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Abstract Stable isotope composition (6'°C and
0'®0) was analysed in mineral incrustation of Chara
rudis and surrounding waters. This macroalga forms
dense and extensive charophyte meadows and may
significantly contribute to the calcium carbonate
precipitation and deposition of marl lake sediments.
The study aimed to find out if charophyte calcium
carbonate was precipitated in an isotopic equilibrium
with lake water and if the precipitation was related to
the environmental conditions. Two apical internodes
of 10 individuals of C. rudis were collected monthly
between June and late October 2008 at three

Guest editors: A. Pieterse, S. Hellsten, J. Newman, J. Caffrey,
F. Ecke, T. Ferreira, B. Gopal, J. Haury, G. Janauer,

T. Kairesalo, A. Kanninen, K. Karttunen, J. Sarvala,

K. Szoszkiewicz, H. Toivonen, L. Triest, P. Uotila, N. Willby /
Aquatic Invasions and Relation to Environmental Changes:
Proceedings of the 12th International Symposium on Aquatic
Weeds, European Weed Research Society

M. Petechaty (D<) - J. Krupska - P. Boszke -

M. Sinkowski

Department of Hydrobiology, Faculty of Biology, Adam
Mickiewicz University, Umultowska 89, 61-614 Poznan,
Poland

e-mail: marpelhydro@poczta.onet.pl

J. Krupska
e-mail: jkrupska@poczta.onet.pl

P. Boszke
e-mail: hydropatiO07 @wp.pl

M. Sinkowski
e-mail: sinymaciek @o2.pl

permanent study sites (1.0 m, 1.5 m and 2.0 m deep)
in a small (15.1 ha) and shallow (mean depth: 4.3 m)
mid-forest lake with extensively developed charo-
phyte meadows (Lake Jasne, mid-Western Poland).
Basic physical-chemical analyses were performed at
each study site, and water samples for further
laboratory determinations, including stable isotope
analyses, were collected from the above searched C.
rudis stands and, simultaneously, at three compara-
tive sites in the macrophyte-free pelagial. The
difference in '°C between incrustation and water
from above C. rudis exceeded 2%0 V-PDB at each
site. In the case of 5180, it exceeded 2%o between
July and September. Accordingly, it is postulated that
calcium carbonate was not precipitated in an isotopic
equilibrium with lake water. Incrustation was
enriched in heavier carbon isotope, 13C, and water
was enriched in '®0. 6'*C of incrustation and DIC
were positively correlated, whereas negative relation
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was found between 6'%0 of incrustation and water.
Several dependencies were found with water chem-
istry above the plants. The content of mineral
incrustation in Chara dry weight had negative
influence on the 6'®0 but not on the 6'*C. Commu-
nity depth, structure and PVI had no effect. No
significant differences appeared between isotope
composition in the pelagic zone and Chara stands.

Keywords Stable isotopes - 6'°C - 'O -
Incrustation - Charophytes

Introduction

Water bodies giving rise to lake sediments containing
high proportion of carbonates are widely distributed
over the continents and are referred to as marl lakes
(Coletta et al., 2001). The main mechanisms of
autochthonous marl precipitation are photosynthetic
activities of aquatic macrophytes, in the littoral zone
(Wetzel, 1960), and phytoplankton, particularly auto-
trophic picoplankton, in the pelagic zone (Yates &
Robbins, 1998; Dittrich & Obst, 2004; Dittrich et al.,
2004). In shallow macrophyte lakes, plants covering
most of the lake basin reveal the leading role in the
biomass production in contrast to deep stratified
lakes, in which phytoplankton takes over the majority
of photosynthetic productivity (Alimov, 2003).
Among aquatic macrophytes, charophytes (stone-
worts), green macroscopic algae belonging to the
family Characeae, can be considered important in the
calcium carbonate precipitation. They use soluble
bicarbonates from the lake water and, by removing
CO, that can be photosynthetically assimilated,
convert them into the insoluble calcium carbonate
(McConnaughey, 1997). By carbonate deposition
directly onto the surface of their thalli, charophytes
become encrusted (Raven et al., 1986). Although, all
photosynthetic plants are capable of precipitating
calcium carbonate, the carbonate is usually dispersed
(Coletta et al., 2001). Mineral incrustation, exhibiting
a specific zonation on the plant surface, to be seen
even with a naked eye, is a feature typical of
charophytes (e.g., Groves & Bullock-Webster, 1924;
Krause, 1997; Schubert & Blindow, 2003), whose
effectiveness to use bicarbonates over a wide range of
concentrations in the water is higher as compared to
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vascular plants (van den Berg et al., 1999). Depend-
ing on the species, charophytes can be slightly (e.g.
Nitella species) or heavily (most of Chara species)
encrusted and the thallus morphology (corticate or
ecorticate) as well as growth conditions (mainly
calcium and bicarbonate availability) can be assumed
as significant differentiating factors (Dambska, 1964;
Krause, 1997). According to Hutchinson (1975),
carbonate incrustation can reach up to 60% of the
charophyte dry weight. Therefore, large amounts of
the carbonates precipitated by charophytes can be
preserved in sediments being a visualization of
bicarbonate uptake during intensive growth (Kufel
& Kufel, 2002 and references therein) and important
record of environmental changes (Dittrich & Obst,
2004).

