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Abstract

Springs are unique ecosystems found in lowland areas. In urban environments, these
springs often have niches that are heavily transformed by human activity. In this study, we
identified and compared the taxonomic diversity of diatom communities across various
microhabitats—epilithon, epipelon, epipsammon, epibryon, and epixylon—within altered
lowland urban springs. Our results revealed differences in diatom communities among
the microhabitats, with the highest species richness observed in the epibryon. Notably, the
presence of extremely rare species such as Amphora eximia, Caloneis aerophila, and Stauroneis
muriella suggest that, even under urban conditions, springs continue to serve a refugial
function for diatom diversity. These findings underscore the important role of urban
springs in maintaining diatom diversity despite high anthropogenic pressure. We also
assessed the ecological status of the springs using the Polish Multimetric Diatom Index
(I0), which incorporates indicators of trophy, saprobity, and the abundance of reference
species. All studied springs were classified as having very good ecological status.

Keywords: diatoms; urban springs; refugia; ecological status

1. Introduction

Springs are natural outflows of groundwater to the surface, forming a connection
between groundwater and surface water, which makes them unique ecosystems from a
hydrological perspective [1-3]. Their stable, low-temperature conditions support steno-
thermic organisms [4]. Among primary producers in aquatic ecosystems, diatoms are
one of the most important groups. The majority of diatom species are highly sensitive to
eutrophication and organic pollution. The development of benthic diatom assemblages
is influenced by several factors, including the quality of the outflowing water, the type
of substrate, and the degree of anthropogenic transformation of spring niches and their
immediate surroundings [2,5]. Such habitat alternations are especially evident in urbanized
areas [6-8]. The biodiversity of springs is further characterized by the presence of diatom
species that are rarely found in other aquatic environments, including some that are newly
described or previously unknown [4,9-11].
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Springs located in mountains and upland areas have received the most attention from
diatomologists to date [2,4,12-17]. In contrast, the lowland springs of central Europe remain
poorly studied in terms of the organisms inhabiting them [16]. In northeastern Poland,
only two publications have so far presented data on diatom assemblages from lowland
springs in the Biatystok and Knyszyn Forest [18,19], despite a long history of research
focused on the physical and chemical parameters of spring waters [1,20,21]. A pilot study
revealed remarkably high diatom diversity in these springs, particularly within the genus
Diploneis with two species, D. burgitensis and D. parapetersenii recorded for the first time in
Poland [19]. These findings confirmed the important role of springs as refugia for diatom
development—especially for rare and poorly known species—and encouraged us to expand
our research to include additional urban springs (Jaroszéwka Mate, Dojlidy Gérne) as well
as previously unstudied microhabitats such as epibryon and epixilon. Moreover, these
ecosystems offer significant research potential for assessing the vulnerability of individual
species [4,19].

Diatoms are widely used as indicators for assessing the ecological condition of aquatic
ecosystems [22-24]. Based on the composition of diatom communities, it is possible to track
temporal changes in pH, microplastic pollution, organic matter content, and the trophic
status of water bodies [23-26].

The aim of this study was to identify and compare the taxonomic diversity of diatom
communities across different microhabitats in four forest springs located in Biatystok and
to determine whether these springs retain their refugial character under urban conditions.
In addition, the ecological status of the springs was assessed using the Multimetric Diatom
Index (I0), which takes into account indicators of trophy, saprobity, and the abundance of
reference species.

2. Materials and Methods
2.1. Study Area

This study focused on four springs located within the administrative boundaries of
Biatystok, northeastern Poland (Figure 1). Natural outflow springs are rare in urban areas;
therefore, only four suitable sites were identified for research. All springs are situated on
the outskirts of the city, within forested areas (Figure 1), and fall within the catchments of
the Jaroszéwka, Supraél, and Biata rivers (Table 1). Each spring is classified as reocrenic,
with groundwater emerging through permeable sediments composed of sand, gravel, and,
in most cases, peat. Springs 2, 3, and 4 exhibit descensional flow, where groundwater per-
colates downward through geological layers and emerges due to gravitational pressure. In
contrast, Spring No. 1 is characterized by ascendant groundwater flow, where groundwater
rises to the surface under hydrostatic pressure from a confined aquifer.

Table 1. Morphological and hydrological characteristics of springs in Biatystok: Dojlidy Gérne spring
(DG); Pietrasze spring (P); Jaroszéwka Duze spring (JD); Jaroszowka Mate spring (JM).

No Geographical Hydrological Elevation Qav. Surface of the Geology of the Type of
) Coordinates Location [m a.s.l.] [dm—3.s1] Niche [m?] Vadose Zone Spring

E 23°11/59.09” Biata sand, gravel,

bG N 53°549.26" catchment 151 03 150 peat reocrene
E 23°10'4.64" Suprasl sand, gravel,

P N 53°1021.89” catchment 140 49 700 peat reocrene
E 23°11'51.97" Jaroszéwka

JD N 53°10/24 34" catchment 150 5.2 250 sand, gravel reocrene
E 23°11/59.03" Jaroszéwka sand, gravel,

M N 53°10'38.77" catchment 150.5 03 125 peat reocrene
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Figure 1. The distribution of study sites in northeastern Poland. Springs in the city of Bialystok are
indicated with 1-4. Coordinates presented along the edges are in ETRS89/Poland CS92.

Spring No. 1 (Dojlidy Gérne) (Figure 2(1)) is located in the Biata River catchment, in the

southern part of Bialystok. It lies near a residential area composed of single-family houses
but remains within a forested environment. This is a low-yield spring, with a discharge of

0.3 L s, situated at an elevation of 151 m a.s.l. Its surface area is approximately 150 m?.

The aeration zone consists of sand, gravel, and peat.

Figure 2. Four forest rheocrenes in Biatystok: (1) Dojlidy Gérne spring; (2) Pietrasze spring;

(3) Jaroszéwka Duze spring; (4) Jaroszéwka Mate spring.

Spring No. 2 (Pietrasze) (Figure 2(2)) is located in the Suprasl catchment, within
the largest forested area among the studied sites. The spring is situated in a deeply
incised valley with slopes inclined at approximately 65°, and it is surrounded by recently
established artificial plantings of yew (Taxus baccata L.). The aeration zone is composed
of sand, gravel, and peat. This spring lies at an elevation of 140 m a.s.l., with an average



Water 2025, 17, 2293

40f22

discharge of 4.9 L s~! and the largest surface area among all sites, covering approximately
700 m?. Its stable flow and extensive surface area suggest a well-functioning groundwater
recharge system operating under relatively undisturbed environmental conditions.

