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Grazing affects periphytic algal biomass in the periphyton-macrophyte
relationship independently of the substrate type and nutrient status
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ABSTRACT
The macrophyte–algae relationship has primary importance in affecting the functioning of shallow lake ecosystems. However, how
substratum type, grazing, and nutrient status affect the relationship, is still largely unknown. Here, we studied algal assemblages covering
either the submerged macrophyte, Ceratophyllum demersum, or artificial plastic plants with similar morphological complexity to answer
these questions. Nutrient status was assessed as eu- and hypertrophic conditions in two separate lakes. In contrast to previous studies,
the algal community on artificial substrates resembled to those observed on C. demersum. Independently of nutrient status (lakes), algae
colonised artificial substrates intensively, but the highest algal biomass was observed in the hypertrophic lake. The community of periphytic algae was represented by diatoms, chlorophytes, and cyanobacteria. In the eutrophic lake, rather diatoms were present with high
relative abundance, whereas, in the hypertrophic lake, rather cyanobacteria prevailed. Grazing pressure was high in both lakes and in
the case of both substrate types, affecting the biomass of periphytic algae significantly. Our results indicate that macroinvertebrate
grazing plays a crucial role in affecting periphytic algal biomass, independently of nutrient status and substratum type in shallow lakes.

shorten the clear-water phase (Roberts et al., 2003).
Macrophytes are ideal substrates for periphytic algal
growth (Fontaine and Nigh, 1983; Kiss et al., 2003; Laugaste and Reunanen, 2005; Kralj et al., 2006). Depending
on their diversity and spatial distribution, macrophytes
provide extended surface area for colonization and also
act as a nutritional source (Cattaneo and Kalff, 1978; Degans and de Meester, 2002; Tarkowska-Kukuryk, 2014).
Moreover, they compete for resources with planktic algae
(Sand-Jensen and Borum, 1991; Burkholder, 1996), and
also release allelopathic compounds potentially as an
adaptive strategy (Erhard and Gross, 2006). However,
some studies showed that secretion of biologically active
substances by the macrophytes may be less important than
plant architecture (Cattaneo and Amireault, 1992; Gosselain et al. 2005) or grazing (Balci and Kennedy, 2003;
Hansen et al., 2011) in affecting the abundance and composition of periphytic algae. Macrophyte-associated
macroinvertebrates impact periphytic algae to a large extent by grazing, and thus, may enhance macrophytes’
growth (Jones et al., 2000). As an example, feeding activity of chironomid larvae might reduce the biomass of
periphytic algae substantially (Tall et al., 2006;
Tarkowska-Kukuryk, 2013). Artificial substrates such as
glass, nylon threads, or bamboo shoots have been frequently used to study the biomass and composition of periphytic algae (Lane et al. 2003; Szlauer-Łukaszewska,
2007; Tarkowska-Kukuryk and Mieczan, 2012; dos Santos et al.,2013). Use of artificial substrates improves sampling precision and they were supposed to be equivalent
in terms of substrates for periphytic algal growth. However, most of comparative studies showed differences in
periphyton abundance (Morin, 1986), taxonomic composition (Townsend and Gell, 2005) and colonization rate
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The macrophyte–algae relationships are of great importance for the functioning of shallow lake ecosystems
(Liboriussen and Jeppesen, 2006; dos Santos et al., 2013).
Periphytic algae contribute to the total annual production
of a lake significantly, especially in shallow lakes with
large littoral zones (Müller, 2000; Azim et al., 2005). By
trapping organic and mineral matter, periphyton mats exhibit a clarifying effect on the water column (Adey et al.,
1993; Doods, 2003). Under highly eutrophic conditions,
nutrient competition between periphyton and phytoplankton may reduce phytoplankton biomass indirectly (Hansson, 1988; Rodusky et al., 2001). High periphyton growth
can shorten the period with optimum growth conditions
for submerged plants due to shading, and therefore,
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by Phragmites australis (Cav.) Trin. ex Steud.) and
Schoenoplectus lacustris (L.) Palla). The submerged
macrophytes are represented by C. demersum and Potamogeton pectinatus L. The area covered by submerged vegetation is approximately 20% of the lake surface area.
Experimental design
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In MD and PD lake, experimental sites covered with
Ceratophyllum demersum were selected for our study.
Water depth of the sites was ~1m. For evaluation of the biomass of C. demersum (g wet weight (WW) m–2), the plants
were harvested using a Bernatowicz rake (surface area 0.16
m2) (Bernatowicz 1960); at each site, three replicates were
taken. Biomass of C. demersum amounted for 656.5 g WW
m–2 in MD lake and 488.2 g WW m–2 in PD lake. To avoid
the fluctuations in the water level, the sheltered parts of the
lakes were selected. At the experimental sites, C. demersum
does not anchored to the bottom, but formed dense mats
floating 30-40 cm under the water surface. Plastic plants
with similar morphology to C. demersum (length 30 cm)
were placed among C. demersum for periphytic algal
growth (~0.4 m from the water surface). Each artificial
plant was fixed with a cord and styrofoam to keep them
floating among C. demersum. At each experimental site, 15
artificial plants for algae colonisation and 15 plants for the
analysis of macroinvertebrates were introduced at the beginning of April, one month before the first sampling.

