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Measurements regarding metabolism and energy flow

are currently in the foreground of studies of limnetic eco- -

systems. Several metabolic balances were published initially

for lotic systems:(ODUM 1957, TEAL 1957, TILLY 1968, FISHER

& LIKENS 1972), Later, partial aspects were investigated

increasingly, and meanwhile, the metabolic and energy balances

of some benthic stream invertebrates were studied, such as -

the insect larvae Pteronarcys scotti- (McDIFFET 1970), Potamo-

phylax cingulatus (OTT0 1974), and Agapetus fuscipes




(BENEDETTO CASTRO 1975), the amphipod Gammarus pulex

(NILSSON 1974), and the pulmonates Ferrissia rivularis

(BURKY 1971) and Ancylus fluviatilis (STREIT 1975). In

addition; an extensive number of measurements concerning
specific metabolic factors are available. On the one hand,
these previously published data indicate greatb diffefences
between the different animals inveséigated with respect

to important ecological characteristic values such as

the ratios production/ingestion (Kl), production/assimilation
(Kz), and‘assimilation/ingeétion, but also with respect to
daily and seasonal activity, or as regards the relation
between metabolism and temperature. On the other hand, con-
sidering their special‘structural and functional organiz-
ation, we should expect an optimal metabolic strategy for
each of these species.

In the present report, fherefore, we shall invest-

igate the internal carbon turnover of Ancylus fluviatilis

14C—labelled food, and, using also the data reported

using
in Part 1, construct a balance and a model of the carbon
metabolism of this limpet, which is already well known with
respect to metabolism and feeding strategy (BERG et al. 1958,
SCHWENK & SCHWOZRBEL 1973, CaLOW 1974, 1975a, l975b, STREIT
1975). For this purpose, we shall study the carbon dynamics

first of the entire animal, and then at the level of the



organ systems. Special attention will be given to carbon
reserve pools and the mechanism of diverting carbon to the

next generation through the reproductive-organs.

2. llaterial and method

Ancylus fluviatilis were obtained for our experiments

directly from two natural habitats, and were put directly into
the experimental vessels. The aniﬁals from one habitat (Popul-
ation I) lived in a brook with a maximum summer temperature
of 11.8°C; those from the other habitat (Population IV) lived
in a.brook warm in summer, with temperatures u? to 20.8°¢C.

For our feeding and labelling experiments, the diatom Nitzschia

actinastroides was filtéred off on a membrane filter, and
offerred to the experimental animals in 100 ml Erlenmeyer
flasks over twelve-hour days as artificial Aufwuchs; Details
concerning the rearing of the foéd animals and the measurement
of .ingestion, assimilation, and production may be found in
Part 1. By labelling the algae with 140, we could obtain
measurements of the incorporation and turnover of carbon in
the same manner (see below). .

All directly measured basic metabolic valucs, such
as the level of ingestion, the assimilation ratio, hecight
increment, egg production, and 14C-incorporation, vere determined

under completely uniform experimental conditions. ror practical



reasons, the metabolism was determined on the bagis of the
total carbon content. "Relative" ingestion refers to thé
percentual ingestion per day in relation to the molluscan
carbon content. The same applies to "relative® incorporation,
etcs The following values were measured, with the following

abbreviations:

I ingestion measured in terms of the surface area of algae
consumed, with a known concentration per unit
- area
F feces measured in terms of the feces produced during the
feeding experiment
A assimilation =1 n_F
P  production comprising only the net produétion of growth
(tissue growth) and egg production
growth  measured in terms of height increment, converted
to carbon incrgment for the molluscan body using
the formila y = 6.644 « x2°%9% (STREIT 1975)
(x = leﬁgth in mm; y = C-content in ;Ag)
egg production egg capéules deposited
basal metabolism i.e., respiration,.secretion, and ex-
cretion, or the total assimilation not
used for the nef production, as calcul-
ated from the following equation:

I - F=A=2P £ basal metabolism



Ink. incorporation i.e., the proportion of labelled food
remaining in the body of the animal
after a fixed period of feeding with

'labelled food followed by a fixed
period of feeding with unlabelled

food

The following abbreviations were used for the most

important coefficients:

K1 = P/I production/ingestion
K, = P/A  production/assimilation
Kl,f'Inko/I incorporation/ingestion
K2,= Ink,/A incorporation/assimilation

The concept of "incorporation® is closely connected
with the conventional usage in the physioiogical literature,
where the word refers to incorporation into relatively stable
compartments of the body. Because of the very complicated
exchange kinetics of labelled carbon (ATKINS 1969, SPiCK &
URICH 1969, CONOVER & FRANCIS 1973), a more precise character-
ization is not possible. At any rate, the-incorporation of
a labelled-substance can not be equated with production or

assimilation. In isotope investigations, these values can



‘be ascertained, at best, through a combination of several
investigations concerning the uptake and release of the
labelled substance (CONOVER & FRANCIS 1973, LAMPERT 1975).
For details, see Section 4e2e

To produce 14C—labelled diatoms and green algae,§
we filled several 1000 ml Erlenmeyer flasks with 20d ml of
nutriént solution and added approximately 400 ml of algal
suspension from our chemostat culture. Into this suspension,

measuring ca. 600 ml, we injected 40 W C NaH-*CO, from

3
previously prepared 1 ml ampules. The Erlenmeyer flasks

were then closed with rubber stoppers and placed on a shaking
table for 15 hours under 3000 lux contipuous illumination.
Aftervards we separated diatoms in a UniversallJunior IIT S
iaboratory centrifuge (manufactured by Heraeus-Christ Co.,

- Osterode am Harz, Germany) in 10 minutes at 4900 g, and

green (and blue) algae in 20 minutes at 6000 g; we floated
th;ée with a little Lake of Constance watér and transferred
them into a flat-bottomed flask. This flask was then filled
with water until the extinction at 720 nm (filter S 72,
thickness of layers: 1 cm) was between ca. 0.05 and O.1.

On the basis of the measured extinction, we calculated the

amount to be filtered off for our experimental vessels by

means of a calibration chart.

*oreen algae (Scenedesmus acuminatus) and blue algre (Anabnena
cf. planctonica) were used only to dﬂj;o the different asoinil-
ability of different algal groups. The results arc described
in Part 1.




The blue algae had to be treated a little differently.
The batch cultures, drawn into tubes, were treated with NéHldrCO3
while they were still in the exponential phase, and kept in thé
tubes overnight, exposed to the air. When shaken in Erlen-
meyer flasks, this suspension reaéted with considerable foan
and extensive destruction of the algae. The illuminafion was
" kept af a weaker level than for the diatoms and the green
algae, at approximately 1000 lux.

Following the centrifugation, to gﬂgge the specific.
activity of the 14C—labelled algae, ﬁe filtered off three
20 ml portions of the suspension on a membrane fibter with
an 8 pm pore size and a diameter of 37 mm above ignited
kieéelgur; we used these to measure the carbon'wiﬁh é carbon—~
ﬁydrogen analyzer, then filtered off three 2 ml portions
on a cellulose nitrate filter with an 8 Mm pore size and a
diameter of 30 mm.‘These latter filters were put into a plastic
coﬁgﬁing tube, dissolved Qompletely with.iB ml of a solution
of 120 g naphthalene and 4 g PPP (2,5-diphenyl oxazole) per
liter of dioxane, and placed in a Packard Co. "Iri~-Carb Model
3375" liquid scintillation counter.'After a period of at |
least two hours, during which the light-induced phosphor-
escence diminished and the sample became tempered, the
measurement was taken. The quenching was calculated by means

of an external standard (expressed as the AES ratio) using
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a quenching chart established previéusly for .the mixture
- of membrane filter, algae, dioxane and PPO with a known
level of radioactivity. This enabled us to caloulate the
number of disintegrations per minute (dpm).

Aqueous samples were first made basic with 1 ml of
concentrated NH3 and put into the counting tubes in amounts
of from 2 to 10 ml. We then added at least the same amoun£
of Instagel (a Packard Co. gelling scintillator mixture,
not further described), and later also the very similar
substance Unisolve (Zinsser Co., Frankfurt am Main, Germany),
and calculated the dpm by means of the AES and a suitable
quenching charte. |

To measure the activity of the limpets, we dipped
them quickly:in 10% NaOH to remove the shells, then put them
into the counting tubeé, covered them over with + ml Soluene-100
(a strongly basic quarternary ammonium hydroxide marketed |
by Packard Co.), and dissolved them 6vernight in a drying
oven at 45°C. We then added 7 ml of a solution of 4 g PPO per
liter of toluene (analytical rate), and, again after waiting
for at least two hours, evaluated the samples with a scintill-
ation counter,

Egg capsules of Ancylus were deposited almost exclus-
ively on the lateral walls of the experimental vessclse. These

were removed with a spatula bent at the tip and put into the
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counting tubes, They also were dissolved overnight in 4 ml of
Soluene-100 and then treated with 7 ml of a solution of
4 g PPO per liter of toluene.

To measure the radioactivity of the different organs
in Ancylus, at the end of the experiment, the animals were
completely submerged in a mixture of picric acid, formalin,
and glacial acetic acid according to BOUIN, After a period
of af least a day, they were dissected in some.water in g
wax cupel, and the organs were put separately into counting
tubes, where they were dissolved overnight with 4 ml of
Soluene-100, The intense yellow color of the picric acid
produces a strong quenching effect in toluene, so that the
operéting range of the quenching chart was no longer within
the linear range; however, it could be linearized through
a double logérithmic transformation, making it possible to
deternine the degree of action qﬁiteAprecisely even with
relatively low AES values (Figure 1).

