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INTRODUCTION

It has been stated by several workers (Brocu 1909, Byerkan 1917,
Jonansen 1924, Krerrr 1954) that the north-eastern North Sea is a
mixing area for spring- and autumn-spawning groups of herring.
Early in this century spring-spawners dominated the catches from
this part of the North Sea during spring, summer and autumn
(ByerkaN 1917). In recent years, however, the spring-spawners have
been in majority only during the short seasons from late July to early
September (Hararpsvik 1966 a) while the autumn-spawners have domi-
nated the rest of the year.

The spring-spawning group in the northern North Sea is suggested
to be a mixed population of Shetland spring-spawners (Woop 1936),
Viking Bank spring-spawners (RunnstroM 1941), Skagerak spring-
spawners (AxperssoN 1949) and Norwegian spring-spawners. The
occurence of Norwegian spring-spawners in the northern North Sea has
been demonstrated by morphological characters (Brocy 1909, Hjort
and LEa 1911, Bjerkan 1917) and by tagging experiments (AASEN 1953).

Since 1960 herring in prespawning condition have arrived at the
west coast of southern Norway in January, spawned in inshore waters
in March and April, and disappeared again in May. In length, age
and scale type these herring differ from herring at the spawning
grounds further north, and it has been suggested that the southern
herring were originating from the North Sea.

This report presents some results of an investigation carried out
on spring-spawning herring in the north-eastern North Sea during
the years 1961—63. An attempt is also made to detect from analysis
of racial characters the admixture of the two stocks of spring-spawning
herring which occur along the coast of Norway.

MATERIAL AND METHODS
Twentythree samples were collected from September 1961 to May
1968, comprising a total of 3825 specimens. Most of the material
originate from commercial catches, but 6 samples were collected on-
board research vessels.




Table 1. Sampling localities and composition of spring- and autumn-spawners in the samples (9,) from north-eastern North Sea, 1961 —63.

sjzgii Date Gear Locality sz‘,l::llis sAp:\tAl/lr?el?s Uncertain N

| 11/9 —61 Trawl N 59°00 E 03°00 11.3 84.1 4.5 88
2. 24/9 —61 Trawl N 58°55 E 03°09 9.0 86.0 5.0 100
3o 16/10 —61 Trawl N 59°20 E 03°00 11.0 86.5 2.5 200
4. 19/12 —61 Trawl N 55°00 E 03°00 13.5 82.0 4.5 200
5.0 19/12 —61 Trawl N 59°08 E 03°10 19.0 76.0 5.0 2060
6......... 19/1 —62 Trawl N 58°07 E 04°36 18.4 78.4 3.2 250
7ot 20/1 —62 Trawl N 59°00 E 03°30 24.4 72.0 3.6 250
8. ...l 1/3 —62 Drift N 59°45 E 03°35 44.7 50.5 4.7 190
9. 24/3 —62 Trawl N 60°20 E 01°50 4.6 89.3 6.1 197
10......... 6/5 —62 Drift N 58°01 E 05°15 22.0 61.0 17.0 100
| 7/5 —62 Drift N 57°42 E 03°55 16.7 68.7 14.7 150
12 ... 22/5 —62 Trawl N 60°00 E 03°20 15.0 83.0 2.0 100
13......... 7/6 —62 Trawl N 59°00 E 03°34 15.3 81.3 3.3 150
M. 27/7 —62 Trawl N 59°45 E 00°16 70.7 24.7 4.7 150
I5......... 28/8 —62 Driit N 57°55 E 04°50 55.3 26.0 18.7 150
16 ......... 3/9 —62 Trawl N 59°47 E 01°35 78.0 17.5 4.5 200
17 oot 25/9 62 Drift N 58°06 E 05°14 19.0 76.0 5.0 100
8......... 9/10 —62 Drift N 57°50 E 05°40 45.3 50.0 4.7 150
19 ... 28/11 —62 Drift N 57°43 E 05°22 20.0 72.5 7.5 200
20 ... 22/1 —63 Trawl N 58°40 E 03°40 23.0 66.0 11.0 200
b G 20/2 —63 Trawl N 58°20 E 04°04 15.5 81.0 3.5 200
22 .o 23/3 —63 Trawl N 60°05 E 03°30 3.0 90.5 6.1 200
23 ... 3/5 —63 Purse-seine N 60°28 E 04°18 11.0 82.0 7.0 100

Total ...... 25.0 68.8 6.2 3825

81
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Otolith characters were used to separate spring-spawning herring
from autumn-spawners (Parrisa and SHARMAN 1958). This procedure
left 956 spring-spawners to be studied.

Sampling localities, gears and the proportion of spring- and
autumn-spawners in the samples are given in Table 1.

The samples from the spring-spawning stock on the west coast of
southern Norway were collected to the west and south of Bergen
during March and April 1962 and 1963.

Four samples from east Icelandic waters during July and August
1962 have also been investigated. The members of the Norwegian
spring-spawning stock in these samples were separated from the Ice-
landic spring- and summer-spawning herring by scale characters.

All the herring were examined as to age and stage of maturity.
Stage of maturity were determined according to the maturity scale
recommended in 1962 by the ICES Herring committee (Anon. 1963).

Both scales and otoliths were used for age determinations. Sec-
ondary rings within the summer growth zones, transparency of oto-
liths and regenerated scales sometimes complicated the determinations
or made readings impossible. In the samples from trawl and drift-net
several specimens had lost all scales suitable for age readings. There-
fore, ages could only be determined from 55 per cent of the scales
and from 85 per cent of the otoliths. However, considering the two
methods together, positive age determinations were achieved for about
90 percent of the total material.

Number of vertebrae, first growth zone measurement on otoliths
and 1, [ and I3 lengths were determined for part of the material.

The first growth zone in otoliths was measured from the centre
of the opaque nucleus, along an axis to the post-rostrum to the distal
edge of the first winter-ring.

The growth of the herring was estimated from scales applying the
modified growth formula by Lra (1938).

RESULTS AND DISCUSSION

AGE COMPOSITION

The samples of spring herring from the north-eastern North Sea
have been grouped into periods of 4 months and the age compositions
are illustrated in Fig. 1. The ages ranged from 1 to 12 years, but
with a strong dominance of the younger year-classes. The 1959 year-
class was dominant in 1961 and 1962. In 1963, however, it was
replaced by the 1961 year-class. The reduction of the 1959 year-class
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Fig. 1. Age composition of spring-spawning herring from
north-eastern North Sea, 1961 —63.

1) Sept.—Dec. 1961, N = 94, 4) Sept.—Dec. 1962, N = 234,
2) Jan.—April 1962, N = 194, 5) Jan.—May 1963, N = 84.

3) May—Aug. 1962, N = 253,

in winter and spring 1963 may either be due to an emigration or to
a high abundance of the 1961 year-class. The latter explanation seems
to be the most reasonable since the 1961 year-class proved to be strong
in the north-eastern North Sea in both 1964 and 1965 (HararLpsVIK
1966 b and 1967). In Fig. 2 are shown the age compositions in the
samples collected in 1962 north and south of latitude 59°N. From
these histograms it appears that the 1 and 2 year old herring were
most abundant in the southern area, and this may indicate that the
spring-spawning group of herring in the north-eastern North Sea is
recruited from the southern arvea.

The age compositions for the spring-spawners at the west coast of
southern Norway are shown in Fig. 3. It appears that the 1958 year-
class in 1962 and the 1960 year-class in 1963 were more abundant in
this area than in the north-eastern North Sea.

The Norwegian spring-spawning stock was in the years 1961 and
1962 dominated by the 1950 year-class, which contributed about 60
percent of the herring. The 1958 and 1959 year-classes were repre-
sented by less than 1 percent during the same years (DevorLp and
OstvepT 1963 and 1964).
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Fig. 2. Age composition of spring- Fig. 3. Age composition of spring-
spawning herring sampled north and spawners from the west coast of southern
south of latitude 59° N in north-eastern Norway, 1962 and 1963.
North Sea, 1962. 1) 1962, N = 177,
1) North of N 59°, N = 321, 2) 1963, N = 188.

2) South of N 59°, N = 283.

The age compositions therefore do not indicate any evident con-
nection between the spring-spawning group of herring in the north-
eastern North Sea and the two spring-spawning stocks along the coast
of Norway.

VERTEBRAE

The frequency distributions of the vertebrae counts in the
samples from the north-eastern North Sea are given in Table 2. The
mean number of vertebrae ranged from 56.90 to 57.32, but no geo-
graphical trend or trend in time was observed. An analysis of variance
showed that the differences of vertebrae counts within samples were
insignificant compared with the differences between means of samples
(F = 1.076, p <0.05). It may therefore be concluded that the samples
are drawn from the same stock or same mixture of stocks. It is then,
however, presupposed that a real difference in vertebrae number
occur between the various spring-spawning stocks. In Table 3 the
vertebrae frequency distribution of the spring-spawning group from
the North Sea iy compared with the vertebrae frequency distribution
for the Norwegian spring-spawning stock and the spring-spawners at
the west coast of southern Norway. The significances of the differences
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Table 2. Vertebrae counts of spring-spawners from north-eastern North Sea, 1961 —63.

