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ABSTRACT 

Most of the mesotrophic to eutrophic lakes in central Europe have been showing signs of oligotrophication during 
recent years. The question as to how the fish populations would react to this new situation was investigated looking 
at the growth rate of roach Rutilus rutilus (L.) of Lake Sarnen, central Switzerland. The water temperature sum as 
day-degrees over 12 to 13 'C for the months of June to October was found to be the predominant factor governing 
the marked year-to-year fluctuations of the growth rate. Contrary to expectation, the decreasing trophic state of 
the lake has not yet manifested itself noticeably in the growth rate. 

1. Introduction 

The individual growth rate of fish in lakes is determined primarily by food abundance 
and climatic factors, mainly temperature. Food production in lakes largely depends on 
primary production or trophic state in terms of total phosphorus concentration and 
relates to individual growth through fish population density. Furthermore, the exploita-
tion rate has been demonstrated to influence fish growth rates [I I]. The phenomenon of 
increasing growth rates associated with progressing lake eutrophication is particularly 
well-documented for central European waters [e.g. 4, 9, I4, I8, 2I, 22]. 
In the course of the past I5 years, the trophic state of most mesotrophic to eutrophic 
Swiss lakes has reached a plateau or, in some cases, has significantly decreased due to lake 
restoration efforts [I]. Within the context of this development, commonly referred to as 
oligotrophication, the question arises as to what extent the various fish species will react 
to the decreasing trophic state by altered growth rates. Changing growth rates, as well as 
year-class strength, will have an impact on the fishery and can be detected rather easily. 
Since cyprinid fish are not eaten by many Swiss consumers, the exploitation rate is 
generally low and unlikely to modulate growth rates noticeably. Roach (Rutilus rutilus 
(L.)), for instance, is quite common in most Swiss lakes, without building up very dense 
populations. Stunting has never been observed. Is was therefore considered a suitable 
species for evaluating the density independent effects of a changing environment on 
growth rates. 
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2. Description of site 

Lake Sarnen is a 7 .64 km2 pre-alpine lake situated at an altitude of 469 m above sea level, 
20 km SSW of Lucerne, central Switzerland. The lake drains into Lake Lucerne. Mean 
and maximum depths are 31.9 m and 52.0 m, respectively. The mean residence time is 282 
days. Lake temperature during the summer months regularly reaches 20-24 °C at the 
surface. The lake was polluted until 1981, mainly by domestic wastewater. Since then, a 
sewage pipeline collects most of the wastewater above and around the lake and brings it 
to a sewage treatment plant below the lake. Soil erosion does not seem to contribute much 
to eutrophication since the mountainous watershed of 267 km2 consists to a large part of 
rocks, forests, and weakly fertilized pastures. The development of trophic state will be 
discussed later. 
The fish population of Lake Sarnen consists primarily of whitefish (Coregonus sp.) and 
roach. Bream (Abramis brama (L.)) and some other cyprinids, as well as perch (Perea 
fluviatilis (L.)), pike (Esox lucius (L.)), burbot (Lota Iota (L.)) and eel (Anguilla anguilla 
(L.)) are less abundant. With an average total annual yield of 33.2 kg ha-1 (1977-1984), 
Lake Sarnen ranks among the middle productive lakes [3]. The annual yield of cyprinid 
fish - of which more than 90% were roach - oscillated between 10.5 and 19.5 kg ha-1 

(mean 12.3 kg ha-1) in the years 1972-1984. This indicates that population size, and thus 
density, was nearly constant throughout the period investigated, with the possible excep-
tion of 1978 (15.2 kg ha-1) and 1979 (19.5 kg ha-'). Cyprinid fish are exploited almost 
exclusively by the two commercial fishermen using gillnets. 

3. Methods 

Out of the 598 roach used in this study, 545 were caught with gill nets of 10 to 44 mm mesh 
size (bar) between February 1982 and Januray 1986. 53 fish, mainly age 0, 1and2 years, 
were caught between December 1983 and December 1984 with a midwater trawl similar 
to the one described by Gjernes [7]. The trawl is 14 m long, has a square mouth opening of 
2.5 by 2.5 m and is operated at a speed of 1 m s-1 by a single boat powered by a 30 kW 
outboard motor. Mesh size (bar) decreases from 30 mm near the mouth to 5 mm in the 
cod end. Trawling depth is monitored by a pressure gauge attached to the upper (horizon-
tal) spreader bar. 
Ageing was done on scales following the procedures given by Mann [15], except that a 
binocular microscope with measuring eyepiece was used instead of a microprojector for 
measuring scales. Opercula from 30 fish only were used, mainly for double-checking scale 
readings on old fish. Fish lengths L are natural tip lengths [20], with the caudal fin 
in its natural position. They can be converted into maximum total lengths Lmax by 
Lmax 1.00458 L (n 248, r 0.999). 
Growth computations are based on the combined data for fish length from back-calcula-
tion and length recorded at the time of capture (annual growth completed). For back-cal-
culation of lengths, a standard curve for the scala radius:length relationship had to be 
established. The length of individual fish at the end of each previous growing season was 
computed using the standard curve and applying an individual correction factor to 
account for the difference between the individual scale radius:length relationship and that 
of the standard curve. 
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4. Results and discussion 

4.1 Age and average growth 

The length of the fish caught ranged between 41 and 343 mm. Table 1 gives the age-com-
position and the year-class distribution of the fish captured. The scales of three fish had 
been lost. 

