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: MECHANICS OF ENVIRONMENTAL CONTROL

PR OF BODY FORM IN FISHES

THE relative-growth method has been used in the interpretajo, of ¢
environmental control of body form in fishes. The relative growth of any
part such as head is characterized by a series of relative-growth stanzas
differ in slope and in the size range over which each is applicable. Fiye o
are described for the salmon during the life of the fish. The [our iyf
that delimit these stanzas are approximately coincident with the gty
of the eyed-egg stage, with hatching, with ossification, and with sexual ma
Inflections are demonstrated for more than twenty species of fishes,
Differences in the body form of individuals, groups, or populations g
species are regularly found for all sizes of fish. The relative-zrowth
describing such differences are usually parallel within the limits of observati
error. This demonstration of parallelism is indirect evidence that inflecti
particularly during early development, are important in the control of he
form. Direct evidence of the role of inflection in the determination of
form was found in natural populations and experimental lots of rainbow
Differences in body proportions of certain mature trout populations are
dependent on the size at which the fish attain maturity. Body form diffe
in small trout were produced by controlling temperature during early de
ment. Rainbow trout reared at 46°F. to 20 mm. standard length and
60°F. had a higher growth rate, larger size at the subsequent inflection,
larger heads and fins after inflection than did fish reared at 46°T. thro
the experiment, but retained the same growth partition constants. Very
inflections, as well as those at about 30 mm. and at sexual maturity, are prad
important in the determination of body form.
The fast-growing individuals of a group have relatively small body
such as head and fins but a fast-growing group of individuals may have
tively small or relatively large body parts. The relative size of body pat
determined to a large degree by the direction of, degree of, and body 8
inflections. Either rate of early development or subsequent growth raté®
affect body form through their influence on body size at inflection.
The slope of relative-growth lines was altered experimentally by malnutt!
Relatively large head parts resulted. Differences in the length-weight relatt
ship, found within species, are in part attributable to variation in bod!;e
at growth inflection. Body size at inflection plays a major part in the
mination of body form in animals other than fishes.

F [NTRODUCTION

acts have been discovered which point to a close correlation
. rate of development and the relative size of many body
f fishes, the proportional dimensions of which are commonly
ed by taxonomists in the diagnosis of species and of infra-
roups. Among these facts are those that relate the body
ns to geographical and ecological distribution of species
n fresh and salt water. Schmidt (1919, 1921, 1930), Hubbs
1934), Schultz (1927), Rounsefell and Dahlgren (1932), and
(1937) are among the many workers who have contributed
subject. Further evidence which correlates rate of develop-
vith body form in fishes has been put forward, on the basis
| observations, by Hubbs (1926). Finally, demonstration
fferences in developmental rate can result in differences in
ic characters of fishes has been achieved through direct
ent, notably by Schmidt (1921), Mottley (1937) and
(1944).

these lines of evidence have established that, in general,
sing the rate of development increases the numbers of
Ic parts. Thus, fish which develop in northern waters
¥ have more vertebrae and scales than do members of the
species which pass their lives in more southern latitudes.
15 also a general tendency for the head and fin measurements
relatively smaller in fish which are held to have a retarded
ent than in those which develop more rapidly. Accord-
t has been found that northern races of a species have smaller
» €yes, maxillaries, and fins than do southern races of the
pecies. These morphological clines are more closely corre-

With temperature gradients than with differences in latitude
N, 1944,

(%
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Congg
: nental control of body form. Two major lines of attack

In view of the great weight of evidence which has accumy _h
i followed:

to indicate the dependence of body form on developmen iy
it is rather disconcerting that in t_he several studies in whicl, gt‘o Bt ve-growth analysis of ontogenetic growth and of
in nature has been correlated with body form, a relatinnsl-;ip S . e diff U ki £ i 75

been found that appears to be diametrically opposed tq "".. R -5 S R Y e e
adduced from other observations. On this continent, White .;_L
showed differences between head and eye measurements of gy '
parr, Salmo salar, which were negatively correlated with rate 3
growth. Tester (1937) and Hile (1937) have shown respect
for the Pacific herring, Clupea pallasii, and the cisco, Leucig)
artedi, that slow-growing members of a year class have |gp,
heads, larger eyes, and longer fins than do the faster-growing iy
bers of the same year class in the same locality. The compa
was extended to fish of different populations and different v
classes, adding weight to the correlation between body form j
growth rate.

The title of White's paper ‘‘Age determination of salmon
by effect of rate of growth on body proportions” and the state
in Hile's summary (p. 125) “The values of certain characters
have been used in the separation of the subspecies show a dis
dependence on growth rate” would seem to indicate that th
was no doubt in the minds of these workers as to the causal
nection between growth and body form.

Hubbs (personal communication) has recognized this correlation
between body form and growth rate for several species. Fast
growing salmonoids, poeciliids, walleyes (Stizostedion vitreum), and
gizzard shad (Dorosoma cepedianum) have been found with ré
tively small heads, eyes, and fins, and thick terete bodies; @ distin
contrast with the relatively large heads, eyes, and fins, and
deep, narrow body form found among very slow-growing fish.

Thus it appears that two processes, rate of development Of_ v
parts and rate of growth, are correlated with body form in fISh.
These two processes appear to have opposing relationships to b
form since relatively small body parts may be associated WIES
either retarded development or with subsequent rapid growth.

The present investigation has been directed toward the ass&=
ment of the relative importance of these two processes in: U

The experimental control of rate of development and rate
of growth and an analysis of the resultant effects on body

form.
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RELATIVE-GROWTH MECHANICS Terminology

a matter of convenience, special terminology has been
ed for simple relative growth relating linear dimensions.
ion in relative growth from that in which form is constant
en termed dysharmony by Champy (1924), heterogony by
| (1918), and allometry by Huxley and Teissier (1936).

The relative-growth method of analysis, which was dt'\’e{a
by Huxley (1932), consists essentially of plotting the Iog:u-ithm
some dimension of a body component against the logarithp, o
dimension of the whole body over a series of sizes of the organ;
concerned. Huxley demonstrated that such logarithmic ol
almost invariably show a linear relationship over extensive rgp. cently Huxle'y, Needham, and Lerner (1941) have suggested
of body size. This linear relation between the logarithms indjey rIT het‘3m”§6515 for ontogenetic relative growth as distinct
that although body form is rarely constant, the rate of change gf allomorphosis (relative-growth series such as those found in
body form is generally constant over the greater part of erowh pgenetic trends). A part growing relatively slowly, k<1, is
These continuous changes in form can be described by determip; . o show negative heterogony (allometry) or bradyauxesis,
the value of the slope, %, in the relative-growth equation, 3= py! s a part growing faster than that to which it is related,
or log y=log b + k log x. If the body dimensions considered ara exhibits positive heterogony (allometry) or tachyauxesis.
of the same order, for example part length against body leng pecial case of a part growing at precisely the same rate as
the slope & will approximate one. If area is plotted against length, ' when % = 1, has been termed isogony, isometry, and
values approximating two are expected and if volume or weight in accordance with this terminology.
is plotted against length, &k approximates three. In practice,
measurements are generally not taken throughout growth of an
individual, but rather a series of specimens of different sizes is Sixcesis
measured and the resultant data are plotted so that each point
represents the end of a particular ontogenetic line of gro
The best line through these end points has been considered repre:
sentative of the relative growth of an average individual for the
body part considered.

The advantages of the relative-growth method of analysis havé
been recognized by many authors, and may be summarized @
follows:

Relative Growth in Fishes

W examples of the relative-growth analysis of body form
e to demonstrate the value of this method of analysis in
ometric investigations.
0 extreme form of heterauxesis may be seen in the change of
throughout life in the California ribbon fish, Trachypterus
“monorum, reported by Hubbs (1925). Some of Hubbs’ data
Deen plotted in figure 1. The marked bradyauxesis of the
'€glon in contrast with the tachyauxesis of the caudal region
dily apparent.
& ernavin (1938), Shapiro (1938), and Huggins and Huggins
¥ may be cited as representative of the many authors who
Contributed to our knowledge of heterauxesis in growth of
The equilibrium constant, &, was found by them to vary
“0 0.8 and 1.2. Examination of the literature dealing with
,e growth indicates that isometric growth, & = 1.0, is rarely
ved, although in general the departure from it is only slight
the greater part of growth. i
' €xamination of the relative growth of different body parts

L. It takes cognizance of the multiplicative nature of ;‘(rﬂ“’th:'
2. The increased variance found with increasing body siz€ ¥
reduced to a level comparable with the variance found 88
small sizes by reducing variance to a percentage basis.
3. Development as a whole may be viewed in one pictureé. &
4. The assessment of rate of change of form as well as chang® 1
form is facilitated.

. A convenient method for the comparison of fish of dil
sizes but within the same growth stanza, is provided.

Ferent

(o1
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um, 0.90 for distance from snout to maxillary, and 1.10
, illary to tail measurement. Fins, too, showed a graded
equilibrium constants, 0.98 for pectoral length, 1.15 for
2] height, 1.24 for second dorsal height and 1.24 for anal
A typical series of original measurements has been plotted

Trachypterus
rex-salmonorum
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Ficure 1.—Heterauxesis in Trachyplert he tail 18 7

(1925). The head region grows relatively more slowly and t

latively faster than the body as a whole. 2.~—Heterauxesis in Astyanax fasciatus. Each point represents one fish.
relatively faster i

. 2 ;‘i-'
of a particular species it has been. showr} that there lst;o;;:t -
variation in the deviation from isauxesis. Such p(.la dn
generally grow much more slowly than the b(})1 t}th‘t ha
These differences among parts are generally such 1 lof * e ®
of relative growth may be found along the bodylaxlfi rﬁdina“.'
anterior parts generally growing more slowlyh Tng -For ;
posterior parts faster than ’étlle T?occ)ly(la;sgga; V}\lra;) Z.eqcr',he

i Takaira nigricans, Shapir g s des ;
E:)il:ég;ti{g 0.88 ffr snout length, 0.92 for distance ro

ﬁhe characin, Astyanax fasciatus aeneus. Growth ratios
1or eye length, 0.85 for head length, 1.04 for pectoral fin
_-.99 for snout to dorsal distance, and 0.77 for anal fin
may be scen. Deviations from isauxesis are also apparent
Vth of maxillary, body depth, and caudal peduncle depth.
Parent that, although body form is not the same throughout
rowth, the rate of change of body form is constant over
Ve growth periods and subject to precise description.
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Growth Inflection .« changes in the slope of the relative-growth line denote
-hanges in organization and are termed growth inflections.
1 inflection is used rather than metamorphosis which has
od to describe a whole stanza of growth when body form is
» rapidly and marked heterauxesis is found. Such meta-
«is has been described by Ford (1930) for the stanza from
h of about 25 mm. to about 50 mm. in the Atlantic herring,
rengus (see figure 9). Inflections delimit the different
» growth stanzas which are found during the life of the fish.

Apart from the gradual changes in body form descrileq a
more striking changes in body form of fishes have been recogniy
At sexual maturity, the salmonoids in particular show ap acceq
tion of certain characters such as head and fin lengths. g,
ingly apparent are the changes in the transition from cmpyp.
to juvenile form that they have been recognized as metamorphge
(Ford 1930, Huxley 1931). Usually fishes exhibit such majop
changes early in life, and throughout the long growth period g
adult life a relatively constant body form is found. 3

By extending the relative-growth analysis to include
changes as those found in early life and beyond sexual ma
deviations from the single straight-line relationship bheg
apparent.

A consideration of the body form described in figure 2 indicat
the necessity of such deviations from a single straight-line rela

Cristivomer  namaycysh

ship throughout growth. Extrapolation of relative-growth \vx“.

to a standard length of 10 mm. infers that head length would b 97 0
: . o0 )

4.5 mm., anal height 3 mm., and eye length 2.1 mm.—an obvi )

absurd situation. At some early stage in development these par
must have grown faster than the body as a whole in order
appear at all. That such is true is apparent in the presenta
of the relative growth of certain body parts for five species (ﬁ.
3 to 7).! The essential feature to be observed is that in contrd
to figures 1 and 2, all the points for each character mf;.-asur?ff_
not lie on a single straight line. The simplest interpretation
possibility that the points may be fitted by two straight
Such has been the procedure in fitting lines to these relative &
curves. Although straight lines fit the data remarkably \\"?n
is some doubt as to whether or not the apparent changes 1
should be drawn as curves or sharp breaks. For simplictts
latter procedure has been followed. Such a proposition of cont
tive relative growth stanzas, each fitted by a straight lin¢, ff_lc-‘ '
interpretation even though it may only be an approximatlon-
"Measurements of Astyanax, Dorosoma, Brycon, Acipenser and Lette
were made by the writer on specimens stored in the Fish Division o'f
of Zoology, Ann Arbor, Michigan. Details of measurement techniqué
on page 35.

{ T b L AL ] | S A Sl
20 30 4030 W 20 304035 TO

0

Stgndara Lengih, mim
\ rowth inflection of body parts of lake trout, Cristivomer namaycush,
't Oden hatchery. Each point represents the average measurements

mple of ten fish. Samples were taken regularly from February tc

‘mber, 1941.

~cut example of inflection is found in the ontogenetic
flake trout, Cristivomer namaycush, presented in figure 3
= 1. The data are the means of measurements for regular
f hatchery-reared lake trout taken from February to
» 1941, at Oden hatchery, Michigan. Details of sampling
“tasurement technique are described on page 34. The
A feature is the appearance of a growth inflection when
'€ach a length of about 30 mm. Between 20 and 30 mm.




- zorM IN FISHES 15
14 Tur MECHANICS OF ENVIRONMENTAL (g ForM 1T

head length, eye length, anal height, pelvic ar.ld pectoral fin lengg
body depth and body width all increase rapidly as compareg )
increase in body length. Beyond 30 mm. these body parts -
closely approximate isauxesis. The degree of inflection differg ¢
different body parts. Snout to dorsal and dorsal. to caudal mas
surements do not show appreciable growth inflection:
ﬁﬁ (""‘\ T
i \/\5&\“
®C  Dorosoma cepedianum
-
o "
g
E,g—
Sl
o]
Aol
S0
N
oV
Q —
i
i ! | AT P A, NS OO I N 0P
10 20 30 40 GO &0 100 200 300 400 500
Standard Length, mm
L AN N I

20 40 GO 80100 150 200 300 400

owth inflection of head, eye, anal to caudal and caudal peduncle
Standard Lenglh mm

1 Brycon guatemalensis. Each point represents one fish. The degree

A o Ction is stronger in some parts than in others.
FIGURE 4.—Growth inflection of head, pectoral, and anal fins in Dorosis ) i

cepedianum. Each point represents one fish.

of 1.58 and 1.66 before inflection and 0.93 and 0.89
Hubbs and Whitlock (1929) recognized the dangers
N using body proportions to describe young gizzard shad
ge in form was found to be rapid at small sizes.