Study sites
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(Pete et al., 2007) on artificial substrates compared to natural ones. The artificial substrates, however, did not
closely resemble the morphological architecture of natural
plants. Even if the colonisation time for submerged plants
and artificial substrates was rather similar, colonisations
varied with architecture and surface area of macrophyte
(Cattaneo and Amireault, 1992).
Here, we performed a mesocosm study on the macrophyte-algae relationships in lakes with different trophic
status, focusing on the submerged plant species Ceratophyllum demersum L, and its artificial counterpart C. demersum is a non-rooted submerged plant, with finely
dissected leaves, presents in lakes with different nutrient
statuses, occurs more frequently under eu- and hypertrophic conditions (Penning et al., 2008). Moreover, it
dominates vegetation in highly polluted lakes frequently,
where it forms free-floating mats (Melzer, 1999). Therefore, we selected two lakes with eu- and hypertrophic nutrient status and with the occurrence of Ceratophyllum
demersum for our study.
We hypothesised that: 1) the artificial substrate increases the surface area for algae colonisation, but algal
biomass will be higher on natural substrates due to nutrient release; 2) dissolved nutrients affect algal growth and
community structure mainly on artificial substrates, where
algae utilize nutrients only from the water column; 3)
grazing by invertebrates will control the biomass of periphytic algae on both the natural and artificial substrates.
Here, we focused on i) the structure and biomass of periphytic algae on the natural (C. demersum) and artificial
substrates; i) the composition and relative abundance of periphytic algae in the gut content of macroinvertebrate grazers; and ii) the role of environmental variables (e.g., nutrient
status) in affecting the substrates–algae relationships.

The study was conducted in two shallow lakes situated
in PolesieLubelskie (Eastern Poland). Lake Skomielno
(51°29’N, 23°0’E, surface area 75 ha, maximum depth 6.5
m) represents a macrophyte-dominated (MD) clear water
lake. The emergent vegetation is dominated by Typha angustifolia L. The submerged macrophytes are represented
Stratiotes aloides L. and six accompanying species, Myriophyllum spicatum L., Ceratophyllum demersum L., Potamogeton lucens L., Potamogeton acutifolius (Link ex
Roem. & Schult.), Chara aculeolata Kützingand Chara
rudis (A.Braun) Leonhardi). The area covered by vegetation exceeds 60% of the lake surface area. Lake Syczyńskie
(51o17′N and 23o14′E, surface area 5.9 ha, maximum depth
2.9 m) is a phytoplankton-dominated (PD), hypertrophic,
turbid water lake. The emergent vegetation is dominated

Estimating the relationship between biomass
of C. demersum and its surface area

At each sampling site, stems of 20 C. demersum individuals were collected randomly. In the laboratory, plants
were washed under tap water to remove detritus and mineral deposits. Subsequently, 10 leaves from each plant were
collected randomly (apical, middle and bottom part of
stems) for further measurements. The surface area of the
leaves was calculated as a cylinder and two conical tips
(Fig. 1). All the measurements were carried out under a
binocular microscope with a micrometer. All the stems and
leaves were then dried at 105°C to obtain the dry weight
(DW). The relationship between surface area (dependent
variable) and biomass (independent variable) was determined by regression analysis using Statistica 10.0 software
(Tab. 1); enabling us to relate periphytic algal and grazer
communities on natural and artificial substrates.
Water sampling

Water samples for chemical analysis were taken simultaneously with algae and grazer sampling in triplicates, in each site and month. The water temperature, pH,
conductivity, and dissolved oxygen content were measured in situ using the YSI 556 MPS water quality probe.
Water transparency was determined by Secchi disk. The
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Macroinvertebrate grazers (chironomid larvae) were
sampled simultaneously with algae. At both experimental
sites, three replicates from natural and artificial substrata
were taken, each month. The larvae were sampled using
a cylindrical apparatus with its openings covered by a 250
µm net. Field samples were transported to the laboratory,
and then the larvae were removed from macrophytes, preserved in 4% formaldehyde solution, counted, and identified. To compare chironomid assemblages between the
natural and artificial substrata, the density of larvae was
calculated per square centimetre of plant surface.
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Algal samples were collected at monthly intervals
from May to September, 2012. From the natural substrate,
the sample was obtained by cutting off a plant fragment
(length 30 cm) in the water column and placed in a plastic
bag. For the analysis, only young C. demersum shoots
were collected. From the artificial substrate, the whole artificial plant was collected. Each month at each experimental site, 3 replicates of natural substrate and 3 artificial
plants were taken. Subsequently, the contents of each bag
were transferred to a plastic bottle filled with 300 mL of
filtered lake water (GF/C). Periphytic algae were separated from the plant samples by shaking the sealed bottle
vigorously for 5 min. Next, the suspension was filtered
through a 300-µm mesh to avoid contamination of small
plant fragments or invertebrates. From this sample, 100
mL of algal sample was fixed with Lugol’s solution, and
then with 3:1 formaldehyde-glycerin solution. A 2-mL
aliquot was taken from the subsample and placed in a 10mL Utermöhl counting chamber, and then filled with distilled water. After settling, at least 200 algal cells were
counted in transects. All cells of colonial algae were
counted; each filament of length 100 µm was counted as
one cell. Counting and identification were performed at
400× magnification under an inverted microscope. Identification to genus level was based on the key of van den
Hoek et al. (1995). The fresh biomass of algae was then

Grazer sampling

al

Periphytic algae sampling

expressed as fresh weight assuming the density of 1 g
cm–3, and then in micrograms per square centimetre of
plant surface. The relative abundance of algal taxonomic
groups was estimated based on fresh weight biomass
(Hillebrand et al., 1999).

ci

concentration of ammonium nitrogen (N-NH4) was determined by a method with Nessler reagent, nitrate nitrogen
(N-NO3) by a method with sodium salicylate, total phosphorus (TP), and phosphates (P-PO4) by a method with
ammonium heptamolybdate in the spectrophotometric approach (Hermanowicz et al., 1999). Chlorophyll-a was
determined by the spectrophotometric method with
ethanol extraction (ISO 1992). The concentration of total
organic carbon (TOC) and total suspended solids were
measured spectrophotometrically using PASTEL UV.

