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Abstract: Mid-field natural ponds promote regional biodiversity, providing alternative habitats for
many valuable animal species. The study’s objective was to determine the most important abiotic
factors, including hydrochemical and morphometric parameters, affecting fish occurrence in
natural, small water bodies on agricultural lands. The studies were conducted in nine randomly
selected water bodies located in Poland (the North European Plain). Eleven species of fish were
recorded in the waterbodies, with the most abundant being cyprinids (mainly crucian carp).
Canonical correspondence analysis (CCA) showed that an increase in oxygenation, temperature,
amount of macrophytes, and K concentration and a decrease in the concentration of phosphates,
electrical conductivity (EC), Mg, and Cl is associated with the most beneficial living conditions for
the most frequently occurring species in the studied water bodies—crucian carp and tench. Aside
from the hydrochemical parameters of water in the natural ponds, the number of fish correlates
with the basin area and the pond area, maximum depth, area of the buffer zone surrounding the
water bodies, and the number of macrophytes. This last factor also has a significant influence on
the species’ abundance in the water bodies. Fish occurrences in mid-field ponds and common
knowledge on their important role in the environment require taking steps to provide fish
protection.
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1. Introduction

The agricultural landscape of the North European Plain comprises moraine hills, as well as
numerous lakes and small water bodies with an area of about 1-5 ha each, which make up almost
half of the waterbodies [1]. Due to their small area, in Northern America they are called prairie
potholes or sloughs or kettle holes, and in Poland they are referred to as mid-field water bodies or
ponds [2,3]. According to the Pond Conservation Group [4], this concept is understood as a small
body of water (between 1 m? and 2 ha) that maintains water for at least a few months in a year.
Owing to their natural origin, they primarily occur in young glacial areas. They are characterized by
rich topographical relief formed by the activity of the ice sheet and significant variability of soil
moisture [3,5]. Significant impact on the water balance on these lands is exerted by meteorological
conditions (e.g., rainfall and snowfall), evapotranspiration, water evaporation, runoff, and the
largest groundwater exchange [6].
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These natural ponds play many different roles, both in the economic and ecological aspect [7].
They are habitats for numerous aquatic animal and plant species [8], and their small size facilitates
monitoring of the aquatic environment in the context of e.g., ecological relationships, as well as
evolutionary biology and global climate changes and eutrophication of waters, which are a serious
threat to these astatic water bodies [9,10]. In a broad perspective, it may be concluded that the
condition of the pond environment is determined by numerous abiotic factors and human activity. A
big threat to small ponds is climate changes, which are manifested by seasonal partial drying, and
often complete disappearance [5,11].

In recent years, one can observe increased awareness of the significance of small water bodies,
regarding their numbers, importance for freshwater biodiversity, rendering ecosystem services, and
their sensitivity and susceptibility to anthropogenic disturbances [12,13]. Various scientific papers
discuss the effect of abiotic factors on aquatic organisms living in water bodies, such as zooplankton
or herpetofauna [14,15]. However, there is not much discussion on ichthyofauna, for which small,
natural water bodies may serve as habitats and reproduction sites. Wetland and small water bodies
are characterized by a significant variability of environmental conditions, which may determine the
ability of aquatic organisms to spread and also pose a threat to species diversity [16,17]. It should be
emphasized that natural, mid-field water bodies have no connections with other waters in the form
of a network of tributaries and distributaries [18]. This means that the fish population in these waters
is brought there mainly through restocking by fish farmers, transfer of fish by fishermen, or together
with water birds.

The knowledge on the biodiversity and composition of ichthyofauna in large lakes and
watercourses under environmental monitoring is extensive [19-21], but there is minimal information
on small water bodies with an area of about 1-2 ha. Despite the fact that the primary productivity of
these small waterbodies is often higher than that of large ones [22], fishing happens only
occasionally [23], while these waterbodies are often a habitat of valuable and protected fish
species—e.g., Phoxinus percnurus [24]. These ecosystems, being important on a European scale, as
natural habitats specified in Annex I and habitats of species specified in Annex II to the EU Directive
on the conservation of natural habitats and of wild fauna and flora [25], play an important role in the
European Ecological Network Natura 2000. Their diverse abiotic conditions (water temperature,
oxygen content, pH, content of biogenic substances) affect the food resources [26] and presence and
dominance of various fish species [17,27,28]. In spite of this, small waterbodies are still the least
examined part of environmental water resources and are largely excluded from water management
planning [12].