Characin, Brycon guatemalensis, the lines for head length
:f-' eter shift from the same growth ratio of 1.23 for sizes
O mm. to 1.02 and 0.72 respectively for larger fish (figure
to caudal measurements indicate tachyauxesis (1.21)
are 38 mm. long, and an equilibrium constant of 0.99 is
€after. The caudal peduncle depth shows a comparable

inflection is found in head, eye, and body width; strong inflect®
is apparent in relative growth of body depth and fin lengthzg
Other examples of growth inflection are presented 11
4 to 7. . -
The gizzard shad, Dorosoma cepedianum, shows 1niic e
the relative-growth lines of head length, pectoral fin -IEI]R re'
anal fin height (figure 4). Head and eye growth ratios ﬂnd
and 1.56 respectively to a length of 34 mm. and 0.86 'El cro
respectively thereafter. Pectoral and anal fins show

ctions =
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shift from tachvauxesis (1.68) to isauxesis (0.98).

The head of the sturgeon, Acipenser fulvescens, shows ., o
from strong tachyauxesis (2.00) to bradyauxesis (0.84) a( 4 st
length of about 34 mm. (figure 6).

eter and postorbital length shift at a standard length of
" mm.; pectoral and anal fins shift from one equilibrium
+o another at a length of about 25 mm. Finally it should
that the direction of inflection differs from part to part.
orsal and postorbital lengths increase faster after inflection
e, whereas eye and anal height increase more slowly

& / on than they do before.
Q
= Acipenser [ulvescens .
% Levcosomus corporalss
3 e‘]ﬁ/‘ -
We i
¥ 03 -
3 A
3 7 ‘/—, \‘,/'.t,\q\"
: . 2ot o
2 il 7
SN - ?.,,/:Nqo & i
o s } /(7(\
t ©
el £ ¢ I
B i / :
:-I. :
I‘ k -
y -
m}' i ;
[ // v
‘ _j r
10 —L L ] ' I I [ T T
H A ) sl g 20 3040 60 80100 12020023 15 20 30 40 6O 80 100 150 200250
Standard Lenglth, mm i —

Standard Length, mm
FIGURE 6.—Strong growth inflection of head in Acipenser fulvescens !

( blished). Each point represents one fish. —Growth inflection of body parts in Leucosomus corporalis. Each
data from Harkness (unpublished).

represents one fish. Body parts differ in size at, degree of, and direction

ri on.
demonst

The data for the fallfish, Leucosomus corporalis, et

approximate isauxesis of postorbital length, head ;C'n.‘éiﬂ‘!ﬁn e ni : _ ~
fin length, head to dorsal distance, body depth amg ‘%1‘1‘1 pared ‘__*Sl.ldden_shxtts or inflections from one phase to the next.
beyond growth inflection (fAigure 7). Tachy-a;\xesxsi;? kt}a i f'. examined are found to de'monstrate slight heterauxesis
all but postorbital and .hea}d. to.dorsal Iengtf]slr;rnvo i slop JOI" part of the growth perl(_{d prcc_eded by strong hete-
growth ratio. The variability in degree 0 C}cﬂ:ctiml a during 'early growth. The mﬂezctlons f.rom stfong to
worthy of note. The snout shows no obvious 1n b terauxesis occur bet\VGeI? 20 and 45 mm. with considerable
head very little, whereas pectoral and anal fins show ¢ 1 apparent between species and between body parts within

¥ Hfferent = . A= G L gl § F . .
shift. Of further interest is the fact that there are diff¢ = Species.  In addition to this variation in size at inflection,
Tee of and direction of inflection from one phase to the

eneral, definite stanzas of relative growth occur with

iff - obser™
the length at which inflections of different body parts ar¢
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next vary markedly from one species to another and from one by : Q

part to another within the same species. f fo pecioral o Dorsul /6 anus i,/
Growth inflections in fishes have been recognized by ol st =

authors. Doan (1939) described the relative growth of vari a B~

body parts in the smallmouth bass, Micropierus dolomie, H '

inflection was found in snout to anal length, snout tq do, . = ‘

measurement, or dorsal fin length. Head length and eye diameg ol

however, shifted slope at 9 mm. standard length and pectoral ol ;

length and anal fin height shifted markedly at 12 mm. Syqq.. i’

shifts from tachyauxesis in the head and certain fins were o e ‘

at 11 to 14 mm. in the pike, Esox lucius, described by Spren; . i

(1945). The relative growth of gars, studied by Needham (193 7 LS I L it S .,LLAHJ

Hammett and Hammett (1939), and Huggins and Thom

(1942), showed marked inflections both between 20 and 45 ":. gt syl

as described above, and again at larger sizes. The rostrum of £ o~

spoonbill described by Thompson (1934) and the jaws of B o«

(Huggins and Thompson, 1942) showed a very gradual inflect; = o Sapae

in their relative growth as a result of marked growth gradie A = ‘,/;‘. e

within these parts. Sudden changes in the growth gradient ;’: A

been described by Desbrosse (1936) for the red barbel, Mu ¥ Z 4.7'.

barbatus, at about 12 and 18 cm. The first inflection was associa b T

with gonad development and the second with sexual maturi m e

Fish smaller than 5.6 cm. were not examined, but above this s - i (?;10 Ld g 1lsl I, IQIO_LuJJ- S

the opercular region showed the most marked tachyauxesis.
11 to 13 cm. the distribution of growth potential changed, th
being then two regions of maximum tachyauxesis, the snout @
the anterior part of the trunk. Similar changes have been r
nized by Hamai (1941) in the carp, Cyprinus carpio. Mottley (19901
recognized changes from bradyauxesis to tachyauxesis for _SBV ]
body characters of Salmo kamloops, at a length of appromﬂ}ﬂ'_
26 cm., coincident with the onset of sexual maturity- Simi
inflections at sexual maturity in the relative growth of such €4
acters as head and fins have been described for Salvelznis '
and Salmo kamloops by Martin (1939) and for Salvelinus [onmEs
by Martin (1939) and Wilder (1944). .
Two growth inflections have thus been recognized
species. One has been shown to occur between 9 anc 2a)
depending on the part and on the species. Needham (19302

Lenglh of boaly, 772077,

rowth inflection of body regions in Salmoe salar. Plotted by Fry
het_ﬂ). There is a shift in the relative growth gradient at 16 mm.
er inflection mentioned in the text is not illustrated by these data.

'that the onset of ossification may be responsible for this
The second inflection, found notably among large
1d ﬁsh.es, has been related to the onset of sexual maturity.
= relative-growth picture for the Salmonidae has been
f by measurements of body parts in small fish both before
hatf:hing. Fry (unpublished) studied changes in the
M during early growth in salmon, Salmoe salar, which were
0 a length of 25 mm. and sampled regularly during their
to that size. His findings are presented in figure 8. Two

{ in
| 45
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Co
further inflections are recognized at 12 and 16 my, befg ¢ Mechanisms of Change in Body Form
growth inflection found at about 30 mm. The first growth ‘S

of which only a glimpse is seen, is featured by an <:x1runels- :
growth of head and eye within the egg at a length of |.o 3

‘mechanics of relative growth has been clearly established
ories of growth stanzas differing in the magnitude of the

2 : ; S thap constant with each stanza applicable over a different size
mm. Eggs be}'?“d this first Phd_be of devel01'_”“”“ are referreds Differences in body form found among populations, vear
as eyed eggs. A second stage of growth during which heaq and individuals of the same genetic group result from

grow more slowly than the body as a whole to a lengtl, of 18452
is shown more clearly. In the third stage the head 444,
much more rapidly than the rest of the body. This growtht
the anterior region is so rapid that if it were to continye the }
would constitute 70 per cent of the standard length ot 100 1
This third stage is entered into at about the time of hateh
A sudden change in the relative-growth gradient is thus app
at 16 mm. Between 12 and 16 mm. the fastest growth is fo
in the pectoral to dorsal region. Beyond 16 mm. the snou
dorsal and dorsal to anus measurements show the lastest arow

Corroboration of the extreme forms of heterauxesis foun
early growth has been shown in the relative growth of postorb
and the pelvic, pectoral, and dorsal fins of Salmo fario pres
by Sprenger (1945). In this work, inflections in the rela
growth of parts were not found to be coincident with hatching
occurred before and after hatching time.

Day (1941) provided snout, operculum, and eye measuren
for Salvelinus fontinalis which, as plotted on a logarithmic
show an inflection from bradyauxesis to tachyauxesis coingl
with hatching at 10 to 12 mm.

A relative-growth analysis of change of form throughout
life of a fish thus reveals a number of stanzas of heterauxesis.
the salmon five such stanzas have been recognized. The

ns from the mean relative-growth pattern for the group.
re two possible mechanisms through which differences in
orm can come about. It may be that the slope or degree
srauxesis of a particular growth stanza is affected, thus
e about changes in body form directly. On the other hand,
ces in body size at the time of inflection from one stanza
next may bring about differences in body form. If the
each phase of relative growth should remain constant
pecies, marked differences in body form could still result
ze differences at the time of inflection. If for example the
om tachyauxesis to bradyauxesis found at say 30 mm. was
r at a body length of 25 mm., the relative size of the body
nsidered would be relatively small and continue to be so
vared with fish which shifted slope at greater body lengths.
tential disparity that might result from such a cause would
d on the degree of inflection for the body part under con-
on; the sharper the angle of inflection, the greater the
e disparity. Since there is the greatest divergence of
ve growth rates from isauxesis in early growth there is an
tunity for slight changes during this period to have a pro-
effect on the proportionate size of body parts in later life.

the considerations outlined above, the problem of assessing

tors ini form has been s of
growth demonstrates tachyauxesis to the eved-egz s8¢ b .grO\::l:er:’]llr?llc?% L:’.?)d(?l]etgrmine whethe;ﬁltjfceiinzzstierirz;ooé
vauxesis until about hatching time, tachyauxesis again until W . P
Sidiy : ‘ ; ’ e S ¢ at time of inflection are both at work in the control of

5 i : i rauxesis during the 8T i ) -
salmon is some 30 mm. long, slight bradyauxesis ;i orm, or whether one or the other may predominate. This

i ke TSR 4 - = raate ng | he & - . s 5
I’dfttOff JUVICU;IC grow th, m\lﬁlhc}l}} a‘ll‘\eS‘Sft‘?l,]:)r\;mé heterats® Tshould be solved by an investigation of the relative-growth
ment of sexual maturity. Although cases ol ext by rare nics involved.

over an extended period of the life of a fish are probab!y o
¥ B L

perhaps the rule for them to deviate widely from isauxesi=

growth stages.
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| cch at higher latitudes (or from colder waters) have relatively
heads and other body parts and more vertebrae than do
esentatives of the same species in more southern latitudes (or
Jer waters), but do not conform to the contention that fast-

ing fish have relatively small heads. The data on head

ANALYSIS OF MORPHOLOGICAL DIFFERENCES BY Tl
RELATIVE-GROWTH METHOD

Differences among Populations
Some of the differences found in nature among fish populyy,
Ony

have been examined by the relative-growth method, ;g
correlations which have been found between body forp A
growth rate or early rate of development reconsidered in light 5
this examination. Curves and data found in the literatyra ¢ 2
gether with original data have been used in this relativegry i
analysis of diversity within species. ol
E b=y
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RE 10.—Growth inflection and parallelism of head, eye, and anal height in
-Oregonus clupeaformis. Data from Hart (1930a and b).

bs are presented in figure 9. Jean has demonstrated the
Uelism of these relative-growth lines and the difference between
- In order to relate this parallelism to the inflection which
und at about 50 mm. standard length in this species, measure-
'S of photographs presented by Ford (1930) and Huxley’s
ysis (1931) of Ford’s data for small herring are included.

FIGURE 9.—Growth inflection and parallelism of head in Clupea harengits: .
from Huxley (1931), Ford (1930) and Jean (1945) *

Jean (1945) has compared populations of the Atlantic he‘}'}
Clupea harengus, taken in the Gulf of St. Lawrence and has 8
that the fish from the relatively cold waters of Tle Verte, in con
to those from the warmer waters of Anse au Gascon, were ©
terized by a slower growth rate and by having smaller head$ :
more vex:tebrae. These data are in accord with the hypPot=
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comparison again is the fact that relative-growth lines, for
seasurements of seven populations, are parallel. Five popu-
s which had diverse rates of growth had virtually the same
head size. The Beaver river populatian, in spite of a
growth rate, was characterized by a relatively large head
however, that proportional differences between the two popyp, In these popul'ations there seems to be no correlation between
tions were equally great over the size range examined since th&; orowth and size of head. The eye mesfsurements presen?ed
relative-growth lines remain parallel and distinct thmughﬂut:_ te, on the other hand, show some divergence of relative
growth. An inflection in the relative-growth curve for both heaq

Measurements of whitefish, Coregonus clupeaformis, as Presen ot
by Hart (1930a and b), have been plotted in figure 10. In CONtrag
to the herring described above, the fast-growing whitefis, fre
Lake Ontario were found to have smal! heads and fins as COT!'II)aredj

with slower-growing fish from Lake Nipigon. It is appareng.
]

This phenomenon will be discussed later.

lative growth in three lots of brook trout, Salvelinus fontinalis,
> in growth rates, is presented in table 2 and figure 11.
ew fish less than 30 mm. were taken, growth inflection is
rent. Average measurements for each of the samples
throughout the summer at Oden hatchery have been plotted,
relative growth of each lot has been followed by drawing
at lines through these points. Those in the small sort had
ely large eyes, heads, pectoral fins, anal fins, and the body
rre slender and narrower. Since sorting was carried out on
sis of fish width by screening through trays fitted with
spaced rods, it is perhaps not surprising that differences in
roportions were found. The interesting feature, however,
act that differences were maintained after continued growth.
itogenetic growth of each group was such that fish with
epth and width continue to have small depth and width,
yes, large heads, long pectoral fins, and high anal fins after
onths of growth. There does not appear to be a divergence
¥ form with growth rate, but rather the slow-growing fish
om the fast-growing individuals to a comparable degree
> whole size range. The relative-growth curves of these
Ots suggest that the differences in body form resulted from
fces established early in development.

artin (1939) has described north-south form differences in
Omer namaycush and Salvelinus alpinus. Again, although
re limited, the relative-growth ratio was found to be

Salvelinus fontinalis

15- 200 34 86
I
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Figure 11.—Relative growth of slow, medium, and fast-growing hatchery stocks:
of brook trout, Salvelinus fontinalis.

and eye occurs at 30 mm. standard length; an earlier inﬁe:-ctmr:i;
8 mm. is also suggested by Hart’s data but has not been included
here. Vi | il

The data used by White (1936) in the comparison of hcﬂidsm-_E
in slow and fast-growing populations of salmon, when plotwf olﬁ;
a logarithmic scale, indicate that differences do not rCSUIt, ;
divergence of slopes. The relative-growth lines are [hgﬂm&
throughout the parr stage. These data on salmon parr, 2"

arr, S0 at southern populations had relatively larger heads, maxil-
salar, have been extended by Wilder (1940). The striking fea

and eyes than northern populations, were largely due to
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a lateral displacement of the relative-growth lines rathe,
change in slope.

