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Abstract

:

The diversity of macrophytes and macroinvertebrates in small standing waters of different origins and characteristics was investigated. This survey covered 19 ponds in the Drava field in northeastern Slovenia. The influence of the macrophytes on the macroinvertebrates was investigated and the main environmental factors that had the most significant influence on the composition of the two communities were identified. Sixty-seven taxa of macrophytes and seventy-three families of macroinvertebrates were identified. We found that a diverse macrophyte community has a positive effect on the macroinvertebrate community. In contrast, the dominance of a single macrophyte species has a strong negative influence on the richness of the macroinvertebrate community. The taxonomic richness and abundance of the macroinvertebrate community in the natural ponds was statistically significantly higher than that in artificial ponds. The significant differences in the environmental characteristics between the natural and artificial ponds, such as the macrophyte cover, conductivity, and riparian zone width, may account for these differences. Our study suggests that a greater diversity of macrophyte and macroinvertebrate communities in natural ponds is enabled by abundant but diverse macrophyte cover, low phosphorus content, and wide riparian zones, which require appropriate management of ponds and their catchments.
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1. Introduction


Ponds are small and shallow, natural or artificial water bodies that are permanent or temporary. Several researchers limit the surface area of a pond up to 2 hectares [1,2]. De Meester et al. [3] suggest a wider definition—a maximum surface size between 1 and 5 ha—and claim that the exact limit of their surface size is artificial and counterproductive to views on the structure and functioning of these systems. Ponds and similar small lentic waterbodies are classified as wetlands according to the definitions of the Ramsar Convention, as well as by Davidson and Finlayson [4]. Such a status is of the utmost importance from a management and protection perspective, considering that wetlands are among the most vulnerable and heavily impacted habitats [5]. Ponds and other small freshwater bodies are under severe anthropogenic threat due to changed land use and agricultural intensification, draining, pollution, eutrophication, fish stocking, and mismanagement [6].



Ponds are complex habitats that support a high biodiversity of macrophytes, macroinvertebrates, and other organisms and provide important ecosystem services globally [6,7]. At a regional level, ponds significantly contribute to freshwater biodiversity. Because of their higher complexity as habitats, ponds host considerably more species and more unique and rare species than many other water body types [1,5,8,9,10].



Man-made or artificial ponds have been created for different purposes and have later become valuable habitats after their primary function is abandoned (e.g., clay pits, gravel pits). However, today, they often compensate for the loss and degradation of wetlands and can function as a refuge for endangered species [8,11]. Artificial ponds are often designed to mimic natural ecosystems but may have different physical and chemical characteristics that can affect the diversity and abundance of macrophytes and macroinvertebrates [5,12]. Artificial ponds increase landscape connectivity and regional biodiversity [12,13,14]. Understanding the differences and similarities between natural and artificial ponds can provide valuable insights into how freshwater ecosystems respond to environmental changes and management practices.



Macrophytes and macroinvertebrates play a crucial role in natural processes in lentic waters [15]. Macrophytes play an important role in energy flow and nutrient cycling through the uptake of dissolved nutrients, especially phosphorus and nitrogen [16]. The oxygen produced during photosynthesis in the submerged plants



Enables aeration of the water and, thus, the faster decomposition of organic matter. On the other hand, macrophytes can also contribute to the eutrophication of the system, as nutrients are released after their decay. A lack of oxygen can have a negative effect on other organisms in the water. Even at a high abundance, the macrophytes can have an adverse effect on aquatic biota during the night or other poor light conditions, when they are net oxygen consumers. Macrophytes stabilize the sediment and reduce turbidity. Silt, clay, and particulate organic matter accumulate in dense stands of macrophytes [16]. Macrophytes influence bottom life by inputting macrophyte-derived detritus [17] and provide additional microhabitats and higher complexity in the littoral zone that supports the macroinvertebrate community. It was found out that habitats colonized especially by branched and dissected macrophyte growth forms, provide food and microhabitats for a large number of macroinvertebrates [17]. Macroinvertebrates connect the processes of primary production and the input of allochthonous substances and are, at the same time, the most important predators in small lentic waterbodies. They act as decomposers and top predators and also serve as important bioindicators of water quality [18]. They differ greatly in their ecology, which is reflected in a very diverse community of macroinvertebrates [19,20,21]. However, macroinvertebrates are influenced by various physical, chemical, and biotic factors that affect their abundance and diversity. Their influence may be directly related to physical disturbance or indirectly through the prevalence of macrophytes. It is known that the diversity of macroinvertebrate taxa decreases with increasing human pressure, such as the eutrophication of water bodies [22]. Higher levels of chlorophyll a have a negative effect on water transparency [23,24], which directly affects the macrophytes and, consequently, the macroinvertebrates.



In recent decades, there has been a decrease in the diversity of aquatic taxa, leading to increasingly uniform communities. Many species have become rare, vulnerable, or endangered, and their distribution has been drastically changed. Local extinctions of indigenous taxa sensitive to changes in environmental conditions and eutrophication have resulted in their replacement by synanthropic, disturbance-tolerant taxa [7,16].



Many studies have examined pond diversity and environmental conditions, but only a few have focused explicitly on comparing macrophyte and macroinvertebrate communities between ponds of different origins and their characteristics [2,10,17]. The impact of macrophytes on macroinvertebrates is an important area of research, as it can help us understand how changes in macrophyte communities, whether natural or human-induced, can affect the composition and diversity of macroinvertebrate communities.



The structure of the water vegetation, and its horizontal and vertical heterogeneity, respectively, significantly impact the macroinvertebrate community with a higher complexity of habitats [10,25,26], which is reflected in a greater number of microhabitats per unit area. Different microhabitats can provide alternative resources for macroinvertebrates [26,27]. The complexity of vegetated habitat has two main effects: reduced predation and more available surface area for organisms to colonize. Some more mobile organisms (Coleoptera, Ephemeroptera, Odonata, Hemiptera) have the greatest diversity and abundance within macrophyte stands [25]. Vegetation also contributes to changes in abundance and quality of food and water quality through decomposition [26]. Several studies have shown that macroinvertebrate distribution is predominantly determined by the vegetation type [17,28] and, more importantly, by the architecture or growth form of the dominant macrophytes. Thus, the highly branched growth form of macrophytes with many lateral shoots provides more food resources and microhabitats, supporting larger numbers of macroinvertebrates than macrophytes with uniform undissected stalks and leaves [17].



