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a b s t r a c t

The section of the lowland Narew River within Polish borders (432 km long) flowing between

two big reservoirs, and its tributaries were selected for the study. At 321 sites a total of

49,675 fish and lamprey specimens, representing 36 taxa, were collected. The sites were

classified using the Kohonen self-organizing map (SOM) on the basis of fish and lamprey

relative biomass data. The trained SOM (lattice 6 × 4) showed three main clusters of samples

assigned to the neurons: (1) A1–B4, (2) C1–D4, and (3) E1–F4, differing not only in fish fauna

composition but also in some environmental variables not presented to the SOM. Generally,

sites from small, regulated streams with few trees along banks were dominant in cluster AB,

while sites from natural larger rivers with many trees along banks were assigned to cluster

EF. Cluster CD contained sites of intermediate character. In AB we distinguished an assem-

blage with five species present in each neuron (gudgeon, loach, stickleback, ten-spined

stickleback and pike), and in EF an assemblage with seven ones (stickleback, ide, perch,

roach, pike, burbot and bleak), but 100% occurrence stability in each neuron was recorded

only for roach in EF. A significantly lowest species richness and values of the Shannon index

of biodiversity were recorded in AB, that is for the smallest streams. Additionally, many envi-

ronmental, population and assemblage variables also showed more subtle gradients within

each cluster. The clear differences between clusters and gradients within them, recorded

even for variables indirectly analysed with SOM, prove that the obtained classification was

very effective, which additionally testifies to the reliability of the distinguished fish assem-
blages. SOM provides more detailed information on the mutual relations between species

through component planes than the detrended correspondence analysis through points in

a multivariate space, thus being much useful for coenological studies. Moreover, such rich

data as in this study diminish the legibility of scatterplots in the detrended correspondence

provi

whether the latter are real and persistent despite being influ-
analysis, while SOM

. Introduction
esearchers have long reflected on and disputed the problem
f what controls distinguished by them fish assemblages, and
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enced by hardly predictable climate changes in the temperate
zone (Mills, 1969; Connell, 1975; Grossman, 1982; Grossman et
al., 1982; Schluter, 1986; Moyle and Herbold, 1987; Matthews,
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1998; Jackson et al., 2001; Oberdorff et al., 2001; Gevrey et
al., 2005; Park et al., 2005a). Distinguishing assemblages is
also difficult because pristine environments do not exist any
more (Vannote et al., 1980; Penczak, 1994), invasions of non-
native species may take place (Moyle, 1994; Penczak, 1999),
fish assemblages may be strongly changed due to exploitation
(Murawski, 1983), fish cannot be absolutely randomly sampled
(Mahon and Smith, 1989), fish sampling gears are selective
(Casselman et al., 1990; Głowacki and Penczak, 2005), different
methods are applied to order fish data (James and McCuloch,
1990) and the ecological bases of defining assemblages are
imprecise (Tyler et al., 1982; Jackson et al., 2001).

There is another problem that does not facilitate dis-
tinguishing of fish assemblages in river systems, namely
the absence of decisive environmental preferences, which
testifies to high adaptive capabilities of many species. In
European rivers there are species exclusively adopted to run-
ning waters (rheophilic) as well as taxa that are classified
as eurytopic, eurybiontic or facultative riverine (Wolter, 2001;
Kruk and Penczak, 2003; Kruk, 2006); the latter are able to
switch between stagnant and running waters during ontogeny
because they are generalists (Jackson et al., 2001; Wolter, 2001;
Irz et al., 2006). Presumably, the most generalist fish species
in Europe are roach and perch (Schiemer and Wieser, 1992;
Wolter and Vilcinskas, 1997; Kruk, 2006). They are getting dom-
inant with high occurrence stability even in rivers where other
eurytopic species can be threatened by extensive and harsh
human stressors (Penczak and Koszalińska, 1993; Wolter and
Vilcinskas, 1997; Kruk and Penczak, 2003).
We rather incline to the assemblage definition based on
the dominance of species (Echelle et al., 1972; Johnson et al.,
1977; Ryder and Kerr, 1978). For the classification of our ichthy-
ofauna we cannot apply the proposal ‘that species comprising

Fig. 1 – The Narew River system. Site codes for s
2 0 3 ( 2 0 0 7 ) 45–61

an assemblage are highly co-evolved, and interdependent, and
that as one of the species reaches its distribution limits, the
assemblage loses it integrity, giving way to another assem-
blage’ (Mahon and Smith, 1989). If we chose this definition
for distinguishing assemblages, their number would be high
and their distribution would be unnaturally mosaic, despite
the fact that the catchment is characterized by similar slope,
discharge and temperature, although with various human
stressors. Especial difficulty emerges when one wants to deter-
mine which human stressors are responsible for definitive
or periodical elimination of rare and/or vulnerable species,
because their effects overlap and interact (Northcote et al.,
1985; Orth and White, 1993). In other large rivers of Cen-
tral Poland, in a 40-year-long monitoring, differences were
recorded even in the list of dominant species (Penczak, 1996;
Kruk, 2006). However, changes in the presence or absence
of rare species were much more often (Backiel and Penczak,
1989).