Spring No. 3 (Jaroszéwka Duze) (Figure 2(3)) is located in the Jaroszéwka catchment,
in a semi-forested area near Jaroszowka Mate. It has the highest discharge among the
studied springs, averaging 5.2 L s7!, and is situated at an elevation of 150 m a.s.1.,, with
a surface area of approximately 250 m?. The aeration zone consists of sand and gravel.
The spring is surrounded by mixed forest, and the site is shaded and largely devoid of
vegetation due to limited light availability. Historically, the site functioned as an illegal
landfill. Although the waste has since been buried under a thin layer of soil, the area
remains unrestored, with immobile debris still present beneath forest litter [18].

Spring No. 4 (Jaroszowka Mate) (Figure 2(4)) is also located in the Jaroszéwka catch-
ment, on the northeastern outskirts of Biatystok, within a partially forested area. It is a
low-discharge spring (0.3 L s~!) situated at an elevation of 150.5 m a.s.l., with a surface
area of approximately 125 m?. The aeration zone is composed of sand, gravel, and peat.
Due to the removal of the surrounding tree stand, the site receives high levels of sunlight,
which promotes the development of lush vegetation. However, the spring is highly sensi-
tive to drought conditions and frequently dries out, making water collection impossible
during such periods. In the case of both Jaroszéwka Duze and Jaroszéwka Mate, potential
anthropogenic pressure is increased by the proximity of a relatively busy road and a nearby
aggregate plant.

2.2. Sampling and Measurements

Diatom samples and water for physical and chemical analyses were collected in May
and November 2019 (Table 2). In the field, water temperature, pH, electrolytic conductivity
(EC), oxygen concentration, and oxygen saturation were measured in situ using an HQ40D
Multi Meter (Hach-Lange GmbH, Berlin, Germany). Diatom material was collected from
five microhabitats present at the following sites: epilithon (from stones), epipelon (from
mud), epipsammon (from sand), epibryon (from bryophytes), and epixylon (from wood)
(Table 2). Sampling and subsequent laboratory analyses followed procedures described by
Kolada et al. [26]. The relative abundance of each taxon and the species richness of diatom
assemblages were estimated from a minimum of 400 diatom valves per sample. Diatom
identification was based on the morphological characteristics of valves, examined under an
Olympus BX53 light microscope with Nomarski phase contrast. Taxonomic identifications
primarily followed Cantonati et al. [27], Bak et al. [28], and more recent publications. Genus
and species names adhere to the most current taxonomic literature. For example, Staurosira
sp. closely resembles S. chavauxii [29], although this species remains a nomen nudum as
it has not yet been formally described. Staurosirella neopinnata is the correct name for the
taxon commonly identifed as S. pinnata [30]. Based on original materials, S. pinnata is
now considered conspecific with S. construens Ehrenberg. Navicula saugerresii (=Sellaphora
saugerresii) is generally placed within the “minima-minutissima—seminulum” complex
(e.g., Krammer and Lange-Bertalot 1986 [31]). The morphological concept of “Navicula
minima”, and consequently, Eolimna, remains uncertain, because illustrations often depict a
diatom that corresponds to the common understanding of “Sellaphora seminulum”, which is
a distinct species [26]. In our study, we use Sellaphora saugerresii instead of the commonly
(and incorrectly) applied name S. seminulum. Sellaphora seminulum is treated here as a
valid species, with S. joubaudii (= Navicula seminulum var. radiosa and Navicula joubaudii)
considered a taxonomic synonym [32]. Finally, the diatom identified as Placoneis clementis
is reported as Placoneis cf. clementis because P. clementis is a fossil species [33].
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Table 2. Sampling date with the type of microhabitats of diatom communities and water parameters;
n.d. no determined; Dojlidy Gérne spring (DG); Pietrasze spring (P); Jaroszéwka Duze spring (JD);
Jaroszowka Mate spring (JM).

No. Data Microhabitats Temp. [°C] EC [uS/cm] pH [1?1;7(?;12] Parg)riz%::[%]
May epilithon, 10.6 524 6.09 6.04 70.2
DG epipsammon
Now. epilithon, epipelon 8.1 460 8.78 6.01 52
P May epﬁ;’;‘;ﬁi‘g}‘(’;‘bn 10.7 363 6.19 9.72 88.2
D May PP eelgﬁ;;}:ll:thon’ 10.2 870 6.04 8.17 72.3
M May epipsammon n.d. n.d. n.d. n.d. n.d.
The Shannon-Wiener Diversity Index and Jaccard Similarity Index were calculated
following the methodologies outlined by Kawecka and Eloranta [34] and Kolada et al. [26].
The ecological status of the waters was assessed based on the presence and abundance of
diatom indicator species. The conservation status and potential threats to diatom taxa were
evaluated using the German Red List of diatoms [35]. For overall assessment, Multimetric
Diatom Index (I10) was applied [26].
3. Results
The springs showed similar water temperature values (Table 2). In May, temperatures
ranged narrowly between 10.2 °C and 10.7 °C. In November, a lower temperature of
8.1 °C was recorded at the Dojlidy Gérne spring. The highest EC value (870 pS cm ') was
recorded at Jaroszé6wka Duze spring, and the lowest (363 uS cm~!) in Pietrasze spring. In
May, pH values across all springs remained within a narrow range of 6.04-6.19. However,
in November, the pH at the Dojlidy Gérne spring increased significantly to 8.78. The
highest oxygen concentration and saturation (9.72 mg L1, 88.2%) were recorded in May
in Pietrasze spring. In contrast, the lowest oxygen levels were observed at Dojlidy Gérne
spring, with 6.04 mg L~! (70.2%) in May and 6.01 mg L~! (52%) in November.
A total of 118 benthic diatom taxa, belonging to 33 genera, were identified across all
studied samples (Table 3).
Table 3. Species of diatoms found in springs: Dojlidy Gérne (DG), Pietrasze (P), Jaroszéwka Duze
(JD), Jaroszéwka Male (JM); microhabitats (MHs): PS—epipsammon, P—epipelon, L—epilithon,
B—epibryon, X—epixylon, all—species present in all microhabitats; C—commonness according to
Red List in Germany [35]: NT—Not Threatened, NI—Near-Threatened; TU—Threat of Unknown
Extent, DD—Data-Deficient, TD—Threatened; ER—Extremely Rare, ND—no data; collection date:
*—November 2019.
Springs
No. Species C MHs DG P JD M
L L* PS P* B PS X L P B PS
1 Merid?'on circulare var. circulare NT + + + + + + + +
(Gréville) C. Agardh 1831
Diatoma moniliformis ssp. ovalis
2 (Fricke) Lange-Bertalot, Rumrich NT PS +
and G. Hofmann 1991
s pewwele L. +
4 Staurosira sp. +
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Table 3. Cont.

