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Abstract

:

Macroinvertebrates are a crucial component of wetland trophic webs. Many taxa are used as bioindicators of ecosystem change. However, relationships between macroinvertebrates and the environmental factors in peat pool habitats are still not well recognized. The present study shows the results of long-term studies during the years 2010–2020, on the responses of macroinvertebrates to the changes of environmental variables in a peat pool habitat formed as a result of peat exploitation on continental raised bog. The RDA analysis significantly explained 87.3% of the variance in macroinvertebrates abundances. Assemblages of most taxa (Anisoptera, Chironomidae, Ceratopogonidae, Coleoptera, Hydrachnidia and Tabanidae) showed a strong relationship with N-NO3 and pH. Moreover, densities of Chaoboridae larvae were explained by chlorophyll-a concentrations. Dominant taxon, Chironomidae, constituted from 48% to 87% of total faunal density. The highest proportions showed larvae of Psectrocladius sp. (gr. sordidellus) and Chironomus sp. Changes in the composition of macroinvertebrate fauna over a period of 10 years reflect the eutrophication process of the peat pool and deterioration of habitat conditions.
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1. Introduction


Permanent pools are typical small water bodies for many northern bogs [1]. The pools are fed by rainwater and are usually dystrophic, characterized by a low pH, low primary production and nutrients, but high levels of dissolved organic matter and brown-colored water. These ponds make a vital contribution to biodiversity, by maintaining a high species diversity of macroinvertebrate in relation to other water bodies [2,3,4].



Aquatic macroinvertebrates play a crucial role in nutrient cycling and energy flow and are an essential link of aquatic trophic webs. Macroinvertebrates participate in the nutrients transfer from the sediments and the water column to higher trophic levels. Invertebrates are crucial for energy flow and sustainability of wetland ecosystems [5,6]. Aquatic invertebrates, particularly larvae of insects, are selectively consumed by ducks and other bird species [7]. These organisms varied between wetland types and may exhibit different responses to changes in the peatland environment [8,9].



Aquatic invertebrates have become common tools in the assessment of ecological status and water quality of ecosystems [6,10]. They are used in projects of wetland bioassessment because different macroinvertebrate taxa have shown specific habitat requirements and their community structure accurately reflects ecological conditions [11,12].



Despite their role as bioindicators, relationships between macroinvertebrates and the environmental variables controlling their diversity in peat pool habitats are still not sufficiently understood, particularly in the long-term perspective. Long-term study can be an effective method to track environmental changes in peat pool habitat. Changes in the structure of macroinvertebrates along this study led to recognizing the current condition of peat pool habitat. This paper presents a 10-year study, aimed at (1) analysis of species structure and density of macroinvertebrates associated with peat pool; (2) determination of significant environmental variables for macroinvertebrate diversity; and (3) evaluation of the potential role of macroinvertebrates as indicators of environmental conditions of peat pool.




2. Materials and Methods


2.1. Study Area


The study was conducted on the area of Krugłe Bagno peat bog (Polesie Lubelskie, eastern Poland, area ca. 6.5 ha, 51° N, 23° E). This is a former continental raised bog, almost completely exploited in the mid-20th century. At the present time its surface area is densely overgrown with Sphagnum mats, typical for transitional bogs. Krugłe Bagno is surrounded by a wide belt of mixed woodland, with domination of Pinus sylvestris L.; on the north-west side are buildings and arable fields. The studied peat pool is a shallow water body (max. depth 2.2 m) with a surface area of 0.5 ha. It was formed as a result of peat exploitation. Vegetation is dominated by Sphagnum angustifolium (C.C.O. Jensen ex Russow) and Sphagnum cuspidatum Ehrh. ex Hoffm.




2.2. Water Analysis


Three water samples for chemical analysis were taken at the same sites and dates as bottom fauna. pH, conductivity, and dissolved oxygen were recorded in situ by means of YSI 556 MPS electrode. TOC concentration was determined using PASTEL UV. Nutrients (N-NO3, TP, P-PO4) were analyzed at the laboratory, using spectrophotometric methods according to Hermanowicz et al. [13]. Chlorophyll-a was determined using spectrophotometric method after 24-h extraction with 90% acetone in the dark [14].




