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Biomass size distributions (BSDs) can be useful tools to (1) summarize complex information

about fish community structure in a condensed graphical form, facilitating the characteriza-

tion of freshwater fish communities, (2) compare the position of fish communities along

environmental gradients and (3) elucidate major trophic interactions in freshwater fish

communities. Biomass size distributions are presented by taxonomic and trophic group, for

a selection of fish communities from 35 Scandinavian and eight Dutch lakes. They were used

for the analysis of taxonomic and trophic shifts in the fish communities along a large

environmental gradient, with productivity (expressed as total phosphorus concentration,

TP) as its most important component. Regression analysis of fish community variables

(such as proportion of cyprinids, or biomass of benthivores) were consistent with the semi-

quantitative conclusions drawn from BSDs, regarding taxonomic and trophic shifts with

changes in TP in both Scandinavian and Dutch lakes, especially an increase in the amount

and size of benthivorous fishes with increasing TP-levels. In addition, differences in mortality

and growth rates were shown to partly explain differences in BSDs. Biomass size distribu-

tions thus provide an integrative tool for qualitative and quantitative comparisons among

fish communities. # 2003 The Fisheries Society of the British Isles

Key words: European lakes; fish community; productivity; size distribution.

INTRODUCTION

Analysis of fish community structure is widely considered as an integrative
indicator of the ecological status of water bodies since Karr (1981) launched
his index of biotic integrity. Aspects of the fish community that contribute to
community structure are species composition, species abundance, size (or age)
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structure and trophic composition. Comparisons of fish community structure
among water bodies or among years are indicative of ecological status or
ecological changes. Most studies have been limited to only one or only a few
fish community characteristics. For example, Hanson & Leggett (1982) describe
the increase of total fish biomass with productivity. Other authors have
described taxonomic shifts with productivity level changes (Colby et al., 1972;
Gascon & Leggett, 1977; Hartmann, 1977; Leach et al., 1977; Marshall & Ryan,
1987; Persson et al., 1991). In addition, studies of size distribution and abun-
dance, by means of biomass size spectra have been described since the 1970s,
starting with Sheldon et al. (1972), who found general patterns in the distribu-
tion of biomass over size classes, ranging from bacteria to whales. These size
spectra were mainly used to study trophic interactions within aquatic com-
munities, such as planktonic communities (Gaedke, 1992, 1993), whole marine
ecosystems (Sprules et al., 1991; Pope et al., 1994), and whole pelagic freshwater
food webs (Thiebaux & Dickie, 1993), and for the study of the influence of
environmental variables, such as productivity, on fish communities (Sprules
et al., 1991; Boudreau & Dickie, 1992; Pope et al., 1994; Cyr et al., 1997) or
acidification (Holmgren, 2001). There are few studies, however, that use size
distribution, taxonomy and size-related trophic characteristics simultaneously,
to evaluate the trophic interactions within aquatic communities (Persson et al.,
1991; Holmgren, 2001).
In this study, information on distribution of biomass over size classes and

taxonomic or trophic groups was combined by constructing biomass size dis-
tributions (BSDs). The use of these BSDs as an integrative indicator for eco-
logical status, in which complex information about fish community structure is
summarized in a condensed form, was explored, thus facilitating the character-
ization of freshwater fish communities.
To evaluate the use of BSDs, freshwater fish communities were compared in

northern European lakes, along a large environmental gradient in which climatic,
productivity and elevation factors act simultaneously, and most probably inter-
actively. Despite the complexity of the environmental gradient, productivity was
considered as one of the most important factors influencing the fish community,
since it directly and indirectly affects food conditions for fishes. The studied lakes
varied from ultra-oligotrophic Scandinavian mountain lakes to hypertrophic
Dutch lowland lakes. The BSDs were compared qualitatively, based on overall
shape differences indicating mean size, dominant size groups, and dominant
taxonomic and trophic groups. To evaluate the information-value of the BSDs,
a quantitative analysis of the same variables was also performed. Finally, the
influence on BSD shape of system-specific growth and mortality rates of two
dominant species, perch Perca fluviatilis L. (planktivore to piscivore) and bream
Abramis brama (L.) (planktivore to benthivore) was explored.

