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MACROINVERTEBRATE DIVERSITY IN POST-EXPLOITATION
LIMESTONE PONDS OVER A 10-YEAR PERIOD

Abstract: The study aimed to investigate the structure amdrsity of macroinvertebrate assemblages in five
small permanent water bodies within a limestonemguarea. Benthic samples were collected montidynfApril

to November in 2009 and 2019, and basic physicomamwater parameters were measured. The resudigesh
that the assemblages were dominated by mayfliestide and Caenidae), damselflies (Coenagrionidas),
dipterans (Chironomidae), with a total of 42 tawaarded. Over the ten years, taxon richness anersitly
increased, especially in spring, and became marersé among the ponds. The abundance and frequéncy
occurrence of hololimic organisms, such as snaiysnfiaeidae and Planorbidae), oligochaetes, andrwaites,
also increased. However, macroinvertebrate desgsiithough they doubled overall, remained low tu¢he
nature of the sediments. The RDA analysis indicdked temperature, seasonality, pond margin shadind
morphometry were the main environmental factorlérfcing macroinvertebrates, which explained 38.6f%he
total variance in macroinvertebrate abundancehEuaresearch, including analysis at lower taxondevels, will
help us better understand the factors driving theeoved patterns in macroinvertebrate assemblagemall
anthropogenic water bodies.
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Introduction

The literature provides extensive data on the meganpact of human activity on the
quality of aquatic ecosystems, particularly rivgts 2]. There is, however, a growing
recognition of the importance of both natural andtheopogenic ponds and their
contribution to aquatic biodiversity [3]. The heaigeneity of individual ponds creates
diverse habitats for wildlife at the landscape lewshich combine physicochemical
environment, resource availability, and biotic matgions, along with the potential impact
of the surrounding landscape [4, 5]. However, despiany studies, long-term research
data are still lacking, especially for ponds ofr@apogenic origin. A long-term approach is
crucial for assessing environmental changes in hhbitat and biocenosis of these
ecosystems, as well as emphasising their functipaim relevance.

Several studies have highlighted that ponds habélaer capacity to support more
species, including rare and endangered ones, cechgar other freshwater ecosystems
[6, 7]. Despite their high conservation value, pordce constant threats from human
activities such as urbanisation, agricultural istécation, hydrological alterations, and
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climate change [8, 9]. However, new ponds have loeeated in response to hew uses and
are now permanent components of the industrial deayole, particularly associated with
mining activity, both opencast, and undergroundl@tation of raw materials. According
to the mining activity dataset, more than 44,908aarworldwide are affected by active
surface mining alone, covering 101,583 km? of I4@@]. Thus, the potential for the
development of pit lakes and other small water &sdn the post-mining landscape will
still be enormous. This also applies to Polandeeisly its southern part with a long
history of mining [11]. The presence of ponds iesh areas can enhance regional diversity
by creating refuges and improving connectivity bew aquatic ecosystems [12, 13].
On the other hand, some non-native species carpasés as a dispersal corridor [14]
which, consequently, may alter local macroinverdébrassemblages either directly or
through changes in the composition of stagnantmethitats [15].

Researchers have conducted studies on the traitemthic macroinvertebrates in
ponds at both local and regional scales [16]. Nooerenvironmental factors have been
investigated to determine their impact on the ifistion rates of organisms and
macroinvertebrate assemblage structure, such asgmsiod [17], surface area [18], water
parameters [19], the presence of fish [20], vegmiatover [21], the dispersal ability of
individuals [22], as well as tree canopy openn@s.[Although ponds of anthropogenic
origin usually offer harsh and variable living cdiwhs, many macroinvertebrates,
especially those of high dispersal capacities agDiptera, Coleoptera, Ephemeroptera,
and Odonata, as well as less affected by wateutpnll, can recognise them as substitute
habitats for natural ones [7, 13]. Non-insect mam@rtebrates commonly associated with
these waterbodies include molluscs, crustaceadsplggochaetes [6, 24].

In the Opole region of southwestern Poland, thgimrdf many ponds and reservoirs
can be attributed to carbonate raw material exatioih (limestone and marl), resulting in
severe impacts and degradation of the topograpbiy, psofiles, water resources, and
vegetation [25]. While various reclamation and t&igation works have been undertaken
to address these issues, the research has mainigef on land surface management and
vegetation cover or terrestrial fauna [26, 27].

The main objective of this study was to elucidatee tdevelopment of
macroinvertebrate assemblages in limestone quasnggy with a focus on seasonality,
pond morphology, and habitat features created agtpl Additionally, the study aimed to
evaluate changes in the distribution of invertedsatas well as the composition and
structure of benthic assemblages, over a relatiegly period.

Materials and methods

Study area

The research was conducted within the Gorazdze dtone Mine, located in the
central part of the Opole Voivodeship (southwesteoland), in the restored limestone
guarry area of approximately 250 hectares. Theesufor this study was conducted on five
small permanent water bodies (P1-P5) located isecfizoximity to each other, as shown in
Figure 1. The greatest distance between the poads860 meters. At the start of the study,
the ponds' ages ranged from six (P1) to 18 (P4jsydable 1 provides a brief overview of
the pond morphometry and other selected habitatactexistics, with name abbreviations
used in the text.
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Fig. 1. Location of ponds (P1-P5) in the limestqoarry of the Gorazdze Mine
Table 1
Description of environmental variables charactegghe surveyed ponds (P1-P5)
. Water body
Characteristics P1 P37 P3 = 5
Pond area [m’] 2078 3064 5681 4134 6936
Pond depth [cm] 20-50 20-40 30-80 40-130 40-150
Rocky elements ) + + ) )
at the shoreline
Submerged macrophytes ) ) charophyte charophyte charophyte
meadows meadows meadows
Dominant halophytes in tk Typha Sirous s Phragmites Phragmites Phragmites
rush strip laxmannii puS Sp. communis communis communis
newts ] )
Large predators (in 2019) - fish fish -
Shoreline 2009 0 80 50 60 10
shading [%] | 2019 40 80 50 60 50

“ A water body formed by the flooding of a previgubkerbaceous small area, overgrown by tufts ofsgmsnd

bulrushescirpus sp., as well as shrubs of white willoSalix alba, © Measured according to the outer pond
margin (maximum winter water level)
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During the summer season, Pond P3 has been utdisedwater source for watering
the internal roads in the exploitation part of thuarry to minimise dusting.