CONQVER & FRANCIS (1973) have pointed out that very
considérable sources of error arise in the 14C-measufement

14C~exchange rates between the compartments

technique if the
of an experimental system are not considered. In what follows,
we shall investigate the balancing relations of equilibrium

after centrifugation between the algae and the surrounding

water, first for the conditions in the flat-bottoned flacks,
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in which the algae were still in suspension, and then in

the experimental vessels, where they had been filtered off
onto membrane filters. The carbon measuréments were obtained
with the carbon-hydrogen analyzer mentioned in Part I.

When the algae were transferred from the centrifuge
into a two-liter flat-bottomed flask, they initially showed
a sharp rise in their carbon contept; after a few hours,
this reached a saturation level up to ca. 20% above the
initial value (Figure 2). The obvious assumption seems to be
that the carbon uptake of the algae was restricted during
the 15 hours of shaking prior to centrifugatioﬁ, but that
it was made possible again for some time after the addition
of Lake of Constance water, until another substrate limit-
ation occurred, However, we can not state which material
represented the limiting factor in this case. Becauée of
this change in the carbon content with time, theAsample
used for determining the carbon in our experiments was fil-
tered off only after about 1% to 2 hours.

The dpm value found in the algae remained approxime—
ately constant throughoﬁt the experimental period. This signifies
that the specific activity (dpm/ugC) fell sharply at first,
then hardly fell any more, as is shown in Fioure 3. In this
case, according to our visually drawn curve, thce decline

was only around 6. This suspension was placed under din
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light after one hour, and it was shéken less-than the first
suspénsion. However, even in this case, there was a levelling
off after a period of one or two hours.

The experimental vessels were always érepared before
noon. To trace the changes in the specific activity on the
membrane filters, we took measurements every two hours, and
plotted the binomial moving averages in Figure 4 for a 30-hour
series of measurements. During the first 24 hours-—the period
during which most of our experiments were performed--the
values averaged 87.9% of the initial value. During this time,
the water reached a considerable specific activity.

Strictly Speaking, 2ll of these adjustments of equi-
librium plotted in our illustrations should have been followed
in each exPefiment and calculated afterwards, since even with
largely identical preliminary treatments and experimental
procedures,'the algal material showed variable relations of

equilibrium with respect to the 14

C kinetics, However, because
this would have been too prensive, we did not do so, and

we also did not undertake any numerical correction based on
the curves found, except that, as mentioned above, the sus-

pension in the flat-bottomed flasks was further processed,

following centrifugation, only after about 1} to 2 hours,
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As a limit of significance for our statistical cal-
culations we chose 95%. Series of measurements in relstion to
the length of the shell were generally calculated as a
double logarithmic regression, which treats the family of
points as accidental deviation from a power function™ of
the form Y = g o Xb. We designated an animal with a shell
length of 4.5 mm as our "standard limpet". Details may be

found in Part I.

3+ Results

] -

3¢l Turnover, incorporation, and size of carbon pools

Felel Carbon turnover pattern in the body of Ancylus in

relation to time

The considerable seasonal and also short—-term fluctuations
in the rates of ingestion and production described in Part 1
make experimental studies very difficult, insofar as any nU-
erigél value found is useful only when it can be'classified
within this activi%y pattern which is so variable in relation
to time. Moreover, it is all but impossible to repeat any
experiment under equal conditions, Sinc; these conditiong——

which undoubtedly include also the entire previous history of

the animal-—-are not yet clearly knowﬁ.

*¥The term "yower function® was chosen in this context following

the designation of the allometric relation in this rerurd by

other authors (e.g., ASCHOZY & KualliIk 1971, PaUsu.ad 19775). In notbemnabe
ical analysics, on the other hand, the uce of this term in reistricted

to functions of the form ¥y = x (n natural). '
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Our investigations with isotopes were usually carried
out in such a way that the animals from the field were acclim—-
ated to the experimental conditions for four days in the ex-
perimentai vessels, and then fed 14C~labelled Nitzschia. The
subsequent (unlabelled) feeding period varied in length, depend-
ing upon the problem under investigation.

To measure incorporation and turnover with the 14C
method, we must first know approximately how fast the labelled
carbon taken up is released again through respiration, secretion,
and excretion, Many of the experiments described below wére
carried out at 25°C, in order to obtain the highest possible
results, which thus would be readily measurable. At lower
temperstures, all procééses should take place at a corresp-
ondingly slower rate.

We placed several Ancylus specimens on 14C—iabelled
algae, and after 15 minutes, we removed those animals which .
happened to have begun feeding immediately, and put them
directly into a scintillation counting tube in somewhat
sterile~filtered Lake of Constance water. After another 15
mninutes, we took them oﬁt again and'placed them on a membrane
filter covered with unlabelled food. They were put into a
tube again for another quarter of an hour after 1, 2, 7, and

14

194 hours. The ~'C passing over into the watcr was mensured

with Instagel, and the measured values are shown in Fisurc 5,
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as the amount of 14C released hourly by a single animal. The
pattern on the graph implies that a'portion of the carbon used
for basal metabolism is respired very soon, Viz., within the
first hour, while a further portion is respired only over a
number of days. However, this second portion can not represent
carbon permanently incorporated into the tissues, since, as
we will shov later, the high rate of release after 194 houfs-
~—at approximately 130 dpm per hour--with a total incorporation
of 2336 dpm, would correspond to far too high a turnover rate,
Instead, these values fit better with the conception of a
reserve pool, built up and exhausted again relatively quickly,
which would have fo be largely devoid of 140 again within a
few dayse.

The feces released in the tubes was filtered off over
8 pmn membrane filters measuring 30 mm in diameter aﬁd dissolved

14C—content showed

in the dioxane~PPO0-naphthalene mixture, Its
a similar pattern; in this case, however, the maximum was not
in the first quartér of an hour, but only after one hour (Fig~
ure 6).

Next, let us exémine the chaﬁgeé in the release of’
140 into the egg capsules in relation to time. For this in-
vestigation, we labelled animals at 25°C for 24 hours, Ve

then measured the 14C---contents of the egg capsules deposited

during the next 16 days of feeding with unlabellcd food, and
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also the amount still found in theianimai afterwvards. Three
different representative examples are presented in Figure 7:
One animal (circles) deposited one egg capsule with a relat-
ively high L4c content on the first day of this subsequent

14,

feeding period, and three more with relatively low = C-contents
on the following days. Another (dots) did not begin to pro-
duce eggs until more than four days after labelling, then

deposited eggs showing a largely uniform decrease in 140—

cone=
tent. Finally, a third animal (triangle) deposited only one
egg capsule after more than four days. The egg capsules were
all of comparable size, so that a deérease in the percentage
of 140 represented élso a corresponding decrease in specific
activity.

The specific activity of the eggs deposited after

several days was still much too high to assume that this 14

c ~ 8
had been mobilized again from the permanently incorporated |

portion. Instead, once again, the values fit only in a model

based on.the assumption that a portion of.the carbon assimil-
ated‘is.incorporated into a carbon reserve, where it is re-

placed by a further carbon supply in a few days. Since the

spécific activity also was low in the egg capsules produéed

only after several days, but high in those produced immediately,

we must assume that this reserve pool required for egs capsule
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production is in a constant dynamié equilibrium between
supply and use even when oviposition is not taking place.
Hence, this is probably the same reserve pool from which
came the 140 found in respiratibn after the high initial
release of 14'C.

In Figure 7, the egg capsules deposited over a

period of 16 days contained up to 72.8% of the total 14C~con—

tent. In 54 series of measurementé with only four days of
subsequent (unlabelled) feeding,vwe found a maximum of
60.5% of the ~%C in the egg 6apsules. If eggs were deposited
whilé the labelling experiment was still in progress, their
maximum level of'l4C was 56.5% of the total 14C—content
at 25°C, but sometimes.it also was very little.

In summary, then, we find the following pattern:
The specific activity of egg capsules deposited already
during the labelling period may be high or low, depending
on whether they have already taken up the labelled carbon
or not. The specific activity shown by egpg capsules depos—
ited after the labelling period decreases constantly with
increasing intervals of time. As was shown in Part 1,
Ancylus divides the portions used for growth and for egg
production into 81,2% for egg production and 18.8 for

14

growth. Hence the percentages obtained with C-labelling

for the egg capsules were always lower., However, the
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incorporation values for the animal.do not represent only
growth, but the amount of carbon incorporated, which involves
the turnover of the tissues as well as gfowth. Therefore the
values foﬁnd in the above expgriment are not inconsistent
with the distribution coefficient reported previously.

Now let us test this model in relation to temﬁerature.
The mean values, and also the standard deviations and ex—-
treme values, of the percentage of-the 14C--content found in
the egg capsules during four days of subsequent (unlabelled)
feeding are plotted in E;gggé 8. The mean values are grouped,
without any distinct tendency, around an average Qf 29455
The moximum values increase gradually from 28.8% at 10°C
to 60.5% at 2500. This-ﬁniform rise in the maximum values
probably reflects the faster turnover rate of the reserve
pool with rising temperatures. At low temperatures, the pool
is filled gradually over.several-days,_and the next egg cap-,
sules deposited show a relatively low percentage of the 14'C---c:on--
tent. With high temperatures and accordingly high turnover |
rates of the reserve pool, egg capsules deposited shortly
after the labelling period may also show a very high percent-
age. Perhaps this relation to temperature results not only
from an increased turnover rate, but also from the fact that
the average size of the pool is greater at lower temperatures.
At a temperature of from 20° to 25°C, the half-lifc of the

carbon reserve must be about one daye.