This relative-growth analysis has thrown light on the Natype
differences among populations of the same species. A
common to the differences among populations herein descrih
the constancy of the relative-growth slopes within a Specieg,
case of divergence of relative-growth lines has been foung
this single divergence is overshadowed by cases showing I"ill'allél' a study of halibut, Hippoglossus hippoglossus, McCracken
This recurrence of parallelism directs attention toward the Poss 7y has found that the slopes of the relative-growth lines which
importance of early development, operating through growth ; ribe each pectoral fin are the same, but considerable difference
tions, as a factor in the control of the body form of fishes,  size at a given body length is apparent. The pectoral fin
in light of this explanation, those exceptions from the gep e eyed side is considerably larger than that of the blind side,
correlation between growth rate and body form which were fo in the size range studied (45 to 200 cm.) the percentage differ-
in certain populations of Clupea harengus and Salmo salur are g e between the two is constant. Somie critical stage in the carly
not to conflict with the established laws of growth. In gene f the fish, following the symmetrical stage, must bring about
rapid growth in later life is associated with large size during tive difference in fin size which remains constant {rom then on.
development and hence a general correlation between growth
and body form is to be observed. However in the exceptions
this rule cited above, this more usual correlation was not fou
the size relations during early and late development being no
correlated, and the usual relation between body form and gros
rate was not observed, although the growth partition cons
remained the same.

ation investigated, little margin is available for variation in
among individual growth lines. Such evidence contributes
o thesis that differences in body form are established at
| stages of development and remain relatively constant
wuehout any particular growth stanza.

!Zhan

Asymmetry in Individuals

Correlation of Body Form with Meristic Characters

ifferences among populations within species have been
cterized by the repeated recurrence of correlation between
orm and meristic characters. As pointed out above, northern
lations commonly have smaller heads and fins, together with
jater number of meristic parts such as vertebrae, scales, and
ys. This correlation has been referred to by Hubbs (1926)
Tester (1937). Although slow-growing herring, as described
ean (1945), differed from many slow-growing populations
d in other species in having small heads and fins, they also
more vertebrae and thus conformed with the usual correlation
body form and meristic counts.

Differences within Populations

If growth rate were to influence body form directly withi
growth stanza this could be accomplished only through a .ch
in the slope of the relative-growth line. Within a populatio
slow-growing individuals would, under these conditions,

3 - o™ 1ster-growas . . . )
.rele%tlye-growth_ L dlfferent slope from those of fﬂ?uf %1& tis well recognized that somite number and hence number of
individuals. Since such differences would be cumulative ©

Hemtrothlines deatbing dem: aaf! ek groilie - divid b Stic elements, is modified by rate of early development (Gabriel,
-grow s desc ast-growing e '

1d ti to diverce. with the resnlt that the vanas 3 e correlation of. body form. with meristic characters,
wou ICO[“ LALGT S bf-l‘ erg;, ";1 4 e rb - siculdl b -ated throughout the literature, points to a similar predeter-
spread ol points about the line describing any partit ]

ular B o Lo iy ( N )
part would increase with growth. However, an ex[ll“l‘l‘iﬂ.tl()n: body form at an early stage of development.
figures 2, 4 to 8 and 10 indicates that relative growth 15 @

1 large
terized by constancy of scatter among both small and lrlrrgr
With such constancy of variance throughout growth, 4

Discussion

A '__the foregoing relative-growth analyses it has been demon-
€d that body-form differences among groups of fish are not
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Al (‘DN b

~MNI
2d individuals vary in the size at which sexual maturity is
| suggests an opportunity for the assessment of the im-
e of inflection in the determination of bodyv form.

always negatively correlated with rate of growth. Relatiw:ly .

body parts have been found in some examples to be

with rapid growth and in others with slow growth.
The differences among individuals of one population amel

assqe 2

I
populations of one species seldom result from a change | o b Sohohe 3y
growth constant. WVariation among populations of the sae gl m%: JGNVE/IUS LaalInalis
has been shown to be such that differences in body form found ia &
later life are also found to be relatively as great at smaller si R o;
In the exception to this generalization, found in eye diameter ia [ E‘ wF
salmon, the divergence of slopes is superimposed on differey e V) &
established early in life. The comparable variance of part-leng DN oo J
relationships at small and large sizes implies that the relati % Et /_/’
growth lines which describe individuals within a population are als B /./"' A
parallel. N 20 A

In discussing the possible growth mechanics involved in effees ;9_: - S

morphometric differences it has been pointed out that changes = o Pa
body form could be brought about either through differenc '§ o ' ,

s g 4 o A ; ©- / o Fresh Water Trouf- |
slope or differences in body size at growth inflection. Since di 4l L SmorlBraoks.
ences in slope have been found to be of little or no importance b // __V_,4,:.45:’:}?}‘8;‘5;&:9{?;2?‘;;;-
there is strong suggestive evidence that body size at growth i R Sea Jrout.
tion may play the major role in the fixation of differences in 4 5 6 7 8910 52625 %0 3

form.

It is furthermore inferred, from the fact that growth rate is
always correlated with body form, that early development may
an important factor in the direct control of body form.
common correlation between body proportions and number
meristic characters suggests that body form is determined eflﬂ'ly
life. If inflections can be demonstrated to be important L&
mechanics of control of body form, then early development e
be expected to be correlated with body form both because of
number and sharpness of inflections at very small sizes.

Standard Lenglh, cm

larger bodies of water, and “sea run" stocks have been
S by Wilder (1944). His presentation of relative maxillary
of each group is shown in figure 12. It may be seen that
lilibrium constant, k, is approximately the same for all three
both for immature and mature fish. The groups differ in
maturity, with brook fish attaining that stage at a relatively
1ze and sea-run stock at a much greater length. These
€d differences in size at sexual maturity, and hence at the
inflection, resulted in large differences in relative maxillary
Ong mature groups. In spite of constancy of rate of change
1, gross differences in morphometry resulted directly from
fices in body size at growth inflection.

GROWTH INFLECTION AS IT EFrEcTs DIFFERENCES
iN Bopy ForMm
Form Change at Sexual Maturity

The fact that growth inflection may be found coin
sexual maturity, together with the general recognition t

gidcﬂt "3
hat poPSS
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Kennedy’s (1943) comparison of dwarf and normal pop“"“iﬁnsi
of whitefish, Coregonus clupeaformais, found within the sam. Iake.
demonstrated that both groups had the same relative-;:-m\vth
constants. The two populations differed in size at maturity, rate
of growth, length of growing season, and number of scales 4y il
rakers. When body proportions were compared by the relatiye,
growth method it became apparent that although the matyre fish
differed in body proportions, they followed the same relative-g;-m\,th.
pattern. Both slope, k, and intercept, b, were identical ip the
two groups (the lines were identical). Equilibrium constants fop
anal height and length of pectoral fins were greater for Immatyre
than for mature normal fish. No data were presented for relatiye
size of body parts of immature dwarfs. Although growth inflection
at maturity occurs at very different sizes, differences in the relative.
growth constants were not apparent. Differences, which must
have occurred in the intercepts or b values of the two immature
groups, were suddenly removed at the growth inflection at sexual
maturity so that b values in the two mature groups were identical.
This whitefish study demonstrates that adjustments in body form
can result directly through growth inflection.

This hypothesis concerning the mechanism through which
variation in body form is effected may be offered as an explanation
of the data presented by Hile (1937) concerning the correlation
between the morphometry and growth rate of the cisco, Leucichthys | | [ el i [ i)
artedi. Hile's data for head length of four Wisconsin populations 30 75 100 125 150 175 200 250 300 350 400
have been plotted in figure 13 together with data by Iry for helaad Standard L ernglh, mm
r.neasurements.of 3425 Nipissing ciscoes (tablé 3)_- The .NipisSlﬂg _3-—Parallelism of head growth in Leucichthys artedi. Data from Hile
line shows an inflection at about 200 mm., coincident with sex °f) and Fry. The lines drawn through the Wisconsin lakes figures have
maturity, a change which is considered real in view of the izfrge_ R drawn parallel to the upper slope of the Nipissing data which is for
number of specimens measured. An examination of the poififs: e
plotted indicates that little divergence in the slope of the relatives
growth lines is found among the Wisconsin populations. BV ‘-‘smgl
the Nipissing “mature” line as a base, parallel lines were drawf”*
through the points for mature fish from each lake. Since st
lines fit the points reasonably well the differences in relative h i
size may be described by differences in the intercepts, b, made
these lines with any y axis. The Trout lake populationt l'_laa
slow growth rate and large heads, whereas the Clear lake cis€®"

Levcichthys arteds

x /V/'p/'ss/‘ny

« Clear

o Irouft

5 /l'/u_s/\‘e//unye
o Silver

13

PId growth and small heads. Similar differences have been
by Hile for maxillary length, eye diameter, and length
€4 and dorsal fins. Such a correlation between body férm
€ of growth held for a comparison of populations and for
Yals within a single stock. The 1928 year class from
nge lake showed differences in body form which were not
- 0 growth rate. Difference in the environment during
‘ent and early growth were the causes suggested. Thz
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possibility that differences resulted from differences ;
3 in

mperatures of 46°F., 53°F., and 60°F., respectively,

growth inflection offers a plausible explanation of th; 1 it the 9-month period. Temperature control was effected

involved. Head measurements of small ciscoes 1;1" ‘Nech __ of thermostats in each of the troughs and electric heaters
: s (T 3 2 . 5 = .

Sentediy cervoir tanks which supplied these troughs. The reservoir

Pritchard (1931), as plotted together with data on larger o, -
f‘eveai growth inflection at 18 mm. Size differencc-; mTDecl
inflection or possibly at that found at the onset of sexy;]

may have resulted in the differences in body form \\'hif‘l‘] hmat
fo'und among ciscoes. It should be noted that the f-.qave
Nipissing ciscoes did not have relatively small heads\ j Thi
crepancy from the general rule can hardly be accounte_wj for .
by differences in measuring technique. The body form fen
the 1928 year class of Muskellunge lake can best be ex Jlffi i
resulting from size differences at some early groxx-thl Iinﬂ“
Such differences may have been sufficiently q‘reat to nl’f;:;
effect of difference in size at the sexual—n1at11ri£5f inﬂea_‘.tir_m. -

”'[‘he evidence presented for three species of fishes demonstr:

the importance of the sexual-maturity inflection in modilying ol
f(?rm. Differences in fish size at the sexual-maturity inflection
directly related to the differences in body form [ollo{vinq inflection
:The relation of growth rate and rate of developm(‘nrl to siz
inflection and hence to body form is discussed further on page

ere in turn supplied by a head water trough receiving the
- water supply at 45°T".
s were hatched in small Clark Williams boxes at each
outlet and, after hatching, the fry were transferred to
il troughs (43 inches long, 13 inches wide, and 7 inches
r ‘he water flow for each was held constant at 0.2 gallons
ute. Temperatures, taken twice a day at the head of
yugh, remained constant throughout the experiment.
: g_s used were a random sample taken from a shipment
| at Harrietta hatchery on December 22, 1940, and received
“on December 23. Approximately 4,000 eggs were set up
temperature on December 23 (16 ounces at 240 eggs per
Owing to differential mortality during early development
1bers remaining on March 7 were about 2,500 at 46°F.,
'53°F., and only 25 at 60°F. Due to excessive mortality
. this part of the experiment was abandoned on March 8
remaining [ry at this temperature were preserved.
r hatching and prior to feeding each trough was divided
inally by a median partition into two halves, and the inlet
vas divided between them, in order that fish in one half
e fed more food than those in the other half. The numbers
trough division at 46°F. were reduced to 500 prior to feeding
at crowding might be considered comparable with that
On March 8, 500 fry, hatched at 46°F., were transferred
of the 60°F. trough divisions. Thus by March 8 five
iental lots remained, two at 46°F., two at 53°F. and one
red from 46°F. to 60°F. These fry were reared on a diet
: liver fed twice a day until September 20, 1941. Following
ery procedure, one lot in each trough was fed as much liver
ish could readily consume. These are referred to as well-fed
Che two remaining lots at 46°F. and 53°F. were fed one half
b liver by weight as that given the fish in the other division
ame trough. These are referred to as ration-fed lots.
"m()rtality, apart from sampling, is recorded in table 4.

Experimental Control of Body Form

. In order to assess the relationship of body form to slope
inflection on the one hand and carly development and subsed
growth rate on the other, experimental studies were carried
at the Oden hatchery, Michigan, which has an artesian-well
supply, with a constant temperature of 45°F. throughout the
Rainbow trout, Salmo gairdnerii, were reared under cont
conditions from the day after fertilization and sampled regu’
during a 9-month period from December, 1940 to Septembers 1
Some were reared on different diets at a constant temper®
and others at different temperatures but on the same dict in
that possible differences in ontogenetic relative-growth mech?
might be traced.

Experimental Methods

1. Temperature experiment. Three troughs were held 3858
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hit—Distance from the origin of the anal fin to the tip of the longest ray.
~audal—Distance from the origin of the anal fin to the structural base
'. a;,udal fm.

vertical distance through the body at its deepest part.

posterior diameter of the uncompressed eyeball (the eyeball pro-
sufficiently in the small trout so that this measurement was taken
) facility).

