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SUMMARY

The European and Chinese races of the common carp and their F1 crossbreds
were tested in five experimental environments. The two races differ widely
and conspicuously in many characters. The Chinese carp has poorer growth
rate but higher viability and fertility, earlier sexual maturity, higher resistance
to crowding, better adaptation to unfavourable pond conditions, higher seine
escapability, longer body and larger weight differences between females and
males. The crossbreds between the two races are intermediate in some
characters (differences in weight between females and males and seine
escapability). In other characters (weight gain, specific adaptation to poor
conditions and viability), the crossbreds showed dominance or even heterosis.
An hypothesis was advanced to explain these genetic differences in terms of
selection response to the different fish-farming practices that existed in the two
regions. Specific suggestions were made for implementation of the present
findings to genetic improvement of carp breeding stocks.

L INTRODUCTION

EXTENSIVE tests were conducted on the European and the Chinese (Big-Belly)
races of common carp. Moav, Hulata and Wohlfarth (1975) described the
results of these tests related to growth rate and response of growth rate to the
quality of the environment. In the present paper the results of three further
characters, i.e. size differences between females and males, viability and seine
escapability are genetically analysed, multi-character profiles, involving
13 traits, are defined; and an hypothesis is outlined explaining the differences
between the European and the Chinese carp in terms of adaptive evolution
to the widely different methods of fish cultivation practised in the two
regions.

2. MATERIALS AND METHODS

Detailed description of the genetic stocks (table 1) and the experimental
procedures were outlined in the preceding paper (Moav et al., 1975). The
tested stocks included the Chinese race of carp, named Big-Belly (group 1,
table 1), and three strains of the European race: Xaf ice (group 2)—imported
from Yugoslavia, where it was selected for many generations; Gold (group 3)
—founded in 1963 with individuals marked by the recessive colour mutation
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Gold; and Dor-70 (group 4)—developed at Dor from a selection experiment
for fast growth rate. The remaining eight groups participating in the tests
were crossbreds: Three groups (1 x 2, 1 x 3 and 1 x 4; table 1) were F1 cross-
breds between the Big-Belly and the three European strains; Three groups
(2 x 3, 2 x 4 and 3 x 4) were F1 crossbreds among the above three European
strains; I— was a commercially used F1 crossbred between the Gold inbred
and another local inbred group marked by two recessive genes Blue and Grey,
and group V was an F1 crossbred between a group introduced to Israel from
the Netherlands and an excellent local crossbred (T).

* Four 400 m' ponds/Environment.

Spawning of all the 12 groups took place at the end of April. Each group
was nursed in a separate pond to an average weight of 20 to 30 g, at which
stage the fish were marked by branding. The tests (initiated at the beginning
of July and terminated at mid-November) were carried out in 16 experi-
mental ponds (400 m2 each) at Dor, plus two large ponds (about 8 acres),
one at the fish farm of Yehiam, and the second at the fish farm of Gan-
Shmuel. The 16 ponds at Dor were divided into four sets of four, each set
constituting a different environmental treatment as described earlier (Moav
et al., 1975).

3. EXPERIMENTAL RESULTS

(i) Weight differences between males and females

Kessler, Wohlfarth, Lahman and Moav (1961), Kirpichnikov (1971)
and several other workers showed that female carp are larger than male carp.
At the termination of the tests at Dor, when the fish were approximately
7 months old, the two sexes were weighed separately (table 2). The results
show that the Big-Belly females were 40 per cent larger than their males,
while in the European carp the differences were smaller, ranging between

TABLE 1

Xumber of fish stocked according to the 12 tested groups

Environments at Dor*

Group Designations 1 2 3 4 Yehiam Gan-Shmuel
Big-Belly 1 BB 132 100 80 52 190 307
BBxXalice 1x2 BBxJ'Ias 132 60 80 30 150 189
BBxGold 1x3 BBxG 132 90 80 30 370 351
BBxDor-70 1x4 BBxDor 132 110 81 43 408 420
Xalice 2 Xas 132 80 80 40 —
XalicexGold 2x3 JfasxG 264 160 160 80 589
NalicexDor-70 2x4 XasxDor 132 85 80 35 163
Gold 3 G
Gold x Dor-70 3 x 4 G x Dor