Species

MHs

L*

DG

PS

P>(~

Springs
P JD
PS X L P

M
PS

Staurosirella leptostauron var. dubia
(Grunow) M.B. Edlund

NT

Staurosirella martyi
(Héribaud) Morales and
Manoylov 2006

NT

Staurosirella neopinnata
E.Morales et al. 2019

NT

Eunotia minor
(Kutzing) Grunow in Van Heurck
1881

NI

Eunotia tenella
(Grunow) Hustedt in A. Schmidt
etal. 1913

TU

PS

10

Rhoicosphenia abbreviata
(C. Agardh) Lange-Bertalot 1980

NT

11

Cocconeis disculus
(Schumann) Cleve in Cleve and
Jentzsch 1882

NT

12

Cocconeis lineata
(Ehrenberg) Van Heurck 1885

NT

13

Cocconeis neodiminuta
Krammer 1990

NT

all

14

Cocconeis placentula var.
klinoraphis
Geitler 1927

NT

15

Cocconeis placentula var. placentula
Ehrenberg

DD

all

16

Cocconeis pseudolineata
(Geitler) Lange-Bertalot 2004

NT

17

Cocconeis pseudothumensis
Reichardt 1982

TU

all

18

Achnanthidium minutissimum var.
minutissimum
(Kiitzing) Czarnecki 1994

NT

all

19

Platessa conspicua
(A. Mayer) Lange-Bertalot 2004

NT

20

Karayevia clevei (Grunow)
Bukhtiyarova 1999

NT

21

Karayevia kolbei (Hustedt)
Bukhtiyarova 1999

NT

22

Kolbesia gessneri (Hustedt)
Aboal 2003

ND

23

Planothidium dubium
(Grunow) Round and
Bukhtiyarova 1996

NT

24

Planothidium frequentissimum
(Lange-Bertalot) Lange-Bertalot
1999

NT

all

25

Planothidium lanceolatum
(Brébisson ex Kiitzing)
Lange-Bertalot 1999

NT

all

26

Planothidium rostratum
(Dstrup) Lange-Bertalot 1999

ND

27

Psammothidium helveticum
(Hustedt) Bukhtiyarova and
Round 1996

NT
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Table 3. Cont.

Species

MHs DG

P>(~

Springs
P
PS

X

B

M
PS

28

Psammothidium lauenburgianum
(Hustedt) Bukhtiyarova and
Round 1996

ND

29

Navicula antonii
Lange-Bertalot in Rumrich et al.
2000

NT

all + +

30

Navicula cari
Ehrenberg 1836

NT

31

Navicula cincta
(Ehrenberg) Ralfs in Pritchard
1861

NT

32

Navicula cryptotenella
Lange-Bertalot 1985

NT

33

Navicula gregaria
Donkin 1861

NT

34

Navicula lanceolata
(C. Agardh) Ehrenberg 1838

NT

PS

35

Navicula oblonga
(Kutzing) Kiitzing 1844

TU

36

Navicula slesvicensis
Grunow in Van Heurck 1880

NT

37

Navicula striolata (Grunov)
Lange-Bertalot in Krammer and
Krammer and Lange-Bertalot
1985

TU

all + + +

38

Navicula tenelloides
Hustedt 1937

NT

39.

Navicula tripunctata
(O.F. Muller) Bory 1822

NT

40

Sellaphora atomoides
(Grunow) Wetzel and Van de
Vijver 2015

DD

41

Sellaphora bacillum
(Ehrenberg) D.G. Mann 1989

NT

42

Sellaphora laevissima
(Kiitzing) D.G. Mann 1989

NT

43

Sellaphora pseudopupula
(Krasske) Lange-Bertalot in
Lange-Bertalot et al. 1996

TU

44

Sellaphora pupula sensu lato
(Kiitzing) Mereschkowsky 1902

DD

45

Sellaphora saugerresii
(Desm.) C.E. Wetzel et D.G.
Mann 2015

NT

46

Sellaphora seminulum
(Grunow) D.G. Mann 1989

NT

47

Adlafia minuscula (Grunow)
Lange-Bertalot in Lange-Bertalot
and Genkal 1999

NT

48

Placoneis cf. clementis
(Grunow) Cox 1987

DD

49

Placoneis elginensis
(Gregory) Cox 1987

NT

PS

50

Placoneis paraelginensis
Lange-Bertalot in Rumrich et al.
2000

DD
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Table 3. Cont.

Springs
Species C MHs DG P JD
L L* PS P* B PS X L P

M
PS

51

Humidophila perpusilla (Grunow)
R.L.Lowe, Kociolek, J.R.Johansen,
Van de Vijver, Lange-Bertalot and
Kopalova 2014

52

Parlibellus protracta
(Grunow) Witkowski, Lange NT + +
Bertalot and Metzeltin 2000

53

Parlibellus protractoides
(Hustedt) Witkowski,
Lange-Bertalot and Metzeltin
2000

NT P .

54

Hippodonta capitata (Ehrenberg)
Lange-Bertalot, Metzeltin and NT + + +
Witkowski 1996

55

Hippodonta costulata
(Grunow) Lange-Bertalot, NT all + + + + +
Metzeltin and Witkowski 1996

56

Geissleria sp.

57

Neidiomorpha binodiformis
(Krammer) Cantonati, NT P +
Lange-Bertalot, Angeli 2010

58

Neidiomorpha binodis
(Ehrenb.) Cantonati, NI PS
Lange-Bertalot, Angeli 2010

59

Neidium ampliatum (Ehrenberg)
Krammer sensu Krammer and NT PS
Lange-Bertalot 1985

60

Neidium bisulcatum

(Lagerstedt) Cleve 1894 D B

61

Stauroneis anceps

Ehrenberg 1843 NI B *

62

Stauroneis kriegeri

Patrick 1945 NT * *

63

Stauroneis leguminopsis
Lange-Bertalot and Krammer DD + + +
1999

64

Stauroneis muriella

J.W.G.Lund 1946 ER ¥

65

Stauroneis separanda
Lange-Bertalot and Werum 2004

66

Stauroneis smithii

Grunow 1860 NT all + + + + + + +

67

Stauroneis thermicola

(Petersen) Lund 1946 NT B *

68

Frustulia vulgaris

(Thwaites) De Toni 1891 NT s

69

Diploneis elliptica

(Kiitzing) Cleve 1891 NT *

70

Diploneis fontanella

Lange-Bertalot 2004 Tu B *

71

Diploneis fontium
Reichardt and Lange-Bertalot TU B
2004

72

Diploneis krammeri
Lange-Bertalot and Reichardt NI + + +
2004
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Table 3. Cont.
Springs
No. Species C MHs DG P JD M
L* PS P* B PS X L P B PS