¢0 anal—Distance from the origin of the dorsal fin to the origin of the

Mortalities in the 46° and 53° lots were similar, but ;¢ 60° |
mortality was more than twice as heavy. More tl};m half of
60° loss occurred during the first month. jThe possible imporg
of this differential mortality must be considered as a f[actqp in.
selection of fish of certain body form. L
9. Feeding experiment. In addition to the temperature ¢
ment a feeding experiment was set up to study the effect of djf,
diets in the control of body form. Eyed eggs were recej
Oden, from Harrietta hatchery, on I?ebruaE}; .‘(3, 1941,
eggs were hatched on and about March 1 at fl:o F. On Mare
20,000 of these were transferred to each of eight hatchery re;
troughs and on May 6 the number of fry per troug_h was redug
to 5,000 to avoid crowding. They were fed sheep liver in ag
ance with hatchery procedure until May 10.. From May |
September 20 the same weight of foo'd was given (o e;lc!n of
eight lots of fish but the diet was \_farled; two lots were given ]
per cent sheep liver, two lots were fed 90 per cent liver and 1
cent kelp by weight; two lots were reared on 90 per cent li
and 10 per cent beef blood by weighF; and two lots were
50 per cent meal (13.3 per cent skim milk, 13.3 pc:f cent cot1':,0 .
meal, 13.3 per cent herring meal and 10 per cent ‘“‘Red Dog
and 50 per cent beef blood by weight. Temperatures were €0 .
at 45°F. throughout the feeding experiment. ’_I‘he mortality, aF
from sampling, is recorded in table 5. Mortality wa’aﬁlo\vc(?i ‘ y
liver fed fish and highest in those receiving mcz}I, lhff. tl -
in mortality between these extremes was about 50 per cent

k'

o caudal—Distance from the origin of the dorsal fin to the structural
> of the caudal fin.

th—From the tip of the snout to the posterior most margin of the
culum.

to anal—Distance from the insertion of the pectoral fin to the origin
he anal fin.

and pelvic lengths—Distance from the insertion of the fin to the tip
the longest ray.

dorsal—Distance from the tip of the snout to the origin of the dorsal fin.
)y j)_ectoral—Distance from the tip of the snout to the insertion of the
ength—From the tip of the snout to the posterior end of the vertebral
n, measured in millimetres.

otal weight in grams. Average weight of ten fish recorded for small
olk sac was included).
istance through the body at its widest part.

se measurements were made with needle-pointed dividers
| ruler graduated in half millimetres. In view of the
ze of most of the fish, each measurement was estimated to
The well-fed rainbows reared at 46°F., 53°F., and 60°F.,
brook trout, were measured by the writer in 1941. The
rainbows reared at 46°F. and 53°F., the lake trout, and
ows reared on different diets, were measured by N. V.
n in 1945. Thus, the fish reared on different diets or at
It temperatures were handled as a unit at one period and
€ compared within the experiment. Iish in different units,
¥er, cannot be compared since there may be differences in the
que of measurement. All measurements were made without
Nce to the origin of the fish.

h-weight comparisons for the different well-fed lots in the
fature experiment are based on 11 samples (115 fish) taken
e 46° lot, 11 samples (112 fish) taken from the 53° lot, and
ples (125 fish) taken from the 60° transfer lot. Comparisons

Sampling and Measurements

o gt res
Samples of about ten fish were taken from each lot

(about every two weeks) throughout the expgirm?cﬂtal e
The standard lengths in millimetres and weight in gri_\“?v i
sample were measured and the samples were then {.?ll‘(li‘:';-)

per cent formalin (with a small amount of borax ac Lf:fcr. 0
end of the experimental period all samples were trafs

per cent alcohol for storage.

five ¥¢
The following measurements were made from

1 one L0

after preservation:
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Coy 'R
of body measurements for these fish are based on 12 Smpleg:
fish) taken from the 46° lot, 15 samples (145) fish talkey (rong 2
53° lot and 11 samples (111 fish) from the 60° transfc: lot,
measurements—standard length, head length, eve diamer, snoy
pectoral distance, pectoral length, pectoral to anal diil;ln(;e’ '
to caudal distance, body depth, body width, and anal height Wi
made on each fish.

Length-weight comparisons f{or rainbows reared at dif
temperatures and on a rationed-liver diet were made on 14 sapy,

¢, snout to pectoral distance, pectoral length, pectoral to
.tance, anal to caudal distance, body depth, body width
height).

sampling was carried out and measurements were taken
Jake trout and the brook trout series reported on pages 13

Rates

owth rates of rainbow trout reared on different diets and
t temperatures are listed in tables 6 to 8 and 11 and are
ed in figure 14. The well-recognized increased rate of
‘at higher temperatures is apparent. In spite of differences
h rate, size at hatching was similar at all three experimental
wres.  Thus, hatching sizes for the 46°, 53°, and 60° lots
2.5 mm. (8 fish), 13.6 mm. (8 fish), and 12.7 mm. (2 fish),
ively, whereas sizes of these lots on January 25 were 9.5 mm.
), 13.7 mm. (8 fish) and 15.8 mm. (2 fish) respectively.
tching dates for the 46°, 53° and 60° lots were February
) days), January 22 (30 days), and January 13 (21 days),
_. ely, and dates of first feeding for the 46°, 53°, and 60°
r lots were March 11, February 11, and March 11 respec-

50

I

40
I

30

5f20/7(/0rd Lernngrh, mm
0

July 12, after more than six months growth, 46°, 53°, and
ansfer lots averaged 36 mm., 50 mm., and 4] mm., respec-
in standard length.

more than minor differences were apparent in growth rates
fed on liver, liver and kelp and liver and blood. The fish
.'.f')n_ blood and meal, however, were only 28 mm. long on
2 whereas liver fed fish from the same stock averaged about
. on the same date.

SR [y P M
12 16 20 2¢ 28
I . Y N
2 & 10 14 18 22 26 30 ‘
weeks From Fertilizar/on

10

FiGurRE 14.—Growth rates of rainbow trout reared at different temperatures
: : N 5 F o il

on different diets. Data in tables 6, 7 and 11. The T ot wa tramn

from 46° to 60° F. after ten weeks.

ve Growth

Liffect of temperature. Comparisons of the body form of the
W trout reared at different temperatures are presented in
3 1§ and 16 with data for these figures listed by sample
368 1n tables 7 and 8. The graphical analysis reveals certain
I_netric differences between the three lots of fish. Beyond
1 Inflection, at a body length of about 30 mm., the relative
of eye, head, pectoral, anal height, depth and width are

(134 fish) taken from the 46° lot and 15 samples (116 hsh}l 'i.l
from the 53° lot. Four body measurements (standard 1€
head length, eve diameter, and anal height) were nmd(-: on e f
Length-weight comparisons for rainbows reared in 111(6 -
experiment are based on four diets, two lots on each diet, 'J E -
from each lot and a total of 812 fish. I\-‘Ieasurcmenfvia W el‘eas
on six lots, represented by 49 samples and 493 fish. Ten m'th
ments were made on each fish (standard length, head lengt

ach B
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might result from differences in slope among the in-
, ] re]atjve—growth lines or from differences in intercept
b @ s P ¢ inflection time. By plotting such a series of points for

Salmao gairdnerii

g v B . . ~ -
i o \_0\‘0 ! -rature lot it is apparent that a definite spread about the
el o e o ; - e~
%O . QE}‘(", o u‘la\ 3 ,ﬂ}rough all points does occur. ' .
~ - 7 LT K eb&‘ light is thrown on the nature of this variance about the
| / ) e 1 u . oo L
Sr # ,j#"ﬂ Qi& P(\0\,1.",-“0 . a consideration of sample slopes within lots. Within
Sq' ./"/.;f k 'x.i;«g“' r\“‘ 1ple different sized fish are taken since some individuals
ol 'y/"/.' /_‘,if_,,.':f;\ﬁ .ter than others. Thus, a part-length line may be drawn
W 7 e o ,’./"f‘ N P = PP ~ : ’
_ % F S ‘sample taken. If the fast-growing fish are of comparable
Ew_ / \_w" ¢ h the slow-growing fish then the slope of each of these
9, < ; lines should be the same as the slope of the line through

s irrespective of sampling time. If, on the other hand,
owing individuals differ in body form from the slow-
o individuals then the sample lines would differ in slope
best line through all points describing the whole lot and
t across the line.

inction between sample slopes for fish taken at one time
which describe growth from one time to another, is
onstrated on page 59 in a consideration of length-
ationships. In that section it is pointed out that the
f individual age groups often differ widely from the slope
one year class followed from one year to the next.
convenience a special terminology is used to refer to these
. lines describing samples and lots. The slopes of the
ial samples are referred to as “within-times” slopes. The
e through successive sample means is referred to as the
en-times'’ line. This is the line which most clearly approxi-
the course of ontogenetic growth. The best line through all
lescriptive of one lot of fish, irrespective of time is referred
the “within-lots” line. This “within-lots” slope is not
Ted in the statistical analysis since it only approximately
€S ontogenetic growth. It is, rather, a combined “within-
!and “between-times”’ slope which more closely approxi-
‘Ontogenetic growth as the size range considered is increased.
fices between samples for each temperature lot and differ-
“tween lots have been assessed by determining the “within-
Slopes, ‘‘between-times” slopes, and the differences among

j' {1 A T O ey &) pry =
20 304050 70 100 150 20 304050 70 100 150 20 30 4050 10

Standard [ engrh, rmm

FIGURE 15.—Effect of temperature in the control of body form in well-fed ra
bow trout. Data from table 7.

greater in the 53° and 60° transfer lots than in the 46° lot.
differences in snout to pectoral, pectoral to anal, and anal
caudal measurements are apparent. In order that these differs
ences might be understood more fully some of the data have
analysed in accordance with the statistical procedure outlined in
appendix I.

Some discussion of the statistical treatment will serve
introduce the comparisons which are made. The treatments con
pare series of samples of fish taken from two temperatures. £
fish taken from one temperature are referred to as one /of and €
group of fish taken at one time, and thus of the same g€ @
referred to as a sample. Thus, for each temperature, relerence®
made to one lot, several samples, and many individuals.

If all individuals of a particular lot were to follow exactly
same relative growth pattern, then all points describing @ &%
body part would fall on one line. However, if some fish ¢!
from others in body form there would result a certain spréd” o
points above and below the best line through all points.
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Coy
them. The analysis of covariance method describe
(1936) and Snedecor (1946) has been used.

46° (WELL-FED) AND 60° TRANSFER LOTS. These wera seld
for this statistical analysis since they represent two loig 0['
with identical thermal and relative growth historics (4 , 53
length of 20 mm., and differences in thermal histories beyond ;
size. Sixteen samples of fish have been used for this statisg
analysis, all of which were larger than 30 mm. standar] g
and bevond growth inflection. The samples were taken a¢
week intervals from June 13 to September 20; eight sampleg
fish) from the 46° (well-fed) lot and eight samples (81 figh)
the 60° transfer lot. Each lot has been examined [or *“wigh
times”’ and “between-times’’ differences, and the two lots |
been compared as to differences in slope and intercept. 1
statistical treatment for one of the body parts, the head, is g
lined in table 9. Other body measurements were treated in
similar manner and the slopes and significance of differences amony
them are summarized in table 10.

The first point of interest is the fact that “within-times' slope
for each lot do not differ significantly among themselves. For:
part considered the “within-times” slopes are similar, v ith p=>0
Since there is no marked difference among the samples taken €, a result which seems surprising in view of the fact that
one temperature, the total “‘within-times” slope m;‘L,\'“he u slopes are similar. The point of major significance in
the comparison of “within-times’ and "be_twce.n—t_mw.s Sl’?PW Ervlatlons is -thf:).t body parts showing similar slopes but
each temperature lot. The similarity of “within-times ant differences in intercepts are also the body parts showing
demonstrates the constancy of variance referred to in se‘ctIOﬂ -growth inflection at about 30 mm. Those body measure-

For ecach temperature lot the “within-times” slope 15 Which do not show such parallelism are the same parts which
than the “between-times” slope in eight out of nine body show inflections at this size.
The “within-lots” slope is, of course, intermediate lm.t\vcc_ﬂ 5 apparent then that fish of the same stock reared under
These differences are significant at the 1 per cent level in L‘en i conditions to a length of 20 mm., but at different tempera-
cter, body width, and anal height for the 46° lot and EyE ;l‘zll : eafter, developed differences in body form which are of
snout to pectoral distance, and pectoral length for Lhii ‘_’“ 62:15' ¢ order from 31 to 50 mm. The differences occur in those
lot. In addition to pointing out the dangers involved 11 © i arts which show growth inflection.
ing a sample taken at one time to be reprcser}mtivc ol (,J:,litnot ﬁreater 1-nf)rtality found in the 60° transfer lot can hardly
growth, these differences have further mearm.lg.h/ A?hlv lot8 ere(F. of 1n‘1p01'tz}llce in a selection of fish with different
shiove the sample-slopeb: are generally less St-?@[j’ t.:m the o . portions since body measurements well beyond the 46°
From this it may be inferred that fast-growing fish have clmes were found among the 60° fish. As was shown to be
smaller heads and fins than slow-growing fish of the S€xual maturity, another example of difference in body form

correlation between growth rate and body form is reminis-
¢ similar correlations described above for large and small
ot brook trout and those described by Hile for ciscoes and
for salmon. It is furthermore inferred, from the fact
e “within-times' slopes remain constant, that fast-growing
ve relatively small heads and fins at both small and large
“The evidence points toward fixation of body form in this
1 at a critical stage of development, at a body size of 30 mm.

n Figy

CI.
“petween-times'’ lines for the two lots were compared both
lifference in slope and in adjusted sums of squares (inter-
This indicates whether or not the two ontogenetic relative-
lines for each body character are divergent by comparing
k. Further work assessed whether or not the two lines
| significantly in the intercepts made with any v axis.
 head, eye, pectoral, depth, width and anal height lines have
that are not significantly different but intercepts that do
ignificantly. The snout to pectoral, pectoral to anal, and
) caudal lines do not show significant differences in inter-
1or do two of them show significant differences in slope.
er the snout to pectoral line does show significant differences

same
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established with inflection has been found.

In this experiment it was found that the fast-gr;
transfer fish have relatively large heads and fins as comy, 1:?
slow-growing 46° fish. This is the direct antithesis of tht': 1':(} b
within each of these lots the fast-growing individuals hq‘\-Ct tha
tively small heads and fins. By raising the temper;mu-v-\-‘ ,e- relas
the 30 mm. growth-inflection, growth was increased, sizr,:-:ir‘lor e
tion was increased, and large differences in body form .-(.:,fllﬂec'
The subject is elaborated further in the discussion on Imrr; ;ted'

46° AND 53° LoTs. These have not been compared st:LliZtic 7[[
but some differences are apparent in figures 16 and 17. Onla o
anal height measurements does the 53° well-fed lot show greitm
d%fferences from the 46° well-fed lot than does the 60° transfer loir
Since the anal height of the 60° lot was significantly different fl'OI'[;
the 46° lot, the anal height of the 53° lot must also be significantly
different. Differences in this character appear both before and
after growth inflection. This difference is confirmed by the com-
parison of 46° and 53° lots of ration-fed fish (figure 16).

Differences in eye diameter, pectoral length, and body width are
of the same order in the 53° lot as in the 60° transfer lot and are
therefore probably significantly different from the 46° lot. Differ-
ences in these characters are not apparent until after growth
inflection has occurred. Slight differences are apparent in head
and depth measurements beyond growth inflection in the samé
direction as those found in 60° transfer fish. No differences aré
apparent over the size range examined in snout to pectoral, pector
to anal, and anal to caudal measurements. The bady form of
fish reared at 53° is such that relative sizes of eye, head, [1@(‘.1:01'3!’
anal, depth, and width are greater than in fish reared at 46°.
Most of these differences appear beyond the 30 mm. inflections
but differences in anal height appear at smaller sizes indicating
that they may be associated with some earlier growth inflection:
The measurements which have no apparent growth inflectiont
snout to pectoral, pectoral to anal and anal to caudal, are those
that do not show differences in relative size when reared at dif
ferent temperatures. ]

BROOK TROUT. Concurrently with the present investigﬂ“?m
Wilder (1944) compared brook trout, Salvelinus fontinalis, whi€

ith

of
e

E 16.—Effect of temperature in the control of body form in r
nbow trout. Data in table 8.

