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Abstract

:

Many macrophyte species exhibit a high degree of plasticity, enabling them to thrive in various aquatic ecosystems. Identifying the growth conditions of individual aquatic plant species during research or specimen collection is not always possible. In many cases, the nature of the planned research does not necessitate recognizing environmental conditions. However, the scope of identifying the habitat parameters of the collections of submerged aquatic plant herbariums provides an opportunity for further research. This paper explores the possibilities of using isotopic signals of plants, supported by spectral analyses of powdered plant materials, to ascertain the environmental conditions from which the samples were collected. The results obtained from the stable carbon and nitrogen isotope compositions (δ13CORG and δ15NORG) and the analysis of spectral spectra via FTIR-ART (Fourier Transform Infrared Spectroscopy with Attenuated Total Reflectance) of plant material (Elodea canadensis Michx. species) collected from various habitat ecosystems, including rivers and both hard- and softwater lakes, exhibited significant distinctions between these habitats. Particularly high values of δ15NORG were recorded in the material from rivers. The stable carbon and nitrogen isotope compositions did not differentiate between the material collected from softwater and hardwater lakes. Nevertheless, when comparing the isotopic findings with the FTIR-ATR spectral analysis focused on identifying characteristic peaks associated with the presence of calcium carbonate, noticeable differences were observed in the presence and intensity of calcium carbonate peaks in the material. These differences were only evident when nondecarbonated plant material from hardwater lakes was used for the FTIR-ATR analysis. To the best of the author’s knowledge, the combination of methods applied in this study to identify the origin of E. canadensis from various freshwater environments is the first application of its kind that could enable the rapid identification of plant material origin. Such identification could prove useful in environmental, ecological, and paleoenvironmental research. The increased knowledge of macrophytes’ δ13CORG and δ15NORG values might also be essential in further tracking accelerated eutrophication based on aquatic vegetation’s isotopic signals. This might be important due to the assumption that the increased rate of eutrophication influences organic matter sedimentation in aquatic ecosystems, especially lakes.
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1. Introduction


Understanding the origins of plants within aquatic environments is crucial for interpreting their ecology. Plants represent a diverse spectrum of ecological groups, including emerged and submerged species from various phyla. They might possess specific habitat requirements. Obtaining information about a plant’s origin from a particular aquatic ecosystem holds significant value, especially in light of the rapid decline in overall biodiversity in these ecosystems [1]. This decline encompasses not only the general biodiversity but also that of aquatic plants [2]. Traditionally, the particular aquatic environment type is established based on its morphology, origin, and abiotic features, i.e., different types of lakes, rivers, seas, etc. Moreover, some specific abiotic and biotic parameters are essential to divide them into more specific types of aquatic ecosystems. One of the factors that helps distinguish the accurate types of aquatic ecosystems are, e.g., particular aquatic plants, which occur only in specific conditions, called bioindicators.



However, certain aquatic plants exhibit phenotypic adaptability in response to varying conditions [3,4]. For instance, Nuphar lutea (L.) Sibth. and Sm. produces different types of leaves in fast-flowing rivers, shallow eutrophic lakes, or shallow, softwater lakes [5]. Similarly, Myriophyllum alterniflorum DC., found in a relatively wide range of lake fertility conditions, displays high plasticity in morphological features, as demonstrated by its growth on various substrates [6]. Similarly, several species of the genus Potamogeton (as well as the genus Stuckenia) are characterized by high phenotypic plasticity in response to changing habitat conditions [7]. In these cases, the phenotypic variability of these plants may allow the identification of the specific aquatic environment from which they originate. However, some aquatic plant species have a broad distribution. Those plants exhibit minimal differentiation, making it difficult to determine the type of freshwater ecosystems they come from. An example of such a species is the non-native Elodea canadensis Michx., which has been present in Poland since 1867 [8], inhabiting low-fertility softwater lakes, more fertile hardwater lakes [9], and moderately fertile and slow-flowing rivers [10].



