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Abstract

This study focused on site-specific preferences of potentially harmful cyanobacterium Glo-
eotrichia echinulata to occur in lakes with different ecological and trophic conditions. Its pelagic
growth was studied in six lakes from June to September in 1986-1988, 2000-2001 and 2009. In
total, 78 samples were taken from the epilimnion (stratified lakes) or the whole water column
(non-stratified lakes). Analyses of phytoplankton and environmental variables were performed
according to standard methods.

During summer, a distinct maximum of the Gloeotrichia growth was observed in July or
August (the warmest period). Bloom events of G. echinulata occurred in lakes where the light
and oxygen conditions were significantly inferior while the phosphorus content remained on a
slightly elevated level. The distinct domination of this cyanobacterium (above 40% of the total
phytoplankton biomass) was limited to lakes with a high, moderate or even poor ecological sta-
tus, and to the meso-eutrophic or eutrophic state of lakes. However, G. echinulata occurred in a
broader range of ecological and trophic conditions of lakes. The historical approach to mass
occurrence of G. echinulata, with its possible contribution to phosphorus translocation from
sediment to the pelagic zone, suggested its importance as an indicator of progressive ecological
and trophic deterioration of lakes. This indication should be very useful for establishment of
main targets in water management.

Key words: algal blooms, cyanobacteria, ecological status assessment, Gloeotrichia echinulata,
trophy.
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INTRODUCTION

The planktonic cyanobacterium Gloeotrichia echinulata J. S. Smith ex
Richt (Nostocales) generally occurs in oligo- and mesotrophic waters, and is
described as one of typical representatives of such conditions in the function-
al classification of freshwater phytoplankton (REynoLDs et al. 2002). Mass
development of G. echinulata has been frequently observed not only in nutri-
ent-poor lakes in Sweden and the USA (KaRLSSON-ELFGREN et al. 2005, CAREY
et al. 2008, 2012), but also in more eutrophic lakes in Denmark (JACOBSEN
1994), Estonia or Russia (NOGES et al. 2004). Additionally, G. echinulata may
negatively affect human health or disrupt food webs in a lake ecosystem
because of its responsibility for producing toxins such as microcystin-LR,
which can be harmful to humans and whole aquatic ecosystems (CAREY et
al. 2012). In Poland, there are only some preliminary data on the toxicity of
G. echinulata (KoBos et al. 2013), or its ability to form surface blooms in
lakes in the northern part of Poland (NAPIORKOWSKA-KRZEBIETKE, HUTOROWICZ
2007).

In the benthic phase of Gleotrichia echinulata life cycle, the akinetes
germinate, grow on or in the nutrient-rich sediment, form a large colony
(up to 3 mm) containing gas vacuoles and then migrate up to the pelagic
waters (KaRLsSON-ELFGREN et al. 2004). The pelagic colonies are mainly pos-
itive buoyant and large amounts of these organisms can be also found at
several water depths due to their translocation to more nutrient-rich waters
(KarLssoN-ELFGREN et al. 2005). During the first phase, they take up nutri-
ents, especially phosphorus, from the nutrient-rich sediment, which is some-
times used by pelagic colonies as the only source of the mentioned element
(Tymowski, DutaIE 2000). The recruitment of Gloeotrichia colonies enables
effective transport of phosphorus from lake sediments to upper layers of a
lake (JacoBsEN 1994, Prrois et al. 1997, Noces et al. 2004). According to IsT-
vaNovics et al. (1993), such transport can involve up to 3.8 mg P m? d, i.e.
as much as up to 66% to a lake’s total annual internal P load. Recently, in a
composition metric for the phytoplankton-based ecological status assessment
of European lakes for the Water Framework Directive (WFD), the genus
Gloeotrichia has been described as a taxon with high optima, which should
reflect a high phosphorus concentration in lakes (PHILLIPS et al. 2013).