2.3. Macroinvertebrates Sampling


Macroinvertebrates were collected in spring (May), summer (July) and autumn (October) 2010, 2013, and 2020, using a tube apparatus (surface area 15.2 cm2). Each time and season three separate samples were taken (10 sediment cores per 1 sample). Each sample was sieved through the 250 µm mesh size, put into the plastic bag, and transported to the laboratory. Next, the macrofauna was selected from samples, preserved in 4% formaldehyde solution, counted, and identified according to Wiederholm [15] and Kołodziejczyk and Koperski [16]. Densities were calculated per m2 of the bottom surface.




2.4. Statistical Analysis


The effect of year and season for the structure of macroinvertebrate fauna was verified using a two-way analysis of variance (two-way ANOVA, year, season). Before the analysis, the Shapiro–Wilk test was used to check the normal distribution of data. The test of Kruskal–Wallis was used to compare significant (p < 0.05) differences between means. The analysis was performed using STATISTICA 13.0 software.



Detrended Correspondence Analysis (DCA) was used to measure the variance gradient of macrofauna data and then Redundancy Analysis (RDA) was performed to recognize the relationships between the macroinvertebrates and the environmental data. Variance partitioning was used to calculate proportions of variance explained by environmental variables. The significance of the ordination analysis and explanatory variables used in the model was tested under 999 permutations. The analyses were performed using CANOCO 5.0 Software (Microcomputer Power, Ithaca, NY, USA).





3. Results


3.1. Environmental Variables


Environmental conditions in the peat pool habitat varied between studied years (Table 1). Temperature depended on the season and fluctuated from 8.2 to 14.8 °C in autumn to 21.4 to 26.7 °C in summer. pH was typically low for dystrophic waters and ranged from 4.2 to 5.3. Concentrations of chlorophyll-a in 2010 and 2013 were low and varied between 4.7 and 26.8 µg dm−3. In 2020, these values were several times higher and oscillated between 37.8 and 101.8 µg dm−3. The concentration of TP, PO4, and N-NO3 changed dependently on the season and showed no clear trends.




3.2. Abundance and Domination Structure of Macroinvertebrates


The abundances of macrofauna differed significantly between the years (ANOVA, F = 28.72; p = 0.004) and seasons (ANOVA, F = 11.38; p = 0.022) (Figure 1). In individual years of the study, the highest densities of macroinvertebrates were noted in autumn (1726–3036 ind. m−2) and the lowest in spring (764–992 ind. m−2). Generally there was a clear decline in the total density of bottom fauna in 2020 in comparison to the years 2010 and 2013, primarily in summer and autumn. In total, eight taxa of macrofauna were noted in the studied peat pool. Independently of the year and season, the highest relative abundances were found for larvae of Chironomidae (Figure 2). Their proportion varied from 48.2% (summer 2010) to 87.5% (summer 2020). A total of nine chironomid taxa were identified in this study (Figure 3). The highest proportions were registered to larvae of Psectrocladius sp. (gr. sordidellus) (11–66%), Chironomus sp. (7–56%), and Procladius sp. (8–33%).




3.3. Ordination Analysis


The RDA significantly explained 87.3% of the variance in macroinvertebrates abundances (p < 0.05). Results of variance partitioning showed that N-NO3 explained 44.3% (p = 0.002), pH 16.0% (p = 0.002), chlorophyll-a 15.1% (p = 0.014), and TOC 11.8% (p = 0.016) of the variance. Temperature, TP, P-PO4, dissolved oxygen, and conductivity were not significant (p > 0.05). On the ordination triplot, macroinvertebrate samples were separated, depending on the year of study, into three groups, 2010, 2013, and 2020 (Figure 4). The first group corresponds to abundance of Hirudinea; the second group to abundances of Anisoptera, Chironomidae, Ceratopogonidae, Coleoptera, Hydrachnidia, and Tabanidae; and the third group to relatively high abundances of Chaoboridae. The results of RDA indicate that N-NO3 (λ = 24.8; F = 19.9; p = 0.002) and pH (λ = 11.6; F = 9.7; p = 0.002) tend to affect the abundances of macroinvertebrate taxa belonging to the second group whereas chlorophyll-a (λ = 10.5; F = 14.1; p = 0.01) positively affects the abundance of the third group (Chaoboridae larvae). The position of TOC (λ = 9.8; F = 20.3; p = 0.01) gradient on the triplot suggests a negative relation of this variable to all macroinvertebrate taxa.





