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	Abstract 
	The aim of this study was to determine if water properties reveal spatial variability related to the presence or absence or types and structures of vegetation in a shallow lake with a long period of water overturn (Lake Jarosławieckie, Wielkopolski National Park, midwestern Poland). Results of a two-year study indicate the absence of statistically significant differentiation among the studied macrophyte communities and open water areas. Temporal changes appeared to be more significant. With the exception of temperature, pH, and conductivity, studied properties showed lower values during the vegetative seasons in comparison with those in spring (total phosphorus) or both spring and fall (total nitrogen). Spatial versus temporal heterogeneity and the differentiation of water properties are discussed in light of data from the literature regarding other lakes.   
	Introduction 
	Macrophytes are widely acknowledged to play a structuring role in shallow lakes (e.g., Carpenter and Lodge 1986, Scheffer et al. 1993, Schriver et al. 1995, Mjelde and Faafeng 1997, Jeppesen 1998, Søndergaard and Moss 1998, van Donk and van de Bund 2002, Szmeja 2006). In contrast to lakes dominated by phytoplankton, clear-water states have been observed frequently, despite eutrophic conditions, in lakes with abundant macrophytes (Scheffer 1998, Jeppesen 1998). Transparent water and lower phytoplankton biomass also have been observed in some lake areas located above extensive macrophyte beds; this contrasts with areas within the same lakes without macrophytes or with sparsely developed vegetation where waters were turbid (Kraska et al. 1990, van den Berg et al. 1998).  
	Synecological studies, which were conducted from the perspective of phytosociology at the phytocoenotic level, on communities of rushes and aquatic vegetation indicated that macrophyte associations have specific, significantly distinct habitat requirements (for an overview see Kłosowski 1999, 2006 and Pełechaty 2004a). This permits the use of macrophyte communities as sensitive indicators of habitat conditions. The preceding observations may, therefore, suggest that abiotic conditions in a given lake with varied macrophyte vegetation are spatially heterogeneous. Such macrophyte-induced habitat heterogeneity, as well as examples of site-to-site variability related to the presence or absence of macrophytes, has been reported previously (Pełechaty 2002, Pełechaty and Owsianny 2003, Lee and McNaughton 2004). However, temporal rather than spatial abiotic heterogeneity has been observed more distinctly under conditions of intense water mixing in a shallow lake with extensive macrophyte stands (Pełechaty 2005a). In another lake with complex morphometry as well as varied and abundant macrophytic vegetation, but also under the influence of intensive water movement, pelagic waters studied at distant and fairly separated sites appeared to be homogeneous (Pełechaty 2005b). These findings suggest that although an area overgrown by macrophyte communities is still responsible for the heterogeneity of water conditions (Lee and McNaughton 2004, Kłosowski 2006), wind-induced water movement may be of greater importance and may mask abiotic variability from site to site. 
	The aim of the present study was to determine whether physical-chemical water properties exhibited spatial variability related to the presence or absence or the type and structure of vegetation. In other words, the main concern was to determine whether the widely-recognized structuring role of macrophyte vegetation and the specific habitat requirements of macrophyte communities are reflected in the spatial habitat heterogeneity of a small, shallow lake ecosystem with long, intense water overturn.  
	While the role of macrophytes as primary producers is of minor importance in deep lakes, in shallow ones they can be the primary contributors to productivity (Alimov 2003). The consequences of this pattern are significant not only for the macrophytes themselves, but also for other biota and the abiotic elements of the lake ecosystem. Thus, the importance of the role of macrophytes seems to be in reverse proportion to depth, particularly where they appear throughout the water column and cover extensive areas (van Donk and van de Bund 2002). To date, hydrobiological research has focused on deep and shallow lakes, in particular, and on comparing the patterns of their ecological processes (e.g., Scheffer et al. 1993, Jeppesen 1998, Scheffer 1998, Takamura et al. 2003, Wetzel 2001, Alimov 2003). The present study was conducted in a lake representative of the transitional type between deep lakes and typical shallow water bodies without fully developed vertical temperature stratification. In such lakes, the period of water overturn is long and, consequently, there is a tendency for tachymixis (Pełechaty and Pełechata 2004). This type of lake is very common in the Polish lakelands (Jańczak 1996, Szmeja 2006).  