Integrating isotopic analysis and spectral analysis obtained through Fourier Transform Infrared Spectroscopy with Attenuated Total Reflectance (FTIR-ART) may make it feasible to identify the accurate source of plant materials. This is particularly relevant for those gathered from various herbariums lacking information about the specific collection site. It is worth emphasizing that in well-organized herbariums, each herbarium sheet should contain information about the location of collection of each specimen to be included in their collections [11]. However, there may be cases where researchers or herbariums themselves have specimens in their collections, but they lack specific details about their origin. In some cases, the location might be known, but there is no precise information about the aquatic ecosystem.



Analyses of carbon and nitrogen isotope compositions in derived matter (δ13C of organic matter δ13C ORG and δ15N of organic matter δ15N ORG) are often used in studies of freshwater ecosystems [12], where scientists focus on submerged macrophytes [13,14,15,16,17,18,19]. The isotopic information about aquatic plants recorded as δ13CORG and δ15NORG serves various purposes, including characterizing and tracking food webs in aquatic ecosystems [20,21] and determining the source of organic matter deposited in the sediments [22,23,24,25], etc. Essential to the correct interpretation of obtained δ13CORG and δ15NORG values of macrophytes organic matter is the understanding of the complex variables shaping the final analyzed values of δ13CORG and δ15NORG. It is worth mentioning that the main variables shaping the δ13C and δ15N values of aquatic plant’s organic matter are the isotopic values of δ13C of dissolved inorganic carbon (DIC) and δ15N of dissolved inorganic nitrogen (DIN) in water. Also crucial is the vital effect of so-called biosynthesis processes like photosynthesis type and process, growing conditions, light availability, etc. Within complex lake ecosystems, numerous factors contribute to shaping the δ13CDIC and δ15NDIN. These enclose a comprehensive range of factors, including but not limited to water exchange over time, temperature fluctuations, biological activities of organisms inhabiting the investigated water ecosystem, and various other interrelated elements [13,14,15,16,17,18,19]. In the presented study, the focus on shaping the δ13CORG and δ15NORG will be minor due to the need to stress the usefulness of the obtained results for identifying the origin of the analyzed plant material.



Fourier Transform Infrared Spectroscopy (FTIR) is another valuable method that allows us to determine the diversity and characteristics of plant organic matter [26]. This method enables the characterization of organic matter from various sources based on the vibrational intensity of specific chemical bonds [27,28,29] and a wide array of inorganic compounds [30,31,32].



The study hypothesis posits that by analyzing carbon and nitrogen isotopic signals within plant organic matter, combined with FTIR spectral analysis, it becomes feasible to discern the specific type of aquatic ecosystem from which the sampled materials originated. To test this hypothesis, the results of δ13CORG and δ15NORG analyses of total organic matter and FTIR-ATR spectra of organic matter derived from E. canadensis samples in northern Poland were used.




2. Materials and Methods


2.1. Study Area


The study focused on conducting field research in northern Poland, specifically examining two types of lakes and rivers as the primary locations of interest. Plant material, comprising an average of 10 specimens of the species E. canadensis from rivers, streams, and hardwater lakes, was collected between 2008 and 2010 at seven research sites located in slow-flowing places along three lowland sandy rivers. An additional seven sites in hardwater lakes provided material for the study. Material from seven softwater lakes was sampled in 2020 (Figure 1, Supplementary Materials Table S1). The classification of softwater lakes followed the recommendation of Murphy [33]. Shortly, the non-degraded softwater lakes are characterized by low Ca2+ concentration (from almost 0 to 15 mg/L) and low conductivity (from about 10 µS cm−1 to no more than 200 µS cm−1). Hardwater lakes are characterized by greater Ca2+ concentrations and higher conductivity.