Diploneis separanda

73 Lange-Bertalot 2004 bD * * +
Caloneis aerophila

7% Bock 1963 ER *
Caloneis alpestris

& (Grunow) Cleve 1894 Tu PS *
Caloneis fontinalis

76 (Grunow) Lange-Bertalot and NT L
Reichardt 1996
Pinnularia obscura

77 Krasske 1932 NT B *
Pinnularia perirrorata

78 Krammer 2000 NT PS * *
Pinnularia subcommutata

79 Krammer 1992 Tu * * * * * *
Pinnularia viridiformis

80 Krammer 1992 U * * *
Cymbopleura naviculiformis

81 (Auerswald) Krammer 2003 NT * *
Cymbopleura subaequalis

82 (Grunow) Krammer 2003 D PS * *
Encyonema reichardtii

83 (Krammer) D.G. Mann 1990 NT L * *

84 Encyonema sp. +
Reimeria sinuata

85 (Gregory) Kociolek and Stoermer ~ NT + + + +
1987
Reimeria uniseriata

86 Sala, Guerrero and Ferrario 1993 NT * *
Amphora copulata

87 (Kiitzing) Schoeman and NT all + + + + + + + +
Archibald 1986
Amphora eximia

88 J.R. Carter in Haworth 1974 ER *
Amphora inariensis

89 Krammer 1980 NT * * *
Amphora indistincta

90 Levkov 2009 NT * L
Amphora pediculus

91 (Kiitzing) Grunow in A. Schmidt NT all + + + + + + + + +
etal. 1875
Amphora polonica

92 Zelazna-Wieczorek and ND + + + + +
Lange-Bertalot 2011

93 Amphora sp.
Halamphora normanii

9 (Rabenhorst) Levkov 2009 NP *
Gomphonema angustum

% C Agardh 1831 X ¥
Gomphonema innocens

% Reichardt 1999 NT L
Gomphonema micropus

97 Kiitzing 1844 NT all + + + + + + + +

98 Gomphonema parvulum NT L

(Kutzing) Kiitzing 1849
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Table 3. Cont.
Springs
No. Species C MHs DG P JD M
L L* PS P* B PS X L P B PS

Gomphonema subclavatum

9 (Grunow) Grunow 1884 NT * * * *
Nitzschia adamata

100 Hustedt 1957 NT * ¥
Nitzschia amphibia

101 Grunow 1862 NT PS *
Nitzschia capitellata

192 Hustedtin A. Schmidtetal. 1922 N1 S *
Nitzschia communis

103 Rabenhorst 1860 NT L * L
Nitzschia commutata

104 Grunow 1880 NT + + + + + +
Nitzschia fonticola

105 Grunow in Cleve and Moller 1879 NT * * *
Nitzschia frustulum var. frustulum

106 (Kiitzing) Grunow in Cleve and NT all + + + + + + + + +
Grunow 1880
Nitzschia frustulum var.

107 inconspicua NT L +
(Grunow) Grunow 1882
Nitzschia homburgiensis

107" Lange-Bertalot 1978 R *
Nitzschia intermedia

109 Hantzsch in Cleve and Grunow NT PS + +
1880
Nitzschia linearis

10 (c. Agardh) W. Smith 1853 NT L f tf *
Nitzschia microcephala

B Grunow in Van Heurck 1881 NT PS +
Nitzschia palea var. debilis

112 (Kiitzing) Grunow in Cleve and NT X +
Grunow 1880
Nitzschia palea var. palea

13 (Kiitzing) W. Smith 1856 NT X ¥
Nitzschia perminuta

114 (Grunow) M. Peragallo 1903 NT PS *
Nitzschia pura

15 Hustedt 1954 NT DS *
Nitzschia pusilla

16 Grunow 1862 NT  PS *
Nitzschia recta

17 Hantzsch in Rabenhorst 1862 NT PS *
Surirella angusta

18 Kitzing 1844 NT  PS *
Number of taxa 46 40 37 26 42 38 26 33 35 43 41
Number of genera 19 18 17 13 20 15 12 19 17 23 21

The 20 genera that contributed more than 2.0% to the total relative abundance are

illustrated in Figures 3-5.
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others
8.9%

Gomphonema
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Figure 4. Percentage share of genera in the relative abundance in the Pietrasze spring in May 2019 in
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Figure 5. Percentage share of genera in the relative abundance in May 2019 in (a) epilithon,
(b) epipelon, (c) epibryon of Jaroszéwka Duze, and (d) epipsammon of Jaroszéwka Male.
3.1. Dojlidy Gérne Spring

The highest taxonomic diversity was observed at this site, with 68 taxa belonging
to 23 genera. Samples were collected twice—in May and November 2019 (Table 2). The
epilithon microhabitat exhibited the highest species richness, with 58 taxa identified. Lower
numbers of taxa were recorded in the epipsammon (37 taxa) and in epipelon (26 taxa)
microhabitats (Table 3).

During the spring sampling period, 19 diatom genera were recorded in the epilithon
microhabitat. The most abundant genera were Amphora (22.5%), Cocconeis (19%), Achnan-
thidium (14.9%), and Planothidium (11.7%) (Figure 3a). Cocconeis was notable for its greatest
richness, with six species identified (Table 3). The most dominant species were Amphora
pediculus (20.2%), Cocconeis pseudothumensis (15.6%) and Achnanthidium minutissimum var.
minutissimum (14.9%).

In autumn, the relative abundance of the genus Cocconeis in the epilithic diatom as-
semblages increased from 19.8% to 23.3%, making it the most dominant genus (Figure 3a,c).
A slight increase was also observed for Planothidium, rising from 11.7% to 12.8%, which
maintained its position among the four co-dominant genera alongside Karayevia (14.5%),
Staurosirella (10.9%), and Amphora (10.9%) (Figure 3c). Some genera showed seasonal
exclusivity: Hippodonta, Pinnularia, and Encyonema were recorded only in autumn while
Placoneis, Caloneis, Cymbopleura, and Gomphonema were present only in spring (Table 3,
Figure 3a,c). The genus Navicula was represented by the highest number of species (six)
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(Table 3). As in spring, Cocconeis pseudothumensis remained among the most abundant
species (9.3%), followed by Planothidium frequentissimum (8.5%), Cocconeis neodiminuta,
and Karayevia clevei (each at 8.1%), Staurosirella neopinnata (5.7%), and Achananthidium
minnutissimum var. minutissimum (5.5%).

