077 0404 0310 3 0.999
Anchovy 456 1072  0.801* 6 0.999 3063 0281 0859 6 0.999
Herring 11384 5692 0.801* 2 - 1537 0296  0.310* 2 -
Skipjack 1556.38 17122  0.801* 1 - 2478 0248  0.310* 1 -
Flatfish 12339 61.69 0.995 7 0.999 1457 0232 0396 7 0.981

N : Number of data r: Cormelation coefficient
* 1 Estimated using same coefficients as mackerel

Species are anchovy (Engraulis japonica), hering (Clupea harengus) and skipjack (Katsuwonus pelamis) in addition

to Fig. 1.

Imon (Oncorhynchus nerka) by Brett (1967). The power
m is calculated as a slope in Fig. 2 and coefficient Hy and
H; are estimated as linear relationship between swim-
ming speed and water temperature from the estimation
results of Wardle (1979).

The approximated coefficients from equation (6) and
(7) for the 8 species of round fish and a flatfish (Blaxter
and Dickson, 1959; Yuen, 1966; Lee, 1975; Wardle, 1979;
Main and Sangster, 1981, 1983; He, 1986, 1991; He and
Wardle, 1988; Videler and Wardle, 1991) are shown in
Table 1.

The transition swimming speed (V.) between red and
white muscle in equation (3) is assumed to be proportio-
nal to the current swimming speed (V) with linear cha-
nge. When V; is between V, and Vg, and using possibly
both red and white muscle for swimming, the anaerobic
swimming energy reserves are conserved giving longer
endurance. The transition swimming speed V. is obser-
ved to be linearly changed by He (1986) although this
transition point was not clear in the estimation of swim-
ming speed and endurance. It was assumed in this study
as a cosine function of the swimming speed ratio bet-
ween Vs and Vy as follows:

V.=R.Vi COS{k (Vl'/VH_R\')} (V/Vs=R,) (8)

where R. is the maximum ratio of V, to Vg at the opti-
mum water temperature and rest state as Ro=1 and k
is a coefficient. If calculated V, is appeared as negative
value, then V., is zero. For example R, was estimated as
0.27 and k=1.857 for Atlantic mackerel (S. scombrus)

from Videler and Wardle (1991).

It also assumed that the relative value of energy effi-
ciency (n) in equation (1) varies with swimming speed.
The relative efficiency of swimminge energy is increased
with current swimming speed V; from the maximum sus-
tained swimming speed to the optimum cruising speed
Va and then decreased from Vi to the maximum burst
swimming speed Vs when using white muscle solely as
represented in Fig. 3. Therefore, this relative swimming
efficiency can be expressed as sine function of swimming
speed as follows:
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Fig. 3. Schematic diagram of the relative swimming

energy efficiency in relation to swimming

speed as represented in equation (9).

V; : maximum sustained swimming speed

Vi : optimum cruising speed assumed at rela-

tive swimming efficiency 1

Vg : maximum burst swimming speed

] 1 Variation range of the relative swimming ef-
ficiency
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n=1-J4] sin{r (VeV) /(Vs-V) Vzv)

where J is a coefficient as the variation range of the
relative swimming efficiency. As a result, current swim-
ming energy reserve (Q.) at any elapsed time can be re-
presented as a deduction of the consumed energy in
equation (3) from the initial total energy in equation (6).

Results and Discussion

The swimming endurance of fish with different body
lengths and swimming speeds was calculated using the
previous equations of the relevant coefficients in Table
1 and others as w=025/n, =3, G=02, R.=03, R,=
0.27, k=1.85m and J=0.2 under similar conditions in tank
experiments. The simulation results are shown in Fig. 4
for saithe in order to compare with the measurements
from Videler and Wardle (1991) and in Fig. 5 for the At-
lantic cod based on measurements hy He (1991).

Those results of swimming ability model are fit very
well to the relevant results of the measurements. Valida-
tion of this model for several marine fishes in Fig. 1 or
Fig. 2 which are derived from empirical data is not nee-
ded another test between the model and measurements.
However further measurements of swimming performa-
nce for the other species are needed to check up this
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Fig. 4. The calculated swimming endurance against
swimming speed at a water temperature of
10C for saithe, P. virens (Refer to measured
values by Videler and Wardle, 1991).
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Fig. 5.

swimming limit model.

As a whole, the calculated values from this model of
swimming speed limits, are slightly higher endurance
and swimming speeds than the measured values in the
tank experiments, since this model was also adapted with
the data of endurance time in trawl operations observed
by Korotkov (1970) and, Main and Sangster (1981,
1983). Therefore, this model can represent natural swi-
mming abilities as the maximum burst swimming speed
and endurance in relation to the fishing operation and
predict for the greater ability limits of the marine fish in
the sea. That vitality can be adjusted by coefficient E, for
swimming energy and Ho for burst swimming speed.

The swimming ability of fish is varied by so many bio-
logical and environmental conditions such as species, ph-
ysiological and ecological state of fish, water temperature,
body size, individual differences etc. In this model for
mean maximum swimming energy reserve and mean
maximum swimming speed, main factors are only treated
as body length, water temperature and ratio of swimming
speed or ratio of energy reserve. The other factors can
be modified by coefficients of the relevant equations for
specific conditions of fish or sea.

Swimming speed of fish is closely refated with contrac-
tion time of swimming muscle for tail beat frequency, st-
ride length and water temperature limit in relation to li-
ving conditions. Furthermore, measurement of swimming
speed could be varied by pickup time and individual dif-
ference of voluntary swimming between fishes. The hi-
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ghest swimming speed for adult teleost fish is about 20
body length per second as examples for vellowfin tuna
(Thunnus albacares) by Walters and Fierstine (1964) and
for mullet (Mugil saliens) by Komarov (1971},

Initial swimming energy reserve at resting state can be
calculated for conversion energy from the amount of glv-
cogen in white muscle of fish and compared with the
swimming endurance time as an example using the Atla-
ntic mackerel in the gantry tank experiments (He, 1986).
However, problem of energy estimation by glycogen con-
version method is that overall efficiency of swimming
energy is very complicated in fish body as related so
many factors.

Aerobic swimming energy efficiency was slightly inc-
reased with sustained swimming speed for horse macke-
rel (Trachurus trachurus) after Wardle et al., (1996).
Therefore energy efficiency for overall swimming speed
in this model is formulated as sine function of ratio of
swimming speed. Swimming endurance as followed ene-
rgy consumption over time difference including ambient
swimming speed should be considered for change of swi-
mming direction as observed in a curved path of the ga-
ntry tank experiments (Weihs, 1981; Wardle e al., 1996).

There was an interesting suggestion on energetic ad-
vantage of burst swimming of fish as kicking and gliding
performance (Weihs, 1974, Videler and Weihs, 1982). In
this model swimming energy and endurance were not
considered such as kick and glide effects because deduc-
tion of energy consumption during intermediate swim-
ming speed using both red and white muscle was already
involved in relevant equation. However kick and glide
performance of fish in relation to swimming energy con-
sumption which is one of the most difficult items should
be examined and proved precisely near future.
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