The size of the reserve ﬁool can be estimated on the
basis of the fact that an individual egg capsule contained a
nmaximum of 56.5% of all the labelled carbén found in Ancylus
and the egg capsules together, but the limiting value in
all egg capsules deposited subsequently also was not much high-
er, Hence, the pool was largely emptied for this ovipositioﬁ. |
Assyming an amount of 37 Mg carbon in the egg capsules (the
average value for five eggs), this gives a value of fully 6%
of the carbon content of an animal with a shell length of
55 mm and 615 pmg Ce

According to the data in the literature, the most
likely reserve mate?ials in pulmonates are glycogen and gal-
actogen (polysaccharides composed of units of glucose and

galactose, respectively). Only one datum is available for

Ancylus fluviatilis, in BERG (1953), and certainly this should
not be generalized. However, the value of 5.8% glycogen re-
ported in that case fits well with the pattérn of a reserve
pool which we have outlined on the basis éf the carbon kineticé.

Given the very variable C:N values of Ferrissia rivularis

(BURKY 1971), it must be assumed that the pool is considerably
larger from autumn to early spring, with C:N values up to 4.8,
than during the other seasons (minimum C:N ratio, at the end

of Ma.y, 2e 94) -
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3.,1.2 Carbon incorporation in relation to body size

In this and the following section concerning investi-
gations on the rate of incorporation in relation to various
parameters, we.fixed a uniform subsequent (unlabelled) feed~
ing.period of four dayse. Hence the reserve pool was lérgely

140, and the measured levels of activity approximately-

enpty of
reflect the permanently incorporated portion,.

Once again, like the relative ingestion (cf., Part 1),
the relative incorporation (in relation to the carbon content
of the body excluding the shell) generally was approximately
in proportion to the size of the body. Also the b exponent
in the allometric férmula Qas again lower in the autumn (Fig-
ure 9). There did not appear to be any direct connéction
with the experimental temperature,

If the incorporation/ingestion-ratio-—which we shall
designate as Kl' to differentiate it from Ki (production/ingestion)
—-is-taken in rélatioﬁ to the size of the body, this gives
the relation shown for 10°c, 19°¢C, and 2500 in Flgure 10. K,
decreases with increasing body size. At lOOC, the falling
tendency of the curve is not significant, but the absolute
values for b and r Dbecome greater with rising temperétures,
and the decrease becomes significant. A striking feature is

the considerable variation of the individual values at all

temperatures, indicating that the different animals differed
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greatly during the experiment with respect to the percentage
of the ingested and assimilated cafbon lost through basal
metabolism, and the percentage available for storage aﬁd
growthe According to these charts, an animal containing

10 pyg of carbon (corresponding to a sheli length of 1.2 mm)
showed only a slight diminution of the value for Kl‘ from
20.,9% at 10°¢C to 9.6% at 2500; whereas adults containing

1000 Mg C (corresponding to a shell length of 6.6 mm) showed
a sharp reduction from 17.1% at 10°C to 2.0% at 25°C. Thus
Juveniles showed a very high efficiency of incorporation

in relation to the level of ingestion even at high temperatures.
However, since the ingestion rate generally varies apﬁroxim—
ately in proportion to the body size (Part 1, Figure 19),
this signifies that the relative incorporation rates (in
relation to the carbon content of the animals) were higher

for juveniles than for older animals. Corresponding results

weré obtained for the production rates at 16°C (Part 1, Figure 26).
D Ligure

~-A11l of the above°incorporation rates took into account

also the carbon transfe;red into the egg capsules deposited
in each case., Therefore the sharp reducfion of the incorpor-
ation value in adults measured after four days of subsequent
(unlabelled) feeding was not caused.by the fact that material
was diverted into the egg capsules; rather, it indicates a

higher rate of general basal metabolism.

10



Jele? Carbon incorporation in relation to the temnerature

and_season

We shall now examine the relation betwéen carbon in-
corporation and temperature, and how carbon incorporation is
related with production. Once again, we investigated the
values for mid-August separately from those for the period
from late August to mid-October. For this second period,
we nade separate calculations for the old and the new gen-—
eration; the statistical material did not permit any satis-
factory conversion for our standard limpet.

In Figure 11, the mean values of the seriés in the
spring and early summer, together corresponding to the normal
acti?ity defined in Part 1, are represented by dark circles,
and the highest points, representing a maximum incorporation
analogous to the maximum gctivity defined previously, are
connected b& a solid line., Thus ﬁhe highest relative carbon
incorporation value was found at l6°C, and amounted to 6.,8%
in relation to the carbon content of the animals. In the
autumn,‘for both the 6ld and the new generation, the maximum
point shifted into a higher tenmperature range, from 22°C to
25°C. Becauée there were not as many series available in
this case as there were for the values before the end of
August, and also because they did not vary as much, ﬁe agrouped
them together., The smoother curve for:the autumn is in accord

with the corresponding findings for ingestion.
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Because of the great variations - in activity, it is
difficult to coordinate the measured incorporation rates
with specific rates of production., The maximum incorporation
for the spring, as ascertained above, énd the maximum pro-
~duction in the spring, as found in Part 1 (Figure 29) are
compared in Figure 12 (shaded area in the upper graph). In
the lower graph, the average incorporation values fér late
suﬁmer and autumn are compared with the ;verage production
in the late summer and autumn. The autumn incorporation rate
shown here corresponds to the arithmetical mean between the
points for the old and the new generation in Figure 11.
These graphs show that the incorporation values were usually
clearly higher than the production values. Therefore the
d;ffefence corré5ponds to the portion incorporated in addition
to the production, which maintains the dynamic equilibrium
between construction and degradation of the tissues. This
is at approximately‘the same level as the production itself,
In relation to the carbon content of the animal, in 8 mod-
erate temperature range, this was about 2, corresponding to
a half;life of 34 dayse. This does not take into account the
fact that, naturally, during the course of the four days of

14

subsequent (unlabelled) feeding, some of the ~'C originally

incorporated had already been released again.

11



25

The still quite high incorporation rates also at
low temperatures, in contrast to practically no productioﬁ,
must correspond to the assimilation of reserve material.
The ratio of the incofporation rates to assimilation is
plotted in Figure 13. At temperatures of about 13°C and
up, the incorporation rates were almost always somewhat
higher than the production rates (Kz), corresponding to
the portion incorporated in addition to production, as re-
quired to maintain the dynamic equilibrium. At lower temp-—
eratures, the ratio of incorporation'to production Qés
considerably higher, with the incorporation of carbon
representing up to 46% of the assimilation. A compariéon
with Figures 10-a - c¢ shows that the extensive individual
differences contrast with considérably smaller differences

between series.

3ele4 Influence of food supply and temperature on activity

and the size of the reserve pool

" As we have already explained in Part 1 and in Section

3ele2 above, Ancylus fluviatilis shows considerable seasonal

variations in the rates of ingestion, incorporation, and pro-
duction. It therefore seemed appropriate to investigate
whether the-food supply can determine the level of activity.
In vhat follows, then, we shall describe investigations on

the metabolism of the species under starvation conditiong.
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We kept 20 animals at 19OC beginning in May. After
24 days, we removed their food; we measured the carbon con-
tents of three animals at the beginning of the starvation
phase, and of another -three animals affer 4, 8, 12, and 16
days of starvation. We also figked the production of feces
and egg capsules. The resulis are compiled in Figure~l4.
During the first 8 days--if indeed we may accept thé almost
linear pattern of this section of the curve as truly expon-
ential--the carbon content of the animals fell by 4.2%
each day. However, the decrease from the eighth day to the
sixteenth was only 1.8% daily. After the sixteenth day, all
of the experimental’animalé vere dead. Thus a carbon content
of about 50% must represent the lower limit reached by the
l;viné animals..Inoidentally, a reduction in weight to 50¢
of the initial value seems to be the limit of survival also
for other poikilotherms (FLOREY 1970, KAUSCH 1972).--BERG
et al. (1958) also found a reduction of the respiration value
with several days of starvation; however, their Valueé can
not be compared with the present values.

A comparison of these values regarding the degradation
of organic substances during starvation with the values for

basal metabolism (assimilation minus production) calculated

in Part 1 (Figure 30 and p. 487) and with the values for respir-

ation reveals that the 4.2% daily reduction measured at the

12



27

beginniﬂg of the starvation phase aé 19°¢ practically corresp—
onds with the values for respiration (3.8% converted according
to BERG, assuming an RQ of 0,812), but not with our calculated
value for basal metabolism (30.3%Aat 19°¢). Tﬂis is also an
indication. that the high value for basal metabolism occurs
only with simul taneous nutrition,

We observed a notable amount of fecal production only .
during the first four days, an observation already made also
by CALOW & FLETCHER (1972) at 10°cC. Egg capsules were produced
until the end; initially, however, one capsule per animal
was deposited every two days, whereas at the end this fell tq
one every four days. Simultaneously the average number of eggs
per capsule diminished from 4 to 2, However, the average car-
bon content of the egg capsules was not less than that shown
by animals with a corresponding number of eggs not subjected
to starvation. |

— Hence, according to these fiﬁdings, the animals remained
active even when their food was taken away, and continued to
deposit eggs until they were exhausted, which happened at about
.50% of their original carbon content. We carried out another
. series of investigations to clarify the behavior of the rates
of ingestion and production when food was provided again after

" several days of starvation.
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We obtained 12 animals in nature at the end of May
and placed them in experimental vessels at 19°¢C,  Four of
these were fed after 3 days, another four after 6. days, and
the remaining four after 9 days. Two of the animals-—one
which had starved for 6 days, and}one which had starved
fof 9 days—--died in the first six days after food was pro-
vided; the rest survived. All of the animals showed 1argeiy
the same high rates of ingestion when food was provided
again as were shown duriﬁg this season also by animals not
subjected to starvation.

