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When exploring the challenges of restoring degraded lakes, we often do not observe the expected results despite executing all planned activities. Our study elucidates the reasons that impede the recovery of submerged macrophytes despite ameliorated light conditions. When prolonged lake degradation occurs, subsequent efforts to increase light availability often prove insufficient, resulting in a persistent turbid water state. In this study, we attempted to determine the reasons for these failures through a germination test and propagule bank analysis conducted in bottom sediments from a severely degraded lake, which underwent restoration. Although the bottom sediments indicate relative potential in the number of oospores and seeds, their germination efficacy remained dismally low. Based on the germination test results and factors affecting the development of submerged macrophytes (physical and chemical parameters, lake morphology), we stated that improvement of light conditions in the lake could be insufficient to recover the vegetation, especially when the potential to renew diverse plant communities from sediments naturally is low. Our findings advocate for a paradigmatic shift in lake restoration strategies. A holistic approach that includes propagule bank assessments before embarking on restoration initiatives and enabling the identification of macrophyte resurgence potentials is recommended. We also advocate for a multifaceted restoration framework, emphasizing the indispensability of augmenting natural recovery mechanisms with targeted interventions. Consequently, in some cases, macrophyte reintroduction could be the only solution. By reintroducing autochthonic species to site-specific ecological dynamics, we anticipate an increased success rate in restituting submerged vegetation, thus catalyzing ecological regeneration within degraded lake ecosystems.




Keywords: aquatic plant self-recovery, propagule bank, germination test, lakes eutrophication, lakes restoration




1 Introduction

For several decades, eutrophication has constituted one of the threats caused by human activity; turbid water, cyanobacteria blooms, and loss of biodiversity are among the main symptoms visible in many lake ecosystems around the world that experience increased anthropogenic pressure (Sand-Jensen et al., 2017; Klimaszyk and Gołdyn, 2020). Lake eutrophication also leads to the disappearance of submerged plants and macroalgae (Hilt et al., 2006; Ozinga et al., 2009). As a result, the lake’s clear-water state with macrophytes dominance collapses, confronting high turbidity caused by phytoplankton or competition with free-floating plants (Scheffer et al., 1993; Meijer, 2000). Macrophytes play an essential role in the mobilization, transport, and accumulation of nutrients, and physical stabilization of bottom sediments. They are a source of food and refuge for macroinvertebrates, zooplankton, and fish (Short et al., 2016; Brzozowski et al., 2022). The limitation of macrophyte occurrence to a rush belt (helophytes) is a characteristic feature of degraded lakes (Kolada, 2016). The lack of bottom sediment insulation due to submerged plant disappearance intensifies the resuspension of sediments, and the biogenic substances are released from substrates into the water column, further accelerating eutrophication processes (Blindow et al., 2014).

Almost all undertaken restoration initiatives assume that reduction of nutrient concentrations in water is a crucial factor limiting phytoplankton abundance and, consequently, results in increased light penetration and the development of macrophytes, especially submerged communities. These organisms can compete effectively with phytoplankton and bring long-term improvement (Bakker et al., 2013; Hilt et al., 2018). Among physical factors, light is necessary for charophyte germination (de Winton et al., 2000), may enhance plant germination (Lorenzen et al., 2000) and is crucial factor for seedling development and submerged plant growth (van den Berg et al., 1998; He et al., 2019). When light conditions are improved, macrophytes can massively (re)establish and rapidly develop beds in the lake (van de Haterd and Ter Heerdt, 2007). The vegetation recovery can take from a few weeks to even a few years. There are many examples of lakes that have been restored, and the recovery of plants has been observed there (e.g., Lake Terra Nova or Lake Zwemlust, Netherlands; Lake Leven, United Kingdom; Lake Tegel, Germany; Bakker et al., 2013). Usually, the so-called ‘intermediate recovery state’ was noted, thus the period in which transient colonization by hornworts, pondweeds, waterweeds or charophytes occurred, especially in shallow lakes (Hilt et al., 2018). However, the clear-water state and return of submerged macrophytes and the development of their diversity are usually slow and often delayed. They can appear many years later, after limiting the external nutrient load and implementing complex restoration treatments (Bakker et al., 2013; Hilt et al., 2018).

However, sometimes improvement of light and trophic conditions is not followed by macrophyte re-establishment. One of the critical factors affecting the rate of bottom recolonization by macrophytes is the density and composition of the propagule bank (Bakker et al., 2013). There are two functionally different fractions in a lake propagule bank: i) an active fraction, capable of germinating under certain conditions (Hilt et al., 2006) and ii) a passive fraction, temporarily unable to germinate (dormant state, immaturity, isolation by a too thick sediment layer). The second fraction should be expected to dominate in degraded lakes with a permanent turbid water state. Nevertheless, seeds in the sediments suggest the possibility of natural regeneration of macrophyte communities once light conditions improve. Some studies have shown that seed banks from the most degraded lakes can also grow and have the potential to restore vegetation (de Winton et al., 2000; Verhofstad et al., 2017). However, the propagule bank in sediments of degraded lakes usually has a low number of viable seedlings. They exhibit strong seed dormancy and germinate in response to strict germination cues. Thus, the chances of recovering submerged vegetation by germination in such lakes are low (Rodrigo et al., 2013; Hilt et al., 2018).

Many studies focus on the reconstruction of submerged vegetation mainly in shallow lakes, while in deep lakes and reservoirs this aspect is neglected, since macrophytes colonize only a small part of the bottom. However, the recovery of submerged plants in deep lakes is as crucial as in shallow lakes because it also contributes to stabilization of ecological state in them (Hilt, 2015). Thus, there are still numerous knowledge gaps on propagule availability and dispersal for the return of submerged macrophyte vegetation during and after lake restoration treatments (Bakker et al., 2013; Hilt, 2015), and this problem is especially true in deep lakes.

The aim of our study was to assess whether meeting the basic assumption of all restoration projects, which is improving the light conditions in the lake, is sufficient for the self-recovery of macrophytes. To elaborate on a suitable basis, we performed a germination test and propagule bank analysis in sediments collected from a relatively deep lake that had been degraded for decades and had undergone restoration treatments. Such an approach gives a basic understanding of the conditions and structure of the propagule bank, and therefore its potential ability to germinate and the recovery of macrophytes. Based on the possible sources of failure, we proposed some actions that may increase possibility of macrophyte recovery. We emphasize that the described problems are underestimated and frequently overlooked. Awareness of the importance and relationships between predictor variables describing submerged aquatic vegetation coverage and composition can significantly facilitate and improve active protection and restoration efforts for aquatic vegetation recovery.