Macroinvertebrate sampling and water analysis

Between April and November of 2009 and 2019, thedgonvere sampled every month
for macroinvertebrates using a standard D-framedpuet with a mesh size of 5Q0n.
The time-limited and habitat-dependent samplingégue was used, involving a 1-minute
kick and sweep sampling with equal sampling timit sgnong the main microhabitats
identified along a transect. Submerged and ememgactophytes, soft sediments without
vegetation (up to 15 cm thick), and pond shoreh witky material were among the typical
microhabitats represented, and organisms on rodégnemts and woody debris were
collected manually if present. The three sampldainéd were combined before analysis,
and macroinvertebrates were identified at the farelel, except for Oligochaeta and
Hydrachnidia.

Additionally, basic physical and chemical watergmaeters such as temperature, pH,
conductivity EC), and dissolved oxygen (DO) were measured initld fising a portable
meter. In July of each year, water was collected astored in a cooler for laboratory
analysis of total phosphorus (TP) and calcium aant&€he TP content was determined
using a colorimetric method with molybdenum bluehilev atomic emission
spectrophotometry (AES) was employed to measurecatedum content using the BWB
XP Flame Photometer.

Data analysis

The study calculated several parameters and indiassed on taxon composition or
percentage of individuals, including frequency otwrrence (F) [%], taxa dominance (D)
[%], taxa richness (S), the Shannon-Wiener diverisilex (H'), and the Pielou evenness
index (J'). Non-parametric tests, such as the Kadgkallis (KW), Friedman (F), and
Wilcoxon (W+) tests, were used to examine diffeemndn water parameters and
macroinvertebrate assemblage metrics between greppsally or temporally. Before
statistical comparisons, data were tested for nlityn&edundancy Analysis (RDA) with
forward selection was conducted to explore thetioglahips between macroinvertebrate
assemblages and environmental variables, inclus@agon, pond morphometry (area and
depth), margin shading, elodeides occurrence, atdryparameters (temperature, pH, DO,
andEC). Taxa with a relative abundance of less than gédendents) and those that were
sporadically distributed (< 10 %) were excludedrirthe analysis to avoid bias caused by
rare and uncommon ones. The statistical signifieamas evaluated using the Monte Carlo
permutation test (499 permutations). RDA was rungf€ANOCO version 5.0.

Results

Water physicochemical characteristics

Combined values of basic physicochemical water rpatars (temperature, pH,
dissolved oxygen, and conductivity) are presentetlable 2. In each year of the study, the
dissolved oxygen content (DO) and conductivigC) differed significantly (KW test,

p < 0.05) between the ponds. According to a pogsiedomparison, in both years of
research, the DO content in the P2 pond was sogmifiy lower than in P1 and P5 (water
bodies with varying margin shading), and the EC leager in the P1 pond than in P3-P5
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(water bodies of different age and depth). Furtleeemthere was a noteworthy rise in the
mean water temperature over the ten years, despésonal variations, with the increase
primarily occurring in spring and autumn (W+tgst 0.05). Ponds with a high content of
calcium carbonate in their geology are likely to leatrophic. Total phosphorus
concentrations during the summer season ranged o860 mg dm (P4) to
0.129 mg dn? (P1), while calcium concentrations ranged from86dig dm?® (P5) to
91.7 mg dri® (P2).

Table 2
Physicochemical characteristics of the ponds sedésneans are giver8®, range in parentheses)
Research Temp.” H DO” EC”
year Water body rcl 0 [mgO;dm | [uS cnr
P1 16.0 +6.5 8.0 +0.3 8.0 +0.7 357 54
(8.2-25.1) (7.6 - 8.4) (7.0 - 8.9) (273 - 430)
P2 13.6 £5.0 6.9 +1.7 6.2+1.3 458 +86
(7.8-21.1) (4.2-8.2) (4.2-7.2) (372 - 591)
2009 P3 14.8 £5.0 7.2 0.5 7.6 +0.7 551 +58
(n=35) (8.6-21.7) (6.5-7.9) (6.5-8.1) (481 - 653)
P4 14.8 £5.2 7.3+0.8 7.0 £0.7 521 +61
(8.4-21.4) (6.0-8.0) (6.0-7.8) (435 - 634)
P5 15.345.2 7.7 0.6 8.0 +0.8 547 +48
(9.0-22.7) (6.8 -8.4) (7.0-9.2) (495 - 633)
P1 18.4 +4.8 7.6 £0.7 7.810.3 387 +53
(9.9 - 24.6) (6.7 - 8.8) (7.5-8.2) (325 - 480)
P2 16.0+4.4 7.2 0.5 6.2 +1.3 470 £71
(7.9-20.9) (6.5-7.9) (4.3-7.4) (382 - 605)
2019 P3 18.0 +4.7 7.3+0.5 7.5 0.6 578 +34
(n=35) (9.3-23.6) (6.8-8.1) (6.5-8.0) (506 - 601)
P4 18.9+5.6 74105 7.310.7 553 +39
(8.1-24.1) (6.8-8.1) (6.2 - 8.0) (494 - 590)
P5 18.6 +4.9 75104 8.2 +0.6 555 +34
(9.2-24.7) (7.1-8.0) (7.6 -9.4) (505 - 593)

