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Abstract: We evaluated the influence of habitat connectivity and local environmental factors on
the distribution and abundance of functional fish groups in 10 floodplain lakes in the Biebrza
River, northeastern Poland. Fish were sampled by electrofishing, and 15 physico-chemical
parameters were recorded at three sampling sites at each lake in the period of 2011–2013. A total
of 18,399 specimens, belonging to 23 species and six families, were captured. The relationships
between environmental factors and fish communities were explored with the use of canonical
correspondence analysis (CCA). Sampling sites were grouped based on fish communities using a
hierarchical cluster analysis (HCA). Along a lateral connectivity gradient from lotic to lentic habitats
(parapotamic–plesiopotamic–paleopotamic), the proportions of rheophilic species were determined
as 10:5:1, whereas the proportion of limnophilic species was determined as 1:2:5. The predominant
species were the roach (Rutilus rutilus), and pike (Esox lucius) in parapotamic lakes, rudd (Scardinius
erythropthalmus) and pike in plesiopotamic lakes, and sunbleak (Leucaspius delineates) and Prussian
carp (Carassius auratus gibelio) in paleopotamic lakes. The findings indicated that the composition
and abundance of fish communities are determined by lake isolation gradient, physico-chemical
parameters and water stage. Although intact riverine ecosystems may promote fish biodiversity, our
findings suggest that lateral connectivity between the main channel and floodplain lakes is of utmost
importance. Thus, the conservation of fish biodiversity requires the preservation of this connectivity.

Keywords: fish communities; floodplain lake; fish; lateral connectivity; Biebrza River; lowland
river; CCA
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1. Introduction

Natural river floodplains consist of complex habitats differing in hydrological connectivity, which
affects fish community dynamics [1–3]. In the temperate climate zone, large undisturbed floodplains
have often been disrupted by channel regulation that exerted direct and indirect effects on habitat
heterogeneity, successional trajectories and, ultimately, the ecological integrity of rivers [4,5].

The functional feature of intact alluvial floodplains of meandering rivers is a mosaic of lotic and
lentic ecosystems, including the river and its side channels, tributary streams and cut-off channels. Due
to the variation in the connectivity, laterally across the floodplain, a distinct zonation of the habitats has
been widely reported both for tropical [6–8] and temperate rivers [9,10]. Differences in the connection
of floodplain lakes with the river channel determine the availability of nutrients and the degree to
which processes such as primary productivity and decomposition are controlled by the river [11–13].
Floodplain ecosystems connected to the river are particularly open to exchange of matter with the river
which leads to higher concentrations of macroelements, while ecosystems isolated from the nearby
river for most of the year acquire a lentic character that promotes autogenic, mainly organic, matter
cycling. An increased flow rate throughout bi-connected water bodies is beneficial to organisms in
that it transports food, oxygen, nutrients, and particulate and dissolved organic matter [14,15].

The hydrological integration between river and cut-off channels is a significant habitat parameter
for species that require different aquatic microhabitats in the course of their life cycle, e.g., certain
species of fish [4,16–18]. Fish communities in European lowland riverine ecosystems are composed of
rheophilic (require flowing water to spawn), eurytopic (habitat generalists) and limnophilic (found in
stagnant and strongly vegetated floodplain water bodies) fish species guilds [4,19,20] that contribute
to the overall high species diversity [4]. For example, the ide Leuciscus idus requires flowing water
habitats, whereas the crucian carp Carassius carassius needs a single stagnant floodplain lake that exists
over a long period.

Floodplain lakes are ecosystems with diverse fish species adapted to periods of low and high
water stages (flood-pulse), which affect any wetland water quality parameters [11,21–23]. Higher
water stages promote greater nutrient availability, aquatic primary production, allochthonous inputs,
and secondary production, which are especially beneficial for early life stages of fish in floodplain
habitats. In contrast, low-water conditions lead to the contraction of marginal aquatic habitats, decay
of aquatic macrophytes, and higher densities of aquatic organisms, including phytoplankton and
zooplankton in floodplain water bodies [24]. During low water periods, non-flowing ecosystems have
been recognized as having limited conditions for light penetration and thereby limited photosynthesis.
In turn, summer oxygen deficits are attributed to shading by emergent and floating vegetation, high
biological oxygen demand and limited aeration [25].

The natural hydrological regime is one of the key drivers of ichthyofauna development [2,8].
Floodplain lakes typically serve as nursery for young fish whereas adults live in the main channel or
connected side arms [4,18]. Welcomme and Halls [8] observed that extensive flooding increased the
area available for spawning sites and provided fish with more food and better shelter opportunities,
whereas the duration of the flood influenced the time during which fish could grow and find shelter
from predators. In several studies, fish migrated to floodplain water bodies, in particular to lentic
habitats, in search of refuge during floods [26–28]. When water levels drop, fish either migrate back to
the river and become a source of food for resident piscivores or remain in isolated floodplain water
bodies [2,6,29].

An increase in the reductions in landscape connectivity, ecological functioning and ecosystem
biodiversity has driven initiatives to improve the ecological status of rivers, e.g., the European
Union Water Framework Directive (2000/60/EEC) [30], and to protect biological diversity, e.g., the
Habitats Directive (92/43/EEC) [31] and Agenda 21 of the Rio Convention and the Convention
on Biological Diversity. According to Welcomme et al. [20], fish environmental guilds could be
used as a tool for assessing the ecological status of rivers. Further, the knowledge of differences
in the responses of functional fish groups to environmental factors is useful for predicting the
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effects of future environmental manipulations (e.g. changes in hydrology and connectivity) on
fish communities in various aquatic systems. Achieving good ecological status by promoting fish
abundance and diversity involves the creation of habitats that are functionally similar to natural
lowland river-floodplain ecosystems. Nevertheless, this approach requires a relevant reference area
to test whether environmental parameters are affecting the qualitative and quantitative structure of
hydrobionts. The Biebrza river provides an opportunity to realize this test as it is an undisturbed
system presenting variable levels of lateral connectivity with sequential shift in fish community
composition from rheophilic to eurytopic to limnophilic fish species guilds, as it was reported ca.
30 years ago by Witkowski [14,32]. Moreover, unlike many rivers in Europe, the floodplain lakes in
the middle and lower section of the Biebrza River have not been disturbed by hydraulic structures,
excessive nutrients or sediments introduced by runoffs from the surrounding farmland.

The aim of this study was to determine whether lateral connectivity and environmental parameters
are influencing the qualitative and quantitative structure of fish communities in floodplain lakes. For
this purpose, we sampled 10 natural floodplain lakes and the river channel in the middle section of the
Biebrza River, (NE Poland) depending on their connectivity and habitat diversity.

2. Materials and Methods

2.1. Study Area and Sampling Sites

Biebrza is a medium-sized low-gradient river in NE Poland. Its catchment occupies a total area of
7057 km2, and the floodplain covers an area of 1950 km2. The Biebrza River Valley features the Upper,
Middle and Lower basins, which have been classified based on differences in their geomorphologic
structure [33,34]. The Middle Basin is approximately 33 km long and spreads along the floodplain
between the villages of Sztabin and Osowiec. The river intersects boggy meadows and marshes.
Throughout its course, the river forms a large number of old riverbeds and floodplain water bodies in
different stages of succession. The catchment was extensively drained in the mid-1970s, but Biebrza's
floodplain escaped alteration. In the middle section its natural landscape and flood-pulse pattern have
been nearly entirely preserved [24,33]. Excluding a 10-km-long section, the river is part of the Biebrza
National Park, and it is protected under the Ramsar Convention.