However, as soon as feeding had been started again,
they also produced egg capsules with a smaller number of eggs,
and thus also a lower average carbon content, per capsule,
This situation persisted, without any tendency to increase
orAdiminish,-until the end of the experiment 24 days later,
so that the average number of eggs for the animals with
three, six, and nine.days of stafvation was 4.0, 3.7, and
3¢2 respectively. As shown in Figure 15, egg capsules with
only two eggs began to appear already after six days of
starvation, while after nine days, capsules with only a
single egg began to abpear.

When liupets were placed in the experimental Vvessels
with food in the late spring, for a long time they deposited
ca. 5 eggs per capsule; this value fell to J ezas per capsule

only after a long period of observation. Evidently at this

13
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point the available reserves were exhausted., It appears
that under starvation conditions, this process of exhausting
the reserve material is merely accelerated. Under our.experi~
mental conditions, a recovery.did not occur.

The ratio of egg capsule production to growth in
the starvation experiments of Figure 15 averaged 78,55, bub
this was not significantly differgnt from the previously '
reported value of 8l.2% (cf. Part 1, Figure 24). Separately,
the values found were 78.35 after 3 days of starvation (4
enimals with n= 21 measurements altogether), 84.6% alter 6
days of starvation (n= 18), and 72.6% after 9 days of starv-
ation (n= 10). |

It was noticeable, then, that the animals maintained
intensive production of egg capsules, and even remained fully
active, when food was no longer available to them. EVen the
distribution coefficient of about 81.2% to '18.853 remained
unchanged. Thus the,respiratory pattern outlined by WIESER

et al. (1970) for ‘the land pulmonate Arianta arbustorum, in

which the level of activity is determined primarily by endo-
genous control factors,.seems to apﬁly‘élso to Ancylus. In

the above example, the activity was accordingly set at a

high level and remained at this fiied gsetting until death

by starvation. However, the carbon content of the cg7 capsules

deposited diminished together with that of the adults.
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Therefore the food supply does not effect the level of activ-
ity, but it influences the level of the reserve pool, and
thus also of the egg qapsules.

If the anihals are kept at temperatures below 130Ain
the spring, they often show a 1owhrate of production, reach-
ing a phase of higher activity only months later, depending
on the individual. They then also live to an old age. Above
Ca. 1300, however, the limpets shift spontaneously into a
higher level of activity, deposit many egg capsules, and
die a few months later (depending on.the teﬁperature). Thus
it appears to be the case-that above 1300, these animals
are no longer able to reduce their metabolism, and éllow it
to cbhtinue unchecked even under starvation conditions. This
wbuld accord with the fact that the animals from the bfook
warm in summer (Population IV) already die off in July
(STREIT 1974, 1975)',' whereas those of Population I, with
a ﬁ;&imum summer temperature of 11.800, do not perish until
the autumn. At 7°C or below, the animals soon pass into a

relatively dormant state, or die. Then no developmental

cycle can continue.
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%e2 Incorporation and turnover of carbon in the organ systens

3e 201 Anatomy, morphology, and morphometry of the orecans

| Anatomically, adult and juvenile individuals of Ancylus
differ in two respecfs, which must have effects on their
metabolism: First, the juveniles.étill completely lack the
female reproductive organs, which are very striking in adults;
sécondly, the relative size of some of the other organs ié
chéracteristicany altered (Figure 17).

The gonad (ovotestis), which produces oocytes and
spermatozoa, grows disproportionately to the rest of the
body. In small animals, it is an unobtrusive organ at the
posterior end of the visceral sace. In large animals, it
has attained approximately the same size as the stomach,

This positive allometry is rdpresented in Figure 18a, The
b 'exponent,.at 1.592 with é high correlation coefficient
r = 0.959, .is significantly higher than 1.

B In contrast, the radula shows very negati#e allometry,
with a b exponent of 0.679 (Figure 18b). It is constructed
with its maximum possible extension in Jjuveniles, extending
to the postefior end of the visceral sac. In adults, it remains
visible only as a smail appendage of the head (Fimure 17b).

The remaining feeding organs and digestive organs
all show a?proximately isomorphic growth. This is shown for

the stomach and the length of the gut in fisures 18 ¢ and d.

14
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All of the organs discussed so far maintain the same geo-
metrical shape throughout ontogenesis, so that analogous‘
carbon contents should correspond to these allometric relat-
ions of size., A différent situation prevails with respect to
the midgut gland. Its linear dimensions likewise indicate
approximately isometric growth (Figure 18e), but this organ
seems-to be rather flattened in larger animals, so that

the relative carbon content is somewhat reduced (cf, Table 1,
Pe 15).

Another group . of organs, which must be cléssified
under the female reproductive system, show still other growth
characteristics. These organs include, on ﬁhe one hand, the
large, lobular-albumenvgland, as the main source of nutrients
for the eggs, and on the other hand, other appendéges'(the
mucous gland, etcs) which sometimes.also contribute material
for the egg capsules, and which we may designate collectively
as the %other female reproductive orgens" In animals with
shells measuring less thén about 2 - 3 mm, the female repro-
ductive organs are no longer visible even with a stereo-
magnifier, being present only as a‘tiny primordium. During
the course of ontogenesis, these organs gradually push back
from the anterior left side of the viscerél sac, between

the. foot and the digestive tract, towards the posterior,



showing Very strongly positive allometry ( b _exponent for
the albumen gland = 3,142). The albumen gland, always some-—
what farther advanced in this process thén the other drgans,
finally reaches the posterior margin, near the gonad. How-
ever, there is no really definite maturation size. Certainly
below a shell length of about 3.9 mm these organs are not
able to produce egg capsules. Ab this length, however, in
exceptional cases, we observed oviposition, but then the
capsules contained only one or two eggs. This was the case
especiallylwith animals reaching maturity only in the summer
or autumn, and not with those which were already fully grown
in the spring. At a shell length of 5 mm, the albumen gland
usually has already reached the gonad, and the animals deposit
eggs regularly. Later, however, it may still grow disprop-—
ortionately, extending forwards and backwvards to ali un—
occupied regions of the visceral sac, as faéilitéted by its -
plastic morphology..The albumen gland and the other female
reproductive organs showed largely the same type.of rcaction,

14C--incorporation analyzed later as well

with respect'to the
as with respect to growfh characteristivs.

In adults, the size of the albumen gland shows a
pattern of seasonal variation. In E;gggg 18f, ™" indicates

the regression line which applies generally to juveniles

up to 5 mm shell length, while line "L" represents the values

15
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measured in adult animalé of Population I from the spring
until early July. The albumen glands of animals with a
corresponding shell size were smaller already in August
(wom), and even smallér in September and October (“3%), -
This gradual degeneration correSpénds to an analogous
diminution of the capacity for egg production, as wiil.be
shown iater.

The only other organs contained in the visceral
sac in addition to those mentioned so far are the excretory'
duct of the gonad (ovotestis) and the vesicula seminalis,
Farther to the right, as an offshoot of the male copulatory
organ, embedded in the midgut gland, is.the coiled end of
the flagellum. |

A1l other organs not yet enumerated were grouped
together under the designation "Resttier® (i.e., "remainder
of the animal"). Thié inciudes the entire foot, the head with
the buccal mass, the salivary glands, the éanglia, the heart, .
the kidneys, and the male reproductive organs. We also in-
cluded the radula in this group. This arbitrary, but practical
kind of classification has proven uéeful for physiological -
investigations also with other animals (cf., e.ge, thc "Restkrebs",
"remainder of the crayfish", for Orconectes in SPECK et al,

1972).
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In oraer to have a basis for caiculating the incorp-
oration rates and turnover values, we measured the carbon
content of these organs. The values were obtained from
organs fixed with Bouin's fixative., Prelininary investigations
revealed no significant differences in carbon content be-
tween fixed and uwnfixed material.

In all organs and organ systems, the percentage
of carbon changes to some extent with the length of the shell,
In Figure 19, based on the values of 11 measurements using
1 to 3 animals each time, we have calculated a linear regression
and its 95% confidence region for the "“remainder of the animal“;
although this does not mean that the statistical relationship
may be viewed as linear. For the other_srgans, the (statistical)

éstimated values for a juvenile measuring 2 mm and an adult

“measuring 6 mm are compiled in Table 1.

Organe 1 2 mm & mm
Resttier? L7129 62,5%
Mitteldarmdriise 3 18,4 % C129%
Magen 51% 3,6%
Darmb 7 49% 3:4%
Gonade§ 04% 23%
Flagellum ‘ 1.6%
Tiwcifdrise ( . 615
Restl, weibl. Fortpflanzungs-Organe 8 76%
100,0% 100,0%

Table 1. Percentage of carbon in the different organs of Ancylu
fluviatilis, for animals measuring 2 mm and 6 nn in length, ‘

16

Key: 1- organ 2~ “"remainder of the animal® (Reutbtier) - midsut

gland 4- stomach 5- gut 6- gonad 7- albumen gland 8- other
female reproductive organs (Read commas as decimal points.)
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3e2e2 Incorporation of carbon into the vegetative organ .

g

systemns in relation to the season.~t§mnerature._and“§gdv size

In Figure 19, the carbon content‘of the “remeinder
of the animal" was shown as percent of the content of the
entire animal. This percentage decreased bnly slightly with
increasing body size. To calculate the incorporation of 140
into the "remainder of the animal“_we selected 60 animals
fron a temperature range of from 1300 to 250C, since there
were no significant differences due to temperature in this
range (see below). In E;ggig 20, the result is shown again
as a linear regression against the length of the shell. Ac-
cording to this graph, for juveniles measuring-approximately
1 mm, incorporation into the ﬁremainder of the animal"
corresponded with the carbon percentage. Howeﬁer, as the
animals grew larger, an increasingly smaller percenfage
was conveyed into the “remainder of the animal“;.i.e., the
visceral complex gained increasing importance in the dymamics
of metabolism with increasing age.