Sample D Vertebral Count N _h .

number | O™ | 5556 | 57 | 58 | 59 | 60 A

... 119 —61| — 3 5 2 —  — 10 —0.1000 0.5444
2., 249 —61 — 3 4 1 1 — 9 00000 1.0000
8. 1610 —61| — 1 16 5 — — 22 01818 0251
4.....19/12 —61| — 4 17 6 — — 27 00741 0.3789
5...19/12 —61| — 1 23 13 —~  — 37 03243 0.2808
6..... 19/1 —62| — 4 3¢ 7 1 — 46 01087 0.3213
7o 20/1 —62| — 15 32 13 1 — 61 0.0000 0.5333
8..... /3 —62| 1 18 53 11 2 — 85 —0.0588 0.4846
9..... 24/3 —62| — 1 7 1 — — 9 00000 0.2500
10..... 6562 — 2 16 4 — — 22 00009 02771
... 75 —62| — 5 13 7 —  — 25 00800 04933
12..... 225 —62| — 2 10 3 — — 15 00667 0.3524
13..... 76 —62| — 4 12 6 —  — 22 00909 04675
4..... 277 —62| — 20 63 21 1 — 105 0.0286 0.4319
15..... 28/8 —62| — 10 49 23 —  — 82 01585 0.3820
16..... 39 —62| 1 21 92 41 — 1 156 0.1346 04656
17..... 259 —62| — 2 14 2 — — 18 0.0000 0.2353
18..... 9/10 —62| — 11 44 12 1 — 68 00441 04010
19.....20/11 —62| — 5 17 14 1 — 37 02973 0.5480
20..... 221 —63| — 11 28 11 1 — 46 00435 05758
21..... 202 —63| — 4 24 3 —  — 31 —00323 0.2323
22..... 23)3 63| — 2 2 2 — — 6 0.0000 0.8000
23..... 85 —63| — — 9 2 —  — 11 01818 0.1636
Total 2 149 579 210 9 1 950 0.0821 04274

1) x = average deviation fiom «working mean», 57 vertebrae.

in mean vertebrae count have been tested, giving t = 1.588 (0.1<
p <0.2) between the spring-spawners from the North Sea and the
Norwegian spring-spawning stock, and t = 2.931 (p < 0.01) between
the spring-spawners from the North Sea and those from the west coast
of southern Norway. It should, however, be noted that the results of
this test are probably not reliable as different year-classes are domi-
nating in the different groups of herring considered. Further,
the mean vertebrae count of the spring-spawners from the west coast
of southern Norway is based upon only three samples in which the
means varied considerably (57.31, 57.20, 57.09).

An admixture of the two spring-spawning stocks from the coast
of Norway cannot therefore be excluded by the available data on
the vertebrae count. The mean vertebrae numbers in the present
material show good conformity with earlier findings on spring-spaw-
ning herring in the northern North Sea (RunnsTroM 1941, Woop 1936).
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Fig. 4. Percentage composition of maturity stages in spring-spawning
herring from north-eastern North Sea, 1961 —63.

1) Maturity stage I,

2) Maturity stage II,
3) Maturity stage 111,
4) Maturity stage IV,

5) Maturity stage V,
6) Maturity stage VII,
7) Maturity stage VIII,
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Table 3. Vertebrae counts of the Norwegian spring-spawning stock, spring-spawners
from the west coast of Southern Norway and the spring-spawning group in north-
eastern North Sea.

Vertebral Count -9

M 2
Categories 55 156 [ 57 [58 [0 Jeo | | X |°

Norweglan spring-
spawning stock, 1962] — 65 308 120 4 1 498 0.1325 0.1434
Spring-spawners,

SW coast of Norway,

1962 and 1963 ....| — 35 176 81 7 — 299 0.2007 0.2079
Spring-spawners,
North Sea, 1962. ... 2 149 579 210 9 1 950 0.0821 0.4274

1) x = average deviation from «working mean», 57 vertebrae.

MATURITY

The samples from the north-eastern North Sea have been collected
throughout the year and the maturity investigations may therefore
give a rough picture of the maturing cycle for the spring-spawning
herring in this area (Fig. 4). The low percentage of herring in spaw-
ning condition, and the low abundance of spring-spawners in the
samples from the end of March in 1962 and 1963 (Table 1) may
indicate that the spawning grounds are situated outside the north-
eastern North Sea.
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Fig. 5. Compositions of immature herring, herring in
maturity stage III and mature herring amongst 1—5-4
year old spring-spawners in north-eastern North Sea during
the winter and spring 1962— 1963,
1) Maturity stage I—1I1,
2) Maturity stage III,
3) Maturity stage IV— VIII,
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Spent herring in stage VII were recorded in the samples from the
end of March and the beginning of May. A duration of three weeks
of this maturity stage (Jaxomsson 1962) should indicate a spawning
season from second half of February to mid April. Recovering spent
herring were in dominance from the end of March to the first half
of August. Stage IIT occurred in most of the samples, but were domi-
nant from mid August to the beginning of October. Stages IV and V
were found from the end of August to the beginning of March, but
had their maxima before and after the turn of the year respectively.
It must, however, be emphasized that the number of samples and the
number of specimens within several of the samples are few and one
must therefore be very careful in generalizing from the present data.

The Norwegian spring-spawning stock and the spring-spawners at
the west coast of southern Norway had in the years 1962 and 1963
their spawning season from the end of February to the end of March
and from mid March to mid April respectively. These spawning
periods were thus inside the range of the spawning season for the
spring-spawning group of herring in north-eastern North Sea. A con-
nection between the spring-spawners in the north-eastern North Sea
and the spawning grounds at the coast of Norway cannot therefore
be excluded.

Maturing cycle of the two spawning stocks at the coast of Norway
1s unknown. Investigations in Icelandic waters during summer
suggest, however, that the herring of the Norwegian spring-spawning
stock pass over from stage VIII to stage I1I in the first half of July
(DBstvepT 1962), i.e. about one month earlier than indicated for the
spring-spawning group in the north-eastern North Sea.

AGE AT FIRST SPAWNING

It was impossible to differentiate the winter-rings on the scales of
the spring-spawning herring in north-eastern North Sea into «coastal»,
«oceanic» and «spawning» rings (RunNsTrRoM 1936), except for six
herring belonging to the northern type of the Norwegian spring-
spawning stock. Therefore a different approach was used to determine
age at first spawning. The age at first spawning has been based upon
the maturity compositions by age in the samples collected during the
period January to July. Herring in stage III in this period are clas-
sified as uncertain, i.e. they may be immature and do not spawn
before the next season, or herring in stage III at the beginning of
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the period may reach maturity and further, herring in stage III at
the end of the period may have spawned and already recovered their
gonads. The percentage composition of immatures (stage I and II),
uncertain (stage III) and spawned herring (stages IV—VIII) in each
age group are presented in Fig. 5. It will be seen that a few herring
already spawned at an age of two years, but the majority, about 77
percent, were spawning at an age of three. Only about 2 percent of
the four year old herring were immature.

The Norwegian spring-spawners may attain maturity at an age
between three and nine years. However, in 1962 and 1963 the three
year-old spawners were scanty represented on the spawning grounds
off Mere (DevorLp and @stvept 1964, Ustvept 1965). The herring at
the west coast of southern Norway were, on the other hand, in the
same years dominated by three year olds, which were all in spawning
condition.

FIRST GROWTH ZONE MEASUREMENT MADE ON OTOLITHS

The six herring, belonging to the northern type of the Norwegian
spring-spawning stock, had typical otoliths which were easily picked
out. These otoliths had thin, sharp winter-rings and a growth pattern
similar to that on the scales. In the rest of the spring-spawning herring
from the north-eastern North Sea it was impossible to recognize distinct
otolith types. The major part of the otoliths had relatively large first
and second growth zones and «softs» first and second winter-rings.

The ranges and means of the first growth zone measurements are
presented in Table 4. It appears that the ranges and means were of
the same order in the samples from 1961 and 1962. The high values
obtained in 1963 may be explained by growth differences between
year-classes. As stated before the 1960 year-class dominated the samples
from 1963, while the 1959 year-class was the most prominent one in
1961 and 1962. Considering the total material the first growth zone
measurements ranged from 13 to 29 units (one unit = 0.0409 mm),
and had a mean value of 22.90 units (standard error = =+ 0.153).

The values of first growth zone measurements were less than those
recorded previous for the autumn-spawning group of herring in the
same area (Hararpsvik 1966a). The difference is probably connected
with differences in age at formation of the first winter-ring. The
spring-spawners lay down a winterring during the first winter,
while the autumn-spawners do not form winter-rings before the
second winter.
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Table 4. Ranges and means of first growth zone measurement on
otoliths from the spring-spawning group of herring in north-eastern North
Sea (1 units = 0.0409 mm), 1961 —63.