The objective of this study was to determine the abiotic condition of fish habitats in small ponds
located on agricultural lands of the North European Plain and to determine their ichthyological
biodiversity. Additionally, it was to assess the effect of hydrochemical and morphometric
parameters of the water bodies, including the basin area, the buffer zone area [29], the waterbody
area, and depth, on ichthyofauna.

2. Materials and Methods

2.1. Study Area

The study site was located on agricultural lands in the macroregion Pobrzeze Szczecinskie, in
north-western Poland. The studies were conducted in nine, randomly selected small (called P_1-
P_9) mid-field water bodies (ponds) with an area between 1 and 2 ha (P_1, 53°16'07.9" N 14°46'35.4"
E; P_2,53°16'04.2" N 14°46'06.1" E; P_3, 53°16'10.3" N 14°40'00.9" E; P_4, 53°19'59.7" N 14°40'09.0" E;
P_5, 53°22'20.0" N 14°26'47.8" E; P_6, 53°18'26.8" N 15°06'32.2" E; P_7, 53°18'42.0" N 15°07'57.4" E;
P_8, 53°18'51.0" N 15°08'21.0" E; P_9, 53°09'05.4" N 14°32'41.7" E) (Figure 1).
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Figure 1. Location of small ponds on the area of Pobrzeze Szczeciriskie (N-W Poland).

All the study waterbodies probably had a natural origin. During the studies, they were unused
by the owners of the arable lands on which they were situated. The water bodies were highly
overgrown with submerged water plants and rush vegetation. They were silted up, but despite
periodic changes in the water level, none of the water bodies was entirely dried up; short-term
freezing of the surface layer was observed only sporadically (to a depth, on average of 1.5 cm) in
winter. Moreover, no fish species had been placed in these waterbodies.

Small, mid-field water bodies were supplied only by meteoric waters, surface runoff, and as a
result of soil percolation. The adjacent areas included arable land or meadows. Each pond was
separated from agricultural lands by a diverse buffer zone, limiting to a certain extent the flow of
fertilizer compounds from the fields [29].

2.2. Methods of Testing Selected Abiotic Factors

The samples were collected from the water for chemical analysis, and field measurements
(maximum water depth in the water bodies and the areas of buffer zones) were conducted in a
monthly cycle during the growing season (i.e., from April to October) in 2015-2017 (mean values of
the measurements are presented in the paper). The macrophytes were determined during the
growing season by marking the reservoirs covered with rush vegetation in the field and taking
pictures, and then the water reservoir coverage area was calculated via the Geoportal online
program.

Field tests included measurements of the pond areas, basin areas, and buffer zone areas, which
were then calculated with the use of orthophoto-maps by QGIS software —Geographic Information
System-GIS (version 3.14, https://www.qgis.org). Surface measurements and measurements of the
range of individual patches of vegetation were made on the basis of panchromatic photogrammetric
photos taken from a drone that passed overhead. Photo mosaics were combined into one image
using AgiSoft software (version 1.6.4, Agisoft LLC, Petersburg, Russia). The resulting image was
converted from the WGS84 (World Geodetic System 1984) (EPSG: 4326) coordinate system to the
1992 PUWG (Panstwowy Uktad Wspoélrzednych Geodezyjnych) (EPSG: 2180) system using QGIS
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software. The individual identified surfaces were digitized into a vector file in SHP format. Then the
area of individual polygons was calculated in square meters with respect to the ellipsoid.

Water samples were collected from the water bodies in compliance with applicable standards.
Three water samples were collected from each of the water bodies: one sample from the middle
zone, and two samples from two sites located in the littoral zone. The samples were collected in
sterile bottles (500 mL), supplied by Research Laboratory of Environmental Chemistry in Falenty in
accordance with ISO 5667-24 [30] guidelines for the collection of water samples. The water samples
were stored in temperature-controlled bags, protected from heat sources and sunlight during
transportation to the laboratory.

The following concentrations were determined in the water: N-NOs, N-NH4, P-PO4, Cl, Na, K,
Mg, Ca, Fe, Mn, and Zn. The concentrations of nitrogen species and phosphates were measured
using a colorimetric method with an automatic flow analyzer from Skalar. Mg, Ca, Fe, Mn, and Zn
levels were determined by flame atomic absorption spectrometry; Cl was determined by titration
with silver nitrate, whereas Na and K levels were determined by an emission method with the use of
SOLAAR (Thermo Elemental Solaar AA Series Spectrometer) atomic absorption spectrometer from
Thermo Elemental. Moreover, field tests included the measurement of oxygen content (with the use
of multi-parameter Multi 3400 m from WTW (Water Turbines Works), equipped with a Cellox 323
oxygen sensor). Temperature, pH, and specific conductance of water were measured with the use of
a HACH (Hach Company) multi-parameter portable meter (HQ40D).