To ascertain whether the percentage incorporated into
the "remainder of the aﬁimal" is reiated to the experimental
temperature, we calculated the estimated value of each series
for our standard limpet. These valués are presented in Figure 21;
values for the spring animals are shown as dots, thocse for

the autumn animals as circles. The graph indicatcs no diflference
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between spring and autumn animais. We also found no distinct
trend between temperatures from 10°C to 25°C. The arithmetical
mean in this range was 48.05%., However, below 10°C, the in-
corporation percentages were higher, and at SOC, they
reached approximately 62%, |
We also tested relations to temperaturé for the mid—
gut gland, the gut, the stomach, and the radula, but no def-
inite relations were detected. Instead, incorporation into
the reproductive organs was depressed at low temperatures,
as will be shown in the following section. The carbon thus
saved was then available for the “remainder of the animal™,
We also found no seésonal %ariations for the vegetative organ
systems. In what follovs, therefore, reéarding these other
vegetative organs, only the relation bétween thé percentage
incorporated and the length of the shell will be examined.
The values for incorporation into the midgut gland-
and -into the gut showed a tendency to a slow, but significant
increase with increasing shell length; those for the stomach
were practically constant, or decreased very slightly (Figure 22).
However since, according to Table 1, the percentage of carbon
in these organs fell slightly, this means that the specific 17
incorporation was higher in older animals, and thus that
the carbon turnover in these organs ﬁas accelerated. The

radula, which was included with the "remainder of the animal®
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in our investigations, showed lesser inoorpofation values
with‘increasing shell length (Figure 22), consistently
with its decreasing relative size; however, this was only
a very small part of the general decrease in the pércentage

incorporated into the "“remainder of the animal®,

3. 2e3 Incorporation of carbon into the reproductive organ

systems in relation to the season, temperature, and body size

The gonad is located at the posterior end of the visceral
sac, and produces spermatozoa and oocytes in adulise. Its incorp-—
oration rates, as percent of the amount incorporated into the
entire body of the animal, are shown in Figure 23 in relation
to shell length, for animals measured in the late summer and
autumn. The rising percentage of the total incorporation with
increasing body size corresponds with the positive allometry
of this organ shown in Figure 1éa. The values measured -in
thé‘Spring were always higher, yielding the regression line

v = 0,629 » X010,

where y = 14C-—incorporation in percent and x = shéll length
in mm, with n = 69 measurements and a correlation coeffiic-
ient r = 0.433.

To ascertain whether the percentage of 140 incorporntod
is related to temperature, we calculated a double logarithmic

regression for the percentual values .against the length of

the shell, and noted the (statistical) cstimated valuc for
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an adult animal measuring 6 mm, sepérately for the spring
and autumn animals, in Figure 24. Each series of‘points was
connected by a visually estimated curve. Whereas the spring
animals showed a distinct increasg due to temﬁerature from
approximately 1.0% at 5°C to 2.5% starting with 13°C, this
was not fouhd in the case of the autumn specimens. Hence in
the spring, the gonad participates in metabolism most intensively
in that temperature range in which oviposition also takes |
place with full intensity, as shown by a comparison with
Figure 24 in Part 1. The generally lower values in the autumn
correspond to the considerably lower need for sex cells in
the animals of the previéus year, which are then already
quite old. Juveniles also showed higher incorporation rates
in the spring, with an estimated value of 1.20% for a limpet
measuring 3 mm in length (standard deviation s = 0,225 with
n = 12), than in the autumn, with a corresponding value of
0.56% (s = 0.095"5" with n = 17). |

As showm in Figure 25, also the albumen glond and
the other female reproductive organs showed an incrcage in
percentual incorporation corresponding to.positive allometry.
The course of the curve is evidently multiphase, as we hove
already shown for the morphometry in Figure 18f. To test
the incorporation into the albumen gland in relation to

tenperature, we entered the arithmetical mean for adults
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meaéuring 5 mm and up in each individual investigation series,
separately for spring and autumn specimens, in Figure 26. For
the séke of clarity, we noted the standard deviation and the
number of experimentél animals only for the animals of spring
and early summers. This graph showé.considerably wider vari-
ation than the graph for the gonad. However, it does not

show any difference between spring and autumn animals. Ali
of'these values represent percentages of the total amount in—_.
corporated by the animal. Since this total amount incorporated
by the animal was lower in the autumn; the absolute incorpor-
ation values in the autumn were correspondingly lower. The
mean plateau value of the visually drawn trend line was 7.2%;
However, at 5°C, the incorporation rate was only about Z’,

The other female reproductive organs showed the same
tendency and range of variation as the albumen gland, but
their percentual values averaged. l.36 times higher (arithméticai
mean at n = 56; extreme values: 0;41'- 4,23), Thus the gonad,
albumen gland, and other female reproductive organs showed
a different relation to temperature from that of the. other
organs. Together they incorporated approximately Lo5i # 5425
# Tl = 13.8% more iﬁ the plateau range of Firures 24 and 26
(starting from 10°C - 13°C) thaen at 5°C. This explains the
pattern in.relation to temperature of the incorporation valucs

into the "“remainder of the animal" in- Fioure 2l.

18
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In view of the sharp reduction of the absolute amounts
incorporated into the animal with félling‘temperatures (cfe Fig-
ure 11), the additional retardation of the rate of incérpor—
ation into the reproductive organs practically represents a .
shifting of ﬁhese organs to a minimum metébolism. The -other
organs can not be similarly restrained, because they are nec-
essary for the life of the animal, The critical temperaturé
probably varies a little at different times, averaging ca. 10°¢C,
At these low temperatures, as mentioned above, we found a
rather high.ratio of carbon incorporation to assimilation,
which was interpreted as a deposition of reserve materials.
However, these materials are evidentily not conveyed difectly

into the reproductive organs, but distributed in the rest of

the body.

3.2.4 Comparison of the carbon turnover rates in_the different
organs |

To guage tﬁe level of the simultaneous anabolism and
katabolism in the organ systems, we measured the incorporation
values of these organs considered in relation to the amount
ingested, and with different periods of subsequent (unlabelled)
feeding, at 19°C ana 25°c. Organs with a more intensive turn—

over rate could be expected to show a faster decrcase in the

incorporation/ingestion ratio over a period of time than organs
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with less active metabolism. We performed these experiments
during different seasons, so that the level of activity, for
bath individuals and whole groups of aniﬁals, wa.s slightly
different. Consequently, the values found should be considered
as provisional estimates.

Figure 27 shows the decline of the incorporation/in-
gestion ratio for various organs qf adult animals during the
course of 16 subsequent (unlabelled) feeding days (= 384 hours).
The chart shows certain irregularities, perhaps actually
based on multiphase kinetics (of, BUCHANAN 1961), On the 19
other hand, obviously a wide range of individual variation |
is generally found in such experiments (cf. also GRASZINSKI
1965). The points in Figure 27 are based on the arithmetical
means between the 25°C and 19°¢C series, so that they are
representative for a temperature of approximately ZéOC.

The four points along each of the durveé were subjected
to—a linear regression (not a semi-~logarithmic regression as
shown in Figure 27), and the estimated values for one hour
and for 384 hours (= 16 days) of subsequent (unlabelled)
feeding were used as iﬁdioators of the*decrease in labelled
carbon during the first 16 days after labelling. From these
values, we calculated the daily turnover rates and bthe half-

life according to a continuous logarithmic reduction by

the formula
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where Y = the ratio of incorporation to ingestion in percent,
t = the time in days, and a and- k are constants.

This yielded a half-life of 14 days for the entire
animal, Within this period, then, half of the carbon origin-
ally incorporated is replaced. To‘check the reliability of
these values, we also compared the average incorporation
values during four days of subsequent (unlabelled) feeding

with the production value; this gave 34 days as a half-life

for the entire animal, as already calculated above (Section

3e¢le3)es Probably the difference compared with the 14 days is
largely-explained by the fact that in the first case, the

turnover rates were-calculated beginning with the first hour

~ of the subsequent feeding period, and thus the rapid turnover

of thé reserve pbol with a half-life of only one day led to
the calculation of a very high overall turnover. In the second
Case, however, the incorporation rate measured on the fourth
day was used as the‘point of departure, so that the rapid
turnover of the reserve pool was not greatly considered. Using
the carbon values for the organs in Table 1, we could apply
this seéond method also to the organs. The two independent
methods of calculation yielded practically the same order of
turnover rates for the different organs. The different series
of possible turnover rates based on these calculations are

expressed in Table 2 by the different ranges of the half-life

periods showne. The table reproduces the different numerical
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Crgan Halbwertszeit Durchschnittliche Helix pomatia

in Tagen ], tigliche '.I‘ugx}ovcrratg pg O2/mg TG+ h
n z

Gess mruer 3 . 14 4,8 —
Ganglien 4 . —_ R 2,53—-4,00
Mitteldarmdriise5 7 8 ' 97 1,39--2,78
Darm 6 7— 8 9,1 2,56—2,70
Niere ' — — 2,05—2,24
Magen8 613 8,5 —
Radula9 9—12 7.8 —
Gonade 10 7—16 . 6,7 ’ —
Resti. weibl, Fortpfl, 11 12—14 - 5,1 ca. 1,03
«Eiwciﬁdrﬂsg 12 13—15 4.8 1,17—1,20
Restrier L3 » 2427 27 ca. 0,85 -

Table 2. Half-life and da%ly rate of carbon turnover in
Ancylus fluviatilis at 227°C, compared with the tissue resplir-
ation of Helix pomatia at 28°C according to KERKUT & LAVIERACK
(1957). All Specimens were adult animals. TG = dry weight.
Key: 1- half-life in days 2~ average daily turnover rate

5~ entire animal 4~ ganglia 5- midgut gland 6- gut

71— kidneys 8- stomach 9~ radula 10~ gonad 11~ other
female reproductive organs 12~ albumen gland 13- remainder
of the animal  (Read commas as decimal points.)

values for the mean turnover rate from the first to the three
hundred and eighty-fourth hour of subsequent feeding (first
method). By way of comparison, the table also shows the
tissue respiration levels found for ceftain organs by KERKUT

& LAVERACK (1957) in Helix pomatia at 28°¢, Comparison in-

dicates that the daily turnover rate runs parallel to the
tissue respiration. | .