132
132

80
90

80
80

40
31

245
300 45 1

Dor-70 4 Dor 132 80 80 40 692
Tx Holland-B V 132 80 80 40 529
Goldx Blue-Grey F— 119 80 80 40 529

Total 1703 1098 1041 502 4165 5838
Mean/pond/group 35-5 22-9 21-7 10-4 — —
Mean/pond 462 275 260 125 — —
Mean/1000 m2 1064 685 651 314 — —

Mean weight gain/fish (g) 349 437 530 778 373 —.—



Plate I

Typical four-year-old males of the Chinese and the European races of the Common Carp.
(Fig. A—the Chinese Big-Belly, fig. B—the Yugoslavian Xafice and fig. C—the Israeli

Dor-70.)
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9 per cent to 16 per cent, and in the inter-race crossbreds the differences
were intermediate (17 per cent to 33 per cent). Note that the Error variance
of the inter-sex differences was relatively high, hence small differences are
not significant.

Relative potence was measured by the potence ratio, D/A, when:
A = half the difference between the parents, and D = deviation of the
crossbred from the mid-parental point (Bucio-Alanis et al., 1969). The
potence ratios of the six crossbreds that participated in the tests together
with their two parents are given in table 5, which shows that weight
differences between females and males were almost completely genetically
additive (D/A 0).

TABLE 2

Weight differences between females and males

(The difterences are expressed as percentages of the males' weights,
i.e. 100 x (Female-Male)/(MaIe))

Environments at Dor
Mean

Group 1 2 3 4 Mean" wt. gain
0/ 0/ 0/ 0/ 0//0 /0 /0 /0 /0 g

Big-belly 47 23 44 44 40 336
BBxJ'1a( 18 68 29 13 33 491
BBxG 23 12 32 21 23 470
BBxDor-70 9 29 19 3 17 500
j'Iafice 15 10 10 12 13 439
.WasxGold 16 6 23 18 15 559
J'IasxDor-70 20 4 12 4 14 558
Gold 8 15 9 6 10 443
GxDor-70 8 14 15 14 11 516
Dor-70 15 19 14 23 16 556

TxHolland-B(V) 12 16 21 20 15 539

GoldxBlue-Grey (I—) 10 7 9 8 9 514

Mean 168 i86 198 15'5 180 494

* The mean was computed by adding: twice Environment-i, plus Environment-2 plus
Environment-3 and dividing this by 4, i.e. mean = (2(Env-l) + (Env-2) + (Env-3))/4.
Environment-4 was excluded because the small numbers of fish made the results in this
"Environment" very unreliable.

(ii) Viability
The percentages of missing fish of each group at each one of the four

environments at Dor and the two ponds at Yehiam and Gan-Shmuel are
listed in table 3. The pond at Yehiam was not emptied completely on
termination of the test, therefore, only some of the missing fish were due to
mortality, the remaining being those that were left in the pond, i.e. those
that were not caught by the seining nets. Since seine escapability has a wide
genetic variability in carp (see next section and table 4), mortality estimates
cannot be extracted from the results of this pond.

The pond at Gan-Shmuel suffered mass mortality due to an unidentified
cause. The pond was restocked with a large number of fry of a commercial
cross of local carp without changing the water. At the end of the growing
season the pond was completely emptied, the surviving carp were found to
be, exclusively, Big-Belly and its three crossbreds with the European carp.
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All European carp of the original, as well as the second stocking had died.
The four surviving groups differed from the European carp in that they had
the wild-type (dominant) full scale cover, as contrasted with the limited
cover of scales of the European carp (the Mirror recessive pattern). The
fact that the Big-Belly at Gan-Shmuel had a mortality of 44 per cent as
compared to about 75 per cent mortality of its three crossbreds shows that
the Big-Belly possessed a high resistance to mortality, unrelated to its full
scale cover.