The fish fauna of the Narew River system was selected for
the study because it covers over 1/6 of the territory of Poland.
In some parts, this large lowland river system is moderately
differentiated by environmental factors, but anthropogenic
impacts and a high number of collected samples create some
difficulties for ordination of fish populations with conven-
tional statistical methods. The collected materials (1986–1991)
have by now been used for inventory study only, made on the
request of the Polish Anglers Association (Penczak et al., 1990a,
1990b, 1991a, 1991b, 1992). In the five above-cited papers only
the species abundance along river courses was presented on

diagrams, in a six-degree scale. Data on relative biomass was
not published yet. Some attempts at comparisons and dis-
tinguishing of fish assemblages were undertaken but without
applying statistical methods.

tudied streams are the same as in Table 1.
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Table 1 – Studied rivers with site codes used in
Figs. 1 and 3

Site code River Receiving
river

*1–*87 Narew Vistula

Pisa River system
P1–P26 Pisa Narew
PSz27 Szparka Pisia
PP28 Pisza Woda Pisia
PB29 Bogumiłka Pisia
PW30–PW33 Wincenta Pisia
PWW34 Wykówka Wincenta
PWK35 Kulona Wincenta
PSk36–PSk44 Skroda Pisia
PSkM45–PSkM46 Mogilna Skroda
PSkMD47 Dzierzbia Mogilna
PSkL48 Łabna Skroda
PR49–PR50 Rybnica Pisia
PT51–PT52 Turośl Pisia
P1t53 Tributary No. 1 Pisia
P2t54 Tributary No. 2 Pisia

Białostocka Upland
S1–S10 Supraśl Narew
SP11–SP14 Płoska Supraśl
SPS15 Świnobródka Płoska
SSl16–SSl18 Słoja Supraśl
SSo19–SSo27 Sokołda Supraśl
SSo1t28 Tributary No. 1 Sokołda
SSoK29–SSoK31 Kamionka Sokołda
SSoW32 Wielki Grud Sokołda
SSoL33 Łanga Sokołda
SC34–SC36 Czarna Supraśl
SCB37 Bartoszycha Czarna
Lp38 Łuplanka Narew
Ru39 Ruda Narew
M40 Małynka Narew
Rn41–Rn42 Rudnia Narew
Cz43 Czarna Narew
2t44 Tributary No. 2 Narew
T45–T46 Turośnianka Narew
Cp47–Cp49 Czaplinianka Narew
J50–J51 Jaskranka Narew
JH52 Hatka Jaskranka
Ns53–Ns56 Nereśl Narew

Left side tributaries
Nw1–Nw6 Narewka Narew
NwL7 Łutownia Narewka
Ln8–Ln11 Łoknica Narew
Or12–Or18 Orlanka Narew
OrB19–OrB22 Biała Orlanka
Or1t23 Tributary No. 1 Orlanka
St24 Strabla Narew
Li25–26 Liza Narew
Li2t27 Tributary No. 2 Liza
Sz28 Szeroka Struga Narew
Sn29–Sn33 Ślina Narew
SnR34–SnR36 Rokietnica Ślina
G37 Gać Narew
GJ38–GJ39 Jabłonka Gać
GJD40 Dąb Jabłonka
G3t41 Tributary No. 3 Gać
e c o l o g i c a l m o d e l l i

Recently, in order to deal with the problem of complexity
n ecological data, the Kohonen self-organizing map (SOM)
Kohonen, 1982, 2001) is proposed. It has been successfully
sed for diverse ecosystems (i.e., aquatic, forest, agricultural,
tc.) (Lek and Guegan, 2000; Recknagel, 2003; Lek, 2005) for
ommunity classification (Chon et al., 1996, 2000; Park et al.,
001, 2003; Penczak et al., 2005; Kruk, 2006), water quality
ssessments (Walley et al., 2000; Aguilera et al., 2001), conser-
ation strategies of endemic species (Park et al., 2003), even if
ther statistical methods failed (Cho, 1997; Park et al., 2005b).
ence the SOM was employed as the main method in this

tudy.
The aim of the study is to: (1) assess the effectiveness of

lassification of numerous fish samples performed with use
f the SOM and (2) determine how many fish assemblages
an be distinguished in the lowland Narew River system, and
hether they are characterized by repeatable species compo-

ition in different parts of the catchment.

. Materials and methods

.1. Study area and environments

he Narew River (total length 484 km) is 448 km long within
olish borders and its catchment comprises 53,787 km2. The
nvestigated 432 km long reach of the Narew River, limited by
wo big reservoirs, and its tributaries selected for the study, are
resented in Fig. 1. The Biebrza River system was excluded
rom this study. This large Narew tributary was investigated
reviously by Witkowski (1984).

Electrofishing was conducted at 331 sites, but only 321 of
hem, those that were settled by fish, were selected for the
tudy (Table 1). In the remaining ten fishless sites (*44, *46,
10, SSo21, SSo22, SSo1t28, Ns53, Ns54, Ns56, OcW66; Table 1)
eavy water pollution and strong odour were recorded during
ampling. The following environmental variables are available
or each site (Penczak et al., 1990a, 1990b, 1991a, 1991b, 1992):
istance from source (km), mean width (m), mean depth (m),
ottom substratum, and the presence of submerged plants
nd trees along banks in four level scale (none: 0, little: 1, com-
on: 2, abundant: 3). Also descriptive information is available

n the types of hidings (fascine, fallen trees, branches, over-
anging willow branches, roots), on the basis of which hidings
iversity index was applied (expressed as a number of hid-

ngs). Information on areas adjacent to river banks (pasture,
orest, arable land), and the character of sampled channel in
hree level scale (natural meandering: 2, not meandering but
ithout signs of recent regulation: 1, or regulated: 0) was also

athered. The site numeration was maintained the same as
n the original five papers, so that each site’s characteristics is
asy to find.