" Statistically important differences between thedgtyears (Wilcoxon tesp < 0.05),” statistically important
differences between ponds (Kruskal-Wallis tpst,0.05),SD - Standard deviation

Benthic macroinvertebrates

Throughout the course of this research, a totdPaodifferent taxa were identified, with
35 and 38 taxa observed in 2009 and 2019, respéctik considerable proportion of the
taxa (around one-third) were only present on lhags tL0 % of the sampling dates. Insects
were the most abundant group, accounting for 37thef identified taxa. The most
commonly observed insects were the mayflies Baetidad Canidae, the dipterans
Chironomidae, and the damselflies Coenagrionidateréstingly, no crustaceans were
found during the study period, although microcrostms such as Copepoda or Ostracoda
were not included in the study.

In the first survey in 2009, the taxon richnessnoividual ponds ranged between five
(P4) and 16 (P5). On the other hand, between 8y &nd 22 (P2) in the second survey in
2019 (Fig. 2).

Notwithstanding that the occurrence of macroinlmdtes is seasonally variable, there
were no significant differences in taxon richnesshie first year of the study, both between
the ponds and seasons. In contrast, in the seaanwéys taxon richness was markedly
higher in spring (median 14) compared to autumndfare8.5) (F testy, o, n-10)= 8.36,
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p = 0.0153), and macroinvertebrate richness sigmifly differed between the two ponds
(P2 vs P5) (KW test: il n-35= 10.2,p = 0.0373).
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Fig. 2. Comparison of macroinvertebrate richnesgerdity, and evenness in the surveyed ponds and
years (lowercase letters denote significant diffees between ponds in the Kruskal-Wallis test
and the asterisk between study years in the Wilcagst,p < 0.05)

The study revealed a general increase in taxonoioimess, with an average of
9.2 + 2.9 (2009) and 11.8 + 4.8 (2019). There weraignificant differences between the
seasons in both years for the Shannon-Wiener diyarslex (H") and Pielou evenness
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index (J"). The combined annual values did not show significant differences between
2009 and 2019 (Fig. 2). However, when analysingdita on a seasonal basis, the H' index
values were found to differ in spring (W+test: z2:24, p = 0.02), with a median of
1.29 (2009) and 1.71 (2019). For both indices,ghweere also no differences among ponds
in 2009, as opposed to 2019, when their valuegdardnsiderably (KW tegp, < 0.05).

Table 3
Mean densities (ind. T of invertebrate taxa found in the surveyed ponds

(means are givenSb, range in parentheses)

Taxa Total in 2009 Total in 2019
(n=35) (n=35)
] 43 £71 51 +46
Diptera (0 - 343)*>C (2.0 - 180> ©
Ephemeroptefa 39 51 102 +128
(0 - 188) (0 -491)
Odonata 13+13 17 +18
(P3-P4y (0 - 46) (1.0 - 96)
Trichoptera 3()031;64;) (05:532?;;2 BC
Heteroptera 3.4+5.0 3.8+5.2
(P5) (0-17) (0 - 24)
Coleoptera 1.742.6 2.0 i%'oc
(0-11) (0-9)*>
Megaloptera 05210 1.9 i‘};’?,\
(0-4) (0 - 23)
. 1.0+2.0 11 £16°
Gastropoda ©0-11) 0-77)
Bivalvia 0.09 +0.30 11435
(0-1) (0-16)
Oligochaeta 18166 11 13} c
(0 - 29) (0 - 210)*”
Hirudinea 0.5+1.2 09+1.4
(0 -6) (0-5)
. 254+6.0 919
Hydrachnida (0-32) (0 - 98)
Total 109 +90 202 +191
(14 - 375) (12 - 766)

" statistically important (Wilcoxon tesp < 0.05),” significant differences between ponds in the styegr
(Kruskal-Wallis testp < 0.05),SD - Standard deviatiorf=C letters denote significant differences betweenaesis
(A) spring, (B) summer, (C) autumn (Friedman tpst,0.05)

Table 3 shows the mean densities for each taxan &b ponds and sampling dates
combined for the years 2009 and 2019. Althoughpthreds had a high density of mayflies,
their numbers increased significantly over the degamore than two-fold on average
(W+test: z = 2.7,p = 0.007). Statistically significant differences density (W+test,
p < 0.05) were also observed for Megaloptera, Gpstta, Oligochaeta, and Hydrachnidia.
When comparing individual ponds, significant difaces were noted for Odonata (ponds
P3 - a 30 % decline and P4 - a two-fold increasel) ldeteroptera (P5 - a 60 % decline).
In general, many taxa showed increasing abundamgegdthe 2009-2019 period, but their
densities varied among the ponds, especially foorath and Hydrachnidia. In 2019,
Ephemeroptera, Trichoptera, Gastropoda, and Baaido showed significant differences
in density (KW testp < 0.05). Additionally, greater seasonal variatiomacroinvertebrate
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abundance was noted in 2019, especially in Dipfetighoptera, Coleoptera, Megaloptera,
and Oligochaeta. The spring surveys provided admiglumber of these invertebrates,
except for Megaloptera larvae which were more noouein autumn.