Sample
Date Range Mean N
number

Lot 11/9 —61 18—25 23.2 10
2 24/9 —61 22—26 23.7 7
K A 16/10 —61 14—28 23.2 19
4o 19/12 —61 15—26 22.1 22
L 2 19/12 —61 13—-25 22.2 31
Sum 1961 ....... 1328 22.6 89
B 19/1 —62 15—26 22.2 45
T 20/1 —62 18—27 22.6 60
8. 1/3 —62 1729 23.3 83
1 2413 —62 2025 23.4 9
10 ... et 6/5 —62 1427 22.4 21
P 715 —62 2127 23.9 23
1200000000000 22/5 —62 19—-25 22.2 15
13 7/6 —62 1826 23.1 23
Mo oo 27]7 —62 15—28 22.4 99
|5 N 28/8 —62 15—-27 22.9 78
6.0t 3/9 —62 15—-27 22.8 138
17000000000l 25/9 —62 2026 23.1 17
18. ... 9/10 —62 14—-27 22.7 51
19 oo 28/11 —62 2027 23.8 28
Sum 1962 ....... | 14-29 22.8 690
200 22/1 —63 2229 24.9 35
20 20/2 —63 20—27 23.2 24
22 23/3 —63 2226 23.3 6
23 3/5 —63 21—-24 22.7 11
Sum 1963 ....... 20—29 23.9 76
Grand total ...... 13—29 22.9 855

In Fig. 6 are shown the distributions of first growth zone measure-
ments for the spring-spawning group of herring in north-eastern
North Sea, for the Norwegian spring-spawning stock and for the
spring-spawners at the west coast of southern Norway. The 1959 year-
class is dominating in the stocks considered. The figure shows good
conformity between the spring-spawners in north-eastern North Sea
and those at the west coast of southern Norway. Suggesting that the
size of the first growth zone is linked to the food supply during
the first year, the good comformity in the first growth zone measure-
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ment may indicate that the spring-spawning herring in north-eastern
North Sea and those at the west coast of southern Norway have the
same feeding grounds during their first year of life.

INTERVALS 5°

Fig. 6. Frequency distributions of otolith zone measurements, 1961 —1963.
1) Spring-spawners from north-eastern North Sea,
2) Norwegian spring-spawning stock,
3) Spring-spawners from the west coast of southern Norway.

GROWTH

The growth of the herring is one of the main characters used to
distinguish between various herring stocks. Lra (1910, 1938) has
shown that the relation between scale length and total length of the
herring is approximately linear. The [, distributions of the 1959 year-
class of the spring-spawning group of herring from north-eastern
North Sea, the Norwegian spring-spawning stock (S-type) and the
spring-spawners at the west coast of southern Norway are given in
Fig. 7. The mean Iy, I, and I3 values for the same stocks are presented
in Table 5. From these data it appears that the growth of the S-typed
herring of the Norwegian spring-spawning stock deviated considerably
from the growth of the two other stocks. The [; distribution and the
mean values of Iy, [, and [; for the spring-spawners in north-eastern
North Sea were slightly lower than those for the spring-spawners at
the west coast of southern Norway. It should be noted that the
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Fig. 7. Frequency distributions of 1; of three
year-olds in 1962.
1) Spring-spawners from north-eastern North Sea,
2) Norwegian spring-spawning stock,
3) Spring-spawners from the west coast of
southern Norway.

Table 5. Mean I, 1, and 1, values of three year-old (1959 year-class) spring-spawning
herring from the north-eastern North Sea and the coast of Norway, 1962.

Categories ] ly | N l ly l N [ lg i N
Spring-spawners,
NE North Sea ....... 13.00 135 22.89 135 27.68 88
Spring-spawners,
SW coast of Norway .| 13.60 98 23.40 96 28.66* 98
Norwegian spring-
spawning stock (S-type) 9.85 152 16.94 152 24.07 152

* Total mean length of three year olds in April.
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herring from the west coast of southern Norway were caught by net
with a large mesh size (winter herring net), and the selectivity of the
net may probably affect an overestimation of the mean [, [, and I4
values for this stock.

Taking this into consideration and assuming that the growth rate
of the fish is related to the feeding, it seems reasonable to postulate
that the spring-spawned herring in the north-eastern North Sea and
those at the west coast of southern Norway have inhabited the same
feeding grounds during the first, second and third year of life.

CONCLUDING REMARKS

In an attempt to outline the connection between the spring-spawning
group of herring in the north-eastern North Sea and the two spring-
spawning stocks at the coast of Norway, i.e. the Norwegian spring-
spawning stock and the spring-spawners at the west coast of southern
Norway, some biological characters for these groups of herring have
been compared. Due to the plasticity of these characters it is impos-
sible to identify the individual fish, but comparing several characters
and large samples this method may, however, provide valuable infor-
mations in this identification work.

The age composition, age at first spawning, scale type, growth
characteristics for the spring-spawning group of herring in the north-
eastern North Sea deviated considerably from those obtained for the
Norwegian spring-spawning stock. It is therefore concluded that the
occurence of herring from the Norwegian spring-spawning stock was
negligible in the north-eastern North Sea during the years 1961—63.
This is in contrast to results obtained by Brocu (1909), Hjorr and
Lea (1911) and Bjerkan (1917), who found the Norwegian spring-
spawning stock to be dominating within the spring-spawners in this
area. The absence of Norwegian spring-spawners in the north-eastern
North Sea in recent years may be explained by the change of spawning
grounds for this stock (Devorp 1963). The spawning grounds have
since 1960 been off Mdgre and it is reasonable to assume that the
migration route to and from the feeding area in the Norwegian Sea
in recent years is north of the North Sea.

Comparing the spring-spawning group of herring in the north-
eastern North Sea and the spring-spawners at the west coast of
southern Norway, good agreement is found in age at first spawning,
scale type and growth rate during first, second and third year of life.
These characters are susceptible to environmental influence, and the
good conformity may argue for the herring compared to have the
same feeding and overwintering areas during the three first year of
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life. The characters deviate from those of herring which have their
nursery and adolescent stages in coastal waters (RunnsTrRoM 1936),
and it is therefore suggested that the spring-spawners at the west coast
of southern Norway have spent their three first years in the North Sea.

The spring-spawning stock at the west coast of southern Norway
differ from the spring-spawning group of herring in the northern
North Sea by being spawning in inshore waters of relative low salinity
and temperature, having different abundance of year-classes and
probably also a higer mean number of vertebrae. Outside the spawn-
ing season this spring-spawning stock probably mix with the spring-
spawners in the north-eastern North Sea. The low total mean num-
ber of vertebrae, and the low abundance of the 1960 year-class in the
spring-spawning group of herring in the north-eastern North Sea may,
however, indicate that the spring-spawners from the west coast of
southern Norway only constitute a minor part of the spring-spawning
group of herring in the north-eastern North Sea.

SUMMARY

1. Age composition, number of vertebrae, age at first maturity, scale
type and growth characteristics for the spring-spawned herring in
the north-eastern North Sea in 1961—1963 have been analysed.

Some of these characters have been compared with those for the

two spring-spawning stocks at the coast of Norway; i.e. the herring

spawning off Mgre and the herring spawning at the west coast of
southern Norway.

3. Less agreement with the spawners off Mgre, indicates that members
of this stock were scanty represented in the spring-spawning group
in the north-castern North Sea.

4. Good agreement with the spawners at the west coast of southern
Norway, indicates that this herring stock outside the spawning
season may be distributed in the north-eastern North Sea.

Y
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THE GAS BLADDER AS A HYDROSTATIC ORGAN IN
THYMALLUS THYMALLUS L., OSMERUS EPERLANUS L.
AND MALLOTUS VILLOSUS MULL.

By
GORrAN FAHLEN
Zool. Inst., Lund, Sweden

INTRODUCTION

The suborder Salmonoidei within the order Clupeiformes (Berc
1940) has typically a physostomous gas bladder. The suborder comprises
several families, some of which contain only deep-sea species. In these
the gas bladder either is absent — as in the family Bathylagidae (MaRr-
sHAaLL 1960) — or has become modified to a type suited to the high
hydrostatic pressure of great depths; it has lost the pneumatic duct and
developed retia mirabilia and a posterior resorbent chamber (Conen 1958,
FAncE 1958, Marsuarr 1960, FanvLfn 1965). Of those families which have
retained a physostomous gas bladder, only a few are represented in
Scandinavian waters. There are several species of the family Thymallidae
in N. America and Asia, but only one in Scandinavia, Thymallus thymal-
lus (L.). The family Osmeridac comprises three genera, two of
which, Osmerus and Mallotus, are each represented by one species in
Scandinavia, Osmerus eperlanus (L.) and Mallotus villosus (Mtrr.). The
other Salmonoid families, apart from the family Salmonidae, which is
wide-spread in the Northern hemisphere, are found principally in eastern
Asia, S. America and Australia.