To show approximate differences in water discharge, the
roduct (WD) of channel width (W, in m) and mean chan-
el depth (D, in m) was used. Slope (in m km−1 of river

ength) in the investigated river system was rather low and

mounted to: (1) 1.40 ± 0.63 m km−1 (mean ± S.D.) in the rivers
f the Białostocka Upland; (2) 2.00 ± 1.70 m km−1 in northern
upraśl River tributaries flowing across postglacial moraines;

3) 0.23 ± 0.20 m km−1 in the Pisa River and its tributaries; (4)

G4t42 Tributary No. 4 Gać
Lz43–Lz44 Łomżyczka Narew
Ls45 Lepacka Struga Narew
K46–K47 Krzywa Noga Narew
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Table 1 – (Continued )

Site code River Receiving
river

Rz48–Rz52 Ruż Narew
Rz5t53 Tributary No. 5 Ruż
Rz6t54 Tributary No. 6 Ruż
Oz55–Oz57 Orz Narew
W58–W61 Wymakracz Narew
Sr62 Struga Narew
SrS63–SrS64 Strużka Struga

Kurpiowska Plainland
Sk1–Sk6 Szkwa Narew
Rg7–Rg15 Rozoga Narew
O16–O30 Omulew Narew
OS31–OS34 Sawica Omulew
OW35–OW36 Wałpusz Omulew
OPi37–OPi38 Piasecznica Omulew
OPr39 Przeździecka Struga Omulew
OPd40–OPd42 Płodownica Omulew
Ro43–Ro47 Róż Narew
Oc48–Oc63 Orzyc Narew

OcW64–OcW67 Węgierka Orzyc
Pe68–Pe70 Pełta Narew

0.51 ± 0.15 m km−1 in the rivers of the Kurpiowska Plainland;
(5) 1.44 ± 0.72 m km−1 in the left side tributaries of the Narew
River; (6) 0.33 and 0.14 m km−1 in the reaches of the Narew
River located between 64 and 380, and 380 and 432 km of
the river course, respectively. Low slope values recorded there
indicate that the WD values may provide some comparable
data not only about river size but also about discharge.

A phenomenon common at that time consisted in empty-
ing of cistern trucks with liquid manure from governmental
cattle farms to ditches and small streams. Domestic sewers
from small towns and villages also emptied to the rivers.
Pure water, i.e., totally transparent and without flavour, was
observed occasionally in small streams located in a forest or
far away from domiciled areas.

In the river system we observed different forms of poaching
with nets, explosives, harpoons and lamps at night, but these
kinds of ‘harvesting’ were not directly investigated.

2.2. Fish assemblage data

Fish were caught from a boat or while wading, by two people,
each operating an anode dipnet. Full-wave rectified, pulsed
230 V and 3–10 A dc current was taken from a 3 kW generator.
Single electrofishing at each site was done in accordance with
the Becklemishev’s rule (Penczak, 1967; Backiel and Penczak,
1989) stating that the length (area) of a sampled river section
is considered to be satisfactory if further sampling does not
add any new species to the species list. In practice that means
that species relative abundance and biomass, i.e. per constant
unit of effort (CPUE) were assessed in the Narew River sys-
tem from both banks of a 100 m long reach when wading in
shallow streams, and from a 500 m long reach when drifting

in a boat along a bank. In this study the population abun-
dance was expressed in relative biomass, which is equivalent
to stock biomass or standing crop, and defined by Ricker (1968)
as the amount of substances in (a) population(s) on the day
2 0 3 ( 2 0 0 7 ) 45–61

of sampling. It is well known that the potential energy of an
ecosystem is not distributed proportionally between species
(Odum, 1980). Expressing the importance of populations in an
ecosystem in energy units is the best option but not always
available. Biomass is much closer to energy and thus consti-
tutes a more reliable variable than the number of specimens.
The relative biomass data were log-transformed and then nor-
malized in a scale of 0–1.

A total of 49,675 individuals of fish were caught and 36
species (Appendix A) were identified. Among them three rare
species (nase, rudd, carp) occurring at less than three sites
were removed from the dataset to prevent distortions of sta-
tistical analysis. Thus, the data matrix for ordering methods
consisted of 33 species (columns) and 321 sites, i.e., samples
(rows).

In the study we used the classification of species into repro-
ductive guilds by Balon (1990) (Appendix A). It is a useful
classification, although Orth (1980) noted that members of a
guild can differ in reaction to human stressors, and that there
are situations when some species from different guilds show
similar trends in abundance. The most coherent guild in reac-
tion to human stressors are lithophils (rheophilic species),
which are most vulnerable and effectively indicate degrada-
tion of aquatic environment. Lack of this reproductive guild
may result from pollution or engineering, and not only from
the absence of suitable spawning conditions (Przybylski, 1993;
Penczak and Kruk, 2000, 2005; Kruk, 2004).

2.3. Statistical analysis

The Kohonen self-organizing map (SOM), an unsupervised
artificial neural network, was used in the study (Kohonen,
1982, 2001). The SOM consists of two (input and output) layers,
each containing processing units (neurons). The input layer
receives input values from the data matrix. The neurons in
the output layer are usually arranged into a two-dimensional
grid for better visualization of results. In this study, the output
layer consists of 24 neurons arranged into a 6 × 4 hexago-
nal lattice according to our preliminary studies. We tried to
employ smaller and larger lattices but the classifications of
fish samples were not so clear as with that chosen for the
study. During the learning process of the SOM, weights are
modified to minimize the distance between weight and input
vectors. The learning process is usually done in two phases:
at first rough training for ordering with a large neighbourhood
radius, and then fine-tuning with a small radius. Fitting of the
model vectors is carried out by a sequential regression process,
where t = 1, 2, . . . is the step index: for each sample x(t), first the
winner index c (best match) is identified by the condition:

∀i, ||x(t) − mc(t)|| ≤ ||x(t) − mi(t)||.