43

py Form IN FISHES

= <
5a/mo ga/rdner//

Ratiorn-fed

5
I

707
6 T 5,516
I

Vit o
1

4 5
T

3
=D P

Body F

w0
. 46°F

|
20 30 40 50 0
Stanaard Lerigth, 72

ation-fed

eared at different temperatures. Onelot of eggs, from one pair
Jut, was divided on November 22, 1939, and the two samples
hatched at 5.5°C. and 0.9°C. respectively. The former
hed between February 5 and 28, 1940, and absorbed volk sacs
oril 19. The latter hatched between May 30 and June 28
absorbed yolk sacs by August 26. The fish were reared at

ler temperatures after hatching.
d on August 19, 1941 and November 12, 1941, at an average

Samples of fifty fish each,

10 cm. were measured in order to compare the morphometry
two lots. The trout hatched at the warmer temperature

larger eyes, maxillaries, head depth, anal height, ventral
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length, body depth, body width, and caudal peduncle depj, h _ _ﬂectiorls is .furthcr inferred by the fact that diﬁtereqces in
did the trout hatched in cold water. The differences conlory, (8 hometry of rainbow (page 42) and brook trout (page 42) were
those found in the present investigation although the relatiye
growth mechanics involved in effecting such differences ¢ ne"
analysed. Since the major environmental differences occurs

prior to hatching, difference in size at some early growth inﬂeqim':
is most likely to have been responsible for the differences in body

sthough little variation in size at hatching was produced in
sw trout reared at 46°, 53° and 61°I., there is evidence in
terature that size differences at hatching do occur:

Gray (1928) was able to reduce wet weight of Salmo fario
tching from 0.132 grams to 0.095 grams by raising develop-
tal temperature from 5°C. to 16°C. Rapid embryonic develop-
t was associated with small size at the end of incubation.

) Hart (1930) described the size at hatching of whitefish,
wonus clupeaformis, in lake Nipigon and lake Ontario. In the
of Quinte, whitefish hatched after 23 weeks (in April) at 12.1
whereas in lake Nipigon hatching occurred after 28 weeks
fay) at 14.3 mm.

3) Hall (1925) has shown that whitefish reared at low tempera-
5 are 4 to 6 mm. longer than those hatched earlier at higher

form.

wHITERISH. Koelz (1929) has described differences in the
morphology of whitefish, Coregonus clupeaformis, reared in the
New York aquarium. The fish differed from the parent lake Erie
stock in having larger heads, eyes, maxillaries, snouts, and paired
fins. Such differences conform with those produced by raising the
temperatures during development in rainbow and brook trout,

pIscussioN.  Experimental evidence has thus been accumulated
to demonstrate that differences in developmental rate, as con-
trolled by temperature, can result in differences in body lorm.
The data conform with the observations made on natural popula-
tions by other authors to the effect that head and fin Inoaﬁuremgntﬁj
are relatively smaller when development is retarded. The relative-
growth mechanics involved in this correlation has b_L_‘un :lrminEﬂ:_i
and size at growth inflection, rather than slope differences, has
been shown to be the most important factor in the C‘C‘I.L.‘I'Tlllﬂiltlaq:
of body form. Inflections during early development as wcl! as
at scxujal maturity are effective in the control ol body fm'n_u. Smliﬁi
sharp inflections have been found in many species during '31;:
development, there are opportunities for small ch'angvs ﬂ-t]'fe :
stage to produce large differences in body form during ].;ilcl‘ {or-ls'.

The influence of differences in body size at very early mlleitit}lug- i
in effecting such variation in body form is as yet not c]eal‘.l _i'l“i \Ctiﬂfi:'
the importance of such differences in size at the 30 mm.—lllf f—i f
and again at the sexual-maturity inflection have been ‘flﬁ‘ - has
Earlier inflections have been pointed out but to date no or

flection has not been demonstrated to be co-incident with
ing. However, the fact that differences in size at hatching
oe effected by control of the environment suggests that differ-
in size at inflection may also occur. Such differences offer
tional explanation of resultant differences in body form. The
able evidence indicates that early inflections, as well as those
bout 30 mm, and at sexual maturity, play a part in the control
dy form.

Effect of diet. Comparisons of the body form of rainbow
L reared on different diets are presented in figure 17, with
for these comparisons listed by sample averages in tables
ind 13. The data have not been analysed statistically but
'_'1'1 observations may be made. The slowest-growing lots,
€d on blood and meal, did not attain lengths much greater
30 mm. during the experimental period. Since inflection

1911 1 r . yery S BT - . R 5
been concerned with variation of relative growth at \L'I-'hfen‘e i n_ot occur until about 30 mn‘1. boldy length is reached, this
sizes. The importance of these carly inflections may h(l-tunt : hIS presumably c.q'nccrned with differences resulting in one
by the fact that inflections at larger body sizes are 1mports th stanza. No differences in body form were found among

are im{ged ?

o6 T-fed fish. The differences in diet, effected by introducing
- -1l
pﬂ!‘ld

and blood, did not bring about appreciable differences in rate

the control of body form and those at smaller sizes i
analogy to be of at least equal significance. The 1m
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icient rather than a limited diet, the relative size of eve,

Salmo gairdnerii 1
o \/ ‘and snout to pectoral were increased. It should be recalled
ikl o Y, such differences w brought about with increased growth
9 S Arde s edy g v c erences were broug icreased g
N W e : the temperature experiments. Thus, relative size of head
=0 o QL { p p
S ( \A&C‘ ¢ Q«‘o 3 ey e were increased either by poor diet (slow-growth rate) or
~ol o - ’ i
i o500 AR - r temperatures (fast-growth rate). The divergence of relative-
Shdn ot q 'f" B } g f :
Bl O 1 gy jo lines within a growth stanza produced by a deficient diet
i ; ‘,,:' 7 S i niniscent of divergence from parallelism in salmon eyes under
<+ - ;A Al i ! =
8 2. 7 AR YL _growing conditions.
tQﬂ‘ Yo
sl ;js Discussion
i I'he mechanics of environmental control of body form is
| =Sl : : - : o : -
20 30 4050 s e ented diagrammatically, for summary purposes, in figure 18.

. By sampling a population at successive time intervals it
hbeen found that “within-times’’ slopes (5.1, S.2, S.3) are less
the ‘‘between-times” slope (L..1). Within an age group the
ter, slower-growing fish have certain parts such as the head
h are relatively large. Comparisons of age groups likewise
w the older, slower-growing fish to have the larger body parts
as head. These were the findings in the temperature experi-
, the comparisons of three sorts of brook trout, and Hile's
ison of individuals within a single stock of ciscoes. In the
ental lots of rainbow trout it was shown that successive
hin-times” slopes were comparable, thus indicating a constant
ance for both fast and slow-growing individuals.

By comparing “‘between-lots” slopes it has been found that
€rences in fish size at inflection and differences in body form
be effected by environmental control. These form differences
' of the same order throughout the ensuing growth stanza.
importance of body size at inflection has been clearly demon-
for rainbow trout reared at different temperatures. In
€ experiments it was shown that by increasing temperature
" to an early inflection, fish size at inflection was increased
| the resultant body form was altered in such a way that head
€ was larger. The effect of the increased size at inflection was
ficiently great to offset the normal tendency toward small heads
last-growing fish. Only those body parts showing growth
{€ction appear to be subject to such control of body form.

20
Standard Lerngiti, mmn

FIGURE 17.—Effect of diet in the control of body form in rainbow trout. Data
in tables 11 and 13. ]

of growth nor were differences in body form apparent. The blood-
and-meal diet, however, did appreciably reduce growth rate and
effected certain changes in body form. It is apparent from figure
17 that eye size became relatively greater in the slow-growing lot
The relative sizes of head length and snout to pectoral distance
were also greater in the lot subjected to a blood-and-meal diet
From larger sizes of head parts it may be inferred that downward:
inflection had not occurred. Depth and width measurements
showed a tendency to fall away from those descriptive of the liver
fed fish. This is reflected in the length-weight measurements
well. It should be noted, however, that at 30 mm. diﬁ(‘r(rnceﬁ.m
these measurements are not apparent. [t seems possible that Wit
a deficient diet there is a tendency for width and depth measur®
ments to decrease, but that growth in length can not contif!
without conformity to a certain relative-growth pattern. Th_e
higher mortality found among fish rearedl on blood and meal ma¥
indicate a lethal effect among fish which cannot conform with
normal relative-growth pattern.  fer

Pectoral to anal and anal height measurements did not di
appreciably over the length range sampled.

L] ; L _ from
Coincident with reduced growth rate, resulting perhaps 08
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 of growth inflection and the sharpness of the angle of
on (degree of inflection) are as important as fish size at growth
rion in determining body form.

the brook trout described on page 29 it is apparent that at
«th of 15 cm. the maxillaries of sea run fish are larger than
of river stock whereas at 20 cm. the situation is reversed
isea run’’ stock having relativelv smaller maxillaries; such
importance of inflection in the control of body form.
Changes in body form may be produced through changes in
of relative-growth lines as well as through changes at inflec-
‘The degree of heterauxesis has been altered under conditions

deficiency. Under such conditions the relative size of body
s such as head and fins is increased.
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spite of the well-recognized differences in the length-weight
nship attributable to feeding, state of maturity, fat storage,
other factors there is a certain trend toward uniformity among

ations of the same species in their rate of change of weight
g growth.
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‘ ] b nce the early work of Crozier and Hecht (1914) and Hecht
Log Body Leng )) describing constant body form throughout the greater part

2 in species observed by them, a considerable wealth of know-
o twreen-10E | been accumulated relating weigh length in fishes.
1. “Within-lot” sample slopes (S.1, S.2, 5.3) are less than the “betweet 1o has accumulatec ating weight to lengt

slope. Fast-growing individuals have smaller h.cads. than slf)\\’—gl"?“'i‘}-':" 12‘:&3& Ddy forn} ConSta‘_}t throughout growtl“_l, e st (jlescribed in

9. By raising developmental temperature, size of fish at inflection 1= ¥ " investigations, weight would be expected to increase as the
and the relative size of certain body parts is increased. B ' of the length. However, many investigations of this rela-

3. The direction of inflection is important in determining hiady hesity 8hip for many species, have demonstrated that deviations from

4. The slope, , may be changed by diet deficiency. : relationship are the rule. Among the first of these,
(1928) found an equilibrium constant of 3.15 for the California
e, Sardinops caerulea, when weight was related to length on
ithmic scale and in the same year Keys (1928) recognized
act that weight increased faster than the cube of the length
Itain fishes. Marked deviations from the cube relationship
S0metimes observed. Such was found to be the case in the
marlin, Makaira nigricans, for which a growth ratio of 3.93
ighout adult growth was described by Shapiro (1938). How-
in most species values more closely approximating 3.0 have

s onlg " “ N e mental
FicuRE 18 —Diagrammatic illustration of the mechanics of environ
control of body form in fishes.

‘ a

3. Since the direction of inflection may be eit.her t.r?\\{?fifay.
greater or lesser slope depending on the stanza, mﬂecl\ﬂ» e
result in either relatively larger or relatively smaller b?(i?]rl o
such as head. At the 30 mm. inflection described above Xf ol
bow trout the transition is from tachyauxesis towards brml.} v:‘el‘ati"e‘
Thus, with a larger body size at inflection the rcsu_ltzfntthc A
body part size is large. Conversely at sexual maturity Undef
tion for head and fins is generally Lowar(ls‘ tachyauxo:sm.1h
such conditions a larger body size at inf.lectlon results m» rft.h‘at :
small body parts after inflection. It is thus apparent

rivel¥
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petween-times” slopes may be expected. Such deviations
» and small sizes, together with deviation as a result of year
jation, might affect the length-weight relationship calcu-
com such a sampling scheme. The closest approximation to
netic growth description by this method is made by fitting
0 average lengths and weights of each age group, thus
ng the error which might result from differences between
in-age-group'' and ‘‘between-age-group’’ slopes. This method
sssing the length-weight relationship offers difficulties where
mple size Is short in length range because of reduced growth
- other reasons.

been found. As in the study of relative growth of body py.
we find that constant rate of change of form rather than congp, A8
form is the rule. Considerable variation has been found iy the'.
length-weight growth constant, but deviat'}ons from a cube rela..
tionship are generally slight during the major part of growth,
An extension of length-weight investigations such thay smal|
fish are included reveals that more than one stanza of relatiye
growth in weight may occur. Desbrosse (1936) has describeg
changes in growth ratio from 3.8 to 3.0, from 3.0 Fo 3.2, and from.
3.2 to 3.5 coincident with changes in body propo'rtxons. _\I.u'shau'
Nicholls, and Orr (1937) found weight increasing as the fourgy
power of length in small Clyde herring, 10_ to 40 mm. long. At
larger sizes herring weight increases approxxmatel}’ as the cubfa of
the length. Thus growth inflections are f}i)ur;dblré1 Iengt:rmegﬁz
A £ 0 ! i orowth o ody parts. ¢
B e Thoel of boio g diversity of body form within species and in order to
Lo 1?{3121{: i te further the relative-growth mechanics involved in such
p a'Slf;}elfSeSSresent investigation is concerned \vith‘ the literature Ll_eal'mg €s. 15 - M o : T
with condition factors since these investigations have pn'JHdEd.g higure 1_9 lﬂerencgs ar‘e shown among popq ations o roc
large amount of data on lengths and weights which can be used in Ambloplites rupestris, yellow perch, Perca Jlavescens, cisco,
lative-growth analyses of body form. | ’ ys a.rledi., and Paglﬁc h(.errmg, Clupea pallasii. :
B VE S : h-weight growth can best be described by the e relative increase in weight of rock bass populations has
Or}togenetlz Ietzgt _\f;}l%en gth-wéiﬂht terminology W = CL% described by Hile (1941, 1942). Relatively heavy fish were
equation y = 0% , iy s igs.a lizable for each of the stanzas in Allequash, Silver and Trout lakes, and fast-growing, light
Although Rh S e fxt ogptpdata available in the literatur€  Nebish lake. The populations differ in the same direction
of relative growtb S wexgh 'tmnz”t The length-weight growth of 0 the same degree over the complete size range sampled.
apply to tbe HaaaSE grc;lwt sba ttll)e followeEl by sampling Yeas milarly in the yellow perch populations described by Hile and
B paplishon: G PR apf)s Csessive vears. The average lengt 1941, 1942) there is found another example of parallelism.
EinGess iyt al nun;li)_er y ns:c.cmr to the next describes (:anlngeneﬂ‘f en bay and Saginaw bay fish weigh relatively less through-
m-l . “Yflg}vl}: i wai(ﬁ’elr‘::)rrlré; bc?t\:r'een vear classes, followed in ' _Wth than-the lake .Michigan .perch.
growhl whereas CLICK ifio wariating. Tn view 2 5Co populations described by Hile (1936) have been shown to
& r-narm-er,.descrlbe'mtra-}ll)OPU alinﬂ' cr;od approximﬂli"’“-“" to markedly in relative heaviness. In drawing the length-
dxfhcultxes: mvolved' ML B san}(;erilyls made by obtaining & i line for Hile’s cisco data, the Clear and Silver lake popula-
length-weight re]atlonshlp i gcs (oséible and as complete 2 € considered to conform with the norm for the species with
sample of as g age grotlp:e,?sos The line best fitting suc af e, &, of 3.6. The length-weight lines for Trout and Mus-
FANEE e possible during one 'i<n'1ti.r10f length-weight gr()\\'th', 0 ® lakes fall away from this norm with slopes considerably
series, although closel'_v ap{)roxl ftfemeb qi7ebs sampled. As poit An 3.0. Nearly all of the Muskellunge lake ciscoes were
ot 'adiquate}y '(:ifc{)‘cl))jvtpfrt(sxdliﬂ’erer;cés between ““.vithill't‘m 1an four vears old, thus indicating that the emaciation which
out in the analyst ] v