The gas bladders of the three species mentioned have been subjected
to very little attention. However, their general morphology was early
described by Cuvier and Varenciennes (1848). Braurort (1909)
mentioned the bladders of these species very briefly, though without
adding anything to the description given by CuvieR and VALENCIENNES
(1848). More detailed investigations on the morphology of the Salmonoid
gas bladder dealt exclusively with species belonging to the genera
Salmo (Corning 1888, EisseLe 1922, Jasinskr 1963) and Coregonus (Jasin-
sk1 1963, Fauvrén 1967b), as did also physiological works (SUNDNES,
Exns and ScHOLANDER 1958, WrrTenBeErRG 1958, SUNDNES 1963). Saun-
pERs (1953) is the only one who carried out experiments on one of the
three species mentioned. He analyzed the contents of the gas bladder of
Osmerus eperlanus and measured the flotation pressure of the fish.

The present investigation is an attempt to reveal those morphological
structures which are necessary for a possible function of the gas bladder
as a hydrostatic organ. The mechanism by which gases are introduced
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into the Salmonoid gas bladder is unknown. The formerly prevailing
opinion, that all fishes with a physostomous gas bladder fill it only by
swallowing air at the surface, has lately been strongly debated. WrrreN-
BERG (1958) stated that Salmo species are able to fill their gas bladders,
though very slowly, even if they are denied access to the surface. And as
early as 1892 HurNeR pointed out that deep water Coregonids have to
introduce gas into the bladder against considerable pressure gradients.
Saunpers (1953) stated the same for Osmerus and Leucichthys. 'The secre-
tion of gas into the bladder of Coregonus has been assumed to be of the
same nature as the gas secretion of the physoclistous gas bladder (Sunp-
~Es 1963). Though the physiological experiments are very few (SAUNDERS
1953), it has been assumed that some sort of secretion also may occur in
the gas bladders of Osmerus, Thymallus and Mallotus.

The principle of gas secretion in the Salmonoid gas bladder is not
clear. SUunpDNES (1963) suggests that the mechanism might be the same as
that of the physoclist bladder. Kunn, MarTi, Kvnan and Ramer (1963)
and Steen (1963), however, show that the counter current capillary
system, present in all physoclist gas bladders and also in the eel, is
necessary for building up a partial pressure of the gases in the blood,
which makes it possible for the gases to pass into the gas bladder. Among
fishes with a physostomous gas bladder, the families Cyprinidae and
Esocidae are able to secrete gases into the bladder (Jacoss 1934), and
they possess counter current systems (RauTtaer 1923). The Clupeid gas
bladder has no retia mirabilia and no gas secretion (Fanrfn 1967a). In
Coregonus, a counter current system is present (FauLEN 1967b), and
there is a secretion of the same gases as in the physoclist bladder, which
is reflected in the composition of the gas (FAnce 1953, Sunpnes 1963).

MATERIAL

Thymallus thymallus : 6 specimens, caught in Lilla Lule River, Northern
Sweden.

Osmerus eperlanus : 1 specimen, caught in the Baltic in nets.

Mallotus villosus : About 40 specimens, caught in the Barent Sea by means
of trawling.

METHODS

The gas analyses of Mallotus villosus were made in a Krogh microgas
analyzer (Krocu 1926) with KOH and pyrogalloll as absorbents for
carbon dioxide and oxygen respectively, on the Norwegian research
vessel ‘G. O. SARS’,

The sole specimen of Osmerus eperlanus was fixed in Bouin’s fluid.
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The gross morphology of the gas bladder of the other two species
was studied on fresh specimens and on specimens fixed in 49, formalde-
hyde. Injections of the vascular system were made with Indian ink.

Fixation for histological and histochemical investigations were made
with Bouin’s fluid or its modification B 15 containing also chromic acid
and urea (ALLEN)*, in uranylacetate-sublimate, potassiumdichromate
(ScHILLER)* or in osmiumtetroxyde-chromic acid fixation (Cmampy).*
For electron microscopic investigations fixation was carried out in buf-
fered osmiumtetroxyde (PALADE)* or in osmiumtetroxyde-chromic acid
(Davron).* As imbedding media paraffin or polyester wax was used for
histological and histochemical studies and metachrylate for the electron
microscopic investigations. Cutting for the last mentioned purpose was
carried out on an LKB Ultrotome ultramicrotome, and the electron
microscope used was an Akashi TRS 50.

Paraffin- and wax-imbedded material was stained according to differ-
ent hematoxyline methods (Hemenuamw, Enrricr, WEIGERT)* with
counterstains and azocarmine with counterstains. Silver-impregnation
for nerves and cell nuclei was carried out according to the Bopian*®
method. For histochemical purposes the periodic acid-Schiff technique
according to Horcukiss (PARS)* was used for carbohydrate-containing
proteins, the paraldehyde-fuchsin method (Gase 1953) for muco-
polysaccharides, the alcian blue method for acid mucopolysaccharides
and the carmine method for glycogen (BrsT)*.

In order to induce gas secretion, drugs were injected into a number of
speciemens of Mallotus villosus. Pilocarpine is a secretion-stimulating drug
and is reported to induce gas secretion in Esox (DRESER 1892). Yohimbine
and dibenzyline are sympathicolythic substances. The former has been
shown to induce secretion in Coregonus (FAnrEN 1967b), the latter causes
inhibition of gas loss from the gas bladder (HarvEy, in press).

RESULTS

THE GAS BLADDER OF THYMALLUS THYMALLUS
Topography.

Cuvier and Vavrenciennges (1848) describe the gas bladder of the
grayling, Thymallus thymallus, as extremely big and communicating with
the oesophagus by an unusually short pneumatic duct. BEAurorT (1909)
has nothing to add to this description. According to the present investi-
gation the organ comprises 5—69%, of the total volume of the animal, which

* Descriptions of histological and histochemical methods, referred to by name only,
are found in Rowmess (1948) and Pearse (1960).
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is normal for Salmonoid fishes. It is of the ordinary Salmonoid fusiform
shape, stretches from the supracardial region to the anus and the hind-
most part of the abdominal cavity. As is usual for Salmonoid gas bladders,
it is only loosely connected with the surrounding organs and tissues.
The bladder is ventrally covered by the mesothelium of the peritoneal
cavity, The posterior part ends blindly in a rounded tip immediately
above the anus, and anteriorly the bladder tapers towards the mouth
of the pneumatic duct. This originates at the anterior end and immedi-
ately bends beckwards. Thus there is a relatively sharp boundary be-
tween the gas bladder proper and the pneumatic duct. In a gas bladder
of about 60 mm length it first runs backwards about 5 mm, then sharply
bends forwards and after about 5 mm it ends in the ventral wall of the
oesophagus. The diameter of the duct is practically constant. Only
where it leaves the gas bladder it is somewhat wider than in the rest
of its course. The debouch of the pneumatic duct into the gas bladder
is normally wide open and seems never to be closed by a sphincter. At
the other end, however, the opening in the wall of the oesophagus is
often tightly closed.

Vascularization.

The vessels reaching the gas bladder are two branches of the coeliaco-
mesenteric artery, running along the pneumatic duct. They give off
only few vessels to this part of the organ, and these penetrate the sub-
muscularis and the muscularis as arterioles and venules and form in
the lamina propria a capillary network, which lies close to the base of
the inner epithelium. Then the vessels run laterally along the gas bladder
backwards. These longitudinal arteries give off branches which again
branch repeatedly and dichotomously. The drainage of the gas bladder
is carried out by branches of the hepatic portal vein, which accompany
the arteries to the gas bladder. The veins branch in the same way as the
arteries do, and flat bundles are formed which consist of three or more
vessels, with alternating arterial and venous capillaries (Figs. 1, 3).
The number of vessels forming the bundles is about 100 in a transversal
section of a gas bladder of 60 mm length. There seems to be no difference
in frequency of the vascular bundles in the different parts of the gas
bladder. The total length of all vessels running in bundles in one and the
same gas bladder is estimated at about 6 meters.

The vascular bundles all run in the submuscular connective tissue
layer. At irregular intervals they cross the muscularis and enter the
subepithelial layer of connective tissue, the lamina propria. Here the
vessels form a capillary network in direct contact with the base of the
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epithelium. The vessels sometimes run some millimeters together after
they have reached the lamina propria and split into capillaries, but
vascular bundles of the same type as in the submuscularis are formed only
occasionally. The capillaries form a network, which is somewhat drawn
out in the longitudinal plane of the gas bladder. The average distance
between the longitudinal capillaries is about 20 microns. The diameter
of the capillaries is about 8 microns.

Histology.

The layers known from other physostomous gas bladders are present
also in that of the grayling. As usual, the organ is ventrally covered by
the peritoneal epithelium, which here is cubical. Beneath the epithelium
ventrally, and at the outermost layer dorsally, the tunica externa forms
a tough sheath round the organ (Fig. 1). However, the tunica externa

Fig. 1. Thymallus
thymallus.
Transverse section of
gas bladder wall.