After that, all model vectors or a subset of them that belong
to neurons centred around neuron c = c(x), are updated as

mi(t + 1) = mi(t) + hc(x),i(x(t) − mi(t)),
where hc(x),i is the neighbourhood function, a decreasing func-
tion of the distance between the ith and cth neurons on the
map grid. This regression is usually iterated over the available
samples (Kohonen, 2001). The detailed algorithm of the SOM
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Fig. 2 – A self-organizing map formed by 24 hexagons representing neurons. Clusters of neurons AB, CD and EF were
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istinguished on the basis of the U-matrix (dark shading ind
luster analysis with Ward linkage method using Euclidean

or ecological applications can be found in Chon et al. (1996),
iraudel et al. (2000) and Park et al. (2001, 2003, 2005b).

The map obtained after the learning process of the SOM
epresents all the fish samples assigned to neurons so that
imilar samples are located close to each other and far from
hose dissimilar. However, it is not easy to distinguish subsets
ecause there are still no boundaries between possible clus-
ers. Therefore, it is necessary to subdivide the output neurons
nto different groups according to their similarity. We used a
ierarchical cluster analysis with the Ward linkage method
sing Euclidean distance measure to define the cluster bound-
ries in the neurons of the SOM map. Moreover, the neurons
ere clustered according to their similarities based on the uni-
ed distance matrix (U-matrix) (Ultsch, 1993). For each neuron

nformation related to theoretical species composition is also
vailable.

In order to assess the effectiveness of classification of fish
amples performed with use of the SOM, medians of variables
ot presented to the SOM (direct environmental measure-
ents) or not directly analysed by the SOM (fish assemblage

ariables and diversity indices) were calculated for each neu-
on.

An attempt at ordination with the detrended correspon-
ence analysis (DCA, version of DECORANA; Hill, 1979) was
ndertaken using the same dataset in order to compare the
esults between SOM and DCA. DCA is free of lax criteria for
tability and a bug in the rescaling algorithm. The bug caused
ensitivity of ordination results to sample order, mainly on
he third axis and higher. These problems have been corrected
n the multivariate analysis using PC-ORD statistical software
McCune and Mefford, 1992). Eigenvalues in DCA cannot be
nterpreted as proportions of the variance explained (Palmer,
000) but the minimum value recommended for data inter-
retation is � = 0.20 (Matthews, 1998). For 1st and 2nd axes
1

hey appeared to be remarkably higher and accounted for 0.55
nd 0.23, respectively. Our choice for scaling axes was the raw
cores, which is arbitrary and dependent on the units of the
riginal data.
es big differences between neurons) and a hierarchical
nce measure.

3. Results

The trained SOM, according to the U-matrix distances, showed
three main clusters of samples assigned to the output
neurons: (1) A1-B4, (2) C1-D4, and (3) E1-F4 (Fig. 2). Such classifi-
cation was confirmed with the conventional cluster analysis,
which identified exactly the same clusters (Fig. 2). The two
most distant clusters AB and EF are innerly homogenous (light
shading on the U-matrix) unlike CD cluster (Fig. 2). This means
that samples within CD are more diversified than others.

Cluster AB contains samples from small streams of the
Narew River system, mainly from the left side tributaries of the
Narew River (45 sites), the Białostocka Upland (41), the Kurpi-
owska Plainland (26) and the Pisa River system (19) (Fig. 3).
Samples from the Narew River are absent in cluster AB, with-
out exception. Clusters CD and EF contain sites from all the
five distinguished parts of the Narew system, of course in
different proportions. Cluster CD contains very diverse sam-
ples from the upper reach of the Narew River (24 sites located
between the state border and the Biebrza River mouth, plus
the most downstream site (No. *87), located in the backwater
of the Zegrzyński Reservoir), 49 samples from the Kurpiowska
Plainland, 27 samples from the left side tributaries of the
Narew River, 14 from the Pisa River tributaries and 13 from
the Białostocka Upland streams (Fig. 3). Cluster EF contains 69
sites from the Narew River, all 25 sites located along the course
of the Pisa River inflowing from Lake Roś as a large, deep river,
plus 12 sites from the lower courses of the Omulew, Orzyc,
Supraśl and Narewka Rivers (Fig. 3).

Some available environmental variables exhibit a clear
vertical gradient over SOM. Clusters AB, CD and EF differ signif-
icantly from each other in the product of width and depth (WD)
(Fig. 4A), river naturalness (Fig. 4B) and the amount of trees

along banks (Fig. 4C). Generally, in AB small, regulated streams
with few trees along banks are dominant. Conversely, in EF
there are mainly natural larger rivers with many trees along
banks. Cluster CD contains sites of intermediate characteris-
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Fig. 3 – The 321 sites from the Narew River system assigned to SOM neurons. Sites from the Narew are marked with
ned i
uron
asterisks, and codes for sites from the tributaries are explai
Fig. 2. Dashed lines show boundaries between clusters of ne

tics. Median values of the hidings diversity index do not differ
between any of the clusters (AB, CD, EF), though differences
between some single neurons are visible (Fig. 4D).