MATERIALS AND METHODS

LAKES

Two Norwegian (data from 1996 to 1997), 35 Swedish (data from 1996 to 1997),
and eight Dutch (in total 16 data sets from varying periods per lake) freshwater lakes
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were used (Appendix I). The data sets of four of the Dutch lakes span long time periods
(22–27 years), within which productivity (expressed as total phosphorus concentration,
TP, mg l�1) changed drastically. Therefore, these time periods were divided in shorter time
periods (6–11 years) in which TP was more or less constant.

FISH SAMPLING

The Norwegian and Swedish lakes were sampled using standardized gillnet fishing
procedures with multi-mesh Nordic series (Appelberg et al., 1995). The nets consisted of
12 panels (1�5� 2�5m each) with mesh sizes from 5 to 55mm (knot to knot), based on
geometric series with a factor 1�25. The pooled selection curve was flat for 1þ year and
older fish (Kurkilahti et al., 1999), so no selectivity corrections were made. The Dutch
lakes were monitored using bottom trawlnets with a 3m beam and a codend stretched
mesh size of 10–12mm. The trawlnets were towed by boats at a speed of 1–2m s�1 (hauls
of 10min). In the shallow Dutch lakes (<10m deep), there is no temperature stratifica-
tion and most fishes, including small planktivores, are concentrated in the lower water
layers. Owing to lack of or sparse vegetation, low water transparency (Secchi disc depths
usually <1m) and daytime fishing (most fishes concentrated near the bottom) late in the
season (autumn), trawling procedures were highly standardized and most 0þ year fishes
and a large fraction of larger fishes were caught. Biomass of a few pelagic species and species
living nearshore (both small proportions of total fish biomass) were underestimated.

BIOMASS SIZE DISTRIBUTIONS OF TAXONOMIC AND
TROPHIC GROUPS

Biomass size distributions were constructed on the basis of length–frequency data of
catches. Fish total lengths (LT) were measured and converted into individual wet body
mass using species-specific length–mass relationships. Total biomass per size class was
estimated by summation of the body mass of all individuals per size class. For lakes that
were sampled by bottom trawls, biomass was estimated directly (kg ha�1 swept area). For
lakes that were sampled by gillnets, biomass was estimated from the catch per unit effort
(CPUE), which is supposed to be proportional to fish biomass (gm�2 gillnet areanight�1).
Size was expressed as log2 individual mass classes, which condenses large size classes
relative to the more detailed presentation of small size classes. This has the advantage
that the BSD becomes more ‘stabilized’, since large size classes are usually rare in fish
communities and therefore subject to large variation in the catch. Through ‘lumping’
large specimens over wider length ranges, this variation becomes less erratic.

Species were grouped at the taxonomic level of families (salmonids, coregonids,
cyprinids, esocids, osmerids and percids). Trophic groups were classified as planktivores,
benthivores (including detritivores) and piscivores based on species- and size-specific diet
studies (Appendix II). Herbivory is rare in the study lakes and disregarded further. This
classification reflects the average trophic category. It does not account for flexibility in
shifting between food types, although this can play a role in species such as bream
(Lammens et al., 1985) and perch (van Densen et al., 1996).

Graphical presentations of BSDs are shown for the largest possible productivity
gradient, leaving out some lakes with overlapping TP: both Norwegian lakes were
selected, Swedish lakes were sorted by TP and subsequently, one lake was randomly
selected for each concentration, Dutch lakes were sorted (all 16 data sets) by TP leaving
out two lakes that were similar to others (i.e. Hollandsch Diep, which was similar to
Haringvliet, and Wolderwijd, which was similar to Veluwemeer).