The study of '*C/'*C and '"0/'°O stable isotope
ratios in lacustrine carbonates can reflect environ-
mental conditions under which the carbonates were
precipitated and incrustations of modern charophytes
can be helpful in interpretation of these archives.
However, the relation between carbon and oxygen
isotope composition in modern Chara incrustations
and 680 in water and 0'°C in DIC (dissolved
inorganic carbon) must be well understood. Although
few papers dealt with the problem (e.g. Coletta et al.,
2001; Andrews et al., 2004; Pentecost et al., 20006),
there is still a need to explore the relation of isotope
values between different Chara species and water
parameters. Investigations of the dynamics of the
stable isotope composition of charophyte incrustation
throughout the growth season, in addition to infor-
mation on incrustation—environment interdependen-
cies are required. We investigated the composition of
6'3C and 6'0 in the calcite incrustation of Chara
rudis A. Braun in Leonhardi, a large charophyte
species, up to 80 cm long, having a diplostichous
cortex with highly variable diameter of primary and
secondary cortex cells, and spine-cells in bunches,
particularly densely developed on the younger, apical
part of the plants; a double whorl of well developed
stipulodes as well as numerous branches and branch-
lets which may provide large surface areas for
adsorption. Although the species is not common, it
is widely distributed in European nutrient-poor fresh
waters, where it regularly forms extensive underwater
carpets, significantly contributing to the submerged
vegetation (Groves & Bullock-Webster, 1924;
Dambska, 1964; Krause, 1997). Our study was
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performed in a lake overgrown by extensive charo-
phyte meadows, with a dominance of the above-
mentioned C. rudis. Charophytes may be considered
responsible for the lake’s primary production and
precipitation of marls (Pelechaty et al., 2007). We
tried to find out (i) if calcium carbonate was
precipitated by C. rudis in an isotopic equilibrium
with the lake’s waters and (ii) if the carbonate
precipitation was related to the changing environ-
mental conditions or site-specific.

Study lake and vegetation

The study was performed in a charophyte-dominated
Lake Jasne (52°17'7”, 15°03'6”) localized in a
mesoregion of Torzym Plain (Lubuskie Lakeland,
mid-Western Poland, Fig. 1). The lake is placed in
the southern part of postglacial Gronow-Rzepin-
Torzym tunnel-valley, about 3 km south of a small
town—Torzym. It is a temporary outlet, postglacial
lake with an area of 15.1 ha and maximal and mean
depths of 9.5 m and 4.3 m, respectively (Janczak,
1996). The direct drainage basin of the lake

constitutes a partial catchment of the left-side tribu-
tary of the Ilanka River. Over 90% of the drainage
basin is covered by forest (mostly pine forest),
preventing intense erosion of steep slopes and
substantial input of terrestrial material into the lake.
During the summer season, Lake Jasne is used for
recreational purposes.

Lake Jasne belongs to a group of shallow lakes
(with no fully developed vertical stratification). It is
one of the clearest lakes within Lubuskie Lakeland,
characterized by visibility (Secchi depth) exceeding
5 m. Low nutrient concentrations and phytoplankton
productivity are reflected in a low value of Carlson’s
(1977) trophy state index, typical of mesotrophic
lakes (Petechaty et al., 2007). The bottom slope in the
lake is mild, but rushes develop sparsely and form
only a narrow belt in the littoral zone. However, it
offers good conditions for the development of
submerged vegetation composed of charophyte
meadows, comprising up to 60% of the lake area
(Petechaty et al., 2007). Most of the vegetated area is
dominated by C. rudis and C. tomentosa L. commu-
nities. Generally, six charophyte communities were
distinguished. Moreover, charophytes defined the

_—

Fig. 1 Location of Lake Jasne (mid-Western Poland) and site distribution. R/—R3: sites in C. rudis beds, P/—P3: macrophyte-free

pelagic zone sites

@ Springer



32

Hydrobiologia (2010) 656:29—42

maximum depth extent of vegetation in Lake Jasne,
reaching 7.9 m. With the exception of rushes, the
percentage share of other vascular vegetation is
negligible.

Study sites and methods

Samples of C. rudis and water from above the plants
were collected monthly between June and Ilate
October 2008 at three permanent study sites (RI,
R2 and R3) with an area of 25 m? each, located in the
middle of extensive stands of C. rudis (Fig. 1). The
species coverage reached up to 100% at each site.
The sites differed with respect to the depth (RI:
2.0 m, R2: 1.0 m and R3: 1.5 m). Prior to charophyte
sampling, basic physical-chemical analyses of water
above the studied charophyte patches, including
water temperature, oxygen concentration, conductiv-
ity and pH were performed by means of portable field
measurement equipment (Elmetron CX-401, Cyber-
Scan 200, CyberScan 20, respectively). Then, water
samples for further laboratory analyses were col-
lected with 1 L plastic bottles and preserved with
chloroform. Water samples for isotope analyses were
collected with two 10-ml glass septa test-tubes and
preserved with HgCl,. Three comparative sampling
sites were situated in the macrophyte-free pelagial
zone (Fig. 1), at which field analyses were supple-
mented with Secchi depth measurements. At each
sampling site, field measurements and water sam-
pling were performed at the depth of 0.5 m.