The hydrological regime in Biebrza’s middle course has a natural pattern. Mean annual amplitude
of water levels is within the range of 264 cm [34]. The river is characterized by a snowy, distinct
flood-pulse regime, with long-term spring floods. During spring floods, the narrow river swells
to form a vast shallow impoundment, locally up to 1 km wide, that lasts for several months.
The average multiannual flow (1984–2013) measured at a gauge located in Osowiec was 22.78 m3¨ s´1

(Qmin = 3.08 m3¨ s´1, Qmax = 360.00 m3¨ s´1). During our study (2011–2013), frequency of high water
stages (HWL) was higher in comparison to the multiannual period of 1984–2010 [24]. Inundation
periods in 2011, 2012, and 2013, calculated as the percentage of days in a year when water table
exceeded bankfull level (BL = 107.70 m above sea level), were 42%, 35% and 48%, respectively
(Figure 1B). Stages below mean low water level (MLW) in 2011 lasted 8% of the year, in 2012 as much
as 23% while in 2013 as much as 19%.
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Figure 1. (A) Location of the study area in the Biebrza River; (B) Sampling events indicated by arrows 
on the background of hydrological situation during the period of study. Open circles indicate 
sampling sites located on the surveyed floodplain lakes. 

2.2. Environmental Description of Study Sites 

Sampling sites were located in 10 floodplain lakes and the main river channel of the Biebrza 
River (Figure 1). The lakes were chosen based on a wide range of lake morphometric characteristics 
(e.g., area and connectivity to the river channel) as well as hydrological and water quality parameters. 
Lakes with passable inlets and outlets may have a different hydrologic cycle than lakes without inlets 
or outlets, which facilitates fish movement. The analysed water bodies were classified into four types 
with different hydrological connectivity and water retention patterns according to the typology 
proposed by Amoros and Roux [1] (Figure 1): 

Eupotamic—the main river channel (Biebrza 1 to 3); 
Parapotamic—lotic side-channels (by-passes) with flowing water: Stara Rzeka (STR), Mostek 

(MOS) and Czerwony Domek (CZD); 
Plesiopotamic—semi-lotic abandoned meanders, permanently connected with the river by a 

downstream arm: Bocianie Gniazdo (BOC), Klewianka (KLE), Tur (TUR) and Glinki (GLI); 
Paleopotamic—lentic side channels and depressions filled with stagnant water and isolated from 

the river unless flooded: Budne (BUD), Bednarka (BED) and Fosa (FOS). 

Parapotamic lakes belong to the youngest water bodies that are permanently bi-connected to the 
river channel. Those lakes form natural by-pass channels, with an area of 0.62–3.31 ha, maximum 
depths of 1.4–3.4 m and a water table with a relatively low macrophyte cover (15%–25%) with a 
predominance of the Myriophyllo-Nupharetum plant association (Table 1). Lake banks were 
occupied by natural marshes with a narrow belt of plants characteristic of Scirpo-Phragmitetum 
communities and Phragmites australis (Cav.)Trin. ex Steud. or Acorus calamus L. The group of lakes 
was characterized by medium to coarse-grain mineral substrates (i.e., sand or gravel), depending on 
the scouring flow velocity. 

Figure 1. (A) Location of the study area in the Biebrza River; (B) Sampling events indicated by arrows
on the background of hydrological situation during the period of study. Open circles indicate sampling
sites located on the surveyed floodplain lakes.

2.2. Environmental Description of Study Sites

Sampling sites were located in 10 floodplain lakes and the main river channel of the Biebrza River
(Figure 1). The lakes were chosen based on a wide range of lake morphometric characteristics (e.g.,
area and connectivity to the river channel) as well as hydrological and water quality parameters. Lakes
with passable inlets and outlets may have a different hydrologic cycle than lakes without inlets or
outlets, which facilitates fish movement. The analysed water bodies were classified into four types with
different hydrological connectivity and water retention patterns according to the typology proposed
by Amoros and Roux [1] (Figure 1):

Eupotamic—the main river channel (Biebrza 1 to 3);
Parapotamic—lotic side-channels (by-passes) with flowing water: Stara Rzeka (STR), Mostek

(MOS) and Czerwony Domek (CZD);
Plesiopotamic—semi-lotic abandoned meanders, permanently connected with the river by a

downstream arm: Bocianie Gniazdo (BOC), Klewianka (KLE), Tur (TUR) and Glinki (GLI);
Paleopotamic—lentic side channels and depressions filled with stagnant water and isolated from

the river unless flooded: Budne (BUD), Bednarka (BED) and Fosa (FOS).
Parapotamic lakes belong to the youngest water bodies that are permanently bi-connected to the

river channel. Those lakes form natural by-pass channels, with an area of 0.62–3.31 ha, maximum
depths of 1.4–3.4 m and a water table with a relatively low macrophyte cover (15%–25%) with a
predominance of the Myriophyllo-Nupharetum plant association (Table 1). Lake banks were occupied
by natural marshes with a narrow belt of plants characteristic of Scirpo-Phragmitetum communities
and Phragmites australis (Cav.)Trin. ex Steud. or Acorus calamus L. The group of lakes was characterized by
medium to coarse-grain mineral substrates (i.e., sand or gravel), depending on the scouring flow velocity.
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Table 1. Selected morphological parameters of the studied floodplain lakes in the Middle Basin of the Biebrza River. Denotations: L, length; W, width, hav, mean
depth; hmax, maximum depth; A, area; Eme, emerged vegetation; Sub, submerged vegetation.

Floodplain
Lake (local

Name)

Geographical
Coordinates

Type of
Connection

L (m) W (m) A (ha)
Distance from the River Channel Depth

Sub-Strate

Macrophyte Cover

Upstream
Arm (m)

Downstream
Arm (m)

Max. Distance
(m)

hav
(m)

hmax
(m)

Emerged
(%)

Submerged
(%)

Stara Rzeka N:53˝30’0.26”
E:22˝44’37.2”

Parapotamic
(lotic) 1380 24 3.31 0 0 523 2.2 3.4 mineral

(gravel, pebbels) 12 7

Czerwony domek N:53˝29’21.53”
E:22˝39’54.54”

Parapotamic
(lotic) 548 17 1.38 0 0 136 1.8 3.3 mineral (gravel) 14 11

Mostek N:53˝29’35.9”
E:22˝44’15.95”

Parapotamic
(lotic) 306 20 0.62 0 0 30 1.0 1.4 mineral

(sand, gravel) 10 5

Bocianie Gniazdo N:53˝31’15.47”
E:22˝47’55.62”

Plesio-potamic
(semi-lotic) 569 25 1.43 104 0 304 2.8 5.5

mineral
(sand, gravel),

organic
18 29

Klewianka N:53˝30’57.34”
E:22˝47’55.87”

Plesio-potamic
(semi-lotic) 520 22 1.41 80 0 260 2.6 4.1

mineral
(sand, gravel),

organic
21 36

Tur N:53˝30’15.68”
E:22˝46’17.54”

Plesio-potamic
(semi-lotic) 678 21 2.03 51 0 150 2.2 3.9 organic, mineral

(sand) 18 31

Glinki N:53˝29’40.29”
E:22˝43’28.94”

Plesio-potamic
(semi-lotic) 459 32 1.48 150 0 226 2.2 5.5 organic, mineral

(sand) 24 59

Bednarka N:53˝29’31.51”
E:22˝42’43.46”

Paleo-potamic
(lentic) 740 29 2.16 50 42 313 1.6 2.6 organic 38 59

Budne N:53˝29’56.68”
E:22˝42”14.06”

Paleo-potamic
(lentic) 1652 26 4.41 407 380 680 1.2 1.8 organic 21 76

Fosa N:53˝29’32.49”
E:22˝38’36.27”

Paleo-potamic
(lentic) 1360 31 4.30 547 792 817 2.9 5.6 organic, mineral

(sand) 10 28
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2.3. Environmental Data

Water for chemical analyses was sampled twice a year, in June and September of each year of the
study (2011–2013), from 10 floodplain lakes (30 sampling points) and the Biebrza River (3 sampling
points), simultaneously with fish catches. In situ measurements of dissolved oxygen (DO), pH,
electrolytic conductivity (EC), total dissolved solids (TDS) and chlorophyll-a levels were performed
using the YSI 6600R2™ calibrated multiprobe (Yellow Springs, OH, USA). Water transparency was
measured with Secchi disc (20 cm in diameter). The concentrations of phosphates, nitrates, nitrites and
ammonium ions were determined in a laboratory with the use of standard analytical methods [35].
Total organic carbon (TOC) levels were determined in unfiltered samples. Dissolved organic carbon
(DOC) was quantified after the samples had been passed through nitrocellulose membrane filters
with a pore size of 0.45 µm (Millipore). TOC and DOC analyses were conducted by high-temperature
combustion (HTC) (Shimadzu TOC 5000 analyzer, Tokyo, Japan), and performed according to the
protocol described by Dunalska et al. [36].