Fig. 1. Transversal view of experimental site with exposition of
artificial plants within stands of Ceratophyllum demersum introduced for periphytic algal growth in macrophyte-dominated
(MD) and phytoplankton-dominated (PD) lakes.

Tab. 1. Morphological characteristic and relationship between surface area (SA) and biomass (B) of Ceratophyllum demersum leaves
and stems in macrophyte-dominated (MD) and phytoplankton-dominated (PD) lakes (mean values ± SD, n=40).
MD lake

PD lake

Length of stems (cm)

39.5 (±7.4)

44.2 (±12.3)

Biomass of single leaf (mg DW)

0.33 (±0.05)

0.59 (±0.18)

Surface area of single leaf (mm2)

41 (±6)

Number of plants

Number of leaves per plant

Biomass of single stem (mg DW)
Surface area of single stem (mm2)

Relationship between SA F(X) and B (X) for leaves
Relationship between SA F(X) and B (X) for stems

20

237 (±41)
153 (±66)

4082 (±513)

F(1.18) = 1.84, R2=0.52, P=0.019
F(1.18) = 3.67,R =0.55, P=0.023
2

20

304 (±48)
174 (±94)
53 (±10)

6494 (±205)

F(1.18) =1.71,R2=0.87, P=0.020

F(1.18) = 3.73, R2=0.71, P=0.039
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Statistical analyses
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The effect of substratum type, month, and site (lake
nutrient status) on the biomass of periphytic algae and
density of grazers were evaluated using ANOVA threeway repeated measures. Sampling month was taken as a
repeated measure factor; type of substrates and sites as
fixe factors. Data was log+1 transformed; and the analyses were performed with Statistica 10.0 software.
Detrended correspondence analysis (DCA) was used
to measure the variance gradient of the algal data, and
then to perform PCA and RDA. PCA was performed in
order to confirm the separation of periphytic algae on natural and artificial substrates within MD and PD lakes.
RDA was used to identify the environmental variables affecting the community composition of periphyic algae
significantly. Significant variables were retained by
Monte Carlo permutation test, at the P<0.05 significance
level. The analyses were performed using CANOCO 4.5
software (ter Braak and Šmilauer, 2002).

Total biomass of periphytic algae was significantly
higher in PD lake (RM ANOVA, F=48.27, P<0.001).
Within the lakes, algal biomass was affected by substrate
types significantly (RM ANOVA, F=28.42, P=0.004, MD
lake and F=26.08, P=0.006, PD lake). Biomass of algae on
natural (RM ANOVA, F=77.97, P<0.001, MD lake and
F=57.43, P<0.001, PD lake) and artificial (F=58.49,
P<0.001, MD lake and F=122.2, P<0.001, PD lake) substrata showed significant differences between studied
months. Three taxonomic algal groups (chlorophytes, diatoms, and cyanobacteria) were identified on the substrata
(Fig. 2, Tab. 3). In the MD lake, on both the natural and artificial substrate, the highest algal biomass was observed in
July (123.3µg cm–2 and 65.3 µg cm–2, respectively),
whereas the lowest values were noted in May (39.4 µg cm–
2
on the natural substratum and 19.8 µg cm–2 on the artificial
substratum). Diatoms were the dominant group on both
substrates. The proportion of this group varied from 39%
(July) to 52% (September) on the natural substratum and
from 36% (August) to 49% (May) on the artificial substratum. In the PD lake, the highest biomass of periphytic algae
was also observed in July, with 253.6µg cm–2 (natural substratum) and 141.7 µg cm–2 (artificial substratum). The lowest values on both the substrata were noted in May, with
60.7 µg cm–2 and 46.4 µg cm–2, respectively. On both substrate types, cyanobacteria dominated the structure of periphytic algae. The proportion of this group varied from 44%
(August) to 49% (June) on the natural substrate and from
42% (June) to 51% (September) on the artificial substrate.

e

At both experimental sites and on each sampling
month, 20 larvae of chironomid grazers were selected for
the gut content analysis. The larvae were rinsed to remove
any surface debris, decapitated, and dissected along the
length of their body, and then placed in Eppendorf tubes
filled with filtered water (GF/C filter). The gut contents
of single larvae were pooled in one tube. Subsequently,
the tubes were fixed on a shaker for 20 min to dislodge
the gut contents from the digestive tube. For identification, the gut content solution was added into a 10 mL
counting chamber, and then filled with filtered lake water
(GF/C). After settling, the gut contents were identified,
counted, and measured under an inverted microscope
equipped with a calibrated micrometer. The relative abundance of cyanobacteria, diatoms, and chlorophytes present
in the gut was assessed as the percent ratio of total number
of cells (filaments) of each algal group to the total number
of particles counted on the slide.

Periphytic algae

us

Gut analysis

RESULTS

Environmental variables

The physical and chemical parameters showed significant differences between lakes and months. Trophic status of lakes confirmed summer values of Secchi depth
(1.3 m in eutrophic lake and 0.4 m in hypertrophic lake),
concentration of TP (0.045 mg dm–3 and 0.301 mg dm–3,
respectively), P-PO4 (0.008 mg dm–3 and 0.028 mg dm–3,
respectively), N-NH4 (0.256 mg dm–3 and 0.485 mg
dm–3, respectively) and chlorophyll-a (10.89 mg dm–3 and
31.72 mg dm–3, respectively) (Tab. 2).