2.3. Control Catches of Fish and Ichthyological Studies

Control catches were performed with the use of gillnets according to the standard of the
European Committee for Standardization EN 14,757 [31]. The gillnets were set up once each year of
the studies, during the autumn period, at three different sites in each pond, perpendicularly to the
shore. Each time they remained in the water for 12 h (i.e., between 19:00 and 7:00). Due to intense
growth of macrophytes in the water bodies, an additional catch of fish was conducted, using Electric
Fishing Device Type ELT 60 II GI in accordance with the standard CEN (European Committee for
Standardization) [32,33], covering each year and in each pond a 100 m long and 3 m wide transect.
Thus, the fishing effort was the same for each pond, which allowed comparison of the abundance
and biomass of fish caught in particular water bodies.

The caught fish were each time grouped by species, and their abundance and biomass were
recorded. The measurements of the fish unit weight were performed on an electronic Axis balance to
the nearest 1 g, and body length was measured with the use of a graduated flume to the nearest 1
mm. Fulton’s factor (KF = 100 W TL-?) was calculated in order to evaluate the body condition of the
fish [34]. After the activities were completed, all alive fish were released back to the fishing site.

2.4. Biodiversity Indices

Three indices of biological diversity were calculated in the studies: Margalef [35], Shannon, and
Simpson indices [36]. The Margalef Index (MRI) was calculated using the following formula:

MRI = (S - 1)/log N 1)

where S—number of all species, N—an abundance of individuals expressed as a percentage.
The Shannon Diversity Index (SHDI) and Simpson’s Index of Diversity (SIDI) were calculated
using the formulas:

SHDI=1-Y pixInpi @)

SIDI=1 -} pix pi 3)
where pi—share (proportion) of i species in relation to the total share value of all species in the
group.
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2.5. Statistical Analyses

A principal component analysis (PCA) (on standardized data) was applied to reduce the
number of environmental variables. Five principal components distinguished by this procedure (see
Results) were used as explanatory variables in further analyses.

A canonical correspondence analysis (CCA) was run to determine relationships between
species occurrences (abundances of the most frequent species: the crucian carp, tench, European
perch, roach, Northern pike, rudd) and environmental factors (five principal components based on
20 raw environmental variables). The data were log-transformed prior to the analysis.

Multiple regression was used to check the relationships between abundances, total lengths, and
Fulton indices of particular species (the most frequent ones: crucian carp, tench, European perch,
and Northern pike), as well as species richness, and environmental factors (three first principal
components). Species parameters were means calculated for each pond. Species richness was the
number of species rarefaction for 14 individuals (the lowest number of individuals per pond) to
control for differences in sample sizes.

PCA and CCA analyses were carried out using the Vegan 2.5-3 package for the R environment
[37]. Multiple regression was run with IBM SPSS 25.0 and rarefaction was conducted in PAST 3.04
[38].

Ward’s Agglomerative Hierarchical Clustering Method was used to determine the similarity of
ecological indices at particular study sites [39]. In addition, one-way analysis of variance (ANOVA, p
< 0.05) was used to determine statistically significant differences under hydrochemical conditions at
particular study sites. Then, a post hoc Tukey’s test (p < 0.05) was used to compare mean parameters
in the samples. The above statistical analyses were performed using STATISTICA 13.3 software.

3. Results

All the water bodies selected for the studies were located on agricultural lands with varied
basin management and use, and with high differentiation of depth and areas of the waterbodies,
which had a potential effect on the values of water’s chemical parameters (Table 1).
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Table 1. Morphometric and physicochemical characteristics of ponds.

Pond P 1 P2 P 3 P 4 Ps5 P 6 P7 P 8 P9
Parameter Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
Surface of

the pond 093a 017  103a 012 092a 006 072b 008  063b 012  063b 009 1.97¢ 005 087ab 017  153c 012
(ha)