In the epipsammon, 37 diatom taxa representing 17 genera were identified. Although
Navicula was the most species-rich genus (five species), it accounted for only a small pro-
portion of the total abundance (5.7%) (Table 3). The most dominant genera were Cocconeis
(38.5%), Staurosirella (15.5%) and Planothidium (12.8%) (Figure 3b). Within this microhabitat,
Cocconeis pseudothumensis was by far the most abundant species, comprising 37.5% of the
assemblage. Other notably abundant taxa included Staurosirella neopinnata (8.8%), Planothidium
frequentissimum (7.5%), Amphora pediculus (7%) and Staurosirella martyi (6.8%).

In autumn, 26 diatom taxa were identified in the epipelon, representing 12 genera.
Among them, the genus Cocconeis was the most taxonomically diverse, with five species
(Table 3). The dominant genera were Karayevia (31.8%) and Cocconeis (31.1%) (Figure 3d).
The most abundant species in this microhabitat was Cocconeis pseudothumensis, comprising
21.2% of the assemblage. Other frequently occurring species included Karayevia kolbei
(17%) and K. clevei (14.9%). Notably, Cocconeis pseudothumensis was highly abundant across
all analyzed microhabitats. Additionally, single valves of Staurosira sp., morphologically
similar to S. chavauxii, were observed exclusively in this epipelon sample (Table 3).

3.2. Pietrasze Spring

Across the three analyzed microhabitats, a total of 63 diatom species belonging to
20 genera were identified (Table 3). The highest species richness was observed in the
epibryon, with 42 species recorded, whereas the lowest diversity was found in the epixylon,
which hosted 26 species.

In the epibryon microhabitat, 42 diatom taxa belonging to 20 genera were recorded.
The genera Cocconeis, Navicula, and Stauroneis exhibited the highest species richness, each
represented by five species (Table 3). The genus Planothidium dominated in terms of
relative abundance, accounting for 37.3% of the total assemblage (Figure 4a). Other notable
genera included Amphora (11.6%), Achnanthidium (9.4%), and Stauroneis (8.7%). Among all
identified species, Planothidium frequentissimum was the most abundant (25.7%), followed
by Planothidium lanceolatum (11.6%), Achnanthidium minutissimum var. minutissimum (9.4%),
and Amphora pediculus (7.8%).

In the epipsammon microhabitat, 39 diatom taxa belonging to 15 genera were recorded.
The genus Nitzschia was the most species-rich, with 12 species identified (Table 3). The most
abundant genera were Planothidium (32.5%), Achnanthidium (21.8%), and Amphora (19.5%)
(Figure 4b). Among the species, Planothidium frequentissimum showed the highest abun-
dance (24.4%), followed closely by Achnanthidium minutissimum var. minutissimum (21.8%).
Other abundant species included Amphora pediculus (15.8%), Planothidium lanceolatum (8.1%),
and Navicula striolata (7.2%).

In the epixylon microhabitat, 26 diatom taxa from 12 genera were identified, with the
genus Nitzschia being the most species-rich, comprising 4 species (Figure 4c). The genus
Planothidium had the highest relative abundance, accounting for 32.2% of the total diatom
valves (Figure 4c). Other genera with significant shares included Achnanthidium (24.6%)
and Amphora (22.9%). Among species, Planothidium frequentissimum and Achnanthidium
minutissimum var. minutissimum had very similar abundances, representing 26% and 24.6%
of the total diatom valves, respectively. Amphora pediculus was less abundant at 17%. Notaly,
Stauroneis muriella was recorded only in the epixylon habitat. Additionally, single valves of
Cocconeis pseudothumensis were found in both epibryon and epixylon microhabitats.
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3.3. Jaroszowka Duze Spring

In the epilithon microhabitat, 33 diatom taxa from 19 genera were identified
(Table 3). The genus Navicula was the most taxonomically diverse, represented by 4 species.
Achnanthidium was the most abundant genus, comprising 39.8% of the total diatom valves
(Figure 5a). Planothidium and Amphora were also well represented, accounting for 22% and
12%, respectively. Among the species, Achnanthidium minutissimum var minutissimum had
the highest relative abundance (39.8%), followed by Planothidium frequentissimum (18.5%)
and Amphora pediculus (8%) (Figure 5a).

In epipelon microhabitat, 35 diatom taxa belonging to 17 genera were identified. The
genera Amphora and Planothidium were the most species-rich, each represented by four species.
Planothidium also had the highest relative abundance among the genera, accounting for 21.6%
of the total diatom community (Figure 5b). Other genera with notable but lower shares
included Staurosirella (13.4%), Gomphonema (12.3%), and Amphora (11.3%). At the species level,
Planothidium frequentissimum was the most abundant, comprising 16.5% of the assemblage.

In the epibryon microhabitat, 43 diatom taxa representing 22 genera were identified.
The genera Navicula and Nitzschia were the most species-rich, each represented by five
species. In terms of relative abundance, Planothidium (21.3%) and Stauroneis (17.3%) were
the most dominant genera (Figure 5c). At the species level, the most abundant taxa were
Planothidium frequentissimum (14%), Staurosirella neopinnata (10.5%), Hippodonta costulata
(9.3%), and Achnanthidium minutissimum var. minutissimum (8.8%).

3.4. Jaroszowka Mate Spring

In the epipsammon microhabitat, 21 diatom genera were recorded. The genera Plan-
othidium (25.3%), Meridion (24.2%) and Nitzschia (12.7%) exhibited the highest relative
abundances (Figure 5d). Nitzschia was the most species-rich genus, represented by seven 7
species. The most abundant species were Meridion circulare var. circulare (24.2%), Planothid-
ium frequentissimum (19.3%), and Nitzschia homburgiensis (10%).