This study aimed to identify the effect of various environmental parameters that drive the taxonomic richness and biodiversity of macrophyte and macroinvertebrate communities in selected ponds. One of our aims was also to determine the effects of macrophytes on the macroinvertebrate community. We hypothesize that macrophyte and macroinvertebrate diversity is higher in natural ponds (oxbow lakes) than in artificial ponds (mainly clay pits). One of our goals was also to provide suggestions for management and restoration activities at these waterbodies.




2. Materials and Methods


2.1. Study Area


This research was performed within the Drava field lowland area, which covers around 300 km2 in NE Slovenia. The prevailing land use of the area is intensively cultivated agricultural land [29]. The plain consists of terraces shaped by the Drava River, where fluvial sediments are deposited on the flat land, creating the geological structure. From the foothill of the Pohorje mountains towards the Drava River, there is a clear transition from loamy or clay-rich soils, deposited by numerous streams draining the slopes of the Pohorje mountains, to the thick gravel deposits in the eastern part of the plain, which are the result of the sedimentation processes of the Drava River.



The Drava field is known for its extensive pools of groundwater. Streams, which flow mainly from the slopes of the Pohorje, sink in the area of thick gravel deposits and become enriched with dissolved minerals. Groundwater is exposed to pollution, especially from fertilizers, since the majority of these areas on gravel deposits have been converted to arable land. On the lowest terraces in some places, the water reappears in the form of springs [30], e.g., Miklavž, Starše, etc.



Nineteen water bodies of different origins, with different characteristics and succession stages, were selected; six are natural, and thirteen are artificial ponds. The pond size ranged from 0.09 ha to 20.91 ha (mean 2.28 ha). The altitude of the ponds varied between 232 and 289 m above sea level. The studied natural ponds were originally oxbows, but due to the diversion of a great proportion of the Drava River’s flow to an artificial channel supplying the water to a hydro-power plant, they are no longer functioning as oxbows in an active floodplain. These water bodies are limited to lower terraces along the Drava River (Figure 1) (Miklavž, Orešje, Starše, Vurberk) and are fed by groundwater. The artificial ponds include abandoned clay pits, gravel pits, and fish ponds.




2.2. Field Surveys


The fieldwork was carried out in August and September 2021. At all sample sites, the species diversity of macrophytes and their cover values in percentages were estimated. The survey of macrophytes and macroinvertebrates was carried out on a selected transect 6 m wide and reached 3 m into the water body. In this zone, we recorded all the macrophyte species present. We used a broader definition of macrophytes, which includes submerged and floating-leaved aquatic plants (hydrophytes), as well as wetland plants (helophytes or emergent macrophytes). The majority of the macrophytes were identified at the species level.
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Figure 1. Map of the position of Slovenia within Europe (upper left), study area within Slovenia (upper right) and sampling sites on the Drava field. 






Figure 1. Map of the position of Slovenia within Europe (upper left), study area within Slovenia (upper right) and sampling sites on the Drava field.
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Macroinvertebrates were sampled using the modified PLOCH method described in Oertli et al. [31]. Instead of sampling at the bottom and land–water interface, as they suggest, we sampled from the macrophyte stands only, as this was the aim of our study. Each of the sub-samples was taken on different types of macrophytes (e.g., the first on emergent plants and the second among submerged and natant species) to cover as large a spectrum of organisms as possible, since different taxa of macroinvertebrates stay on different taxa of plants. If submerged macrophytes were absent, the entire time interval was used for emergent macrophytes. Macroinvertebrates were sampled for 60 s with a hand net with a 25 × 25 cm frame size, with openings of 0.5 × 0.5 mm. Two subsamples were collected within one sampling transect: one from the stand of submerged macrophytes and one from the helophytes. Each subsample was collected within 30 s intervals from a 25 × 50 cm plot. Macroinvertebrate samples were fixed in 80% ethanol and stored until the analysis in the laboratory. Determination at the family level was performed with the help of determination keys in Tachet et al. [32]. The abundance of each taxon was expressed as the share of individuals counted in the sample.



Measurements of selected physical, chemical, and hydromorphological factors and evaluation of the catchment’s characteristics were also performed. Firstly, the assessment of substrate was performed, and cover values of each size category of substrate (%) were estimated. Types and proportions of inorganic and organic substrate (%) were surveyed according to classification by AQEM (2002). Biotic parameters were also estimated: cover of the pond surface with tree canopies (%), total cover of macrophytes (%), and cover of filamentous algae (%).



Characteristics of the catchment area around each pond were surveyed, such as the number of habitat types adjacent to the pond, within 10 m, and within 50 m from the water edge. Moreover, the intensity of land use was assessed within the 200 m area around the pond and was estimated on a five-degree scale: 5 = infrastructure objects and intensive agriculture (arable land) represent at least 80% of the land; 4 = objects and intensive agriculture represent 60 and 80% of land use; 3 = partly intensive agriculture land (40 to 60%), partly grassland/forest; 2 = intensively cultivated land represent 20 to 40% of the area; 1 = permanent grassland/forest represent at least 80% of the contribution area. The slope of the bottom (gentle slope, steep, very steep) and current water level (low, medium, high) were measured; the width of the riparian zone was evaluated with values 1–3 (<1 m, 1 < x < 5 m and >5 m); the slope of the bank was evaluated with values 1–4 (gentle slope, moderate slope, very steep slope, enforced bank). The surface areas of the ponds were calculated from the satellite images [29].



Measurements of chemical and physical characteristics of the water were performed twice, once in August with the multimeter PCD 650 (EUTECH, Singapore) and once in September with a multimeter AP—7000 (Aquaread, Broadstairs, UK). pH, water temperature (°C), conductivity (µS/cm), TDS (mg/L), oxygen concentration (mg/L), and saturation (%) were measured with both the multimeter (PCD 650, EUTECH) and the multiparameter meter (AP—7000, Aquaread) at approximately 10 cm depth. We also measured turbidity (NTU), ammonium (mg/L), nitrates (mg/L), chlorophyll a (μg/L), and Cyanobacterial phycocyanin BGA-PC (number of cells/mL) and CDOM (μg/L). The turbidity of the water was measured with a Secchi disc as well. Water depth was measured to calculate the coefficient water depth/Secchi depth.