Grazer community

Macroinvertebrates on the natural and artificial substrates were represented by chironomid larvae. The density of midges showed significant differences between
lakes (RM ANOVA, F=234.3, P<0.001). Within the lakes,
density of grazers differed significantly between substrates (RM ANOVA, F=113.8, P<0.001, MD lake and
F=149.6, P<0.001, PD lake). Density of grazers showed
seasonal significant variability on natural (RM ANOVA,
F=66.65, P<0.001, MD lake and F=70.76, P<0.001, PD
lake) and artificial (RM ANOVA, F=72.73, P<0.001, MD
lake and F = 61.55, P<0.001, PD lake) substrata.
In the MD lake, the highest abundance of chironomids
on the natural and artificial substrates was observed in
September, with 112 ind. cm–2 and 78 ind. cm–2, respectively. In the PD lake, the larvae of midges were the most
abundant in May, with 82 ind. cm–2 (natural substratum)
and 63 ind. cm–2 (artificial substratum) (Fig. 3).
Periphytic algae in the diet of grazers

The relative abundance of periphytic algae in the gut
content of chironomids showed high temporal variability,
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substratum (C. demersum). In the MD lake, the larvae fed
mostly on diatoms; their percent varied from 34% to 66%
(natural substratum) and from 29% to 57% (artificial substratum) of the larval diet (Fig. 4). In the PD lake,
cyanobacteria showed the highest relative abundance in
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as well as between, substrate types and lakes. The identified fraction of algae varied between 51% and 91% (Fig.
4), the remaining fraction was amorphous detritus. In both
the MD and PD lakes, higher relative abundance of algae
was observed in the diet of chironomids on the natural

al

Fig. 2. Mean biomass of periphytic algae (µg cm–2, ±SD, n=30) on natural and artificial substrates in macrophyte-dominated (MD) and
phytoplankton-dominated (PD) lakes.

Secchi depth 1.5±0.1*
(m)
pH

7.5±0.5

MD lake
Jul
24.0±1.4

22.5±1.3

12.8±0.8

17.4±0.9

25.5±1.3

22.1±1.1

21.4±1.2

16.8±1.0

1.4±0.08*

1.3±0.08*

1.3±0.07*

1.2±0.07*

0.7±0.04

0.8±0.05

0.4±0.02

0.3±0.02

0.4±0.02

21.8±1.3

7.7±0.4

Aug

om

Temperature 15.6±0.9
(°C)

Jun

-c

May

m
er
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Tab. 2. Physical and chemical characteristics of the experimental sites in macrophyte-dominated (MD) and phytoplankton-dominated (PD)
lakes (mean values ±SD, n=30).

7.8±0.5

7.7±0.5

Sep

7.6±0.4

May

6.9±0.4

Jun

7.3±0.4

PD lake
Jul

8.3±0.3

Aug

8.4±0.4

Sep

7.7±0.5

264±16

268±16

253±15

296±18

463±23

394±24

323±19

341±20

437±26

10.8±0.6

9.7±0.5

8.8±0.5

8.9±0.5

8.3±0.4

10.9±0.6

9.2±0.5

12.4±0.7

13.2±0.8

9.1±0.5

TSS
(mg L–1)

1.9±0.2

2.8±0.2

3.9±0.2

5.2±0.3

3.6±0.2

12.3±0.7

7.2±0.4

4.6±0.3

9.3±0.6

7.1±0.4

0.256±0.01

0.158±0.009

0.102±0.006 0.166±0.009 0.248±0.015 0.485±0.029 0.223±0.013 0.345±0.021

0.098±0.006 0.036±0.002 0.080±0.004

0.054±0.003

0.023±0.001 0.036±0.002 0.090±0.005 0.045±0.003 0.057±0.003 0.166±0.009

0.038±0.002 0.049±0.003 0.045±0.003

0.036±0.002

0.042±0.002

N-NH4
(mg L–1)
N-NO3
(mg L–1)
Ptot
(mg L–1)
P-PO4
(mg L–1)
TOC
(mg L–1)

N

Dissolved
oxygen
(mg L–1)

on

Conductivity 331±19
(µS cm–1)

0.128±0.007 0.341±0.02

0.178±0.011 0.222±0.013 0.301±0.018 0.092±0.005 0.252±0.015

0.007±0.001 0.009±0.001 0.008±0.0004 0.009±0.0005 0.011±0.0006 0.047±0.002 0.173±0.013 0.028±0.002 0.036±0.002 0.186±0.011
4.5±0.3

planktonic 7.78±0.47
chlorophyll-a
(mg L–1)
*to the bottom.

4.6±0.3

4.8±0.2

4.1±0.2

4.2±0.3

7.6±0.5

6.6±0.3

7.1±0.4

6.5±0.4

6.4±0.3

9.53±0.57

10.89±0.65

11.29±0.67

14.11±0.84

11.92±0.71

21.18±1.2

31.72±1.9

45.52±2.7

37.60±2.3
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Tab. 3. Composition and mean relative abundances (%, ±SD, n=30) of periphytic algal taxa on natural (NAT) and artificial (ART)
substrates at the experimental sites in macrophyte-dominated (MD) and phytoplankton-dominated (PD) lakes.

Actinastrum sp.

Aphanochaete sp.
Bulbochaete sp.
Coelastrum sp.
Cosmarium sp.

Microspora sp.

Monoraphidium sp.
Mougeotia sp.

9±1.9 8±1.5 3±0.8 5±1.0 4±0.8 2±0.5 3±0.4 3±0.6

6±1.0 5±1.1 3±0.6 2±0.6 3±0.3 3±0.7 2±0.4 4±0.8 3±0.5
8±1.3 4±0.7 3±0.6 2±0.9

3±0.5

9±1.0 2±0.7 8±1.8 3±0.6 4±0.9 4±0.9 4±0.9 4±0.8 7±1.1 4±0.7

10±1.52±0.7 6±1.4 3±0.4 5±1.2 6±1.3 3±0.5 5±1.1 7±1.1 4±0.7

Scenedesmus sp.