Watf;:;’pth 112.14bc 1890 6833a 1287 6629a 1809 100.00b 1155 13071cd 886 150.00de 13.54  23929f  7.87  15643e 1107 25571f 21.88
Cl\:jzgg:?je) 3133b 479 62704 1137 4784c 151  6386d 1373 3754bc 184 2411ab 178  1376a 236  3613b 231  1820a  5.07
Temiecr;’t“re 1611a 545 1584a 641 1632a 659 1916a 260  1954a 335  1619a 409  1713a 405  17.00a 402 1722a 406
COE‘ES‘;E;‘;‘W 406.00c 2844 44600c 4970 12857a 5430 13429a 1538 24643b 2428  467.86c 3334 57514d 9371 527.71cd 7629 28857b 2397
ff;‘g“::‘(f’)/n) 86.87b 2409 1562a 691  2847a 1436 9717b 1431 8219b 1596 8113b 1446  73.19b 1491 7481b 1278 8211b 1558
pH 791d 010 750bed 031  693a 015 714ab 015  72lac 021  751bc 024  738bc 028  735bed 020 7.62d 034
N“fg:;i;mg 091b 003 006a 001 010a 002 033ab 014 03lab 013 063ab 034 069ab 051 211¢ 078 045ab 036
A(E;“f;rr‘;f;‘ 056bc 025  010a 007 01la 006 08c 036 054bc 010 033ab 010 03lab 017 036ab 025 025ab 0.3
I()I:‘;Sp;‘;f; 048bc 036 049c 039  056c 032 006ab  0.02 0.05a 003 006ab 004  03lac 038 010ac 004 002a 002

1
(_:drgif 506le 862 4277d 430  959a 586  446a 064  2750c 465  4354de 316  31.90c 101  2906c 100 1975b 213

N
;Iff?)g 1058bd  2.69 1l44cd 794  376a 267 469ab 074  78lad 124  1571d 321  1321d 320  1096d 229 804abc  1.69
K (mgdm?)  1818d 160  748b 285 747b 166 127a 043  744b 128  1254c 133 294a 047  246a 076  279a 073
Mjn(lf)g 926bc 235 1152cd 264  218a 196  200a 050  698b 067 11.83cd 087  1341d 064  1345d 171 1118cd  0.60
Cjﬁﬁf 4456bd 1584 6624d 735 1073a 430 1690ab 243  2866ab 936  2862ab 748 4470bcd 2117  4940cd 3010 4689cd 2535

F
zéln;‘;g 023bc 002 006ac 006 046d 033 015a 006  031d 013  003ab 001 001a 001 009a 006 00la 001

M
_ fn(lf?)g 006a 002 00la 001 002a 003 005a 002 031b 025  007a 008 003a 002  003a 002 003a 003
Z;‘n(l“;)g 00la 000 00la 00l 00la 000 002a 001 002a 001 002a 001 00la 000  002a 001 00la 001

P1-P9: designation of nine (9) tested small, mid-field water bodies. The mean values designated with the same letter in the table line do not show a statistically

significant difference (ANOVA, Tukey’s test).
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Among the nine study water bodies, the most favorable hydrochemical conditions for fish, a
low level of plant growth, and the highest mean depth, were observed in the water bodies P_9 and
P_7. A contrary situation was observed in the ponds P_2 and P_3 (Table 1).

In the waters of particular water bodies, there were 11 fish species in total (Table 2), among
which was the Prussian carp, Carassius gibelio (Bloch, 1782), which was considered an invasive
species. Among three fish families found in the study waters, the dominant group with regard to the
number of species were cyprinids (nine species), and the groups of esocids and percids included one
species each. Due to their habitat in the study waters, eurytopic fish were dominant (eight species),
while there were only three species of limnophilic fish. Large amounts of emerged and submerged
plants growing in the water bodies favored the development of phytophilic fish (six species). The
other fish were phyto-litophilic (four species) and ostracophilic (one species).

Table 2. Composition of ichthyofauna with regard to species in the study waters of small ponds.

Numbers of Ponds in

. Preferences Breeding Groups . . Conservation
Which Fish W
Species Habitat [40] [41] 1c1 Tish Were Status *
Found
Percidae

European perch (Perca
fluviatilis L., 1758)

P 1,P3P5P6P7
Eurytopic  Phyto-litophilic ~ 3 P_58’ 67 -

Esocidae

Northern pike (Esox lucius
L., 1758)

P 1,P3,P_6P_7P
Eurytopic Phytophilic L3, P_(; 7,P8 i

Cyprinidae

Crucian carp (Carassius
carassius L., 1758)
Prussian carp (Carassius
gibelio Bloch, 1782)
Tench (Tinca tinca L., 1758)  Limnophilic Phytophilic P_1,P.3P5 P8 P9 -
European bitterling
(Rhodeus amarus Bloch, Eurytopic Ostracophilic P7 PP; H2; B3
1782)
Freshwater bream (Abramis

. s .15 P_1,P3,P 4P57P7,
Limnophilic Phytophilic P8 P9 )