2.2. Isotope Analyses of E. canadensis Plant Material


The plant material collected was subsequently dried and stored in paper envelopes until 2021 and 2022, when the analyses were performed. The envelopes with the samples in were stored in a warm, rarely used room without sunlight access and low humidity. That preservation condition prevented the samples from being contaminated by fungal communities, which might change the dry samples’ chemical composition [34]. Moreover, before the preparation of the samples for the isotopic analyses, the samples were dried at 60 °C for 48 h again. According to the literature, the drying technique does not influence plants’ δ13C and δ15N results [35]. In addition, the isotopic analyses of herbarium materials are common, and any significant issues other than fungal contaminations due to long-term preservation were not addressed [34,36]. The δ13C and δ15N analyses were carried out at the GISMO Isotope Laboratory at the University of Burgundy in Dijon, France. The dried plants were processed by grinding using a ball mill (MM 400, Retsch, Haan, Germany) or, in cases of limited material, an agate mortar was employed. To remove carbonates, a desiccator method using 37% HCl was applied to the hardwater lake and river samples, generating an acid mist for carbonate reaction. Due to the nonreactivity with HCL during tests, the material from softwater lakes remained nondecarbonated. The final amount obtained after the abovementioned treatments was about 500 mg. For the single analyses, the necessary weight of the samples was about 2 mg. Further details of the method used are outlined in Pronin et al. [14]. Samples prepared using this approach were analyzed on a Flash Smart EA elemental analyzer (Thermo Scientific, Waltham, MA, USA) connected to a mass spectrometer for Delta V stable isotope ratios (Thermo Scientific, USA). Calibration and quality control were performed using the USG40 standard (glutamic acid, δ13C = −26.39‰, δ15N = −4.50‰) and the B2157 standard wheat flour (elemental microanalysis). δ13C and δ15N values are expressed in ‰ relative to the atmospheric standard N2 for nitrogen and V-PDB for carbon. The precision of the analysis was confirmed by the external reproducibility of repeat standard analyses (USG40 and B2157), which were found to be better than ±0.15‰ for δ13C and ±0.20‰ for δ15N (2σ). In this study, the isotopic record is presented as the δ isotopic signature. Its value is determined using the following equation:


  δ   ‰   =     R   s a m p l e     − R   s t a n d a r d       R   s t a n d a r d     × 1000  



(1)




where R is 13C/12C for carbon and 15N/14N for nitrogen.



Spectral analyses were performed using the noninvasive FTIR-ATR technique at the Department of Inorganic Chemistry at the Gdańsk University of Technology using the Nicolet iS50 FTIR device from Thermo Fisher Scientific Inc. (Stoughton, MA, USA). The obtained spectra were analyzed using OMNIC 7.3 software (Thermo Fisher Scientific Inc., Stoughton, MA, USA) to identify characteristic regions of vibrations associated with individual chemical bonds that could distinguish the tested materials. For FTIR-ATR analyses of certain samples, especially those from rivers and hardwater lakes, two types of samples were used: decarbonated using the previously described method and nondecarbonated. Unfortunately, nondecarbonated material from rivers and hardwater lakes was used only in a few instances due to its limited quantities (n = 1 for rivers, n = 2 for hardwater lakes). Using the two types of samples described above, the focus of FTIR-ATR spectral analyses was on the 800–1500 cm−1 region where carbonate-related vibrations occur [37].




2.3. Physico-Chemical Analyses of Water from Research Sites


In order to comprehend the environmental conditions of aquatic vegetation habitats, data on physical and chemical parameters were analyzed. The determination of basic physical and chemical parameters of water, including pH, electrolytic conductivity, and the concentration of various forms of inorganic carbon dissolved in water (CO2, HCO3− and CO3−2) using colorimetric titration with appropriate reagents, was conducted directly in the field. Additionally, water samples (0.5 L) were collected for further chemical analyses, examining the concentrations of dissolved organic carbon (DOC) and Ca2+ ions using the methodology outlined by Merdalski et al. [38].