There is an increase in the frequency of occurrerfid®lolimnic organisms over the
decade (Fig. 3). This group includes gastropods naeidae and Planorbidae, bivalves
Sphaeridae, oligochaetes, and water mites, withr tbecurrence rate increasing by
12.5 % - 39 %. Among the merolimnic organisms, \Whate aquatic insects, only alderfly
Sialidae larvae had an equally high increase irfrémguency of occurrence. The true bugs
Corixidae were the only taxa that showed a decrigagecurrence rate, by more than 10 %.
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Fig. 3. Frequency of benthic macroinvertebratahénlimestone quarry ponds

Considering individual ponds and seasons in botirsyef research, 14 taxa had the
status of seasonal eudominants (> 10 %), 11 in 20@Peight in 2019 (Table 4). Within
a decade, significant changes in the dominant nmma@debrate communities were
observed in shallow ponds (P1-P2) and the P3 pbimel.benthic macroinvertebrates in the
P4 pond, which is the oldest and located farthestydrom the active part of the limestone
excavation and internal roads in the forested afthe quarry, had the most stable
community structure.

The RDA analysis revealed that the first two canahaxes accounted for 38.6 % of
the macroinvertebrate-environment interaction vama(Fig. 4). Axis 1 explained 13.95 %
(eigenvalue 0.14) and axis 2 explained 24.67 %e(aiglue 0.11) of the variance. The first
axis was positively associated with the spring @eag = 0.4188), while negatively
correlated with dissolved oxygen content £ —0.6347) and elodeid development
(r = —0.5078). On the other hand, axis 2 was posjtieerrelated with pond margin
shading ( = 0.4174) and negatively with spring £ —0.5151) and depthr £ —0.5102).
Most macroinvertebrate taxa were found in the paspart of axis 1, which was associated
with spring, and the three families with the highesntribution were Limnephilidae
(r = 0.6272), Chironomidae £ 0.6395), and Chaoboridaes£ 0.5534). Chaoboridae was
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also the main contributor to the positive part a2 ¢ = 0.5307), which was related to
pond shading, while Coenagrionidae= —0.5062) and Polycentropodidae = —0.535)

were associated with the negative part of axis.

Table 4

Mean relative abundance of macroinvertebratesdrsthiveyed ponds (P1-P5) in 2009 (I) and 2019ifiIpold
taxa exceeding 10 % of the assemblage at leasiembthe seasons)

Taxa P1 P2 P3 P4 P5
| Il | Il [ Il Il | I
Baetidae 10.5 19.4 21.1 60.0 24.7 8.7 23.4 11.8 34.0 26.4
Caenidae 6.9 20.1 2.5 16.7 9.1 17.2 | 141 | 128 | 23.0
Leptophlebiidae 0.2 0.4 4.3 1.1
Ecnomidae 0.4
Leptoceridae 0.3 0.1 0.1 0.2 3.2 1.8 0.4 115 0.1
Limnephilidae 0.5 0.1 4.6 1.3 0.4 1.2 0.4 2.0 0/4 .30
Phryganeidae 0.1 0.1 0.2 0.4 1.2 1 0 0.1 (.2
Polycentropodidae 0.7 0.1 2.2 1.5 1.1 1|6
Aeschnidae 0.3 1.0 0.2 0.1 1.7 0.2 2J1 0|1
Gomphidae 0.1
Libellulidae 0.3 1.2 1.1 0.3 0.3 0.1 0.2 4.4 0p 50
Coenagrionidae 8.9 10.2 9.5 2.4 10.6 6.4 140 | 129 | 26.1 | 18.6
Corduliidae 0.4 0.1 0.3
Lestidae 3.6 2.1 0.1 0.1] 2.7
Platycnemididae 0.7 3.3 0.1
Corixidae 7.0 0.1 3.0 0.4 0.7 0.5 0.6 0.5 1.0 0.8
Naucoridae 5.6 1.3 0.2 0.1 0.1 0.9 0.1
Nepidae 0.2 0.4 0.1 0.1
Notonectidae 1.0 1.2 1.5 0.2 0.6 0.1 0L 0|1
Pleaidae 0.1
Curculionidae 0.3 0.1 0.2
Dytiscidae 2.1 1.1 1.4 0.5 0.3] 0.1 0.1 0.L 0J6
Gyrinidae 0.3 0.1 0.1
Haliplidae 0.2 0.1 0.1 0.4 0.5 0.4
Hydrophilidae 0.6 0.1 0.4 0.4
Noteridae 0.5 0.1 1.1
Ceratopogonidae 5.9 1.0 0.8 1.1 0.2 0.4 0.2
Chaoboridae 0.1] 16.0 5.4 0.8 0.3 0.2 0.1
Chironomidae 33.0 | 231 | 230 | 135 | 334 | 39.2 | 248 | 220 | 106 | 19.0
Culicidae 1.0 11.4 0.2 0.1
Dixidae 0.1 0.1 0.1
Limoniidae 0.1 0.1 0.1
Stratiomyidae 0.1
Sialidae 1.4 5.8 1.1 0.2 0.1 2.0 1.0 1.7 0.3 0.3
Limnaeidae 5.2 6.2 0.2 1.0 09 | 16.7 1.0 0.7 0.3
Planorbidae 1.0 2.6 3.7 2.2
Sphaeriidae 1.0 0.2 1.1 0.1
Glossiphoniidae 0.2 0.1
Erpobdellidae 1.4 1.4 0.1 0.1] 4.0 1.4 0.[L 0J1 0.7
Oligochaeta 4.3 3.2 2.0 4.2 4.7 0.7 3.6 6.3
Hydrachnida 0.2 0.6 1.6 1.3 1. 10.4 15.7 0.4 0.1
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Fig. 4. Redundancy Analysis (RDA) ordination diagrafor environmental variables and
macroinvertebrates. Variables abbreviatidkesh - AeshnidaeBaet - BaetidaeCaen - Caenidae,
Cera - CeratopogonidagChao - ChaoboridaeChir - ChironomidaeCoen - Coenagrionidae,
Cori - Corixidae, Dyti - Dytiscidae, Erpo - Erpobdelidae, Hydr - Hydrachnida,
Lept - Leptoceridae,Libe - Libellulidae, Limn - Limnephilidae, Lymn - Lymnaeidae,
Plan - PlanorbidaePoly - Polycentropodidaesial - Sialidae,Olig - Oligochaeta, EL - elodeids
occurrence, shad - margin shading, DO - dissolwgden,EC - conductivity