During each sampling event the structure and
species composition of C. rudis patches were studied
with the use of the commonly applied, mid-European
phytosociological method of Braun-Blanquet (1964).
This method is based on phytosociological data
recorded in representative patches of vegetation with
the use of phytosociological relevés (records). In each
sampled patch species composition was determined,
and the proportion of sampling area covered by each
species was assessed. Based on this it became obvious
that C. rudis was the absolute dominant in each
studied patch, and a few other species recorded were
of negligible contribution. Then, percentage volume
infested by plants (PVI) was calculated as the product
of the percentage of coverage of the plants and their
height divided by the depth, at which the patch
developed. Ultimately, 10 C. rudis individuals were
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collected at each study site. The plants were trans-
ported to the laboratory where the length of the main
axis (stem) was measured, and the number of branches
was counted. The two features were taken under
consideration as they could have possibly influenced
the PVI values and, thus, the rate of photosynthesis
and encrustation intensity. The biometric measure-
ments were carried out until September. After that
time, the charophyte decomposition started. Accord-
ing to Andrews et al. (1984) the most intense
photosynthetic activity is restricted to the apex of
the charophyte thallus. We observed in our unpub-
lished biometric study that the mean monthly growth
rate of the main axis was equal to the length of two
internodes. As a result of this observation, two apical
internodes (approximately 5 cm long segments) of the
main axis were separated from each of these 10
individuals. The apices were stored in paper bags and
air-dried at room temperature (one week, approxi-
mately 21°C). Analysis of the percentage contribution
of CaCOj; of the total weight of C. rudis apices began
with weighing the dried material using a RADWAG
WPA 180/C/1 with resolution of 0.0001 g. Apices
with calcite coatings were placed in 30% H,O, for
48 h and boiled for 30 min, resulting in a loss of most
of the organic matter by dissolution. The remaining
CaCOj; encrusted material was stirred and pressed in
order to separate calcite and organics. The solution
was passed through a sieve and evaporated at 40°C.
The carbonate residue was weighed. Stable isotope
composition was determined on the organic matter-
free material in the Stable Isotope Laboratory, Insti-
tute of Geology and Mineralogy, University of
Erlangen, Germany. Carbonates were dissolved using
100% phosphoric acid (density >1.9, Wachter &
Hayes, 1985) at 75°C using a Kiel III online carbonate
preparation line connected to a ThermoFinnigan 252
masspectrometer. All values are reported per mil
relative to V-PDB by assigning a 6'°C value of
+1.95%0 and a 5'°0 value of —2.20%o to NBSI9.
Reproducibility was checked by replicate analysis of
laboratory standards and was better than +0.06 and
0.08%o, for 6'3C and §'%0, respectively. For correct
interpretation of the isotope record, it is essential to
know if the precipitated CaCOj3 consists of calcite or
aragonite. In neither sample was aragonite detected.
Stable isotope composition in the lake water was
determined in the Laboratory of Analytical and
Environmental Chemistry, Vrije Universiteit Brussel,
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Belgium. Details of analytical methods are in Gillikin
& Bouillon (2007). All data are expressed in %o
relative to VSMOW (0.0%o) on a scale normalized so
that standard light Arctic precipitation (SLAP) is
exactly 55.5%o. The precision was better than 0.15%o
(1o), determined by repeated analyses of the seawater
and tap-water standards and replicate sample
analyses.

Water samples collected in the field for further
chemical analyses were stored in the refrigerator and
analyzed under laboratory conditions. In order to
determine anions (C1~, NO;—, NO, ™, SO427, PO437)
and cations (Na*, NH, ', KT, Ca”, Mg”) in water
samples a Metrohm ion chromatograph, the 881
Compact IC Pro model (Metrohm, Switzerland) was
applied. Metrosep A Supp 4/5 Guard (the guard
column) and Metrosep A Supp 5 (the separating
column) were used for the determination of anions
The mobile phase employed was 3.2 mmol Na,COs/
1.0 mmol NaHCOs, which flowed at 0.7 ml min™".
Metrosep C 4 Guard (the guard column) and Metro-
sep C4 150 (the separating column) were used for the
determination of cations. The mobile phase was
0.7 mmol C;HsNO4/1.7 mmol HNO; flowing at
0.9 ml min~".

Water colour determinations were performed
based on the visual method against a platinum scale.
Total alkalinity was determined by titration of a water
sample against methyl orange indicator. The alkalin-
ity results were then converted to HCO;™ mg 17"
This was done by multiplying the alkalinity results by
61 g mol~' (where 61 g mol™" is the molar mass of
HCO;7). Total water hardness was determined by the
versenate method. Total nitrogen was determined by
Kjeldahl’s method, adding to the result the nitrate and
nitrite concentrations, and total phosphorus, by the
molybdate method with ascorbic acid as a reducer
using a Merck Spectroquant® Pharo 100 apparatus
(Merck KGaA, Darmstadt, Germany).

Statistical significance of differences among study
sites were tested by the non-parametric ANOVA
Kruskal-Wallis H test. For two groups of data, the
Mann—Whitney U test was applied. Spearman rank
correlation was used to recognize the relationships
between stable isotope composition of C. rudis
carbonates and environmental variables. As some of
them revealed inconsistencies between empirical
distribution and the theoretical normal one, the non-
parametric  statistical procedures were chosen.

P < 0.05 was accepted as being statistically sound.
STATISTICA 8.1 software was applied.