2.4. Statistical Analyses


The data related to the analyzed δ13CORG and δ15NORG values, as well as the physical and chemical variables, were checked for normality of distribution using the Shapiro–Wilk test. The isotope values of E. canadensis and the physical and chemical characteristics of the studied environments did not conform to the normal distribution assumptions. Consequently, nonparametric statistical analyses were employed. Specifically, the Kruskal–Wallis multiple group independent rank test (K–W H) was used. The K–W H analyses were performed to check for the presence or absence of differences in δ13C and δ15N among the studied environments. Furthermore, to illustrate the diversity of the investigated types of freshwater ecosystems with respect to their potential for calcium carbonate precipitation, nonmetric multidimensional scaling nMDS analysis was performed based on several physicochemical water variables. The results of this analysis were supported by the ANOSIM similarity analysis using the Bray–Curtis distance. All of these analyses were carried out using R software, version R.4.2.2 [39], along with the vegan package for nMDS and ANOSIM analysis [40]. The ggplot2 package was used to visualize box plots and nMDS analysis [41]. Subsequently, differences between groups were identified using Dunn’s post hoc test with Bonferroni correction after establishing statistically significant differences via the K–W H test, facilitated by the R package Dunn’s test [42].





3. Results


3.1. Diversity of Freshwater Ecosystems Based on the Physical and Chemical Characteristics of Water


The nMDS analysis based on the collected physicochemical data clearly substantiated the assumed differentiation between the analyzed freshwater ecosystems (Figure 2). It is worth mentioning that the two sites, one from hardwater lakes and one from rivers, were grouped differently. Nonetheless, despite the similarities observed in the groups of freshwater ecosystems studied, the ANOSIM similarity analysis showed statistically significant differences between the ecosystems (ANOSIM statistic: r = 0.59, p < 0.001). To highlight the significant differences in the investigated freshwater ecosystems based on variables used in nMDS analysis, the Kruskal–Wallis multiple group independent rank test results are listed in Table 1. The obtained results show that most of the investigated variables (especially DIC, HCO3−, CO3−2, and Ca2+) differentiate the three investigated types of freshwater ecosystems (Table 1). The results of the Dunn post hoc test with Bonferroni correction following the Kruskal–Wallis test determining the differences between investigated ecosystems are presented in Table S2 in Supplementary Materials. It should be highlighted that those parameters listed in Table 1 where p = 0.001 exhibit a statistically significant difference (the Dunn post hoc test with Bonferroni correction) between softwater lakes compared to hardwater lakes and rivers, or between only softwater lakes and rivers (for details, see Table S2 in Supplementary Materials).




3.2. Comparison of δ13CORG of E. canadensis in Different Freshwater Ecosystems


When comparing the δ13CORG values of E. canadensis in different types of freshwater ecosystems, statistically significant differences were observed. The lowest values were recorded in rivers, while substantially higher values were found in softwater lakes (K–W H = 9.11, p < 0.01 with Bonferroni correction as shown in Figure 3). In contrast, the differences in δ13CORG values between hardwater lakes and rivers were not found to be statistically significant (K–W H = 9.11, p > 0.025 with Bonferroni correction), nor were the differences between hardwater and softwater lakes found to be significant (K–W H = 9.11, p > 0.025 with Bonferroni correction, as shown in Figure 3).




3.3. Comparison of δ15NORG of E. canadensis in Different Freshwater Ecosystems


An evaluation of the δ15NORG results in the studied ecosystems revealed significant differences within them (K–W H = 12.94, p < 0.001, as shown in Figure 4). The δ15NORG values of E. canadensis were the highest in rivers, and they significantly differed from values in soft- and hardwater lakes (Figure 4, p < 0.025 with Bonferroni correction). In contrast, the δ15NORG values observed for hardwater lakes did not exhibit statistically significant differences compared to those recorded for softwater lakes (Figure 4, p > 0.025 with Bonferroni correction).




