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Abstract 

It has been observed earlier that in larval and juvenile whitefish 
(Coregonus lavaretus) from Lake Constance, Germany, otolith in- 
crements are deposited daily, whereas daily deposition could not be 
confirmed in larval whitefish from Lake Pyh~iselka, Finland. In 
these studies, Lake Constance whitefish experienced 12 to 14 hours 
light per day, while light intensity in Finnish lakes was under 100 lux 
for about two hours only and complete darkness was never ob- 
served. Therefore, I tested the alternative hypotheses that (i) lack of 
a clear zeitgeber or (ii) continuous feeding throughout 24 hours 
leads to an irregular formation of otolith increments so that daily in- 
crements cannot be counted unequivocally. 

Lake Constance whitefish larvae were reared under continuous 
illumination, and they were fed either during 24 hours or during 10 
hours only. Control fish were reared under local photoperiod condi- 
tions and fed during 10 hours. After four weeks, sagittae were re- 
moved and their microstructure was analysed. Control fish had 
clearly defined daily increments. Fish from the continuous light and 
10 hours feeding groups had some subdally increments but their age 
could still be determined reliably. Fish from the continuous light and 
24 hours feeding groups had many narrow increments and age could 
not be estimated. These results lend support to the hypothesis that 
continuous feeding throughout 24 hours leads to the formation of 
multiple increments per day. 

Introduction 

The analysis of daily otolith increments is a powerful tool for 
studying the early life history of fish. The microstructure of 
fish otoliths and hence the visual appearance of daily incre- 
ments, however, is influenced by a variety of factors like 
temperature, feeding regime, and photoperiod (CAMPANA ~% 
NEILSON 1985; NEILSON & GEEN 1982). Only when the visu- 

* This paper is dedicated to Prof. Dr. HARTMUT KAtJSCH on the occa- 
sion of his 60 th birthday. 
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al contrast between the mineral-rich L-zone and the matrix- 
rich D-zone (sensu SEcoa et al. 1995) is strong enough, and 
when subdaily increments are not confounded with daily in- 
crements, the latter can be reliably evaluated with regard to 
number and increment width. 

In larval and juvenile coregonids, daily deposition of 
otolith increments has been validated (ECKMANN 8Z REY 
1987; RICE et al. 1985) and subsequently increment analysis 
has been used to study early life history aspects in bloater, 
Coregonus hoyi (GILL), (RICE et al. 1987) and whitefish, 
Coregonus lavaretus (L.) (Eel:MANN & PVSCH 1989; REY & 
ECKMANN 1989). With vendace, Coregonus albula L., and 
whitefish from Finnish lakes, however, daily deposition of 
otolith increments could not be validated (HuuSKONEN & 
KARJALAINEN 1993, 1995), mainly due to the presence of 
subdaily increments. Therefore, growth rates could not be 
estimated from increment widths. 

Five hypotheses have been proposed that might account 
for this discrepancy in otolith microstructure between core- 
gonids from different locations. (1) There are population- 
specific differences in otolith microstructure. (2) Calcium 
content in Finnish lakes is almost an order of magnitude 
lower than in Lake Constance, so that the low optical con- 
trast between L- and D-zones is caused by calcium deficien- 
cy in Finnish waters (HUUSKONEN et al. 1998). (3) Since the 
number of subdaily increments tended to increase with 
growth rate (HuuSKONEN & KARJALAINEN 1995), the lack of 
well-defined daily increments can be due to higher growth 
rates in Finnish coregonids. (4) In the Finnish lakes, light in- 
tensity was below 100 lux for no more than two hours each 
night, and complete darkness was never observed (HUUSKO- 
NEN 8¢ KARJALAINEN 1995). Hence, lack of a clear zeitgeber 
may account for the high number of subdaily increments. (5) 
Multiple feedings per day induce the formation of subdaily 
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increments (NEILSON & GEEN 1982), possibly via peaks in 

specific dynamic action (SDA) that are associated with dis- 
tinct meals during the day (HuuSKONEN & KARJALAINEN 

1998). 
HUUSKONEN et al. (1998) tested for population specific 

differences in otolith microstructure by rearing Finnish and 
Lake Constance whitefish under similar conditions of water 
quality and photoperiod (14 hours light per day). Otolith in- 
crements were formed daily and they were clearly recognis- 
able in all populations tested. Thus, there were no population 
specific effects. The influence of water calcium content on 
the distinctness of daily otolith increments was evaluated by 
rearing three groups of Lake Constance whitefish in water of 
0.2, 1.3 and 4.7 mM Ca (EcKMANN 1999). Daily increments 
were easily recognisable, and contrast between D- and L- 
zones was the same, in fish of all groups. For the range of 
calcium concentrations tested, this parameter had no influ- 
ence on the distinctness of otolith increments. Growth rate 
p e r  se has also been excluded as a major determinant of sub- 
daily increment formation in coregonids (ECKMANN 1999; 
HVUSKONEN, pers. comm.). 