	Study lake and vegetation 
	The study was performed in the moderately eutrophic Lake Jarosławieckie (52°17.2` N, 16°48.0` E) located in Wielkopolski National Park (midwestern Poland, Fig. 1). It is a small, post-glacial formation without inflows or outflows, and with maximal and mean depths of 6.6 m and 3.7 m, respectively. The lake surface area is 11.2 ha with a shoreline measuring 2,240 m (Szyper et al. 2001). The lake is divided into two basins that are separated by a wide band of vegetation (Fig. 1). Lake bathymetry, incomplete vertical stratification during short periods of stagnation, and long periods of water overturn are typical of shallow, polymictic lakes, while the warm near-bottom water layer in the summer is typical of tachymictic lakes (Pełechaty and Pełechata 2004, Pełechaty et al. 2004a). The lake is relatively stable between the clear-water state of macrophyte dominance and the turbid one dominated by the phytoplankton assemblage. 
	Despite its location within a national park, Lake Jarosławieckie is used for recreational purposes. The southeastern basin of the lake is smaller, but deeper, and used more intensely for swimming, while the larger but shallower northwestern basin is used less for swimming but is very popular among anglers. The lake catchment basin (953 ha) is mostly forested (58.7%) with agricultural lands comprising 40.7%. The estimated annual nitrogen and phosphorus loads are 89.7 g m-2 year-1 and 3.7 g m-2 year-1, respectively (Szyper et al. 2001).  
	 
	   
	Generally, the lake vegetation is well developed and dominated by extensive stands of helophytes that comprise a compact vegetation belt.  The vegetation belt is dominated by Phragmites australis (Cav.) Trin. ex Steudel, Typha angustifolia L., and Sparganium erectum L., which form their own associations (in phytosociological terms) along the lake shoreline, and nymphaeids (mostly Nymphaea alba L. with a minor contribution of Nuphar lutea (L.) Sibth et Sm.), which form extensive stands at both ends of the lake and along the shallows in the middle of the eastern shore (Pełechaty 2003, 2004b, Pełechaty et al. 2004a, Pełechaty 2006a in press). In the southeastern basin, there was a paucity of submerged vegetation that developed sparsely during the study period. In contrast, Ceratophyllum demersum L. formed extensive beds in the northwestern basin. Additionally, charophytes (Chara delicatula Agardh and Chara globularis Thuillier) developed extensive compact meadows (identified as separate phytosociological associations) in the 2002 vegetative season, reaching a depth of 3 m (Pełechaty 2003). In 2001, intensive vegetation growth began in April, while in the following year, it began in the first half of May. Helophytes developed earlier, and the first charophyte individuals were observed as early as March 2002. Macrophytes remained alive until late November.   
	Helophyte and nymphaeid vegetation is a stable component of the lake vegetation. Changes that occurred over time followed fluctuations in the trophic level of the lake and were observed mainly within the submersed vegetation (Kraska 1993, Pełechaty, Machowiak 1997, Pełechaty and Nagengast 1998, 2001). This was particularly evident in the case of charophytes, which disappeared in the second half of the twentieth century, but unexpectedly returned fifty years after the study by Dąmbska (1952) (Pełechaty 2003). 