TABLE 3

Percentages of missing fish of the 12 tested groups

Environmental treatments at Dor
— Gan-

Group 1 2 3 4 Yehiam Shmuel
0/ 0/ 0/ 0/ 0/ 0/JO /0 /0 /0 /0 /0

Big-Belly 45 60 l3 38 305 44.0
BBxXaJ l2l 83 75 10O 173 741
BBxG l06 89 5O 00 208 7l2
BBxDor-70 9l 64 l2 23 199 798
Xa.ice 19.7 2l3 187 l25 —
JIasxGold l33 63 l25 50 204
XasxDor-70 l36 l06 l50 l43 319
Gold 326 137 237 200 298
GxDor-70 l36 89 87 65 293 100

Dor-70 205 87 63 125 251
TxHolland-B(V) 144 133 l37 146 287
GoldxBlue-Grey (I—) 193 113 l75 125 276
Means 151 98 lll 92 25l

The average mortality rate in the 16 ponds at Dor was within the range
of similar commercial fattening ponds. Here the Big-Belly showed an
excellent viability (only 4 per cent mortality) and its crossbreds had inter-
mediate mortalities (about 7 per cent). The Gold European inbred suffered
the highest mortality rate (22.5 per cent). This high value was partially due
to predators that easily spot the Gold carp by its conspicuous colour. The
second-highest mortality rate was that of the JVasice European inbred
(18 per cent). The high mortality of this group is probably an expression of
inbreeding depression. The mortality of the crossbreds among the European
carp ranged between 9 per cent to 15 per cent, and Dor-70 also fell within
this range (12 per cent). Table 5 shows that in all the six crosses, lower
mortality was dominant over higher mortality. Most striking is the cross
between the two inbreds Xafice and Gold which shows a very high degree of
heterosis.

Seine escapability. Moav and Wohlfarth (1970) have demonstrated the
existence of genetic variation in the ability of carp to escape seines. The bi-
weekly weighing of seined samples of fish at Dor provided an opportunity for
measuring differences in seine escapability between the 12 tested groups
(table 4). The Big-Belly were found to have an outstandingly high capability
of escaping seining nets. On the average, only 15 per cent of the Big-Belly
individuals present in the ponds were caught on any given date. The highest
rate of catchability was that of the Gold inbred (36 per cent). The other
European groups fell within the range of 16 per cent to 25 per cent. The
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crossbreds between the Big-Belly and the Europeans had an average of
8 per cent caught fish, showing a slight average dominance for the high
escapability of the Big-Belly (table 5).

4. Discussioc

Known genetic differences between the Chinese Big-Belly and the
European domesticated carp in 13 characters are summarised in table 6.

TABLE 4

Percentages offish caught by seining at Dor on six dates

(The percentages on the first three dates were computed from the mean of the numbers stocked and
recovered, and those of the last three dates from the numbers recovered)

Date of seining No. of fish

Group 28.7 12.8 26.8 8.9 30.9 13.10 Mean Stocked Recovered
0/ 0/ 0/ 0/ 0/ 0/ 0/
/0 /0 /0 /0 /0 /0 /0

Big-Belly 11 03 17 11 1'4 34 15 357 349

BBx.Nas 132 56 77 51 81 121 86 287 272

BBxG 47 44 67 56 78 157 74 319 306

BBxDor 99 3.9 59 38 101 84 70 355 345

BBxEuropeans* 92 46 68 48 87 119 7.7 961 923

J'Iaiice 309 153 206 227 249 316 243 301 269

.ftlasxG 261 188 262 19'3 292 318 236 629 595

XasxDor 232 123 190 177 240 281 191 310 288
Gold 4+0 278 326 275 398 434 359 291 251

GxDor 244 121 216 185 265 255 214 315 298

Dor-70 258 97 155 115 146 243 169 310 288

V 29•1 141 179 114 232 249 18•4 313 289

GxBlue-Grey (H) 314 130 188 149 272 295 225 293 268

Mean 218 117 166 132 198 231 177 4081 3818

* Means of the three groups BB x Nas, BB x G, and BB x Dor.