2 Methods



2.1 Study area

To check the possibilities of plant self-recovery, we collected sediments from Góreckie Lake (western Poland). This relatively deep stratified lake had been degraded for many years and had undergone restoration treatments to improve the quality of water. Additionally, it has been the focus of scientific interest for several decades, resulting in long-term research results and a well-studied vegetation structure (Dąmbska et al., 1978; Burchardt et al., 2001; Sobczyński et al., 2012; Rybak et al., 2015). Góreckie Lake (N 52°16’00”, E 16°47’43”) is endorheic, characterized by an area of 104.1 ha, max. depth of 17.2 m, and mean depth of 8.9 m. The originally mesotrophic lake underwent accelerated eutrophication from the 1950s to the 1980s due to the inflow of only mechanically treated wastewater from a sanatorium located on its shore, and the runoff from the agricultural catchment (Sobczyński and Joniak, 2009). As a result, the lake was hypereutrophic at the turn of the century (Sobczyński and Joniak, 2013) – 0.160 mg P L-1 total phosphorus (TP), 2.70 mg N L-1 total nitrogen (TN), and 1.1 m Secchi disk visibility (SDV). During our sampling time surface water was characterized by 0.046 mg P L-1 TP, 1.82 mg N L-1 TN, and 4.2 m SDV. Phytoplankton blooms were reported from early spring to late autumn, resulting in a substantial reduction in the extent of the euphotic zone and lack of oxygen in the meta- and hypolimnion (Sobczyński et al., 2012).

Due to high degradation and poor ecological state, restoration treatments were applied in April 2010 and were carried out with varying intensity in 2010 and 2012. To improve water transparency, oxygenate the bottom waters and reduce phosphorus concentration, three methods were applied simultaneously: aeration of hypolimnion waters using a wind-driven aerator, chemical phosphorus inactivation using iron sulphate salts, and biomanipulation by removing 3 tons of plankton-eating fish (Sobczyński et al., 2012). The goal of these activities was to support the natural defense of the lake, including the recovery of macrophytes as a factor regulating the circulation of biogenic elements in the ecosystem. However, the methods employed did not bring the expected effect on water quality improvement, and after they were discontinued, the lake returned to its pre-restoration condition. The main reasons for the low effectiveness of the treatments were the extensive hypolimnion and strong internal loading (Rybak et al., 2015; Joniak et al., 2018).

In the early 20th century, vegetation reached a maximum depth of 7m (Figure 1), Chara tomentosa and C. globularis were noted (Dąmbska, 1952). In the 1970s Lychnothamus barbatus occurred in the northern lake part (Dąmbska et al., 1978). By the early 21st century, elodeids depth was 4 m in the northwest area of the lake, with C. aspera and C. globularis persisting (Burchardt et al., 2001). In 2013, six phytocoenoses (Charetum contrariae, Myriophylletum spicati, Najadetum marinae, Nupharo-Nymphaeetum albae, Potametum pectinati, Potametum perfoliati), indicating eutrophic waters, covered 7.7% of the phytolittoral zone.




Figure 1 | Bathymetric map of Góreckie Lake with sampling stations and surface area of the bottom covered by macrophytes in the 1952 – 1978 period.






2.2 Field measurement and sampling

Field studies and sampling were conducted in April (time before germination begins) 2013, one year after restoration treatments terminated. Sediment samples for the germination test were collected from 10 sites located in shallow lake parts (1.0–6.0 m), which were determined based on the submerged vegetation occurrence in the past (Figure 1; Table 1). Three sediment cores were collected from each site using the Kajak sampler. The samples at particular stations represented 8.47 × 10-3 m2 sediment surface and a volume of 1.27 L. The cores were then divided into three sediment subsamples based on the following strata: 0–5, 5–10 and, 10–15 cm and mixed within the layer. We cut the sediment cores into layers to assess the abundance and quality of the propagule bank. Then it was possible to determine whether propagules are present in a similar amount in the sediment along its entire depth or whether they are dominant in a particular layer (de Winton et al., 2000; Boedeltje et al., 2002). The sediments were stored in polypropylene containers at 4°C and analyzed within 24 hours.


Table 1 | Density of diaspores in bottom sediments and physical characteristics of sampling stations of Góreckie Lake.



The following physical and chemical variables were analyzed in the sediment samples: total phosphorus (TP, mg P g-1 dry weight (dw)) by the molybdate method (PN-EN ISO 6878:2006) after mineralization with HCl, organic matter (OM, % dw) as loss on ignition at 550°C, calcium carbonates (CaCO3, % dw) using Scheibler method with HCl (Van Reeuwijk, 2002) and sediment hydration (Hydr, %) as fresh water lost on oven drying at 80°C for 48h.

Photosynthetically active radiation (PAR) was examined at 0.1 m intervals using a quantum meter with a spherical sensor (LI-193SA, LiCor Biosciences). Measurements were made in cloudless weather at the time of maximum solar height above the horizon. Additionally, measurements were repeated during the peak of vegetation season in July. The light extinction coefficient (Kd(PAR)) was calculated according to Kirk (2010):  , where d is the water depth, I0 and Id are PAR values at the water surface and at depth d, respectively. Data to measure the width of the reed belt and slope measurements (edge points and water depth) were collected with a Garmin Dakota 20 GPS and compiled using QGIS 3.12.




2.3 Germination test

We conducted the laboratory test using lake sediments based on the studies on germination potential, which have been assessed under different conditions (laboratory, greenhouse, outdoor) and on various substrates (e.g., natural sediments, sand, artificial substrate) (Thompson et al., 1997 and cited there). The germination test carried out during study employed methods used by de Winton et al. (2000) and Dugdale et al. (2001). It was performed in a cultivation chamber in glass cylinders. The cylinders were filled with filtered lake water (GF/F filters, Advantec) up to 25 cm of the water column height. The temperature was constant at 17.5°C, while the light regime was set at 10: 14 h (light: darkness). Light intensity at the water surface was 34.5 µmol m-2 s-1. This simulated lake conditions in the early spring period. Ninety transparent polypropylene plastic pots (120 cm3) were filled with 40 cm3 (2 cm height) of sediment subsamples from the particular layer. Each single pot was inserted in a single cylinder. Every layer from each station was replicated three times, which created a 0.165 m2 sediment area. Individuals of Daphnia magna L. from a long-term laboratory culture (Bdem2) were introduced in the cylinders to reduce the growth of phytoplankton (three per cylinder). Growths of filamentous algae were removed daily. The cultivation trial was carried out for 50 weeks.

The dissolved oxygen (HI 9146–04, Hanna Instruments), temperature, pH and electric conductivity (HI 98129, Hanna Instruments) were measured every two weeks. After 25 weeks, sediments were gently mixed to move potentially buried propagules closer to light. Emergence was defined as developing a germinated seedling to a stage where it could be identified. At the end of the test, each sediment sample was sieved by 250 µm aperture mesh, and the extract was observed using a stereoscopic microscope (Zeiss Stemi 2000-C) to identify and quantify the seeds and other propagules (e.g. charophyte oospores). Data of propagule numbers and seedlings were standardized to individuals per m2 (ind. m-2).




2.4 Statistical analyses

The differences in the number of propagules among sediments layers were analyzed with generalized linear mixed effect models from glmmTMB library (Brooks et al., 2017). Sampling station was incorporated as a random effect and the gamma family with log-link function was used to describe the data distribution. Non-parametric Kruskal-Wallis test (stats library) was used to check the differences of physicochemical features among sediment layers (TP, OM, Hydr, and CaCO3 content). Q-Q plot and residual plot were used to test the normality of the data.