= epithelium,

= submuscularis,
= tunica externa,

€

m = muscularis,

s

t

v = vascular bundle.
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in the gas bladder of the grayling is considerably thinner than in other
Salmonoids investigated (FanrLEn 1967b, Faurén, unpublished obser-
vations). It consists of a network of connective tissue fibers, some of them
elastic but mostly collagenous. Smooth muscle fibers occur very rarely
in this layer. The submuscularis is the predominating layer of the grayling
gas bladder, and it is built up by somewhat irregularly but mainly
circularly arranged fibers of mostly collagenous connective tissue. Single
elastic fibers are also present. This layer lodges the vascular bundles
described above (Figs. 1, 3). — The muscularis in a relaxed gas bladder
is thinner than in any other physostomous gas bladder investigated. Its
thickness is only about 10 microns and it consists mainly of circular fibers.
The outermost part of the muscularis contains longitudinal muscle fibers.
Intermingled with these, longitudinal nerve bundles run from the peri-
karya situated in the wall of the pneumatic duct, and from these bundles
nerve fibers run to the separate muscle fibers of the muscularis. The
muscle layer is crossed by the vessels which come from the vascular
bundles of the submuscularis. As stated before, they often also cross the
muscularis together in bundles.

The outer layers of the wall of the pneumatic duct are built up in
the same way as those of the gas bladder proper, but the proportional
thickness of different layers varies (Fig. 4). An outer layer of connective
tissue, continuous with the submuscularis of the bladder, is predominant
close to this but becomes gradually thinner nearer to the oesophagus.
When the duct enters the wall of the oesophagus, the thin submuscularis
runs over into the very thin outer layer of connective tissue of the ali-
mentary canal. The muscularis of the duct does not undergo the same
changes as the submuscularis. Continuous with the muscularis of the gas
bladder, it is thicker than this. It is built up almost entirely by circular
smooth muscle fibers, though the outer of these have a tendency to run
diagonally. However, no separate outer muscle layer is present. When
the pneumatic duct enters the wall of the oesophagus, the muscula-
ris unites with the thick muscle layer of the oesophagus. This consists
entirely of striated muscle fibers. The muscularis of the pneumatic duct is
thinner at the debouch into the oesophagus, and at the entrance into
the bladder its thickness does not exceed that of the bladder muscularis.
The striated muscle fibers of the oesophagus, which are mainly circularly
arranged, surround the debouch of the duct and may act as a sphincter
when contracted. In intact gas bladders this opening is often seen to be
closed. — The lamina propria of the gas bladder proper is extremely
thin. It consists of collagenous fibers and is only 2—3 microns thick,
except where the capillaries of the subepithelial plexus run. No elastic
fibers could be found in the lamina propria.
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Fig. 2. Thymallus thymallus. Section of gas bladder epithelium. Chief cells and one
ciliated cell. 1500x.

The epithelium, which is only light-microscopically investigated, is
cubical, sometimes even flattened (Fig. 2). Three cell types are present
in the epithelium, one of which are no real epithelial cells but lympho-
cytes, invading the epithelium from beneath. The lymphocytes are found
between the epithelial cells, mostly in a basal position. The main part
of the epithelium is built up of cells of cubical type. The chief cells are
of the size 10 x 10 microns. The nucleus is rounded, rather large and situ-
ated centrally or somewhat basally. The cytoplasm is devoid of visible
inclusions and stains rather weakly with all sorts of colours. The distal
part, however, shows a weak basophilia. The part of the cytoplasm which

Fig. 8. Thymallus thymallus. Transverse section of flat vascular bundle in the
submuscularis. 800x.
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lies close to the subepithelial vessels never shows any differentiation. The
cell membranes are quite uncomplicated laterally and basally, but the
distal cell membrane has a brush border, probably consisting of micro-
villi. The other type of epithelial cell differs from the chief cell mainly
in that it has no brush border but instead a tuft of cilia, which stain with
silver and have distinct basal bodies. The ciliated cells are rather un-
frequent — about 1 ciliated cell to 25 chief cells in the gas bladder proper.

Histochemical tests show that the nucleodistal part of the epithelial
cells shows a very weak positive reaction to PARS and paraldehyde-
fuchsin and reacts negatively to the Best carmine method. The alcian
blue method gives a weak but definite reaction in the distal border of the
cell. This seems to be limited to the distal cell membrane and the brush
border. It could not be observed with certainty if this positive reaction
comprises not only the chief cells but also the ciliated cells.

The two inner layers of the wall in the pneumatic duct (Figs. 4, 5),
the lamina propria and the epithelium, are strongly folded even when
the muscularis is practically relaxed. The lamina propria consists entirely
of collagenous connective tissue. It lodges the subepithelial capillary
layer. The folds of the inner epithelium {ill up a large part of the lumen

Fig. 4. Thymallus thymallus. Transverse section of the pneumatic duct. e = epithelium,
m = muscularis, s = submuscularis. Note the almost disappeared lumen, due to
sphincter effect of the muscularis. 80x.
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Fig. 5. Thymallus thymallus. Epithelium of the pneumatic duct. 1280x,

of the duct. The folds are sometimes so deep that real crypts are formed.
These are in contact with the central lumen only by narrow canals.
Here too the epithelium is invaded by lymphocytes. It consists of colum-
nar cells, 15—20 microns high and 5 microns broad. They are of the
the two types known from the gas bladder proper. The chief cell type has
a nucleus, situated in the basal half of the cell. The apical cytoplasm is
weakly basophilic and in many cells is seen to differentiate into a cup,
similar to that of goblet cells of the intestine. No differentiations could
be observed light-microscopically in the basal cytoplasm or in any
other part of the cell. The cell membranes seem to be unfolded.
The ciliated cell type is found also in the pneumatic duct, where it is
more common than in the gas bladder proper — one of five cells is of
this type and about the same ratio applies along the whole duct. Struc-
turally they are similar to the chief cells except that the distal cytoplasm
shows still weaker basophilia in the ciliated cells.

THE GAS BLADDER OF OSMERUS EPERLANUS

Topography.

The gas bladder of the european smelt, Osmerus eperlanus, as usual in
Salmonoid gas bladders, is an elongated sac, situated dorsally to the
peritoneal cavity and connected with the oesophagus by an open canal,
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Fig. 6. Osmerus eperlanus. Anterior part of gas bladder and oesophagus. Note the
blind sac, at the anterior part of which vessels and nerves reach the bladder.

the pneumatic duct. So it was described by CuviEr and VALENCIENNES
(1848). At the side of the pneumatic duct a blind sac from the gas bladder
proper protrudes about one mm (Fig. 6). The posterior end of the gas
bladder ends blindly above the anus. The organ lies ventrally to the
kidneys and is ventrally covered by the cubical, ciliated serous epithelium.

Vascularization.

The arterial supply of the gas bladder is mainly furnished by a branch
of the coeliaco-mesenteric artery. It divides on the oesophagus into
several branches. Some of the small ones accompany the pneumatic duct
and apparently their principal task is to supply only the duct with blood.
Other arteries, bigger than those along the pneumatic duct, run in a
ligament, together with some of the nerves to the bladder, to the tip of
the blind sac protruding at one side of the duct (Fig. 6). There they
enter the wall of the gas bladder and run along the organ to its posterior
end. It seems that these vessels are the only arterial supply of the gas
bladder proper. No branches of the gonadal or intercostal arteries or
from the other arteries to the alimentary canal are given off for the gas
bladder.

The drainage of the gas bladder is effected exclusively by veins
belonging to the hepatic portal system. Venous vessels accompany all
the arteries described above and fuse on the oesophagus to a common vein
which empties into the hepatic portal vein.

The longitudinal arteries and veins run parallel in the submuscular
connective tissue layer of the bladder wall. Irregularly they give off
branches in such a way that one artery and one vein always go together.
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These pairs of vessels cross the muscularis and enter the lamina propria
which is a rather thick layer of connective tissue (Fig. 7). Here the vessels
branch into arterioles and venules, and the paired arrangement of the
vessels is lost. The arterioles and venules split further, and a network
of capillaries is formed in the lamina propria.

Hisiolog y.

The layers of the wall are the same as in other physostomous gas
bladders (Fig. 7). The terminology suggested for this type of gas bladder
(FauLén 1967a) is used here. The ventral side of the bladder is covered
with the peritoneal epithelium, which consists of cubical, ciliated cells.
The outermost layer of the gas bladder wall proper is the tunica externa,
which contains smooth muscle fibers. In the posterior part of the bladder
the tunica externa is thick and very rich in muscle fibers. Inside this
layer follows the submuscularis, a layer of circularly arranged bundles
of connective tissue, collagenous and elastic mixed. The muscular layer
consists of smooth muscle fibers which form a coat around the bladder.
Breaks in this coat, due to the passage of vessels, do occur but are not

Fig. 7. Osmerus eperlanus. Transverse section of the gas bladder wall. e = epithelium,
1 = lamina propria, m = muscularis, s = submuscularis, v = blood vessels. 160x.