Table I. Age and year-class distribution of the 595 roach caught in Lake Sarnen. 

Year Age (years) at capture Total No.of 
class 0 2 3 4 5 6 7 8 9 10 11 12 17 males 

1966 0 
1972 0 
1973 89 91 9 
1974 7 2 9 0 
1975 2 4 6 0 
1976 43 3 46 4 
1977 10 8 18 2 
1978 51 30 88 25 
1979 37 I 62 2 102 32 
1980 14 18 2 35 12 
1981 7 2 10 
1982 4 7 2 20 33 13 
1983 5 21 2 107 135 88 
1984 13 7 20 5 

Total 18 26 30 146 85 31 107 34 16 92 6 2 595 191 

As in other roach studies [15, 17), the line of best fit of the scale radius:length standard 
curve was found to be a parabola 

L a+ bS + cS2 

where L = length (mm), S = oral scale radius x 20 (mm), and the constants a = 33.48, 
b 3.20, c = -0.0085 (n = 571, males and females combined). 
Mean lengths and weights at each age, and instantaneous growth rate by weight are 
summarized in table 2. Females grow significantly faster than males from the second year 
on (p < 0.01, t-test between mean lengths-at-age). In figure 1, the general growth curves 
of length for males and females are plotted, together with the Bertalanffy curves fitted to 
the data [20]. 
For calculating weight from length, the formula W = a· U was applied. The following 
constants were derived by least squares regression on the logarithmically transformed 
data: 

males: a=3.3150·10''6 b=3.2085 N=l64 r 0.997 
females: a= 1.3976 · 10-6 b = 3.3784 N = 385 r 0.998 

The constant b indicates that females become heavier than males with increasing length. 
In table 2, the difference in ponderal growth is illustrated by the instantaneous growth 
rate G, which decreases faster in males than in females. 
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Table 2. Mean growth in length (mm) and weight (g), and instantaneous growth rate G of male and female roach. 

Age females males 
(years) No. of No.of 

fish L(mm) w(g) G fish L(mm) w (g) G 

389 69 2.50 1.50 167 67 2.60 1.37 
2 388 107 11.2 1.00 

166 103 10.2 0.90 
3 377 146 30.4 0.87 156 138 25.1 0.70 
4 324 189 72 0.53 86 172 51 0.51 
5 277 223 123 

0.33 70 202 84 0.29 
6 216 246 171 0.30 49 222 113 0.22 
7 141 269 231 0.20 22 237 140 0.23 
8 107 286 282 0.09 12 254 176 0.06 
9 96 294 308 0.12 10 259 187 

10 33 305 348 0.02 
11 4 307 355 0.11 
12 2 317 396 

LENGTH (mm) 

2 4 6 8 10 AGE (years) 

Figure I. Average growth curves for male ( x ) and female (.A) roach in Lake Sarnen. Mean values with 95 % 
confidence limits (vertical bars). The models are Bertalanffy growth curves with the constants: 

males: L00 = 368.7 mm, K 0.142, to -0.387, 
females: L00 = 401.9 mm, K = 0.150, to -0.157. 
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Out of the 556 fish which could be sexed, 191 (34.4%) were males. Moreover, the 
proportion of males in the different year-classes varied considerably (0-65.2 % ). There-
fore, for the sake of homogeneity, all consecutive computations were based on the more 
abundant females only. 

4.2 Growth rate and trophic state 

Although data on the development of the trophic state of Lake Sarnen are rather sparse, 
a general trend can be observed using total phosphorus concentrations during spring 
overturn (fig. 2). Until about 1980, phosphorus concentrations increased up to some 20 
mg m-3• After reducing the sewage input, phosphorus values declined to less than half the 
peak value by early 1986. Annual primary production increased from 82 g C m-2 in 1972 
to 154 g C m-2 in 1980. For the period after 1980, no production values are available. 
According to current definitions [l, 6), Lake Sarnen is classified as oligotrophic, with a 
period of mesotrophy between about 1977 and 1981. Thus, the lake has reacted to the 
lower nutrient input within a remarkably short time. 
The effect of changing lake trophic state on growth of roach can best be assessed by 
looking at figure 3. Although the annual growth increments vary considerably from year 
to year, the mean growth rates for the periods of oligotrophy and mesotrophy envisaged 
are similar. Partly significant negative correlations between phosphorus concentration 
and growth rate are the result of the cold summers of 1980 and 1981 (see below), at the 
time of maximum phosphorus concentration. Any correlation between total phosphorus 
concentration (from fig. 2) and 3 year moving average of annual growth increments (to 
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Figure 2. Total phosphorus concentration during spring overturn in Lake Samen, 1972-1986. Trends are 
indicated by hand-fitted lines. 
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Figure 3. Annual length increments (mm) of female roach for the first to sixth year of life, years 1973-1985. 