2±1.0 3±1.0 3±0.8 6±1.2 5±1.1 4±0.7 3±0.7 2±0.4 4±1.0

3±0.9 7±1.6 6±1.2 5±0.9 4±0.9

Staurastrum sp.

3±0.5

Ulothrix sp.

4±1.0 3±0.9 6±1.2

Tetraedron sp.

2±0.7 2±0.6 3±0.9

4±0.8

4±0.9 4±0.8 3±0.7

4±0.8 3±0.5 3±0.5 7±1.3 4±1.0 3±0.6

7±1.2

Epithemia sp.

6±1.1 5±1.8 4±0.8 4±0.9 5±0.9 4±0.8 5±1.1 4±0.8 6±1.1 7±1.3

Fragillaria sp.

2±0.4 5±0.9 3±0.7 4±0.8

4±0.8

Nitzschia sp.

2±0.4

om

7±2.1 6±1.5 5±1.1 7±1.0 4±0.8
2±0.4

3±0.6

-c

4±0.9

Staurosira sp.

2±0.4

Tabellaria sp.

3±0.6 4±0.9 3±0.7 4±0.8

Anabaena sp.

2±0.4

Aphanothece sp.

7±1.3

Chroococcus sp.

3±0.712±2.35±1.09±1.6 5±0.9

Lyngbya sp.

4±0.7

Oscillatoria sp.

1±0.8

Calothrix sp.

Limnothrix sp.

Microcistis sp.

Planktolyngbya sp.
Planktothrix sp.

Pseudanabaena sp.
Rivularia sp.
Snowella sp.

3±0.5

10±1.9

2±1.0

2±0.9

4±0.7

3±0.5

3±0.7

3±0.5

2±0.4

Aphanizomenon sp.
Aphanocapsa sp.

6±1.4

3±0.6 3±0.5 2±0.32±0.4

11±2.25±1.1 7±1.3 5±0.9 2±0.9 5±1.2 5±0.9 8±1.5 8±1.4 6±1.45±1.0

8±1.9

8±1.7 9±1.9 4±0.7 9±1.8
4±0.9

5±1.1

2±0.4

4±0.7 2±0.3 4±0.7 3±0.7 4±0.7 6±1.4 7±1.4

on

Cyanophyceae

5±1.1

4±0.8

N

Synedra sp.

3±0.6

2±0.6 5±1.0 3±0.7 5±1.1 4±0.7 5±0.7 4±0.9 4±0.8 6±1.3 7±1.8 4±0.8 5±0.9 2±0.4 3±0.9 3±0.7 9±1.6 2±0.4 3±0.7 2±0.52±0.4

4±0.9 5±1.2 7±1.6 8±1.3 5±1.0 6±1.1 5±1.2 7±1.1

Pinnularia sp.

6±1.1

6±1.2 7±1.6 4±1.0 5±1.2 4±0.7 7±1.1 4±0.8 5±1.0 5±0.97±1.5

4±0.7

Gomphonema sp.
Navicula sp.

5±1.2

al

7±1.0 6±1.1 5±0.9 6±1.1 4±0.9 4±0.9 4±1.0 5±0.9 8±1.6

ci

Eunotia sp.

8±1.3

4±0.7 4±0.9 4±0.9 7±1.3 8±1.410±2.17±1.48±1.4 5±1.1 6±1.2 4±0.9 7±0.9 5±1.0 5±0.8 5±1.27±1.2

m
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Cymbella sp.

6±1.2

3±0.7

2±0.3

Cocconeis sp.

5±0.9

8±1.4 8±1.7 9±1.7 7±1.3 2±0.3 2±0.3 2±0.43±0.6

5±1.0

us

Zygnema sp.

Bacillariophyceae

3±1.0 7±0.9

2±0.54±1.0

8±1.611±2.13±0.75±0.8 5±0.9 3±0.6 3±0.5 4±0.7 2±0.53±0.6

e

6±1.2 2±0.9

5±0.9 7±1.4 4±1.0 2±0.5 8±1.410±1.72±0.34±0.9

7±1.6 2±0.5 4±0.8

Oedogonium sp.
Pediastrum sp.

3±0.5 3±0.7 3±0.55±1.2

4±0.8 3±0.9 3±0.8 4±0.5 3±0.4 3±0.6 4±0.9 3±0.6 8±1.5

ly

Chlorophyceae

on

Taxon

MD lake
PD lake
May
Jun
Jul
Aug
Sep
May
Jun
Jul
Aug
Sep
nAT ART nAT ART nAT ART nAT ART nAT ART nAT ART nAT ART nAT ART nAT ART nAT ART

2±0.4

5±0.9

2±0.6

8±1.4

3±1.0

7±1.3 4±0.9

3±0.7

2±0.4

2±0.4
3±0.7

2±0.7

2±0.3

2±0.4 3±0.9 5±0.9 9±1.8 2±0.4 2±0.4 1±0.22±0.4
3±0.6 3±0.5 5±0.9 5±0.9 9±0.911±2.1