3.4. Comparison of E. canadensis FTIR Spectra in Different Freshwater Ecosystems


A comparison of the spectral regions ranging from 800 to 1800 cm−1 for powdered, undecarbonized E. canadensis material from three different freshwater ecosystems is presented in Figure 5. A visual analysis of this region within the FTIR spectrum indicates intensified vibrations of inorganic carbonate compounds (with peak maxima in the 1400–1500 cm−1 range and a clear peak in the range of 860–880 cm−1 [33]). This phenomenon was most pronounced in the material from hardwater lakes, characterized by a peak maximum of 1413 cm−1 and another at 875 cm−1 (Figure 5). Notably, no clear peaks were found in the samples collected from rivers and softwater lakes, indicating the absence of carbonates in the samples. Furthermore, when comparing the spectral regions in the 1100–1800 cm−1 range between hardwater lakes and rivers (decarbonated material) and softwater lakes (nondecarbonated samples), the differences mentioned above were not observed (Figure 5 and Figure 6). The same applies when comparing the FTIR spectra of non-decarbonized samples with decarbonated material from two hardwater lakes (Figure 7). These results validate the effectiveness of the decarbonization method used for samples from hardwater lakes. However, in the case of one softwater lake, Lake Jeleń, a distinct peak in this region was noticed, which differed from the peaks recorded in the remaining six samples collected in other softwater lakes (Figure 6). Nevertheless, it was not positioned similarly to the carbonate-associated peaks (Figure 5).





4. Discussion


The δ13CORG and δ15NORG values of aquatic vegetation, especially submerged macrophytes, are characterized by very high variability dependent on the environmental conditions in which they thrive [5,13,14,15,16,43]. However, for certain species, habitat differences are not always clearly reflected in their isotopic values [14]. The ecological characteristics of a given species significantly influence both δ13CORG and δ15NORG values, including whether they grow in loose clusters or form dense underwater mats [16]. The results presented in this article, on the basis of both δ13CORG and δ15NORG, confirm that the submerged macrophyte E. canadensis demonstrates varying values based on the type of freshwater environment it inhabits. The discrepancies observed in δ13CORG values most likely arise from significantly different carbon concentrations and carbon circulation between the lakes and rivers analyzed. Softwater lakes, due to their low levels of calcium and magnesium salts, exhibit much lower concentrations of CO2 and HCO3− than hardwater lakes [14]. Since these ions contain a higher proportion of the heavy carbon isotope compared to CO2, variations in the isotopic composition of organic matter are discernible, although not statistically significant (Figure 3, Dunn post hoc test with Bonferroni correction p > 0.025). In the case of rivers, water movement causes intense mixing, leading to an inflow of water rich in isotopically heavier bicarbonates from groundwater. This, in turn, does not disrupt the supply and depletion of specific sources of C used in the photosynthesis process, namely, CO2 or HCO3− [44]. Therefore, the δ13CORG values in E. canadensis substantially differ from those found in lakes (Figure 3, Dunn post hoc test with Bonferroni correction p < 0.025). It is worth emphasizing that E. canadensis uses a carbon concentration mechanism (CCM) that efficiently uses HCO3− as a carbon source. The depletion of C resources, both in the form of CO2 and HCO3−, may occur, especially in softwater lakes [45]. Consequently, the higher δ13CORG values recorded for E. canadensis most likely result from the incorporation of more significant amounts of 13C due to the depletion of C resources during intensive plant growth. However, no clear differences in δ13CORG between the two types of lakes were found, which is consistent with the findings from previous studies on the species Nitella flexilis C. Agardh [14]. Therefore, it appears that the stability of conditions and the limited water mixing in lakes contribute to the higher δ13CORG values of E. canadensis compared to those in rivers. The habitat differences between the three investigated types of freshwater ecosystems were clearly divided by comparing several water parameters, especially those related to different forms of carbon dissolved in the water. However, some sites did not fit into the expected group of habitats (Figure 2). This was likely due to the similarity in their physical and chemical water parameters (Table S1 in Supplementary Materials), particularly concerning the concentration of CO3− ions in the Chocimia River near the town of Zielona and waters of the Wda River at the outflow from Lake Wdzydze (Table S1 in Supplementary Materials).