Despite various reports on bloom-forming G. echinulata occurring in a
rather broad range of nutrient concentrations, the data on its ecological and
trophic requirements are still scanty. We have hypothesized that the habi-
tat-specific preference of this cyanobacterium allows it to occur and bloom
in lakes with different ecological and trophic states. Shoould this hypothesis
be verified, it would facilitate the identification of main targets in the water
management policy, including decisions to restore lakes which do not meet
the good ecological status required by the WEFD.
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MATERIAL AND METHODS

Phytoplankton data were collected from 6 lowland lakes (4 stratified, 2
non-stratified) in 1986-1988, 2000-2001, 2009. The lakes lie in north-eastern
Poland (the Western and Eastern Europe Units) — Figure 1, Table 1. This

Vistula River

Lakes with surface area
® > 50 km®
e 10-50 km’
e 5-10km’
* 1-5km®
Fig. 1. Location of the surveyed lakes (red circles)
in north-eastern Poland - Western and Eastern Europe Units

Table 1
Morphometric parameters of the surveyed lakes (north-eastern Poland)
Geoeraphic Surface Max. Mean Type CB
Lake coor(giingtes area depth depth of lake’s
(km?) (m) (m) stratification type*
. . 54.00152N .
Niegocin 21.78041E 26.00 39.7 9.9 stratified L-CB1
P 54.17509N .
Mamry Pétnocne 21 68967E 25.04 43.8 11.7 stratified L-CB1
. 53.43642N .
Dabrowa Wielka 20.05513E 6.15 34.7 8.2 stratified L-CB1
53.44303N .
Dabrowa Mata 20.02052E 1.73 34.5 10.0 stratified L-CB1
S 54.14462N non-
Kirsajty 21.70836E 2.07 7.0 3.2 stratified L-CB2
Lo 53.39568N non-
Hartowieckie 19 83721E 0.70 5.2 2.9 stratified L-CB2

* according to the Commission Decision (2013) Central/Baltic types: L-CB1 — lowland, stratified,
shallow calcareous with retention time 1-10 years, L.-CB2 — lowland, very shallow calcareous with
retention time 1-12 months
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paper reports data gathered in summer (June — September), when G. echinu-
lata occurred in pelagic waters. In total, 78 samples were collected from the
epilimnion (stratified lakes L-CB1) or the whole depth (non-stratified lakes
L-CB2) at one-meter intervals and were then integrated. The quantitative
and qualitative analyses of phytoplankton were conducted according to the
Utermdhl method (CEN 2006) with calculations of total biomass based on
cell volume measurements. Some data on phytoplankton biomass and struc-
ture in these lakes have been published to date (NAPIORKOWSKA-KRZEBIETKE,
Hurtorowicz 2005, 2006, 2007, NAPIORKOWSKA-KRZEBIETKE et al. 2009, HUTORO-
wicz et al. 2011). Data on physicochemical parameters were obtained from
literature (NAPIORKOWSKA-KRZEBIETKE, HuTorROWICZ 2005, 2006, 2007, NAPIOR-
KOWSKA-KRZEBIETKE et al. 2007, 2009, Woros et al. 2009, ZDANOWSKI et al.
2009, Hurorowicz et al. 2011) or from unpublished IFI data. These included
Secchi disk visibility, temperature, dissolved oxygen, pH, electrolytic con-
ductivity, which were measured with a Secchi disk, a model 58 YSI oxygen
probe, a pH-meter by Hanna Instruments HI 22 and a Digitalmeter DIGI
610 conductometer, respectively. Concentrations of total nitrogen, ammoni-
um nitrogen, nitrate nitrogen, total phosphorus, phosphates and chlorophyll
a were analyzed according to the standard methods (Standard Methods ...
1999, PN-86/C-05560.02).

The ecological status of the lakes was assessed according to the compo-
sition metric Phytoplankton Trophic Index — PTI (PuiLLips et al. 2013). For
comparison, the national method Phytoplankton Metric for Polish Lakes
(PuiLLips et al. 2014) in modification (PMPL,, ) was used to cover the simi-
lar PTI technique (MTB — Metric Total Biomass, MBC — Metric Biomass of
Cyanobacteria, equation 1 for L-CB1, equation 2 for L-CB2):

(1) PMPL,,,, = MTB + MBC)/2,

where MTB = k£ + m X In (TB); MBC = [m x In (BC + BC x BC/TB)/2] + k;
(2) PMPL,,,, = MTB + 0.5 x MBC)/1.5,

where MTB =% + m X In (TB) + 2 x TB + 0 X VTB; MBC = m X In BC + k

and k, z, m, o are specific coefficients for a lake’s type.

The Trophic State Index (CarLsoN 1977, KraTzER, BREZONIK 1981) and
Trophic Level Index (Burns et al. 2005) were calculated based on the Secchi
disk visibility and concentrations of chlorophyll a, total phosphorus and total
nitrogen, using datasets from summer.