Water samples were taken and analyzed in the laboratory, where the concentration of nitrate and orthophosphate were measured. Nitrates were determined using the sodium salicylate method. Extinction values were measured using a spectrophotometer (HACH Lange LT 200, Düsseldorf, Germany). Phosphates were determined using cuvette tests (LCK549) and a spectrophotometer manufactured by HACH-Lange.




2.3. Data Analyses


The taxonomic richness of the macrophyte community was assessed by counting the number of species on the selected sample plot. In some cases, where we were not able to determine the species, the genus level was used. The richness of the macroinvertebrate community was measured by determining and counting the number of families in the samples and the number of higher taxa such as order and subclass. The heterogeneity or diversity of both macrophytes and macroinvertebrates was calculated using the Shannon–Wiener (S-W) diversity index, Margalef (Mrg) diversity index, and dominance index (D). In the case of macrophytes, cover values were utilized, whereas, for macroinvertebrates, the number of families and higher taxa were considered. Additionally, the abundance of the macroinvertebrate community was also determined.



Correlations between environmental factors, diversity indices, and the structure of macrophyte and macroinvertebrate communities were calculated. The analysis was performed with R [33] and PAST programs [34]. Some data (shoreline width, number of habitat types, etc.) were non-normally distributed, so we used Spearman’s correlation coefficients (rs).



Direct gradient analyses were used to determine which environmental factors significantly influence the structure of surveyed communities. Detrended correspondence analysis (DCA) was performed with the matrices of macrophyte and macroinvertebrate data. This analysis revealed whether the gradients in the matrix of taxa are linear or unimodal, and which direct gradient analysis to use in further analyses. If the eigenvalue for the first axis was 0.4 or more and the gradient length exceeded 3 standard deviations [35], we used canonical correspondence analysis (CCA). An interactive forward selection analysis was conducted using the software package CANOCO version 5 [36] to identify the primary influence of environmental variables on macrophyte and macroinvertebrate communities and to explore the relationships between these communities. Forward selection of variables was conducted with 499 permutations. Only those variables with a statistically significant effect (p < 0.05) were considered. Ordination diagrams were generated based on the results of the CCA analysis. To mitigate the potential influence of rare species in our samples, macroinvertebrate species present in fewer than three samples and macrophyte species occurring in only one site were excluded from the analysis. We used transformation log10 (x + 1) for abundance data of macroinvertebrates.



To assess the importance of variables strongly correlated with macroinvertebrate diversity at the family level, we used Generalized Linear Models (GLMs) in R. To verify the appropriateness of the selected models with the chosen distribution, the residuals were examined using the Dharma package. Firstly, a GLM was used to analyze the relationship between the number of accompanying species and pond type. Secondly, a GLM was utilized to compare the diversity of macrophytes (MF) and macroinvertebrates (MI), with predictors, including macrophyte species richness and macrophyte dominance index. The dominance index is calculated as the proportion of the two most common species at a site compared to the rest of the species present. In the final analysis, conductivity, a variable strongly correlated with the MI community, was employed as the main predictor. Additionally, an interaction term was included in this analysis.





3. Results


The mean values of the selected environmental factors in both types of ponds are shown in Table 1. The conductivity in the natural ponds was significantly higher compared to that in the artificial ponds. The natural ponds also exhibited higher concentrations of nitrates but lower concentrations of orthophosphate. The width of the riparian zone vegetation was significantly higher in the natural ponds, while the cover of algae and intensity of the land use was more or less similar in both types of ponds. The higher Secchi depth in the artificial ponds indicated greater transparency than in the natural ponds. The artificial ponds had a higher percentage of finer substrates such as clay and sand.



We recorded 67 macrophyte taxa and 73 macroinvertebrate families belonging to 18 higher taxa (order, subclass, or class). The highest number of macrophyte taxa observed at a single location was 20, while the lowest recorded species count was 5 (Table 2). Regarding macroinvertebrate families, the maximum number at a single location was 38, whereas the minimum was 10. The macroinvertebrate samples contained 452.4 individuals on average; three samples exceeded 1000 individuals.



Among the plant species, Myriophyllum spicatum was found in most locations, while Typha latifolia dominated the largest total area among all the water bodies (Table 2). In regard to the MI community, the highest number of individuals belonged to Ephemeroptera (1946), Diptera (1246), Odonata (1224), and Isopoda (1181) among the higher macroinvertebrate taxa. Diptera, Ephemeroptera, Heteroptera, and Odonata were present at all the sampled locations. At the level of families, Baetidae and Chironomidae were the MI families found in all the studied water bodies. Baetidae was also the most abundant among all the families, with 1694 individuals.



One-third or 23 of the macrophyte species co-occurred in both types of ponds, among which the species that exceeded the average value of 1% per pond were Ceratophyllum demersum, Lemna minor, Myriophyllum spicatum, Myriophyllum verticillatum, Phragmites australis, Typha latifolia, and Utricularia australis. Two-thirds or 49 of the MI families co-occurred in both types of ponds, among which the families that exceeded the average value of two individuals per pond were Physidae, Planorbidae, Haplotaxidae, Hydrachnidia, Baetidae, Caenidae, Gerridae, Pleidae, Coenagrionidae, Polycentropodidae, Chironomidae, Culicidae, and Stratiomyidae.



3.1. Diversity Patterns in Natural and Artificial Ponds


The pond type has a strong influence on the MI diversity. The differences in the macroinvertebrate families, higher taxa, abundance, and macrophyte taxa between both types of ponds are presented in Table 3.



There was no significant difference in the diversity of the macrophytes between the natural and artificial ponds (Table 3). The mean number of the macrophyte taxa is 10.4 in the artificial and 10.8 in the natural ponds. The artificial ponds exhibited a higher standard error due to a large difference between the maximum and minimum values, but the mean values of both groups were very close. On the other hand, a significant difference between the two types of ponds was observed regarding the macroinvertebrate diversity on a family level. The mean value was 28.3 in the natural ponds and 16.1 in the artificial ponds, with a smaller standard error observed (Table 3).



Furthermore, a significant difference was found between the two types of ponds regarding the higher taxa of macroinvertebrates, with a mean of 11.7 families in the natural and 8.0 in the artificial ponds (Table 3). A similar difference was observed in the macroinvertebrate abundance, with a mean value of 890 individuals in the natural ponds and 220 individuals in the artificial ponds.