Differences among Populations

from a number of length-weight investigations have been
logarithmically as a means of providing further evidence
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juals, if they are to survive to any considerable size and

sl qust conform to the length-weight relationship characteristic
B . Fost GrowTh
3  herring we again find the same relative-growth constant for
§*_ o Lake Michigar BT o jations differing markedly in growth rate. The data have
3T o Green Boy o Muskellunge taken from Boughton (1941). The herring do not conform
it o Silver e rock bass and perch relationship between growth rate
§j it g el /A a Trovf elative heaviness since Aaltanhash inlet herring, although
sl S gnd Traot Ji i ng the fastest growth, are relatively heavy and consistently
o Muskelturige "f f \,‘f '. ier than the other populations over the length range investi-
g‘( « Nebish ?_,-‘ [;’ N / . faail o 3 '
g Y //3 4 J taln genera 1za.t1ons seem justified from the relatl.ve growth
el 3 N S/ sis of length-weight differences among the populations.
i: " / 5 U\S 3 Differences among populations are often such that length-
£ \C Sob d 5 lines are parallel with differences resulting from differences
i o N Sy Q e initial growth index, b.
§§__— 5‘ > 3 ({(’) ¥ ’Z‘”“r“’j:’w‘:’;‘w ) Differences in relative weight among populations of the
ok o7 Q-é O/ N/ ;:;ﬂ . species do not appear to be related to rate of growth. Some
OF 3 2 <o Al owing populations have relatively small body weight whereas
nre 3 / * 5 are relatively heavy.
2 i ) The approximate parallelism of length-weight lines describ-
it ﬁy opulations of a given species, together with approximate
=7 ncy of variance found throughout growth, within a popula-
i points to the determination of the length-weight relationship
o (i - om0 0 2@ 0 early stage of development. Such predetermined relative
I T dovbunlugan h may be altered by starvation.
[ 19 B0 200 250 0 Experimental Control of the Length-Weight Relationship

Lo bondod
150 200 250

Lengf/?, .

he importance of growth inflection in the control of relative
' weight has been investigated by analysing differences among
ainbow trout reared under different environmental conditions.
data concerned with length-weight growth under different
erature conditions are shown in figure 20 and table 12. Each
Lepresents ten to twelve fish and each cross one fish. The
T were one to two years old and were reared to more than
im. standard length at 45°F. All fish were weighed and
ired before preservation. The first point worthy of note is
growth inflection apparent at about 30 mm. standard length.

A miblop* %
pataf
1 Bough st

1 i ip in diffe lations of
= _weight relationship in different popu 2
N s s artedi, and Clupea pallasti-

tris, Perca flavescens, Leucichthy. ‘ . 4"
:1151?0941, 1942), Hile and Jobes (1941, 1942), Hile (1936) ant

(1941). 3
developed during growth may have prech}ded SU::::ILO ot
considerable size and age. The Trout 1ake- c1scoelz_s w 2 l 2" ne
fish for the most part. Lengths' and weights 151;(,( bl i
longest Trout lake ciscoes taken in 1931 fall obn tttlheqt =
considered to be the species norm. It may be the
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g: I . be determined adds credence to the reality of growth
; Salmo gairdneri __ ¢ 30 mm.
== ol of major interest is the fact that fish reared from the
4 / or and 53°F. appear to follow the same relative-growth
i / - fsh transferred from 46°F. to 60°F. at about 20 mm.
/ gth appear to follow the same relative-growth line
%t / inflection but a different line thereafter. The data
§A 'ysed statistically in accordance with the method
Sl endix I. Comparisons of samples have been made
b than 30 mm. standard length and beyond inflection.
§g~ arison of 46° and 53° lines indicates no difference in
G Jo difference in adjusted sums of squares. The slopes,
lnlg_ : ots, b, describing the two lines are not significantly
~8 5% in each case).
%3— ison of 46° and 60° transfer lines indicates no difference
‘:\;3_ a significant difference in adjusted sums of squares.
X = similar slopes, k& (p > 5%) but different intercepts,
b, tainbow trout from 46°F. to 60°F. at about 20 mm.
2l : the growth rate was increased (figure 14). This
2 g Reamafees sulted in an increase in size at growth inflection which
B e SN relative growth in weight.
red from the egg at 46°F. and 53°F. did not differ in
S Several explanations might be suggested for such
ar ; B i . o difference in temperature may have been too small to
ciable difference in body form.

20 40 60 80100 150 200 300400
Standard Lengrh. mm

: nces produced at an early inflection may have been
,l- at a later inflection.

ange in temperature during development may have a
't on body form than that found under uniform but

aperature conditions during development.

F1GURE 20.—Length-weight relationship found in rainbow trout
different developmental temperatures.

The reality of this inflection is borne out by the fact 'ﬂhat. .

ments made on one and two-year-old fish do not fall i
those made on 20 to 30 mm. fish but do fall in line with
greater than 30 mm. long. It should be pointed
measurements can be taken precisely with less mar
error than can body measurements. The PFCCi5i°n

il mental evidence supports the thesis that differences
. may be effected by differences in body size at growth

gin 10!
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1
-0

Stability of Slope

A striking example of the stability of the equilibri(m]
in spite of differences in growth rate as a result of d'f(f:o
diet, has been found in data presented by Karziniiy 1( "
cerning lengths and weights of pike, Fsox lucius 5y :
discussed differences in length and weight growty, résul i
differences in diet. Pike reared on Daphnia an( Cydt;!

vhen transferred from a diet of large to small Daphnia
s fry to Cyclops, lost weight and fell away from the
« line. This is probably the result of sudden diet
. ce fish reared from very small sizes on a zooplankton
fall away from the relative-growth line. Data were
le for analysis of continued relative growth after the
s to ration feeding or on the effect of returning these
to a well-fed condition. The data demonstrate
o length-weight equilibrium constant, &, in spite of
ces in growth rate, as long as the animals were not
ng a period of good diet. Within a growth stanza,
erowth rate did not effect differences in body form.

o
%

4
/ : i
H #o0d Shifts in Slope
sF 7 ; faﬁ/w j”:g‘;'y 1s from a straight line length-weight relationship similar
o = Lorge  Dophoia . 2 : g
gg: / 8 Smol/ Leopbnia ibed above for pike can result from either environ-
EB - & o Cyc/ops 1€ tic control.
: h-weight relationship of lake trout, Cristivomer namay-

™

ke Opeongo, Ontario, as described by Fry (1940)
the effect of starvation in shifting the relative weight
ween 17 and 21 inches there was a change from the
. relationship which was followed at smaller sizes.
n attributed to food deficiency since, coincident
ge in relative weight, the amount of food per stomach
' entage of infertile fish was high, and egg counts
n normally expected. At 21 inches, food per
ddly increased and the length-weight relationship
Pe somewhat greater than that found prior to the
€riod such that at a length of 34 inches they were as
would have been had they followed the original slope.
length-weight relationship is apparent in Atlantic
0 salar, at the transition from parr to smolt. Such
TS to be a genctic characteristic of the species (figure 22).
: Inadequacy of Coefficient of Condition

Plotted in figure 22 were presented by Hoar (1939)
by Fry (unpublished). Hoar was concerned with

Welt weioht
200
T

e
-

80 m0 /00

O FI 5 2

40

[t
8

hl | N I o 12 | J

o0 L] §0 &o /00 Lenglh, rmm-

FIGURE 21.—Length-weight relationship is Esox lucius. Data fﬂ?ﬂl
(1935). The slope k is constant independent of diet. The points
are cases of starvation.

believed by Karzinkin to show continuous growth in lengt
decrease in weight growth as compared with continuous
in both length and weight when reared on a fish diet.' :
have been plotted logarithmically in figure 21. It 19 A
that whether the diet was Cyclops, small or large szﬁk_ﬂw 0
fry one relative-growth line was followed. FOf_hSh ~
different growth rates, all points fall on one relative-gF

. e 100 W
: 2 96 € coefficient of — " with si
characterized by a relative-growth constant of 3.20- condition, I , with size, age, sex,
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L Adull 1] adhere to one relative growth constant. During
é” ¢ i : équilibrium constant, k, was 3.15. After a sudden
W / hift in relative weight at the transition to smolt the
%‘ ia Xt | snstant again resumed a value of 3.15.  Wilder (1940)

.d this analysis with further salmon data and confirmed
g{ the constancy of slope and the reality of a shift
3 The calculation of coefficients of condition thor-
the picture of simple length-weight growth in

T 1141 |Tﬁ
we.
=T

e of the constants K and C for the assessment of degree
has been questioned by Tester (1940). He found no
reen oil content or fatness of herring, Clupea pallasiz,
and suggested the use of specific gravity for determina-
t factor, as being more informative of fish condition.

lequacy of “condition factors” as they have been
) date has been discussed further by Kesteven (1947).
d the use of volume and weight measurements in the
of differences in fish condition.

700
T R P T
~h
mag e

“0 60

F0
T

‘Within-times” and ‘‘Between-times' Slopes

& & /0
Illll:l

1944) has described the variation in the length-weight
und among seaward migrating salmon, Oncorhynchus
2 different years. Growth constants, as calculated by
f least squares, varied from 2.5 (1930) to 3.5 (1927).
considered to represent the “within-age-group” varia-
er's data are such that an opportunity for a comparison
on" and “between-season’’ equilibrium constants is
relative growth in weight of 1928, 1929, and 1933
> 1S presented in figure 23, where average lengths and
ol € and two-year-old fish have been plotted. It is
points follow one relative growth line with a slope
Although considerable variation was found within
€ “between-years” slope appears to be constant.
_t‘thin an age-group is generally such that the line
1€ points is not descriptive of the ontogenetic growth
*S considered. However, group averages when fol-
°11€ year to the next are considered to be descriptive
relationship for the species concerned. Such

/

04 o6

lenglb, <.
4 6 &8 io 20 ‘—C’I ° il
a4 il i

. . - yata from TS
Frcure 22.—Length-weight relationship of Salmo salar. D2

The stability of slope, &, (3.15) is apparent.

oefficient &
: that the co¢
season, and environment. He found life and &

tion deviated from 1.0 at the beginning .of rtfvzlm .
the beginning of sea life. Values varymgtqr il ple
correlated with different factors. The dz}l‘ble i
logarithmic scale show clearly the remarxa
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e conclusions conform with those established for part-
nships: i

slope of length-weight lines may be effected by such

Jlnutrition.

equacy of analyses of a single age group or a small size

a distinction between ‘‘within-age-group” ap “be
group”’ slopes is but an extension of the distinction
“within-times'' and ‘“between-times"” slopes describeg ;
proportions on page 40.

4 = B ‘bing ontogenetic length-weight growth is pointed out.

~ GENERAL APPLICABILITY OF HYPOTHESIS
ol [ ance of size at growth inflection in the control of
= - .Iw no means restricted to fishes. Numerous investi-
¥i e established the fact that relative growth is best
¥ ceries of stanzas of heterauxesis separated by critical
N ints. The slopes of the relative-growth lines describing
ool llar stanza of growth of a body part are characterized
Lo 7 in the examples cited. Many cases of variation in
Ef’— rov index, &, have appeared as indirect evidence of
ST e of growth inflections in the determination of body form.
v o 1929 Year Class ce has been found to illustrate the direct effect of
- © 1928 YearCloss size at inflection in bringing about divergence in body

R Sbf constancy of growth ratios.

e[ owth lines have been used by many authors to
growth of different body parts. Heterauxesis has
®= ed, for example, in crabs (Huxley, 1924, Huxley and
| 1 LEL . 31, Mackay, 1942, 1943), centipedes (Lichen, 1943),

Xley, 1932), insects (Hersh, 1928, Teissier, 1931, Huxley,
ind Hersh, 1939), molluscs (Hamai, 1937), amphibians
mice (Green, 1933), and ungulates (Huxley, 1932)
appears to be a general phenomenon.
-_f‘rOm one relative-growth stanza to another appear
t ;’g'eneral occurrence. They have been described, for
»' ﬂbS: (Weymouth and Mackay, 1936, Williams and
938), isopods (Miller and Hoy, 1939), Daphnia (Ander-
érson, Lumer and Zupancic, 1937) molluscs (Hamali,
s in dlans (March, 1937), mice (Green and Fekete, 1933),
' 1929), ant-eaters (Reeve, 1940), sheep (IHamond,
o (Lumer and Schultz, 1941), and the house wren
Y407 Huggins, Huggins and Hellwig, 1943). Thus,
growth is studied over a large size range, stanzas
> Separated by critical points of inflection are the

orhynchus nerka

FIGURE 23.—Length-weight relationship in Onc b
slope is constant (& =

Foerster (1944). The Ybetween-age-groups’”’

Discussion 3
The relative-growth analysis of variation‘in the 11:‘-; |
relationship gives both indirect and direct evidence € _
at inflection is a major factor in the control
Indirect evidence is the approximate parallelisit A
lines describing infraspecific length-weight chtfcrelﬂcrate
species. Direct evidence is the increase in gl‘O‘_"tg ction
size at inflection, and in body weight beyond i€
about when rainbow trout which had been rearea empP
standard length at 46°F. were thereafter subjected t0
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general rule. In most examples the inflections d
related to birth or to the attainment of sexual 1+,
for fishes, no studies have been found dealing
heterauxesis during earlier development.