Results

Characteristics of the properties of water
and C. rudis stands

Environmental properties at each site studied in Lake
Jasne are given in Table 1. As it can be seen, C. rudis
developed extensive meadows in slightly alkaline,
calcium-rich waters with moderate phosphorus con-
centrations and mineralization. Water clarity can be
considered high. Visibility measured in pelagic zone
sites exceeded 4 m during the whole study period
(overall mean 4.99 m 4+ 0.4 SD). Lowered visibility
was observed in August and September at each
pelagic zone site, following a similar pattern of
change with no significant differences among the sites
(ANOVA Kruskal-Wallis H test, P > 0.05). Com-
paring the visibility to the depth of the studied
charophyte beds (1, 1.5 and 2 m), light was assumed
not to be limiting for photosynthesis The species
formed dense swards, covering the whole sampled
areas, irrespective of the depth. The coverage lower
than 100% was noted only at the site R1 in late
October, although a state of atrophy at the stem base
of some specimens was observed already in late
September. Except for the site R1, where only C. rudis
was found, a negligible contribution of C. tomentosa
was noted at the two other sites. Neither the length of
the main axis nor the number of branches were related
to site depth or percentage volume infested by
plants. PVI, however, varied between the study sites
(ANOVA Kruskal-Wallis H test, P = 0.0077, Fig. 2)
and revealed statistically significant negative correla-
tion with the depth (r = —0.76). It is worth empha-
sizing that the content of carbonate incrustation of
C. rudis apices was not related to the depth, morpho-
metric features or PVI but varied during the study
period. At each studied bed, an increase in the content
of CaCO; on stems was observed until August or
September with the greatest difference between June
and July. Then, a decrease was observed (Fig. 3).
Regarding water properties at the sites studied
(Table 1), all but one parameter revealed no statisti-
cally significant site-to-site variability during the
study reported. The exception was water colour
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Table 1 Physical and chemical properties of water in C. rudis beds and at open water sites studied in Lake Jasne between June and

October, 2008

Variables Sites
R1 R2 R3 P1 P2 P3
Temperature (°C) 18.16 + 44 18.14 £ 4.4 18.14 £ 4.3 18.14 £ 43 18.02 £4.2 18.00 4.2
12.1-22.2 12.1-22.3 12.3-21.9 12.2-22.1 12.1-21.4 12.2-21.5
Conductivity (uS cm™") 246.6 + 8.9 245.6 £ 10.3 247.8 £ 8.9 246.4 + 10.1 2484 +£9.8 2494 £ 10.3
232-256 231-256 232-254 232-258 232-258 232-259
Dissolved O, (mg 17") 8.88 + 14 921+ 1.0 949 + 1.1 923+ 1.3 934 + 1.2 924+ 14
7.1-10.8 8.2-10.9 8.6-11.3 7.5-11.1 8.0-11.2 7.7-114
Colour (mg Pt 171 103 £ 04 10.5 £ 04 10.3 £ 0.3 9.8 +£04 99+0.2 10.0 + 0.0
10-11 10-11 10-10.5 9-10 9.5-10 10-10
pH 843 + 0.3 8.40 £ 0.3 845+ 0.3 841 £ 0.3 8.39 £ 0.3 8.38+0.4
8.2-8.9 8.1-8.9 8.2-8.9 8.1-8.9 8.1-8.9 8.0-8.9
Secchi depth (m) - - - 5.00 £ 0.5 5.00 £ 04 498 +£ 04
4.5-5.6 4.5-5.5 4.5-5.5
Alkalinity (mmol 17") 1.24 + 0.1 1.26 + 0.1 1.24 + 0.1 1.32 £ 0.1 1.28 + 0.1 1.30 £ 0.2
1.1-1.4 1.1-14 1.1-1.3 1.2-14 1.1-14 1.1-1.5
Bicarbonates (mg 1=H 75.64 £ 7.0 76.86 £+ 8.2 7930 £ 114 80.52 + 5.1 78.08 £ 8.0 79.30 £ 9.6
67.1-85.4 67.1-85.4 67.1-97.6 73.2-85.4 67.1-85.4 67.1-91.5
Total hardness (mg CaCO; 17") 122.90 &+ 5.5 122.86 £+ 5.1 122.52 +£ 54 123.06 &+ 5.3 122.82 £ 54 123.80 +5.3
116.2-129.0 116.9-128.5 116.0-128.3 116.6-128.9 116.0-128.5 116.7-129.1
Ca®* (mg 17" 45.09 £ 2.2 4499 £ 22 4486 £ 2.2 4505 £2.2 4504 +£22 4537120
42.6-47.7 42.5-47.5 42.4-474 42.4-47.6 42.4-47.5 42.6-47.5
Mg>* (mg 17") 2.59 £ 0.1 2.59 £+ 0.1 2.60 £+ 0.1 2.59 £ 0.1 2.59 + 0.1 2.58 + 0.1
24-2.77 24-2.7 24-2.77 2.5-2.7 24-2.7 2.5-2.7
N-NH," (mg 17" 0.135 4+ 0.02 0.103 £ 0.05 0.091 £ 0.07 0.219 4+ 0.10 0.144 £ 0.11 0.109 &+ 0.10
0.10-0.17 0.02-0.16 0.02-0.20 0.07-0.32 0.04-0.30 0.02-0.27
N-NO,™ (mg 17" 0.01 £ 0.0 0.01 £ 0.0 0.01 £ 0.0 0.01 £ 0.0 0.01 £ 0.0 0.01 £ 0.0
0.01-0.01 0.01-0.01 0.01-0.01 0.01-0.01 0.01-0.01 0.01-0.01
N-NO;~ (mg 17" 0.032 £ 0.05 0.030 £ 0.04 0.028 £ 0.04 0.064 £ 0.07 0.030 £ 0.04 0.036 &+ 0.06
0.01-0.12 0.01-0.11 0.01-0.10 0.01-0.15 0.01-0.11 0.01-0.14
TN (mg 17") 1.138 £ 0.10 1.130 £ 0.15 1.338 + 0.07 1.152 £ 0.08 1.098 £ 0.16 1.204 4+ 0.23
1.04-1.24 0.89-1.27 1.26-1.45 1.04-1.27 0.82-1.23 0.92-1.46
P-POS~ (mg 17" 0.013 £ 0.01 0.015 £+ 0.01 0.022 £+ 0.01 0.016 £ 0.01 0.020 £ 0.02 0.027 + 0.01
0.003-0.03 0.003-0.03 0.010-0.03 0.003-0.04  0.003-0.05 0.01-0.05
TP (mg 171 0.033 £ 0.01 0.033 £ 0.01 0.047 £ 0.01 0.044 £ 0.02 0.044 £+ 0.02 0.054 + 0.02
0.02-0.05 0.02-0.05 0.04-0.06 0.02-0.07 0.03-0.07 0.03-0.07
SO~ (mg 17" 54.64 + 0.3 54.52 £ 0.3 54.48 £ 0.5 5452 £ 04 54324+04 5444 +04
54.2-54.9 54.1-54.8 53.8-55 53.9-55 53.6-54.8 54.1-55.1
ClI™ (mg 1™ 11.66 £ 0.1 11.64 £+ 0.1 11.68 £+ 0.1 11.68 £ 0.1 1158 +0.1 11.88 £0.5
11.6-11.8 11.6-11.8 11.5-11.8 11.5-11.9 11.4-11.8 11.5-12.7
Na™ (mg 17" 4.554 £ 0.07 4.537 £ 0.04 4.520 £ 0.03 4.542 £ 0.04 4.519 £ 0.06 4.555 + 0.09
4.48-4.64 4.50-4.60 4.48-4.55 4.50-4.59 4.44-4.60 4.48-4.70
K™ (mg 17" 0.612 £+ 0.01 0.602 £ 0.03 0.590 £ 0.04 0.611 £ 0.03 0.603 + 0.06 0.638 &+ 0.10
0.60-0.63 0.56-0.63 0.54-0.64 0.57-0.66 0.54-0.67 0.56-0.79
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Table 1 continued