Discussion

The primary goal of this research was to investigdhe macroinvertebrate
communities inhabiting small water bodies situatedhe limestone quarry of Gorazdze,
which were constructed to enhance the local ecesysind support wildlife conservation.
The formation of these ponds may have resultednique environmental conditions that
facilitated the establishment of various macroitelerate communities that differed in
composition and structure from nearby natural waiadies [28]. The ponds differed in
terms of habitat features, vegetation, degree afedime shading, and basic water chemistry
variables, among others. Despite seasonal vatigbilhich is typical for a temperate
climate, the values of water physical and chempzabhmeters did not differ from those
recorded in many other small freshwater ecosystamsning areas [24, 29]. A significant
increase in water temperature was also recorded theedecade, resulting from higher
temperatures in the region at that time. Accordimgiata from the National Institute of
Meteorology and Water Management, 2019 was the estryear in the last 50 years [30].
Regardless of the harsh and fluctuating environaleminditions of the ponds, they proved
to be suitable habitats for numerous invertebrpézigs, and allowed for the expansion of
species range boundaries. In 2010, Buczynski ¢84).recorded théympecma paedisca
damselfly, the so-called Siberian Winter Damsel,oite of the ponds in the Gorazdze
limestone quarry, i.e. 50 km west of the known erg the species. Although the
macroinvertebrate assemblages in the studied paerds similar to those found in other
small anthropogenic water bodies, they differeth&ir spatial and temporal distribution.

Other studies conducted on natural and anthropogeonds in different regions of
Poland have also collected many of the same fasniifemacroinvertebrates found in this
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study [24, 32-34]. The number of taxa (42) and agernumber of taxa per pond (8-16)
found in this study likely reflect the impact ofarby exploitation works on the ecological
quality of the limestone quarry ponds. In the firetir of research, there were no significant
differences in the taxa richness and diversity agribie ponds, possibly due to high spatial
connectivity that allowed for some macroinvertebsawith high dispersal rates to move
from one pond to another [18]. Nevertheless, sigaift differences in assemblage structure
parameters have become evident over the decade.

As opposed to taxa richness, macroinvertebratedamge was much lower, even by
a magnitude order, in comparison to the findingsnwny studies on various ponds,
e.g. post-mining, created during marsh restoradiot temporary ones [28, 29, 35]. Many
interrelated environmental factors, such as thembbdy size, the diversity of habitats or
water chemistry affects the abundance of macroiabeates (in general and of individual
groups), thus making it difficult to determine psedy which of them is the leading one.
However, it can be assumed that a pivotal factahénsurveyed ponds was the specificity
of the bottom substrate [36]. The weathering ofelstone rock led to the accumulation of
a thick layer of unconsolidated clay sediments.sEhsediments were soft and prone to
frequent resuspension due to temperature changgee imater or movements caused by
wind and water. Clay-rich deposits show higher caaggibility, lower total porosity, and
higher vertical permeability [37], thereby makirigein unfavourable for macroinvertebrate
development. The impact of fine sediments, whethey are deposited or suspended, on
macroinvertebrates can be both direct and indifBoe mechanisms include bed stability,
burial, clogging, and interference with organisnspieation or feeding structures. Fine
sediments can also affect access to food resoantketheir nutritional quality. Studies have
shown that the degree of clogging has a strong é¢mpa the colonisation of bottom
substrates by macroinvertebrates, leading to arléamaily richness and reduced abundance
of various feeding groups [38-40]. While some taxa ostensibly adversely affected by
increased fine sediment loading, others, such gaigeDiptera and Oligochaeta, become
more abundant in response to sedimentation andicrgarichment, often associated with
increasing levels of anthropogenic disturbance.[#lbwever, Mahulu et al. [42] found that
Diptera was the least abundant group of macroiabeates in ponds created in the Wazo
Hill imestone quarry in Tanzania. At the same tirés implies how diverse the structure
of benthic fauna can be in small water bodies witlinestone quarries as dipterans,
represented mainly by the Chironomidae family, weme of the dominant groups in the
Gorazdze area.

Macroinvertebrate abundance fluctuated annually ammhthly during the year.
However, except for Coleoptera and Heteropteragémeral pattern was toward increasing
abundance in the subsequent surveys. This was filsirattributed to the growing number
of mayflies (Baetidae and Caenidae) but also sofmthe less abundant taxa such as
oligochaetes, gastropods (Lymnephilidae and Pladae), and water mites.
The macroinvertebrates found in the surveyed pdrad®e diverse ecological preferences
and tolerances [24, 43]. The study results conflmennegative impact of clay particles on
mayflies and mollusks and the positive effect obtable substrate on their food and
development [43, 44]. The distribution of macroirtebrates varied greatly between ponds,
with mayflies being the dominant group in P2, gastds in P3 (both ponds had stony
elements in the shoreline, with P2 being more sthalolen P3), and water mites in P4.