The biological and environmental variables were correlated using the
Spearman’s coefficient and principal component analysis (PCA) with a cor-
relation matrix (StatSoft, Inc.), and incorporating the data obtained when
G. echinulata occurred in pelagic waters. The linear regression was used to
indicate the relationships within and/or between ecological and trophic ap-
proaches to assess water quality, as well the G. echinulata biomass versus
ecological and trophic assessments. It was assumed that relationships were
statistically significant at the 0.05 significance level.
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RESULTS AND DISCUSSION

In summer (June — September), the mean temperature in the epilimi-
non (stratified lakes) and in the whole water column (non-stratified lakes)
ranged from 11.5 to 22.5°C. The pH and electrolytic conductivity were ap-
proximately 8.4 and 323.7 puS cm'!, respectively, whereas the mean dissolved
oxygen content fluctuated between 5.5 and 12.4 mg dm (Figure 2). The total
nitrogen concentration ranged from 0.7 to 2.2 mg dm*, and higher values
were noted in the lakes called Mamry PéInocne, Niegocin and Kirsajty. The
concentrations of ammonium nitrogen and nitrate nitrogen were relatively
low (on average 0.08 and 0.04 mg dm, respectively). The total phosphorus
content reached the highest level of 0.14 mg dm* in Lake Niegocin, where-
as the lowest TP content (on average 0.05 mg dm™®) was recorded in Lake
Dabrowa Wielka and Lake Dabrowa Mata. Analogously, the highest and
lowest concentrations of phosphates were recorded in the same lakes. The
mean summer Secchi disk visibility changed between 4.5 and 1.2 m (with the
highest value in Lake Mamry Péinocne and lowest in Lake Hartowieckie).
Chlorophyll a reached at the most 40 pg dm™ in Lake Niegocin and 50 pg
dm? in Lake Hartowieckie, when the Secchi disk visibility was relatively low.
The lowest chlorophyll a concentrations (on average 3.7 pg dm) were noted
in lakes with high visibility. The mean summer content of total nitrogen and
total phosphorus was comparable with the mean seasonal concentrations
typical of lakes in at least the second quality class, corresponding to at least
a good ecological status (Regulation ... 2011), analogously to the Secchi disk
visibility or electrolytic conductivity. In Lake Niegocin, the TP content was
exceptionally much higher. Furthermore, the mean summer chlorophyll a
content could indicate that Lake Mamry Pétnocne and Lake Kirsajty belonged
to quality class I (high ecological status), whereas the other lakes were classi-
fied as class IIT or IV.

The pelagic phase of Gloeotrichia echinulata, as one of its two-stage
life cycles after recruitment from sediments (KARLSSON-ELFGREN et al. 2004),
was associated with the summer season, most often in July or August and
sporadically in June and September. In this, the Polish lakes were similar
to other European lakes, e.g. Lake Erken or Lake Peipsi (NOGEs et al. 2004).
The biomass of G. echinulata varied from <0.1 to 7.0 mg dm™ in stratified,
and to 4.0 mg dm*® in non-stratified lakes (Table 2). The average total
biomass of phytoplankton ranged then from 0.5 to 16.3 mg dm?3, whereas
the average biomass of Cyanobacteria fluctuated between less than 0.1
and 8.8 mg dm? in all the lakes. During long-term studies of Lake Mamry
Pétnocne, significant contribution (40% of total biomass in the epilimnion)
of G. echinulata was noted only at the end of August 2000, when surface
blooms were observed for the first time (NAPIORKOWSKA-KRZEBIETKE, HUTORO-
wicz 2005). This phenomenon indicated considerable changes in phytoplank-
ton assemblages, with a clear tendency towards eutrophy of this lake, prob-
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ably resulting from the strong anthropopressure and internal enrichment
(ZpaNowski et al. 2009). However, in Lake Kirsajty both the summer total
and G. echinulata biomasses in 1986-1987 were not too abundant, but there
was an increase in 2000. Evident changes in phytoplankton assemblages
were observed not only in summer but throughout the growth season in
2000-2001 (NariORKOWSKA-KRZEBIETKE, HuTOROWICZ 2007). A similarly low con-
tribution of G. echinulata into the total phytoplankton was observed in Lake
Niegocin. Its presence in assemblages was connected with Cyanobacteria
re-domination and indicated a relatively low stability of the lake’s ecosystem,
with pollution deposits collected over many years (NAPIORKOWSKA-KRZEBIET-
KE, Hutorowicz 2006, NAPIORKOWSKA-KRZEBIETKE et al. 2007). The study of
JakuBowska et al. (2013) showed subsequent domination of Cyanobacteria
in summer 2007 (mainly potentially toxic Microcystis), when the content of
microcystins reached 0.16 pg dm.