	Study sites and methods 
	Water samples for the present study were collected twelve times during a two-year period (November 2000, March, May, June, July, September, November 2001 and March, May, June, July, September 2002). Spring samples (March 2001 and 2002) were collected just after the ice-melt and sampling was performed more frequently during the macrophyte development period in order to study potential macrophyte-related habitat changes. During each sampling event, samples were collected at ten permanent study sites distributed along three transects in both basins of Lake Jarosławieckie (transects 1 and 2) and in the band of vegetation separating the two basins (transect 3). Samples were collected at three sites in the middle of the lake (mid-lake sites), which were macrophyte-free throughout the study period, and at seven sites located in macrophyte communities representative of the lake vegetation. The distribution of sampling sites is presented in figure 1. The names of sampling sites, the dominant species, the names of plant associations, the areas of the patches studied, and the minimal and maximal depths of macrophyte communities are listed below:   
	 
	SE basin (transect 1): 
	Phr1 – Phragmites australis, Phragmitetum communis (W.Koch 1926) Schmale 1939; 50m2; 0.0 – 0.9 m; 
	Nuph – Nuphar lutea, Nymphaeo albae-Nupharetum luteae Nowiński 1928 (Nupharo-Nymphaeetum albae Tomaszewicz 1977); subassociation with Nuphar lutea; 20 m2; 1.0 – 1.1 m; 
	Nymph1 – Nymphaea alba, Nymphaeo albae-Nupharetum luteae Nowiński 1928 (Nupharo-Nymphaeetum albae Tomaszewicz 1977); subassociation with Nymphaea alba; 100 m2; 1.1 – 2.3 m; 
	Mid-L1 – macrophyte-free mid-lake 1; deepest region in the lake; 6.5 m. 
	 
	NW basin (transect 2): 
	Mid-L2 - macrophyte-free mid-lake 2; S part of the NW basin; 5 m;  
	Mid-L3 - macrophyte-free mid-lake 3; N part of the NW basin; 5 m; 
	Nymph2 - Nymphaea alba, Ceratophyllum demersum, Nymphaeo albae-Nupharetum luteae Nowiński 1928 (Nupharo-Nymphaeetum albae Tomaszewicz 1977); subassociation with Nymphaea alba; 100 m2; 0.8-2.3 m 
	Phr2 - Phragmites australis, Ceratophyllum demersum, Phragmitetum communis (W.Koch 1926) Schmale 1939; 36m2; 0.0 – 0.7 m. 
	 
	Shallow region in the middle of the eastern shore (transect 3): 
	Typha – Typha angustifolia, Typhetum angustifoliae Soó 1927 ex Pignatti 1953; 100 m2; 0.2 – 1.0 m; 
	Nymph3 - Nymphaea alba, Nymphaeo albae-Nupharetum luteae Nowiński 1928 (Nupharo-Nymphaeetum albae Tomaszewicz 1977); subassociation with Nymphaea alba; 36 m2; 1.0 – 3.0 m. 
	 
	In addition to the study site locations, figure 1 presents the species composition and spatial structure of the macrophyte vegetation in detail in the parts of the lake where the sampling sites were located. Three transects were placed perpendicularly to the shoreline in July 2001; each consisted of a series of plots measuring 4 m2 each. A species list was created for each plot, and the percentage coverage of the area sampled was estimated for each species. The results are presented graphically according to Gołdyn (1975). Only species with significant coverage (> 5%) are presented. Sporadic and accessory species that made a negligible contribution (< 5%, usually occurring in one or, at most, a few plots) were omitted for optimal readability. Among other advantages, this method for visually presenting vegetation structure incorporates both qualitative and quantitive information while presenting the typical structure of “pure” macrophyte communities (in phytosociological terms) as well as the transitional zones between them.     