These values show that our separation of the "remainder
of the animal"™ from the other organs was justified even from

a functional point of view, since the "remainder® had a con-

siderably lower rate of carbon turnover, The turnover rates
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of the stomach, the gut, and the midgut gland were about three
times as high. The low exchange activity of the female repro-
ductive organs is striking, as these were'always measured

in adult sﬁeoimeﬁs; yet the values for tissue respiration

reflect the same tendencye.

je% Balance and model of the carbon metabolism of Ancylus

fluviatilis

A balance for normal activity of adult animals is pre-
sented in Figure 28, revealing the position of different eco-
logical cardinal points: The maximum ingestion and assimilation
. are at 2500, the maximum production and incorporation at 16°¢C -
19°¢. For production andjtissue turnover, incorporation has
to occur in this temperature range. At lower témperatures,
where incorporation considerably exceeds production,.a large
portion of the material taken up is stored. Below-approximately
8°C,nmuch of the material taken up is used neither for basal
metabolism nor for tissue increment or ovipositioh, so that
both the ratio of incorporation to assimilation and the ratio
of incorporation to prodﬁction are at a maximum in this temp-
erature range. If the reserve pool is already full at low
temperatures, possibly the animal switches to a lower level
of activity; at present, however, we can only speculate about

this problem.
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The ratio of the different metaﬁolic’parameters

to one another (Kl, K2, A/I, etc.) seems to remain approxim;
ately constant throughout the year, so. that seasonal metabol-
ic variations are manifested only in fluctuations of the
values recorded in Figure 28. In juveniles, however, the
balance is much more favorable in relation to producfion,
and the correlation with temperature also is less marked.

| The metabolic values during normal activity for
juveniles with 10 Mg C (1.2 mm shell length) and adults
with 1000 mg C (6.6 mm shell length) at three température
levels (10°C, 19°C, and 25°C) are compiled in fable 3.
In this table, we presupposed a level of ingestion exactly
proportionate to the size of the body (cf. Part 1, Figure 19)
and fixed the assimilation ratio (A/I) of the jﬁvéniles at
the same level as that of the adults. Méreover, the same
type of relation between the production rate and body size
found at 16°C (Part 1, Figure 26) was aspfibed also to the
other temperatures. The pércentage values listed in lines 1 - 6
are in relation to the carbon content of the animal. Thus,
with a relative ingestion of 16.6% at lOOC, a juvenile with
10 Mg C consumes 1.66 Mg C per day, whereas an adult with
1000 M g C consumes 166 pg C. Various ecoiogical coeflicients,

expressed as percentage values, are listed in lines 7 - 1l.

21
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. 1 Jungticre (10 1g ©) 2 Adulttiere (1600 pg C)

10°C 19°C 25°C 10°C 19°C 25°C

1. T Ingestion 166% 505% 8119 166% 505% 81,15
2. F Facces 79% 17,8% 283% 729% 178% 283%
3. A Assimilation 87% 327% 5287 87% 327% 5285

4. P Produktion 5 - 33% 6,6% 58% - 08% 24 % 1.1% ,

5. Wachstum4 33% 6,6 % 58 % 07% 0.4% 02%
6.  Eiproduktion 5 — — — 01% 2,0% 09%
7. Al 525% 0648% 651% 52,5% 6489 6519
8. Ky =P/ 1989 131 % 729 4,6 % 48% 1,4 %
9. Ko = P/A 378% 2029 11,09 8,7 % 74% 218
10. Ko =InkJI 6 209% 126% 96% 1719% 6,0% 20%.
194% 148% 32,66 % 93% 31%

11, Ko = Ink/A 398%

Iable 3. lletabolism of Ancylus fluviatilis for juveniles with
10 Mg C (= 1,2 ma shell length) and adults with 1000 pg C
(= 6.6 mn shell length) at lOOC, 19°C and 25°C. The values
shown in lines 1 - 6 are in relation to the carbon content

of the animal (exclusive of the shell).

Key: 1- juveniles 2- adults 3- production 4- growth

5- egg production 6- Ink.= incorporation ,

(Read commas as decimal points.)

K, , (incorporation/ingestion) and K., (incorporation/assimilation).
relate to the carbon incorporation measured by the 140 method,

and their average is somewhat higher than that of Kl and K2.
It is striking that all values in lines 4, 5, and 8 - 11 are’
higher for juveniles than for adults. This difference is more
marked at high temperatures than at low temperafﬁres.

In Figure 29, we have attempted to construct the sim-
plest possible functionél model for carbon turnover in the
body of Ancylus which can explain the data found above. The

quantitative data should be accepted only as provisgional

estimates. They relate to an adult animal in summer at
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approximately 2200, and indicate relative daily carbon values
in percent of the carbon content of the body. The numbers
shown in parentheses were calculated indirectly from fhe
other values; the value of 2.5, corresponding to the amount
of mucus released by the pedal gland, waé taken from the
literature (CALOW 1974). At lower temperatures from autumn
to.spring, the reserve pool was larger, énd the basal meta-
bolism was not so high compared with the other metabolic
values, but the data available were insufficient for reliable
estimates..

As the illustration shows, the animal takes up in 22
food approximately 40% qf its own carbon content, from which
it assimilates approximately 25%, while the remaining 15% is
released again in the feces. Since a large amount of the lébelled
carbon was detected in the water soon after it was tdken up
by the animal (cfe Figure 5), we must assume that the carbon’
is initially conveyed to a pool with a very fast turnover
rate (POQL Sl). This pool is linked with a large»pool with
2% input and 1.8% output (POUL 32). Although it is still
problematical to coordinate these ?oolé, ‘which we
have inferred on the basis of the carbon kinetics, with
specific structures or compounds, pfobably the large pool (32) corresp-
onds mainly. to tissue turnover or average protein turnhover.

A third pool, which functions as a reserve.pool and perhaps
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corresponds to the glycogen content, is connected with the

small pool, with 10% input and 9% output (POOL S The e~

3>’
istence, size, and turnover rate of this pool are deduced
14

from the kinetics of the release of ~'C into the egg cap-
sules, on the one hand (cf. Figures 7 and 8), and on- the
other hand, from the fact that the amounts of labelled car-
bon, conveyed to the reproducﬁiVe organs ére not adequate

for the amounts found in the egg capsules. The surplus of
about 1% (10% minus 9%) remaining in this pool is conveyed,
throvugh a transfer of material, into the reproductiﬁe organs
producing nutrients——particularly the albumen gland--usually
every few days. Different numbers of eggs per capsule may

be released, depending on how much nutrient material is
available for this process. (This is symbolizedlby'the-boxes
to be filled.) MAY (1934) already concluded from his experiments

that the polysaccharide serving as a reserve material in the

egg-capsules of Helix pomatia-~galactogen—--is prepared from

glycogen in the rest of the body shortly before oviposition.

. The temperature factor acts directly on the metabolisnm,
‘on the one hand, but on the other hand, it also affects central
control organs, where, together with the season, it determines
the rate of activity and oviposition.‘OnceAthe metabolism
of the animal is set at a high rate Ey endogenous factors,

it can no longer be depressed by exogenous factors (starvation
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conditions: cf. Section 3.1l.4). On the whole, exogenous
factors (temperature, food) seem to be relatively unimport—
ant for metabolism compared with endogenous factors; the
same conclusion was reached also by BEAG et al. (1958) on
the basis of extensive respiratory measqrements on Aggylg§—

fluviatilis. This creates a considerable margin of uncertainty

fér‘quantitative descriptions of the metabolism of this
animal (and probably also other pulmonates; cf. STREIT 1975).

The metabolic strategy of Ancylus fluviatilis has

to satisfy various requirements. Juveniles have a high rate

of mortality (STREIT, report in preparation), so that it is
advantageous, especially at the beginning of the life of

an iﬁdividual, if these animals show a high growth rate (cf,
Table 3, line 5). This is achieved by gearing the incorpor-
ation of carbén into the organ systems to their carbon con-
tent (cf. Eiggzgg 19 and 20 in this connection); adult animals,
in contrast, incorporate carbon chiefly into the visceral
organs, where it is locked into pools with high turnover rates
(Table 2). Large animals must resort often to such mobile
reserve pools--corresponding to POOL 53 in our model (cf, Fig~
ure 29)--in order to defray the freguent interruptions in
feeding necessitated by their greater needs (as a result of

local overgrazing), and also for the sake of egmg capsule

production, which involves approximately 5 - 15 of the

23
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animal's carbon content for each oviposition (cf. Part 1).
This leads to very variable carbon values in different animals
of the same shell length, as BURKY (1971) has showm also

for Ferrissia rivularis.

These animals do not have a distinct storage phase
followed by oviposition; instead, in the late autumn and
also during other seasons, they show higher carbon.values
at.low temperatures, leading to egg capsules rich in carbon
wvhen the temperature rises (cf. BURKY 1971). However, when _
the internal carbon supplies are exhausted by starvation
(Figures 14 and 15) and, starting in the summer, by natural
procésses (STREIT 1975, Figure 25), the egg capsules contain
less carbon, and therefore exhibit a smaller number of
9ggs‘per capsuie.