3.2. Differentiation in the Taxonomic Composition of Communities in the Artificial and Natural Ponds


The data of the macrophyte and macroinvertebrate communities were categorized by the pond type variable, aiming to compare the communities between the natural and artificial ponds (Figure 2). The communities in the natural and artificial ponds exhibit substantial differences in taxa composition. Certain taxa clearly prefer one type of pond over the other; for instance, MI families such as Leptoceridae, Asellidae, Erpobdellidae, Enchytraeidae, and Sphaeriidae are strongly associated with natural ponds. Conversely, families such as Hydrophilidae, Veliidae, Scirtidae, Ephydridae, and Ecnomidae show a preference for artificial ponds. Similarly, many macrophyte species are more commonly found in artificial ponds, while others are predominantly present in natural ponds. Notable examples include Carex elata, Elodea nuttallii, Sparganium erectum agg., and others, which exhibit a preference for natural ponds.




3.3. Influence of Environmental Factors on Macrophyte Community Composition


Figure 3 presents which environmental factors statistically significantly influence the composition of the macrophyte community. Four factors, such as the water transparency (Secchi depth), conductivity, concentration of O2, and concentration of colored dissolved organic matter (CDOM), were found to have a statistically significant influence on the composition of the macrophyte communities, together accounting for 33.1% of the variability. The Secchi depth and conductivity explained 8.9% of the variability (p = 0.012, and p = 0.006). The CDOM accounts for 8.0% of the variability (p = 0.024), while the concentration of O2 explains 7.3% of the community’s variability (p = 0.042). Potamogeton nodosus, Potamogeton trichoides, and, to a lesser extent, Najas marina exhibited strong correlations with the Secchi depth and O2 variables. Additionally, it was observed that Sparganium erectum agg. was associated with higher values of conductivity, while most other species exhibited the opposite relationship. Figure 3 also shows that the gradient of the CDOM is in the opposite direction to that of the EC and both exert an influence on the distribution of a few plant species. Specifically, Spirodela polyrhiza, Scirpus sylvaticus, and Glyceria maxima were associated with higher values of CDOM.




3.4. Influence of Environmental Factors on Macroinvertebrate Community


The concentration of orthophosphate (PO43−) and the macrophyte coverage were the only factors that significantly influenced the composition of the macroinvertebrate community. Together, they explained 19.8% of the variability of the community (Figure 4). The coverage of the macrophytes accounted for 11.0% (p = 0.004) of the variation. The families Scirtidae and Ecnomidae exhibited the highest abundance in ponds with very low macrophyte cover. The concentration of PO43− had a less significant impact on the macroinvertebrate community compared to the macrophyte coverage, explaining 8.6% (p = 0.042) of the variation. However, certain taxa showed a strong correlation with this variable. For instance, the family Noteridae strongly preferred PO43− with the highest abundance in one pond in Rače, in the RAC1 pond, where its concentration was 220 µg/L. These results suggested a preference among many taxa for higher macrophyte coverage and lower concentrations of PO43−. Additionally, the measurements of the CDOM, riparian zone width, and water temperature also emerged as important factors in the analysis.




3.5. Influence of Environmental Factors on the Diversity of Macroinvertebrate Community


The results of the Spearman correlation analyses revealed that there was no significant correlation between the macrophyte and macroinvertebrate taxonomic richness. In the case of the Shannon–Wiener diversity index calculated on the basis of the macrophyte community, the correlation with the number of macroinvertebrate families was statistically significant. However, the correlation was much stronger when the dominance index was used. The GLM analysis explored the impact of environmental factors on the diversity of the macroinvertebrate community. The results revealed a significant influence of the macrophyte dominance index, and specifically, we found that the dominance of macrophytes had a significant negative effect on the diversity of the macroinvertebrate community (p = 0.0108) (see Figure 5).



Figure 5 displays the relationship between the dominance index of the macrophytes and the number of macroinvertebrate families. Figure 5 reveals a clear inverse relationship between the dominance index of the macrophytes (macrophyte dominance index) and the number of MI families. As the dominance index increases, the diversity of the macroinvertebrates decreases. This relationship was also one of the two highly significant correlations between the diversity indices of both studied communities (Table 4).




3.6. Influence of Macrophyte Taxa on the Macroinvertebrate Communities


Among the macrophytes, Lythrum salicaria, Carex riparia, Elodea nuttallii, and Phalaris arundinacea were found to have a statistically significant influence on the macroinvertebrate communities, collectively accounting for 33.8% of the variability in the community.



The abundance of Lythrum salicaria was found to be the most important, explaining 9.8% of the community variation (p = 0.008). A strong preference for abundant Lythrum salicaria was observed for Scirtidae, Ecnomidae, Ephydridae, and Ceratopogonidae. Carex riparia explained 9.7% of the community variation (p = 0.01) and was preferred by Gomphidae, Limoniidae, Corduliidae, Leptoceridae, and Crambidae. Elodea nuttallii accounted for 7.4% of the variation in the community (p = 0.02), with the mussel family Sphaeriidae showing a particular affinity. The family Sphaeriidae was exclusively found in the natural oxbows, which also applies to the invasive alien species Elodea nuttallii. Phalaris arundinacea had less impact on the macroinvertebrate community variation, explaining 6.9% of it (p = 0.044). The gastropod families Lymnaeidae and Planorbidae showed a relatively strong affinity with this macrophyte.





4. Discussion


The results revealed that diverse aquatic environments provide habitats for numerous taxa of aquatic macrophytes and macroinvertebrates. Sixty-seven taxa of macrophytes were recorded in 19 water bodies. Such a high biodiversity of water bodies in agricultural landscapes has been reported in many similar studies [5,8,9]. Some of the recorded macrophyte species are rare in Slovenia, such as Utricularia australis and Najas marina, rendering their discovery of considerable importance.



The number of macroinvertebrate families recorded (73) was high as well. The most abundant taxa were Ephemeroptera, Diptera, Odonata, and Isopoda (Table 2), which is similar to the results in Ruhi et al. [11], who report that the most abundant taxa were Ephemeroptera, Heteroptera, and Diptera.