The stability of the equilibrium constant, £, |4« been
strated in phylogenetic groups of titanotheres (Hers}, 1934)
(Robb, 1935), anthropoid apes (Lumer, 1939) a5 dogs :
1940). Feeding differences changed rate of growih of whi
but did not change either b or k in the length-weight refap
(Moment, 1933).  Distinct strains of fowl (Lerner, 1943)
(MacArthur and Chiasson, 1945) exhibit identical relatiye,
constants, even beyond growth inflection, adding evidence
hypothesis of stability of k.

Constancy of slope in closely related groups does not ne
identical intercepts (initial growth indices) as mayv be seeﬁ
parallelism which regularly appears in a survey of relatives
investigations. Related species of crab (Teissier, 1937), m
(Nomura, 1926), horses (Robb, 1935) and anthropoid apes
1939) exhibit similar growth constants, &, but differences
cept, b. Similarly different year groups of Carcinus (N
1935b) demonstrate parallel relative growth. Parallel

differences in the body form of mature lobsters taken
_ont localities. The precocious female crab, Carcinus
cribed by Williams and Needham (1937), was charac-
':ching sexual maturity and with this a relative-growth
a small size. This resulted in an abnormally wide
espite the fact that the growth pattern was normal in
Jope and to inflection at a critical point in development.

Cserg
Urity.
\\'i[‘h stan

Homarus americanus

Length Crushing
Clow &

Second Abdominal
Segment Width #

Grand Marnan

growth lines describe differences in the body form of am ——Maryarec
(Atlas, 1935; Hutchinson, 1939) and chicks (Needham ___—__.-é’f du (héne
anse

In all these investigations the slopes, &, of the relafi
lines are constant. The observed variation among grotp
from differences in intercept, b. As with fishes, such
invi ~ulati oncerni importance of relath _

}n%ltetsz SPCS'UI;UOE Cct)}’lcernfmbg ;hef i 1? towth inflection as it changes body form in the lobster, Homarus
ARECCIALS iR e MaaidaR R LOGLY SO : o8 S. Data from Templeman (1935, 1944).
Some published evidence demonstrates late mﬂ'ed(:ll
influence body form directly. In amphipods, (-'hewlusted
shown that the growth of the second antennae i1l ¢ are
such that prior to inflection relative-growth lines tiilw,

but that after inflection the slopes are the same while

| LRI
15 20 25 30 354045
fotal Body Length,cm

thus differed as a result of change in the size at sexual

to Allen's Rule, races of mammals found in cold
Y have relatively short ears, feet, and tails. Certain

are different. When curves describing dlﬁem}“‘“’rzw ame en found to have short tails and tarsi when reared

i ale abdominal width in lobsters, £/0m¢ v ratures L 194

size and female ‘qbuo i e piicalli a8 ; _(Allee and ut'herman, 19710). It v\{ould be

(Templeman 1935, 1944), are plotted logar! S 0 Investigate the relative-growth involved in these
. O determine the possible influence of size at inflection

5 i n
24, it becomes apparent that rate of change of form ref =
ty 11 3

but that differences in body size at sexual-matur! A hint of the potential influence of inflection size
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e lines of evidence indicate that early development is
nt than subsequent growth rate in the determination
tive size of body parts. They further indicate that
<0 body size at growth inflection are of more frequent
than differences in the slope of relative-growth lines.

is apparent in figure 2, page 308, of MacArih,, and
(1945). Beyond growth inflection the relative fo size oil
race of mice appears to be smaller than that of the | o
Relative growth of ear and tail were identical in the tw'
however. Relative-growth inflections for foot, c;p and o
marked that differences in size at inflection migh readily
differences in body form.

_ importance of body size at growth inflection in the
hody proportions is demonstrated by several lines of
SuMMARY AND CONCLUSIONS . i

ences in the body form of certain mature trout
are largely due to differences in the size at which
n maturity.
es in body form were produced experimentally by
g temperature during early development.
y inflections as well as those at about 30 mm. standard
nd at sexual maturity are important in the control of

1. Relative growth plots for fishes are chamclerizad ;
series of stanzas each with a different relative crowth pone
The transition from one stanza to the next generally tal
by means of a sharp inflection. Examples of such relatiy
curves are given for some twenty species. These were |
from measurements of hatcherv samples and museum co
together with examples from the literature. Five relativ
stanzas are described for the Atlantic salmon and appear IR & e tailed analysis of ¢
more or less generally in fish. The four inflections that ¢ Bt offer(a rationa}l l 01 em.peratfure-?onr.ro.Hed
these stanzas coincide approximately with the eyed egg s e explanation of observations
hatching, with ossification, and with sexual maturity. Th R UpLiations:
est deviations from isometric growth are found in the early gr
stanzas.
2. When differences in body form within species are
by the relative growth method it is found that: y
(a) The relative size of body parts, such as head
not always negatively correlated with rate of growth )
tively small heads have been found in both fast-groWiEs
slow-growing groups. N
(b) Differences in the relative-growth lines, ‘Iescflb
form variation within species, are usually dut_’ _1_0 diffe
the intercepts of these lines rather than to differences & ve|
slopes. . n o erm
(¢c) There appears to be but little variation m ool
constant even among individuals as well as betw!
specific groups.
(d) The relative size of body parts is corf
number of meristic parts in the examples cited.

un a group the fast-growing individuals have small
s such as head and fins. These differences are appar-
large and small sizes.

yrowing group of individuals may, on the other
€ relatively large body parts such as head and fins.
1g -dev.elopmental temperature, growth rate was in-
dody size at the 30 mm. inflection was increased, and
?«tlvely large heads and fins resulted.

0se body parts showing growth inflection were found
t tf) such control of body form.

ction of growth inflection and the degree of inflec-
as body size at inflection, are important factors

nation of the relative size of body parts.

_;arly develppment and subsequent rate of growth
u g ue EE b_ody.torm through their effect on body size
b ¢ direction of inflection determines whether the

S of bogy : :
sma}ll_partS, following at a relatively large body

elated
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APPENDIX 11

TaBLE [
Lake Trout—average measurements of body parts in mm. for samples taken at Oden hatchery in 1941.
Standard Dorsal to . Anal  Snout to Ventral
Number length Head Eye  Pectoral 4.1 Depth ~ Width height  dorsal length
Feb. 22 10 20.6 4.8 1.8 2.3 10.7 26 10.0 1.3
Mar. 22 10 23.6 5.9 2.1 3.0 123 3.6 2.3 3.1 11.9 1.9
Apr. 8 6 26.3 6.6 2.3 3.7 13.7 3.9 2.8 3.9 12.9 2.5
Apr. 19 10 26.2 6.7 2.4 3.8 13.6 3.7 2.2 3.9 13.4 2.9
May 17 10 312 8.7 2.7 4.9 16.2 5.2 3.0 4.8 16.0 3.7
May 31 10 348 9.7 2.9 5.4 18.0 5.9 3.3 5.2 18.3 4.3
July 12 10 44 8 124 3.5 6.9 23.2 7.9 4.9 6.6 23.2 5.0
Auvg. 1 9 50.8 13.9 40 i 26.0 8.5 5.3 7.4 26.7 6.0
Sept. © 10 58.1 16.0 4.3 8.9 29.3 10.2 6.4 8.8 30.0 7.1
Sept. 20 10 504 16.3 4.6 8.7 30.4 10.1 6.5 8.4 30.7 7.0

Snout to Dorsal to

Ventral

Number i Head P s

length ectoral ol caudal  E¥e  Depth  Width heirgzt length
Small sort
June 28 12 %7 7.9 5.6 5

27. $ : 183 181 2.8 5.6 3

Iy 12 1L 280 8.1 g0 " qel - 158 2.9 6.0 e 5 s
Aug i1 384 107 78 184 215 3.6 8.4 5.2 77 5

pt. 6 10 301 8.6 64 148 164 3.2 6.2 3, 5. i
S bl ; i D, 6.2 5.0
May 31 10 339 0.3 68 16 5

: . . 0 195 3.0 8.0 5.0 5 5

Ju?e 28 R R 80 191 230 3.5 9.9 81 (7)3 Di
i\u v ég 10 438 120 89 205 247 3.6 107 6.9 - R+
Aug. 23 10 482 131 100 229 274 41 114 7.2 0.3 ?i
Sept. 6 10 476 130 89 225 270 40 118 7.0 00 71

ot. 10 574 152 110 270 329 46 131 3 3 ;
Sorl . | 8.4 108 86
June 28 9 480 116 00 23

. : : 4 28 39 121 6.0 ;

geugt. 23 10 620 163 104 303 349 48 148 9.1 1?1 ;'3

ot o 836 207 141 390 476 57 208 111 141 117




TABLE 3

Leucichthys artedi—average standard lengths and
head lengths for lake Nipissing, Ontario from p
unpublished data.

Mean Mean

standard head Number Year
length length measured class
mim. mni.
55.7 14.9 70 1934
140 35.2 98 1933
141 35.4 108 1933
147 356.0 24 1932
149 36.3 17 1932
154 374 27 1934
187 45.5 76 1933
188 45.4 64 1933
192 46.3 58 1932
196 47.1 31 1932
200 47.8 61 1931
203 48.4 26 1931
218 52.4 46 1932
219 52.5 69 1931
220 52.3 44 1932
220 53.4 101 1931
226 53.5 260 1930
228 53.5 258 1930
238 56.8 205 1930
238 57.1 289 1930
239 57.7 82 1931
241 57.3 68 1931
246 59.1 103 1929
247 58.7 93 1929
251 60.8 33 1930
2563 62.0 54 1929
255 60.9 72 1928
255 61.7 66 1928
255 62.0 51 1930
257 62.0 43 1929
260 62.6 92 1927
261 64.2 22 1926
263 63.8 20 1928
264 64.4 89 1927
267 64.7 38 1928
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TaBLE 3—Continued

000,000 000040 QU000 PP Q00 Q0 Y0Q G

v
HI: eL;I;]IDreﬁii Length-range Sex
Length Range
56 260-269 c'
72 260-269 Q
72 270-279 ]
58 270-279 o'
36 280-289 d
31 280-28Y9 Q
14 290-299 g
8 290-299 d
7 300-309 d
3 300-309 ?
2 310-319 Q
2 320-329 Q
2 330-339 d
1 )
1 ?
1 g
1 ok
2 Q
2 a
1 Q
1 @
1 g
9 g
2 g
1 2
1 g
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TaBLE 4

Numbers of fish dying by two-week periods in well-feq
(H) and ration-fed (L) lots of rainbow trout reared a4
different temperatures at Oden hatchery ip 1047

-

TABLE 5

eding experiment growth by months for rainbow trout
] eared at Oden hatchery in 1941 on dicts of liver (I

A6°F. 93°F. d VIID), liver and kelp (IT and VII), liver and blood
H L H 5 1 and VI) and blood and meal (IV and V).

March 8—March 17 4 + 11 4
March 18—DMarch 31 14 12 6 2 I I 11 v AV VI VII VIII
April 1—April 18 14 24 4
April  19—May 2 8 8 5 9 403 318 297 59 46 483 623 400
May 3—May 16 30 0 41 90 84 110 110 76 77 81
May  17—May 30 20 5 0 B 276 533 478 540 502 485 542 357
May  8l—June 13 4 2 3 89 26 21 475 332 26 24 14
June  14—June 28 2 4 U 21 20 29 279 144 25 28 34
June  29—TJuly 12 2 0 4
July  13—July 26 2 0 0 & 830 987 909 1463 1134 1095 1294 886
July 27—Aug. 9 0 0 3 15
Aug. 10—Aug. 23 0 0 0
Aug.  24—Sept. 6 1 0 6
Sept. 7—Sept. 20 0 ik 1 2

Total 54 60 13 43

TABLE 6

ding experiment growth—weight per fish in gms., at
nthly intervals, as calculated from number of fish
r 1,000 gms. Diets numbered as in table 5.

I 11 11 v Y VI VIl VIII

.25 24 .23 23 .20 24 22 22
.39 40 .39 .28 .30 .40 .39 42
.73 73 .69 .39 .39 70 .68 .69
-84 .86 79 .40 .36 .83 79 .86
95 1.06 .96 44 45 .96 1.05 .98
126 147 132 .64 .66 1.35 1.42  1.33

81
80




TaBLE 7

Rainbow trout—average measurements of body parts in mm. for 46° and 53° (well-fed) and 60° transfer
samples taken at Oden hatchery in 1941.

J Snout to Pectoral Anal to . .‘.%nal
nl:‘el;z]ut;ird SE::::fhrd Head Eye pectoral Pectoral to anal caudal Depth Width height
14\6 5 10 22.6 6.4 2.2 5.8 3.8 10.3 6.8 %.4 '2;&11) gg
- 10 24.5 7.5 2.5 6.4 4.2 11.3 7.5 o.? 3. 4.é
i\‘[pr' i? 10 28'.7 8.9 2.8 7.6 4.7 13.6 8.8 :‘.738 ii 4.7
I\'IZ}; 31 11 29.3 9.0 2.9 7.5 4.9 13.4 gg 7.4 - e
] 13 10 31.4 9.6 3.0 8.1 5.3 14.5 : 4 _.1 -
e 11 35.6 10.5 3.2 8.8 5.7 16.3 11.0 8.5 5. 5.6
el 12 34-1 10.2 3.2 8.6 5.6 15.4 10.7 8.0 11.6 6.3
e 1? 16 38‘4: 11.4 3.4 9.2 6.3 18.0 12.0 9.0 5.2 7.1
sl 10 44-4 13.0 3.8 10.4 7.2 21.5 13.8 10.9 6.1 7.0
e 9 43'8 12.9 3.9 10.5 7.2 20.7 13.5 10.3 6‘.0 .4
i 16 45.7 13.3 4.0 10.6 7.6 22.3 14.1 11.2 6.2 ;.‘)
?pst 28 10 5;).0 14.2 4.3 11.8 7.9 24.9 15.2 12.3 6.8 R
Sept. i
= 5 10.4 4.6 3.1 3.4
Mo 8 .0 %8 .78 25 &9 108 ) B

23

[av

a 17

10

300

7.6

97

13.5

183

11.9 ; 11.9 9.7

May 31 10 41.9 12.7 3.9 10.2 7.7 20.3 12.4 10.7 6.1 7.4
June 13 10 46.0 13.8 4.3 11.0 8.2 22.6 13.6 1.9 6.6 8.1
June 28 10 48.5 14.4 4.7 11.5 9.1 24.5 14.4 12.3 6.9 8.7
July 12 10 48.9 14.8 4.8 11.8 9.3 24.6 14.4 12.2 7.2 8.9
July 26 9 55.7 16.4 5.2 12.9 10.3 28.5 16.2 13.9 8.1 10.0
Aug. 9 10 53.0 15.8 5.1 12.9 9.1 25.5 15.8 13.2 7.6 9.4
Aug. 23 10 57.6 17.1 54 13.9 10.3 27.9 17.2 14.0 8.4 10.0
Sept. 6 10 61.6 18.0 5.6 14.8 10.8 30.9 18.0 14.7 8.8 10.5
60°

May 3 10 30.7 9.6 3.1 8.0 5.0 14.0 9.3 7.4 4.3 5.1
May 17 10 30.2 9.5 3.1 8.0 4.9 13.5 9.1 7.5 4.4 5.0
May 31 10 36.5 11.3 3.5 9.1 6.2 16.9 11.2 9.1 5.2 6.0
June 13 10 36.9 11.6 3.6 9.1 6.4 16.8 11.3 9.3 5.5 6.2
June 28 12 40.0 12.3 3.7 9.7 7.3 18.8 12,5 9.9 5.6 6.8
July 12 11 41.2 13.1 4.0 10.0 8.0 19.2 12.8 10.4 6.0 7.2
July 26 10 38.8 12.7 3.9 9.7 7.4 18.2 12.0 10.0 5.5 6.8
Aug. 9 10 46.0 14.1 4.3 11.2 8.5 22.1 14.3 11.7 6.6 7.9
Aug. 23 10 49.5 15.5 4.8 12.0 9.1 23.3 15.5 12.6 7.2 8.5
Sept. 6 9 47.2 15.0 4.6 11.6 8.8 22.4 14.3 11.8 7. 8.0
Sept. 20 9 53.5 16.7 4.9 13.2 10.0 25.9 16.6 14.3 8.3 9.1




Rainbow trout—average measurements of body parts in mm. for 46° and 53° ration-fed samples taken

at Oden hatchery in 1941.