The Principal Component Analysis (PCA) with factors grouping using k-means clustering (both in the stats library) was performed to visualize the data cloud, which allowed the identification of the distribution patterns of physical-chemical factors (water depth, fresh sediment depth, organic matter, hydration, total phosphorus, calcium carbonate, and availability of photosynthetic active radiation) and propagules and group them. The cluster number and its content was estimated using parallel analysis in the paran package (Dinno, 2018). Statistical analyses were performed using the R software (ver. 3.5; R Development Core Team).





3 Results



3.1 Environmental factors and sediment structure

The maximum PAR penetration depth in the lake was 10.5 m in spring. The percentage of the incident light at the bottom of the sampling stations ranged between 1% (12 µmol m-2 s-1) at 6 m and 47% (425 µmol m-2 s-1) at 1 m depth, with an average Kd(PAR) of 2.3 ± 1.0 m-1 (Table 1). All stations were in range of the euphotic zone where an average Kd(PAR) of 0.614 ± 0.092 m-1. At the peak of the growing season, the maximum light penetration depth was 5.5 m including euphotic zone depth of 3.3 m and an average Kd(PAR) = 1.449 ± 0.096 m-1. The light reaching the phytolittoral bottom was ca. 50% lower than in spring, and the Kd(PAR) increased to 4.8 ± 2.2 m-1.

The thickness of the fresh sediment layer ranged from 2 up to 15 cm (Table 1). In zones with the highest bottom slopes, the sediments contained a thin fresh layer. In areas with a lower slope, this layer was thicker. However, these differences did not significantly affect the analyzed physical and chemical features in the whole lake context (Table 2).


Table 2 | Vertical changeability of physicochemical parameters (mean ± stand. dev.) of bottom sediments of Góreckie Lake (TP – total phosphorus, OM – organic matter, Hydr – hydration, CaCO3 – calcium carbonate; Z – Kruskal-Wallis test).



Variables describing sediments clearly indicated factors positively correlated with propagule bank abundance in the PCA ordination space defined by the first and second principal components (Figure 2). Both components accounted for more than 61% of the variance observed in the structure of the analyzed stations. The clustering algorithm revealed that environmental factors related to diaspore abundance could be divided into three groups. The first group includes factors positively correlated with propagule abundance: PAR availability, slope angle, and CaCO3 content. Factors in the second group were negatively correlated with propagule number, including water depth and fresh sediment layer thickness. The third group includes factors which were not correlated with propagules: sediment hydration, total phosphorus, and organic matter content.




Figure 2 | PCA output for the relationships between environmental variables with clustering algorithm results (denoted by color); depth – water depth, FsD – fresh sediment depth, OM – organic matter, Hydr – hydration, TP – total phosphorus, CaCO3 – calcium carbonate, PAR – availability of photosynthetic active radiation. Dots 1–10 – sampling stations according to Figure 1 (the size indicates contribution of the variables to the principal components – up to 20%).






3.2 Germination test

Water pH during the entire trial was constant and reached 8.5 ± 0.5. Dissolved oxygen in the first eight weeks was 6.5 ± 0.1 mg O2 L-1 and increased during the trial up to 9.7 ± 0.1 mg O2 L-1 in the last 4 weeks. Electric conductivity decreased from 800 ± 4 µS cm-1 in the first month to 640 ± 2 µS cm-1 at the end of assay.

Seedlings appeared after 6 weeks from station 8: Chara virgata Kütz. – 18 ind. m-2 from 0–5 cm and 36 ind. m-2 from layer 5–10 cm. After this time no new seedlings were noted nor did the sediment stirring induced emergence of new ones.

Charophytes’ oospores were significantly more abundant than seeds in the propagule banks (F-ratio = 8.39, p<0.01) (Table 1). Considering the number of diaspores in particular layers, the highest number was noted in 5–10 cm (18 769 ± 9 960 oospores and 1 795 ± 702 seeds m-2; mean ± SE) and the lowest in 10–15 cm in the case of seeds (150 ± 150 ind. m-2) and 0–5 cm in the case of oospores (6 205 ± 2 317 ind. m-2). Statistical analysis did not reveal significant differences between sediment layers and sampling stations (Figure 3).




Figure 3 | Densities of oospores (left) and seeds (right) in the bottom sediments used in the laboratory trial. For each layer 30 observations. Box-and whisker plots boxes represent median, first and third quartiles with whiskers extending until respectively the values that are within 1.5 × inter-quartile range; red dots represent the mean value, black dots represent outliers; oospores extreme of 160 thous. ind. m-2 not present (see Table 1).



Microscopic analysis showed physical damage to about 80% of the seed pool (splitting, gnawing) and revealed that 70% of the oospores were empty carbonate encrustations with no biotic part.





4 Discussion



4.1 The propagules origin and the success of germination

Although we employed a standard methodology (de Winton et al., 2000; Dugdale et al., 2001) in the germination test conducted on sediments from Góreckie Lake, the results were significantly different from comparable studies. A key aspect that gives very good results in germination success, both in terms of germling density and plant taxonomic diversity, is the origin of the sediments. Ecosystems without signs of permanent degradation and aquatic vegetation occurrence are characterized by undisturbed production of diaspores (see e.g., Finlayson et al., 1990; Skoglund and Hytteborn, 1990; de Winton et al., 2000). If the lake has been degraded due to unnaturally fast eutrophication (such as Góreckie Lake), the inhibition of diaspore production and the replenishment of the propagule bank are the main problems (Lu et al., 2012). The density of propagules in Góreckie Lake ranged from ca. 500 (seeds) to 160 000 (oospores) ind. m-2, with the highest number in the 5–10 cm sediment layer. This proves the presence of a well-developed flora in the recent past. A relatively high number of diaspores, together with their potential survival (up to 50–60 years described by other authors; Lu et al., 2012; Rodrigo and Alonso-Guillén, 2013), seems to ensure the macrophytes return (Bakker et al., 2013). However, both the restoration treatments applied in the field and the laboratory germination test resulted in an infinitesimal success rate. A similar diaspore distribution pattern in the sediments was described in lakes where submerged plants were absent for years, however, viable seeds have been found (Hilt et al., 2006; Lu et al., 2012). The sediment analysis of Góreckie Lake demonstrated that the upper layer contained fewer seeds, which seems to be due to the very poor representation of elodeids in the lake, whereas this layer is crucial in terms of germination initiation potential. Seeds and oospores located deeper, even if numerous, exhibit lower germination potential and can only play an ecologically significant role in a situation of sediment disturbance. However, they must be disregarded when considering rapid vegetation regeneration (Dugdale et al., 2001; de Winton et al., 2004).

de Winton et al. (2000), collected 15 cm sediment cores divided into 5 cm layers; sediments were collected from lakes that supported seed production and lakes in which vegetation had disappeared (de-vegetated). The first seedlings were recorded after 5 weeks, and the highest number was found in the sediment of the 5–10 cm layer, however only in lakes with present vegetation. No seedlings were recorded from lakes classified as de-vegetated. These results are in line with our study, in which sediments origin from Góreckie Lake which could be classified as de-vegetated, considering submerged vegetation. Moreover, even mixing of the sediments in the germination test as described by van Zuidam et al. (2012), did not provide beneficial effects and did not contribute to seedling appearance.