4.1. Diversity Patterns in Natural and Artificial Ponds


The differences in the diversity of the macroinvertebrates between the natural and artificial ponds were statistically significant, while there was no significant difference in the macrophyte diversity (Table 3). The number of macrophyte species in the natural ponds was closely clustered around the mean value, while it was variable in the artificial ponds, where the highest (14) and the lowest (5) numbers of macrophytes were recorded among all the sites. These variations in the artificial ponds can be attributed to different management practices. While most natural ponds were left to succession, some artificial ponds were subjected to intensive management, including vegetation cutting, bottom deepening, and creating steep banks. Svitok et al. [14] report that natural ponds harbor almost double the number of macrophyte species compared to artificial ponds, which generally have steeper banks, while natural ponds tend to be shallower with gently sloping banks [5,14] positively influencing macrophyte cover, species richness, and diversity.



The number of macroinvertebrate families and higher taxa and their abundance were significantly higher in the natural ponds (Table 3). All the artificial ponds, except one, were situated on clay and loam, while the bottom of the natural ponds predominantly consisted of gravel, pebbles, and sand [30], which is likely to influence their conditions. The significantly higher macrophyte cover in the natural ponds (Table 3) is one of the most important factors determining the higher diversity of the MI in the natural water bodies. The conductivity was also significantly higher in the natural than artificial ponds, which aligns with Walker et al. [17].




4.2. Different Taxonomic Composition of Communities in the Artificial and Natural Ponds


Apparent differences in the taxonomic composition of both studied communities can be observed between the natural and artificial ponds (Figure 2). Certain plant taxa exhibited clear preferences for one type of the ponds, such as Lythrum salicaria, Najas marina, Juncus effusus, Glyceria maxima, Spirodela polyrhiza, which were found exclusively in the artificial ponds. Conversely, Carex elata and Elodea nuttallii were only present in the natural ponds. Regarding the macroinvertebrate families, Sphaeriidae and Leptoceridae were exclusively found in the natural ponds, while Gomphidae, Asellidae, and Enchytraeidae clearly preferred the natural ponds. On the other hand, the family Scirtidae was present in the artificial ponds only, along with Hydrophilidae, Noteridae, Veliidae, and Ecnomidae, which showed a preference for this type of pond.



Specific environmental conditions could lead to these taxonomic differences, as many environmental factors differ between these types of ponds (Table 1). Among them, the more diverse sediment (higher percentage of pebbles, gravel, and CPOM), the higher conductivity, lower PO43− concentration, and a higher percentage of macrophyte cover in the natural ponds could be the reasons for the differences in their taxonomic composition.




4.3. Influence of Environmental Factors on Macrophyte Community Composition


Four factors, including the Secchi depth (transparency), conductivity, concentration of O2, and concentration of colored dissolved organic matter (CDOM), were found to have a statistically significant influence on the composition of the macrophyte community (Figure 3), together accounting for 33.1% of its variability. It has also been found in ponds in Wales that the macrophyte richness is significantly related to conductivity and also to pH, shade, and vegetated area [37].



Water transparency is often reported as an important factor determining the macrophyte community composition, as greater transparency is usually accompanied by higher species richness [2,14,38,39], particularly in the case of submerged macrophytes. Species such as Potamogeton trichoides, P. nodosus, and Najas marina were found in ponds with a high water transparency and oxygen concentration. Ibelings et al. [40] claim that high transparency, which improves light conditions for submerged macrophytes, can be achieved only with high macrophyte coverage and low TP. Reduced water transparency may result from an elevated inflow of allochthonous material or the activity of benthivorous fish [15], such as common carp, which may uproot submerged vegetation during spawning and while foraging for benthic invertebrates [41].



In ponds with lower oxygen concentrations, we recorded a higher abundance of species from the Lemnaceae family, such as Spirodela polyrhiza and Lemna minor (Figure 3). Floating macrophytes creating shade negatively affect the O2 concentration in the water, as they hinder the growth of submerged plants that release oxygen into the water [42].



Consistent with our results, Lukacs et al. [39] reported conductivity as one of the most important factors structuring the macrophyte community in lakes. Certain taxa such as Sparganium erectum agg., Carex elata, Phalaris arundinacea, Ceratophyllum demersum, and Elodea nuttallii were mainly found in the natural water bodies, where the conductivity was higher. Some species are restricted to water bodies with lower conductivity, as they are not tolerant to high nutrient levels, which has also been reported by [43], who claim that certain species cannot withstand conductivity levels higher than 300 µS/cm.




4.4. Influence of Environmental Factors on Macroinvertebrate Community Composition


Orthophosphate and the coverage of macrophytes significantly influenced the structure and variability of the macroinvertebrate community (Figure 4). Many studies have pointed out that the macrophyte coverage and concentration of phosphorus determine the variability of the macroinvertebrate community [2,17,44]. Dense vegetation offers a higher complexity of habitats with many shelters and diverse food sources. It can also reduce the foraging efficiency of fish [28].



Many taxa preferred sites with a lower concentration of orthophosphate and a higher proportion of macrophytes, such as Leptoceridae, Sphaeriidae, and Gomphidae (Figure 4). On the contrary, Scirtidae and Ecnomidae preferred ponds with less vegetation. The family Scirtidae can be found in plant detritus and leaf litter, where their larvae feed [45]. Beetles of the families Noteridae and Curculionidae were found in habitats with higher orthophosphate concentrations. Runoff from agricultural land could have increased these concentrations. Angelibert [46] documented phosphorus accumulation in sediments, particularly in areas with a high amount of submerged plant biomass, which enhances phosphorus release from sediments under anoxic conditions [46,47].




4.5. Influence of Environmental Factors on the Diversity of Macroinvertebrate Community


The correlation analyses revealed that conductivity significantly correlated with the number of macroinvertebrate families and their abundance. Many authors have reported conductivity as one of the most critical factors influencing macroinvertebrate diversity and abundance [11,17,48]. The overall effect on the macroinvertebrate diversity could result from complex interactions between different species and their responses to conductivity, which is used as a proxy for nutrient loads [49]. However, we could not confirm such correlations on the basis of our results.



The high concentrations of nitrates and conductivity but lower temperatures of the water in ponds close to the Drava River (Table 1) are most likely a result of groundwater inflows [30], in which water from arable land infiltrates and enriches the groundwater feeding this group of ponds. Stefanidis [49] also reported the possible importance of surfaces draining from the cultivated area. Our results suggest that land use at a distance of 200 m from a habitat edge has a nonsignificant impact on macroinvertebrate richness, so it is likely that the 200 m contributing area is not as important as the groundwater flow, since it supplies water from a greater distance.