In the present study, I attempted to test the two remaining 
hypotheses for the confounded microstructure in coregonids 
from high latitudes: (i) lack of a clear zeitgeber and (ii) ele- 
vated levels of SDA during 24 hours that are brought about 
by multiple feedings throughout the day. 

Materials and Methods 

Eggs and milt were obtained from spawners caught with gill nets in 
Lake Constance in December 1997. Fertilised eggs were incubated 
in glass jars at 4 _+ 0.3 °C, and larvae hatched by early March. Total 
length at hatching was 12.2 _+ 0.4 mm (n = 30) and average wet 
weight was 8.0 rag. 

Four flow-through aquaria which contained the treatment groups 
(two treatments x two replicates) were set up under continuous illu- 
mination from overhead fluorescent tubes. A fifth aquarium which 
contained the control group was illuminated from overhead fluores- 
cent tubes according to the local photoperiod (12 h 30 min light in 
March, 14 h 30 min light in April). Light intensity at the water 
surface ranged from 200 to 300 lux. For the control group, complete 
darkness was provided during night. Temperature was adjusted to 
12 _+ 0.4 °C in all aquaria. Water volume was 16 litres, and water 
exchange rate was 0.25 l/rain. Each aquarium was stocked with 100 
larvae. 

In treatment l and in the control, fish received four to five meals 
per day from 8 a.m. until 6 p.m. In treatment 2, fish received six ad- 
ditional meals at two hour intervals from 8 p.m. until 6 a.m. Larvae 
were fed with freshly hatched Artemia nauplii which were offered 
ad libitum in each meal. Aquaria were cleaned twice daily and dead 
larvae were removed and counted. 

The experiment was ended after 28 days. Total length and wet 
weight were determined in samples of 10 fish from each aquarium. 
Sagittae from 10 control fish and 10 fish of each treatment replicate 
were analysed. They were dissected out and embedded in epoxy 
resin on glass slides. Length and width measurements were made 

with an image analysis system. After grinding the otoIiths with abra- 
sive paper in the sagittal plane and polishing, photographs were 
taken. Length, weight and otolith dimensions were pooled across 
replicates and differences between treatments were tested with 
ANOVA (p = 0.05). 

Results 

Growth in terms of length and wet weight differed between 
groups. After 28 days, mean total length ranged from 25.8 to 
29.2 mm and average wet weight per fish was between 123 
and 178 mg (Table 1). This corresponds to specific daily 
growth rates of 2.67-3.12% in terms of length and of 
9.76-11.08% in terms of weight. Control fish were signifi- 
cantly smaller than treatment fish (Table 1). Growth rates 
tended to be higher in treatment 2 as compared to treatment 
1, but this difference was not significant (Table 1). Mortality 
was about twice as high in the treatments as in the control. 
Most fish died during the first week of the experiment, but 
the reason for higher mortality in the treatment groups re- 
mains unknown. 

Sagitta lengths (323 _+ 24 pro, 339 _+ 44 gin, 325 _+ 29 pm) 
and widths (259 + 15 pro, 274 + 34 ~tm, 274 _+ 22 pro) did not 
differ significantly between treatments. Sagitta radii from 
hatch check to the edge ranged from 110 to more than 
150 ~am, and therefore daily increment widths averaged from 
4 to more than 5 ~am. 

Daily otolith increments were clearly recognisable in con- 
trol fish, and subdaily increments were almost completely 
absent (Fig. la). Consequently, the age of these fish could be 
determined without any problem. In fish from the continuous 
light and 10 hours feeding groups, some subdaily increments 
were present but the pattern of daily increments could still be 
recognised (Fig. lb). Age determination in these fish was 
slightly more difficult than in the control group, but frequent 
readjusting of the focal plane allowed for a reproducible 

Table 1. Growth of lake whitefish (Coregonus lavaretus L.) during 
28 days under different photoperiod and feeding regimes. Control 
fish were held under local photoperiod conditions and they received 
4-5 meals per day between 8 a.m. and 6 p.m. Both treatments were 
held under continuous light. In treatment 1, fish received 4-5 meals 
per day between 8 a.m. and 6 p.m., while in treatment 2 fish received 
6 additional meals at two hour intervals from 8 p.m. until 6 a.m. 
Total length values are means _+ 1 SD measured in samples of 20 fish 
per treatment (10 fish in the control group), while wet weight is the 
average for these samples. Means with the same superscript do not 
differ significantly (ANOVA, p = 0.05). 