Lake morphometric variables were estimated once and referred to mean water level. Mean depth
measurements of each lake were determined by traveling zigzag patterns across each lake with a
portable depth finder (echosonde Humminbird) attached to a GPS receiver (TOPCON) and recorded
every 15 s. Maximum depth of each lake was determined from these measurements. In this study,
we employed three water stage categories of high (HW), mean (MW) and low (LW) water based on
the data provided by the Institute of Meteorology and Water Management in Poland (IMGW) for the
Biebrza River at Osowiec. Furthermore, in order to develop stream flow hydrographs for use in flood
extend estimation, continuously recording water depth logger (MiniDiver, Van Essen Instruments B.V.,
Delft, The Netherlands) was installed in the Biebrza River channel at the town of Goniądz. The logger
was set to take measurements at approximately 15 min intervals. The measurement protocol was
described by Grabowska et al. [24].

2.4. Fish Sampling

Fish were sampled by the electrofishing method [37]. Fish were caught from a boat along
three 80–200 m transects (upstream arm, downstream arm and the middle section) along each of the
10 floodplain lakes (30 sampling sites) and from the river channel (3 sampling sites) in accordance with
standard PL-EN 14011 [38] (Figure 1). Single-pass electrofishing was performed along one bank, in a
distance of 2–3 m from the bank, with repeated immersion of anode for 20–30 s. Total time of a catch at
one site lasted ~20 min.

Stunned fish were collected with nets and placed in tanks with aerators. Tank water had to be
aerated to keep the catch alive and to minimize damage associated with handling and holding. Fish
were identified to species level, counted and measured. Total fish length was recorded in mm, and fish
weight in g. Large and medium-sized specimens were weighed individually. The weights of small
individuals were calculated based on the length-weight ratios determined from the first sampling
period. Immediately after the measurements, all fish were released into a calm area near the capture
site. For each species in every catch, abundance was determined as the number of fish per ha based on
individual fish counts, and biomass was calculated based on weight extrapolations for the estimated
area of the electrofishing transect [14]. However, the last two parameters should be considered as
rough estimations and used for comparative purposes.

2.5. Data Analysis

Fish biodiversity, taxonomic guilds and functional guilds were examined. Quantitative data were
analyzed and converted to biocenotic indices: constancy of occurrence and dominance according to
the formulas used by Obolewski et al. [39]. The constancy of occurrence (C, %) defines the occurrence
of a given species within a single biocensosis. It has been calculated according to the formula
C = 100 na/Nn, where: na-number of sites where the species was noted; and Nn-total number of
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sites. The values of constancy of occurrence allowed for the following classification of consecutive
species: euconstants > 75.00%; constants 50.01%–75.00%; subconstants 30.01%–50.00%; accesoric taxa
15.00%–30.00% and accidental taxa < 15.00%. Dominance index (D, %) was calculated according
to the following formula: D = 100 ni/N, where: ni—number of specimens of species “I” in the
sample, N-number of all specimens in the sample. The following levels of dominance have been
applied: eudominants >10.00%; dominants 5.10%–10.00%; subdominants 2.10%–5.00%; and recedents
ď 2.00%. Additionally, the Shannon–Wiener’s diversity (H1) and the Pielou’s evenness (J1) indices were
calculated. Biodiversity metrics were calculated using the diversity modules available in the PAST
ver. 3.02TM software [40]. Significant differences in density and biomass between functional groups
of floodplain lakes as well as between seasons and water levels were determined by one-way and
two-way ANOVA followed by Duncan's multiple range test at p ď 0.05. All of these calculations were
performed in Statistica 10.0 PL (StatSoft, Tulsa, OK, USA, 2011).

Canonical correspondence analysis (CCA) was used to determine the extent to which
environmental variables (including water quality, lateral hydrological connectivity and water levels)
were responsible for variations in the taxonomic composition of fish between lakes. Unimodal
ordination was applied because the gradient length along axis 1 in detrended canonical analysis (DCA)
exceeded 3.0 SD turnover units. Linear ordination was used in the remaining cases [41]. We used the
forward selection procedure to determine the extent to which environmental and community variables
explained fish community variations. Conditional effects, which indicate the order of inclusion, and
amounts of variance explained in addition to previously added variables, of each environmental
variable in the model were calculated and tested for significance using Monte Carlo permutation
tests (999 random permutations). Only environmental variables explaining significant amounts of
variance (p ď 0.05) were retained in the model and tested for significance. We also determined and
report the variance attributed to each variable independent of other environmental variables (marginal
effects). Fish and environmental data were log(x + 1) transformed before CCA to reduce the influence
of outliers on the results. The relationships between species and the selected environmental variables
were examined in CCA ordination plots based on species scores. Since rare species may have strong
influence in ordinations, the analyses were also performed on reduced data sets, excluding taxa
with dominace index (D) ď 2% (recedent species). All ordinations were performed in CANOCO
version 4.5 [41].

In hierarchical cluster analysis (HCA), objects are classified based on their similarity to other
objects in the cluster based on a predetermined selection criterion. HCA was applied to investigate
the grouping of the sampling sites. The Euclidean distances were used as a measure of similarity
between sampling sites while Ward’s error sum of squares hierarchical clustering method were applied
to minimize the increase in within-group variance. The spatial variability of fish ecological guilds
was determined from HCA using the linkage distance, reported as Dlink/Dmax. The quotient is then
multiplied by 100 as a way to standardize the linkage distance represented on the Y-axis.

3. Results

3.1. Water Quality

The surveyed floodplain lakes differed significantly in size, depth, range of water level fluctuations
and the gradient of lateral connectivity with the adjacent river channel, which produced a dataset with
a broad range of physicochemical parameters (Table 2). Water mineralization was average with mean
electrolytic conductivity of 542 ˘ 110 µS¨ cm´1. Lower values in the range represented lotic habitats,
and higher values were associated with lentic lakes. The pH of water was slightly basic (pH 7.77),
and it decreased significantly when water levels were high, in particular in parapotamic water bodies
(r = ´0.62; p = 0.001). Floodplain lakes were generally abundant in organic matter with an average
TOC content estimated at 12.59 ˘ 4.64 mg¨L´1 and a significant share of DOC (10.50 ˘ 3.18 mg¨L´1).
In addition to autogenic organic matter, the accumulation of humic compounds and decomposed
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organic matter from adjacent peatlands significantly contributed to an increase in DOC in isolated
lakes (48.92 ˘ 21.50 mg¨L´1). High concentrations of suspended solids in paleopotamic habitats
reduced water transparency to 1.1 ˘ 0.3 m. In para- and plesiopotamic lakes, Secchi disc visibility was
significantly higher at 1.5 ˘ 0.6 and 2.0 ˘ 0.9 m, respectively. Overall productivity of the ecosystems
was related to the concentrations of chlorophyll-a, which, in paleopotamic and plesipotamic lakes,
was twice as much (~17.50 µg¨L´1) as in parapotamic habitats (8.04 ˘ 4.03 µg¨L´1) or in the river
(7.31 ˘ 0.80 µg¨L´1).

The mean concentrations of total phosphorus in the floodplain lakes were determined at 0.35
mg¨L´1 and no significant differences were observed between the evaluated water bodies. Phosphate
phosphorus levels were higher in parapotamic lakes (0.12 ˘ 0.05 mg¨L´1; post-hoc Duncan’s test,
ANOVA; p ď 0.05) than in paleopotamic lakes (0.07 ˘ 0.04 mg L´1). Total nitrogen concentrations
increased along the isolation gradient from 1.07 mg¨L´1 in parapotamic lakes to 1.39 mg¨L´1 in
paleopotamic lakes. The content of total inorganic nitrogen (TIN= NO2–N + NO3–N + NH4–N) was
similar among the studied floodplain lakes (0.34–1.55 mg¨L´1), but the contribution of each N-form
differed significantly relative to water retention time: ammonium nitrogen was the predominant
form in stagnant water of paleopotamic habitats (69%), whereas nitrate nitrogen in flowing water in
parapotamic water bodies (62%).

