Ecosystems
https://doi.org/10.1007/s10021-021-00637-5

ECOSYSTEMS] ™.

© 2021 The Author(s updates

Submerged Rootless Macrophytes
Sustain a Stable State Against Free-
Floating Plants

Sandor Szabé," Gergd Koleszér,” Mihdly Braun,’ Zoltdn Nagy,*
Tibor T. Vicei,! and Edwin T. H. M. Peeters®*

Department of Biology, University of Nyiregyhaza, Nyiregyhaza 4401, PF: 166, Hungary; °Department of Tisza Research, Centre for
Ecological Research, Eétvos Lordnd Research Network, Bem square 18/C, Debrecen 4026, Hungary; *Isotope Climatology and Envi-
ronmental Research Centre (ICER), Institute for Nuclear Research, Eétvis Lordnd Research Network, Bem tér 18/C, Debrecen 4026,
Hungary; *Tuzson Jdnos Botanical Garden, University of Nyiregyhaza, Nyiregyhaza 4401, PF: 166, Hungary; °Aquatic Ecology and
Water Quality Management Group, Wageningen University and Research, PO Box 8080, 6700 Wageningen, The Netherlands

ABSTRACT

Both non-rooted submerged vegetation dominated
by coontail (Ceratophyllum demersum) and non-roo-
ted floating duckweed vegetation (Lemna gibba) can
maintain their stable dominance in small ponds and
channels. We examined the competitive interac-
tions between them and how Ceratophyllum can
sustain its stable state against floating plants in a
range of nutrient concentrations. Coontail and
duckweed were co-cultured in static and semi-static
microcosm experiments, and their impact on the
nutrients (N, P, Fe, Mn) in the water column was
analysed. Coontail strongly reduced the growth of
duckweed under a low nitrogen level (0.2—
2 mg N L™"). This reduction seems to be due to the
low availability of nutrients in the water as derived
from the lower nutrient concentrations in duckweed
tissue or high pH in water. High nitrogen levels in
semi-static media (5-10 mg N L") resulted in an
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increasingly higher chance to overgrow C. demersum
by L. gibba. Field observations revealed that C.
demersum dominated over L. gibba in water bodies
with total N below 3 mg L™, while L. gibba domi-
nance over C. demersum occurred above 5 mg L™"
total N. Ceratophyllum occurrence correlated nega-
tively with total N in the water, while Lemna showed
a positive correlation. Furthermore, the occurrence
of L. gibba was negatively correlated with the fre-
quency of C. demersum. All findings together support
the theory that under a certain nutrient range,
rootless submerged macrophytes have a strong
potential to inhibit the dominance of floating plants
in ponds, ditches and channels, and thus, they sta-
bilize the submerged vegetation state.

Key words: ceratophyllum; competition; floating
plants; nutrient limitation; lemna; stable state;
submerged macrophytes.

HiGHLIGHTS

e Coontail strongly reduced duckweed growth
under low nitrogen level in an experiment
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e Field data showed coontail dominance over
duckweed in waters with < 3 mg total N L™

e Rootless submerged macrophytes potentially in-
hibit the dominance by floating plants

INTRODUCTION

Alternative stable states in freshwater ecosystems
are well known from shallow lakes that could be
either in a state of crystal-clear water dominated by
rooted, submerged macrophytes or in the turbid
state dominated by phytoplankton (Scheffer and
others 1993). Internal, positive feedbacks like the
capacity of the vegetation to clean-up the water,
tend to keep the state in its present state. In more
sheltered water systems, non-rooted floating plants
may thrive very well and take over the role of
phytoplankton leading to a state dominated by ei-
ther mats of non-rooted floating plants or rooted,
submerged plants (Scheffer and others 1993).
Availability of light and nutrients play a crucial role
in the alternative states (Scheffer and others 1993).