The most distant clusters, AB and EF, differ very much from
each other in fish fauna composition (Fig. 5). Minnow, brown
trout, giebel and sunbleak were present in AB and absent in
EF while asp, spirlin, barbel, bream, ruffe, zander, silver bream

and wels were present in EF and absent in AB (Table 3). In clus-
ter AB the following species attained high occurrence stability
in each neuron: gudgeon, loach, stickleback and ten-spined
stickleback, while in EF—ide, perch, roach, pike, burbot and
n Table 1. Symbols for the neurons are the same as in
s.

bleak (Table 3). Stickleback in EF was also present in each neu-
ron, but its occurrence stability never exceeded 50%. Pike was
present in all hexagons of both clusters but in AB maximally
in hundreds of grams (usually in tens of grams) and with lower
occurrence stability, while in EF always in thousands of grams
and with high occurrence stability (Tables 2 and 3).

Additional species creating the assemblage of cluster AB

were Ukrainian lamprey and roach. The relative biomass of
the latter was two orders of magnitude lower there than in EF,
while biomass of the former species assumed similar values in
both clusters. In cluster AB eight species, which were absent
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Fig. 4 – Environmental variables (not presented to the SOM) compared between clusters. (A) Product of depth and width
(m2); (B) index of river naturalness (2: natural meandering, 1: not meandering but without signs of recent regulation, 0:
regulated); (C) trees along banks (0: none, 1: little, 2: common, 3: abundant); (D) number of types of hiding places for fish.
Explanations: Dark represents high values. Dashed lines show boundaries between clusters of neurons. Symbols for the
clusters are the same as in Fig. 2. For each neuron a median is given. Medians for clusters are visible on the left side of SOM.
C . Bet
s

i
t
A
r
B

U
t

omparisons were made with use of the Kruskal–Wallis test
ignificant difference was recorded.

n two neurons, were recorded: mud loach, minnow, brown
rout, giebel, dace, perch, spined loach and sunbleak (Table 2).
mong them minnow and brown trout reached their highest

elative biomass in some samples from clean tributaries of the

iałostocka Upland and the Pisa River.

Species absent in only one neuron in cluster EF were
krainian lamprey, loach, dace, chub and spined loach, and

his concerns neurons E1, E2 and E3 (Table 2), containing
ween clusters of neurons underlined with the same line no

mainly samples from more polluted reaches of the Narew
River. Gudgeon, silver bream and eel were absent in some E
neurons, and gudgeon additionally in F2. It should be under-
lined that only roach reached occurrence stability equal 100%

in cluster EF, whereas pike was absent at one site of neuron E1
(92% of occurrence stability) (Table 3). The occurrence of perch
and burbot was <100% in two and three neurons, respectively.
Other dominants creating the frame of the distinguished two
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Fig. 5 – Importance of 33 fish species on SOM listed according to the most activated regions of SOM. Dark (normalised for a
given species) represents high values. Symbols for the neurons are the same as in Fig. 2.

Table 2 – Species participating in creation of repeatable fish assemblages in the Narew River system in the distinguished
by SOM two most distinct clusters AB and EF

Cluster AB (eight neurons) Cluster EF (eight neurons)

Species Neurons without
species

Biomass (g) Species Neurons without
species

Biomass (g)

Gudgeon xxx3 Stickleback x
Loach xx-xxx Ide xxxx-xxxxx1

Stickleback xx2 Perch xxxx3

Ten-spined stickleback x-xx Roach xxxx-xxxxx
Pike xx-xxx2 Pike xxxx
Ukrainian lamprey B2 xx2

1 Burbot xxx-xxxx2

Roach A2 xx-xxx2 Bleak xxx2

Mud loach A3, B3 xx1 Ukrainian lamprey E1 x-xx
Minnow A1, B1 x-xx1 Loach E3 x1

Brown trout B3, B4 xx1
1 Dace E3 xx-xxx2

Giebel B1, B3 x Chub E1 xxxx3

Dace A2, B1 x1 Spined loach E2 x-xx1

Perch A2, B2 x-xx Gudgeon E2, F2 x-xx1

Spined loach A2, B2 x-xx Silver bream E2, E3 xxx1
1

Sunbleak A2, B3 x Eel E1, E3 xxx1

Bream E2, E3, E4 xx-xxx

Order of biomass magnitude is presented only: x, grams; xx, tens of grams; xxx, hundreds of grams; xxxx, kilograms; xxxxx, tens of kilograms;
subscript, number of exceptions with lower biomass; superscript, number of exceptions with biomass higher than presented. Species listed
according to the number of neurons they are absent in.
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Table 3 – Occurrence stability (%) of the 33 studied fish and lamprey species within SOM output neurons

Neuron Number of
samples

Species

Bitterling Ukrainian
lamprey

Gudgeon Loach Stickleback Ten-spined
stickleback

Mud
loach

Minnow Brown
trout

Bullhead Giebel Crucian
carp

Asp Spirlin Barbel Dace

A1 32 16 9 63 88 100 41 3 3 6 3
A2 15 47 47 100 80 80 33 53 60 53 7 7
A3 25 28 96 100 76 80 12 20 4 4 16 4
A4 21 24 43 100 100 95 76 24 24 5 10 5
B1 11 9 9 18 45 64 64 9 27
B2 6 100 50 50 67 33 17 17 17 17 17
B3 7 43 100 100 71 29 14 14
B4 13 62 69 100 100 100 69 46 15 31 8 8 38
C1 17 6 18 12 12 12 6 6 12
C2 5 20 20 100 60 20 40 40
C3 11 18 18 91 73 82 18 9 9 9 27
C4 14 21 50 93 86 71 43 7 14 14 14 7 43
D1 10 20 10 40 70 20 20 30 40 70
D2 8 13 13 63 25 63 13 13 38
D3 6 17 33 17 67 67 17 33 17 50
D4 11 9 82 73 91 45 9 27 9 9 18 18 9 27
E1 13 15 31 8 15 8 15 23 15
E2 5 20 40 40 40 40
E3 2 100 100 50
E4 8 13 63 13 50 13 25 25 38
F1 21 5 14 14 14 14 5 10
F2 18 17 6 11 11 11
F3 20 40 25 15 5 10 5 5
F4 22 32 77 27 9 5 36 23 32