Fig. 8. Osmerus eperlanus. Section of gas bladder epithelium. Chief cells with the apical
cup visible in most of them. 900x.

frequent. In the posterior part of the gas bladder, the muscularis consists
almost wholly of circular fibers, which form a 20—30 microns thick
layer. Longitudinal muscle fibers are rare here and are arranged in
bundles outside the circular coat, mainly along the big vessels. In the
middle of the bladder, the circular muscle coat is somewhat thicker, and
the longitudinal fibers have increased in number and form on the ventral
side an almost complete layer. On the dorsal side they are still single
bundles. In the anterior part, the circular layer has not increased in
thickness, but the longitudinal fibers now form an almost continuous
layer outside the circular one and about as thick as this. In the blind
sac, the muscle coats lose their limitations and become mixed up with
one another. In the pneumatic duct the muscularis first becomes thinner,
but when the duct enters the wall of the oesophagus it is surrounded by
a muscle coat, 100 —150 microns thick and consisting mainly of circular
smooth muscle fibers (Fig. 13). Furthermore, striated muscle fibers of
the muscularis externa of the oesophagus are arranged circularly around
the mouth of the pneumatic duct.

The lamina propria in the gas bladder of the smelt has a considerable
thickness, about the same as the muscularis. It consists of connective
tissue, mainly collagenous fibers, irregularly arranged. Intermingled
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Fig. 9. Osmerus eperlanus. Section of gas bladder epithelium. A single, ‘pearshaped’
cell visible. 1280x.

with these, single elastic fibers are found. In the lamina propria a net-
work of capillaries is lodged. It is of moderate density and the diameter
of the capillaries is 10 —15 microns. They run on different levels in the
connective tissue and are not always in immediate contact with the
epithelium. In the epithelium, three kinds of cells can be observed. The
majority of cells, which may be called chief cells, are high columnar
cells with a somewhat basally situated nucleus (Fig. 8). The nucleus
often possesses several nucleoles. The cytoplasm is hasally neutrophilic,
but the distal part of the cytoplasm is differentiated into a cup, which
in standard staining seems almost empty. In staining with paraldehyde-
fuchsin for mucopolysaccharides (Iig. 10) and in using the PARS method
for polysaccharides (Fig. 11), a moderate reaction occurs in the cuplike
distal part of the cytoplasm. Also alcian blue gives a positive reaction
in the same part of the cells (Fig. 12). A positive reaction also to the
Best carmine method, which is specific for glycogen, is obtained in the
distal half of the cytoplasm of the epithelial chief cells in the gas bladder
proper as well as in the pneumatic duct (Fig. 15). No reactions are visible
in the basal cytoplasm. Low power EM investigation shows that the cell
membranes of the chiel cell are not folded. The apical membrane
is smooth but sometimes slightly domed. The lateral walls are rather un-
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Fig. 10. Osmerus eperlanus. Section of gas bladder epithelium. Gabe’s paraldehydefuchsin.
Positive reaction in the cup of the chief cells. 900x.

Fig. 11. Osmerus eperlanus. Section of gas bladder wall. PARS reaction, positive in the
distal part of the epithelium. 250x.
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Fig. 12. Osmerus eperlanus. Section of gas bladder epithelium. Alcian blue. Positive
reaction in the most apical part of the epithelial cells. 410x.

complicated but a very distinct desmosome is present on the boundary
between all cells. The basal cell membrane is quite unfolded and there
are no infoldings as reported in the eel (Dorn 1961). Cells of another
type, the frequency of which is very low, are situated between the chief
cells (Fig. 9). They are ovoid, do not reach the basal membrane of the
epithelium but lie always adjacent to the lumen of the gas bladder. They

Fig. 13. Osmerus eperlanus. Transverse section of pneumatic duct with muscular sphincter.

e = epithelium, | = lamina propria, m = muscularis. 180x,




Fig. 14. Osmerus eperlanus. Section of epithelium of pneumatic duct. 410x.

Fig. 15. Osmerus eperlanus. Transverse section of the pneumatic duct. Best’s carmin.
Positive reaction in the distal cytoplasm of the epithelium.
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have a basal nucleus, which is smaller and denser than that of the chief
cell. The cytoplasm, all of which is situated distally to the nucleus, is
acidophilic and contains granules, which are strongly stained with
paraldehyde-fuchsin (Fig. 10). They are reminiscent of the pear-shaped
cells of the gas bladder of the herring (FanrLEN 1967a). — Finally, the
epithelium contains a lot of lymphocytes, mainly situated between the
basal parts of the chief cells. They are also found, though less frequent,
between the distal parts of the cells.

The epithelial cells of the different parts of the gas bladder do not
differ very much. The same types are found in the pneumatic duct as
well as in the gas bladder proper (Fig. 14). The only change from the
posterior end forwards, is that the distal cup of the chief cells gradually
increases in depth and basophilia. In the pneumatic duct the cup com-
prises about half the cytoplasm of the cell, and at the opening of the duct
in the oesophagus no sharp boundary concerning the epithelial cells is
visible, The histochemical reactions are the same as in the epithelium
of the gas bladder proper.

THE GAS BLADDER OF MALLOTUS VILLOSUS
Gas analyses.

The composition of the contents of the gas bladder undergoes rela-
tively small changes under different experimental conditions (Table 1).
The mean oxygen percentages do not deviate from those of the control
group by more than 2,3%,, though the individual values vary. However,

Table 1. Mallotus villosus. Analyses of gas bladder contents after injection of drugs.

Number of Carbon dioxide Oxygen
Drug animals [
% | range % range
Pilocarpine 0,5 mgm, analyses
after Thr ..o 2 0 - 11,2 914
Yohimbine 0,5 mgm, analyses
after 2hes oo 4 0,5 0-—1 8,0 88
Dibenzyline, 4 x 0,5 mgm, 1
hour’s interval, analyses 3 hrs
after first injection ......... 6 1,0 0—2 10,0 0—12
NaCl-solution (control), analy-
sesafter Shrs.............. 7 0,5 0—1 10,3 6—18




Fig. 16. Mallotus villosus. Gas bladder and its relation to the intestinal canal. g = gas
bladder, o = oesophagus, s = stomach, a = appendices pyloricae, i = intestine.

this is also the case in the control group. The oxygen percentage never
exceeds that of atmospheric air (219,). The carbon dioxide percentage
is also very constant and never exceeds 29%,.

Topography.

Cuvier and VAaLeENCIENNES (1848) described the gas bladder of
Mallotus villosus thus: ‘La vessie natatoire communique avec ’oesophage,
elle est simple, ses parois sont argentées.” BEAuFORT (1909) did not add
anything to this description. The gas bladder of the capelin is of the usual
Salmonoid shape. As usual it ends blindly at the posterior end of the
peritoneal cavity. Anteriorly, it tapers gradually, and there is no distinct
border between the gas bladder proper and the pneumatic duct. This
opens into the oesophagus further back than in other Salmonoids, only
some millimeters in front of the constriction, which is the border between
the oesophagus and the coecal part of the stomach (Fig. 16). It is thin-
walled, and the silvery appearance attributed to this organ by Cuvier
and VALENCIENNES (1848) can not be verified. As is usual for Salmonoid
gas bladders, the organ is very loosely attached to surrounding organs.

Vascularization.

As in most Salmonoid species, the blood supply to the gas bladder
comes only via a branch of the coeliaco-mesenteric artery, which reaches
the organ via the pneumatic duct. Along this, the gas bladder artery




Fig. 17. Mallotus villosus. Vascular rlexus of the gas bladder wall. Indian ink injection,
total preparation. 55x.

gives off several small vessels to the musculature and the base of the
epithelium. When the duct runs over into the gas bladder proper, the
vesical artery divides into several branches, which run backwards on
the surface of the bladder. Penetrating the submuscularis, branches from
these arteries reach the outer layer of the muscularis. From these vessels,
arterioles cross the muscularis and after further division form a capillary
plexus in the lamina propria (Fig. 17). The arteries and arterioles are
usually coupled with venous vessels belonging to the hepatic portal
system. No vascular bundles with more than two, or occasionally three,
vessels are formed.

Histolog y.

The layers of the gas bladder wall are the usual for the physostomous
type (Fig. 18). The total thickness of the wall is 120 —150 microns and
it varies little in the different parts of the organ, except the pneumatic
duct. The outer, denser layer of the submuscularis, the tunica externa,
is a very thin layer of collagenous and elastic fibers and single smooth
muscle cells. The submuscularis has the usual structure with circular
fibers of connective tissue, arranged in layers which are easily detachable




Fig. 18. Mallotus villosus. Transverse section of gas bladder wall. e = epithelium,
m = muscularis, s = submuscularis, v = blood vessels. 160x,

from each other. It lodges the principal part of the vessels, which run
singly or in simple bundles, at different levels. The muscularis, in the
main part of the gas bladder about 15 microns thick, consists of an outer
thin layer of longitudinal muscle fibers and the inner, principal part of
circular musculature. It is vascularized by single capillaries from the
submuscular plexus. The muscularis is also penetrated in places by ar-
terioles and venules from this plexus, which in the about 10 microns thick
lamina propria splits into a capillary plexus in close contact with the
base of the epithelial cells. In the pneumatic duct, the submuscularis
soon is changed into a very thin sheet of connective tissue outside the
muscularis. The latter gradually becomes thicker, but reaches a constant
thickness of about 25 microns, which it retains along the whole duct.
At the debouch into the oesophagus, the muscularis of the pneumatic
duct is continuous with the striated muscularis externa of the oesophagus.
Some of the oesophageal muscle bundles are arranged circularly around
the opening of the pneumatic duct.