Eurytopic Phytophilic P2P3 -

brama L., 1758) Eurytopic Phyto-litophilic P 6 P8 _
White bream (Blicca bjoerkna . ] -
L. 1758) Eurytopic ~ Phyto-litophilic P 6P 7 )
Roach (Rﬁt;lg’;) rutilus L., Eurytopic  Phyto-litophilic P 3,P 6P 7,P8 _
Rudd (Scardinius ) -
Euryt Phytophil P6P 7P _
erythrophthalmus L., 1758) urytopic ytophilic _6,P_7,P_8
Belica (L ius deli
elica (Leucaspius delineatus Limnophilic Phytophilic b o -

Heckel, 1843)
P1-P9: designation of nine tested small, mid-field water bodies. * Conservation status: PP —partial
protection—in accordance with a Polish Regulation of the Minister of the Environment of 16th
December 2016 on the protection of animal species; H2—species covered by Annex II to the Habitats
Directive (92/43/EEC); B3 —species covered by Annex III to the Bern Convention.

Furthermore, the parameters of correlation between the number of fish and number of species
in the waterbody versus selected hydrological features (basin area, pond area, buffer zone area, and
maximum depth) and the number of macrophytes in the water bodies were determined. Figure 2a—e
contains linear and logarithmic trend lines that were selected for their best fit to empirical points.
The below analyses showed that abundance and number of fish species in the water bodies were
statistically significantly (at p < 0.05) correlated with the number of macrophytes in the water bodies
(Figure 2e). The other hydrological parameters were significantly correlated only with the fish
abundance in the pond (Figure 2a—d).
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Figure 2. Correlations between the number of fish and the number of fish species versus: (a) basin
area, (b) pond area, (c) mean depth, (d) buffer zone area, and (e) amount of macrophytes.

The highest values of the Shannon Diversity Index and the lowest values of the Simpson’s Index
of Diversity were recorded for the water bodies P_6, P_7, and P_8. These values are related to the
highest number of species present and their high abundance (Table 3).

Table 3. Species composition, fish abundance, and assessment of the ponds with the use of
biodiversity indices.
Index P1 P2 P3 P4 P5 Pe6 P7 P8 PO
Number of Fish 46 20 41 14 26 55 61 24 100
Number of species 4 1 6 1 3 6 7 7 4

Margalef 1.80 0.77 186 087 141 172 1.68 211 1.00
Shannon 051 0.00 051 0.00 019 074 071 0.67 0.38
Simpson 031 1.00 045 1.00 0.78 0.18 0.20 0.23 0.55

P1-P9: designation of nine tested small, mid-field water bodies.

The Margalef Index, determining relative species abundance versus the total number of species
and the total number of all individual fish in a given pond reached the highest value in P_8, as well
asin P_3 and P_1 (Table 3).

Ward’s agglomerative hierarchical clustering method showed that the highest similarity in the
values of ecological indices was seen in the water bodies P_2 and P_4, as well as in P_7 and P_6. The
first group of ponds was characterized by the lowest biodiversity of ichthyofauna (according to the
Shannon and Simpson indices). The other group had the most favorable values for these parameters.
Additionally, significant similarity of these indices was recorded in the water bodies P_8, P_3, and
P_1 (Figure 3), which showed the most favorable values of the Margalef Diversity Index.
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Figure 3. Ward’s agglomerative hierarchical clustering method phenogram for comparing ecological
indices (Margalef, Shannon, Simpson indices) among nine ponds. P1-P9: designation of nine tested
small, mid-field water bodies.

The PCA distinguished five principal components (PCs), explaining altogether 88% of the total
variability in the dataset (Table 4).

Table 4. PCA variable loadings indicating correlations of variables with particular principal
components obtained in PCA. Variables with absolute loadings >0.3 are indicated with asterisks (*).

PC1 PC2 PC3 PC4 PC5

Eigenvalues 7.76 4.49 2.71 1.47 1.23
Percentage 38.80 224 13.5 7.30 6.20
Surface of the pond 021 -0.01 -040* -023 -0.16
Buffer zone 029 022 -007 -012 0.23
Dist. to fields 025 020 -017 017  -0.15
Water depth 025 025 -021 024  -0.19
pH 026 -0.06 025 014 0.35*%

Conductivity 031* -0.06  0.11 -0.15 0.30*
Saturation oxygen  0.05 0.39*  0.19 -023 -0.11

Temperature -0.17 037*  0.01 -0.12 -0.37*
Nitrates 018 017 0.11 -024 011
Ammonium -0.12  0.309 0.22 0.21 -0.11
Phosphates -0.04 -042* -007 -025 0.14
Cl 023 -019 039* 036* 0.03
Na 0.28 -0.06 024  -0.01 -0.27
K 003 -023 044* -039* 049*
Mg 0.34* -0.01 0.06 038* -0.05
Ca 027 -0.13 0.02 -010  0.07
Fe -0.27 -0.10 0.06 -0.11 0.18
Mg -0.12 020 031* -0.04 -0.10
Zn -0.16  0.27 0.28 0.08 -0.24
Macrophyte -025 -0.14 0.02 -034* 0.20