Neuron Number of
samples

Species

White-finned
gudgeon

Ide Tench Bream Ruffe Zander Silver
bream

Chub Perch Roach Pike Burbot Wels Eel Bleak Spined
loach

Sunbleak

A1 32 16 3 3 9 3 3 3 6
A2 15 27
A3 25 4 4 12 4 4 4 20
A4 21 10 5 5 48 10 14 5 33 10
B1 11 9 36 9 27 9 27
B2 6 17 17 33 67 17
B3 7 14 14 57 57 14 14 14
B4 13 15 23 38 85 69 46 8 62 31
C1 17 12 12 6 24 59 53 12 12 12 6
C2 5 20 20 20 40 20 80 40 80
C3 11 18 18 45 64 73 45 36 9 27 27
C4 14 7 21 7 7 14 36 86 64 71 36 79
D1 10 40 70 10 70 100 70 20 50 10
D2 8 13 13 13 13 88 100 100 38 88 50
D3 6 17 17 50 100 100 83 83 67 50
D4 11 9 9 18 9 9 18 18 82 100 100 100 18 100
E1 13 8 100 15 15 38 69 100 92 31 31 15
E2 5 20 100 20 100 100 100 60 20 100
E3 2 100 50 100 100 100 100 100 50
E4 8 25 13 13 50 100 100 100 88 25 63 50
F1 21 14 95 14 33 62 5 90 14 100 100 100 19 10 5 48 10
F2 18 11 94 17 33 17 78 39 94 100 100 100 6 11 61 6
F3 20 95 5 5 5 70 35 100 100 100 100 15 20 55 45
F4 22 55 5 9 14 5 68 9 100 100 100 100 14 32 82 59
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) nu
f a s
Fig. 6 – Assemblage variables compared between clusters: (A
(CPUE); (C) fish relative biomass (kg); (D) mean body weight o

assemblages were characterized by occurrence stability val-
ues much lower than 100% (Table 3). Cluster CD, because of its
intermediate character, does not have any exclusive species
(Fig. 5, Table 3).

The clusters also differ significantly in the number of
species and the total relative biomass, exhibiting a clear ver-
tical gradient (Fig. 6A and C). Along with increase in river size
(Fig. 4A), an increase in both variables was observed. The fish
number collected at sites was significantly highest in cluster

EF, but the difference between clusters AB and CD was insignif-
icant (Fig. 6B) despite the fact that the CD sites were located
on streams on average seven times larger than those of AB
(Fig. 4A). Fish mean body weight, complying with expectation,
mber of species in a sample; (B) number of fish collected
pecimen (g). Explanations as in Fig. 4.

increased with river size (Fig. 4A) and differences between the
three clusters were significant (Fig. 6D).

The main channel sites retained little or no rheophils,
whose biggest contribution to fish assemblages was recorded
in cluster AB, in streams located on the Białostocka Upland,
in the Pisa River system, and partly in the Kurpiowska
Plainland in the Omulew, Orzyc and Pełta Rivers (Fig. 7A).
Conversely, the significantly biggest contribution of facul-
tative riverine fish to assemblages was in cluster EF, and

decreased successively from the bottom to the top of the SOM
(Fig. 7B).

The significantly lowest median of the Shannon index of
biodiversity was recorded in cluster AB, that is for the small-
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Fig. 7 – Assemblage variables compared between clusters: (A) the contribution of biomass of rheophilic species to the total
biomass; (B) the contribution of biomass of facultative riverine species to the total biomass; (C) Shannon index of
b uded
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iodiversity (samples with less than three species were excl
ess than three species were excluded). Explanations as in F

st streams (Fig. 7C). The lowest species richness in cluster
B (Fig. 6A) was accompanied by a high median (79.4%) of

he community dominance index (CDI, i.e. the contribution of
he two most dominant species to the total number of speci-

ens) (Fig. 7D). The CDI values in CD and EF were similar and
ignificantly lower from AB (Fig. 7D).

Some of the environmental and assemblage variables also

howed a quite distinct horizontal gradient within each clus-
er (Fig. 6A–D). In AB an increase in stream size (from the
eft to the right of SOM) (Fig. 4A) was accompanied by an
ncrease in species richness, number of specimens and total
); (D) community dominance index (CDI) (%) (samples with
.

biomass, mean body weight of a specimen and the Shan-
non index (Figs. 6A–D and 7C) and by a decrease in the CDI
index (Fig. 7D). In CD and EF in larger streams and rivers
(left side of SOM) (Fig. 4A) on the one hand bigger specimen
were caught (Fig. 6D), but on the other hand fewer species,
including rheophils, and fewer specimens were recorded
(Figs. 6A and B and 7A). Moreover, in EF samples assigned to

the left side of SOM were coming from ecomorphologically
simplified sites, i.e., with fewer hiding places (Fig. 4D) and, to
some extent, fewer trees on banks (Fig. 4C). The existence of
these horizontal gradients was confirmed by the cluster anal-
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Fig. 8 – Sites from the Narew River system ordered by DCA

on the basis of relative biomass of fish species. Codes for
sites are explained in Table 1.

ysis, which divided each cluster into the left (AB1, CD1, EF1)
and right (AB2, CD2, EF2) halves (Fig. 2).