The correlations between TP and TN concentrations vs. water levels varied across the examined
lakes (correlations are not shown in the tables). TP values were positively correlated with water levels
in plesiopotamic (r = 0.41, p = 0.02) and parapotamic lakes (r = 0.45, p = 0.02), but no such correlations
were observed in paleopotamic lakes. Unlike TP, the rise in water levels significantly reduced TN
concentrations in all lake types (r = ´0.58; p = 0.001). DO was significantly higher and more stable in
parapotamic lakes (7.45–1.54 mg¨L´1; post-hoc Duncan’s test, ANOVA; p ď 0.05) than in plesiopotamic
(6.51–2.12 mg¨L´1) and paleopotamic habitats (6.13–2.31 mg¨L´1).



Water 2016, 8, 146 9 of 24

Table 2. Water quality parameters of the studied floodplain lakes (mean ˘ SD). Values followed by different superscripts (a, b, c) in rows are significantly different
among types of floodplain lakes in Duncan's multiple range test (post-hoc, ANOVA; p ď 0.05). pH: * median; # Q25–Q75 quartiles.

Type of Hydrological Connectivity Parapotamic Lotic Plesiopotamic
Semi-Lotic Paleopotamic Lentic All floodplain Lakes Biebrza River

Parameter Unit x ˘SD x ˘SD x ˘SD x ˘SD x ˘SD
Temperature (˝C) 17.13 ˘3.38 16.61 ˘3.06 17.40 ˘3.55 17.01 ˘3.31 17.4 3.42

pH * pH units 7.83 b 7.67 #

7.94 7.77 a,b 7.56 #

7.95
7.69 a 7.47 #

7.90
7.77 7.58 #

7.92
7.87 7.79 #

7.92
DO (mg¨L´1) 7.45 b ˘1.54 6.51 a ˘2.12 6.13 a ˘2.31 6.71 ˘2.08 7.83 ˘1.47
SEC (uS¨ sm´1) 536 ˘90 553 ˘115 535 ˘122 542 ˘110 525 ˘84

Chl_a (µg¨L´1) 8.04 a ˘1.03 17.61 ˘12.85 17.47 ˘8.31 14.70 ˘10.25 7.31 ˘0.80
CODCr (mg¨L´1) 37.34 a ˘9.63 41.84 a,b ˘9.65 48.92 b ˘21.48 42.63 ˘14.96 36.51 ˘10.01

TN (mg¨L´1) 1.07 ˘0.38 1.27 ˘0.38 1.39 ˘0.57 1.24 ˘0.46 0.98 ˘0.32
NO2-N (mg¨L´1) 0.013 b ˘0.013 0.006 a ˘0.006 0.005 a ˘0.004 0.008 ˘0.009 0.010 ˘0.71
NO3-N (mg L´1) 0.17 c ˘0.08 0.12 b ˘0.06 0.10 a ˘0.03 0.13 ˘0.07 0.17 ˘0.08
NH4-N (mg¨L´1) 0.14 a ˘0.07 0.19 b ˘0.08 0.27 c ˘0.22 0.20 ˘0.14 0.16 ˘0.09

TP (mg¨L´1) 0.33 ˘0.17 0.34 ˘0.16 0.38 ˘0.21 0.35 ˘0.18 0.33 ˘0.14
PO4-P (mg¨L´1) 0.12 b ˘0.05 0.08 a ˘0.05 0.07 a ˘0.04 0.09 ˘0.05 0.12 ˘0.05
TOC (mg¨L´1) 10.70 a ˘2.94 12.71 a,b ˘4.58 14.34 a ˘5.42 12.59 ˘4.64 10.30 ˘1.81
DOC (mg¨L´1) 9.26 ˘2.29 10.75 ˘3.38 11.43 ˘3.37 10.50 ˘3.18 9.10 ˘1.31

Water transparency (m) 2.0 b ˘0.9 1.5 b ˘0.6 1.1 a ˘0.3 1.6 ˘0.8 2.5 ˘0.7
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3.2. Fish Assemblages

A total of 18,399 fish from 23 species belonging to 6 families were sampled but the number of
specimens varied significantly across species. Cyprinidae was the most abundant and diverse family
represented by 15 species (Table 3). The family Cobitidae was represented by three species, Percidae by
two species and the families Esocidae, Siluridae and Gadidae by one species each. The roach R. rutilus
define and the define rudd S. erythrophthalmus were eudominant species that accounted for 36% and
12% of all captured specimens, respectively. The pike E. lucius, bitterling Rhodeus sericeus amarus,
silver bream Blicca bjoerkna and sunbleak L. delineates were dominants. Other species, including the
perch Perca fluviatilis, Prussian carp C. auratus gibelio, tench Tinca tinca, bream Abramis brama and bleak
Alburnus alburnus, were less abundant (3%–5%), but they had a stable share of the assemblage.

Among eurytopic fish, the roach R. rutilus and the pike E. lucius were encountered most frequently
(euconstants found in >75% of the sites). Other eurytopic constant species (50% < occurrence < 75%)
were the perch and silver bream, as well as the rudd, bitterling and tench in the group of limnophilic
fish. Rheophilic species were far less abundant and amounted to 2.3% in plesiopotamic, 3.1% in
paleopotamic and 8.2% in parapotamic water bodies.

Amount of rheophils in lotic habitats was 50% lower than that in the Biebrza river channel. Along
the lateral connectivity gradient of parapotamic–plesiopotamic–paleopotamic lakes, the proportions of
rheophilic species were determined at 10:5:1, and limnophilic species at 1:2:5.

Five out of the 23 identified species have been placed on the IUCN Red List of Threatened Species,
and four are listed in Annex II to the EU Habitat Directive (92/43/EEC). They include three rheophilic
species: the asp Aspius aspius, spined loach Cobitis taenia, and stone loach Barbatula barbatula and two
limnophylic taxa: weatherfish Misgurnus fossilis and the bitterling R. sericeus amarus. The above species
had less than 2.5% share of the fish assemblage, excluding the bitterling, which was a dominant and
frequently observed species. The Prussian carp was the only non-native species identified in the study.
However, the study of van Damme et al. [42] showed evidence of the bitterling as non-native for the
Polish watercourses.

As many as six species colonizing the Biebrza floodplain lakes were piscivores (Tables 3 and 4) that
accounted for nearly 12.4% of all specimens. Pike represented 60% and perch 35.7% of the identified
piscivores. Other predatory species, such as the wels catfish Silurus glanis, burbot Lota lota, and the
chub Squalius cephalus, were less populous.
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Table 3. Ecological guilds of fish in the studied floodplain lakes of the Biebrza River. Denotations: I, invertivore; O, omnivore; P, piscivore; H, herbivore; E, exotic
species, N, number of specimens caught; HD-AII, annex II of EU Habitat Directive; IUCN, IUCN Red List of Threatened Species; n.t., not threatened species.

Family Species Abbreviation Common Name Feeding Guild Reproductive
Guild

Stream Velocity
Preference

Constancy of
Occurrence (C, %)

Conservation
Status

Esocidae

Esox lucius Esox pike P phytophils eurytopic 88 n.t.

Cyprinidae

Abramis brama Abr_br bream O phytophils eurytopic 36 n.t.
Alburnus alburnus Alb_al bleak I phytophils eurytopic 26 n.t.

Aspius aspius Asp_as asp P lithophils rheophilic 2 HD-AII
Blicca bjoerkna Bli_bj silver bream I phyto-lithophils eurytopic 62 n.t.

Carassius auratus gibelio Car_gi Prussian carp O, E phytophils limnophilic 14 n.t.
Carassius carassius Car_ca crucian carp O phytophils limnophilic 31 n.t.

Gobio gobio Gobio gudgeon I psammophils rheophilic 10 n.t.
Leucaspius delineatus Leu_del sunbleak I phytophils limnophilic 14 n.t.

Squalius cephalus Squ_cep chub O/P lithophils rheophilic 3 n.t.
Leuciscus idus Leu_idu ide 0 phyto-lithophils rheophilic 21 n.t.