TABLE 8

46° 53°
Number Standard Anal Number Standard Anal
measured  length Head Eye height measured  length Head Eye height
Feb. 8 6 18.0 4.6 1.8 2.4
Feb. 22 10 21.8 6.0 2.1 3.0
Mar. 8 10 18.7 4.9 1.7 2.3 10 25.9 7.6 2.5 4.0
Mar. 22 10 20.3 5.5 2.0 2.9
Apr. 5 10 23.4 6.4 2.2 3.3 10 29.4 8.8 2.8 4.7
May 3 10 25.6 7.5 2.5 3.8 10 33.6 10.3 3.2 5.6
May 17 10 29.0 8.7 2.7 4.4 10 33.7 10.3 3.1 5.5
May 31 10 31.1 9.3 2.8 4.7 10 37.7 11.6 3.4 6.3
June 13 9 31.7 9.6 2.9 4.9 10 39.4 11.9 3.5 6.4
June 28 10 35.0 10.8 2 5.6 10 44.9 13.1 4.0 7.7
July 12 10 37.% 11.1 3.3 6.0 10 44.8 13.1 4.0 T
July 26 10 36.0 10.8 3.3 6.0 10 50.5 15.0 4.4 8.6
BAug. 9 10 41.4 12.4 3.7 6.7 10 al.l 15.0 4.5 8.7
Aug. 23 10 43.5 13.1 3.8 7.0 10 57.5 7.1 8.0 9.6
Sept. 6 10 423 3.7 7.0 10 56.9 16.5 4.9 9.3

009578

005657

686

1 9 .006568 001154 8
2 10 .012653 .010421 .011682 824 .003100 9
3 11 .034260 .029155 027742 .851 .002932 10
4 9 019136 .018190 017786 951 .000496 8
5 9 011732 .007907 006668 674 .001339 8
6 8 .013400 .010817 .010789 .807 .002058 7
7 9 .006258 .004680 .004132 748 .000633 8
8 9 .004501 .005190 .008449 1.153 .002465 8
74 111518 1092928 .092905 .833 015469 73
Sum of red. s. s. 014177 66
s. s. due to diff. among k’s .001292 7
F=08 p>5%
60° T
1 9 .015953 .012704 .012032 796 .001916 8
2 11 .024452 020644 020388 844 .002959 10
3 10 .025093 .023098 .022905 920 .001644 9
4 9 018287 016975 017742 .928 .001985 8
5 9 .030897 027428 025757 .888 .001409 8
6 9 .030173 025063 022254 .831 .001436 8
7 8 .027332 .021908 .019353 .802 .001793 7
8 8 098431 .083392 071847 847 .001197 7
73 270618 231212 212278 .854 014734 72




TaAaBLE 9—Continued

Source  d.f. X3 Y Y2 k red. s. s. d. f.
Sum of red. s. s. 014339 65
s. s. due to diff. among &’s .000395 7
F =026 p> 5%
Between times 46° 7 .351030 .312850 290152 .891 .011330 6
Between times 60° T T 201328 193237 .190965 .960 .005494 6
Between times total 14 552358 506087 481117 916 017425 13
Sum of red. s. s. 016824 12
s. s. due to diff. between £’s .000601 1
5 F =043 p> 59 adj. s. s.
Between lots 1 055529 098725 175517 037457 1
Between times total 552358 506087 481117 017425 13
Total 15 607887 604812 656634 054882 14
=2794 p< 1%
Within times 46° 74 111518 .092908 .092905 .833 .015469 73
Between times 46° T .351030 312850 .290152 891 .011330 6
Total 81 462548 405778 .383057 027082 80
Sum of red. s. . 026799 79
s. s. due to diff. in k's 000293 1
F=.08 p>5%
Within times 60° T 73 270618 231212 212278 854 014734 72
Between times 60° T 7 201328 193237 190965 960 005494 5]
80 AT1946 424449 403243 021511 79

Total

020228

46° well-fed

Total “'within-times" £ 0.833
“Between-times’’ k 0.891
“Within-lot” & 0.877

“Within-times"’ difference in £'s > 5%
“Within" vs. “between”’

difference in k's > 5%
60° transfer
Total “within-times" & 0.854
“Between-times' & 0.960
“Within-lot” % 0.899

“Within-times” difference in £'s > 5%
“Within" vs. ‘‘between”

difference in &'s 49,
Comparison of 46° and 60° transfer

“Between-times'' difference

in k's > 5%
b's < 1%

0.601
0.774
0.732
> 5%

< 1%
0.697
0.924
0.794
> 5%
< 1%

> 5%
< 1Y%

0.762
0.810
0.798
> 5%

> 5%
0.847
0.993
0.909
> 5%
<1%
< 1%

Y
3%

0.724
0.963
0.905
> 5%

3%
0.870
1.085
0.962

> 5%

<1%

> 5%
<1%

1.150
1.221
1.206
> 5%

> 5%
1.099
1.118
1107
> 5%

> 5%

3%
3%

0.982
1.001
0.996
> 5%

> 5%
1.056
1.007
1.035

> 5%

> 5(r0

> 5%
> 5%

AV
- O
RS

1.181
0.920
0.983
> 5%

<1%
1.074
1.132
1.120
> 5%

> 5%

AV
— o
She

0.723
0.940
0.888
> 5%

< 1%
0.888
0.985
0.930
>5%

> 5%

Differences recorded are p values from Snedecor (1946) for significance of difference.
< 19, is considered to be significant and > 5%, not significant.




TaBLE 11

Rainbow Trout—average body measurements in mm. for samples reared on liver (I and VIII), liver and
kelp (VII), liver and blood (VI) and blood and meal (IV and V) diets at Oden Hatchery in 1941.

Number Standard Snout to Pectoral Anal to i Anal
measured length Head Eye pectoral Pectoral to anal  caudal Depth Width height
I
Apr. 5 10 21.5 5.9 21 5.5 3.0 9.2 6.8 3.3 1.6 3.2
Apr. 19 10 22.2 6.5 2.3 5.8 3.2 9.6 7.0 3.5 1.7 3.4
May 17 10 27.2 8.2 2.6 T2 3.7 11.6 8.3 5.2 2.5 4.1
May 31 10 28.8 8.6 L 7.3 3.9 12.5 8.6 5.7 2.8 4.3
June 26 10 344 10.2 3.1 8.7 4.7 14.8 10.5 T2 3.6 5.3
July 26 10 35.3 10.6 3.2 9.0 4.9 15.0 10.7 7.3 3.6 5.8
Aug. 23 12 38.9 11.5 3.5 9.9 5.2 16.9 11.5 8.3 3.8 6.1
Sept. 20 11 43.8 12.5 3.8 11.1 5.7 19.3 13.3 9.5 4.6 6.9
v
April 5 10 22.2 6.0 2.1 5.7 2.8 9.7 6.8 3.3 1.7 3.0
April 19 10 22.8 6.6 22 6.1 3.2 0.7 6.7 3.8 1.8 3.3
May 31 10 27.3 8.2 2. it 3.8 11.9 8.3 4.8 2.3 4.0
June 26 10 27.2 8.1 BL7 7.8 3.6 11.9 8.2 4.8 24 4.0
July 26 10 26.9 7.9 2.8 7.2 3.3 11.6 8.0 4.4 1.8 4.0
Aug. 23 10 30.2 9.3 3.2 8.0 3.9 13.2 9.0 5.8 2.8 4.6
Sept. 20 10 31.9 9.7 3.3 8.7 4.2 13.9 9.5 6.6 3.2 4.7
v
April b 10 21.9 5.8 2.2 5.8 2.4 9.8 6.7 3.2 1.8 3.0
April 19 10 22.6 6.4 24 6.2 3.2 9.8 6.9 4.0 1.9 3.2
May 17 10 24.4 T2 2.6 6.6 3.2 10.2 7.6 4.2 2.2 3.5
June 13 10 26.4 8.1 28 7.2 3.0 11.1 8.1 5.2 2.7 3.8

7.8

3.6

5.4
5.2

2.5
2.3

4.2
4.2

.';f-; 3 L ) (.= Dot 3 3.0 i
May 31 10 29.3 8.8 2.9 7.7 3.9 12.7 gé e - =
June 28 10 34.1 10.2 3.1 8.8 4.8 14.5 10. 7.1 g 3
July 26 10 34.6 10.4 3.2 9.2 5.1 14.7 10.3 8.1 4:4 o
Aug. 23 10 38.8 11.6 3.6 10.1 5.2 16.7 };7 9.2 e s
Sept. 6 10 42.6 12.4 3.9 11.0 6.0 19.0 12.5 8.5 oy i
Sept. 20 10 40.4 12.0 3.7 10.3 5.4 17.8 i 4

- ; 17 3.0
April 5 10 22.1 6.0 2.2 5.8 2.8 9.? 3(7) Zg = o
April 19 10 22.3 6.5 2.4 6.2 3.1 9. 7.6 4.3 = =
May 3 10 25.4 7.3 2.4 7.1 3.4 11.8 8.3 5.1 i ot
May 17 10 27.3 8.1 2.6 7.2 3.3 11.8 9.0 5.6 - e
May 31 10 28.7 8.5 2.7 7.5 3.8 1%.5 s 7.2 g £
June 28 10 34.9 10.3 3.2 9.0 4.9 15.2 10.§ .2 3.6 =
July 26 10 34.0 10.3 3.3 8.9 5.1 14.8 IO.Z ';.0 4:2 o
Aug. 23 10 37.8 11.4 3.5 10.0 5.7 16.3 1;.8 9.3 o iy
Sept. 6 10 41.6 12.4 3.7 10.7 6.3 18.4 12. .

g &7. 3.0
April 5 10 21.5 5.9 2.1 5.7 2.6 9.6 ?g gg ;.0 o
May 3 10 23.6 6.8 2.4 6.4 3.4 10.0 7.6 5.2 i o
Wi B oEoBo@onowom B8 48

1 10 28.2 ; A i i 4 A bs
_llvlllii ?2’8 10 35.2 10.4 3.1 9.1 4.6 15.2 123 ';g i‘i i
uy2e 10 s Lo B 68 B0 0 5, s 43 o4
10 39.2 11. f A ; ] : g

gzgfc 28 10 41.4 12.3 3.8 10.7 5.6 18.1 12.6 9.2 4.7




TABLE 12

Rainbow Trout—average lengths (L) and weights (W) of 46° 53° and 60° transfer well-fed samples

taken at Oden hatchery in 1941.

The eggs were taken on Dec. 23.

Date 46° 53° 60°T.
Jan. 22 — Hatch —
Feb. 9-11 Hatch First Fed —
Mar., 11 First Fed — —
L. W. Number Ls W. Number L. W. Number
Mar. 22 21.8 16 11 28.8 43 11 22.8 .16 11
April 5 22.6 A7 10 32.0 .55 10 26.6 31 10
April 19 25.0 28 10 34.2 ] 10 28.5 42 11
May 3 26.0 .30 10 37.5 .93 10 31.0 b8 10
May 17 29.4 A3 10 39.0 1.08 10 30.6 56 10
May 31 29.6 45 11 42.3 1.5 11 36.6 .94 10
June 13 31.8 R 10 47.5 1.92 10 371 .98 10
June 28 359 84 11 40,8 2.09 10 40.1 1.19 12
July 12 34.6 70 12 50.6 2.11 10 41.7 1.36 11
}P\:\y 2(‘; iSSg 08 10 58.0 3.44 10 39.8 1.19 10
ug. 4. 1.53 10 53.8 2.56 10 89.7 1.20 10
Avg. 23 = = = = — - 50.2 2.29 10
April 5 22.0 14 11 22.4 .15 12 22.1 14 11 22.7 A6 10
April 19 22.7 19 14 22.6 .19 10 23.0 A7 12 22.8 .18 10
May 3 25.6 .26 11 26.1 .26 11 25.7 .23 13 25.1 22 13
May 17 27.5 .36 13 27.6 .36 11 26.4 .28 11 25.6 25 11
May 31 29.3 43 10 27.4 .32 11 27.8 .34 10 27.6 31 10
June 13 31.4 .53 10 32.7 .64 10 33.3 .66 11 27.6 .34 10
June 28 34.9 i) 12 33.5 .64 11 33.6 .70 11 27.6 .32 10
July 12 33.5 .63 12 34.2 .68 11 35.2 71 13 27.1 25 12
July 26 36.8 R4 15 37.8 .85 11 34.9 .73 11 27.4 27 12
\Y% VI VII VIII
Date
L W No. L w No L W No. L W No.
April 5 22.4 .14 11 22.9 15 12 22.8 .15 11 22.1 15 12
April 19 22.8 18 Il 21.9 .16 12 22.5 .16 12 23.0 .16 12
May 3 26.4 27 12 24.4 22 11 24.2 .22 14 24.2 B 12
May 17 24.8 .24 11 27.1 .35 10 277 .36 10 28.2 .38 11
May 31 25.6 .20 12 20.7 44 11 31.6 45 11 28.8 43 12
June 13 26.8 34 10 32.4 .61 10 33.6 .66 10 32.4 .61 10
June 28 28.2 .34 11 34.9 71 11 35.6 76 11 36.4 .81 9
July 12 28.9 .38 12 35.3 74 12 35.1 .70 12 34.5 .70 12
July 26 29.1 40 12 34.8 73 11 34.6 70 12 38.3 94 10