FISH COMMUNITY VARIABLES IN RELATION TO
PRODUCTIVITY

In order to compare the information from the BSDs with a quantitative analysis of the
fish community variables, the relationships of (1) biomass of different taxonomic groups,
(2) proportion of different taxonomic groups, (3) biomass of different trophic groups
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(zooplanktivores, benthivores and piscivores), (4) proportion of different trophic groups
and (5) mean body mass (M, weighted by the number of fish per size class) with TP were
analysed. In order to describe these relationships the following simple curves were fitted
to all of the above data: (1) linear, (2) log, (3) exponential, (4) power and (5) quadratic
curves. Only the significant (P< 0�05), or marginally significant (0�05<P< 0�1) curves are
shown. Regression analyses were performed with the SAS statistical package software.
In principle, all lakes were used for these analyses. For the Swedish lakes, however, the

0-values for a particular taxon were excluded from the quantitative analyses if the lake
for which the 0-value was recorded was situated outside the natural range of that taxon.
This means that 0-values for coregonids, cyprinids, esocids and percids from lakes at
an elevation >500m were excluded. For the Netherlands the data sets of two lakes,
Hollandsch Diep and Haringvliet, in 1973–1979 were excluded, because in this period
these lakes were in transition from a marine to a freshwater environment.
The Scandinavian and Dutch lakes were analysed separately, since the sampling

methods differed. Gillnets are generally biased towards larger sizes (Hamley, 1975).
Small-meshed trawlnets are highly efficient for catching small fishes, but tend to be less
efficient for larger specimens. When taking these biases into account, however, qualita-
tive, graphical comparisons between Scandinavian and Dutch lakes could still be made.

GROWTH AND MORTALITY AFFECTING BIOMASS SIZE
DISTRIBUTIONS

Growth data of two characteristic species of the northern-temperate lakes, perch
(growth based on opercular bone readings: Netherlands Institute for Fisheries Research,
unpubl. data) and bream (scale readings; Cazemier, 1982), were used to explain how
particular, moderate differences in BSDs could already be explained from differences in
growth and mortality. From the minimum and maximum growth rates (averages from
most contrasting lakes) of perch and bream and a range in mortality rates (Z¼ 0�4
considered as natural mortality; Z¼ 1�0 considered as mortality under commercial fish-
ing pressure), the theoretical ranges of BSDs were explored, under the assumption of
constant recruitment, growth and mortality.

RESULTS

The biomass size distributions (BSDs) give a semi-quantitative impression of
the structure of fish communities, both for taxonomic (Fig. 1) and trophic
groups (Fig. 2). Diversity of the fish community, relative contribution of differ-
ent taxonomic and trophic groups to the total biomass, and average size classes
are presented in unison. This enables the simultaneous comparison of all fish
community variables between lakes, also (with some caution) between Scandi-
navian and Dutch lakes. Comparison of the lake fish communities based on the
quantitative analyses (Fig. 3) gave similar results to the comparison of BSDs.

TAXONOMIC SHIFTS

The BSDs show the overall differences in the taxonomic composition of the
fish communities (Fig. 1) at the family level. Scandinavian lakes exhibited a shift
along the productivity gradient. Lakes with the lowest TP (<8 mg l�1) were
dominated by salmonids [Arctic char Salvelinus alpinus (L.) and brown trout
Salmo trutta L.]. Percids [especially perch and, to a smaller extent, ruffe
Gymnocephalus cernuus (L.)] and coregonids (Coregonus spp.) became abundant
in the lakes with TP of 8–13 mg l�1. Cyprinids [mainly roach Rutilus rutilus (L.)]
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and esocids (pike Esox lucius L.) also contributed substantially to the total fish
biomass in these communities. Where TP were >13mg l�1, cyprinids (especially
bream) became more dominant, and coregonids disappeared. Note, however,
that there were exceptions to this general pattern (e.g. Rödingträsket, which had
a TP of 20mg l�1, and a fish community which was entirely composed of
salmonids). Statistical analysis corroborated this general pattern: the proportion
of the total fish biomass per taxonomic group increased significantly with TP
for cyprinids, decreased significantly for salmonids and percids, and showed a
maximum (at a TP of 15mg l�1) for esocids in Scandinavian lakes (Fig. 3).
Dutch lakes were not as diverse as Scandinavian lakes, and they did not show

significant qualitative or quantitative relationships between TP and the taxo-
nomic composition of the fish communities (Fig. 3). In almost all cases there
was a high biomass of cyprinids (mostly bream and roach). Dutch lakes mainly
differed in the relative abundance of percids and osmerids [smelt Osmerus eperlanus
(L.)]. The above relationships were all consistent with those in the BSDs
(reflected by the relative surface area of the different taxonomic groups; Fig. 1).