Variables Sites
R1 R2 R3 P1 P2 P3

C. rudis cover (%) 96.0 + 8.9 100.0 £+ 0.0 100.0 £+ 0.0 - - -
80-100 100-100 100-100

PVI (%) 16.1 £ 5.0 35.0 £ 5.0 18.7 £ 5.6 - - -
8-20 3040 13-27

Axis length (cm) 43.068 £+ 3.15 44.737 £4.04 38.038 £5.03 - - -
39.83-45.77 41.15-50.48 32.44-43.82

No of branches 179 £ 1.2 199 £52 16.6 + 1.8 - - -
6-40 4-47 5-40

Carbonate content in D.W. (%) 38.011 £ 13.88 41.019 &+ 12.31 43.963 + 15.18 - - -
13.92-48.38 19.37-49.64 17.34-53.93

Values represent mean £+ SD and min.—max. ranges. R1-R3, sites in C. rudis beds; P1-P3, macrophyte-free pelagic sites

D. W. dry weight

45

O Mean []MeartSt.Error | MeantStDev.

40

T
1

_|_
15 L

H - H

1.0 1.5 2.0
depth (m)

Fig. 2 Percentage volume infested (PVI) in C. rudis stands
developed at different depths

(ANOVA H test, P = 0.0146) which was higher at
sites in C. rudis beds. Despite the H test result, the
differences were rather minor (Table 1). Greater
differences appeared when two groups of sites were
compared: the sites in C. rudis with those in the
pelagic zone. Most properties, particularly those
related to bicarbonate concentration and water hard-
ness, showed lower values in Chara vegetation, this
being exemplified in Fig. 4. The differences, however,
were not statistically significant (Mann—Whitney
U test, P > 0.05). Again, the exception was water

= =¢= =R{ =—8— R2 —a&—R3
0+ - — - - + .
18.06.08 24.07.08 25.08.08 30.09.08 22.10.08

Fig. 3 Dynamics of carbonate incrustation content of C. rudis
apices collected from sites studied in Lake Jasne. RI-R3: sites
in C. rudis beds. For each site and study event N = 10

1.45

[o Mean [] MeantStEmor T MeantStDev] ——
1.40

1.30 a

mmol L’

1.20

1.15

1.10

C. rudis Pelagial

Fig. 4 Alkalinity above C. rudis stands and in macrophyte-

free pelagic zone studied monthly in Lake Jasne between June
and October, 2008. For each group N = 15
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colour, slightly higher above the Chara patches
(P = 0.0017).