It is crucial to stress that the δ13CORG results presented here align with those reported for E. canadensis in the literature, where authors found results in a similar range (i.e., −12.9 to −22.08‰ [19,22,46]). This confirms that the δ13CORG results of E. canadensis reported here follow patterns recorded in both rivers and hardwater lakes from the temperate zone. However, the results for softwater lakes seem to be higher, especially in those lakes where the pH was the highest or the abundance of plants in the littoral zone was very high, like in Jeleń Lake (data not shown). These findings indicate that the pH and photosynthetic activity significantly influence E. canadensis δ13CORG values.



In the case of δ15NORG values for E. canadensis, more noticeable differences were observed between groups than for δ13CORG (Figure 3 and Figure 4). E. canadensis δ15NORG values in rivers were notably higher than and statistically different from those in lakes (Dunn post hoc test with Bonferroni correction p < 0.025, Figure 4). Those differences are likely caused by increased nitrogen availability originating from organic sources within the catchment area, such as domestic sewage or organic fertilizers runoff. This variance contrasts with the predominantly forested catchment areas of the studied lakes, showcasing a distinct source of nitrogen for plants occurring in rivers [14,43]. Similarly, significantly higher δ15NORG values were obtained in rivers compared to those in lakes for submerged aquatic macrophytes such as Potamogeton crispus L., Potamogeton perfoliatus L., and Stuckenia pectinata (L.) Börner [43]. The δ15NORG values of E. canadensis and three other aquatic plant species in rivers align with the findings of Guo et al. [47], who conducted research on the heavily nitrogen-burdened Nanming River in China, originating from anthropogenic sources. Moreover, the lower values of δ15NORG values for E. canadensis are in line with those reported in the literature, following a similar range (i.e., 1.3 to 4.8‰) [19,22,42], which are more characteristic of not highly disturbed, closed lakes ecosystems.



Even though the δ13CORG and δ15NORG values can distinguish E. canadensis plant material from rivers and lakes, it is not possible to connect the origin of plant material to a specific group of lakes based on the obtained carbon and nitrogen isotope signals (Figure 2 and Figure 3). The discussed results suggest that water movement and water exchange, together with biogenic compounds used as sources of photosynthesis and growth, have a significant impact on the isotopic values of E. canadensis in rivers. However, in the case of lakes, the lack of relationship between δ13CORG and water hardness is surprising, as noticed by the author not only for E. canadensis [14]. It seems that the ability to use two forms of carbon shown by E. canadensis (and N. flexilis from the author’s previous research [14]) causes δ13CORG to be established in an extensive range of values, as shown in Figure 3. Furthermore, the stability of the conditions and a much smaller inflow of pollutants (from mainly the forest catchments in the two types of lakes studied) eliminates the high share of 15N in the organic matter of E. canadensis observed in material from rivers.



Thus, in this study, we decided to apply the fast FTIR-ATR method, which might help in distinguishing the material collected from hardwater and softwater lakes. Comparisons of the E. canadensis FTIR spectrum results allow for effectively differentiating material from hard- and softwater lakes, but only when nondecarbonated material from hardwater lakes is used for analysis. In the decarbonated material, the peaks associated with calcium carbonate, located at 1413 cm−1 and 875 cm−1 in the FTIR-ATR spectrum, do not manifest (see comparison in Figure 7). These additional analyses provide crucial information that might help with revealing the environmental origin of the investigated E. canadensis. It is significant to point out that this type of analysis might be helpful to environmental identification in the case of macroscopic green algae, especially species from the Nitella genus (Pronin—unpublished data), which might be found in softwater and hardwater lakes [14].