TROPHIC SHIFTS

Most Scandinavian and Dutch lakes were dominated by benthivorous fishes
(Fig. 2). Only in Scandinavian lakes of intermediate productivity levels (TP of
8–13mg l�1) were piscivores dominant, while Dutch lakes with many small
percids or osmerids were dominated by zooplanktivores.
In Scandinavian lakes, the catch per unit effort (CPUE) of planktivores

increased significantly with TP, while the increase of the proportion of plank-
tivores was marginally significant (Fig. 3). Both increases were caused by the
growing importance of planktivorous (small) cyprinids and coregonids. The
increase of the CPUE of piscivores with TP was marginally significant, and in
most cases due to the increase of pike. The proportion of benthivores was at a
minimum at an intermediate TP of c. 13mg l�1, reflecting the relatively large
biomass of benthivorous salmonids in the lower TP regions, and increasing
amounts of benthivorous roach and perch at higher TP.
In Dutch lakes, both biomass and the proportion of benthivores increased

significantly with TP (Fig. 3), mainly because of the increase of large, benthi-
vorous bream (>c. 25 cm), with high individual body mass. The increase of the
biomass of piscivores was only marginally significant, and explained by the
increase of pikeperch Stizostedion lucioperca (L.). The proportion of plank-
tivores decreased significantly. Most of this decrease was due to the relative
increase of large-bodied, mainly benthivorous, bream. The above relationships
were all consistent with those in the BSDs (reflected by the relative surface area
of the different trophic groups; Fig. 2).

SIZE ASPECTS

In Dutch lakes with a relatively large biomass of small percids and osmerids,
the peak biomass was usually found in body mass classes of 0–4 (Figs 1 and 2).
This is markedly smaller than the body mass classes at peak biomass in the
other Dutch lakes (body mass classes 8–11). Scandinavian lakes had their peak
biomass usually at intermediate body mass classes (4–9).
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In Scandinavian lakes, the M of planktivores increased significantly with TP
(Fig. 3), caused by the increasing size of cyprinids (mostly roach and bream)
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FIG. 3. The fraction of total CPUE and biomass of (a), (b) taxonomic groups ( , salmonid; , coregonid;

, cyprinid; , osmerid; , esocid; , percid) and (c), (d) trophic groups ( , planktivores; ,

benthivores; , piscivores), and (e), (f) the weighted mean body mass (M) of trophic groups as a

function of total phosphorus content of (a), (c), (e) Scandinavian and (b), (d), (f) Dutch lakes. 22,
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symbols (Haringvliet and Hollandsch Diep in 1973–1979) were not included in the regression analysis,

since these lakes were in the transition from a marine to a freshwater habitat.
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and percids (mostly perch). In Dutch lakes, the M of planktivores increased
with TP, which was mainly caused by the increase of the average size of bream.
This species can use zooplankton until it reaches a LT of c. 25–30 cm, in contrast
with other cyprinids that only use zooplankton up to sizes of c. 15–20 cm LT

(Lammens et al., 1985). The simultaneous decrease of the biomass of plank-
tivorous small-bodied cyprinids, percids and osmerids further enhanced the
overall increase in average size. The overall M of planktivores appeared to be
larger (with marginal significance) in Dutch lakes than in Scandinavian lakes
(Wilcoxon test, P< 0�09).
The M of benthivores had a marginally significant quadratic relationship with

TP in Scandinavian lakes, with a minimum value at a TP level of c. 11mg l�1

(Fig. 3). This was caused by the decrease of large, mainly benthivorous salmo-
nids, and the increase of smaller-bodied cyprinids. In Dutch lakes, the M of
benthivores increased significantly with TP (Fig. 3), which was almost exclu-
sively caused by the increase of large, benthivorous bream. Overall, the M of
benthivores was significantly larger in Dutch lakes than in Scandinavian lakes
(Wilcoxon test, P< 0�0001). Taking into account that gillnets tend to be biased
towards larger fishes and trawlnets towards smaller fishes, the real size difference
between fishes of Scandinavian and Dutch lakes is probably even larger. The
difference in M was clearly reflected in the BSDs (Figs 1 and 2), by the position
of the highest peaks.