The epithelium is composed of two kinds of cells. The chief cells (Fig.
19) are cubical, 810 microns high. In the pneumatic duct, however,
they are of cylindrical shape. The cell membrane is quite devoid of
folds both laterally and basally, where it is delimited from the lamina
propria by a thin basement membrane. Apically, the cell membrane
has small, irregular microvilli, about 5000 A high. The nucleus is re-
latively large, occupies a great part of the basal region of the cell and
has a regular periphery. The cytoplasm, the fine structure of which could
not he satsfactorily investigated, contains several kinds of organelles and
inclusions. Small mitochondria are present in a moderate number both
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Fig. 19. Mallotus villosus. Electron micrograph of the gas bladder epithelium. Cilia from
an adjacent ciliated cell visible in the lumen. 11.500x.



Fig. 20. Mallotus villosus. Section of gas bladder wall. PARS reaction, positive in the
distal cytoplasm. 460x.

basally and apically. Vacuoles, the limitations and contents of which
could not be sufficiently well defined because of the unfavourable result
of fixation and imbedding, are present, mainly in the basal and nucleo-
lateral regions. Distally, very distinct inclusions are accumulated near
the apical cell membrane. They are moderately electron-dense, 1000 —
5000 A large, and are often seen to cause the cell membrane to bulge out.

Fig. 21. Mallotus villosus. Section of gas bladder wall. Alcian blue. Positive reaction in
the distal cytoplasm of the erithelial cells. 410x.
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Fig. 22. Mallotus villosus. Section of part of the wall of the pneumatic duct. ¢ = epi-
thelium, | = lamina propria, m = muscularis. 1820x.

Besides the chief cells, there is a second type of epthelial cell, the
frequency of which, however, is very low. This cell type is ciliated (Fig.
19). Along the apical cell membrane no vacuoles are visible, though this
region is relatively rich in mitochondria. Histochemical tests on the gas
bladder of the capelin gave different results. The paraldehyde fuchsin
reaction was negative in all parts of the gas bladder. The PARS reaction
was positive for the epithelial chief cells (Fig. 20). The reaction was partly
very strong and as such strictly localized to the apical border, including
the region where the moderately electron-dense vacuoles were concen-
trated. A weak, hardly significant reaction was observable also in the
rest of the cytoplasm. In the pneumatic duct (Fig 22), the likewise
strong PARS reaction enclosed a greater part of the distal cytoplasm
(Fig. 23) than in the gas bladder proper (Fig. 20). In sections tested with
alcian blue for acid mucopolysaccharides, a positive reaction was observed
in the apical cell membrane of the gas bladder proper as well as of the
pneumatic duct (Figs. 31, 24). None of these reactions occurred in the
ciliated cells. The carmine reaction for glycogen (BEsT) was negative in
all parts of the gas bladder.
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Fig. 23. Mallotus villosus. Transverse section of the pneumatic duct. PARS reaction,
positive in the distal cytoplasm of the epithelial cells. 410x.

Fig. 24. Mallotus villosus. Transverse section of the pneumatic duct. Alcian blue. Positive
reaction in the distal cytoplasm of the epithelial cells. 410x.
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CONCLUSIONS AND DISCUSSION

Among the gas bladders of the three species described above, two
types are distinguishable. One type is represented by the gas bladder of
Thymallus th., which has several similatities with the corresponding organ
of Coregonus lavaretus (FanrEn 1967b). Conspicuous is the relative
abundance of vessels, which in the grayling are arranged in bundles of
the same type as the counter current bundles of the whitefish gas bladder.
Their frequency, however, is much lower in the grayling, but no arterial
vessel reaches the base of the epithelium without having passed a consider-
able way in contact with one or two venous vessels leaving the epithelium.
Thus, there is a prerequisite condition for a counter current exchange
in Thymallus as well as in Argentina, which has a closed gas bladder and
a counter current system built up of microretia with 3—10 vessels in
each (FAnce 1958). A counter current system of the same type is present
also in Coregonus lavaretus and C. acronius (FaLEN 1967b). However,
the capacity of the counter current system of Thymallus th. must be con-
siderably lower than that of Argentina and Coregonus. The lining epithelium
of the grayling gas bladder also has similarities with that of the whitefish
bladder. It is cubical to low columnar and in its morphological details
and histochemical reactions has only few characteristics in common
with the secretory cells known from the gas bladders of the physoclistous
type (FAnce 1953, Jasinsxr and Kivarskr 1964) and the eel (Dorw
1961). Possibly, it has no secretory function at all, but the similarity with
the epithelium of the whitefish gas bladder, which is reported to secrete
oxygen and carbon dioxide (Sunpwnes 1963, Famrin 1967b) does not
exclude a secretory function of the same type as in the gas bladder of
Coregonus lavaretus.

The vessels of the gas bladders of Osmerus eperlanus and Mallotus
villosus are arranged quite differently. Though the vascularization in
these species too is rather rich, and a capillary bed beneath the epithelium
is present, the vessels of the gas bladder wall form bundles only occasion-
ally. Most of them are running as arterioles and venules, single or in
pairs, to and from the subepithelial vascular plexus. No real counter
current system is thus present in these gas bladders. The lining epithlium
of the gas bladders of Osmerus and Mallotus also have some similarities.
They apparently secrete substances directly to the lumen of the gas
bladder, but the secretory products are not quite the same in the two
species. The positive PARS-reaction of both species indicates the presence
and probable secretion of a neutral polysaccharide. In Osmerus, this is
partly a mucopolysaccharide, partly glycogen. The question as to wheth-
er or not mucopolysaccharides may give rise to gaseous products must




224

be left open until the possibility of such a transformation is clarified.
Concerning the glycogen in the cells, this substance is present during the
inactive phase of gas gland cells in physoclistous gas bladders (FAnGE
1953). There, however, it participates in the gas secretion mechanism
mostly in an indirect way, by releasing acid substances to the blood
vessels (FANGE 1953, STeEN 1963). But in the breakdown of glycogen free
gases may be released, e. g. carbon dioxide. This substance may give
rise to some of the gases filling the gas bladder during secretion. A
secretion in the smelt has been demonstrated by Saunpers (1953). He
showed by measuring the flotation pressure that captured american smelt
(Osmerus mordax) had been in buoyancy with the hydrostatic pressure atthe
depth where the fish had been captured. WiTTenBERG (1958) showed that
Salmo gairdneri and §. trutta were able to fill their gas bladders in about
12 days without access to the surface. The histology of the organ seems
to be about the same in Osmerus and Salmo (WeiNREB and Birstap 1955),
though glycogen has not been demonstrated to be present in the Salmo
species.

In Mallotus, the histochemical tests reveal that the epithelium contains
acid and neutral polysaccharides. These substances are present in rather
small amounts in the epithelial chief cells. The histochemical localization
is the apical zone of the cytoplasm, which lodges vacuoles with a probable
secretory content, and probably the polysaccharides are lodged in these
vacuoles. The strict localization of these vacuoles to the apical part of
the cell and their often close relation to the apical cell membrane leads
to the conclusion that their contents are given off directly to the lumen
of the bladder. Concerning their chemical composition it can only be
stated that they are not of mucoid nature and not glyogen. The absence
of the last polysaccharide shows that the possible secretory activity is
not the same as in the euphysoclist gas bladder, where this substance
during secretion breaks down to carbon dioxide and lactic acid. The
gas analyses have not shown any increase in the percentages of neither
carbon dioxide nor oxygen. The latter is the principal gas secreted in
the euphysoclist gas bladder. The relative amounts of these two gases
are comparable with those of the herring gas bladder (FanvLin 1967a).
Besides the apical secretory vacuoles, the gas bladder epithelium of the
capelin has great similarities with that of the herring, where no structural
signs of a secretory function are present in the gas bladder proper. As
the capelin lives at about the same moderate depths as the herring
(MorLeER and Orsen 1962) gas secretion must not necessarily take place
to keep the animal in buoyancy with the hydrostatic pressure at the
actual depth.