3.5. Species Distributions Across Microhabitats

A total of 14 diatom species were found inhabiting all studied microhabitats: Cocconeis
neodiminuta, C. placentula var. placentula, C. pseudothumensis, Achnanthidium minutissimum
var. minutissimum, Planothidium frequentissimum, P. lanceolatum, Navicula antonii, N. striolata,
Hippodonta costulata, Stauroneis smithii, Amphora copulata, A. pediculus, Gomphonema micropus,
and Nitzschia frustulum var. frustulum (Table 3). Among them, according to German Red
List [35] 11 species are classified as Not Threatened. Two species (Cocconeis pseudothumensis
and Navicula striolata) are considered to be Threat of Unknown Extent, and one species
(Cocconeis placentula var. placentula) is categorized as Data-Deficient due to insulfficient infor-
mation for proper assessment (Table 3). The highest taxonomic diversity was recorded in
the epipsammon, where 21 unique species were identified (Table 3). These included Diatoma
moniliformis ssp. ovalis, Eunotia tenella, Navicula lanceolata, Placoneis elginensis, Neidiomor-
pha binodis, Neidium ampliatum, Frustulia vulgaris, Caloneis alpestris, Pinnularia perirrorata,
Cymbopleura subaequalis, Nitzschia amphibia, N. capitellata, N. frustulum, N. homburgiensis, N.
intermedia, N. microcephala, N. perminuta, N. pura, N. pusilla, and N. recta, Surirella angusta.
Of these, 16 were classified as Not Threatened. The remaining five belonged to other
categories: Eunotia tenella, Caloneis alpestris, and Nitzschia homburgiensis (Threat of Unknown
Extent), Neidiomorpha binodis (Near-Threatened), and Cymbopleura subaequalis (Threatened)
(Table 3). The epilithon microhabitat was inhabited by 11 unique species: Staurosirella lep-
tostauron var. dubia, Cocconeis lineata, C. placentula var. klinoraphis, Psammothidium helveticum,
Placoneis cf clementis, Sellaphora saugerresii, Caloneis fontinalis, Encyonema reichardtii, Gom-
phonema innocens, G. parvulum, and Nitzschia frustulum var. inconspicua. This microhabitat
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exhibited the lowest variation in rarity classification—10 of these species were considered
Not Threatened, and one (Placoneis cf clementis) was classified as Data-Deficient. In the
epibryon, the following species were found exclusively: Navicula tenelloides, Humidophila
perpusilla, Neidium bisulcatum, Stauroneis anceps, S. thermicola, Diploneis fontanella, D. fontium,
and Pinnularia obscura (Table 3). In contrast to the epilithon, this habitat showed the highest
variation in rarity. Only three of the above species were classified as Not Threatened, while
others were categorized as Threat of Unknown Extent (Diploneis fontanella, D. fontium),
Near-Threatened (Stauroneis anceps), and Threatened (Neidium bisulcatum) groups. In the
epipelon, only four rare species were identified: Sellaphora pupula sensu lato, Parlibellus
protractoides, Neidiomorpha binodeformis, and Halamphora normanii. Except for Sellaphora
pupula, which classified as Data-Deficient, all others are considered Not Threatened. The
epixylon microhabitat had the lowest species-richness, with only three rare taxa: Gom-
phonema angustum (Threat of Unknown Extent), Nitzschia palea var. debilis, and N. palea var.
palea (both Not Threatened). The presence, rarity status, and microhabitat preference are
summarized in Table 3.

3.6. Comparison of Diatom Communities

To assess and compare species diversity across the studied sites, the Shannon-Wiener
diversity index was used. The highest value of the index (1.896), indicating the greatest
species diversity, was recorded in the epibryon of the Jaroszéwka Duze spring. In contrast,
the lowest value (0.974) was observed in the epixylon of the Pietrasze spring in May 2019
(Figure 6).

20
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1.2
1.0
0.8
0.6
0.4
0.2
0.0
L X L P B PS

L* PS P* B PS
DG P JD ™

Indicator value

Figure 6. The value of the Shannon-Wiener Index for individual locations: Dojlidy Gérne (DG), Pietrasze
(P), Jaroszéwka Duze (JD), Jaroszowka Mate (JM); PS—epipsammon, P—epipelon, L—epilithon,
B—epibryon, X—epixylon, *—November 2019.

To compare the structure of diatom communities across the study sites, the Jaccard
Index was employed. Comparisons were made between microhabitats within individual
springs as well as among identical microhabitats across different springs (Table 4). The
highest value of the index (0.483), indicating the greatest similarity in diatom species
composition, was observed in the epilithon assemblages from May and November in
the Dojlidy Gorne spring. In contrast, the lowest species similarity was found in the
epipsammon assemblages between Dojlidy Gérne and Pietrasze (0.267), and between
Pietrasze and Jaroszéwka Mate (0.270). All index values are presented in Table 4.
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Table 4. Species similarity of diatoms within one spring based on the Jaccard Index; Dojlidy Gérne
(DG), Pietrasze (P), Jaroszéwka Duze (JD), Jaroszéwka Mate (JM); PS—epipsammon, P—epipelon,
L—epilithon, B—epibryon, X—epixylon, *—November 2019.

Compared Number of Number of Number of
. .. . . . Jaccard
Locations Species in Species in Common Species Index
(A and B) Location A Location B to Both Locations
DG-L/DG-L* 46 40 28 0.483
DG-L/]JD-L 46 33 19 0.312
DG-L*/JD-L 40 33 19 0.351
DG-PS/P-PS 37 39 16 0.267
DG-PS/JM-PS 37 41 18 0.300
P-PS/JM-PS 39 41 17 0.270
DG-P/]D-P 26 35 14 0.298
P-B/JD-B 42 43 23 0.371

3.7. Ecological Status of the Springs

The ecological status of the spring waters was assessed using the Polish Multimetric
Diatom Index (I0), which integrates three components: the trophic index (TI), saprobic
index (SI), and the abundance of reference species (GR). The highest value (2.975), indicating
the least favorable trophic conditions, was obtained for the Dojlidy Gérne spring in the
autumn epipelon. The lowest TI value (2.481), indicating more favorable conditions, was
observed in the epilithon of the Jaroszéwka Duze spring. The highest SI value (1.859),
reflecting greater organic pollution, was found in the epipsammon of the Pietrasze spring
during the spring survey, while the lowest SI (1.247) was noted in the epipsammon of the
Dojlidy Goérne spring in the same period. The highest GR values, reflecting the greatest
abundance of reference species, were very similar and recorded in the Dojlidy Gérne spring
(0.834, epilithon) and in the Pietrasze spring (0.833, epixylon). The lowest GR value (0.569)
occurred in the epipelon of the Dojlidy Gérne spring in autumn. The highest values of the
Multimetric Diatom Index (IO), indicating the best ecological status, were recorded in the
Dojlidy Gérne spring during spring in the epipsammon (0.675) and epilithon microhabitats
(0.672). The lowest 10 value (0.564) was noted in the epibryon of the Jaroszéwka Duze
spring. Despite these variations, all studied sites were classified as having a very good
ecological status (Table 5).

Table 5. Values of diatom indicators and assessment of the ecological status of waters in the studied
springs; Dojlidy Goérne (DG), Pietrasze (P), Jaroszéwka Duze (JD), Jaroszowka Male (JM); PS—
epipsammon, P—epipelon, L—epilithon, B—epibryon, X—epixylon, *—November 2019; TI—trophic
index, SI—saprobic index, GR—abundance of reference species, [O—Multimetric Diatom Index.