Although the composition of the submerged propagule bank does not have to match the vegetation presence exactly (Arthaud et al., 2012), its condition indicates a new macrophyte emergence after a significant disturbance (Combroux et al., 2001). Thus, the spontaneous return of submerged macrophytes depends, at least partly, on the quality of the propagule bank. Viable propagules of non-dominant species, including charophytes, are usually found in most sediments. This means that when the dominant species disappears, there is a local potential for the development of diverse aquatic plants (Verhofstad et al., 2017), and species can be easily spread from neighboring ponds and water bodies (Barrat-Segretain, 1996). The data from lake sediments indicate that particularly propagules from Characeae and Potamogeton species are very abundant, and frequently appear in many restored lakes, as they can survive in turbid water (Bakker et al., 2013; Hilt et al., 2018). Corroborating this, the emergence of C. virgata seedlings from the oospores in Góreckie Lake sediments seems to be a result of dispersal by waterfowl (Vivian-Smith and Stiles, 1994; Linton and Goulder, 2000; Reynolds and Davies, 2007) from neighborhood ponds where C. virgata was present (Gąbka, 2009). In other lakes, e.g., Steinhuder Meer (Germany) the dominance of Elodea nuttallii was noted after a sudden improvement in water transparency approximately 40 years after the disappearance of plants. The species was not observed earlier in this lake and spread mainly by vegetative fragments (Hilt et al., 2006). Plants can also develop by expanding local remnant populations, as seen in Lake Fure, Denmark, where macrophytes spread through clones of several species from pre-eutrophication times (Bakker et al., 2013). If the dispersal inflow from external sources does not compensate a poor bank of propagules, the success in macrophyte establishment and development will gradually decrease (Van Onsem and Triest, 2018). As a result, passive fractions and the active propagule bank remains became critical bottlenecks for maintaining a clear-water state. In such a situation, the only way to restore vegetation in lake is artificial support of submerged macrophyte development through reintroduction of the most successful native species (Hilt et al., 2006; Rodrigo and Carabal, 2020).




4.2 Physical and chemical factors promoting successful germination

The submerged macrophyte distribution is regulated by a series of biotic and abiotic factors. Despite light availability (Cronin and Lodge, 2003) and nutrient concentration in both water and sediments (Feijóo et al., 2002; Li et al., 2007), water movement (Atapaththu and Asaeda, 2015), sediment anoxia (Zaman and Asaeda, 2013), and water column hypoxia (Summers et al., 2000) are pointed out as crucial. However, they always should be considered comprehensively. The failure of macrophyte recruitment suggests that the environmental conditions of Góreckie Lake were not beneficial for germination or the growth of submerged plants (Hay et al., 2008; Nonogaki, 2014). This is confirmed by the range of the euphotic zone in Góreckie Lake in spring and summer (10.5 and 5.5 m, respectively). Although the sediment illumination was sufficient, the submerged plant growth was strongly inhibited. Moreover, our germination potential test also exhibited negligible results. This underlines that many conditions must be met for successful germination. In many lakes, reducing nutrient concentrations and deepening the euphotic zone is sometimes not enough for renewal of macrophyte communities from the seed bank (Middelboe and Markager, 1997; Cronin and Lodge, 2003), as it is often assumed before restoration treatments.

The structure of the sediments in Góreckie Lake strictly reflected changes in trophic level. The organic layer was created mainly as a result of dead phytoplankton sedimentation, which developed substantial biomass during the vegetation season, and poor oxygen conditions in bottom waters prevented its decomposition (Rabalais et al., 2010; Sobczyński et al., 2012). Although low oxygen conditions might have positive effects on seed germination for some species (e.g. Typha latifolia and Zostera marina; Bonnewell et al., 1983; Moore et al., 1993), in general insufficient dissolved oxygen inhibits plant growth and intensifies other stressors, e.g., hydrogen sulfide (Parveen et al., 2017; Zhao et al., 2021). The mineral layer lying below referred to a higher calcium concentration, which was accumulated in sediments due to calcium carbonate precipitation on charophytes and macrophytes (Cicerone et al., 1999; Kufel et al., 2013; Pełechaty et al., 2013). The maximum sediment accumulation rate in the littoral zone was determined at 3.6 mm yr-1. This is a theoretical value on which many factors have an impact (Benoy and Kalff, 1999). Nevertheless, based on this rate, it can be assumed that the collected core sediments developed for ca. 40 years, and they date back to the period with well-developed macrophytes communities. Subsequently, accelerated eutrophication occurred leading to macrophyte disappearance and further lake degradation. On the other hand, the amount of the formed sediment can also be a factor that significantly influences germination. Seeds of some species (e.g. Typha domingensis) do not germinate when covered by sediment, however in contrast, others are able to grow through a thin layer of sediment or detritus (e.g. Cladium jamaicense) or could even withstand relatively thick sediments deposit, such as M. spicatum – up to 2 cm (Hartleb et al., 1993; Lorenzen et al., 2000), which was the sediment thickness in our germination test.




4.3 The importance of lake morphology in germination

The morphological, hydrographical, and catchment conditions of lakes may influence the trend and rate of theoretical changes in aquatic vegetation patterns. Since the macrophyte spatial distribution strongly depends on the water depth and light range, the maximum depth of a lake is one of the most critical factors determining the potential area covered by plants (Søndergaard et al., 2013). Consequently, propagule dispersal to the target habitat and successful germination in it are functional processes controlling plant community structure (Nilsson et al., 2010). It was demonstrated that a littoral slope over 2% caused a steep decrease in light availability and, in consequence, a rapid decrease in the vegetation distribution, abundance, and biomass (Duarte and Kalff, 1986; He et al., 2019). Differences in plant cover have also been shown between lakes with gentle slopes (shallow and deep regular-shaped) and ribbon-shaped lakes with steeper slopes (Kolada, 2014). This characteristic of the littoral area also determines the physical properties of sediments (nutrient poor) and the spatial differentiation of matter deposition, thus affecting the extent of vegetation. For example, sharp bottom slopes, which occur in Góreckie Lake, cause the top layer of sediments with propagules to slide down to the deeper zones of the lake and remove some parts of the propagules from the active seed bank. Thus, in lakes with a very steep bed slope, the abundance of macrophyte development may be naturally limited, even irrespective of water quality (Kolada, 2014). This was confirmed by the PCA analysis performed in our study, which showed that the number of diaspores in the sediment was related to the amount of light reaching it, which was inversely correlated with the depth and amount of fresh sediment (lake turbidity state phase). At the same time, it confirmed that the density of oospores was related to the amount of calcium carbonate intensively precipitated by charophytes and indicative of their abundant presence in the past. Correlating with the slope of the bottom, it indicates that diaspores may descend with the sediment to greater depths at the sharp slopes of the lake basin.