	The macrophyte communities were identified as the above-mentioned plant associations based on the mid-European Braun-Blanquet (1964) method of phytosociological relevés that were recorded in vegetative seasons 2001 and 2002. Generally, phytocoenosis relevés were performed centrally, while in smaller ones the area of the relevés included the whole of the phytocoenosis. According to the phytosociological approach, relevés were performed in vegetation patches that had developed typically for the macrophyte associations they represented (when applied to aquatic vegetation, this refers to the dominance of species characteristic of the association; sites Phr1, Nuph, Nymph1, Typha, Nymph3 - transects 1 and 3), or based on the physiognomy and location in the phytolittoral as well as the specificity of the northwest basin of the studied lake (sites Phr2, Nymph2, complex communities with Ceratophyllum in transect 2). Transitional zones were avoided. Phytocoenoses of the same type growing in different parts of the lake were differentiated based on the coverage of the species that comprised them. At sites Phr2 and Nymph2 in the northwestern basin, there was a significant contribution of Ceratophyllum demersum in comparison with similar sites in the southeastern basin (Pełechaty 2004b, Pełechaty et al. 2004a). At the Nymph3 site, Ceratophyllum coverage was much lower, reaching 20% in summer of 2002, while at the Nymph1 site a moss species, Fontinalis antipyretica Hedw., covered up to 30% of the studied area in summer 2001 and 50% in summer 2002. The Phr1, Typha, and Nuph sites were dominated heavily by the species characteristic for these associations. However, the contribution of Fontinalis antipyretica to the reed community of site Phr 1 was observed to be as high as 30% in July 2001, while at site Phr2 there was an increase in the coverage of Phragmites australis noted between 2001 and 2002 (Pełechaty 2004b). 
	At each vegetation site, water samples were collected with a small plastic sampler (such that peryphytic species were not removed from the plants) from the central part of the patch and from amongst the plants (from a depth of 0.5 m) at different points within the studied phytocoenose. The samples were pooled, distributed among plastic containers, and then preserved with chloroform. Mid-lake samples were collected from the surface layer (also at depths of 0.5 m) and preserved. Since all of the sampling sites were permanent, samples were routinely collected from the same location at each study site. Before sample collection, pH, conductivity, and oxygen concentration were measured with an Elmetron CX 742, which is a portable, field measurement device. As mentioned above, all measurement and sample collections were performed in November 2000, March, May, June, July, September, and November 2001, and in March, May, June, July, and September 2002. Water     samples were analyzed for nitrogen (ammonia, nitrite, nitrate, mineral, organic, total speciation forms) and phosphorus (orthophosphates and total phosphorus). Laboratory determinations were performed immediately after sampling, according to standard methods. The concentration of ammonia was determined by the colorimetric method using a Nessler reagent, nitrite concentration was determined by the colorimetric method using sulfanilic acid and 1-naphthylamine, nitrate concentration was measured following the salicylate method on a Spekol 11 spectrometer (Carl Zeiss Jena, Germany), and organic N concentration was measured by the Kjeldahl method on a Kjeltec System 1026 (Tecator). Total nitrogen was calculated as the sum of the concentrations of mineral and organic forms, and mineral nitrogen was determined as the difference between the total and organic forms. The content of orthophosphates was determined by the molybdenate method using ascorbic acid as a reducer on a Spekol 11 spectrometer, and that of total phosphorus with the colorimetric molybdenate method with ascorbic acid as a reducer following mineralization by combustion. Laboratory measurements were performed in the Department of Water and Soils Analysis at Adam Mickiewicz University (Poznań). 
	Because some variables were non-normally distributed (based on the Shapiro-Wilk test), the statistical significance of comparisons was tested with the Kruskal-Wallis H-test. The null hypothesis was the absence of statistically significant habitat differentiation among the studied groups, and was rejected at p < 0.05. The concentrations of H+ ions instead of pH were taken into account in statistical comparisons. As suggested by different authors (e.g., Alcocer and Bernal-Brooks 2002, Rivaro et al. 2004), principal components analysis (PCA) was performed to illustrate the heterogeneity of the lake’s abiotic conditions during the study and to evaluate which parameters were primarily responsible for the variance observed. Prior to the PCA analysis, habitat parameters were transformed (ln(1+value) and exp in the case of pH). Because the nutrient forms are non-independent measures, mineral and organic nitrogen were chosen for the PCA instead of all the considered forms. STATISTICA 7.1 software was used for analyses. 
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