reduce temperature effects) yielded correlation coefficients which were far from sig-
nificant for the assumed positive link. The closest positive relationship was with fourth 
year increments (r 0.463, p = 0.75}, accounting for 21.4% of the variation only. 
Three points have to be mentioned here. First, total phosphorus concentration is a rather 
indirect measure for trophic state and should be replaced, where available, by production. 
Second, the time period of 12 years is rather short to bring forth subtle differences in 
growth rate which are related to trophic state. This is particularly true for our case where 
there is not a linear increase or decrease oflake trophy, but an up and down movement. 
Third, trophic state does have its effect on growth rates of roach: Roach in lakes of 
different trophic state but under otherwise similar conditions grow at different rates (e.g. 
[4, 12, 17] and this study). However, growth rates of roach in lakes undergoing oligotro-
phication have not been published so far, and those of other species are obscured by high 
fishing pressure [10). It is therefore concluded that more time will have to pass until the 
effect of lake oligotrophication can be expected to show up in the growth rate of roach. 
We intend to continue this study and to re-assess the situation in a later paper. 

4.3 Growth rate and temperature 

The pronounced year-to-year variation of the annual growth increments for the first to 
the sixth year, as shown in figure 3, suggests a strong influence of annually changing 
climatic factors such as, e.g., temperature [5). Indeed, warm summers like those of 1976, 
1979, or 1983 are associated with elevated growth rates, while particularly cold summers 
like in 1980 result in reduced growth rates. Therefore, a more detailed analysis of the 
temperature effects on growth rates of roach was performed. 
Since temperature data from Lake Sarnen were not available for the whole time period 
covered by the data on fish growth, temperature recordings from the effluent of Lake 
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Lucerne, 23 km below Lake Samen, were used [13]. Temperature, expressed as the sum of 
degree-days above 12, 13, 14, 15, and 16 ·c for individual months and for all combina-
tions of adjacent months from June to October was correlated with either the annual 
growth increments or separate age groups as in figure 3, or with the composite annual 
growth up to age 6 from figure 4. Kempe [12] and Mann [15] signal 12°C as the lower 
temperature limit of growth in adult roach. 
Optimum correlations between temperature and growth were found with day-degrees 
over 13 •c. Applying 12 •c as the temperature limit yielded almost identical correlation 
coefficients, while those with 14, 15, and 16°C were progressively inferior. Table 3 
summarizes the correlation coefficients between temperature and growth. There is a 
significant positive correlation between most combinations of summer months and the 
first three growth increments, or the composite length of up to four growing seasons. 
Consistently good correlations were obtained with the growth increments of the third 
year, and with the composite length of three year old fish. Cragg-Hine and Jones [5] and 
Ponton [19] note that a prolonged growing season due to a warm autumn contributes 
significantly to good annual growth. This view was substantiated by our data: The closest 
single relation was between degree-days over 12°C in August to October (T) and third 
year increment (LI L3) (fig. 5). The linear function applied was 

LIL3 = 4.15 + 0.107 T (n = 10) 

where r = 0.945 and p < 0.001 accounting for 89.3 % of the variation. Slightly inferior, 
but still highly significant, correlations were found between the temperature sum of the 
whole growing season from June to October and growth, thus illustrating the effect of 
temperature as the key factor responsible for the annual fluctuations of the growth rate. 
Growth during the first year of life did not prove to be a particularly sensitive indicator 
for temperature effects on growth (table 3). The most probable explanation for this 
phenomenon lies in the complex processes underlying the generation of a new year-class, 
namely oogenesis, pre- and postlarval development, food production, and predation. The 
processes themselves depend on environmental temperature and determine year-class 
strength. Year-class strength correlates to some degree with temperature in June-July 
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Figure 4. Composite annual growth curves of female roach within calendar years 1973-1984. Ordinate: length 
(mm); abscissa: relative time scale in years. 
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Table 3. Correlation coefficients between water temperature (degree-days over 13 °C) in different months, and 
growth given as annual lenght (mm) increments (left) and composite growth (mm) per calendar year (right). 
Females of year classes 1973-1984. For months, 6 =June, 7 =July, etc. •significant at p < 0.05, ••at p < 0.01. 