During the whole period of the Gloeotrichia pelagic growth, the nutrient
concentration in these lakes was relatively low. The relationships between
selected phytoplankton features and environmental variables were revealed
by the Spearman’s rank correlation (Table 3). Cyanobacteria and G. echinu-
lata biomasses had a significant impact on the total biomass. The total bio-
mass and Cyanobacteria biomass significantly and positively correlated with
the chlorophyll a content, temperature and pH of water. Significantly nega-
tive correlations were found with dissolved oxygen and Secchi disk visibility.
Regarding the relationships between Gloeotrichia echinulata and environ-
mental variables, its biomass significantly and negatively correlated with
electrolytic conductivity and the content of phosphates. However, the rela-

Table 3
The Spearman’s rank correlation coefficient (r)* between phytoplankton and environment

Parameters Total Cyar}obacteria G. eghinulata
biomass biomass biomass
total biomass - 0.829* 0.497*
ff‘;};}tf;c;glsankton cyanobacteria biomass 0.829* - 0.379
G. echinulata biomass 0.497* 0.379
chlorophyll a, Chl-a 0.857* 0.891* 0.379
temperature, T 0.591* 0.682* 0.213
dissolved oxygen, DO -0.667* -0.751%* -0.218
Secchi disk visibility, SDV -0.631* -0.728* -0.265
Environmental |y 0.635* 0.578* 0.267
electrolytic conductivity, EC -0.275 -0.030 -0.537*
phosphates, Phos -0.299 -0.197 -0.673*
total phosphorus, TP -0.129 -0.069 -0.261
total nitrogen, TN -0.371 0.126 -0.123

* statistically significant difference, p < 0.05 (n = 24)
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tionship with total nitrogen was not significant statistically. Such close rela-
tionships were confirmed by the PCA analysis (Figure 3). Similar findings
of a low oxygen concentration but not low visibility during the domination of
G. echinulata have been reported from a eutrophic Danish lake (JACOBSEN
1994). In contrast to JACOBSEN’S observations (1994), the light conditions
during the G. echinulata blooms in lakes Dabrowa Wielka, Dabrowa Mata,
Hartowieckie and Mamry Pétlnocne were rather worse than in the other sum-

0.5

Gloeotrich.ia

-
-

-
~._ Cyanobacteria
\\

PC 2 (25.62%)
=

-0.5

PC 1 (44.74%)

Fig. 3. Phytoplankton-environment relations (PCA ordination
diagram), the abbreviations of the parameters are given in Table 3

mer months. However, the total phosphorus and phosphate concentrations
were relatively low in the surface but high in the bottom layers; besides,
negative correlations were found between the epilimnion total phosphorus
and Gloeotrichia biomass. Nutrient-rich sediments are very important for the
G. echinulata recruitment and consequently for its bloom forming in pelagic
waters, and phosphorus absorbed from sediments can fulfil its nutritional
requirements (ForseLL, PETTERssoN 1995, Tymowski, DutHiE 2000, KARLS-
soN-ELFGREN et al. 2005, CAREY et al. 2008). Whereas the P uptake by pelagic
colonies may be insignificant, Gloeotrichia can also cover its nutritional
needs by N -fixation or TN uptake in the pelagial zone (SzAsz, PETTERSSON
2000). The relationships between the biomass of this species or even the
whole Cyanobacteria group with total nitrogen proved to be non-significant.
Generally, phytoplankton including Cyanobacteria showed statistically sig-
nificant correlations with TN in other lakes, more or less eutrophied
(NAPIORKOWSKA-KRZEBIETKE et al. 2013, GRABOWSKA et al. 2014, ZEBEK 2015).
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The PTI classified 4 lake-years as having a high ecological status and
2 lake-years as the ones with a good status (lakes Mamry Pdélnocne and
Kirsajty) — Figure 4. The remaining lake-years, including lakes with high
Gloeotrichia biomass, had a moderate status. The PMPL,, classified 7 lake-
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Fig. 4. Ecological status assessment of lakes according to PTI and PMPL,, . The codes

of the lakes are given in Fig. 3, *the domination of G. echinulata. The class boundaries
are as follows: 0.89, 0.70, 0.45 and 0.23 (for PTI-EQR, according to PHILLIPS et al. 2013)
and 0.80, 0.60, 0.40, 0.20 (for PMPL-EQR, according to NariorRKowsKA-KRZEBIETKE et al. 2012)
for the high/good, good/moderate, moderate/poor, poor/bad ecological status, respectively