Spring TI SI GR 10 Assessment
DG-L 2.642 1.477 0.834 0.672 Very good
DG-L* 2.727 1.421 0.673 0.617 Very good
DG-PS 2.832 1.247 0.813 0.675 Very good
DG-P* 2.975 1.348 0.569 0.570 Very good
P-B 2.814 1.629 0.738 0.609 Very good

P-PS 2.800 1.859 0.798 0.605 Very good
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Table 5. Cont.

Spring TI SI GR 10 Assessment
P-X 2.752 1.790 0.833 0.628 Very good
JD-L 2.481 1.780 0.820 0.647 Very good
JD-P 2.718 1.662 0.616 0.573 Very good
JD-B 2.827 1.623 0.603 0.564 Very good
JM-PS 2.791 1.740 0.681 0.580 Very good

4. Discussion
4.1. Diatom Communities in Lowland Areas

Diatoms inhabit nearly all aquatic environments, including springs [24,29,36]. However,
studies focusing on benthic diatom communities in lowland springs are scarce [18,19,37],
as most springs are mainly located in the highlands and mountains [2,38,39]. Moreover,
taxonomic studies of urban springs are limited [7,8,18]. Urban development often leads
to significant transformation of spring habitats, in some cases resulting in the complete
loss of water discharge [6]. In contrast, the presence of relatively unaltered spring habitats
within semi-natural forest areas of Biatystok (North Podlasie Lowland) provided a unique
opportunity to investigate benthic diatom communities. The forested locations of these springs
offer a degree of protection not found in more heavily transformed urban environments. This
has contributed to the highest overall number of diatom species, especially in the Dojlidy
Gorne and Pietrasze springs. Currently, Dojlidy Gérne and Pietrasze appear to be the best
naturally preserved springs. Pietrasze is effectively isolated by a large forest and situated far
from roads, while Dojlidy Gérne—despite being close to single-family housing—is shielded
by a dense forest barrier and lacks direct access paths, which limits human disturbance. In
contrast, the Jaroszéwka Duze spring, more exposed to anthropogenic pressure, exhibited the
highest EC values (870 uS cm™1) (Table 2) recorded both in this and previous studies [18], as
well as elevated sulfate (av. 133.5 mg L~1) and chloride (av. 88.6 mg L) concentrations [3,18],
indicating degraded water quality compared to other studied springs. Interestingly, despite
greater human influence, Jaroszéwka Duze and Jaroszéwka Mate showed similar Shannon—
Wiener Index values (Table 4) in epipelon, epipsammon, and epilithon microhabitats when
compared to the better-protected Dojlidy Gérne and Pietrasze. This suggests that favorable
conditions for diatom development persist across all studied sites. The highest index value
was obtained in the epibryon Jaroszéwka Duze, driven by a marked increase in species
richness compared to epilithon and epipelon, particularly due to aerophytic taxa such as
Humidophila perpusilla and Caloneis aerophila. Similar findings of higher diversity in epibryon
versus epilithon have been reported in alpine springs [40]. Aerophytic diatoms are capable
of withstanding temporary water shortages and are commonly found in the epibryon [41].
Higher water quality is further reflected by the presence of species sensitive to organic
pollution, such as Cocconeis pseudothumensis. This species was dominant or co-dominant in all
habitats of the Dojlidy Gérne spring and was also detected in the epibryon and epixylon of
the Pietrasze spring.

The majority of the identified diatoms, particularly dominant species such as Amphora
pediculus, as well as less abundant taxa Nitzschia frustulum, Navicula antonii, N. gregaria,
and N. lanceolata, are characterized as eurytopic taxa [7]. Many of the observed species are
widespread, such as Gomphonema micropus, Reimeria sinuata, Stauroneis smithii [27]. How-
ever, our study also revealed the presence of rarely recorded diatoms—Caloneis aerophila,
Cocconeis pseudothumensis, Navicula striolata, Nitzschia homburgiensis, Placoneis elginensis,
P. paraelginensis, Sellaphora pseudopupula, and Stauroneis muriella [27], as well as Staurosira
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sp. (=S. chavauxii). Springs are known to harbor rare, endangered, poorly studied diatoms
that are new to the country or science [4,7,9,11,19]. These findings highlight the critical
ecological role of spring niches as irreplaceable refugia for diatom survival and hotspots
for maintaining aquatic biodiversity [4,19].

Diatom Red Lists are tools important for the assessment and preservation of biodiver-
sity and habitats [42]. They help evaluate the threat levels faced by native species. In our
study, we began with the Red List of Plants and Fungi in Poland (2006) [43], which revealed
the presence of various diatom groups in the forested urban springs under investigation.
Navicula striolata and Sellaphora pseudopupulla, which were recorded in all urban springs,
and Pinnularia viridiformis from Dojlidy Goérne, Jaroszowka Duze, and Jaroszéwka Mate
springs are recognized as Declining—critically endangered species. According to Red
List of Plants and Fungi in Poland (2006) [43] such diatoms as Caloneis fontinalis, Diploneis
fontinum, Nitzschia pura are classified as rare in Europe [7,9,19]. However, under the current
classification [35], Diploneis fontinum is listed as Threated of Unknown Extent, while Caloneis
fontinalis, Nitzschia pura are now considered Not Threatened. Next, we applied the latest
diatom threat list [35]. According to the German Red List [35], diatom taxa identified in
our study were classified as follows: 1—Extremely Rare: Amphora eximia, Caloneis aerophila,
and Stauroneis muriella; 2—Threat of Unknown Extent: Caloneis alpestris, Cocconeis pseu-
dothumensis, Diploneis fontanella, D. krammeri, Eunotia tenella, Navicula oblonga, N. striolata,
Nitzschia homburgiensis, Pinnularia viridiformis, and Sellaphora pseudopupula; 3—Threatened:
Cymbopleura subaequalis; 4—Near-Threatened: Diploneis elliptica, Halamphora normanii, Neid-
ium ampliatum, Stauroneis anceps, and S. separanda; 5—Data-Deficient: Cocconeis placentula
var. placentula, Diploneis separanda, Placoneis elginensis, P. paraelginensis, and Stauroneis
lequminopsis (Table 3). The remaining 80% of the species were classified as Not Threat-
ened. The most threatened diatoms (Extremely Rare), such as Amphora eximia, Caloneis
aerophila, and Stauroneis muriella may indicate the preservation of the refugial character
of the springs despite their small populations. Several other notable rare or vulnerable
diatoms were recorded: Stauroneis thermicola (Pietrasze spring), Cocconeis disculus (Do-
jlidy Goérne, Pietrasze), C. placentula var. klinographis (Pietrasze), Parlibellus protractoides
(Jaroszowka Duze) and among vulnerable: Sellaphora bacillum (Pietrasze, Jaroszéwka Duze,
Jaroszéwka Mate), Cocconeis pseudothumensis (Dojlidy Gorne, Pietrasze) (Table 3). Many of
the diatom species we recorded remain poorly understood in terms of environmental pref-
erences (e.g., Diploneis separanda) [19,27], underscoring the need for continued taxonomic
research, with simultaneous analysis of water quality.