TABLE 5

Potence ratios of three quantitatioe traits measured on the six crossbreds of the half-diallele
matings

(-) wt. gain Seine escapability
difference Mortality (%)

Crossbred . - - ,- - ___________________

group A D/A A D/A A DJA
0/ 0/g /0 /0

BBxJ'fas 135 048 7l —021 1l4 —038
BBxG 150 —013 93 —076 172 —066
BBxDor 170 —035 41 —078 77 —0•29
J'[asxG 15 233 22 —50 58 —112
J'IasxDor l5 —0'33 31 —054 37 —041
GxDor 30 —067 53 —15 9.5 —053

Mean 86 —001 52 — 104 92 —055

These include: (1) The three characters analysed in the present paper
(weight differences between females and males, viability and seine escapa-
bility). (2) The three component characters of growth rate analysed in the
preceding paper (Moav et al., 1975): post-juvenile average growth rate over
the range of environments of the present experiment, tolerance to poor pond
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condition due to crowding and rate of response to improved environment.
(3) Six quantitative characters that were not analysed in the present experi-
ment: juvenile growth rate, egg size, relative body length, abundance of
gamete production, onset of sexual maturity, and overall fertility (a complex
trait determined by the last two characters along with other components of
reproductivity such as frequency and ease of spawning, egg hatchability and
fry survival). (4) The Big-Belly as well as all other wild races of the common
carp have a full scale cover, while the domesticated European carp has only
a limited number of large scales with most of the body being uncovered by
scales (Wohlfarth et al., 1963; Shpet, 1966).

TABLE 6

Genetic variation, potence direction and presumed selection differences between the European and the Chinese carp

(The presumed selection intensity and direction of each character in Europe and in China are indicated
by the number of pluses and minuses. The pluses indicate the direction implied in the left-hand
column of the table.)

Relative magnitude Selection intensity
Potence

Character European Chinese ratio* European Chinese
Growth rate

1. Juvenile (first 3 months after
hatching) low high + + + +

2. Post-juvenile: average over a
wide range of environments high low DEIA> 1 + + + + —

3. Tolerance to poor environ-
ment low high Dc/A> 1 + + + +

4. Responsiveness to environ-
mental inputs high low Dc/A < — 1 + + + +

5. Weight difference: female
minus male small big DIA 0 + + + +

6. Egg size small big — + + + +
7. Seine escapability low high Dr/A 05 — + + +
8. Viability low high Dc/A> 1 + + + +
9. Body shape: height/length high low D/A 0 + + + — —

10. Scale cover minimal full Dc/A 1 + + +
11. Gonad weight/body weight low high — + + + +
12. Onset of sexual maturity late early — — + + +
13. Overall fertility low high — + + + +

* Relative degree and direction of potence were measured by the ratio DJA (see text). Dc and D
indicate, respectively, potence in the direction of the Chinese and the European carp.

The between-race differences for all the above characters, their heterosis
magnitude (when known) and direction, as summarised in table 6, show a
multi-character profile of genetic differences between the two races. Con-
sideration of the profile differences enables an insight into the evolutionary
adaptation of each race to its specific environment as defined by the widely
diverse methods of fish culture in the two regions. It also enables a
better evaluation of the breeding potentialities of the two races and their
hybrids.

The most prominent features of the profile differences may be summarised
as follows:

(i) Within the present experimental range of environments the domesti-
cated European carp has a considerably faster post-juvenile average growth
rate than the Big-Belly, with faster growth rate showing heterosis over slower
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growth rate. This is contrasted with the relatively faster juvenile growth
rate of the Big-Belly (Hulata et al., 1974).

(ii) Growth rate of the Big-Belly was less depressed by poor pond
condition than that of the European carp. Heterosis was in the direction of
higher tolerance to poor environment.

(iii) The European carp showed a considerably higher responsiveness to
improved pond conditions than the Big-Belly. The overall rate of response
is not subject to directional non-additive genetic effects (Moav et al., 1975).

(iv) Weight differences between females and males was 40 per cent in
the Big-Belly and 15 per cent in the European carp with intermediate inter-
race crossbreds.