During the summer season of 2019, there was a leotabrease in the number of
damselflies and dragonflies, although the total bendid not differ significantly between
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the years of the study. Specifically, Coenagrioejdaeschnidae, and Libellulidae showed
the highest increase, while other families were Imless abundant. This trend is consistent
with findings by Boix et al. [45] who recorded thighest Odonata abundance in early and
mid-summer, a pattern commonly observed in temperagions. Studies on 36 artificial
water bodies in Croatia conducted by Vilenica ef46] demonstrated that shallow water
bodies with well-developed littoral zones, aquatgetation, and low daily and seasonal
water level fluctuations provide suitable habitater diverse Odonata species.
The beneficial role of littoral vegetation covencluding submerged plants, has been
highlighted in many papers [e.g. 47, 48]. Theref@end P2 (a shallow water body with
high water level fluctuations and littoral vegetati poverty) was the only one where
a declined abundance of odonates was recordecsadtecade.

A total of 21 taxa exhibited clear patterns of @ased abundance in subsequent study
years, and seven taxa declined over time (dipte@msoboridae and Culicidae, beetles
Noteridae, true bugs Corixidae and Naucoridae, dHlies Lestidae and Platycnemididae).
Nevertheless, it is important to consider the hatenual variation and cyclical nature of
macroinvertebrates, which can result from consumsource and predator-prey
interactions, when interpreting these results [49].

Significant seasonal and spatial variations indbeposition of the macroinvertebrate
assemblages were apparent. During the course ofetais, the most significant variations
were detected in the shallow ponds (P1-2) and tieeemployed as a water source (P3).
The distribution of the dominant taxa (14 in totafis mainly influenced by seasonal and
habitat factors. Previous research on pond indmmsshighlighted that the quality of the
habitat within each pond and the inter-pond geoyn@solation) were crucial factors in
determining the distribution of invertebrates [B8, 51]. However, Bobrek [52] observed
that despite a lack of distinct barriers and nélglégdistances between ponds (with max.
350 m), odonate assemblages differed considerablyur research, pond margin shading
and morphometry affected significantly spatial lsttion and abundance of
macroinvertebrates, while temperature drove seastiaages in the assemblage structure.
Spring prevailed over the other variables as magestebrate richness and abundance were
high even in ponds with low DO or less developetieids that season.

Conclusion

To conclude, the presence of fine sediment pasti¢cieggh water conductivity, and the
occasional lack of oxygen were found to adversehpdct some macroinvertebrate
families, while stable substrates and well-devedbfittoral zones with aquatic vegetation
were positively associated with their abundance amstribution. The variation in
macroinvertebrate assemblages over time and amdferedt ponds underscores the
importance of long-term monitoring and managementhese small water bodies to
support their biodiversity conservation and ecamysfunctioning. Further research that
includes continuous and standardised data colleetial analysis at lower taxonomic levels
will help to improve our understanding of the fastalriving the observed patterns in
macroinvertebrate assemblages in small anthropogeater bodies.

References

[1] Fekrache F, Boudeffa K. Surface water contaminaypmining wastes: Case of the Sidi Kambar Region
(Skikda North-East Algeria). Ecol Chem Eng S. 28281):49-61. DOI10.2478/eces-2023-0003.



Macroinvertebrate diversity in post-exploitatioméstone ponds over a 10-year period 151

(2]

(3]

(4]

(5]

(6]

(7]

(8]

9]

[10]
[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

Velazquez-Chavez L, Chavez-Simental JA, Pamanes&ar GA, Pereda-Solis ME, Carrillo-Parra A,
Ortiz-Sanchez IA. Anthropogenic impact on the gyatif water and agricultural soil in Guadiana Vglle
Durango, Mexico. Ecol Chem Eng S. 2023;30(3):383E30I: 10.2478/eces-2023-0039.

Biggs J, Von Fumetti S, Kelly-Quinn M. The importanof small waterbodies for biodiversity and
ecosystem services: implications for policy makerblydrobiologia. 2017;793(1):3-39. DOI:
10.1007/s10750-016-3007-0.

Della Bella V, Bazzanti M, Chiarotti F. Macroinvebrate diversity and conservation status of
Mediterranean ponds in Italy: water permanence raedohabitat influence. Aquat Conserv Mar Freshw
Ecosyst. 2005;15:583-600. DOI: 10.1002/aqc.743.

Thornhill |, Batty L, Death RG, Friberg NR, LedgME. Local and landscape scale determinants of
macroinvertebrate assemblages and their consenvasilue in ponds across an urban land-use gradient.
Biodivers Conserv. 2017;26:1065-86. DOI: 10.1000%811-016-1286-4.

Lewin I, Spyra A, Krodkiewska M, Strzelec M. Theportance of the mining subsidence reservoirs lacate
along the trans-regional highway in the conservatibthe biodiversity of freshwater molluscs in uistrial
areas (Upper Silesia, Poland). Water Air Soil Rol015;226:189. DOI: 10.1007/s11270-015-2445-z.
Meland S, Sun Z, Sokolova E, Rauch S, BrittainAlEomparative study of macroinvertebrate biodivgrsi
in highway stormwater ponds and natural ponds. Fotal Environ. 2020;740:140029. DOI:
10.1016/j.scitotenv.2020.140029.

Hasler CT, Jeffrey JD, Schneider EVC, Hannan KX JA, Suski CD. Biological consequences of weak
acidification caused by elevated carbon dioxiddré@shwater ecosystems. Hydrobiologia. 2018;806:1-12
DOI: 10.1007/s10750-017-3332-y.

Smith LP, Clarke LE, Weldon L, Robso HJ. An evidemased study mapping the decline in freshwater
ponds in the Severn Vale catchment in the UK batw&300 and 2019. Hydrobiologia. 2022;849:4637-49.
DOI: 10.1007/s10750-022-05000-w.

Maus V, da Silva DM, Gutschlhofer J, da Rosa RjuBilS, Gass SLB et al. Global-scale mining polygons
(Version 2) [dataset]. PANGAEA. 2022. DOI: 10.159ANGAEA.942325.