PC1 was mostly correlated with conductivity and Mg concentration. PC2 was positively
correlated with oxygen concentration and temperature and negatively correlated with POs
concentration. PC3 was positively correlated with concentrations of Mn, Zn, K, and Cl and
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negatively correlated with pond area. PC4 was positively correlated with concentrations of CI and
Mg and negatively correlated with K concentration and amount of macrophytes. PC5 was positively
correlated with pH, conductivity, and K concentration and negatively correlated with Na
concentration.

Due to a relatively constant occurrence of crucian carp, tench, European perch, roach, Northern
pike, and rudd, further statistical analysis was based on the analysis of the abiotic indices of these
species.

The two CCA axes explained altogether 81% of the total variability of the dataset (Figure 4).

0.8
PC2
0.6
crucian_carp ®
0.4 pPC4
® rudd
02 ® roach
PC3

0.0

*

<

00

-
02 ‘<_r! ® perch

o

I

[<}]

3

T>u PC1
-04 | ©

(3]

.20

L

o

K
06| & ® tench

<

J

O

) ) PC5
08 CCA axis 1 (eigenvalue = 0.47, 62.7%)
-1.5 -1.0 -0.5 0.0 0.5 1.0

Figure 4. Canonical correspondence analysis showing relationships between fish species abundances
and environmental factors coded as five PCA components.

CCA axis 1 associated mostly with PC2 (on the right of the bi-plot) and PC1 and PC4 (on the
left). Thus, oxygen concentration, temperature, amount of macrophytes, and K concentration
increased, while conductivity and concentrations of POs, Mg, and Cl decreased along this axis. The
crucian carp and tench were associated with the high scores of CCA axis 1, whereas roach and rudd
avoided such conditions. CCA axis 2 was related to PC2 (the top of the bi-plot) and PC5 (the
bottom). Hence, oxygen concentration, temperature, and Na concentration increased, while
conductivity, pH, and concentrations of PO and K decreased along this axis. The crucian carp (roach
and rudd to a lesser extent) were associated with the high scores of CCA axis 2, whereas the
occurrence of tench (European perch and Northern pike to a lesser extent) coincided with low scores
along this axis (Figure 4).

Multiple regressions did not reveal any statistically significant relationships between the
analyzed environmental variables (principal components 1-3) and fish abundances, lengths,
condition indices, and species richness (Table 5).
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Table 5. Multiple regression analysis between environmental variables and abundances, lengths,
and Fulton index for the most abundant ichthyofauna species in the examined small ponds.

df MS F P

Cruciancarp Model 3 10696 252 0.17
Error 5 42.40
Tench Model 3 8.77 021 0.88
Error 5 4154
Abundance p o eanPerch Model 3 4410 041 076
Error 5 108.92
Northern Pike Model 3 1140 0.65 0.62
Error 5 17.61
Cruciancarp Model 3 9890 1.82 0.32
Error 3  54.32
Tench Model 3 84.13 023 0.87
Error 1 370.33
Totallength — p  JpeanPerch Model 3 8258 418 020
Error 2 19.74
Northern Pike Model 3 65.77 0.18 0.90
Error 2 366.51
Cruciancarp Model 3  0.01 0.03 0.99
Error 3 0.23
Tench Model 3 0.10 1.11 0.59
Error 1 0.09
Fulton index European Perch Model 3 0.07 7.65 0.12
Error 2 0.01
Northern Pike
Model 3 0.01 074 0.62
Error 2 0.01
Species richness Model Model 3 213 057 0.66
Error 5 3.71