(v) The Big-Belly showed a higher ability to escape seining nets and its
crossbreds with the European carp were intermediate in this respect.

(vi) Viability of the Big-Belly was considerably higher than that of the
European carp in all the environments, the difference being more pro-
nounced in crowded ponds and heterosis being in the direction of higher
viability.

(vii) The body of the Big-Belly is longer than that of the European carp,
and it is protected by a full cover of scales.

(viii) The Big-Belly reaches sexual maturity earlier than the European
carp, it has bigger eggs, and a much higher ratio of gonad to body weight
(Hulata, Moav and Wohlfarth, 1974). In general, overall fertility and
reproductivity are much higher in the Big-Belly.

Thus, it appears that the Big-Belly excels in all aspects of reproduction
and viability, particularly under harsh conditions, while the European carp
is more capable of taking advantage of favourable pond conditions by grow-
ing faster, reaching higher weights and yields when appropriate external
inputs are available.

Carp farming in Europe and China. The above wide multi-character varia-
tion between the European and the Chinese races of carp may be explained
in terms of their respective adaptive evolution in the diverse carp farming
practices. The major features distinguishing the two environments to which
the two races were exposed for many generations may be outlined as follows
(Mann, 1961):

In Europe, spawning is performed in the spring in special small ponds
filled with clean water. From the spawning ponds the hatched fry are
transferred to nursery ponds where they grow hroughout the first year of
their life at densities of 4000 to 12,000 per acre, and reach average weights
below 100 g. Typical European fattening ponds of carp are filled with well
or river water in the spring and stocked with a counted number of 1-year-old
fingerlings at relatively low densities (400 to 1000 per acre). During the
summer (the growing season in Europe) little harvesting is done. The fish
are fed several times a week and the ponds are manured once or twice a
year. Care is taken to minimise losses due to diseases, parasites and pre-
dators. At the end of the summer the ponds are completely emptied, and
all the fish are harvested and sent to the market. Often 2 years of growth
in the fattening ponds are needed to reach the required market weight of
over 1 kg. The largest individuals with the highest ratio of height over length
(the tallest) are selected as breeding stocks. These spawn when they are
3 or 4 years old, and are kept as breeders for several years.

Fish farming in China was to a large extent a part of subsistence farming.
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Carp reproduced and grew in the same crowded ponds where they co-existed
with the four or five other fish species, which together make the classical
Chinese polycuiture fish farming (Hoffman, 1934; Drews, 1961; Tang, 1970;
Bardach et al., 1972). This is contrasted with the predominantly monoculture of
the common carp in Europe. Many of the Chinese ponds could not he drained
easily so that harvesting was done by seining whenever fish were needed
for home consumption or for marketing. Hoffman (1934) wrote: "We
have seen that fish are harvested every day of the year in Loh Kong Tung
and they are caught by means of a large seine. . . . Ifrain is depended upon
for the water supply the fish are caught with nets and the ponds are not
drained." Thus, only fish that were not caught by the repeated seining were
able to reproduce. Also, spawners were caught regularly from wild stocks
in the rivers, and spawning took place in corners of big ponds, enclosed by
nets. To quote, again, from Hoffman (1934) ". . . females 15 inches long
are placed in a pond and fenced off by net. The age does not matter so long
as they are about 12 to 15 inches long. . . . With 20 or 30 of these females
20 catties [a Chinese measure of weight] of males 5 to 6 inches long, are
placed ". This observation supports Lin's conclusion (personal communi-
cation) that the Chinese did not practise any selective breeding of carp. The
fish were fed by the cheapest fodders available such as rice bran or refuse and
the ponds were heavily fertilised by human and livestock manure serving
partially as direct food and partially to enrich the natural productivity of the
pond. Competition in the ponds must have been very strong due to the
high density, the presence of several fish species and the wide ranges of sizes
and ages. The hatched fry had to compete with larger fish and were sub-
jected to parasites, diseases and predators much more than the European
fry that were hatched into special spawning ponds filled with clean water.