Months Length increment in nth year of life Composite growth after n growing seasons 
I. 2. 3. 4. 5. 2 3 4 5 

6 0.62• 0.61• 0.60 0.27 0.57 0.71• 0.73• 0.65 0.69 
7 0.54 0.77•• 0.65• 0.42 0.42 0.15•• 0,79•• 0.73• 0.66 
8 0.59• 0.61 • o.85•• 0.28 0.35 0.64• 0.79•• 0.68• 0.60 
9 0.31 0.28 0.67• 0.12 0.43 0.26 0.46 0.37 0.48 

10 0.38 0.62• o.85•• 0.66 0.55 0.62• 0.81•• 0.83•• 0.78• 
6, 7 0.59• 0.75•• 0.66• 0.38 0.49 0.77•• 0.80•• 0.74• 0.72• 
7, 8 0.59• 0.76•• 0.74• 0.39 0.41 0.75•• 0.82•• 0.74• 0.67 
8,9 0.51 0.54 o.88•• 0.24 0.43 0.54 0.74• 0.62 0.60 
9, 10 0.44 0.53 0.93•• 0.44 0.56 0.51 0.75• 0.69• 0.69 
6-8 0.63• 0.15•• 0.73• 0.37 0.46 0.77•• 0.83•• 0.75• 0.70 
7-9 0.61• 0.76•• 0.84•• 0.39 0.47 0.76•• 0.87•• 0.77• 0.71 • 
8-10 0.55 0.61• 0.94•• 0.37 0.48 0.61• 0.81•• 0.12• 0.68 
6-9 0.64• 0.75•• 0.81•• 0.37 0.50 0.78•• 0.87 .. 0.78• 0.72• 
7-10 0.60• 0.76•• 0.86•• 0.43 0.43 0.76•• o.88•• 0.80• 0.73• 
6-10 0.63• 0.76•• o.83•• 0.41 0.52 0.78•• o.88•• 0.80• 0.75• 

[16], while annual O+ growth seems to be related mainly to temperature in June, July and 
August. Strong (or weak) year-classes may or may not encounter favourable climatic 
conditions in the second half of summer. In the case of strong-year-classes, however, food 
tends be in short supply in the dense shoals of age 0 and 1 fish that populate the littoral 
zone. This leads to reduced growth rates, in spite of a warm autumn. Older roach, on the 
other hand, are usually more dispersed and more versatile in their feeding habits than O+ 
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Figure 5. Plot of third year length increment versus water temperature sum expressed as degree-days over 12°C 
for August to October. The regression line fits the model described in the text. 
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and I+ fish [12] which enables them to utilize the best food resource available, including 
pelagic and benthic food. This results in more regular growth rates, depending principally 
on temperature. The possibility that fish density in large shoals could act as growth 
depressor in lakes where average fish density is low was also pointed out by Ponton [19] 
for Lake Geneva. 
Although year-class strength of the Lake Samen roach was not computed in this study, 
the figures in table 1 point to strong year-classes of 1973 and 1976, beside others. It is 
interesting to note that roach and other cyprinid fish like dace (Leuciscus leuciscus (L.)), 
chub (Leuciscus cephalus (L.)), and gudgeon (Gobio gobio (L.)) in Great Britain also 
formed strong year-classes in these years (summarized by [16]). Thus, it seems that the 
climatic factors governing year-class strength, and probably growth rate as well, are of a 
large-scale continental nature, acting in the same direction at least in northern and central 
Europe. 
It is sometimes noted that years with good fish growth and strong year-classes are also 
good vintage years [8]. To test the validity of this general rule, the sugar content of grape 
juice in degrees Oechsle (°Oe) from different grape types growing around Lake Ziirich 
was plotted against the growth rates given in figures 3 und 4. A positive correlation 
reaching significance at p < 0.05 was obtained using the particularly temperature-sensi-
tive 'Riiuschling' grape from Horgen. All other grape types gave positive, though not 
significant correlations. Figure 6 demonstrates the remarkable relation between this 
parameter used for integrating climatic factors [2], and fish growth some 50 km apart. 
Summing up the findings presented, the changing trophic state of Lake Sarnen has not 
affected growth of roach noticeably so far. Temperature, on the other hand, is identified 
as the key factor governing the year-to-year fluctuations of the growth rate, obscuring 
any subtle trophic-related changes in growth within the time period sampled. In the long 
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Figure 6. Plot of composite length after four years L4 against sugar content z of 'Riiuschling' grapes from 
Horgen, Lake Ziirich. The regression line fits the equation L4 -13.09 + 2.89 z. 
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run, however, oligotrophication can be expected to moderately reduce the growth rate of 
roach in this lake. 
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