Nita J, Miga-Pitek U. Geotourist potential of post-mining regionsPoland. Bull Geogr Phys Geogr Ser.
2014;7:138-56. DOI: 10.2478/bgeo-2014-0007.

Pakulnicka J, Gorski A, Bielecki A. Environmentakfors associated with biodiversity and the occuoee

of rare, threatened, thermophilous species of axjbaetles in the anthropogenic ponds of the Masuri
Lake District. Biodivers Conserv. 2015;24:429-4%1D10.1007/s10531-014-0774-7.

Hill MJ, Biggs J, Thornhill I, Briers RA, Ledger Mzledhill DG, et al. Community heterogeneity of atic
macroinvertebrates in urban ponds at a multi-citaless Landsc Ecol. 2018;33:389-405. DOI:
10.1007/s10980-018-0608-1.

Souza R, Halabowski D, Labecka AM, Douda K, Aksen@y Bespalaya Y, et al. The role of anthropogenic
habitats in freshwater mussel conservation. Globangh Biol. 2021;27(11):2298-314. DOI:
10.1111/gch.15549.

Herrmann A, Grabow K, Martens A. The invasive ciglyfFaxonius immunis causes the collapse of
macroinvertebrate communities in Central Europeamndp. Aquat Ecol. 2022;56:741-50. DOI:
10.1007/s10452-021-09935-5.

Céréghino R, Oertli B, Bazzanti M, Coccia C, CompinBiggs J, et al. Biological traits of Europeaong
macroinvertebrates. Hydrobiologia. 2012;689(1):31480I: 10.1007/s10750-011-0744-y.

Bazzanti M. Pond macroinvertebrates of the PresialeBstate of Castelporziano (Rome): A review of
ecological aspects and selecting indicator taxacfmrservation. Rend Fis Acc Lincei. 2015;26(3):337-
DOI: 10.1007/s12210-015-0431-4.

Tornero |, Sala J, Gascon S, Avila N, Quintana XDix D. Pond size effect on macrofauna community
structure in a highly connected pond network. Litioge 2016;35(2):337-54. DOI: 10.23818/limn.35.27.
Rychata A, Benndorf J, Buci#gki P. Impact of pH and conductivity on speciefmigss and community
structure of dragonflies (Odonata) in small miniages. Fundam Appl Limmnol. 2011;179:41-50. DOI:
10.1127/1863-9135/2011/0179-0041.

Nieoczym M, Stryjecki R, Buczski P, Ptaska W, Kloskowski J. Diferential abundancomposition and
mesohabitat use by aquatic macroinvertebrate taxgmnds with and without fish. Aquat Sci. 2023;86:2
DOI: 10.1007/s00027-022-00922-y.

Céréghino R, Ruggiero A, Marty P, Angélibert S.dehce of vegetation cover on the biological traits
pond invertebrate communities. Ann Limnol - IntidhL2008;44(4):267-74. DOI: 10.1051/limn:2008010.
Suhonen J, Paasivirta L, Rantala MJ, Jukka S, 8uttaMacroinvertebrate species occupancy frequency
distribution patterns in eutrophic lakes. Aquat [E2622;56:201-12. DOI: 10.1007/s10452-021-09909-7.



152

Izabela Czerniawska-Kusza and AgnieszkazBnowicz

(23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]
(31]

[32]

(33]

[34]

[35]

[36]

[37]

(38]
[39]

[40]

[41]

[42]

[43]

[44]

Palik B, Batzer DP, Buech R, Nichols D, Cease Kelgd L, et al. Seasonal pond characteristics acros
a chronosequence of adjacent forest ages in norfdemesota, USA. Wetlands. 2001;21(4):532-42. DOI:
10.1672/0277-5212(2001)021[0532:SPCAAC]2.0.CO;2.

Sowa A, Krodkiewska M, Halabowski D. How does mmisalinisation gradient affect the structure and
functioning of macroinvertebrate communities? Watkir Soil Pollut. 2020;231(1):453. DOI:
10.1007/s11270-020-04823-4.

Dawish T, Khater C, Jomaa |, Stehouwer R, Shabahladmzé M. Environmental impact of quarries on
natural resources in Lebanon. Land Degrad Dev&iopl;22:345-58. DOI: 10.1002/Idr.1011.

Tropek R, Kadlec T, Karesova P, Spitzer L, KocaRgkMalenovsky |, et al. Spontaneous succession in
limestone quarries as an effective restoration foolendangered arthropods and plants. J App Ecol.
2010;47:139-47. DOI: 10.1111/j.1365-2664.2009.01¥46

Stephan K, Hubbart JA. Plant community, soil androtlimate attributes after 70 years of naturabvecy

of an abandoned limestone quarry. Land. 2023;12D0f: 10.3390/land12010117.

Coccia C, Vanschoenwinkel B, Brendonck L, BoyeroGreen AJ. Newly created ponds complement
natural waterbodies for restoration of macroinvmidée assemblages. Freshw Biol. 2016;61(10):1640-54
DOI: 10.1111/fwb.12804.

Spyra A, Strzelec M. The implications of the impaftthe recreational use of forest mining ponds on
benthic invertebrates with special emphasis on rgastls. Biologia. 2019;74:981-92. DOI:
10.2478/s11756-019-00221-2

IMGW. Institute of Meteorology and Water Manageménéteorological Yearbook 2019. https://imgw.pl/.
Buczyaski P, Branowicz A, Czerniawska-Kusza I. A disjunctive siteé ympecma paedisca (Brau.)
(Odonata: Lestidae) in Opole Silesia (south-wesRatand) Cas Slez Muz Opava (A). 2013;62:45-50. DOI:
10.2478/cszma-2013-0003.