The individual animals have no need to coordinate
their developmental cycle, and thus the different size classes
ofﬁgn show a consiaerable range of variation in nature (STREIT
1974, Figure 2). At low temperatures oviposition is restrained
in favor of growth by a reduction of activity in all the
reprodﬁctive organs (SIRELT 1975, Figures 24 and 26). This
normglly prevents oviposition from being scattered too widely
over the course of the year, since animals which are not yet
adults also mature in this period, Hénce the final size of
the animals may vary considerably, and will gencrally be

greater in-brooks reaching only a low temperaturc in sumner,
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The reduction of the production and‘incorporation rates
at high temperatures is much less in juveniles than 'in
the adult animals (Table 3). This should be viewed as a
direct adaptation of the juvenile metabolism ﬁo the higher
summer temperatures to which the juveniles are exposed -

in a typical developmental cycle.

4., Discussion

4.1 Metabolism in relation to temperatbure

According to BERG (1952) and STARMUEHLNER (1961),
the highest temperature at which Ancylus occurs in nature
is around 25°C. This corresponds with the present.experimental
findings, which also indicated 25°C as the tolerance limit.
At higher temperatures, especially in the spring, the animals
perished véry‘soon, and showed a general reduction of activ-
ities (Figure 28). We found 7°C as a minimum temperature
for-growth, which also corresponds wéll with observations
in nature (SCHJENK & SCHWOERBEL 1973).
- The curves for incorporation and production showed | 24

a maximum at 16°C and 190C, respectively (Fizure 28). Above

these tempefatures, the amount which has to be mustered
for basal metabolism seems to weigh so heavily that they
decline again, in spite of increased rates of ingestion and

assinilation. Such optimum production curves have been found

4
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also for sockeye salumon (Oncorhynchus nerka,- BRETT 1971),

where it was also demonstirated that a limitation of food
causes the optimum point to shift to a lower range of

temperatures. In the marine polychaete Nereis diversicolor,

the optinum is at different temperatures for different -
size classes (IVLEVA 1970).

The coefficients K1 and K2 Showeé a sharp rise to
an optimum point at 13°C, followed by a less abrupt decline

(efo Part 1, Figure 30). This pattern is basically the same

as the pattern found by KERSTING (1973; cf. also RINGELBERG

1973) for Daphnia magna. For that species, however, the
optimum point for Kl was around 40%. Hence Daphnia utilizes
the amount consumed better than adult Ancylus——and still
better compared with the juveniles--for net production. In

Nereis diversicolor, K, shows a tendency to decrease with

2
rising temperatures (IVLEVA 1970).

- In experiments at a fixed temperature with aninrals

freshly obtained from nature, Ancylus fluviatilic {from bodies

of water reaching 18°C in the summer show higher redpiration
values than those from waters reaching only 11%¢, BiaG (1953),
who observed this phenomenon, referred to it as inverse
temperature acclimatization. In the present study, these

two limiting summer temperatures are comparable with those

of Populations IV and I. We have mentioned thot the adult
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phase passes much more rapidly in Population IV than in
Population I, ending already in July. Horeover, the meta—‘
bolism of adult animals in our experiment expired quite
intensively and rapidiy starting at approximately 1390.
In Population I, however, the animals lived much longer
(until October ~November), since increased temperatures
did not cause them to shift to higher levels of activity.
According to the results which we have found, the different
metabolic activity of these two populations should not be
described in terms of (inverse) acolimatizaﬁion; rather,

it is based on the fact that their metabolism was not left
unchecked until they reached a higher tempefature (starting
at 13°C), and worked itself out in ingestion, assimilation,

and production, as well as respiration.

4,2 Compartment models for carbon metabolism9€

The use of tracer material has reﬁdered the study of
the metabolism of aquatic'organisms much more susceptible to
measurements, yet the interpretation of these measurements
has often led to serious errors (CONOVER & FRANCIS 1973).

Consciously or unconsciously, the organism has often been

* I wish to thank Dr. LAMPERT at this point for the opwortunity
to read the manuscript of his study.
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vieved as consisting of a single metabolic compartment

in which the labelled material is introduced, uniformly
mixed, and released again as excretion after a period of
some length (Figure 30a). In the case of 140 as a tracer,
LAMPERT (1975) demonstrated experimentally for Qgghglg.
pulex that a two-compariment model must be assumed»in

order to describe the carbon kinetics (Fisure 30b). Accord-—
ing to his model, the carbon first enters a M™metabolic
pool™ (Sl) representing a very small portion of the entire
animal, but showing a very high turnover rate. Thié pool

Sl constantly exch@nges oxygen (gig) with a considerably less
active, but quite large “structure pool® (82). These ﬁools
can not be coordinated directly with definite organs or

chemical compounds.

In the present study on Ancylus fluviatilis, we
were able to explain the carbon kinetics only by assuming
a three-compartment model. The "metabolid pool® (Sl), the
"struéture pool " (82), aﬁd an additional reserve pool (83)
are represented schematically in Figure 30c. In such a
model, the assimilation is (001’ the total amount of carbon
released (basal metabolism) is P1o» and production is
the result of two anatropous carbon exchaﬁge Processes,
¥ize, P o1 - (310. Since in the 140 kinetics Plo alvays

follows e o1 after a certain time lag, the production, «ags
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the difference between these two values, can not be measured
directly. For this reason, we designated the amount of labelled
substance found in the body of the animal as the incorporation

value, elaborating its relation to production subsequently.

\

For Ancylus fluviatilis, we found that the material conveyed
into the egg capsules was diverted chiefly from poolASs.
Generally a reserve pool with this type of linkage is capable .
of compensating, as a buffer, for a varying food supply, or
a varying requirement--e.g., for the intermittent egg pro-
duction. Thus, the more the uptake and release of material
fluctuates, the more distinctly visible the importance of a
reserve pool becomes. However, the similar conditions of
LAMPERT'S (1975) investigations, with only medium-length
experiméntal periods, brought it about that a two-compartment
model was already sufficient to explain the observed carbon
kinetics. In a certain sense, the reserve pool 83 is the eco-
1ogigally "Yinteresting" pool, since it is most capable of
compensating the fluctuations of environmental factors,.

| ‘Finally there are a very great number of poois with
different turnover values and very conplicated interconnections,
but it is appropriate to find for each experimental pattern
the minimum number of pools necessary for a sufficiently ex—

act description of the system. Theoretical constructions of




57

three—~compartment models have already frequently been used
in connection with biochemical and ecological problems (VON
BERTALANFFY 1953, FRANCIS & CONOVER 1973), but in préctise
this conception often fails because the data do not permit
any complete description of the exchange rates and the éize
of the pools.

Qften the kinetics also of other elements besides
carbon indicates the existence of several pools, although 26
in most cases these are probably not related to the carboﬁ
pools. In the case of phosphate, for example, frequently
at least two compartments with different types of action

are differentiated (e.g., BARSDAIE et al. 1974 for bacteria).

4.,% Carbon turnover rates

So far, turnover measurements have been obtained
?
chiefly for homoiothermal animals, by introducing amino acids

1abelled with +2H or 14

C into the body, or by providing

uniformly labelled food. It has been shown that the protein

half—life periods are related to size. Thus, for the total |
protein content, half-life periods of 80 days in man and

17 days in ﬁhe Rat were found. The half-life for the liver

is approximately 10 days in man, 6 — 7 days in rats, and

1.7 -~ 405 days in mice (SPRINSON & RITTENBERG 1949, oPuECK &

URLCH 1969). In river crayfish, SPECK & UsICH (1969) found
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half-life periods of 8.5 ~ 25 days for the visceral organs
and approximately 115 -~ 118 deys for caudal muscles and |
hemolymph proteins, by injecting 14C-—leucine into the peri-
cardium at 13°C, Howefer, every tissue contains pools with .
very different turnover rates, so that these average amounts \
have only formal value (BUCHANAN 1961, GRASZYNSKI 1968), |
Assuming a QlO of 2, the half-life periods for the river
crayfish correspond at mammalian temperature (38°C) to the
turnover rates for mice, whereas the oxygen consumption with
the same method of calculation is approximatély 10 - 15 times
smaller (SPECK & UR;CH 1969). If the values of 7 -~ 16 days
found in the present study for the halfflife of carbon in

the visceral organs of Aggy;gg are likewise conyerted with a
QiO of 2 for 38°C, they also correspond approximately (with
243 - 5.3) to the values for the liver of a mouse. Strictly
speaking, such convérsions are not permissible, because the
poiﬁilothermal animals studied in our inveétigation are no
longer viable at 3800, so that it is arbitrary to assume a
QlO at this temperature. Therefore poikilotherms which do
tolerate this temperature should be'investigated for such

- comparisons, Moreover, the values for Ancylus should have
been compared also with a mammal of the same body size, which

of course does not exist. Nevertheless, it is a notable fact
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that the considerably lower baéalAmetabblism of the poikilo-
thermal animals (measured as 02 turnover) is in contrast =

to a level of constructive metabolismlwhich, in view of

the temperatufe difference, is not reduced. Probably the
reiatively high intensity of their constructive metabolism

is advantageous to these animals, and facilitaﬁes sufficieﬁtly.
rapid production processes even at their low environmental

temperatures.

Sunmary

Diatoms (Nitzschia actinastroides) were labelled with

14

Cy filtered off onto membrane filters} and fed to specimens

of Ancylus fluviatilis. By measuring 14C—releaée into .the

water and incorporation into the entire animal, into the

organs, and into the egg capsules, we gained a conception

of-the dynamics of cérbon.turnover in the body of the animal.
.At 2500, the assimilated carbon‘was largely released

again within the first few hours through resPiration (gigggg.S),

The specific activity of egg capsules deposited shortly after

the labelling period was high, but that of eggs depositéd

several days later was lower (Eigg£§_7). The variations in

the specific activity of successive.egg capsules and of the

reproductive organs revealed that the carbon for the cuag
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capsules is first stored to a great extent in the rest of
the body (in the midgut gland, etc.), and then mobilized
as needed. We have outlined a three-compartment model of

the carbon balance of.Ancylus fluviatilis to explain the

carbon kinetics revealed by our measurements (figgggg o
29 and 30).