4.4 Broader perspective

Plant development was assumed to have a self-renewal characteristic due to the ecological state amelioration. However, these expectations may be illusory or may never come true without a proper propagule bank diagnosis and appropriate treatments to facilitate germination or macrophyte reintroduction (Rodrigo, 2021). The reduction of nutrient loading and biomanipulation (mainly fish removal) can bring a rapid response to improved light conditions and macrophyte development (Lauridsen et al., 2003). However, some treatments could also have a negative impact on plant recovery. For example, sediment removal may cause the removal of propagules or isolate them below the viable germination zone, and chemical phosphorus inactivation may inhibit charophyte generative reproduction (Hilt et al., 2006; Rybak et al., 2017, 2020). Climate changes should also be taken into account during restoration activities, because they affect plants, directly inducing morphological and physiological responses and indirectly interfering with biotic interactions, affecting the population dynamic (Tylianakis et al., 2008; Olsen et al., 2016). The stabilization of clear water phase by macrophytes might be limited in the hotter and carbon dioxide rich climate in the future. Considering climate change and the consequence of bloom-forming cyanobacteria domination in the phytoplankton community structure, only submerged vegetation with lower requirements for critical environmental factors can better withstand climate- and cyanobacteria-caused disturbances in the ecosystem. Surprisingly, charophytes seem to be good candidates as they can diminish the share of cyanobacteria in the lake phytoplankton more effectively than submerged vascular macrophytes and exhibit the potential to mitigate the effects of climate change (Pełechata et al., 2023). Therefore, future global warming effects should be considered in planning, management, and restoration since strategies may need to be refined and adapted to preserve or improve the present-day lake water quality (Trolle et al., 2011).





5 Conclusions and recommendations

We conclude that improving the light conditions in the lake may not be enough to recover vegetation, especially when the potential to naturally recover plant communities from sediments is low. We highlight that:

	Understanding the propagules germination-environmental factors-macrophytes occurrence interactions, offers a tool for improvement of the revegetation and management of many degraded lacustrine ecosystems.

	Analysis of the propagule bank before applying restoration treatments should be a standard procedure to recognize the possibility of macrophyte recovery from internal sources, particularly in lakes where no submerged plants are observed.

	The germination test should be done to assess the rate of germination success. Although many plants can reproduce clonally and spread without seed production, recruitment of seeds remains extremely important in the lake renewal or restoration context.

	If the oospores and seeds present in the propagule bank are not of high quality or viable, the only way to restore vegetation is artificial support of submerged macrophyte development through reintroduction of the most successful native species.



Such a strategy allows for better adjustment of restoration methods and saves time and resources in the event of the need for macrophyte reintroduction.





Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.





Author contributions

MR: Conceptualization, Formal analysis, Investigation, Methodology, Resources, Visualization, Writing – original draft, Writing – review & editing. JR: Formal analysis, Investigation, Writing – original draft, Writing – review & editing. ŁW: Formal analysis, Investigation, Writing – original draft, Writing – review & editing. MAR: Formal analysis, Investigation, Writing – original draft. TJ: Conceptualization, Formal analysis, Investigation, Methodology, Resources, Validation, Writing – original draft, Writing – review & editing.





Funding

The author(s) declare that no financial support was received for the research, authorship, and/or publication of this article. 




Acknowledgments

We want to thank Prof. Mariusz Pełechaty (Adam Mickiewicz University) for his suggestions and fruitful discussions; Prof. AMU Bartłomiej Gołdyn (AMU) for help in statistical analyses; MSc. Kaira Kamke for the manuscript proofreading; and two reviewers for their useful comments on an earlier version of the manuscript.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





References

 Arthaud, F., Mousset, M., Vallod, D., Robin, J., Wezel, A., and Bornette, G. (2012). Effect of light stress from phytoplankton on the relationship between aquatic vegetation and the propagule bank in shallow lakes. Freshw. Biol. 57, 666–675. doi: 10.1111/j.1365-2427.2011.02730.x

 Atapaththu, K. S. S., and Asaeda, T. (2015). Growth and stress responses of Nuttall’s waterweed Elodea nuttallii (Planch) St. John to water movements. Hydrobiologia 747, 217–233. doi: 10.1007/s10750-014-2141-9

 Bakker, E. S., Sarneel, J. M., Gulati, R. D., Liu, Z., and van Donk, E. (2013). Restoring macrophyte diversity in shallow temperate lakes: biotic versus abiotic constraints. Hydrobiologia 710, 23–37. doi: 10.1007/s10750-012-1142-9

 Barrat-Segretain, M. H. (1996). Strategies of reproduction, dispersion, and competition in river plants: A review. Vegetatio 123, 13–37. doi: 10.1007/BF00044885

 Benoy, G. A., and Kalff, J. (1999). Sediment accumulation and Pb burdens in submerged macrophyte beds. Limnol. Oceanogr. 44, 1081–1090. doi: 10.4319/lo.1999.44.4.1081

 Blindow, I., Hargeby, A., and Hilt, S. (2014). Facilitation of clear-water conditions in shallow lakes by macrophytes: differences between charophyte and angiosperm dominance. Hydrobiologia 737, 99–110. doi: 10.1007/s10750-013-1687-2

 Boedeltje, G., ter Heerdt, G. N., and Bakker, J. P. (2002). Applying the seedling-emergence method under waterlogged conditions to detect the seed bank of aquatic plants in submerged sediments. Aquat. Bot. 72, 121–128. doi: 10.1016/S0304-3770(01)00224-8

 Bonnewell, V., Koukkari, W. L., and Pratt, D. C. (1983). Light, oxygen, and temperature requirements for Typha latifolia seed germination. Can. J. Bot. 61, 1330–1336. doi: 10.1139/b83-140

 Brooks, M. E., Kristensen, K., Benthem, K. J.,. V., Magnusson, A., Berg, C. W., Nielsen, A., et al. (2017). glmmTMB balances speed and flexibility among packages for Zero-inflated Generalized Linear Mixed Modeling. R J. 9, 378. doi: 10.32614/RJ-2017-066

 Brzozowski, M., Pełechaty, M., and Bogawski, P. (2022). A winner or a loser in climate change? Modelling the past, current, and future potential distributions of a rare charophyte species. Glob. Ecol. Conserv. 34, e02038. doi: 10.1016/j.gecco.2022.e02038

 Burchardt, L., Tadeuszak, A., and Woźnicki, M. (2001). “The underwater vegetation communities of lakes Góreckie, Jarosławieckie, Budzyńskie, Tomickie, Wielkowiejskie,” in Aquatic ecosystems of the Wielkopolska National Park. Ed.  L. Burchardt (Adam Mickiewicz University Press, Poznań).