The evolution of the diversity between the domesticated European and Chinese carp.
The very diverse environments to which the cultivated carp was exposed in
China and Europe resulted in selection pressures differing in both direction
and magnitude. Consequently, different types of carp have evolved. The
two columns on the right side of table 6 show, for each one of 13 characters,
the presumed direction and intensity of selection in the two regions. Fast
growth rate (characters 1 and 2, table 6) appears to be highly favoured by
natural selection for the following major reasons: (i) During the first few
weeks after hatching, mortality of fish fry is very high because they are highly
susceptible to diseases and parasites and are limited to food of very small
particle size. Individuals that escape this critical stage, by fast early growth
(character 1) gain a considerable advantage especially in China. (ii)
Another selective advantage of fast growth rate is due to the high correlation
between fertility (measured as number of gametes) and body weight in fish.
(iii) European breeders regularly selected the largest fish for breeding, a
practice which gave fast growth rate a further advantage in Europe but not
in China.

The disadvantages of large body weight and hence fast growth rate, are
the following: (i) Larger fish are more susceptible to low oxygen concentra-
tion in the water. This factor is relatively more important under high
(China) than low (Europe) density. (ii) In China, where harvesting was
done primarily by seining, smaller fish could escape the nets more easily than
larger ones. This made fish size over a certain critical value highly un-
adaptive in China but not in Europe.
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In view of the above considerations it appears that the best evolutionary
solution that optimally balances the advantages and disadvantages of fast
growth rate in China would be a fast growth rate during early life, but
maintenance of a relatively small adult body size. In Europe, on the other
hand, the selection pressure for early (juvenile) fast growth rate is lower than
that in China, but factors disfavouring post-juvenile fast growth rate are
relatively unimportant. This explains why in the European carp early
growth rate is slower, but later growth rate (character 2) and adult size are
much higher.

Specific adaptation of growth rate of the Chinese carp to poor pond
conditions and of the European carp to favourable pond conditions (characters
3 and 4) are obvious in terms of the different pond conditions to which the
two races were exposed. The marked difference in the quality of the two
environments also explains the observed differences in viability (character 8),
scale cover (character 10) and the several reproductivity characters
(characters 6, 11, 12 and 13). Natural selection strongly favours full scale
cover, and Shpet (1966) demonstrated that scale reduction in the carp
is associated with domestication, i.e. higher protection from physical damage
and artificial selection.

The large size of the female over the male carp (character 5) may be due
to a difference between the sexes in the balance of their selective forces,
those favouring and disfavouring large body weight. Larger females tend
to have larger eggs that enhance fry viability (Svärdson, 1949; Bagenal,
1969). This may put an extra selective force in favour of faster growth rate
in females but not in males, and it is probably stronger in the Big-Belly
female that has to maintain higher levels of fertility and fry viability.
Another reason for the larger inter-sex difference in the Big-Belly is the
preference by the Chinese farmers for large female and small male spawners
(Hoffman, 1934).

Harvesting by seining in China as contrasted with pond drainage in
Europe accounts for the high ability of the Big-Belly to escape seining nets
(character 7) and their relatively long body (character 9) which is the best
shape for passing maximum body weight through the seine's holes. Selection
of high fish by the European breeders, as described earlier, would work in
the opposite direction, to create the relatively high and roundish European
carp.

Applications to genetic improvement of carp breeding stocks. The common
stocking density of carp in Israel has been 1000 per acre. Recently, however,
there is a trend for increasing the stocking rates to double or triple the above
figure. This trend is associated with more intensive feeding using feeds with
high protein contents. The present results indicate that under these in-
creased stocking densities, especially when accompanied by co-stocking with
relatively large numbers of fish of other species (i.e. Tilapia, Silver carp and
Mullet) the Big-Belly has valuable genes for improved viability and overall
specific adaptation to the harsher conditions of the crowded ponds. Indeed,
under conditions of high density two crossbreds of the Big-Belly with the
European carp performed at about the same level as the best Israeli (Euro-
pean) crossbreds. It is likely that further increase in density of carp and of
supplementary fish species will further increase the relative advantage of
selected hybrids between the European and the Chinese carp.
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