In contrast to our hypothesis, we did not observe any statistically significant relationship between the macrophyte and macroinvertebrate taxonomic richness. On the other hand, we found a significant influence of macrophyte coverage and heterogeneity on the number of macroinvertebrate families. This differs from a study conducted in karst ponds, which emphasized that the macrophyte diversity had a greater impact on the macroinvertebrate diversity than the macrophyte coverage [10].



The GLM analysis revealed a significant negative effect of the macrophyte dominance index on the macroinvertebrate diversity (Figure 5). The dominance of one or two species reduces the habitat complexity, suggesting that the higher dominance of specific macrophyte species creates less favorable conditions for a diverse macroinvertebrate community. Species such as Typha latifolia, Phragmites australis, and Spirodela polyrhiza were dominant in certain ponds. The most extreme example was observed in the TURN pond, where Spirodela polyrhiza covered 80% of the water surface, along with Lemna minor, creating harsh conditions for other aquatic organisms. A decrease in invertebrate diversity during the later stages of succession when emergent macrophytes become dominant was reported by Angelibert [46] and Cereghino et al. [8].




4.6. Influence of Macrophyte Taxa on the Macroinvertebrate Communities


Taxa such as Lythrum salicaria, Carex riparia, Elodea nuttallii, and Phalaris arundinacea were found to have a significant impact on the structure of the macroinvertebrate community. These four species together account for 33.8% of the variability in the community. It was found that the Ceratophyllum and Elodea habitats support the greatest number of macroinvertebrates within a small eutrophic pond [17].



Lythrum salicaria was recorded in the artificial ponds only. Macroinvertebrate families, notably Scirtidae, Ecnomidae, Ceratopogonidae, Platycnemidae, and Ephydridae, primarily associated with this pond type, exhibit strong correlations with L. salicaria, which is used by insects to complete their life cycle, transforming from larvae to adults through pupation. This includes dipterans like Ceratopogonidae and Ephydridae [20] and coleopterans such as Scirtidae [45].



Corduliidae, Gomphidae, and Limoniidae strongly prefer sites with C. riparia. Its habitus probably represents a suitable place to hide and enables them to catch prey, and also helps their latest larval instars to leave the water environment. Remsburg [50] reported that sites with Carex, Typha, or Iris covering more of the shoreline had higher densities of Gomphidae exuviae.



E. nuttallii seems to be a preferred microhabitat for the family Sphaeriidae, of which the genus Pisidium is well known to climb up these macrophytes. The same seems to be the case with leeches from the Erpobdellidae family and snails from the family Planorbidae and Lymnaeidae. Submerged plants contribute to the increased available habitat surface, thereby enhancing the diversity and abundance of macroinvertebrate communities [20,51]. This is even more evident for highly branched and dissected macrophyte growth forms [17]. It was recently reported that alien macrophyte impacts are not only negative [52,53] but they could also provide a niche to many invertebrate families. However, they can also negatively affect native vegetation. P. arundinacea had a negligible impact on macroinvertebrate community variation. The results highlight that vegetation structure plays a more pivotal role in shaping macrofauna communities than a mere association with specific plant species [17].




4.7. Monitoring and Management


The presence of invasive alien species in the studied natural ponds, such as Elodea nuttallii, raises concerns, as the abundance of invasive species can significantly influence the community structure of other organisms [11]. Our results revealed that E. nuttalli was one of the four macrophyte species which significantly shaped the structure of the MI community. In our previous research [54], we realized that the mentioned, as well as other IAS, did not negatively influence the diversity of macrophyte communities in a group of these waterbodies situated on the floodplain along the Drava River. However, E. nuttallii is a highly competitive species known for its rapid spread [16], so continuous monitoring is strongly recommended.



The proper management of the ponds is pivotal for maintaining diverse aquatic ecosystems. Our research underscores a substantial contrast between ponds subject to intensive management and those with minimal human impact regarding macrophyte and macroinvertebrate communities. Intensive management, such as the removal of aquatic plants and riparian vegetation, dredging, and altering the littoral steepness, should be avoided to maintain high macrophyte and macroinvertebrate diversity. On the other hand, the expansion of one dominant species should be prevented as well to avoid the unification of the ponds. According to the results of our research and data from the literature, it is clear that there is hardly a single management policy that maintains the biodiversity of all groups of organisms [37]. We advise moderate management practices, such as the removal of woody vegetation or the partial removal of monospecific emergent vegetation, to prevent the overgrowth and unification of ponds, which aligns with the intermediate-intensity or moderate-intensity management described by Grime [55].



Regarding pond monitoring and technological advances, Hill et al. [52] recently emphasized the use of molecular tools like eDNA, DNA metabarcoding, and advances in remote sensing, unmanned aerial vehicles, and biostatistics.