The amount incorporated into the different organs
depends on the relative size of the organs, which may change
as they grow (Figures 17 - 19, 22, 23, and 25; Table 1, p. 15),
and also on their actual activity compared to the fest of
the body. The viscgral organs generally show increasing carbon
turnover activity with increasing body size (Figure 20). At
low temperatures (below lOOC), the metaﬁolic activity of
the reproductive organs is reduced disproportigna£ely (Figures
24 and 26). At 22°C, the average half-life of the carbon
was approximately 14 days. The turnover rates of the midgu£
gland and of the gut were about three timés as high as those
of what we termed the "remainder of the animal® (i.e., apart
from the visceral organs; Table 2, p. 20).

We have compiled a balance for carbon metabolism in
relation to temperature for juveniles in Table 3 (pe. 21),
and for adults in Table 3 and Figure~28. The valucs shown
are.averageé for spring and summer (cf. STREIT 1975). At

low temperatures, we found a low level of production (growth



and oviposition) coupled with a relatively high rate of
incorporation, indicating chiefly the accumulation of re-
serve material. In higher temperature raﬁges, incorporation
corresponded to production plus the additicnal amount re—
quired for turnover. Juveniles showed higher rates of pro-
duction and incorporation thén adults, especially at high
temperatures (Figure 10). In adults, much of the carbon is
locked into pools with high turnover rates in the visceral
organs, but this does not occur in juveniles.

Seésonal, as well as shori-term variations in the
level of activity aré‘controlled endogenously, but their
general pattern may be controlled indirectly by seasonal
factors (perhaps photoperiodism). A high level of metabolic
activity can not be reduced even by starvatioh; the animal
continues to produce egg capsules until it dies. Hoﬁéver,
first the size, and then the number of the egg cépsules are
reduced. High levels of activity may be induced in the
gpring by subjectihg the animals to temperatures'of at
Least 13°C. At 7°C or below, a developmental cycle can no

longer continue, .
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Illustrations

(Commas may represent decimal points.)
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Figure 1. Quenching chart for a mixture of picric acid, formalin,
and glacial acetic acid according to BOUIN with.a solutlon of
4-g PPO per liter toluene.
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Figure 2. Increase in the carbon content of the algoal suspension
following centrifugation and the addition of Lake of Constance
water

Key: 1- hours
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Figure 3. Decrease in the specific activity of the algal sus—-
pension following centrifugation and the addition of Lake of
Constance water.

Key: 1- hours
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Figure 4. Decrease in the specific activity of the food algae
on the membrane filter. Binomial moving averages.
Key: 1- specific activity 2- time 3- light 4- darkness
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Figure 5, Pattern in time of the release of 140 into the water
during the subsequent (unlabelled) feeding period. After 194 hours,
2336 dpm were incorporated. Temperature 25 C.
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Figure 6. Pattern in time of the rclecase of 14C in the fececs
during the subsequent (unlabelled) feceding period. Same animal
as in rioure 5. -

Key: 1- hours
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Figure 7. Percentage of the“l4C~content in the egg capsules from
3 animals dﬁﬁing 16 days of subsequent (unlabelled) feeding. The
sum of the C-contents of the egg capsules and the animal after
16 days =1100%.

Key: 1- lLC—incorporation into the egg capsules 2~ days
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Figure 8. Average l4C—content of the ege capsules produced during

4 days of pybsequent (unlabelled) feeding, expressed as percent of
the total C~content of animal and egg-capsules. Standard deviation,
extreme Y%lues, and number of experimental animalc.

Key: 1- C-incorporation into the egg capsules
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Figﬁre 9. "o" exponent of the allomgtrlc equation
' incorporation = a e (L: lensth),
in relation to the season and temper@ture. Broken lines: proport-

ionality to the body (limits within the standard deviation of
the b exponent)
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Figure 11. Relative 14C~inquordﬁaninrelation to the temperature
and season. In the case of the spring animals and those from the
holding basins, only the highest points are connected with a line;
therefore these should correspond to the maximum level of activitye.
Key: 1- relative l4G-incorporation 2- spring +# holding basins
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figure 14. Carbon reduction, feces production, and egg capsule
production during 16 days of starvation. Spring, 19°C.
Key: 1~ carbon 2- carbon content 3- carbon loss = basal
metabolism 4~ egg capsules 5- feces 6~ days
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figure 15. Size distribution of egsm
capsules after starvation periods of
different duration followed by re-

‘newed feeding. Spring, 19°C.
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of starvation 3- 9 days of Starvatlon
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Figure 16.(')Decreasing size of egg capsules during our experiments.
Spring, 19 Ce Binomial moving averages for two characteristic
experlmental animal s -—-Decreas:.ng tendency significant at 63%
and 92%, respectively (test of COL & STUART, two-—s:.ded problem)
Key: 1- eggs per capsule 2~ days
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Key: 1- edge of the mantle
2— primordium of the fe-
male reproductive organs
3= esophagus 4~ gonoduct
5=~ caecum G- area of '
transition to the midgut
gland 7- hindgut and

anus ©&- gizzard 9- mid-
gut 10~ visceral sac

11~ gonad 12— salivary
glands 13- heart

14— other female repro-
ductive organs 15~ albumen
gland

Fioure 17. Anatomy of Ancylus fluviatilis. Partially schematized.
View from above; shell romoved, viccernl

sac open, nidzut

(a) juvenile (shell lecnsth 1.3 rm)

(shell lenzth 6.4 mm): intestinal
system removed to exnose

oyoten
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relations of certain organs (values in var-

the 95% confidence region of the b

(1L.483 - 1.701)

(0.590

- 0.768)

(0.794 - 0.944)

(0.901

(0.9%2 - 1.310)

J (1.707

Key: 1- width of gonad in

- 4,577)

m 2- shell length in mm
3= length of radula in mm 4- length of utom ach in mn

exponent).

5~ leng +th of gut in mm 6- length of midgut gland in HKm
T—- length of albumen gland in Mn

©
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Figure 19. Percentage of carbon in the "remainder of the animalV,
in relation to the content of the entire animal excluding the
‘shell. Linear regression with 95% confidence region. y = 73,346
- 2.,102%x, r = ~0,518, n = 11, Not significant.

Key: 1- carbon percentage 2~ shell length in mm
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Figure 20. Percentage incorporated into the "remainder of the
animal ". DLinear regression with 95% region of confidence,

¥ = 76,003 = 5,667x, r = 0,765, n = 60, Significont.

Key: 1=~ +%C-incorporation into the "remainder of the animal®
2~ shell length in mm. :
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‘igure 2l. Percentage incorporated into the "remainder of the
anlma.l" in relation to temperature, for our standard limpet
(4.5 mm ﬁnfrth)

Key: C-incorporation into the M“remainder of the animal™
2~ temperature in °C j— spring ~ early- summer 4-~ late summer
autumn
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figure 22, Percentage incorporated into the nmidgut gland, the
gut, the stomach, and the radula. Log-log rcgression lines.
guts V= 4317300294, n= 97, r= 0,302 sienificant
midgut gland: y= 20.304'x0'291, n= 99, r= 0,423 sipnificant
stomach: y= 5,900ex7 0110 n="142, r=-0,111 not significant
radula:  y= 1.934.x~0.286, nm 83, r= -0,271 sisnificant

Key: 1- midgut gland 2- gut 3= stomach 4- 14

, C~incorporation
in % 5= shell length in mm
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Figure 23. Percentage incorporated into the gonad, in relation
b the total amount incorporated into the body of the animal.
Values for late summer and autumn. Log-log rcgression with 95%
confidence region.

Key: 1- l4C-incorporation in § 2- shell length in mm
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Figure 24. Percentage incorporated into the gonad in relation
to the temperature and the season. Values apply to animals with

a shell length of 6 mnm.
Key: 1l- percentage incorporated into the gonad
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Figure 25. Percentage incorporated
into the albumen gland in relation to
the total amount incorporated into
the body of, the animal. The range
marked by broken lines conmprises the
extreme measured values. n = 91,
Key: 1- l4c_ingorporation in ¢

+ 2- shell length in mm .
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Figure 26, Percentage incorporated into the albumen gland in
relation to the temperature and the season. Hean values for
adults with shell length over 5 mm.

Key: 1~ percentage 1ncornorated into the albumen gland
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Yigure 27. Incorporation/ingestion ratio in percent over the
course of 384 hours (= 16 days) of subsequent feeding with
unlabelled food, following a labelling period of 24 hours.
Key: 1~ subsequent feeding period in hours 2- "remainder of

the animal® 3- midgut gland 4- gut 5- stomach 6~ gonad
T- albumen gland
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Fisgure 28, Carbon balance for an adult Ancylus with normal
activity, in relation to the temperature. "Incorporation®
corresponds to the incorporation of carbon into the body
for-growth, storage, and turnover,

Key: 1- incorporation 2~ production 3~ egg production
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Figure 29, Simplest possible functional model of the carbon
metabolism of Ancylus fluviatilis. Values expressed as percent
of the carbon content of the body per day. Adult specimen,,
220C, summer conditions.

Key: 1- season 2~ temperature 3~ 2 per egg

Ffigure 30, Formal compariment models of the carbon metabolism
of animal organisms. (&) l-compartment system (b) 2-conpart-
ment system (c) 3-compartment system (used in this study for
Ancylus fluviatilis). (2) and (b) according to LAPERT (1975).