The research findings confirm that isotope analyses, combined with the analysis of the 800–1800 cm−1 region of organic matter in aquatic plants, indicate the possibility of identifying the origin of plant material from submerged aquatic plants in northern Poland. To increase the precision and usefulness of identifying the source of plant material, it is recommended that more comprehensive research encompassing a wider range of submerged macrophyte species and a wider group of freshwater ecosystems, including ponds and more eutrophic lakes, be carried out. Moreover, most of the submerged aquatic vegetation utilizes nutrients from the water column and sediments [48]; thus, further studies should also consider habitat diversity based on these environmental elements. It is significant to encompass in this type of study the specific group of submerged plants from the isoetids group (the rosette, evergreen submerged plants characterized as occurring in softwater oligotrophic lakes), which use only the sediments as a nutrient source [49]. Including in further studies plants occurring in a wide range of lakes and rivers (with almost no influence of rapid eutrophication compared to those strongly impacted by this accelerated process) might also provide interesting results, and help in further calibrating and validating the method of plant origin identification suggested in this paper.



It is noteworthy to highlight that, to the best of the author’s knowledge, the methodology employed in this paper to determine the origin of E. canadensis across various freshwater environments represents a pioneering approach. This method has the potential to identify the origin of plant materials, a development that holds significance for environmental, ecological, and paleoenvironmental studies. Moreover, each new data point regarding δ13CORG and δ15NORG values serves as a valuable addition to the limited information available in the existing literature. Consequently, an increase in the documentation of δ13CORG and δ15NORG values associated with aquatic vegetation could lead to more precise and, therefore, more accurate interpretations via the paleoecological analysis of samples containing organic matter sourced from aquatic vegetation.



Nevertheless, the findings here were derived from a local scale, rather than encompassing a comprehensive range of freshwater ecosystems. This limitation restricts the potential utilization of this study to particular ecosystems, notably softwater and hardwater lakes, as well as rivers in temperate climate zones. Additionally, for this method to be feasible, the freshwater ecosystems must possess favorable water and sediment qualities conducive to the growth of aquatic plants. Furthermore, the equipment needed for isotopic and FTIR-ATR analyses is not commonly accessible. Thus, performing such combined analyses requires additional effort and some costs. To sum up, isotopes and FTIR-ATR analyses are complementary to field and herbaria sampling, and both methods might allow for a better understanding of plant diversity and habitat preference.




5. Conclusions


This study delves into the potential of leveraging isotopic signals and spectral analyses of submerged aquatic plant materials, specifically those focusing on E. canadensis, to discern the environmental conditions of their origin. The findings underscore the significant distinctions in stable carbon and nitrogen isotope compositions (δ13CORG and δ15NORG) between samples obtained from rivers and lakes, particularly noting higher δ15NORG values in river-collected materials. However, while δ13CORG and δ15NORG did not distinctly differentiate between softwater and hardwater lake materials, notable differences emerged in the FTIR-ATR spectral analysis, particularly as regards the presence and intensity of calcium carbonate peaks derived when analyzing nondecarbonated plant material from hardwater lakes.



This paper introduces a novel methodology that combines these approaches, offering a pioneering means of swiftly identifying the origins of submerged aquatic plant materials across diverse freshwater environments. The potential for the rapid identification of plant material origins holds significant promise for environmental, ecological, and paleoenvironmental research, providing insights into habitat distinctions that may otherwise remain elusive. Furthermore, each new data point contributing to the δ13CORG and δ15NORG values of aquatic vegetation is invaluable in expanding the limited existing literature, promising more precise and accurate interpretations of paleoecological analyses involving organic material derived from aquatic vegetation.



This research not only reaffirms the value of isotope analyses in discerning the origins of aquatic plant materials, but also underscores the need for broader and more diverse studies involving various submerged macrophyte species across a wider spectrum of freshwater ecosystems. Such expanded research could enhance precision in identifying plant origins, especially considering the habitat diversity of freshwater ecosystems.