Month-to-month dynamics of §'°C and §'*0
values of C. rudis incrustation and correlation
with environmental variables

The 6'°C of the carbonate incrustation of C. rudis
apices showed a clear increase between June and

site R1

24.07.08

2.50 1
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July. This tendency was apparent at each study site
(Fig. 5). Then 6'3C declined and, with the exception
of the R2 site, the lowest values were obtained in
October. The 6'*C of dissolved inorganic carbon in
water (3"°Cpyc) decreased over the same time period.
Neither the 6'°C in incrustation nor in DIC signif-
icantly varied between the studied sites (ANOVA by
Kruskal-Wallis H test, P > 0.05, Table 1). The
difference in 6'°C between incrustation and DIC
from above C. rudis exceeded 2%o at each site.
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Fig. 5 Dynamics of 6'°C and 6'®0 in C. rudis incrustations and waters above C. rudis stands at three sites studied monthly in Lake
Jasne between June and October, 2008
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Fig. 6 Dynamics of chosen water properties above C. rudis stands at three sites studied monthly in Lake Jasne between June and

October, 2008

Incrustation was enriched in heavier carbon isotope,
3C (Fig. 5).

By contrast, water was enriched in '*O (except for
June at site R2, Fig. 5). The difference between 6 80 of
incrustation and water exceeded 2%o between July and
September. The 5'0 of incrustation clearly decreased
between June and August and, then, increased in
September and October. The §'®0 of water showed to
a certain extent an inverse pattern of changes. No
significant differences were found between the sites
(ANOVA H test, P > 0.05).

Considering the stable carbon and oxygen isotope
composition in water at each study site, no site-to-site
differences were evident (ANOVA H test, P > 0.05).
The differences were also statistically insignificant
when two groups of data were considered: the group
of sites in Chara vegetation and in the pelagic zone
(Mann—Whitney U test, P > 0.05). Water above
Chara beds was both '°C and '®0-enriched.

Temporal changes in water chemistry (tempera-
ture, pH, alkalinity and Ca** concentration) above
Chara beds are presented in Fig. 6. Of all the

environmental variables, 8'3C of incrustation showed
statistically significant correlations with total hardness
(r = —0.58) and Ca®" concentration (r = —0.65).
The correlation with 0'°Cpjc was positive, but
statistically insignificant. A negative relationship
was found between 6'%0 of incrustation and water
(r = —0.54). The carbonate '®0 was negatively
correlated with the mineral incrustation contribution
to Chara dry weight (r = —0.61), Mg*" concentra-
tion (r = —0.75) and conductivity (r = —0.64), and
positively with oxygen content (r = 40.69) and pH
(r = +0.59) in water. The depth of studied Chara
patches, structure and PVI were not significantly
correlated with carbonate isotope composition.

Discussion
Chara rudis developed compact meadows in the
study Lake Jasne and was a dominant component of

the vegetation compared with other macrophyte
species, particularly vascular species. The water
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chemistry parameters place the lake in the group of
ecosystems with moderate nutrient availability and
high transparency, resulting in characterisation of
the lake as mesotrophic (Carlson, 1977, Petechaty
et al., 2007). Good light conditions, along with cal-
cium and bicarbonate availability, promote charo-
phytes in submerged vegetation (Dambska, 1964;
Hutchinson, 1975; Krause, 1981, 1997; Blindow,
1992a, b). Thus, in the study lake, dense charophyte
beds formed a significant cover on the CaCOs-rich
substratum. This suggests that the lake offers good
conditions for the charophyte-related carbonate pre-
cipitation. This is corroborated by alkalinity values
that were lower in the charophyte meadows than in
the macrophyte-free pelagic zone (Fig. 4). Photo-
synthetic activity of charophytes results not only in
calcium and bicarbonate depletion in the surround-
ing waters, but also in the phosphorus co-precipita-
tion with carbonates, and nutrients incorporation in
biomass (Kufel & Kufel, 2002 and references
therein). Although charophytes are considered very
effective in modifying water properties (van den
Berg et al., 1998), the parameters determined in this
study above the chosen patches of C. rudis reflected
lake characteristics and so, were lake- rather than
site-specific, which might have resulted from mor-
phometric features of Lake Jasne. The maximum
and mean depths place the lake in a transitional type
between typical shallow and stratified lakes, which
suggests a primary role of wind-induced water
movement in surface disturbance. Frequent water
mixing may make the water chemistry uniform
within the lake, similar at each study site and
temporarily, rather than spatially variable
(Petechaty, 20006).

The studied charophyte beds were floristically
poor and overgrown by C. rudis, whose coverage did
not differ among the sites and sampling events. Since,
then the constant coverage might have been more
important for PVI values, obviously dependent on the
depth (Fig. 2), rather than the charophyte morphol-
ogy, not linked directly with the site characteristics.
Since the content of carbonate incrustation was
determined in the apices of C. rudis, no relation
was found with the site depth, C. rudis morphology or
PVI. By contrast, carbonates varied during the study
period, following similar pattern of changes at each
study site (Fig. 3). This emphasizes the importance of
photosynthetic intensity for carbonate precipitation,
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rapidly increasing at the beginning of summer season
and declining in the autumn. If charophyte growth,
most intense photosynthesis and precipitation of
calcium carbonate are restricted to the apical parts
of thalli (Andrews et al., 1984; Coletta et al., 2001),
our results suggest that the community structure may
be of minor importance for carbonate formation.
Light availability, mineral content of water and
climate conditions, influencing photosynthetic activ-
ity, appear to be the crucial factors. However, the
density of plants and area covered by charophyte
meadows, apart from their obvious importance for the
total carbonate deposition in the sediments, may
become significant at the peak growing season, when
high photosynthetic rates may affect the chemistry of
water, depleting calcium and bicarbonate concentra-
tion. In the region where the study reported was
performed (mid-Western Poland), we observed lower
summer calcium concentrations in lakes with diverse
and abundant charophyte vegetation as compared to
those with minor contribution of charophytes
(Petechaty et al., 2007).