Leuciscus leuciscus Leu_le dace I phyto-lithophils rheophilic 2 n.t.
Rhodeus sericeus amarus Rho_se bitterling H ostracophils limnophilic 55 HD-AII, IUCN

Rutilus rutilus Rut_ru roach O phyto-lithophils eurytopic 88 n.t.
Scardinius erythrophthalmus Sc_ery rudd O phytophils limnophilic 73 n.t.

Tinca tinca Ti_tin tench I phytophils limnophilic 60 n.t.

Cobitidae

Cobitis taenia Cob_tae spined loach I phytophils rheophilic 14 HD-AII, IUCN
Misgurnus fossilis Misg_fo weatherfish I phytophils limnophilic 33 HD-AII, IUCN
Barbatula barbatula Bar_ba stone loach I psammophils rheophilic 1 IUCN

Siluridae

Silurus glanis Sil_gl wels catfish P phytophils eurytopic 2 n.t.

Gadidae

Lota lota Lota_lo burbot I/P litho-pelagophils rheophilic 19 n.t.

Percidae

Gymnocephalus cernua Gym_ce ruffe I phyto-lithophils eurytopic 2 n.t.
Perca fluviatilis Perca perch I/P phyto-lithophils eurytopic 69 n.t.
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Table 4. Abundance of fish guilds in floodplain lake sites (specimens¨ha´1) as well as biomass (kg¨ha´1) and biodiversity metrics of ichthyofauna in the present
study in the Biebrza River in the period of 2011–2013. Denotations: * total; ** biodiversity metrics calculated as totals for the river, sites, and types of lakes; x, mean.

Site Fish guilds or Metrics Biebrza
River

Floodplain Lakes
All

Floodplain
Lakes x

Parapotamic Plesiopotamic Paleopotamic

Upstream Middle Downstream x Upstream Middle Downstream x Upstream Middle Downstream x

Rheophils, (%) 16.3 9.3 4.0 12.2 8.2 1.9 2.0 2.9 2.3 1.5 0 0.1 0.5 3.1
Eurytops, (%) 65.7 68.3 76.3 68.2 71.1 73.2 67.7 75.8 72.3 34.6 31.2 44.9 36.4 59.4

Limnophils, (%) 18.0 22.4 19.7 19.6 20.7 24.9 30.3 21.3 25.5 63.9 68.8 55.0 63.1 37.5
Total (specimens ha´1) 2164 2275 2083 1628 1995 2782 2623 2655 2687 2603 3503 2703 2936 2552
Spec. contribution (%)* – 9.1 8.3 6.5 23.9 14.2 13.4 13.5 41.0 10.4 14.0 10.8 35.1 100

Biomass (kg¨ha´1) 94.3 70.9 79.2 85.1 78.4 82.0 74.8 98.3 85.0 62.3 92.7 53.1 69.4 77.6
Biomass contribution (%) * – 10.2 11.3 12.2 33.7 11.7 10.7 14.1 36.5 8.9 13.3 7.6 29.8 100

Species richness, S ** 18 18 18 18 21 18 19 19 23 13 14 16 17 23
Shannon’s biodiversity index, H’ ** 2.11 1.49 1.44 1.41 2.45 1.47 1.59 1.51 2.51 1.20 1.29 1.18 2.23 2.41

Pielou’s evenness index, J’ ** 0.91 0.74 0.71 0.73 0.79 0.71 0.78 0.72 0.80 0.73 0.77 0.73 0.82 0.80



Water 2016, 8, 146 13 of 24

3.3. Fish Response to Habitats along the Connectivity Gradient

The composition of fish species in parapotamic, plesiopotamic, and paleopotamic floodplain lakes
relative to the location of the sampling site is presented in Table 4.

Parapotamic lakes (lotic side-channels) were inhabited by 21 of the 23 identified fish species, and
the only missing taxa were the Prussian carp and the stone loach (Appendix A). Mean fish density in
the lakes amounted to 1995 specimens per ha, which was lower in comparison with other types of
lakes, and accounted for 23.9% of captured fish (Table 4). Fish species contribution decreased between
upstream arms (9.1%) and downstream arms (6.5%). The biodiversity index of parapotamic habitats
was determined at H1 = 2.45, and species evenness at J = 0.79. Fish biomass in lakes of that type
amounted to 78.4 kg¨ha´1, which constitutes ~34% of total fish biomass, but it was the highest near
the downstream connections with the river (85.1 kg ha´1).

Active exchange of water in habitats provides similar conditions for ichthyofauna to those noted
in the Biebrza River. Eurytops accounted for 71%, limnophils for 21%, and rheophils for only 8% of the
species in parapotamic lakes. In the group of parapotamic lakes, the roach and pike were eudominants,
whereas the rudd, perch and silver bream were dominants (Appendix A). No rheophilic species were
eudominants or dominants in the studied group of water bodies. Among rheophilic species, only
L. idus was a subdominant.

The ichthyofauna in plesiopotamic lakes was represented by all of the 23 identified fish species.
As many as 19 species were found in both upstream and middle arms, whereas 18 taxa were observed
near the connection with the river channel. The diversified habitats along plesiopotamic lakes showed
decreased water exchange, aeration and depth gradients, and they were colonized by 41% of captured
fish and characterized by the highest biodiversity index (H1 = 2.51). One-side connected lakes showed
mean fish density determined at 2687 specimens ha´1. Fish biomass in plesiopotamic lakes amounted
to 85 kg¨ha´1 and was the highest (36.5% of total biomass) among the studied lakes types. Although
eurytops prevailed in the species composition (72.3%), an increase in limnophils by 5%, when compared
to parapotamic lakes, has been noted. The number of limnophilic taxa (rudd, bitterling and tench)
increased with a distance from the river channel. Eudominants in the plesiopotamic lakes were
represented by roach, rudd, and pike, while dominants by silver bream bitterling, and perch. Due
to stagnant water, no psammophils were identified, but the presence of ostracophils (bitterling) and
litho-pelagophils (burbot) was noted in the downstream section in the vicinity of the river connection.

Fish assemblages in paleopotamic lakes were represented by the lowest number of species (17)
and, consequently, the lowest biodiversity index (H’ = 2.23) in comparison with the lakes connected to
the river (Table 4). Simultaneously, isolated water bodies were characterized by the highest evenness
index (J’) of 0.82. A clear increase in the share of limnophilic species (up to 63.1%) could be attributed
to lakes' isolation from the river channel. The roach was the eudominant species with the highest
D index. Paleopotamic lakes provided particularly supportive habitats for sunbleak and Prussian
carp (Appendix A). Among dominant species were pike, rudd, bitterling and tench. The number
of specimens captured was almost 50% higher than that caught in bi-connected side-channels. Fish
density reached 2936 specimens¨ha´1. Despite high fish abundance, fish biomass in isolated habitats
was lower (70 kg¨ha´1, ~29% of total) than in lakes connected to the river channel.

3.4. Influence of Environmental Factors on Fish Abundance and Diversity

Three types of floodplain lakes (parapotamic, plesiopotamic, and paleopotamic), classified based
on hydrological connectivity, differed significantly in physicochemical parameters of water and fish
responses to varied habitat conditions. The canonical correspondence analysis (CCA) biplot (Figure 2A)
demonstrates the correlations between environmental factors as lateral connectivity, water level, water
quality parameters and the abundance of fish fauna in the studied floodplain lakes. The results of
the CCA (Figure 2A) showed that eigenvalues of the first (λCC1 = 26.2%) and second (λCC2 = 11.1%)
CCA axes accounted for 70.2% of the cumulative variation in the environmental data. The final model
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accounted for 22.6% of the total variance in fish composition and all canonical axes were significant
(Monte Carlo test, p = 0.002).
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Figure 2. (A) Biplot of CCA relating score, fish, taxa abundance and environmental variables correlated
with axes. Environmental variables are represented by arrows that approximately point towards the
factor direction of maximum variation. The length of an arrow is proportional to the importance
of that variable in assemblage ordination; (B) CCA ordination plot of samples grouped according
to hydrological connectivity. Inserted table shows summary of the results of the CCA including
eigenvalues, correlations and percentage of variation explained by the two canonical axes (CCA1 and
CCA2). For fish species abbreviations, see Table 2.