 Cicerone, D. S., Stewart, A. J., and Roh, Y. (1999). Diel cycles in calcite production and dissolution in a eutrophic basin. Environ. Toxicol. Chem. 18, 2169–2177. doi: 10.1002/etc.5620181008

 Combroux, I., Bornette, G., Willby, N. J., and Amoros, C. (2001). Regenerative strategies of aquatic plants in disturbed habitats: the role of the propagule bank. Arch. für Hydrobiol. 152, 215–235. doi: 10.1127/archiv-hydrobiol/152/2001/215

 Cronin, G., and Lodge, D. M. (2003). Effects of light and nutrient availability on the growth, allocation, carbon/nitrogen balance, phenolic chemistry, and resistance to herbivory of two freshwater macrophytes. Oecologia 137, 32–41. doi: 10.1007/s00442-003-1315-3

 Dąmbska, I., Hładka, M., Niedzielska, M., Pańczakowa, J., and Szyszko, T. (1978). Hydrobiologiczne badania jezior Wielkopolskiego Parku Narodowego. Część I (Warszawa - Poznań: Państwowe Wydawnictwo Naukowe).

 de Winton, M. D., Casanova, M. T., and Clayton, J. S. (2004). Charophyte germination and establishment under low irradiance. Aquat. Bot. 79, 175–187. doi: 10.1016/j.aquabot.2004.01.013

 de Winton, M. D., Clayton, J. S., and Champion, P. D. (2000). Seedling emergence from seed banks of 15 New Zealand lakes with contrasting vegetation histories. Aquat. Bot. 66, 181–194. doi: 10.1016/S0304-3770(99)00074-1

 Dinno, A. (2018). paran: Horn’s test of principal components/factors. Available online at: https://cran.r-project.org/package=paran.

 Duarte, C. M., and Kalff, J. (1986). Littoral slope as a predictor of the maximum biomass of submerged macrophyte communities. Limnol. Oceanogr. 31, 1072–1080. doi: 10.4319/lo.1986.31.5.1072

 Dugdale, T. M., de Winton, M. D., and Clayton, J. S. (2001). Burial limits to the emergence of aquatic plant propagules. New Zeal. J. Mar. Freshw. Res. 35, 147–153. doi: 10.1080/00288330.2001.9516984

 Feijóo, C., García, M. E., Momo, F., and Toja, J. (2002). Nutrient absorption by the submerged macrophyte Egeria densa Planch.: effect of ammonium and phosphorus availability in the water column on growth and nutrient uptake. Limnetica 21, 93–104. doi: 10.23818/limn.21.09

 Finlayson, C. M., Cowie, I. D., and Bailey, B. J. (1990). Sediment seedbanks in grassland on the Magela Creek floodplain, northern Australia. Aquat. Bot. 38, 163–176. doi: 10.1016/0304-3770(90)90003-4

 Gąbka, M. (2009). Charophytes of the Wielkopolska Region (NW Poland): distribution, taxonomy and autecology (Poznań: Bogucki Sci. Press).

 Hartleb, C. F., Madsen, J. D., and Boylen, C. W. (1993). Environmental factors affecting seed germination in Myriophyllum spicatum L. Aquat. Bot. 45, 15–25. doi: 10.1016/0304-3770(93)90049-3

 Hay, F., Probert, R., and Dawson, M. (2008). Laboratory germination of seeds from 10 British species of Potamogeton. Aquat. Bot. 88, 353–357. doi: 10.1016/j.aquabot.2007.12.010

 He, L., Zhu, T., Wu, Y., Li, W., Zhang, H., Zhang, X., et al. (2019). Littoral slope, water depth and alternative response strategies to light attenuation shape the distribution of submerged macrophytes in a mesotrophic lake. Front. Plant Sci. 10. doi: 10.3389/fpls.2019.00169

 Hilt, S. (2015). Regime shifts between macrophytes and phytoplankton-concepts beyond shallow lakes, unravelling stabilizing mechanisms and practical consequences. Limnetica 34, 467–480. doi: 10.23818/limn.34.35

 Hilt, S., Alirangues Nuñez, M. M., Bakker, E. S., Blindow, I., Davidson, T. A., Gillefalk, M., et al. (2018). Response of submerged macrophyte communities to external and internal restoration measures in north temperate shallow lakes. Front. Plant Sci. 9. doi: 10.3389/fpls.2018.00194

 Hilt, S., Gross, E. M., Hupfer, M., Morscheid, H., Mählmann, J., Melzer, A., et al. (2006). Restoration of submerged vegetation in shallow eutrophic lakes – A guideline and state of the art in Germany. Limnologica 36, 155–171. doi: 10.1016/j.limno.2006.06.001

 Joniak, T., Joniak-Lüthi, A., Sobczyński, T., and Rybak, M. (2018). “Effects of eutrophication: Spatial limitation of photosynthetic active radiation in lakes with deep-water anoxia,” in 18th International Multidisciplinary Scientific GeoConference SGEM 2018. (Vienna, Austria: STEF92 Technology). doi: 10.5593/sgem2018/3.1/S12.030

 Kirk, J. T. O. (2010). Light and photosynthesis in aquatic ecosystems. 3rd ed (Cambridge: Cambridge University Press). doi: 10.1017/CBO9781139168212

 Klimaszyk, P., and Gołdyn, R. (2020). Water quality of freshwater ecosystems in a temperate climate. Water 12, 2643. doi: 10.3390/w12092643

 Kolada, A. (2014). The effect of lake morphology on aquatic vegetation development and changes under the influence of eutrophication. Ecol. Indic. 38, 282–293. doi: 10.1016/j.ecolind.2013.11.015

 Kolada, A. (2016). The use of helophytes in assessing eutrophication of temperate lowland lakes: Added value? Aquat. Bot. 129, 44–54. doi: 10.1016/j.aquabot.2015.12.002

 Kufel, L., Biardzka, E., and Strzałek, M. (2013). Calcium carbonate incrustation and phosphorus fractions in five charophyte species. Aquat. Bot. 109, 54–57. doi: 10.1016/j.aquabot.2013.04.002

 Lauridsen, T. L., Jensen, J. P., Jeppesen, E., and Søndergaard, M. (2003). Response of submerged macrophytes in Danish lakes to nutrient loading reductions and biomanipulation. Hydrobiologia 506–509, 641–649. doi: 10.1023/B:HYDR.0000008633.17385.70

 Li, H., Cao, T., and Ni, L. (2007). Effects of ammonium on growth, nitrogen and carbohydrate metabolism of Potamogeton maackianus A. Benn. Fundam. Appl. Limnol. 170, 141–148. doi: 10.1127/1863-9135/2007/0170-0141

 Linton, S., and Goulder, R. (2000). Botanical conservation value related to origin and management of ponds. Aquat. Conserv. Mar. Freshw. Ecosyst. 10, 77–91. doi: 10.1002/(SICI)1099–0755(200003/04)10:2<77::AID-AQC391>3.0.CO;2-Y

 Lorenzen, B., Brix, H., McKee, K. L., Mendelssohn, I. A., and Miao, S. (2000). Seed germination of two Everglades species, Cladium jamaicense and Typha domingensis. Aquat. Bot. 66, 169–180. doi: 10.1016/S0304-3770(99)00076-5

 Lu, J., Wang, H., Pan, M., Xia, J., Xing, W., and Liu, G. (2012). Using sediment seed banks and historical vegetation change data to develop restoration criteria for a eutrophic lake in China. Ecol. Eng. 39, 95–103. doi: 10.1016/j.ecoleng.2011.11.006

 Meijer, M. L. (2000). Biomanipulation in the Netherlands. 15 years of experience. (PhD thesis) Wageningen: University of Wageningen.