POPULATION DYNAMICS VARIABLES AND SIZE
DISTRIBUTIONS

To assess to what extent growth and mortality affect BSDs, the effects of
population dynamics of perch and bream on BSDs was explored. Bream and
perch were chosen, because they are most widespread in Dutch and Scandina-
vian lakes, respectively. Moreover, their population dynamics are well-studied.
Length at age data of slow and fast growing perch and bream (minimum and
maximum growth rates of either species in the studied lakes), were used to
calculate the instantaneous individual body mass increment G (Fig. 4): G¼ dM/M
dt¼ ln(M2M1

�1), where M is individual body mass. The survivorship of size
class M1 to M2 is (M2M�1

1 )� ZG�1, where Z is instantaneous mortality rate.
The biomass ratio of adjacent size classes can therefore be written as:
BM2 BM1

�1 ¼ (M2M�1
1 )1�ZG�1

, where B is the biomass of a particular size
class. It follows that the peak biomass in the BSD (the inflection point where
BM2¼BM1) is found at the body mass where growth rate equals mortality rate
(G¼Z).
Simulated BSDs for slow and fast growing perch and bream at instantaneous

mortality rates of Z¼ 0�4 (approximating natural mortality) and 1�0 (commer-
cial fishing pressure), respectively, are also given (Fig. 4). Growth rates of perch
were found to be more variable than those of bream, especially at early ages.
Peak body masses differ 2–3 body mass classes between fast and slow growing
conditions. At higher mortality rates (e.g. Z¼ 1�0), the peak body mass of the
size distributions shifts to the lower size classes.
The above simulation only holds under the assumption of constant rates of

growth, mortality and recruitment. If these assumptions are approximately met,
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however, it is possible to infer growth differences from the body mass classes at
which the peak biomass is found. For example, the peak biomass of cyprinids
(almost exclusively bream) in Beulakerwijde in 1984–1991 was at a body mass
class of 5–6 (Fig. 1), while in Veluwemeer in 1970–1980 it was a body mass class
of 10. There is no fishing pressure on bream in either of these lakes, so it can be
assumed that mortality rates will be rather similar in both lakes (c. Z¼ 0�5:
Ministry of Transport, Public Works and Water Management, unpubl. data).
The differences in peak body mass class between Beulakerwijde and Veluwem-
eer therefore suggests a much slower growth in Beulakerwijde than in Velu-
wemeer. This would also mean that a shift of peak biomass of 4–5 body mass
classes (with a total of 14 body mass classes), could be entirely caused by
growth differences alone. In cases where no assumptions on rates of mortality
and growth can be made, shifts in peak biomass are indicative of changes in
population dynamics, but interpretation of the shifts requires analyses of
growth and mortality data.

DISCUSSION

This study shows that biomass size distributions (BSDs) can be used as
integrative indicators for the ecological status of fish communities. The
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semi-quantitative results from the BSDs (relative surface areas of taxonomic or
trophic groups and position of biomass peaks) are consistent with the detailed
quantitative results from the regression analysis of the same variables. Add-
itionally and simultaneously, BSDs can give a first indication of population
dynamics variables such as growth and mortality.
The observed shifts in biomass of the major taxonomic groups along the