2±0.5 4±0.9

9±1.3 8±1.4 4±0.8 5±0.8 3±0.5 3±0.7

27±5.325±4.83±0.53±0.92±0.4 2±0.4 4±0.8 3±0.9

3±0.6 4±0.7 4±0.8 4±0.6

8±1.5 6±0.8 7±1.4 3±0.5 2±0.4 3±0.7

2±0.3 5±1.2 2±0.5 6±0.9 3±0.6 5±1.2
3±0.6 4±0.4 3±0.7 2±0.4 2±0.4
2±0.4

2±0.5

3±0.6 3±0.7 2±0.3 2±0.5 2±0.8 2±0.4 7±1.69±1.7

2±0.8 5±0.9 3±0.7 3±0.5

2±0.4

7±1.4 2±0.4 2±0.4 5±0.94±0.7

2±0.6 3±0.7 2±0.4 2±0.3 4±0.6 3±0.6 3±0.73±0.6

18±2.14±0.8 4±0.9 4±0.9 5±0.7 5±1.2 8±1.8
5±1.0

5±0.8

6±1.1 3±1.0 3±0.7 3±0.5 5±0.5 5±1.0 2±0.42±0.5

15±2.813±2.711±2.111±1.75±0.94±0.81±0.33±0.6
7±1.5 8±1.7

3±0.7 3±0.7

12±2.712±2.1

3±0.7 6±1.3

9±1.412±2.32±0.55±0.9
4±0.6 4±0.9 7±1.23±0.6

6±1.1 6±1.0 2±0.3 3±0.7 3±0.63±0.7

3±0.9 3±0.5 3±0.6 4±0.7 2±0.5 3±0.6 3±0.63±0.6

2±0.4 2±0.3 2±0.3 3±0.7 6±1.36±1.0

3±0.7 3±0.6 2±0.4 2±0.3

4±0.94±0.6
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the guts of chironomid grazers during most of the period
studied. The percent of larvae varied from 39% to 62%
on the natural substratum and from 28% to 47% on the
artificial substratum (Fig. 5). In September, diatoms prevailed in the larval diet, with 75% (natural substratum)
and 62% (artificial substratum), respectively.

from the natural and artificial substrates within the lake
types. Axis 2 visibly separated the MD and PD lakes (Fig.
5). The RDA indicated that the relationships between environmental variables and macrophyte species depended
on the type of substrate and lake nutrient status. In the MD
lake, the RDA for periphytic algae on the natural substrate
showed that all environmental variables accounted for
73% of the total variance in algal composition, and four
variables were significant: chlorophyll-a, conductivity, NNO3, total suspension (Tab. 4). On the RDA biplot, filamentous chlorophytes (Ulothrix sp. and Zygnema sp.) and
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Environmental conditions versus algae structure
The results of the PCA showed that 68% of the total
variance in algae data is explained by axes 1 and 2. On
the ordination plot, axis 1 separated samples collected
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Fig. 3. Mean density (ind. cm–2, ± SD, n=30) of grazers associated with natural and artificial substrates in macrophyte-dominated (MD)
and phytoplankton-dominated (PD) lakes.
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Tab. 4. Significant variables (RDA, Monte Carlo permutation test) determining the community composition of periphytic algae on
natural and artificial substrates in macrophyte-dominated (MD) and phytoplankton-dominated (PD) lakes.

Diss. oxy
Cond
TSS
N-NO3
TOC

Temp
Diss. oxy
Cond
TSS
TP
P-PO4
Grazers

λ

nAT
F

MD lake

p

λ

ART
F
8.39

0.002

p

0.09
0.19
0.36
0.28
0.01

11.73
12.72
7.17
9.46
2.64

0.002
0.002
0.002
0.002
0.016

0.19
0.53
0.04
0.13

14.55
4.37
9.01

0.002
0.002
0.002

λ

nAT
F

p

λ

ART
F

p

0.25
0.09
0.17
0.02
0.39

PD lake

8.47
9.39

0.002
0.002

9.96
2.34
8.23

0.002
0.012
0.002

0.18

10.80

0.002

0.08
0.24

6.79
7.54

0.002
0.002

0.02
0.39

2.86
8.31

0.003
0.006
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icula sp., and Pinnularia sp.) and chlorophytes
(Aphanochaete sp. and Bulbochaete sp.) corresponded
with lowering N-NO3 content. Two chlorophyte taxa,
Staurastrum sp. and Scenedesmus sp. tended to be related
to the concentration of total suspended solids (Fig. 6A).
In the case of the artificial substrates, environmental variables explained 80.6% of variance in the periphytic algal
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cyanobacteria (Anabaena sp., Aphanocapsa sp., Calothrix
sp., and Rivularia sp.) tended to be related to the concentration of chlorophyll-a. Conductivity tended to affect the
presence of diatoms (Eunotia sp., Nitzschia sp., and Tabellaria sp.) and chlorophytes (Mougeotia sp. and Oedogoniumsp.). A group of diatoms (Cocconeis sp., Cymbella
sp., Epithemia sp., Fragilaria sp., Gomphonema sp., Nav-

Fig. 4. Relative abundances of periphytic algal groups in the gut contents of chironomid grazers on natural and artificial substrata in
macrophyte-dominated (MD) and phytoplankton-dominated (PD) lakes.
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ithemia sp., Gomphonema sp., and Synedra sp.), and
cyanobacteria (Aphanizomenon sp., Chlorococcus sp., and
Microcystis sp.). The content of P-PO4 tended to affect the
presence of cyanobacteria (Calothrix sp., Microcystis sp.,
Oscillatoria sp., and Rivularia sp.) and chlorophytes
(Aphanochaete sp. and Oedogonium sp.). A group of diatom taxa (Cocconeis sp., Cymbella sp., Fragillaria sp.,
and Pinnularia sp.) and chlorophytes (Actinastrum sp.,
Monoraphidium sp., and Ulothrix sp.) showed a relationship with the grazers (Fig. 7A). On the artificial substrate,
the cumulative percent variance in algae data amounted
for 71.8%, and six variables showed a significant effect
(grazers, TOC, temperature, conductivity, total suspension
and P-PO 4) on algal community (Tab. 4). On the ordination biplot, the diatom taxa Cocconeis sp., Cymbella sp.,
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community, with three significant variables: TOC, N-NO3
and TSS (Tab. 4). On the RDA biplot, a group of diatoms
(Cymbella sp., Epithemia sp., Eunotia sp., Fragillaria sp.,
Synedra sp., and Tabellaria sp.) and chlorophytes
(Aphanochaete sp., Cosmarium sp., and Tetraedronsp.)
tended to be related to the concentration of TOC, and NNO3 content. Cyanobacteria (Lyngbyasp., Microcystis sp.,
Oscillatoria sp., Pseudanabaenasp.) tended to be related
to TSS (Fig. 6B).
In the PD lake, on the natural substrate all variables
explained 71.2% of total variance in algae data, and four
variables (temperature, TP, P-PO4 and grazers) were significant (Tab. 4). On the RDA plot, temperature and TP
content tended to affect the abundance of chlorophytes
(Aphanochaete sp. and Scenedesmus sp.), diatoms (Ep-