Total length Wet weight Total mortality 
[ram] [g] [%] 

Control 25.8 _+ 1.4 a 123 15 
Treatment 1 28.4 + 1.3 b 158 33 
Treatment 2 29.2 + 1.5 b 178 28 
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Fig. 1. Sagittae from 28-day-old whitefish (Coregonus lavaretus L.) larvae, reared under different conditions of photoperiod and feeding 
regime. (a) Local photoperiod, 4-5 meals per day between 8 a.m. and 6 p.m.; (b) continuous illumination, 4-5 meals per day between 8 a.m. 
and 6 p.m.; (e) continuous illumination, 4-5 meals per day between 8 a.m. and 6 p.m. plus 6 additional meals between 8 p.m. and 6 a.m. Sagit- 
tae were ground and polished, and photographs were taken and processed under identical conditions. Bar: 100 btm. 

identification of daily increments. Fish which received food 
throughout 24 hours had numerous narrow increments, and a 
pattern similar to daily increments could only be found in 
certain regions of the otoliths (Fig. lc). The age of these fish 
could not be estimated reliably. 

Discussion 

Continuous light p e r  se did not affect increment formation to 
such a degree that daily increments could no longer be recog- 
nised. It might be argued that lack of a zeitgeber during the 
four weeks experiment did not necessarily decouple physio- 
logical processes from a circadian rhythm, since egg incuba- 
tion had been carried out under normal photoperiod (be- 
tween 10 and 12 hours light per day). Thus, an internal clock 
might have been set during embryogenesis and continued to 
control physiological processes like e.g. otolith growth. The 
presence of some increments in the otolith nucleus, which 
must have been formed before hatching, probably results 
from the influence of a circadian rhythm on physiological 
processes in the developing embryo. However, such an en- 
dogenous rhythm did not govern otolith growth any more 
when fish were fed throughout 24 hours. Under these condi- 
tions, increment formation was decoupled from a circadian 
rhythm so that age determination was no longer possible. 

Growth rates were higher in the treatment groups under 
continuous light as compared to the control group (Table 1), 

but growth rates did not differ between both treatments. The 
hypothesis that higher growth rates lead to the formation of 
confounded otolith microstructure is therefore not relevant 
for the results of this study. 

Feeding frequency has been reported to affect subdaily in- 
crement formation (CAMPANA & NEILSON 1985), and it was 
suggested that activity-induced changes in calcium meta- 
bolism might influence otolith increment number (NEILSON 
& GEEN 1982). Recently, an alternative explanation has been 
proposed, how various peaks of specific dynamic action 
(SDA) that are associated with feeding peaks, may lead to 
the formation of subdaily increments (HuuSKONEN & KAR- 
JALAINEN 1998). This hypothesis is based on the observation 
that otolith growth includes both a growth-independent part 
which is governed by maintenance processes (standard 
metabolism) and a growth-dependent part which is probably 
controlled by SDA. The influence of SDA on otolith growth 
could operate via two main routes. Food uptake may increase 
blood and endolymphatic calcium levels, leading to higher 
precipitation rates of aragonite on the otolith surface. This 
probability, however, is unlikely since dietary sources of cal- 
cium are generally less important than calcium uptake from 
the water (CAMPANA 8~; NEILSON 1985; FARRELL &; CAMPANA 
1996). Furthermore, calcium concentration of the en- 
dolymph is largely independent of blood plasma calcium 
levels (ROMANEK & GAULDIE 1996). Alternatively, food up- 
take may increase the rate of protein synthesis (JOBLING 
1994). In this way, matrix-producing cells of the macula 
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would provide more nucleation sites for calcium carbonate 
precipitation (WRIGHT et al. 1992) leading to increased 

otolith growth. 
When fish feed during daylight hours only, SDA will 

show a diel cycle with high levels during day and low levels 
during night. This diel cycle of SDA will then lead to cyclic 
otolith growth and hence the formation of daily increments. 
When food uptake is not interrupted at night, SDA will prob- 
ably stay at elevated levels throughout the day. Under these 
conditions, otolith growth will proceed at similm" levels lead- 
ing to the formation of multiple increments per day. 

In summary, out of the five hypotheses that might account 
for the lack of clearly defined daily otolith increments in 
coregonids from high latitudes, four have been rejected: pop- 
ulation specific differences, water calcium content, growth 
rate, and photoperiod. According to the results presented 
here, feeding frequency seems to be the single most impor- 
tant factor for the rhythm of otolith increment formation in 
coregonids. It remains to be studied, however, in which way 
different levels of SDA are translated into different otolith 
growth rates. 
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