The influence of photosynthesis can also explain
why water above C. rudis beds was 13C_enriched,
comparing to the pelagic zone. Preferential uptake of
12C0, for photosynthetic purposes could have led to a
higher rate of heavier isotope in the water. However,
the discrepancy in 6'°Cpic was not pronounced.
Differences in 5180WATER above the studied charo-
phyte patches and in the pelagic zone were also
statistically insignificant showing evenly distributed
values of ¢'®0 within surface waters. Under the
environmental conditions observed, progressive pho-
tosynthetic removal of isotopically light carbon by
extensive charophyte meadows reaching up to 60% of
the lake area (Petechaty et al., 2007), causes strong
13C_enrichment of DIC, reflected in the measured
513CDIC values (Fig. 5). During intense photosynthe-
sis, the water becomes depleted in dissolved CO,
(Herczeg & Fairbanks 1987). When this occurs, CO,
enters water from the atmosphere. In conditions of an
isotopic equilibrium with atmospheric CO, (5'°C ca.
—7.8%0, Leng & Marshall, 2004) 8"3Cpyc amounts to
about 1.3 and 0.7%o, at 15 and 20°C, respectively
(Mook et al. 1974). 513CDIC measured in the waters
of Lake Jasne is isotopically lighter than this
(between —0.8 and —2.5%o), and this shows that
DIC is not in an isotopic equilibrium with atmo-
spheric CO,.
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Mean 0'®0 of waters in Lake Jasne equals about
—1.8%o and is strongly enriched in 'O compared to
the average 'O of local shallow groundwaters,
amounting to ca. —9.2%o (d’Obryn et al., 1997). A
shift to heavier oxygen isotope composition of waters
may have resulted from the lake morphology, as it is a
small and shallow water body with no surface inflow
and temporal outflow, inactive during the study.
However, mean yearly 5180WATER is expected to be
isotopically lighter than mean 5ISOWATER measured
(—1.8%o), since the period investigated in this study is
restricted to 5 months, including three with the
highest mean air temperature during the year, that is
commonly characterized by '®0-enriched waters.

Stable carbon isotope composition of the C. rudis
carbonate incrustation followed the pattern of month-
to-month changes similar to that of carbonate content.
An increase in 0'°C observed during the early
summer is a result of an intense photosynthetic
activity of C. rudis. Due to higher proportion of
'2C0, incorporated preferentially during photosyn-
thesis, the remaining DIC becomes 13C-enriched, and
results in isotopically heavier calcite precipitated as
an incrustation (cf. Pentecost & Spiro, 1990;
Andrews et al., 1997). A subsequent decline in 813
in Chara carbonates and DIC (Fig. 5) may be
explained in two ways: (a) by August the primary
production diminished, and hence 12C02 uptake
decreased. The inflowing waters supplying the lake,
not influenced by photosynthesis, had a diluting
effect on carbon isotope composition of DIC and
resulted in 0"°Cpyc decrease; (b) it is also possible
that isotopically light carbon might have been
partially recycled by decomposition of organic matter
produced during the spring and early summer, e.g.
decomposition of phytoplankton sinking through the
water column. Decomposition of C. rudis thalli did
not play a role as no sign of atrophy at the stem base
was observed until late September when '2C enrich-
ment in DIC was noted.

It is important that the differences between
carbonates and water above the studied beds
exceeded 2%o. That was particularly evident in the
case of the carbon isotope record. In all cases but one
the difference in 6'°C between DIC and incrustation
exceeded 2.2%o during the whole study period
(Fig. 5), with 0"*Ccpara usually from 2.3 to 3.1%o
higher than carbon isotope value of the DIC. Exper-
imental studies show that 513CCALC1TE is around

1-1.5%0 less negative than the DIC value (Emrich
et al., 1970; Romanek et al., 1992), which decreases
the difference in carbon isotope values measured in
Chara incrustations and DIC. The data indicate a
state of disequilibrium during calcite precipitation on
C. rudis stems leading to '*C-enrichment in carbon-
ate. However, it is important to note that site-specific
isotope composition of DIC is created by charophyte
photosynthetic activity closest to Chara thalli (within
Chara beds, in particular). It is possible that DIC in
surface waters (0.5 m deep) is influenced less than
DIC of the Chara immediate environment and thus, is
3C-depleted in comparison to incrustations. Still,
most authors agree that '°C in Chara incrustations is
subject to significant photosynthetically driven met-
abolic effects (Andrews et al., 2004, and references
therein).

Table 2 presents oxygen stable isotope data of
water and incrustation as well as water temperature
measured and calculated using Kim & O’Neil

Table 2 Difference between water temperature calculated
(Tc) on the basis of 6'®0Owarer and 6'80cpara (Kim &
O’Neil equation re-expressed by Leng & Marshall, 2004) and
measured (Tyy) in C. rudis beds studied in Lake Jasne between
June and October, 2008