Fig. 5. PCA plot for axis 1 and 2 showing: samples, substratum types and lakes. Samples collected at the studied sites are marked with
geometric symbols: white circles - samples collected in macrophyte-dominated (MD) lake on natural substrate; grey circles - samples
collected in macrophyte-dominated (MD) lake on artificial substrate; white squares - samples collected in phytoplankton-dominated
(PD) lake on natural substrate; grey squares - samples collected in phytoplankton-dominated lake (PD) lake on artificial substrate.
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DISCUSSION

Artificial plants in both lakes were densely colonised
by algae, although as it was expected (hypothesis 1), the
biomass of algae was lower than on the natural substrata.
Similar results were reported by Tarkowska-Kukuryk and
Mieczan (2012) in a study on the colonisation process on
emergent macrophytes Phragmites australis (Cav.) Trin.
ex Steud and bamboo shoots. The observed more intensive growth of periphytic algae on C. demersum than on
artificial plants is probably the result of the stimulation of
algal growth via the secretion of nutrients from macrophytes (Ács et al., 2003). Despite differences in biomass,
algae showed similar patterns in the seasonality of biomass and domination structure of algae, both on the natural and artificial substrates. This, might be related to the
fact, that our artificial substrate was highly similar in morphological complexity to natural C. demersum communities. As it was previously suggested by Tunca et al. (2014)
and Hao et al. (2017), complex structure of C. demersum
allows favourable light conditions for periphytic algal
growth, especially when compared to simple-structured
plants like Potamogeton lucens. The complex morphological structure of artificial substrates may also increase
habitat heterogeneity and provide higher surface area to
be colonised (Taniguchi et al., 2003; Pettit et al. 2016).
The biomass of periphytic algae on natural and artificial
substrates were affected by lake nutrient status (hypothe-
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and Fragillaria sp. showed a relationship with grazers and
TOC content. Temperature tended to affect the presence
of cyanobacteria (Aphanocapsa sp., Chlorococcus sp.,
Microcystis sp., and Snowella sp.). Cyanobacteria (Limnothrix sp. and Planktothrix sp.) and diatom taxa Navicula
sp. tended to be related to conductivity and TSS. The presence of cyanobacteria (Anabaena sp., Calothrix sp., Microcystissp., Oscillatoria sp., and Rivulariasp.)
corresponded with rising P-PO4 gradient (Fig. 7B).

Fig. 6. RDA biplots for macrophyte-dominated (MD) lake showing: A) algae and environmental variables on natural substrata,
B) algae and environmental variables on artificial substrata.
Solid arrows indicate significant variables based on Monte Carlo
permutation test (p<0.05). SD-Secchi depth; Temp-temperature;
chl-a-chlorophyll-a; cond-conductivity; N-NH4-ammonium nitrogen; N-NO3-nitrate nitrogen; TP-total phosphorous; P-PO4dissolved orthophosphates; TOC-total organic carbon;
tot.sus-total suspended solids. Taxa codes:Actin-Actinastrum sp.,
Aphan-Aphanochaete sp., Bulbo-Bulbochaete sp., CoelaCoelastrum sp., Cosma-Cosmarium sp., Micro-Microspora sp.,
Monor-Monoraphidium sp., Mouge-Mougeotia sp., Oedog-Oedogonium sp., Pedia-Pediastrum sp., Scene-Scenedesmus sp.,
Staur-Staurastrum sp., Tetra-Tetraedron sp., Uloth-Ulothrix sp.,
Zygne-Zygnema sp., Cocco-Cocconeis sp., Cyclo-Cyclotella sp.,
Cymbe-Cymbella sp., Epith-Epithemia sp., Eunot-Eunotia sp.,
Fragi-Fragilaria sp., Gomph-Gomphonema sp., Navic-Navicula
sp., Nitzs-Nitzschia sp., Pinnu-Pinnularia sp., Staur-Staurosirasp., Surir-Surirella sp., Syned-Synedra sp., Tabel-Tabellaria
sp., Anabe-Anabaena sp., Aphaniz-Aphanizomenon sp.,
Aphanoc-Aphanocapsa sp., Calot-Calothrix sp., Chloro-Chlorococcus sp., Limno-Limnothrix sp., Lyngb-Lyngbya sp., MicrocMicrocystis sp., Oscil-Oscillatoria sp., Planktol-Planktolyngbya
sp., Planktoth-Planktothrix sp., Pseudo-Pseudanabaena sp.,
Rivul-Rivularia sp., Snowe-Snowella sp.
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way. In the study, P-PO4 as a factor favouring the abundance of cyanobacteria (Calothrix sp., Microcystis sp.,
Oscillatoria sp., and Rivularia sp.) was confirmed by the
results of RDA. In MD lake biomass of algae on both substrates were controlled by the concentration of N-NO3;
such tendency was observed on the RDA biplot for the
abundance of periphytic diatoms, Cocconeis sp., Cymbella sp., Epithemia sp., Fragillaria sp., Gomphonema
sp., Navicula sp., and Pinnularia sp. Stimulation of algal
biomass by N has been previously reported by Bernhardt
and Likens (2004), who studied the mechanisms controlling periphyton biomass on artificial substrates and attributed it to competition for N between algae and other
heterotrophic components of the biofilm, e.g., microbes
and ciliates. The biomass of periphytic algae on artificial
substrates in both lakes was also affected by TOC content.
This might suggest that organic matter settled from the
water column on artificial substrates enables the attachment of periphytic taxa. The role of organic matter during
algal colonisation was previously suggested by Hameed
(2003), who studied the colonisation of periphytic diatoms on cylindrical glass beads. In our study, the artificial substrates were introduced one month before the first
sampling, which might have enabled the settlement of organic matter on substrates and allow algal colonisation.
Within MD and PD lake, biomass of periphytic algae varied with time, being the highest in July and the lowest in
May. Such high variation in algae biomass may result
from the seasonal variation in the availability of nutrients
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sis 2). Higher biomass of algae was observed on the natural than on the artificial substrata within the lake types,
but in the PD lake, the algal biomass on both substrates
was higher than that in the MD lake. This, the most probably, is a direct consequence of high concentration of nutrients in the water column (especially TP), resulting in
high periphytic algal biomass. Studies of McCormick et
al. (2002) and Gaiser et al. (2006) indicated that periphytic algae accumulate rapidly under eutrophic conditions, thus, increase their biomass in a highly efficient