5. Conclusions


Diverse macrophyte and macroinvertebrate communities were found in the Drava field. Our results revealed significant negative correlations between the taxonomic richness of macroinvertebrates and the macrophyte dominance index. High macroinvertebrate diversity tends to exist in ponds without a pronounced dominance of a single macrophyte species or with a low total cover of macrophytes. In addition, our study has unveiled a variety of factors that influence the diversity and structure of the macroinvertebrate community, such as the pond type, conductivity, type of substrate in the ponds, and others. The diversity of macrophytes contributes to habitat complexity and provides hiding places and food sources. We also found a significant difference in the diversity, abundance, and taxonomic composition of macrophyte and macroinvertebrate communities between the natural and artificial ponds. Our results reveal that specific environmental factors are of significant importance for both communities. Different factors determined the diversity and variability of the macrophyte and macroinvertebrate communities, indicating the need to monitor both communities. It would be useful to study the influence of different growth forms of macrophytes on the composition of aquatic invertebrates. It would be useful to include the response of functional forms of invertebrates to macrophyte composition. In further research, we will focus more on invasive alien species and include more water bodies for more reliable conclusions. It would be necessary to provide a reliable scientific basis for pond management.
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Figure 2. Ordination diagrams obtained with DCA on the base of the compositions of macroinvertebrate (left) and macrophyte (right) communities show clear differences in their structures in artificial ponds (gray polygons) and natural ponds (blue polygons). Abbreviated names of the ponds are listed in Table 2. 
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Figure 3. Ordination diagram based on CCA, displaying the impact of environmental factors on the macrophyte community composition. AgrStAg—Agrostis stolonifera agg., AlisPlan—Alisma plantago-aquatica, CarxBriz—Carex brizoides, CarxElat—Carex elata, CarxRipr—Carex riparia, CertDemr—Ceratophyllum demersum, ElofNutt—Elodea nuttalli, GlycMaxm—Glyceria maxima, IrisPseu—Iris pseudacorus, JuncEffs—Juncus effusus, LeerOryz—Leersia oryzoides, LemnMinr—Lemna minor, LycpEurp—Lycopus europaeus, LysmNumm—Lysimachia nummularia, LythSalc—Lythrum salicaria, MyosScor—Myosotis scorpioides, MyriSpic—Myriophyllum spicatum, MyriVert—Myriophyllum verticilatum, NajsMarn—Najas marina, PhalArun—Phalaris arundiancea, PhrgAust—Phragmites australis, PolgHydr—Polygonum hydrolapathum, PolgMite—Polygonum mite, PotmNods—Potamogeton nodosus, PotmTrich—P. trichoides, ScirSylv—Scirpus sylvaticus, ScutGalr—Scutellaria galericulata, SelnCarv—Selinum carvifolia, SpirPolr—Spirodela polyrhiza, SprErcAg—Sparganium erectum agg., TyphLatf—Typha latifolia. 
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Figure 4. Ordination diagram based on CCA, depicting the impact of environmental factors on the macroinvertebrate community. Abbreviated names of the families: Aeshn—Aeshnidae, Asellid—Asellidae, Baetid—Baetidae, Caenid—Caenidae, Ceratopg—Ceratopogonidae, Chiron—Chironomidae, Chryso—Chrysomellidae, Cordul—Cordulidae, Crambi—Crambidae, Culic—Culicidae, Curculio—Curculionidae, Dytisc—Dytiscidae, Ecnomida—Ecnomidae, Elmid—Elmidae, Enchyt—Enchytridae, Ephydrid—Ephydridae, Erpobd—Erpobdellidae, Gomphid—Gomphidae, Halipl—Haliplidae, Haplot—Haplotaxidae, Hydrac—Hydracarina, Hydromet—Hydrometridae, Hydrophl—Hydrophilidae, Leptoc—Leptoceridae, Libellul—Libellulidae, Limoniid—Limoniidae, Lumbri—Lumbriculidae, Lymnaeid—Lymnaeidae, Mesoveli—Mesoveliidae, Naidid—Naididae, Naucor—Naucoridae, Nepid—Nepidae, Noterida—Noteridae, Physid—Physidae, Planor—Planorbidae, Platycnm—Platycnemidae, Polycent—Polycentropodidae, Proppapd—Proppapidae, Scirtida—Scirtidae, Sialid—Sialidae, Sphaerii—Sphaeriidae. 
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Figure 5. Relationship between macrophyte dominance index and number of macroinvertebrate families. The plot includes data points and a regression line with standard error (SE) displayed as dark gray area. 
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Table 1. The mean values and standard errors of selected environmental factors in both types of ponds (pond type). Significant differences were calculated with Student’s t-test. The presented variables include EC—conductivity, NO3−—nitrate concentration, PO43−—orthophosphate concentration, algae cover, macrophyte cover, transparency as Secchi depth, BGA-PC—density of cyanobacterial population, CDOM—colored dissolved organic matter, CPOM/FPOM—coarse/fine particulate organic matter.
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Pond Type

	
Natural

	

	

	

	
Artificial

	

	




	

	
Average

	

	
SE

	
p

	
Average

	

	
SE






	
EC (µS/cm)

	
418

	
±

	
51

	
0.006

	
207

	
±

	
24




	
Temperature of water (°C)

	
19.2

	
±

	
1.0

	
0.002

	
24.2

	
±

	
0.6




	
Saturation with O2 [%]

	
59

	
±

	
13

	
n.s.

	
77

	
±

	
13




	
[O2] (mg/L)

	
5.4

	
±

	
1.2

	
n.s.

	
6.5

	
±

	
1.0




	
[NO3−] (mg/L)

	
1.4

	
±

	
0.9

	
n.s.

	
0.3

	
±

	
0.2




	
[PO43−] (mg/L)

	
41

	
±

	
12

	
0.017

	
97

	
±

	
18




	
BGA-PC (Cells/mL)

	
6323

	
±

	
3441

	
n.s.

	
22,341

	
±

	
9114




	
[CDOM] (µg/L)

	
38

	
±

	
20

	
n.s.

	
73

	
±

	
9




	
Secchi depth (cm)

	
31

	
±

	
9

	
n.s.

	
42

	
±

	
6




	
Canopies above water [%]

	
38

	
±

	
11

	
n.s.

	
31

	
±

	
9




	
No. of HT adjacent to pond

	
1.8

	
±

	
0.3

	
n.s.

	
1.7

	
±

	
0.2




	
No. of HT within 50 m

	
5.0

	
±

	
0.3

	
n.s.

	
4.4

	
±

	
0.3




	
Clay, sand (<0.2 cm) [%]

	
56

	
±

	
12

	
0.056

	
86

	
±

	
6




	
Gravel (0.2–2 cm) [%]

	
13

	
±

	
4

	
n.s.

	
10

	
±

	
5




	
Pebbles (2–6 cm) [%]

	
13

	
±

	
4

	
n.s.

	
3

	
±

	
3




	
CPOM [%]

	
42

	
±

	
10

	
n.s.

	
23

	
±

	
4




	
FPOM [%]

	
75

	
±

	
4

	
0.013

	
48

	
±

	
9




	
Filamentous algae [%]

	
8.3

	
±

	
2.8

	
n.s.

	
9.2

	
±

	
2.2




	
Width of riparian zone (1–3)

	
3.0

	
±

	
0.0

	
0.000

	
1.8

	
±

	
0.2




	
Water surface (ha)

	
0.70

	
±

	
0.13

	
n.s.

	
3.0

	
±

	
1.6




	
Land use intensity

	
2.8

	
±

	
0.4

	
n.s.