4.2. Microhabitat Type Versus Species Communities

Previous studies of diatom communities in the springs of Bialystok focused exclusively
on two sites: Jaroszowka Duze and Pietrasze. In Jaroszéwka Duze, epilithic diatom
communities were examined only once [18], and only during summer. A second study in
both niches focused only on the diversity of the genus Diploneis in the psammon and/or
epipelon [19]. Our research is the first to document diatom communities in the Jaroszéwka
Mate and Dojlidy springs. Additionally, it expands the scope of earlier studies by including
new microhabitats in Jaroszéwka Duze (psammon and epibryon), and by presenting—for
the first time—a complete species list from psammon, epipelon, and epixylon in Pietrasze.
The greater diversity of substrates within Jaroszéwka Duze clearly contributes to an increase
in the number of recorded diatom taxa. This is particularly evident in the Dojlidy Gérne and
Pietrasze springs. While some species were restricted to a single microhabitat, only 14 out
of 118 taxa were found in all examined microhabitats. The diversity of microhabitats in our
springs contributed to a high species richness, comparable to findings from other regions
in Poland [4,28] and globally [2,40,42]. A similar relationship between microhabitat type
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and diatom community composition was previously reported by Cantonati et al. (2023) [2]
in German mountain springs, where out of 127 taxa, 27 were exclusive to the epilithon and
38 to the epibryon. With a similar total number of taxa in our (118 taxa) and Alpine springs,
the numbers of taxa exclusive to the epilithon or epibryon in the mountains were several
times higher than in our study. Interestingly, none of the listed species appeared in our
springs with the same types of habitats. This difference is likely due to climatic conditions
and geographical location. Moreover, diatom communities are influenced by other key
environmental factors that contribute to spring classification, including spring type, spring
efficiency, and water quality [39,40,44].

Our results showed that species richness in the epilithon of Dojlidy Gérne (4046 taxa/
400 valves) and Jaroszéwka Duze (31 taxa/400 valves) was lower than that reported from
carbonate lowland springs in Flanders (av. 50 taxa/500 valves) [37], but higher than in
many upland and mountain springs elsewhere in Europe (14-37/300-450 valves) (for
Denys, Oosterlynck 2015) [37].

Only in the case of the Jaroszéwka Duze spring was it possible to compare epilithon
communities between our study and previous research [18]. Our results documented more
than twice the number of taxa (31) compared to an earlier study (14). Only eight taxa were
shared between the two sampling periods: Achnanthidium minutissimum var. minutissimum,
Amphora pediculus, Meridion circulare var. circulare, Planothidium frequentissimum, P. lanceola-
tum, Rhoicosphenia abbreviata, Staurosirella neopinnata, and Navicula gregaria. In addition, our
study confirmed the presence of four species of the genus Diploneis previously reported
by Grabowska et al. 2023 [19] in the Jaroszéwka Duze and Pietrasze springs. Specifically,
D. fontinum and D. elliptica were recorded in Jaroszéwka Duze, while D. fontanella and
D. krammeri were observed in the Pietrasze spring.

4.3. Environmental Impact, Ecological Status

The use of bioindicators—organisms sensitive to changes in environmental conditions—is
a common approach to evaluating the ecological status of aquatic ecosystems [39,45]. According
to the Water Framework Directive, benthic diatoms, along with phytoplankton, macrophytes,
macrozoobenthos, and fish, are integral components in the assessment of surface water qual-
ity [26]. A notable example is Cocconeis pseudothumensis, which was identified in all microhabitats
of the Dojlidy Gérne spring and in the epibryon and epixylon of the Pietrasze spring. This
species, in terms of saprobic index, does not tolerate pollution [27,28]. Its presence in these
two springs suggests that they are currently the most effectively protected from anthropogenic
pressure among the studied sites. This conclusion is further supported by the highest values of
the Polish Multimetric Diatom Index (IO), which integrates three components: trophic index,
saprobic index, and abundance of reference species. The most favorable assessments were found
for the Dojlidy Gérne and Pietrasze springs, which are subject to relatively low anthropogenic
impact. In contrast, the Jaroszéwka Duze and Jaroszéwka Mate springs, more exposed to
external influences, received lower 1O values. Across all springs, the epipelon communities
received the weakest evaluation. Nevertheless, for all diatom assemblage types studied, the final
classification of ecological status was the same—defined as very good. Our findings demon-
strate that a reliable assessment of the ecological status of lowland springs is also possible using
diatom communities other than epilithic ones. Epilithon communities are recommended for
water quality assessment, but such assemblages are virtually absent in several aquatic lowland
systems [22,45].

Extreme climate change poses a serious threat to ecosystems worldwide. The impact
of increasing drought events has been significant for aquatic ecosystems, where lower water
levels can lead to increased concentrations of nutrients and pollutants, increased water
temperature, and decreased flow rates [46]. Springs are not exempt from these pressures,
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especially those with small capacities (of the order of 1-5 L/s), such as the springs in
Bialystok. This vulnerability is especially evident in the case of the Jaroszéwka Mate spring,
where prolonged periods of low water availability throughout much of the year present a
risk of habitat loss and the potential disappearance of this niche. Anthropogenic pressures
also represent a significant threat to aquatic ecosystems. Unsuitable land use, urbanization,
industrialization, and agriculture, contribute to the introduction of pollutants into water
bodies. Climate and anthropogenic changes have contributed to conservation efforts [46].

5. Conclusions

Our research has demonstrated that semi-natural, forested urban springs are character-
ized by high diatom species richness, encompassing taxa with diverse habitat preferences
and varying degrees of threat. Among the 118 identified benthic diatom taxa, the majority
(approximately 80%) are classified as Not Threatened, which may reflect a notable decline
in the biodiversity of communities in the urban environment. Nevertheless, even in springs
exposed to greater anthropogenic pressure, three extremely rare species were recorded:
Amphora eximia, Stauroneis muriella, and Caloneis aerophila. These findings indicate that
extremely endangered diatoms occurred in all studied springs and in all microhabitats.

Based on the highest values of the Shannon-Wiener Index, the greatest species di-
versity was observed in the epibryon communities, while the lowest was recorded in the
epipelon. The low similarity of diatom communities within the same substrate types was
found between springs indicating effective isolation of niches and preservation of their
unique character. The ecological status of the waters was assessed as very good at all the
studied sites, regardless of the type of substrate inhabited by diatoms and the varying
potential anthropogenic pressure.
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