Furthermore, the increased knowledge of macrophytes δ13CORG and δ15NORG values might also be essential in further tracking accelerated eutrophication based on aquatic vegetation isotopic signals. This might be important due to the assumption that the increased speed of eutrophication influences organic matter sedimentation in aquatic ecosystems, especially lakes.
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Figure 1. The location of the sampled E. canadensis stands in northern Poland. 1—Lake Dobrogoszcz, 2—Lake Zakrzewie, 3—Lake Ląkie, 4—Lake Ossowskie, 5—Lake Jeleń, 6—Lake Piasek, 7—Lake Kamień, 8—River Wda in Bałachy stands, 9—River Wda in Borsak stands 1, 2 and 3, 10—River Chocina in Zielona stands, 11—River Zbrzyca in Laska stands, 12—River Wda in Wda stands, 13—Lake Pursionki Małe, 14—Lake Czyste, 15—Lake Wdzydze, 16—Lake Skrzynki Duże, 17—Lake Kamieniczno, 18—Lake Pile, 19—Lake Ińsko. 






Figure 1. The location of the sampled E. canadensis stands in northern Poland. 1—Lake Dobrogoszcz, 2—Lake Zakrzewie, 3—Lake Ląkie, 4—Lake Ossowskie, 5—Lake Jeleń, 6—Lake Piasek, 7—Lake Kamień, 8—River Wda in Bałachy stands, 9—River Wda in Borsak stands 1, 2 and 3, 10—River Chocina in Zielona stands, 11—River Zbrzyca in Laska stands, 12—River Wda in Wda stands, 13—Lake Pursionki Małe, 14—Lake Czyste, 15—Lake Wdzydze, 16—Lake Skrzynki Duże, 17—Lake Kamieniczno, 18—Lake Pile, 19—Lake Ińsko.



[image: Limnolrev 24 00002 g001]







[image: Limnolrev 24 00002 g002] 





Figure 2. Ordination diagrams of nonmetric multidimensional scaling (nMDS) analysis for the data matrix considering freshwater ecosystems as study sites (rows) and physicochemical parameters (pH, conductivity, DIC, CO2, HCO3−, CO3−2, DOC, and Ca2+) as species (columns); n = 7 for each group. 
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Figure 3. Comparison of δ13CORG (‰ V-PDB) of E. canadensis in three types of investigated water ecosystems (n = 7 for each group). The box represents 25–75%, the line inside the box represents the median, and the whiskers represent the minimum and maximum values excluding outliers. Different letters above boxplots indicate statistical significance (p < 0.025) as determined by the Dunn post hoc test with Bonferroni correction following the Kruskal–Wallis test. 
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Figure 4. Comparison of δ15NORG (‰ AIR) of E. canadensis in three types of investigated water ecosystems (n = 7 for each group). The box represents 25–75%, the line inside the box represents the median, and the whiskers represent the minimum and maximum values excluding outliers. Different letters above boxplots indicate statistical significance (p < 0.025) as determined by the Dunn post hoc test with Bonferroni correction following the Kruskal–Wallis test. 
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Figure 5. The FTIR spectra comparison of nondecarbonated samples from the river, and the hardwater and softwater lakes. 
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Figure 6. The FTIR spectra comparison of decarbonated samples: (a) E. canadensis samples collected from softwater lakes and (b) E. canadensis samples collected from hardwater lakes, n = 7 for each group. 
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Figure 7. The FTIR spectra comparison of (a) nondecarbonated and (b) decarbonated samples from two hardwater lakes. 
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Table 1. The results of the Kruskal–Wallis test for the physicochemical parameters measured in three investigated freshwater ecosystems.
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	Physicochemical Parameters
	Kruskal–Wallis Test Results





	pH
	H = 0.013, p = 0.99



	conductivity (µS cm−1)
	H = 14.200, p = 0.001



	DIC (mg C/L)
	H = 14.466, p = 0.001



	CO2 (mg C/L)
	H = 6.2252, p = 0.040



	CO2 (CO3−2) (mg C/L)
	H = 14.764, p = 0.001



	CO2 (HCO3−) (mg C/L)
	H = 12.625, p = 0.001



	DOC (mg C/L)
	H = 6.633, p = 0.040



	Ca2+ (mg Ca/L)
	H = 14.716, p = 0.001
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