-years as having a high ecological status, including Lake Mamry Pélnocne
with Gloeotrichia blooms in 2000, and one with a good status. The remaining
lakes had a moderate or poor status. The trophic state assessment using TSI
(on average 51) indicated a meso-eutrophic state in most lakes (Figure 5), ex-
cept for the waters of Lake Mamry Pélnocne in 1987 and Lake Hartowieckie
in 2009, which were classified as mesotrophic and eutrophic, respectively.
The mean TLI values ranged between 3.4 and 5.5 (Figure 5), and confirmed
the meso-eutrophic conditions of lakes Kirsajty and Mamry Pdélnocne in
1986-1988, and 2000-2001 with the exception of MP87 and MP88 (mesotro-
phic). The TLI values in the other lakes usually exceeded the boundary value
of the eutrophic state. Regarding the assessment-impact aspect, the role of
G. echinulata biomass was significant only in the PMPL,,, -based ecological
status assessment (Table 4).

Thus, the occurrence of Gloeotrichia echinulata was connected with
the lakes being classified from a high to poor ecological status and from
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Fig. 5. Trophic state assessment of lakes according to TLI and TSI. The codes of the lakes are
given in Fig. 3, *the domination of G. echinulata. The trophic state boundaries are as follows:
3, 4, 5 and 6 (for TLI, according to BurNs et al. 2005) for the oligo-/meso-, meso-/eu-,
eu-/super- super-/hypertrophic trophic state and 40, 50, 60 (for TSI, according to CARLSON 1977)
for the meso-, meso-eu-, eutrophic trophic state, respectively

Table 4
Relationships between G. echinulata biomass and ecological and trophic assessments
of the lakes

Specification Regression formula R? r p
BGe vs. PTI BGe =-3.109 x PTI + 3.356 0.133 —0.365 0.243
BGevs. PMPL, | BGe=-5.209 x PMPL,, +4.882 | 0.412* | -0.642* 0.025
BGe vs. TSI BGe=0.132 x TSI — 5.734 0.153 0.392 0.208
BGe vs. TLI BGe =1.433 x TLI — 5.486 0.189 0.435 0.158

PTI - Phytoplankton Trophic Index, PMPL,, — modified Phytoplankton Metric for Polish Lakes,
TSI — Trophic State Index, TLI — Trophic Level Index, BGe — G. echinulata biomass * statistically
significant difference, p < 0.05

the mesotrophic to eutrophic state. Its mass development was observed in
lakes representing a moderate (using PTI) or even high and poor ecological
status (using PMPL,, ), and the meso-eutrophic and eutrophic conditions.
According to CAREY et al. (2008), this taxon could significantly affect the
phosphorus translocation from sediments to an entire lake, thus accelerating
the eutrophication process, and it can represent a significant element in the
benthic-pelagic coupling of biogeochemical cycling (i.e. the turnover of nu-
trients in the form of living matter). Moreover, such phenomena seen in the
ecological or trophic context could improve our understanding of biotic-abiotic
relations in lake management strategies.
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CONCLUSIONS

In the lakes of north-eastern Poland, the pelagic growth of Gloeotrichia
echinulata was connected with the warmest period of summer. During its
mass development, including bloom events, the light and oxygen conditions
decreased significantly. The phosphorus content then remained on a rather
low level, although the concept developed for the PTI in assessing an ecolo-
gical status implies that the genus Gloeotrichia should reflect a high TP con-
centration assigned to very tolerant or tolerant taxa. G. echinulata tends to
occur in a broad range of lakes, from a high to poor ecological status, altho-
ugh — with respect to trophy — it can occur in mesotrophic to eutrophic lakes.
Additionally, with its ability affect phosphorus translocation from sediments
to an entire lake, thus contributing to the benthic-pelagic coupling of bioge-
ochemical cycling, G. echinulata could accelerate eutrophication. Therefore,
it may be a very important indicator of progressive deterioration of a lake’s
ecological and trophic conditions, providing useful information to the lake’s
management strategies.
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