4. Discussion


Environmental conditions (acidity, brown-colored water, low N concentration) of the studied peat pool were typical for ombrotrophic Sphagnum-dominated peatbogs [17,18] and shallow dystrophic lakes [19]. Dystrophic conditions result in the low heterogeneity of the habitat and the low species diversity of macroinvertebrates in the studied ecosystem [20]. In the studied peat pool, macrophytes are represented by a few Sphagnum species. It can provide much fewer potential niches for species and cause a decrease in species diversity of macrofauna. Similar observations were reported by Beadle et al. [1] during studies of biodiversity in British peat pools. Homogeneity of the studied habitat could negatively affect the presence of invertebrate taxa, such as Coleoptera. Taxa of aquatic beetles are able to use different mesohabitats such as water column, steep-sided pool edges, and Sphagnum carpets [21,22]. Dense homogenous vegetation may affect capture rates and swimming capability of particular species [23]. In the study, Coleoptera were observed in 2010 and 2013 and their proportions did not exceed 10% of the total faunal density. Dominant taxon, larvae of Chironomidae, are an ubiquitous component of peat bog fauna. Many Chironomidae larvae primarily feed on algae and detritus and they serve as food for fish and waterfowl [24,25]. Regulatory structures (anal papillae) make many chironomid taxa tolerant to a wide range of water chemistry conditions [26].



Ordination analysis indicated pronounced effects of environmental variables, N-NO3, pH, and chlorophyll-a on peat pool macroinvertebrates. The role of N-NO3 probably results from the structure of the peat pool vegetation. The macrophyte diversity is low, there are only a few Sphagnum species such as S. cuspidatum and S. angustifolium. Sphagnum spp. are characterized by low tissue nutrient concentration and very low nutrient demands. Moreover these plants produce phenolic metabolites, which may exhibit antimicrobial activity [27,28]. These factors determine low rates of plant debris decomposition in Sphagnum-dominated wetlands [29] and may limit the abundance of detritus-feeding macroinvertebrates [30,31]. Chlorophyll-a is a primary indicator of algae biomass. Periphytic algae are the most important food source for macroinvertebrate grazers, such as chironomids. Availability of food resources is a key regulator of chironomid structure and distribution [32,33]. High chlorophyll-a content is associated with low water transparency. It may be related to the appearance of high numbers of Chaoboridae larvae in 2020. These larvae prefer cloudy water, thus avoiding the fish predation [34] and are recognized as being very tolerant to low oxygen concentrations [35]. Peat pool macroinvertebrates were affected by pH. Changes in pH may affect the birth rate and survival of macroinvertebrates [36], resulting in a significant decrease in their diversity. As it was observed by Woodcock et al. [26], pH has a direct effect on the species structure of chironomid communities. Under low pH, chironomids are typically dominated by fewer species [37]. Low species richness in the peat pool habitat is typical for eutrophic shallow lakes and small oxbow ponds [38,39,40].