Site 6"Owarer  0'*Ocuara Tc (°C) Tn (°C) T — Tu

June 2008
Rl -2.25 —2.92 16.91 222 —-5.3
R2 -2.37 —-0.91 729 223 —15.0
R3 -2.18 -3.95 22.17 219 0.3
July 2008
Rl —-1.82 —3.80 23.18  20.6 2.6
R2 —-1.99 —4.21 2432 20.8 35
R3 —-1091 —4.15 2445 209 3.6
August 2008
Rl —-146 —4.41 2797 210 7.0
R2 —1.58 —4.43 27.50  20.7 6.8
R3 —-1.27 —4.29 28.32  20.7 7.6
September 2008
R1 —-1.77 —4.34 26.11 14.9 11.2
R2 -1.66 —-3.82 24.07 14.8 9.3
R3 —1.68 —4.04 25.06 14.9 10.2
October 2008
Rl —-1.64 —3.08 20.57 12.1 8.5
R2 —1.66 —3.31 21.55 12.1 9.5
R3 —1.67 —2.87 19.42 12.3 7.1
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(1997) equation re-expressed by Leng & Marshall
(2004):

T(°C) = 13.8 — 4.58(5carRB — OWATER)
+0.08(3cars — dwaTER)’

Significant discrepancies can by seen between the
temperature measured (7Tyy) and calculated (7¢) that
can be interpreted as resulting from oxygen isotope
disequilibrium during carbonate precipitation. How-
ever, it is important to note that temperature as well
as 5180WATER were measured in waters at 0.5 m
depth, while Chara beds studied occurred at 1.0, 1.5
and 2.0 m. Oxygen stable isotope signatures of
surface waters may be, and probably are, '*O-
enriched (due to preferential evaporation of H°O
molecules, e.g. Li & Ku, 1997) in comparison to
waters within Chara patches. Decreasing (5180WATER
used in calculations only by 0.8 and 1.2-1.5%0 for
July and August, respectively, brings T¢ very close to
T\;. Differences between T¢ and Ty, increase from
July to September and decrease in October. This,
according to our suggestions, indicates the strongest
influence of evaporation on 6'%0 surface waters in
summer months.

It is also crucial to note that 5ISOCHAR A measured
in this study refers to incrustation formed at the apical
part of Chara stems and thus reflects 5180WATER and
water temperature during the month preceding the
moment of water collection and temperature measur-
ing. This is evident in the data collected in September,
where Ty (ca. 14.9°C) is probably lower than the
actual temperature in which Chara incrustations
precipitated during the preceding month. This is a
possible reason why the discrepancy between T and
Twm increases in September.

Considering the discussion, it can be suggested
that incrustations may precipitate in isotopic equilib-
rium with ambient waters within Chara beds, and the
discrepancy between T and Ty, (Table 2) is caused
by '®0-enrichment of surface waters.

Our study pointed at the relationships between the
stable isotope composition and the water chemistry
during calcite precipitation and the content of mineral
incrustation. Although the linkage with the content of
carbonate incrustation seems obvious, it was only
statistically significant for the 6'®0. The negative
correlation of 6'®0 in incrustation and Chara dry
weight may be explained as a consequence of kinetic
isotope effects that result from discrimination against
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the heavy isotopes of oxygen during the hydration
and hydroxylation of CO, (McConnaughey, 1989).
Rapid precipitation of CaCOs in conditions of intense
photosynthesis, e.g. within dense Chara beds, is
associated with strong disequilibrium leading to
depletion of 'O in carbonates (McConnaughey,
1989, and references therein). Hence, 5'%0 values
in stem incrustation are not equilibrium values, being
offset to isotopically lighter compositions relative to
equilibrium. This contradicts the suggestion made
above describing a possible state of isotope equilib-
rium during precipitation of Chara incrustation.
Andrews et al. (2004) assess the offset as about
1.5%0. In this study, the discrepancy observed
between 6'%0 in incrustations and water is greatest
between July and September with a peak in August
(Fig. 5). Such a record is due to coexistence of two
opposite processes influencing oxygen isotope values,
i.e. evaporation resulting in '®O-enrichment in water
and a kinetic effect during rapid precipitation of
calcite on stems causing '®O-depletion of carbonates.

It is important to note that kinetic isotope effects
during intense photosynthesis also influence carbon
isotopes. The kinetic depletion of '*C in carbonates
may even mask the photosynthetic '*C-enrichment in
carbonate and result in 6'°C of the carbonate
isotopically lighter than 6'°Cpic (McConnaughey,
1989). However, the latter is not the case in C. rudis
incrustations in Lake Jasne (Fig. 5). Still, kinetic
isotope effects could and probably did result in §'*C
in incrustation closer to o' Cpic in comparison to
conditions of slow CaCOj; precipitation during slow
or moderately intense photosynthesis.

In agreement with Coletta et al. (2001), our results
showed that the 6'*C of the carbonate incrustation of
C. rudis apices was heavier than the DIC. The
opposite was found for the 'O (Fig. 5). The authors
cited provided data for C. hispida L. Both charophyte
species are closely related (C. rudis is often consid-
ered a variety of C. hispida), and the results can be
assumed as comparable. As compared to C. hispida,
C. rudis and water above the studied beds appeared to
be far more enriched in heavier carbon isotope. It was
also the case for oxygen isotope, but the difference
was smaller. In our opinion, different times of
collection and different types of aquatic environ-
ments in particular, combined with varied photosyn-
thesis rate may explain the inconsistencies found.
Coletta et al. (2001) provided also the data on the
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stable isotope composition in other charophyte spe-
cies, including C. rudis (exactly C. hispida var. rudis,
Coletta et al., 2001). Interestingly, the results given
for the last species are comparable to our results. As
our data are limited to one species, further study is
needed to find out if the correlations observed here
are of broader significance.
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