	
3.1

	
±

	
0.4











 





Table 2. List of the most common taxa in the surveyed ponds and data about the number (No) of specific taxa within. The most common macrophytes are given in percentage cover per transect, while the most common higher taxa of macroinvertebrates, as well as the families, are given as the number of individuals in the samples.
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	TAXA
	CRE1
	CRE2
	MIKL
	ORE1
	ORE2
	PEKR
	PRA1
	PRA2
	PRA3
	RAC1
	RAC2
	ROG
	SLIV
	SRED
	STA1
	STA2
	TEZL
	TURN
	VURB





	Typha latifolia
	0
	60
	0
	10
	0
	1
	0
	0
	60
	65
	0
	0
	0
	0
	0
	0
	0
	20
	30



	Phragmites australis
	20
	0
	5
	25
	30
	0
	0
	0
	0
	0
	0
	35
	0
	40
	0
	0
	3
	0
	0



	Myriophyllum spicatum
	0
	0
	5
	0
	0
	1
	2
	0
	5
	5
	35
	5
	10
	0
	15
	15
	0
	10
	15



	Ceratophyllum demersum
	0
	0
	0
	20
	15
	0
	0
	0
	0
	0
	25
	0
	0
	0
	0
	0
	0
	0
	30



	No. of macrophytes:
	6
	14
	14
	9
	14
	12
	11
	8
	6
	9
	20
	9
	19
	9
	9
	10
	6
	6
	9



	Ephemeroptera
	5
	2
	424
	45
	56
	9
	1
	2
	2
	396
	386
	4
	40
	17
	83
	271
	15
	39
	149



	Diptera
	23
	4
	48
	60
	45
	262
	36
	47
	130
	99
	18
	48
	2
	5
	72
	150
	83
	15
	62



	Isopoda
	0
	0
	1
	5
	26
	0
	0
	2
	0
	0
	0
	3
	0
	0
	776
	317
	0
	0
	51



	Odonata
	2
	1
	10
	370
	196
	48
	12
	7
	4
	28
	46
	38
	7
	1
	109
	61
	13
	25
	107



	No. of higher MI taxa:
	8
	6
	12
	12
	13
	8
	9
	10
	6
	7
	8
	10
	8
	7
	11
	12
	9
	8
	10



	Baetidae
	4
	2
	417
	32
	53
	8
	1
	1
	2
	393
	357
	2
	35
	14
	82
	270
	15
	4
	146



	Asellidae
	0
	0
	1
	5
	26
	0
	0
	2
	0
	0
	0
	3
	0
	0
	776
	317
	0
	0
	51



	Chironomidae
	14
	4
	41
	21
	2
	172
	33
	38
	130
	16
	4
	16
	1
	5
	60
	107
	79
	11
	45



	Coenagrionidae
	2
	0
	10
	319
	191
	46
	10
	1
	4
	24
	44
	34
	7
	1
	105
	59
	12
	25
	98



	No. of MI families:
	13
	10
	26
	34
	29
	23
	15
	19
	10
	15
	20
	22
	15
	10
	30
	34
	17
	20
	17



	No. of individuals:
	52
	18
	1356
	731
	638
	402
	75
	92
	153
	598
	564
	232
	95
	163
	1195
	1104
	217
	233
	498










 





Table 3. The average values and standard errors (SEs) of selected environmental factors in both types of ponds (pond type). Significant differences were calculated with Student’s t-tests. MF—macrophytes, S-W DI—Shannon–Wiener diversity index, MI—macroinvertebrates.
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Pond Type

	
Natural

	

	

	

	
Artificial

	

	




	

	
Average

	

	
SE

	
p

	
Average

	

	
SE






	
Number of MF_taxa

	
10.8

	
±

	
1.0

	
n.s.

	
10.4

	
±

	
1.3




	
Total cover of all MF [%]

	
108

	
±

	
2

	
0.006

	
69

	
±

	
12




	
MF_Dominance index [%]

	
20.0

	
±

	
1.4

	
0.005

	
33.0

	
±

	
4.0




	
S-W DI_MF

	
1.87

	
±

	
0.06

	
0.040

	
1.57

	
±

	
0.1




	
Margalef DI_MF

	
2.10

	
±

	
0.22

	
n.s.

	
2.35

	
±

	
0.3




	
Simpson DI_MF

	
0.80

	
±

	
0.0

	
0.005

	
0.67

	
±

	
0.0




	
Evenness_MF

	
0.61

	
±

	
0.03

	
n.s.

	
0.52

	
±

	
0.0




	
Total abundance of MI

	
890

	
±

	
150

	
0.005

	
220

	
±

	
51




	
Number of MI_fam

	
28.3

	
±

	
2.6

	
0.003

	
16.1

	
±

	
1.3




	
S-W DI_MI fam

	
1.89

	
±

	
0.14

	
n.s.

	
1.80

	
±

	
0.1




	
Margalef DI_MI_fam

	
4.06

	
±

	
0.35

	
0.031

	
3.02

	
±

	
0.2




	
Number of_MI_h.taxa

	
11.7

	
±

	
0.4

	
<0.001

	
8.0

	
±

	
0.4




	
S-W DI_MI_h.taxa

	
1.60

	
±

	
0.07

	
n.s.

	
1.40

	
±

	
0.1




	
Margalef DI_MI_h.taxa

	
1.59

	
±

	
0.06

	
n.s.

	
1.44

	
±

	
0.1











 





Table 4. Spearman correlation coefficients between diversity indices calculated for macrophyte (MF) and macroinvertebrate (MI) communities. Statistically significant correlations are displayed only: *—p < 0.05, **—p < 0.01, n.s.—not significant.
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	TaxonIndex
	Number of MF_taxa
	Margalef_MF
	S-W DI_MF
	MF_Dominance Index





	Number of MI_fam
	n.s.
	n.s.
	0.564 *
	−0.613 **



	Total abundance of MI
	n.s.
	n.s.
	n.s.
	−0.460 *



	Number of_MI_h.taxa
	n.s.
	n.s.
	0.538 *
	−0.666 **



	Margalef DI_MI fam
	n.s.
	n.s.
	n.s.
	−0.505 *



	S-W DI_MI fam
	n.s.
	n.s.
	n.s.
	n.s.



	Dominance of MI_fam.
	n.s.
	n.s.
	n.s.
	n.s.



	Margalef DI_MI_h.taxa
	n.s.
	n.s.
	n.s.
	n.s.



	S-W DI_MI_h.taxa
	n.s.
	n.s.
	n.s.
	n.s.



	Dominance of MI h.taxa
	n.s.
	n.s.
	n.s.
	n.s.
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