5. Conclusions


The study confirmed the role of chironomids in bioassessment. Chironomid larvae are useful bioindicators of water quality such as pH and nutrients [41,42,43]. The most abundant chironomid taxa in the peat pool habitat, pelophilous Chironomus sp. and phytophilous larvae of Psectrocladius sp. (gr. sordidellus), are commonly reported as indicators of eutrophication processes of water bodies. Changes in the structure and abundance of invertebrate fauna over a period of 10 years clearly indicate the eutrophication process of the peat pool habitat. High concentrations of chlorophyll-a in 2020 suggest the possibility of cyanobacterial blooms and further deterioration of this peat pool habitat.
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Figure 1. Seasonal changes of mean densities (±SD) of macroinvertebrates in peat pool habitat during 10 years of study. 
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Figure 2. Changes of relative abundances of macroinvertebrate fauna in peat pool habitat during 10 years of study. 
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Figure 3. Domination structure of Chironomidae larvae in peat pool habitat during 10 years of study. 
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Figure 4. RDA triplot showing macroinvertebrate taxa, environmental variables, and samples. Solid red arrows indicate significant variables based on Monte Carlo permutation test (p < 0.05). Spr2010, Sum2010, Aut2010-samples collected in spring, summer, and autumn 2010; Spr2013, Sum2013, Aut2013-samples collected in spring, summer, and autumn 2013; Spr2020, Sum2020, Aut2020-samples collected in spring, summer, and autumn 2020. 
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Table 1. Mean values (±SD) of physical and chemical water parameters of peat pool habitat.
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2010

	
2013

	
2020




	

	
Spr

	
Sum

	
Aut

	
Spr

	
Sum

	
Aut

	
Spr

	
Sum

	
Aut






	
Temp (°C)

	
17.8 ± 3.4

	
24.8 ± 5.3

	
8.2 ± 0.8

	
20.2 ± 2.5

	
21.4 ± 0.1

	
14.8 ± 0.2

	
20.3 ± 0.9

	
26.7 ± 0.5

	
18.8 ± 0.5




	
pH

	
4.7 ± 0.1

	
3.8 ± 1.2

	
5.3 ± 0.9

	
4.2 ± 0.5

	
5.2 ± 0.3

	
4.9 ± 0.4

	
4.2 ± 0.1

	
4.5 ± 0.3

	
4.3 ± 0.2




	
Cond (µS cm−1)

	
43 ± 9

	
50 ± 5

	
62 ± 2

	
45 ± 3

	
49 ± 2

	
54 ± 9

	
35 ± 13

	
56 ± 3

	
44 ± 9




	
Dis.oxy (mg dm−3)

	
5.0 ± 2.5

	
5.4 ± 1.9

	
6.8 ± 1.1

	
6.2 ± 1.9

	
6.7 ± 1.8

	
5.4 ± 2.3

	
6.0 ± 1.6

	
5.2 ± 2.6

	
5.9 ± 2.5




	
N-NO3 (mg dm−3)

	
0.234 ± 0.09

	
0.734 ± 0.24

	
1.276 ± 0.21

	
0.540 ± 0.04

	
0.5904 ± 0.07

	
0.670 ± 0.09

	
0.019 ± 0.02

	
0.013 ± 0.01

	
0.024 ± 0.05




	
P-PO4 (mg dm−3)

	
0.031 ± 0.014

	
0.182 ± 0.01

	
0.017 ± 0.01

	
0.077 ± 0.04

	
0.074 ± 0.48

	
0.058 ± 0.48

	
0.017 ± 0.04

	
0.105 ± 0.001

	
0.014 ± 0.002




	
TP (mg dm−3)

	
0.129 ± 0.031

	
0.547 ± 0.026

	
0.497 ± 0.123

	
0.098 ± 0.154

	
0.103 ± 0.163

	
0.521 ± 0.162

	
0.046 ± 0.011

	
0.429 ± 0.041

	
0.039 ± 0.009




	
TOC (mg dm−3)

	
51.5 ± 9.1

	
63.3 ± 11.2

	
60.3 ± 6.4

	
48.5 ± 8.5

	
30.4 ± 2.3

	
10.6 ± 0.4

	
27.3 ± 1.5

	
55.7 ± 3.4

	
41.9 ± 2.2




	
Chl-a (µg dm−3)

	
4.8 ± 1.3

	
26.8 ± 1.9

	
69.7 ± 10.4

	
6.1 ± 71.8

	
6.6 ± 0.5

	
16.3 ± 1.3

	
37.8 ± 4.6

	
74.6 ± 7.1

	
101.8 ± 17.2
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