productivity gradient, as apparent from the BSDs, are consistent with earlier
studies (Colby et al., 1972; Hartmann, 1977; Leach et al., 1977; Marshall &
Ryan, 1987; Persson et al., 1991). Salmonids dominate in ultra-oligotrophic
waters and percids in mesotrophic waters. Cyprinid-dominated communities
prevail under eutrophic and hypertrophic conditions. Major shifts in the taxo-
nomic composition (on the family level) of fish communities were not observed in
Dutch lakes, probably because they are at the extreme end of the productivity
gradient.
In addition to taxonomic differences, BSDs reflect trophic shifts of fish

communities, such as the simultaneous increase in abundance and size of
benthivores in Dutch lakes (Figs 2 and 3) with increasing TP. This shift is
caused by a complex of taxonomic, size and population dynamics differ-
ences. First, there is the shift towards a dominance of cyprinids with
increasing productivity levels. Once they reach a certain size, most cyprinids
become benthivorous and stay so to a large extent (although, under certain
environmental circumstances, they can still switch back to planktivorous
feeding behaviour; Lammens et al., 1985). The increase in the average size
with TP mainly results from bream (the largest abundant cyprinid in Dutch
waters) growing to a larger size in water bodies with a high TP. Since large
bream (>30 cm LT, i.e. size classes >9) is almost exclusively benthivorous
(Appendix I), this suggests that growth conditions, and thus benthic food
conditions, must be good (Cazemier, 1982) in water bodies with high TP.
This is generally the case (Rasmussen, 1988, 1993), but there are also many
hypertrophic lakes, such as Dutch Tjeukemeer, that have a poor benthic
fauna, because of wave-exposure (Lammens, 1986), or unfavourable sub-
stratum conditions (Cazemier, 1982). In such cases, bream still has to rely
heavily on zooplankton (Lammens et al., 1985), which, in the presence of
more efficient planktivores such as smelt, can lead to decreased growth of
bream, resulting in bream in poor condition with a maximum length of
c. 30 cm (size class 9) (Lammens et al., 1985). A large biomass of smelt
combined with relatively small-bodied bream indicates poor growth
conditions for bream, probably caused by a lack of zoobenthos. Slow
growth is reflected by peak biomass at smaller sizes (Fig. 4). The BSDs of
Beulakerwijde in 1984–1991 and Veluwemeer in 1970–1980 (Fig. 1) show this
simultaneous occurrence of smelt with relatively small-bodied cyprinids at
peak biomass.
The above illustrates the integrative quality of the BSDs. Many aspects of fish

community structure can be evaluated simultaneously (species and trophic
diversity; relative importance of taxonomic or trophic groups; average sizes of
taxonomic or trophic groups), thereby providing a tool for summarizing com-
plex information, which can be helpful in tracing the status of the underlying
processes that structure fish communities, such as trophic interactions, growth
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and predation mortality. In other words, BSDs form a fingerprint of individual
fish communities.
With due caution these fingerprints can be used for qualitative compar-

isons between fish communities where direct quantitative comparisons are
difficult or impossible, because of differences in sampling methodology (as is
the case for the Dutch and Scandinavian lakes). For example, it is difficult to
compare the relative abundance and average size of cyprinids and percids in
Scandinavian and Dutch lakes directly, but qualitatively it can be stated that
percids are relatively more abundant in Scandinavian lakes, and that
cyprinids are larger in Dutch lakes, keeping in mind that the number of
large fishes is most probably underestimated in the trawl surveys of the
Dutch lakes. These qualitative results may lead to more quantitative ques-
tions on differences of cyprinid and percid abundance and size between
Scandinavian and Dutch lakes, and to a new, clearly focused, survey aimed
at these questions. Such qualitative comparisons are often the only possibility
for the comparison of historical fish communities with present data. Since
historical data of fish communities become more important for the identifi-
cation of reference situations of fish communities at high ecological status,
the BSD methodology provides a tool, not only for the characterization of
fish communities, but also for the comparison with (historical) reference
situations. The recent development of using multivariate techniques can
further enhance the application of BSD for quantitative ecological quality
assessments (Nagelkerke & van Densen, 2001).
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ö
n

1
9
9
6
–
1
9
9
7

1
6
3

6
1

2
� 3

9
1
� 9

1
6

2
2
� 1

R
ö
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