The DCA (DECORANA) after logarithmic transformation of
relative biomass data, and general relativization provided a
scatterplot with over 250 sites (including all sites from the

Narew) forming an elliptic ‘black cloud’, in which sites and
their codes are illegible (Fig. 8). Outside of the ‘black cloud’
there are only some sites from the rivers of the Białostocka
Upland and the Kurpiowska Plainland.

Fig. 9 – Species sampled in the Narew River s
2 0 3 ( 2 0 0 7 ) 45–61

The DCA scatterplot for species is not clear, either (Fig. 9).
Species are freely dispersed without a clearly determined pat-
tern in the multivariate space of the scatterplot. Moreover, the
scatterplot presents data for all 321 sites analysed together,
hence we cannot read what is a given species importance in
different parts of the Narew River system. The importance of
each species was however clearly visible in the clusters distin-
guished by SOM (Fig. 5).

4. Discussion

SOM, just on the basis of fish relative biomass, effectively
grouped samples differing also in other variables not directly
analysed by SOM, both environmental (Fig. 4A–C) and assem-
blage ones (Figs. 6B and D and 7A–D). The three clusters
exhibit the most distinct differences (vertical gradient), while
within each cluster a further horizontal, more subtle gradient
is observed. In small streams (cluster AB) the limiting fac-
tor was stream size and probably resulting from it problems
with food base and instability of environment, e.g. periodical
lack of water flow in summers or frost penetration in winters
(Horowitz, 1978). This is why increase in stream size in AB
(from the left to the right of SOM) (Fig. 4A) led to improvement
in assemblage variables (Figs. 6A–D and 7A–D). In CD and EF
for larger streams and rivers (left side of SOM) (Fig. 4A) many
assemblage variables worsened (Figs. 6A and B and 7A). How-
ever, for these larger streams and rivers the channel size is not

a limiting factor. In general, larger water bodies that we stud-
ied were more human-impacted. On the right side of SOM in
CD and EF there are samples from the upper Narew, Narew
near backwater, mouth sections of some left-side tributaries

ystem on the multivariate space of DCA.
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nd other small streams, the Pisa system and the Orzyc River
Fig. 3). All of them were little modified as far as both channel
tructure (Fig. 4C and D) and water chemistry (Penczak et al.,
990a, 1990b, 1991a, 1991b, 1992) are concerned.

In this study few environmental variables have dis-
layed significant relationship with fish assemblages, perhaps
ecause their cumulative effect in many rivers’ reaches masks
heir separate roles (Northcote et al., 1985). Rose (2000), while
nalysing this problem in detail, stated that quantitative rela-
ionships between environmental quality and fish populations
re elusive, controversial and difficult to determine. Mahon
nd Smith (1989) stated that fish species on the Scotian Shelf
re distributed independently on environmental gradients
f assemblages consist of highly co-evolved, interdependent
pecies.

In cluster AB we distinguished an assemblage with five
pecies present in each hexagon (gudgeon, loach, stickleback,
en-spined stickleback and pike), and in EF with seven ones
stickleback, ide, perch, roach, pike, burbot and bleak), but
ccurrence stability in each hexagon equal 100% was recorded
nly for roach in cluster EF (Table 3). The two fish assemblages
re characterized by ‘repeatable occurrence’ (Tyler et al., 1982).
heir credibility is confirmed by the described effective clas-
ification obtained with SOM.

For the two fish assemblages distinguished in clusters AB
nd EF there are two common species: pike and stickleback,
hough their contribution to the total relative biomass in clus-
ers AB and EF is not the same. The median relative biomass of
ike in hexagons of cluster AB is in the range 5.5–338.8 g, while

n EF 3086.5–7045.8 g. Stickleback in hexagons AB and EF has
edian relative biomass in the ranges 3.5–93.0 and 0.1–3.0 g,

espectively. Their importance in energy flow through fish
opulations, in the two clusters, is thus considerably different

Odum, 1980; Wootton, 1990). This is comprehensible because
luster AB contains samples from small streams (Fig. 4A),
ettled mainly by small short living species (Table 2), while
luster EF has gathered sites from the main channel and lower
ourses of the biggest tributaries, where large, long living
pecies are representative and dominant (Lamouroux et al.,
002).

Presumably, before the impact of human stressors, the
arew River had the same dominant and subdominant species
long its whole course, and only rare ones were varying
n number and distribution according to subtle differences
n the dimension and character of the channel (Matthews
nd Robison, 1998; Marsh-Matthews and Matthews, 2000;
ilva Abes and Agostinho, 2001). Such an expectation is sup-
orted by the fact that the Narew sites *8–26 (upper course)
nd *76–86 (close to the backwater) have a similar ichthy-
fauna composition (neurons F2–F4, Fig. 3). Downstream of
he Orlanka River outlet the number of lithophilic species
nd their abundance in the main channel has begun slightly
ecreasing (first slight human impact). Downstream of the
zeroka Struga River, receiving pollutants from a sugar-factory
ewer, qualitative losses in lithophils were very conspicu-
us. Similarly, from the outlet of the Supraśl River, collecting

ewage of the large city of Białystok via the Biała River,
ithophils were absent in the Narew, and many representa-
ives of other spawning guilds were endangered or already
xtirpated. Most fish samples from this river fragment were
2 0 3 ( 2 0 0 7 ) 45–61 57

assigned to the neuron D1 located far from the neurons F2–F4
(Fig. 3). Some improvement in species richness and fish abun-
dance is visible downstream of the Biebrza River outlet, but
lithophils appeared again in the channel from the Orzyc River
outlet, and were also present in the Narew reach close to
the backwater of the Zegrzyński Reservoir. As water qual-
ity was improving, the samples were assigned to neurons
located closer to F2–F4 (mainly in E1 and F1) or even in F2–F4
(Fig. 3), which is another reflection of the horizontal gradi-
ents, well visible also in the distribution of lithophils over SOM
(Fig. 5).