The muscle layer of the gas bladder wall in the three species described
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above, as well as in physoclistous and other physostomous gas bladders,
is intimately related to the epithelium and the lamina propria. Function-
ally it therefore corresponds to the muscularis mucosae of the alimentary
canal, and in full consequence with this aspect FANGE (1953) suggests the
same name for the muscle layer of the euphysoclistous gas bladder. In
all the species described in this paper, the layers of the wall of the gas
bladder can be followed along the pneumatic duct. When this emerges
into the oesophagus, the loose connective tissue of the gas bladder proper
(submuscularis) is reduced to a thin sheet outside the muscularis externa
of the oesophagus, and in all cases the muscle layer of the bladder
(muscularis) is clearly continuous with the muscularis externa of the
alimentary canal. This condition is also found in Clupea (FAurLEN 1967a)
and in Coregonus (FaurLEn 1967b). Therefore it must, from the view of
homology, be more correct not to use the names of the layers of the
alimentary canal. The name muscularis externa for the muscle layer of
the gas bladder is, however, not suitable, as this layer is not an external
one. Thus, there are strong arguments for a more neutral name on the
muscle layer of the gas bladder wall, such as muscularis, as suggested
by Fanrén (1967a). As the continuity of the muscularis of the gas bladder
with the muscularis externa of the alimentary canal is a fact in all
species so far investigated, it seems probable that also the muscularis
mucosae of the physoclistous gas bladder (FAnee 1953) is homologous
with the muscularis externa of the alimentary tract. This can be con-
firmed only by investigations in embryos, where the connexion between
the gas bladder and the oesophagus still exists (Tracy 1911).

The muscularis of the pneumatic duct does not show any sphincter-
like organization where it leaves the gas bladder in any of the three
species. At the debouch into the oesophagus, however, the muscularis
has often its greatest thickness and is there also surrounded by striated
muscle fibers of the muscularis externa of the oesophagus. Apparently,
this part of the muscle coat may function as a sphincter, which is in
accordance with observations on Salmo species by Fince (1953). For
complete understanding of the intimate function of the pneumatic sphinc-
ter of Salmonoidei, further investigation is necessary.

SUMMARY

1. The gas bladder of Thymallus thymallus is investigated concerning
the topography, vascularization, histology and histochemistry. Simple
micro-retia mirabilia are found, forming a counter-current vascular system
of probably very low exchange capacity. The epithelium, lining the lumen,
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is probably one of very low activity. If a secretion of gases into the bladder
occurs, it is probably very slow.

2. The gas bladder of Osmerus eperlanus is investigated as described
above. The blood vessels are not arranged as a counter-current system,
though capillaries reach the base of the epithelium. The epithelium,
which is also EM investigated, contains apically considerable amounts
of mucopolysaccharides and glycogen. A secretion, directly to the lumen,
of gases or of a matter which can be transformed into gases, is proposed.

3. The gas bladder of Mallstus villosus is investigated as described
under point 1. Besides, low power electron micrographs has been studied,
and analyses of the gaseous content of the bladder were made after
administration of pilocarpine, dibenzyline and yohimbine. No counter
current vascular system is present but capillaries reach the base of the
epithelium. The epithelial cells contain and probably secrete polysaccha-
rides {though not glycogen) directly to the lumen. The gas is composed
of 0—29, carbon dioxide, 0—189%, oxygen and 80—1009%, inert gases.
The administration of drugs did not in any case increase the percentage
of oxygen or carbon dioxide, compared with the control animals. It
is proposed that no gas secretion occurs.

4. The muscle layer of the gas bladder is in all the three species
continuous with the muscularis externa of the oesophagus. This argues
for a neutral terminology concerning the layers of the gas bladder wall.

5. A muscular sphincter is morphologically documented at the de-
bouch of the pneumatic duct into the oesophagus.

Supported by grants from the Faculty of Mathematics and Science
of the University of Lund. Photos by B. Henriksson.




227

REFERENCES
Bravrort, L. pE. 1909. Die Schwimmblase der Malacopterygii. Morph. Fb., (39):
526 —654.
Berg, L. 1940. Classification of fishes both recent and fossil. Trudy zool. Inst., Leningr., 5
2).

Congn, D. M. 1958. A revision of the fishes of the subfamily Argentininae. Bull. Fla
St. Mus. biol. Sei., (3): 98—100.

Corning, H. K. 1888. Beitrage zur Kenntnis der Wundernetzbildungen in der
Schwimmblase der Teleostier. Morph. jb., (14): 1 —54.

Cuvier, G. and Vavre~ciennes, A. 1848. Histoire naturelle des poissons. Vol. 12, Paris.

Dorn, E. 1961, Uber den Feinbau der Schwimmblase von Anguilla vulgaris. Licht- und
elektronmikroskopische Untersuchungen. Z. Zellforsch. mikrosk. Anat., (55):
849 —912.

Dreser, H. 1892. Notiz iiber die Wirkung des Pilokarpins. Arch. Exp. Path. Pharmak.,
{30): 159 —160.

Fissere, 1. 1922, Histologische Studien an der Schwimmblase einiger Stisswasserfische.
Biol. Zbl., (42): 125—137.

Fanrtn, G. 1965. Histology of the posterior chamber of the swimbladder of Argentina.
Nature, Lond., (207): 94 —95.

— 1967a. Morphological aspects on the hydrostatic function of the gas bladder of
Clupea harengus L. Acta Univ. Lund. II {1): 1—49.

— 1967b. Morphology of the gas bladder of Coregonus lavaretus. Acta Univ. Lund. 11
(28): 1—-37.

FAnce, R. 1953, The mechanism of gas transport in the euphysoclist swimbladder.
Acta physiol. scand., 30 (suppl. 110): 1—133.

— 1958. The structure and function of the gas bladder in Argentina silus. Q. jl
microse. Sci., (99): 95—102.

Gasg, M. 1953, Sur quelques applications de la coloration par la fuchsineparaldéhyde.
Bull. Microsc. appl., (11—12): 153 —162.

Harvey, H. H. The sounding response of the kokanee and sockeye salmon. Anim.
Behav., (in press).

Horner, G, 1892. Zur physikalischen Chemie der Schwimmblase. Arch. Anat. Physiol.,
54 —80.

Jacoss, W. 1934. Untersuchungen zur Physiologic der Schwimmblase der Fische.
I1I. Luftschlucken und Gassekretion bei Physostomen. Z. vergl. Physiol., (20):
674 —698.

Jasinsky, A. 1963. The vascularization of the air bladder of fishes. Part I. Air bladder
of the bleak (Coregonus albula 1.) and rainbow trout {Salmo irideus Gibb.) and
the ductus pneumaticus of the eel (Anguilla vulgaris L.). Acta biol. cracov. Serie
zoologique, 6: 19 —31.

Jasinskr, A. and Kioarski, W. 1964, The gas gland in the swimbladder of the burbot
(Lota lota L.) and stone-perch (Acerina cernua L.), its macro- and microscopic
structure based on observations of electronmicroscopy. Acta biol. cracov. Serie
zoologique, 7. 111 —125.

Krocn, A, 1926. Die Mikroluftanalyse und ihre Anwendungen. Handb. Biochem.
ArbMeth., 4 (2): 179.

Kunxn, W., Marti, E., Kuan, H. J., and RaMer, A, 1963. The filling mechanism of
the swimbladder. Experientia, (19): 497 —552.

Marsuarr, N. B. 1960. Swimbladder structure of deep-sea fishes in relation to their
systematics and biology. ‘Discovery’ Rep., (31): 1 —122.




228

Morrer, D. and Ousen, S, 1962. Lodda og loddefisket. Fiskets Gang, 48: 27 —36.

Prarse, A. G. E. 1960. Histochemistry. Churchill, London. 998 pp.

Ravuraer, M. 1923. Zur vergleichender Anatomie der Schwimmblase der Fische.
Ergebn. Fortschr. Zool., 5: 1 —66.

Rowmes, B. 1948. Mikroskopische Technik. Leibniz, Miinchen. 695 pp.

Saunpers, R. L. 1953. The swimbladder gas content of some freshwater fish with
particular reference to the physostomes. Can. 7. Zool., 31: 547 —560.

SteEN, J. 1963. The physiology of the swimbladder in the eel Anguilla vulgaris. 111.
The mechanism of gas secretion. Acta physiol. scand., (57): 221 —241,

Sunpnes, G. 1963. Studies on the high nitrogen content in the physostome swim-
bladder. FiskDir. Skr. Ser. HavUnders., 13 (5): 1—8.

SunpNes, G., Exns, T. and ScrorLANDER, P. F. 1958. Gas secretion in fishes lacking
rete mirabile. 7. exp. Biol., 35: 671 —676.

Tracy, H. C. 1911. The morphology of the swimbladder in teleosts. dnat. Anz., 38:
638 —649.

WemNres, E. L. and Bistap, N. M. 1955. Histology of the digestive tract and adjacent
structures of the rainbow trout, Salmo gairdneri irideus. Copeia.,: 194 —204.
WrrTENBERG, J. 1958. The secretion of inert gas into the swimbladder of fish. 7. gen.

Physiol., 41: 783 —804.

Received 23 September 1967
Printed 13 September 1968