4. Discussion

In our studies, despite varied abiotic conditions and environmental and hydrochemical
parameters, we have observed the presence of fish in all the small ponds studied. Normally, highly
eutrophic, small water bodies located in agricultural lands are poor with regard to the number of
fish species, but they may be a good place for the creation of artificial fishing ponds [42,43]. Factors
limiting species biodiversity include the number of water plants growing in the small water bodies.
Macrophytes in ponds are characterized by highly efficient biologic systems, which take up and
metabolize nutrients [44]. As shown by regression analyses, the number of fish and species
abundance in the pond is associated with the number of macrophytes growing therein. This is also
confirmed by the studies of Mitsuoa et al. [45], who showed a negative influence of the excessive
amount of macrophytes on the fish populations in the water bodies. However, an absence or small
amount of plants may also have a negative impact. It is because macrophytes provide breeding
areas, especially for phytophilic fish, which were dominant in the ponds studied, and they also
provide shelter against potential predators [46]. Of great importance for fish resources in the ponds
are also littoral zones with their trees and reed beds, which provide shading for the bottom, thus
increasing biodiversity in the water bodies [47]. Our studies have also revealed a significant
correlation between fish abundance and the area of the buffer zone. It must be mentioned here that
the size of the buffer zone may limit the inflow of biogenic substances as a result of surface runoff
from arable lands [48]. Studies conducted on amphibians showed that the presence of buffer zones
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around habitats had a significant influence on the increase of animal populations in small ponds
[49].

In water bodies, the concentration of nutrients (nitrates, phosphates) depends on the
development of biomass. A number of abiotic factors influence water quality. During the vegetation
period of plants, the content of various forms of nitrogen and phosphorus changes (usually
decreases), while in the autumn and winter it increases as a result of vegetation dying off and
decomposition [50,51]. Such a system may be disturbed by an additional inflow of nutrients, which
was characteristic of the ponds under study. This can lead to an oxygen deficiency. In the absence of
oxygen in the water, nitrates and nitrites are reduced to free nitrogen or nitric oxide (denitrification
process). The increase in temperature during the growing season may also accelerate the
decomposition of organic substances, reduce the level of oxygen saturation in the water, and at the
same time increase the oxygen demand of fish. Fish species that are not sensitive to the lack of
oxygen can live in such tanks. Additionally, phosphorus may accumulate in organic and inorganic
forms in bottom sediments, which may be released as a result of water mixing (e.g., P_2 and P_3).

A much higher amount of macrophytes in the ponds may be the result of too low a water level
and the absence of natural, seasonal changes of water depth (caused by seasonal rainfall) in the
water bodies, which has become a global problem [52]. A larger depth of water is usually positively
correlated with fish abundance [53] since a higher volume provides more space for a higher number
of individuals. In the ponds studied, fish abundance, rather than number of species, was more
strongly correlated with the maximum depth of the water bodies. Thus, it may be concluded that the
maximum depth itself does not determine species abundances in the fish population, although this
factor is often considered important [46]. Depth changes in water bodies and seasonal lack of surface
waters have a special importance for mid-field ponds. Studies of Escalera-Vazquez and Zambrano
[17] have demonstrated that in the period of habitat drying, a high level of groundwaters is highly
important, which, even with high water deficits, may provide sufficiently wet conditions to ensure
the survival of certain tolerant species of fish. This primarily refers to closed water bodies were fish
migrations are limited. This is true not only for tropical regions since European waters also have fish
resistant to low water levels, the cyprinids, e.g., crucian carp [54], which was the most frequently
occurring species in the study mid-field ponds.

The low water level in the water bodies is also associated with changes in physico-chemical
water parameters, especially oxygenation. Oxygen deficits in water may have a significant influence
on changes in the fish species occurrences [55]. This primarily refers to closed water bodies, where
the fish have no possibility to escape to other surface waters providing better conditions during
seasonal oxygen deficits. During our studies, no oxygen deficits causing fish mortality were
recorded in the ponds, but in P_2 (Figure 5) the presence of crucian carp resistant to oxygen deficits
was recorded. This may indicate a seasonal drop of oxygen amount in the water below the level
tolerated by other fish species [56,57].
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Figure 5. Example of water bodies; P_2 intensively overgrowing with rush vegetation and

periodically drying up in summer.

The conditions of fish habitats, similar to those in lakes with larger areas, are highly associated
with biogenic compounds [58]. Increasing eutrophication of surface waters observed in recent years
is caused primarily by a rapid increase in the water phosphorus level. According to Stumm and
Stumm-Zollinger [50], 1.0 mg P-POs is more dangerous to the ponds than 50-100 mg of organic
matter. The study water bodies differed in the water phosphate contents and certain ponds had
increased values (e.g., P_3), but these were not significant values as compared to those in artificial
fishponds [59].

The results of canonical correspondence analysis demonstrated that the distribution of crucian
carp exhibited a positive response to water temperature, a positive response to K, oxygen
concentration, and amount of macrophytes and a negative correlation with POs, Mg, and Cl. Similar
results, but in studies conducted on fish in rivers, were obtained by Zhao et al. [60], where the results
of principal component analysis and canonical correspondence analysis demonstrated that the
distribution of Herzensteinia microcephalus (Herzenstein, 1891) exhibited a positive response to water
temperature, a positive response to K, and negative correlation to total phosphorus, as in this study
for crucian carp.