Do distinguished by us fish assemblages are repeatable
in other lowland Polish rivers investigated at a similar
time? Grossman (1982) stated that deterministic assemblages
should be characterized by persistence. However, an assem-
blage is defined by two properties: persistence (i.e., presence
or absence of a given species) and stability (i.e., relative
constancy of species abundance over time). Hence, in this
definition ‘stability’ has quantitative values, but ‘persistence’
is qualitative (Meffle and Berra, 1988). Despite the fact that
fish populations apply migration tactics during environmental
perturbation (Stott and Buckley, 1979), only serious long-
lasting perturbation of the environment, such as sewage input
or extended engineering, can have a permanent effect on
respective assemblages (Przybylski, 1994). Thus, it is easy to
distinguish fish assemblages on the basis of persistence, but
on the basis of stability it is rather difficult. In other low-
land river systems in Poland the assemblage from cluster EF
(stickleback, ide, perch, roach, pike, burbot and bleak) was
recorded in the lower course of the Gwda River (Penczak et al.,
1998), in the Noteć River below the Drawa tributary (Penczak
et al., 1999), in the Warta River downstream of the city of
Poznań (Kruk et al., 2000), in the lower course of the Nida River
(Penczak, 1972) and at 7 out of 38 sites of the Biebrza River
system (Witkowski, 1984). If we could accept the lack of one
or two species (mainly burbot and/or ide) in the assemblage,
then much more Polish rivers would be listed here, including
the Pilica River system (Penczak et al., 2005).

The assemblage with gudgeon, loach, stickleback, ten-
spined stickleback and pike, distinguished in cluster AB, was
quite frequently repeatable in small streams of the Narew
River system, including small tributaries of the Biebrza River
(Witkowski, 1984). However, in other Polish lowland rivers
such an assemblage was found in two rivers from the Bzura
River system (Czarnawka and Skierniewka) (Penczak et al.,
2000) and in the Wkra River system (Penczak et al., 2001;
Marszał et al., 2005). In the Pilica and Warta River systems
the assemblage without ten-spined stickleback was recorded
at many sites (Penczak, 1969; Kostrzewa et al., 2001).

In general, DCA provides good results for sedentary species
(rich literature on this subject for plants) but not for migratory
ones, as fish for example. In case of plants, if in a multi-
variate space of DCA the distance of over 4S.D. between two
sites or two groups of sites is recorded, the latter do not con-
tain common species (Gauch, 1982). For fish, cases of site
pairs sharing several species in common are recorded when

the sites are located at a distance of even 6S.D. (Penczak
et al., 2003). This is an important proof that such rich data
as in this study restrain the interpretation of scatterplots in
DCA and other gradient analyses (Brosse et al., 2001; Giraudel
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and Lek, 2001). Additionally, in scatterplots the position of a
species in a multivariate space is presented with a single point,
whose position is determined on the basis of all fish sam-
ples. SOM provides the information on species distribution in
form of a gradient over plane, that is for each neuron (and
sites assigned to it). This much more detailed way of visu-
alizing results, allows to analyse mutual relations between

species and changes in species importance in different
parts of SOM, thus being much more useful for coenolog-
ical studies. In the latter book, edited by Lek et al. (2005),
this and a few other drawbacks, while applying DCA, were

Appendix A

List of fish species recorded in the Narew river system; reproductiv

Non-guarding and open substratum egg scattering (A.1)
Pelagophil (A.1.1.) Anguilla anguilla (L
Lithopelagophil (A.1.2) Lota lota (L.)

Lithophils (A.1.3) Phoxinus phoxinus (
Alburnoides bipunct
Aspius aspius (L.)
Chondrostoma nasu
Barbus barbus (L.)
Leuciscus cephalus (

Phytolithophils (A.1.4) Leuciscus leuciscus
Leuciscus idus (L.)
Rutilus rutilus (L.)
Alburnus alburnus
Abramis brama (L.)
Blicca bjoerkna (L.)
Perca fluviatilis L.
Gymnocephalus cern

Phytophils (A.1.5) Esox lucius L.
Scardinius erythroph
Tinca tinca (L.)
Cyprinus carpio L.
Carassius carassius
Carassius auratus g
Misgurnus fossilis (L
Cobitis taenia (L.)

Psammophils (A.1.6) Barbatula barbatula
Gobio gobio (L.)
Gobio albipinnatus L

Non-guarding and brood hiding (A.2)
Lithophils (A.2.3) Salmo trutta L.

Eudontomyzon mari

Ostracophil (A.2.4) Rhodeus sericeus (Pa

Guarding and clutch tending (B.1)
Phytophils (B.1.4) Leucaspius delineatu

Silurus glanis L.

Guarding and nesting (B.2)
Ariadnophils (B.2.4) Gasterosteus aculea

Pungitius pungitius

Phytophil (B.2.5) Stizostedion lucioper
Speleophil (B.2.7) Cottus gobio L.
2 0 3 ( 2 0 0 7 ) 45–61

pointed out in the case of fish, macroinvertebrates and other
organisms.
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