Obolewski K, Gliska-Lewczuk K, Strzelczak A. The use of benthic mimwertebrate metrics in the
assessment of ecological status of floodplain lakés Freshw Ecol. 2014;29(2):225-42. DOI:
10.1080/02705060.2013.876943.

Koszalka J, Jabiska-Barna |. Aquatic Macroinvertebrate Biodiversity Freshwaters in Northeastern
Poland. In: Korzeniewska E, Harnisz M, editors.i$toRiver Basins and Lakes - Part Il. The Handbaobk
Environmental Chemistry, 87. Springer, Cham; 2@20!: 10.1007/978-3-030-12139-6_5.
Czerniawska-Kusza |. Assessing benthic macroinbeates in relations to environmental variables and
revitalization works: the case study of ponds imdtina, Poland. Ecol Chem Eng S. 2022;29(1):99-110.
DOI: 10.2478/eces-2022-0009.

Bazzanti M, Coccia C, Dowgiallo MG. Microdistribati of macroinvertebrates in a temporary pond of
Central Italy: Taxonomic and functional analyses,imhologica. 2010;40(4):291-9. DOI:
10.1016/j.limno.2009.10.006.

Ntloko P, Palmer CG, Akamagwuna FC, Odume ON. Hipjomacroinvertebrates ecological preferences
and trait-based indicators of suspended fine setimfects in the Tsitsa River and its tributariEastern
Cape, South Africa. Water. 2021;13:798. DOI: 10(83913060798.

Nooraiepour M. Clay mineral type and content cdntrproperties of fine-grained GO
caprocks-laboratory insights from strongly swelliagd non-swelling clay-quartz mixtures. Energies.
2022;15:5149. DOI: 10.3390/ en15145149.

Bilotta GS, Brazier RE. Understanding the influen€suspended solids on water quality and aquati@b
Water Res. 2008;42(12):2849-61. DOI: 10.1016/j.es2008.03.018.

Jones JI, Murphy JF, Collins AL, Sear DA, Naden R8nitage PD. The impact of fine sediment on
macro-invertebrates. River Res Applic. 2012;28@)3-71. DOI: 10.1002/rra.1516.

Weigelhofer G, Waringer JA. Response of macroirleetes to fine sediment accumulations within the
hyporheic zone of a calcareous sandstone streanidifid¢dach, Austria). Arch Hydrobiol Suppl.
2003;147(3-4):327-46. DOI: 10.1127/Ir/14/2003/327.

Moretto Y, Simbes NR, Benedito E, Higuti J. Effe€ttrophic status and sediment particle size oerdity
and abundance of aquatic Oligochaeta (AnnelidaN&otropical reservoirs. Ann Limnol - Int J Lim.
2013;49(1):65-78. DOI: 10.1051/limn/2013040.

Mahulu A, Mtoka S, Nongolo K. Diversity of freshveatinvertebrates in Wazo Hill quarry ponds. Entomol
App Sci Lett. 2015;2(2):20-5. www.easletters.com.

Weatherhead MA, James MR. Distribution of macroiteferates in relation to physical and biological
variables in the littoral zone of nine New Zealatakes. Hydrobiologia. 2001;462:115-29. DOI:
10.1023/A:1013178016080.

Ktonowska-Olejnik M, Skalski T. The effect of enmirmental factors on the mayfly communities of
headwater streams in the Pieniny Mountains (Wegpdhians). Biologia. 2014;69(4):498-507. DOI:
10.2478/s11756-014-0334-3.



Macroinvertebrate diversity in post-exploitatioméstone ponds over a 10-year period 15z

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

Boix D, Sala J, Moreno-Amich R. The faunal compositof Espolla pond (NE Iberian peninsula):
the  neglected biodiversity of temporary waters. [lrats. 2001;21:577-92. DOI:
10.1672/0277-5212(2001)021[0577: TFCOEP]2.0.CO;2.

Vilenica M, Pozojeu |, Vuckovi¢ N, Mihaljevi¢c Z. How suitable are man-made water bodies asdtalfir
Odonata? Knowl Manage Aquat Ecosyst. 2020;421:T3: D0.1051/kmae/2020008.

Petrovieova K, Langraf V, David S, Krumpalova Z,hBecmannova J. Distinct Odonata assemblage
variations in lentic reservoirs in Slovakia (Cehtr&urope). Biologia. 2021;76:3727-41. DOI:
10.1007/s11756-021-00864-0.

Buczynski P, Walczyk K, Taczuk A, Buczyiska E, Bojar P, Goéral N. Structural and physicatdes as
predictors of the species distribution and divgrsit Dragonflies and Damselflies (Odonata) in atang
storage reservoir. Folia Biol (Krakow). 2022;7062):78. DOI: 10.3409/fb_70-2.08.

Jackson JK, Fireder L. Long-term studies of fresbwamacroinvertebrates: a review of the
frequency, duration and ecological significance. eshww  Biol. 2006;51:591-603. DOI:
10.1111/j.1365-2427.2006.01503.x.

Austin AR, Schriever TA. Created wetlands suppoitilar communities of low conservation
value as established wetlands in Michigan. WetlanBsol Manage. 2023;31:521-37. DOI:
10.1007/s11273-023-09931-6.

Jeffries M. Local-scale turnover of pond inseat$ta-pond habitat quality and inter-pond geometeyteoth
important. Hydrobiologia. 2005;543:207-20. DOI: 1@07/s10750-004-7452-9.

Bobrek R. Post-mining ponds in the Sandomierz E¢& Poland) as an important site for the condienva
of a species-rich odonate assemblages. Acta Zaao®r 2021;64(1):159-68. DOI: 10.3409/azc.64.02.