 Middelboe, A. L., and Markager, S. (1997). Depth limits and minimum light requirements of freshwater macrophytes. Freshw. Biol. 37, 553–568. doi: 10.1046/j.1365-2427.1997.00183.x

 Moore, K. A., Orth, R. J., and Nowak, J. F. (1993). Environmental regulation of seed germination in Zostera marina L. (eelgrass) in Chesapeake Bay: effects of light, oxygen and sediment burial. Aquat. Bot. 45, 79–91. doi: 10.1016/0304-3770(93)90054-Z

 Nilsson, C., Brown, R. L., Jansson, R., and Merritt, D. M. (2010). The role of hydrochory in structuring riparian and wetland vegetation. Biol. Rev. 85 (4), 837–858. doi: 10.1111/j.1469-185X.2010.00129.x

 Nonogaki, H. (2014). Seed dormancy and germination - emerging mechanisms and new hypotheses. Front. Plant Sci. 5. doi: 10.3389/fpls.2014.00233

 Olsen, S. L., Töpper, J. P., Skarpaas, O., Vandvik, V., and Klanderud, K. (2016). From facilitation to competition: temperature-driven shift in dominant plant interactions affects population dynamics in seminatural grasslands. Glob. Change Biol. 22, 1915–1926. doi: 10.1111/gcb.13241

 Ozinga, W. A., Römermann, C., Bekker, R. M., Prinzing, A., Tamis, W. L. M., Schaminée, J. H. J., et al. (2009). Dispersal failure contributes to plant losses in NW Europe. Ecol. Lett. 12, 66–74. doi: 10.1111/j.1461-0248.2008.01261.x

 Parveen, M., Asaeda, T., and Rashid, M. H. (2017). Biochemical adaptations of four submerged macrophytes under combined exposure to hypoxia and hydrogen sulphide. PloS One 12, e0182691. doi: 10.1371/journal.pone.0182691

 Pełechata, A., Kufel, L., Pukacz, A., Strzałek, M., Biardzka, E., Brzozowski, M., et al. (2023). Climate features or the composition of submerged vegetation? Which factor has a greater impact on the phytoplankton structure in temperate lakes? Ecol. Indic. 146, 109840. doi: 10.1016/j.ecolind.2022.109840

 Pełechaty, M., Pukacz, A., Apolinarska, K., Pełechata, A., and Siepak, M. (2013). The significance of Chara vegetation in the precipitation of lacustrine calcium carbonate. Sedimentology 60, 1017–1035. doi: 10.1111/sed.12020

 Rabalais, N. N., Díaz, R. J., Levin, L. A., Turner, R. E., Gilbert, D., and Zhang, J. (2010). Dynamics and distribution of natural and human-caused hypoxia. Biogeosciences 7, 585–619. doi: 10.5194/bg-7-585-2010

 Reynolds, C. S., and Davies, P. S. (2007). Sources and bioavailability of phosphorus fractions in freshwaters: a British perspective. Biol. Rev. 76, 27–64. doi: 10.1111/j.1469-185X.2000.tb00058.x

 Rodrigo, M. A. (2021). Wetland restoration with hydrophytes: a review. Plants 10, 1035. doi: 10.3390/plants10061035

 Rodrigo, M. A., and Alonso-Guillén, J. L. (2013). Assessing the potential of Albufera de València Lagoon sediments for the restoration of charophyte meadows. Ecol. Eng. 60, 445–452. doi: 10.1016/j.ecoleng.2013.09.041

 Rodrigo, M. A., and Carabal, N. (2020). Selecting submerged macrophyte species for replanting in Mediterranean eutrophic wetlands. Glob. Ecol. Conserv. 24, e01349. doi: 10.1016/j.gecco.2020.e01349

 Rodrigo, M. A., Rojo, C., Alonso-Guillén, J. L., and Vera, P. (2013). Restoration of two small Mediterranean lagoons: The dynamics of submerged macrophytes and factors that affect the success of revegetation. Ecol. Eng. 54, 1–15. doi: 10.1016/j.ecoleng.2013.01.022

 Rybak, M., Drzewiecka, K., Woźniak, M., Ratajczak, I., and Joniak, T. (2020). Iron-induced behavioural and biochemical responses of charophytes in consequence of phosphates coagulant addition: Threats to lake ecosystems restoration. Chemosphere 254, 1–10. doi: 10.1016/j.chemosphere.2020.126844

 Rybak, M., Joniak, T., Gąbka, M., and Sobczyński, T. (2017). The inhibition of growth and oospores production in Chara hispida L. as an effect of iron sulphate addition: Conclusions for the use of iron coagulants in lake restoration. Ecol. Eng. 105, 1–6. doi: 10.1016/j.ecoleng.2017.04.044

 Rybak, M., Joniak, T., and Sobczyński, T. (2015). The monitoring of nitrogen and phosphorus content in without-flow lake after elimination of wastewater inflow. Proc. ECOpole 9, 737–746. doi: 10.2429/proc.2015.9(2)084

 Sand-Jensen, K., Bruun, H. H., and Baastrup-Spohr, L. (2017). Decade-long time delays in nutrient and plant species dynamics during eutrophication and re-oligotrophication of Lake Fure 1900–2015. J. Ecol. 105, 690–700. doi: 10.1111/1365–2745.12715

 Scheffer, M., Hosper, S. H., Meijer, M. L., Moss, B., and Jeppesen, E. (1993). Alternative equilibria in shallow lakes. Trends Ecol. Evol. 8, 275–279. doi: 10.1016/0169-5347(93)90254-M

 Short, F. T., Kosten, S., Morgan, P. A., Malone, S., and Moore, G. E. (2016). Impacts of climate change on submerged and emergent wetland plants. Aquat. Bot. 135, 3–17. doi: 10.1016/j.aquabot.2016.06.006

 Skoglund, J., and Hytteborn, H. (1990). Viable seeds in deposits of the former lakes Kvismaren and Hornborgasjön, Sweden. Aquat. Bot. 37, 271–290. doi: 10.1016/0304-3770(90)90074-U

 Sobczyński, T., and Joniak, T. (2009). Vertical changeability of physical-chemical features of bottom sediments in three lakes, in aspect type of water mixis and intensity of human impact. Polish J. Environ. Stud. 18, 1091–1097.

 Sobczyński, T., and Joniak, T. (2013). The variability and stability of water chemistry in a deep temperate lake: results of long-term study of eutrophication. Polish J. Environ. Stud. 22, 227–237.