Ten out of 17 input variables were retained as significant contributors to the CCA model (Table 5).
The non-retained seven were redundant or did not increase the significance. The hydrological set
of variables (including isolation gradient and water-level variability) accounted for λ1 = 18% of
the species variability, while retained physical and chemical variables, including SEC, DO, CODCr,
temperature and TOC explained in total 36%. Trophic variables (NO3–N and PO4–P) explained 11% of
the variability.

Table 5. Marginal effect (absolute) and conditional effect (additional) explained by each environmental
variable in the constrained ordination listed after the automatic forward selection. The P values and
F-statistics were obtained by Monte Carlo test (999 permutations).

Variable
Marginal Effects Conditional Effects

λ1 * λA ** P F-Value

Isolation from the river 0.15 0.13 0.002 14.92
Water transparency 0.06 0.07 0.002 8.86

SEC 0.05 0.05 0.002 6.06
DO 0.03 0.05 0.002 5.88

CODCr 0.05 0.03 0.006 3.91
Temperature 0.02 0.03 0.004 3.77
Water level 0.03 0.02 0.004 3.53

PO4–P 0.07 0.03 0.004 3.12
NO3–N 0.04 0.01 0.020 2.33

TOC 0.04 0.01 0.020 2.32

*λ1 indicates the percentage of the variability explained by a single variable. ** λA indicates the percentage
of the variability explained by a variable after the forward selection starting from the best variable (marginal
effects). Each subsequent variable is ranked on the basis of the fit that the variable gives in conjunction with the
variables already selected (conditional effects).
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The ordination space of factors CCA1 and CCA2 were clearly distinguished by environmental
variables and fish species composition, confirming previous analyses. The first factor (CCA1) showed
a gradient from highly eutrophicated lentic sites to less eutrophicated parapotamic sites (Figure 2A).
It correlated negatively with NO3–N, SEC and PO4–P while positively with water level. Organic matter
content, expressed by CODCr and TOC, was positively correlated, whereas DO and water transparency
were negatively correlated with CCA2 (20.9% of the variance). Significant variance explained by the
lake isolation gradient (λ1 = 15%) was confirmed by three clusters of samples comprising parapotamic,
plesiopotamic, and paleopotamic habitats (Figure 2B). Lakes situated near the river with transparent
and well-aerated waters were characterized by a predominance of rheophils, including the burbot,
ide, wels catfish, asp, gudgeon, bleak and dace. Stagnant water habitats attracted mostly the rudd,
Prussian carp, crucian carp, tench and weatherfish.

Forward selection revealed that in the group of input environmental variables, hydrochemical
parameters were significant in explaining fish occurrence and abundance patterns in the studied
floodplain lakes. White bream and pike were related to habitats with higher NO3–N concentrations and
lower water levels. Limnophilic species (crucian carp and tench) preferred habitats with higher COD
and TOC and lower DO content, which are characteristic of lakes isolated from the river. In contrast,
rheophilic (burbot) and eurytopic (perch and bleak) species preferred transparent and well aerated
water. The availability of dissolved oxygen (DO) is the key contributor to fish yield in lakes. The highest
share of fish specimens in water containing > 7 mg DO L´1 confirmed distinct preferences of fish
for inhabiting water bodies supplied with river water; this is presented in the form of species pies
charts in Figure 3A. The diagrams of pies charts based on water levels, as presented in Figure 3B,
showed that water stage is a significant factor that changes the quantitative structure of fish species in
floodplain lakes.
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Figure 3. Biplots of CCA with species pies classes distinguished for: (A) water aeration (dissolved
oxygen, DO in mg¨L´1); and (B) zones of water levels: low; mean and high water. Each pie chart in
the figure represents the percentage of individuals of a given species in selected classes of dissolved
oxygen and water levels. Rare species were down weighted. For fish abbreviations, see Table 2.

As typical inhabitants of isolated lakes, limnophils differed significantly (ANOVA, post-hoc
Duncan’s test, p ď 0.05) from other guilds during low water stages (Figure 4). In the group of
rheophilic species, the chub predominated at low water (50% of specimens), mainly in lakes of high
water exchange. High water (potamophase) did not contribute to an increase in species abundance.
Only two species, the ide and asp, adapted to higher water stages, and their share during that period
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reached 65% and 60%, respectively (Figure 3A). The above taxa contributed the group of rheophils
that were characterized by significant differences (ANOVA, post-hoc Duncan’s test, p ď 0.05) during
high water. Eurytops were more opportunistic and had no water stage preferences, but their share in
lentic lakes decreased during floods (Figure 4).
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Hierarchical cluster analysis (HCA) performed on the percentage of species abundance in nine
lake-sites produced four clusters of objects (Figure 5). Cluster I covered lentic sites with a high
percentage of limnophils (56%) and complementary species, mainly eurytops. The cluster comprised
the predominant species in lentic habitats: the Prussian carp, crucian carp, sunbleak, bitterling and
weatherfish. Cluster II was characterized by a significant share (58%) of eurytopic species. Clusters
III and IV had a similar share of rheophils (40% in total), including the asp, gudgeon, chub, dace and
spine loach.
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Figure 5. Dendrogram of Hierarchical Cluster Analysis (HCA) for upstream (-up), middle parts (-mid)
and downstream arms (-down) of floodplain lakes types based on % of fish abundance data, obtained
by using the Ward’s method as linkage rule and Euclidean distance as a metric for distance calculation.
Statistically significant clusters when (Dlink/Dmax) ¨ 100 < 60.

4. Discussion

The present study showed that variations in fish abundance and community structure were
related to environmental variables in floodplain lakes of the Middle Basin of the Biebrza River.
Furthermore, the diversity of environmental conditions in the lakes produced distinctive fish guilds.
Major environmental gradients related to the structuring of fish communities involved degree of
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isolation from the river, water transparency, SEC, DO, COD, temperature and water levels, whereas
nutrients such as PO4–P, NO3–N and TOC played a minor role.

Lateral connectivity was found to be a key driver in shaping fish assemblage attributes in the
studied floodplain lakes. It promotes fish migration, and thus species exchange, when the surface
pathway is maintained between river channel and water ecosystems. Kwak [43] reported that the
increase in lateral movement of fishes between the river channel and floodplain habitats is enhanced
by the increasing river discharge. In the case of the Biebrza River, the fish colonization of isolated water
bodies probably occurs annually in spring when frequency and duration of connection is greatest.
Flood-pulse of water is an essential factor that determines nutrient cycling, which is consistent with
the hypothesis postulated by, e.g., Amoros and Bornette [44] or Junk and Watzen [23]. The connection
of lakes with the main river channel during periods of high water provides the input of well-aerated
river water, which protects the lakes against severe oxygen deficits. It is a period of somewhat “deep
breath”, which enables many organisms to survive in isolation, and may be crucial for maintaining
their populations [15]. During low water periods, particularly in summer, the decreasing gradient of
oxygen resources is the most distinct: from optimal aeration (ca. 7 mg DO¨L´1) in parapotamic lakes
towards paleopotamic lakes with significant DO deficits (<2 mg¨L´1). For example, DO measurements
performed in the summer of 2011 in vertical profiles of isolated lakes during a low water stage revealed
a shortage of oxygen already 0.4 m below the water table. According to estimates, more than two-thirds
of the water volume in isolated lakes could experience anaerobic conditions in summer (not shown in
the figure drawing), which could have significant implications for fish populations in those ecosystems.

Lateral gradient of lake connectivity is directly related to fish densities, which increased from
ca. 2000 in lotic to 3000 specimens¨ha´1 in lentic habitats. Parapotamic lakes were inhabited by 24%,
plesiopotamic by 41% and paleopotamic lakes by 35% of the evaluated fish population. Similar to the
study of Winemiller et al. [15], we observed higher values of the biodiversity index (H1) in floodplain
lakes than in the Biebrza River. In our study, H1 was higher in plesiopotamic lakes than in parapotamic
and paleopotamic lakes. The evaluated lake types were arranged in the following sequence based
on the values of H1: plesiopotamic > parapotamic > paleopotamic. The results of this study confirm
the findings of Tockner et al. [21] or Guti [9] for the Danube, where the structure of ecological fish
guilds changed from rheophilic to limnophilic and the diversity of fish species decreased in the lateral
transect along with the increased distance from the main river channel and a decrease in hydrological
connectivity. Along the lateral connectivity gradient of parapotamic–plesiopotamic–paleopotamic
lakes, the proportions of rheophilic species were determined at 10:5:1, and limnophilic species-at 1:2:5.
High species diversity in the analyzed floodplain lakes resulted from the co-occurrence of eurytopic,
limnophilic and rheophilic guilds.