Fig. 7. RDA biplots for phytoplankton-dominated (PD) lake showing: A) algae and environmental variables on natural substrata, B)
algae and environmental variables on artificial substrata. Solid arrows indicate significant variables based on Monte Carlo permutation test (P<0.05). SD-Secchi depth; Temp-temperature;
chl-a-chlorophyll-a; cond-conductivity; N-NH4-ammonium nitrogen; N-NO3-nitrate nitrogen; TP-total phosphorous; P-PO4-dissolved orthophosphates; TOC-total organic carbon; tot.sus-total
suspended solids. Taxa codes: Actin-Actinastrum sp., AphanAphanochaete sp., Bulbo-Bulbochaete sp., Coela-Coelastrum sp.,
Cosma-Cosmarium sp., Micro-Microspora sp., Monor-Monoraphidium sp., Mouge-Mougeotia sp., Oedog-Oedogonium sp.,
Pedia-Pediastrum sp., Scene-Scenedesmus sp., Staur-Staurastrum
sp., Tetra-Tetraedron sp., Uloth-Ulothrix sp., Zygne-Zygnema sp.,
Cocco-Cocconeis sp., Cyclo-Cyclotella sp., Cymbe-Cymbella sp.,
Epith-Epithemia sp., Eunot-Eunotia sp., Fragi-Fragilaria sp.,
Gomph-Gomphonema sp., Navic-Navicula sp., Nitzs-Nitzschia sp.,
Pinnu-Pinnularia sp., Staur-Staurosirasp., Surir-Surirella sp.,
Syned-Synedra sp., Tabel-Tabellaria sp., Anabe-Anabaena sp.,
Aphaniz-Aphanizomenon sp., Aphanoc-Aphanocapsa sp., CalotCalothrix sp., Chloro-Chlorococcus sp., Limno-Limnothrix sp.,
Lyngb-Lyngbya sp., Microc-Microcystis sp., Oscil-Oscillatoria sp.,
Planktol-Planktolyngbya sp., Planktoth-Planktothrix sp., PseudoPseudanabaena sp., Rivul-Rivularia sp., Snowe-Snowella sp.
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and grazing pressure (Laugaste and Reunanen, 2005;
Toporowska et al., 2008). Dominance structure of periphytic algae was also affected by lake nutrient status. In
MD lake diatoms dominated both substrate types; which
algae usually show high abundance in lakes densely populated by submerged vegetation (Gross et al., 2003). In
the PD lake, rather cyanobacteria dominance was characteristic, both on the natural and artificial substrates. These
algae are rather characteristic under highly eutrophic conditions, especially indicate phosphorus enrichment (McCormick and O’Dell, 1996; Gasser et al., 2005). In the
hypertrophic lake, as a further possible mechanism, significant portion of cyanobacteria might have settled from
the water column.
Moreover, macroinvertebrate grazing affected the biomass of periphytic algae strongly on both substrates (hypothesis 3). As it was assumed, this relationship was more
pronounced in PD lake, where the relative abundance of
algae in the gut of chironomids accounted for 90% of the
diet. During most of the studied months, diatoms accounted for more than 20% of the diet of grazers, and during September their proportion was 75% on natural and
62% on artificial substrata. As reported by other studies
(Pinder, 1992; Tall et al., 2006) diatoms are a basic component of the chironomid diet. High grazing pressure on
algae on artificial substrata confirm that in case of significant algal growth, e.g. due to high morphologically complexity of the artificial substrate, grazers do not
differentiate between natural and artificial substrates on
which periphytic algae may grow.
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The introduction of artificial plants with similar morphological complexity to C. demersum provided an alternative and valuable colonisation area for periphytic algae
in our case. The relationship between periphytic algae and
host plants (either natural or artificial) within a lake was
regulated by similar mechanisms, including the same set
of environmental variables, and grazing. Accordingly,
macroinvertebrate grazing should be considered as one of
the most significant effects in structuring the biomass and
community composition of periphytic algae. This finding
may contribute to our understanding about the organisation of periphytic algal assemblages; on top of other biotic
and abiotic environmental conditions.
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