Pond waters are also usually rich in nitrogen compounds [61], but also in macro- and
micro-elements [10]. Excessive nutrient content in water leads to intense eutrophication, which in
consequence causes health deterioration of fish and other organisms living in waters on agricultural
lands [51]. This pattern was observed in the study water bodies. For example, increased nitrate or
phosphate contents were recorded for P_1, but this was not correlated with a reduced number in fish
or their absence. P_8 had the highest contents of nitrates (2.11 mg/dm=) among the studied ponds,
although it also had the highest number of fish species and the most favorable biodiversity indices.

As stated by Fisher and Acreman [62], mid-field ponds may restrict the dispersion of nitrogen
loading from agricultural lands to other surface waters. Unfortunately, this causes increased
concentration of biogenic substances in these water bodies, which together with partial drying may
lead to a reduction of fish resources and ichthyofauna biodiversity. In the era of climate change, it
commonly occurs [63] that more and more small water bodies, which just a few years ago were
constantly filled with water, become periodically partially dried or are even completely transformed
into wetland or disappear from the agricultural landscape [5]. Changes in water levels and periodic
drying are important factors for ichthyofauna [17]. In the temperate climate zone, fish do not
typically occur in temporary habitats [64], and studies on overflow areas and periodically drying
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ponds usually focus on invertebrates, amphibians, or birds [15,65]. Current forecasts for climate
changes in central Europe predict [66] that these important, natural water bodies may disappear
even faster, which will have an impact on the condition and populations of numerous organisms
living in the ponds. It must also be emphasized that two small water bodies are characterized by a
higher biodiversity than one large pond with the same total area [46,67]. In spite of this, no constant
monitoring is conducted in these small ponds and, with a few exceptions, no regulations regarding
environmental protection have been introduced [68].

In recent years, a lot of work has been done to restore the water bodies and/or build new,
artificial reservoirs [44,69]. Sometimes, to keep them in the environment, renovation of ponds is
conducted [70]. As for artificial reservoirs, the conditions developed therein are not always suitable
for all the organisms, and some animals are not able to adapt to the new environment. It seems,
however, that a better solution is to introduce tools that would protect natural ponds, e.g., to form
buffer zones [71] or to recreate ponds by dredging and removing excessive mud from the bottom
sediment [44]. Despite negative opinions on the effect of dredging on biodiversity in the aquatic
environment, in their studies, Mitsuoa et al. [45] observed positive aspects of remediation works in
the form of increased number of fish and oxygenation. Removal of macrophytes and sediment
biomass could create habitats with higher oxygen content and could increase water movement [55].
Remediation works in small water bodies should increase fish species diversity and fish resources
and also enable using these water bodies for recreational fishing. These works, however, should be
done with adequate caution and a broad perspective on the whole biodiversity of animals living in
these small ponds. Reed-bed plants and submerged plants are important habitats for various aquatic
and land species (e.g., birds, reptiles, and amphibians), whose protection should also be taken into
account. Therefore, prior to initiating remediation works, detailed bio-monitoring should be
performed in order to improve habitats conditions for all the animals living there.

5. Conclusions

Small, closed water bodies on agricultural lands are an extremely valuable ecological refuge of
ichthyofauna biodiversity. Due to their high eutrophication, they include mainly cyprinid fish,
tolerant of chemical water conditions. The most frequently occurring species in the study water
bodies was crucian carp, for which the most important were high oxygen content, electrical
conductivity (EC), large amount of macrophytes in the water bodies, and increased Mg and Cl
levels. High affinity for such conditions is also shown by tench. The CCA statistical analysis revealed
that the most favorable conditions for the life of crucian carp (the most frequently recorded species
in the study water bodies) and tench included increased oxygen concentrations in water, large
amounts of macrophytes, and increased potassium level, together with a decrease in phosphate
level, specific conductance, and increased contents of magnesium and chlorides. Aside from the
hydrochemical parameters, the species occurrences and ichthyofauna abundances were also
associated with the morphometric parameters of the ponds (waterbody area, maximum depth) and
their basin area as well as, the area of the buffer zone, which served as a filter, catching nutrients
flowing from the arable land, and also the amount of macrophytes growing in the water bodies. Due
to increasing global warming, these small, mid-field ponds partially dry up, which, paired with lack
of human interference, leads to their disappearance, and as a result, habitats for numerous fish
species are lost. These reservoirs are characterized by high biodiversity, protected species often
occur in them, and the low fishing and angling pressure makes them a refuge for many valuable
natural animals.
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