The ichthyofauna in the Biebrza floodplain lakes was most abundant in eurytops (59% of all
specimens), that live under both lotic and lentic conditions. A wide range of microhabitats in semi-lotic
lakes creates greater opportunities for eurytopic species, which are capable of living in varied habitats,
than lotic or lentic environments. The predominant eurytopic species were the roach, pike, rudd, bream
and bleak. Long-term isolation allows for a succession of the fish assemblage towards floodplain
specialist limnophilic species [10]. Limnophilic species accounted for 37% of the evaluated fish
guilds, where the Prussian carp was the eudominant, and the crucian carp, bitterling and tench
were the dominants. The above species are tolerant of habitats with low oxygen resources and high
organic matter content (e.g., Prussian carp) that are found in isolated water bodies. Limnophils
abundance was highly correlated with water quality descriptors (COD, TOC, DOC, NH4–N and TN)
characteristic of fertile and productive ecosystems. Other variables, including pH, DO, turbidity and
macrophyte cover, also influenced fish assemblages inhabiting isolated water bodies as reported in
temperate floodplains [15,17,45]. Adaptation to anoxic conditions of the floodplain specialists is often
accompanied by poor competitive abilities and predation avoidance, resulting in low population
densities and high mortalities in multispecies fish assemblages, as in crucian carp [46]. Thus, long-term
isolated floodplain lakes in advanced successional stages with a tendency to temporary anoxia provide
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important refuge habitats for these species [45]. Advanced successional stages of such lakes provide
most suitable habitats for still-water species and specialist species that have evolved physiological
adaptations and strategies to survive hypoxic and anoxic conditions [10]. Accordingly, limnophilic
fish are essential elements of the typical fish community of floodplain aquatic ecosystems and thus
can serve as an indicator of their ecological integrity. We share the opinion of Welcomme et al [20] that
isolated lakes are at least as important as the lakes with high rates of water exchange as fish habitats.
Isolated lakes offer a rich array of habitat types at different stages of succession, and they are in direct
need of statutory protection.

Our findings are consistent with the results of previous studies on fish assemblage metrics among
floodplain lakes. In a study of fish assemblage structure among oxbow lakes of the Brazos River
(Texas) species richness, diversity, and evenness were greatest in the connected oxbow lake [15].
Similarly, Galat et al [47], Miranda [12,45], and Petry et al [48] noted more species in oxbow lakes
that are connected to the Mississippi, Missouri, and the Parana River (Brazil), respectively, than in
lakes permanently separated from the river. They observed greater species richness in connected
floodplain water bodies than in isolated water bodies. Also Dembkowski and Miranda [13], based
on the monitoring of fish assemblages in two segments of an oxbow lake, one connected to and the
other isolated from the Yazoo River, stated that greater species richness, diversity, and evenness were
observed in the connected segment than isolated one.

Although the environmental variables play an initial role in structuring the fish assemblage,
biological interactions are then superimposed on that structure. Thus, the influence of biotic
factors, such as predator–prey interactions [18,49], which are significant determinants of assemblage
composition, cannot be ruled out. The present study has suggested associations between environmental
variables and fish abundance, but both interspecific and intra-specific biotic interactions remain to
be studied in this system. Although the analyzed floodplain area is characterized by nearly pristine
conditions as part of the Biebrza National Park, our results could be underestimated because legal
angling and the significant increase in the number of poached fish exert pressure on the local fish
assemblage. Unfortunately, fish loss is difficult to estimate. It should be noted, however, that fish
abundance and biomass exceed the values reported in other temperate floodplain lakes, such as the
lower section of the Vistula River [50], but any comparisons should be performed with great caution
due to differences in the applied equipment and calculations methods.

To protect and improve the biotic integrity of these relict ecosystems, knowledge about the
influence of historic and contemporary connectivity with adjacent rivers on fish species richness,
diversity, and assemblage composition is essential [15]. Nevertheless, long-term data about
connectivity are seldom available as these lakes are often located in remote areas and lack continued
monitoring. An interesting background to a trend assessment can be drawn up from previous studies
preformed within the Biebrza River. A comparison of our results with the findings of the most recent
study that investigated fish communities in the Biebrza River in 1997 and 1998 [51] indicates that the
composition of various fish guilds in the quantitative structure of fish communities was not affected
by anthropogenic changes. An analysis of historical [14,30] and present data revealed that the fish
assemblage in the Middle Biebrza floodplain is still characterized by high species diversity (23 species
at present, 26 species in 1983) and even higher fish abundance (4% increase in connected backwaters
and 23% increase in disconnected backwaters) and fish biomass (10% increase in connected backwaters
and 54% increase in disconnected backwaters) than in the past. The results point to the effectiveness of
the nature conservation program covering the floodplain area, which has been included in the Biebrza
National Park (established in 1993), the largest nature reserve in Poland. Results of that comparison
support our hypothesis that fish populations are important bioindicators of ecological integrity in the
river network under natural flood-pulsing conditions. We suggest that maintenance or restoration of
connection should be an integral part of the fluvial ecosystem management plans.
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5. Conclusions

The heterogeneity of floodplain habitats resulting from variations in hydrological connectivity
driven by the flood pulse in the Middle Basin of the Biebrza River provides optimal habitat condition
for fish lifecycle in the temperate climate zone. Habitat diversity within that natural river floodplain
shows that a mosaic of habitats within a single floodplain can provide fish assemblages with shelter
and supportive conditions for spawning, breeding and feeding. These findings should be taken into
consideration to maximize the success of future restoration projects in regulated river floodplains.
The Biebrza River is one of the few surviving natural watercourses that present us with a rare
opportunity to explore ecological interactions under natural river conditions.

Our results indicate that the Biebrza River could represent reference conditions for promoting
fish species diversity. Pristine riverine ecosystems in the Middle Basin of the Biebrza River contribute
to the diversity of fish species, but effective conservation of fish resources requires the preservation of
variously aged lakes that provide a wide range of habitats for diverse aquatic biota.
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Appendix A

Table A1. Abundance of fish species in floodplain lake sites (specimens.ha´1) in the floodplain lakes the Biebrza River in the period of 2011–2013. Dominance of
species is based on sum of specimens: —eudominant; İ—dominant; subdominant; x-mean.

Family and
Species/Site

Bie-Brza
River

Floodplain Lakes

Mean xParapotamal Plesiopotamal Paleopotamal

Up-Stream Mid-Dle Down-Stream x Up-Stream Mid-Dle Down-Stream x Up-Stream Mid-Dle Down-Stream x

Esocidae

Esox lucius 225 156 178 208 181 234 199 233 222 160 163 107 143˝ 182İ
Cyprinidae

Abramis brama 36˝ 46 74 48 56˝ 60 103 104 89˝ 14 79 29 41 62˝

Alburnus
alburnus 192İ 97 140 26 88˝ 111 101 82 98˝ 0 36 0 12 66˝

Aspius aspius 3 3 3 0 2 1 0 0 0 0 0 0 0 1
Blicca bjoerkna 58˝ 120 139 86 115İ 302 268 298 289İ 115 65 158 113 173İ

Carassius
auratus gibelio 0 0 0 0 0 0 1 0 0 560 1076 363 666 222İ

Carassius
carassius 0 0 14 2 6 23 15 18 19 101 60 47 69 31

Gobio gobio 33 40 3 8 17 40 26 36 34 38 0 0 13 21
Leucaspius
delineatus 0 7 0 0 2 61 36 2 33˝ 568 649 568 595 210İ
Squalius
cephalus 11 6 1 4 4 1 0 1 1 0 0 0 0 1

Leuciscus idus 183İ 80 32 137 83˝ 7 16 25 16 0 0 0 0 33
Leuciscus
euciscus 13 33 0 0 11 0 1 1 1 0 0 0 0 4

Rhodeus sericeus
amarus 126˝ 194 66 75 112˝ 212 222 187 207İ 200 243 243 229İ 182İ

Rutilus rutilus 676 995 936 599 843 1186 942 1164 1097 546 692 889 709 883
Scardinius

erythrophthalmus 264İ 276 189 140 202İ 329 379 301 337 118 274 126 173İ 237

Tinca tinca 19 17 24 16 19 49 77 41 56˝ 76 93 76 82 52

Cobitidae

Cobitis taenia 17 6 17 8 10 0 3 7 3 3 0 3 2 5
Misgurnus

fossilis 57˝ 16 117 86 73˝ 18 65 15 33 39 14 64 39 48

Barbatula
barbatula 0 0 0 0 0 1 0 0 0 0 0 0 0 0
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Table A1. Cont.