 Sobczyński, T., Joniak, T., and Pronin, E. (2012). Assessment of the multi-directional experiment to restore lake Góreckie (Western Poland) with particular focus on oxygen and light conditions: first results. Polish J. Environ. Stud. 21, 1025–1031.

 Søndergaard, M., Phillips, G., Hellsten, S., Kolada, A., Ecke, F., Mäemets, H., et al. (2013). Maximum growing depth of submerged macrophytes in European lakes. Hydrobiologia 704, 165–177. doi: 10.1007/s10750-012-1389-1

 Summers, J. E., Ratcliffe, R. G., and Jackson, M. B. (2000). Anoxia tolerance in the aquatic monocot Potamogeton pectinatus: absence of oxygen stimulates elongation in association with an unusually large Pasteur effect. J. Exp. Bot. 51, 1413–1422. doi: 10.1093/jxb/51.349.1413

 Thompson, K., Bakker, J. P., and Bekker, R. M. (1997). The soil seed banks of North West Europe: methodology, density and longevity (Cambridge: Cambridge University Press).

 Trolle, D., Hamilton, D. P., Pilditch, C. A., Duggan, I. C., and Jeppesen, E. (2011). Predicting the effects of climate change on trophic status of three morphologically varying lakes: Implications for lake restoration and management. Environ. Model. Software 26, 354–370. doi: 10.1016/j.envsoft.2010.08.009

 Tylianakis, J. M., Didham, R. K., Bascompte, J., and Wardle, D. A. (2008). Global change and species interactions in terrestrial ecosystems. Ecol. Lett. 11, 1351–1363. doi: 10.1111/j.1461-0248.2008.01250.x

 van de Haterd, R. J. W., and Ter Heerdt, G. N. J. (2007). Potential for the development of submerged macrophytes in eutrophicated shallow peaty lakes after restoration measures. Hydrobiologia 584, 277–290. doi: 10.1007/s10750-007-0593-x

 van den Berg, M. S., Scheffer, M., Coops, H., and Simons, J. (1998). The role of Characean algae in the management of eutrophic shallow lakes. J. Phycol. 34, 750–756. doi: 10.1046/j.1529-8817.1998.340750.x

 Van Onsem, S., and Triest, L. (2018). Turbidity, waterfowl herbivory, and propagule banks shape submerged aquatic vegetation in ponds. Front. Plant Sci. 9. doi: 10.3389/fpls.2018.01514

 Van Reeuwijk, L. P. (2002). Procedures for soil analysis. Technical Paper No. 9. 6th Edition (Wageningen, Netherlands: FAO/ISRIC).

 van Zuidam, J. P., Raaphorst, E. P., and Peeters, E. T. H. M. (2012). The role of propagule banks from drainage ditches dominated by free-floating or submerged plants in vegetation restoration. Restor. Ecol. 20, 416–425. doi: 10.1111/j.1526-100X.2011.00784.x

 Verhofstad, M. J. J. M., Alirangues Núñez, M. M., Reichman, E. P., van Donk, E., Lamers, L. P. M., and Bakker, E. S. (2017). Mass development of monospecific submerged macrophyte vegetation after the restoration of shallow lakes: Roles of light, sediment nutrient levels, and propagule density. Aquat. Bot. 141, 29–38. doi: 10.1016/j.aquabot.2017.04.004

 Vivian-Smith, G., and Stiles, E. W. (1994). Dispersal of salt marsh seeds on the feet and feathers of waterfowl. Wetlands 14, 316–319. doi: 10.1007/BF03160638

 Zaman, T., and Asaeda, T. (2013). Effects of NH4–N concentrations and gradient redox level on growth and allied biochemical parameters of Elodea nuttallii (Planch.). Flora - Morphol. Distrib. Funct. Ecol. Plants 208, 211–219. doi: 10.1016/j.flora.2013.02.009

 Zhao, F., Fang, X., Zhao, Z., and Chai, X. (2021). Effects of water level fluctuations on the growth characteristics and community succession of submerged macrophytes: a case study of Yilong Lake, China. Water 13, 2900. doi: 10.3390/w13202900




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2024 Rybak, Rosińska, Wejnerowski, Rodrigo and Joniak. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fpls.2024.1421448_cover.jpg
& frontiers | Frontiers in Plant Science

Submerged macrophyte self-recovery
potential behind restoration treatments:
sources of failure





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Submerged macrophyte self-recovery potential behind restoration treatments: sources of failure

      

        		

          1 Introduction

        



        		

          2 Methods

        

          		

            2.1 Study area

          



          		

            2.2 Field measurement and sampling

          



          		

            2.3 Germination test

          



          		

            2.4 Statistical analyses

          



        



        



        		

          3 Results

        

          		

            3.1 Environmental factors and sediment structure

          



          		

            3.2 Germination test

          



        



        



        		

          4 Discussion

        

          		

            4.1 The propagules origin and the success of germination

          



          		

            4.2 Physical and chemical factors promoting successful germination

          



          		

            4.3 The importance of lake morphology in germination

          



          		

            4.4 Broader perspective

          



        



        



        		

          5 Conclusions and recommendations

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/fpls-15-1421448-g003.jpg
Oospores no. Seeds no.

ind. m
0 20 000 40 000 60 000 0 2 000 4 000 6 000

0-5

5-10

Sediment layer (cm)

10-15






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-15-1421448-g001.jpg
"@ Sampling stations

- Island
[ ]

Submerged plants

: ’ Former sanatorium
-
TE-





OEBPS/Images/table2.jpg
Parameter,

: 5-10 cm
unit
1 10.1
TP, mg P g dw s 87+76  60+62 13 >0.05 30
12:1
OM, % dw 9.0 £85 123 +10.7 04 >0.05 30
+13.3
66.0 62.2
9 +
Hydr, % 4258 4169 682 +16.1 3.6 >0.05 30
16.3 25.1
9 +
CaCOs3, % dw 4220 +207 26.7£253 03  >0.05 30






OEBPS/Images/logo.jpg
, frontiers ‘ Frontiers in Plant Science





OEBPS/Images/im1.jpg





OEBPS/Images/fpls-15-1421448-g002.jpg
(

o

% 0¢) ZWIq

0
Dim1 (31.6%

)





OEBPS/Images/table1.jpg
Density of

diaspores 5 . Thickness of % PAR availability at
(thous. ind. m™2) epth of Slopenangle Width of the frgsh the bottom
water(m) ) reed bed (m)  sediment

Oospore  Seed (cm) spring summer
1 1231 154 6 8 16 ‘ 5 ‘ 1 0
2 359 051 6 11 14 ‘ 15 1 0
3 16.92 205 4 9 14 3 4 1
4 14.87 051 4 9 14 3 4 1
5 160.00 564 2 10 14 3 16 8
6 872 051 5 7 14 3 2 0
7 s 05 3 [ 12 16 2 9 2
8 3026 lack 2 I 3 29 7 16 | g
9 4205 462 2 11 21 5 16 8

10 1.54 2.05 1 11 79 4 47 46