Family and
Species/Site

Bie-Brza
River

Floodplain Lakes

Mean xParapotamal Plesiopotamal Paleopotamal

Up-Stream Mid-Dle Down-Stream x Up-Stream Mid-Dle Down-Stream x Up-Stream Mid-Dle Down-Stream x

Siluridae

Silurus glanis 4 0 1 3 1 0 1 0 0 0 0 0 0 1

Gadidae

Lota lota 94İ 43 28 41 37 3 5 8 5 0 1 0 0 14

Percidae

Gymnocephalus
cernua 0 0 0 1 0 1 0 0 0 1 0 0 0 0

Perca fluviatilis 133İ 140 121 138 133İ 142 160 133 145İ 64 58 29 50 110˝
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assemblage changes relative to environmental factors and time in the Warta River, Poland, and its oxbow
lakes. J. Fish Biol. 2004, 64, 483–501.

3. Bolland, J.D.; Nunn, A.D.; Lucas, M.C.; Cowx, I.G. The importance of variable lateral connectivity between
artificial floodplain waterbodies and river channels. River Res. Appl. 2012, 28, 1189–1199. [CrossRef]

4. Copp, G.H. The habitat diversity and fish reproductive function of floodplain ecosystems. Environ. Biol. Fish
1989, 26, 1–26. [CrossRef]

5. Hohausová, E.; Jurajda, P. Restoration of a river backwater and its influence on fish assemblage. Czech J.
Anim. Sci. 2005, 50, 473–482.

6. Fernandes, C.C. Lateral migration of fishes in Amazon floodplains. Ecol. Freshw. Fish 1997, 6, 36–44.
[CrossRef]

7. Agostinho, A.A.; Gomes, L.C.; Zalewski, M. The importance of floodplains for the dynamics of fish
communities of the upper River Paraná. Ecohydrol. Hydrobiol. 2001, 1, 209–217.

8. Welcomme, R.L.; Halls, A. Dependence of tropical river fisheries on flow. In Proceedings of the Second
International Symposium on the Management of Large Rivers for Fisheries, Phnom Penh, Kingdom of
Cambodia, 11–14 February 2003; Welcomme, R., Petr, T., Eds.; FAO Regional Office for Asia and the Pacific,
RAP Publ: Bangkok, Thailand, 2004; pp. 267–283.

9. Guti, G. Significance of side-tributaries and floodplains for the Danubian fish populations. Large Rivers.
Arch. Hydrobiol. Suppl. 2002, 13, 151–163.

10. Schomaker, C.; Wolter, C. The contribution of long-term isolated water bodies to floodplain fish diversity.
Freshw. Biol. 2011, 56, 1469–1480. [CrossRef]

11. Tockner, K.; Pennetzdorfer, D.; Reiner, N.; Schiemer, F.; Ward, J.V. Hydrological connectivity and the exchange
of organic matter and nutrients in a dynamic river-floodplain system (Danube, Austria). Freshw. Biol. 1999,
41, 521–535. [CrossRef]

12. Miranda, L.E. Fish assemblages in oxbow lakes relative to connectivity with the Mississippi River. Trans. Am.
Fish Soc. 2005, 134, 1480–1489. [CrossRef]

13. Dembkowski, D.J.; Miranda, L.E. Hierarchy in factors affecting fish biodiversity in floodplain lakes of the
Mississippi Alluvial Valley. Environ. Biol. Fish 2012, 93, 357–368. [CrossRef]

14. Witkowski, A. An analysis of the ichthyofauna of the Biebrza River system. Part II. Materials to the
knowledge of the ichthyofauna and review of species. Fragm Faun 1984, 28, 137–184. (In Polish) [CrossRef]

15. Winemiller, K.O.; Terim, S.; Shormann, D.; Cotner, J.B. Fish assemblage structure in relation to environmental
variation among Brazos River oxbow lakes. Trans. Am. Fish Soc. 2000, 129, 451–468. [CrossRef]

16. Schiemer, F.; Spindler, T. Endangered fish species of the Danube River in Austria. Regul. River Res. Manag.
1989, 4, 397–407. [CrossRef]

17. Lubinski, B.J.; Jackson, J.R.; Eggleton, M.A. Relationships between floodplain lake fish communities and
environmental variables in a large river-floodplain ecosystem. Trans. Am. Fish Soc. 2008, 137, 895–908.
[CrossRef]

18. Rodriguez, M.A.; Lewis, W.M., Jr. Structure of fish assemblages along environmental gradients in floodplain
lakes of the Orinoco River. Ecol. Monogr. 1997, 67, 109–128. [CrossRef]

19. Schiemer, F.; Waidbacher, H. Strategies for Conservation of Danubian Fish Fauna. In River Conservation and
Management; Boon, P.J., Calow, P., Petts, G.J., Eds.; Wiley-Blackwell: London, UK, 1992; pp. 363–382.

20. Welcomme, R.L.; Winemiller, K.O.; Cowx, I.G. Fish environmental guilds as a tool for assessment of ecological
condition of rivers. River Res. Appl. 2006, 22, 377–396. [CrossRef]

21. Tockner, K.; Baumgartner, C.; Schiemer, F.; Ward, J.V. Biodiversity of a Danubian Floodplain: Structural,
Functional and Compositional Aspects. In Biodiversity in Wetlands: Assessment, Function and Conservation;
Gopal, B., Junk, W.J., Davis, J.A., Eds.; Backhuys Publishers: Leiden, The Netherlands, 2000; pp. 141–159.

22. Ward, J.V.; Tockner, K.; Schiemer, F. Biodiversity of floodplain river ecosystems: Ecotones and connectivity.
Regul. Rivers Res. Manag. 1999, 15, 125–139. [CrossRef]

http://dx.doi.org/10.1002/rra.1498
http://dx.doi.org/10.1007/BF00002472
http://dx.doi.org/10.1111/j.1600-0633.1997.tb00140.x
http://dx.doi.org/10.1111/j.1365-2427.2011.02583.x
http://dx.doi.org/10.1046/j.1365-2427.1999.00399.x
http://dx.doi.org/10.1577/T05-057.1
http://dx.doi.org/10.1007/s10641-011-9923-y
http://dx.doi.org/10.3161/00159301FF1984.28.6.137
http://dx.doi.org/10.1577/1548-8659(2000)129&lt;0451:FASIRT&gt;2.0.CO;2
http://dx.doi.org/10.1002/rrr.3450040407
http://dx.doi.org/10.1577/T06-112.1
http://dx.doi.org/10.2307/2963507
http://dx.doi.org/10.1002/rra.914
http://dx.doi.org/10.1002/(SICI)1099-1646(199901/06)15:1/3&lt;125::AID-RRR523&gt;3.0.CO;2-E


Water 2016, 8, 146 23 of 24

23. Junk, W.J.; Wantzen, K.M. The flood pulse concept: New aspects, approaches and applications—An update.
In Proceedings of the Second International Symposium on the Management of Large Rivers for Fisheries,
Phnom Penh, Kingdom of Cambodia, 11–14 February 2003; Welcomme, R., Petr, T., Eds.; FAO Regional
Office for Asia and the Pacific, RAP Publication: Bangkok, Thailand, 2004; pp. 117–140.
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