Availability of nutrients and light are also two
essential factors regulating the growth and distri-
bution of aquatic primary producers (Chambers
1987; Chambers and Kalf 1987; Bornette and Pui-
jalon 2011). Eutrophication may drastically change
nutrient conditions and that might be detrimental
for certain species, while others may benefit from it
(Cao and others 2011; Phillips and others 2016).
Ponds and ditches are usually less exposed to wind
and higher nutrient concentrations in these, wind-
sheltered, places make them susceptible to the
dominance of free-floating macrophytes (Morris
and others 2003; Peeters and others 2013; Smith
2014). On the other hand, the lower water depth
may favour growth of submerged macrophytes
resulting in ditches totally covered by these
macrophytes (van Zuidam and Peeters 2013; Smith
2014). The competitive advantage of submerged
macrophytes depends on their capacity to take up
nutrients from the sediment as well as from the
water column, thereby lowering the available
nutrients in the water column for floating plants
(Szabo and others 2010). The presence of free-
floating vegetation has a strong influence on the
light available for the submerged plants (Larson
2007; Lu and others 2013) as have planktonic and
periphytic algae (Bronmark and Vermaat 1998;
T6th 2013; Phillips and others 2016), and by
shading of neighbouring plants (Szabd and others
2020). Because floating plants are on top, their
shading will strongly hamper the survival and
growth of submerged plants (Scheffer and others

2003), but canopy-forming submerged species such
as Ceratophyllum demersum have a chance to persist.
This asymmetric competition for light and nutrients
results in the dominance of submerged macro-
phytes under lower nutrient levels and the domi-
nance of floating plants under more eutrophic
conditions (Smith 2014; van Gerven and others
2015).

Empirical studies that have addressed the inter-
actions between these two groups of macrophytes
principally focused on the impact of floating plants
on submerged plants (Morris and others 2004;
Larson 2007; Lu and others 2013), and little has
been done on the effect of submerged vegetation
on floaters. Field observation indicated that an
abundance of floating plants above dense stands of
submerged rooted vegetation was low (Scheffer
and others 2003; van Zuidam and Peeters 2013),
suggesting a limiting effect of submerged plants on
floaters. Laboratory experiments also demonstrated
that submerged rooted vegetation was able to
strongly limit the growth of free-floating plants
(Szabo and others 2010).

Coontail (Ceratophyllum demersum), a non-rooted
submerged species, plays an important role in the
functioning of aquatic ecosystems especially when
it dominates the community. They often form
dense stands in shallow lakes, ponds, and ditches
worldwide, especially under elevated nutrient le-
vels (Lombardo and Cooke 2003). It is also known
that coontail may play a key role in sustaining the
clear water state (with low turbidity) since Cerato-
phyllum dominance was associated with low phy-
toplankton abundance even at elevated phosphate
concentrations (Mjelde and Faafeng 1997; Dai and
others 2014). Interestingly, various observations
showed the co-occurrence of the rootless sub-
merged plant C. demersum with the floating plant L.
gibba (Simons 1994; Feuchtmayr and others 2009;
van Zuidam and Peeters 2013) and this raises the
question concerning the competitive interactions
between these two species.

Although Ceratophyllum is not rooted in the sed-
iment, it probably has better access to nutrients
because its position is closer to the sediment that
releases nutrients and it has a larger nutrient ab-
sorbing surface than L. gibba. These characteristics
offer Ceratophyllum a competitive advantage over L.
gibba. Therefore, due to its relatively fast nutrient
uptake, coontail may have the capacity to reduce
the nutrient concentrations in the upper water
body. Based on a field survey (van Zuidam and
Peeters 2013), we hypothesize that non-rooted
submerged vegetation may maintain their
stable dominance against floating plants over a
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certain range of nutrient concentration due to their
capacity to limit duckweed growth via nutrient
reduction. The present study aims to evaluate this
hypothesis by investigating how C. demersum alters
nutrient conditions in the water column and how
this affects the growth of floating plants (L. gibba).
Growth experiments were performed in static and
semi-static media mimicking different levels of
nutrient limitation. Furthermore, monitoring data
on the occurrence and abundance of C. demersum
and L. gibba in Hungary and the Netherlands were
studied in relation to nutrient concentrations.

MATERIAL AND METHODS

We collected fronds of L. gibba and shoots of C.
demersum from the Igrice channel (N 47.996376°, E
21.734152°), NE Hungary. We preincubated the
plants for four months in 10-L plastic boxes con-
taining a culture medium modified from Barko and
Smart (1985). Nitrogen and phosphorus were
supplied by adding a stock solution of NH4,NO5 and
K,HPO, to a final, relatively high concentration of
5mg NL ™' and 1 mg P 17", respectively, to avoid
rapid depletion due to plant growth. The chosen N
and P concentrations were sufficient for the opti-
mal cultivation of both species. We added TROPICA
supplier —micronutrient solution to ensure
micronutrient supply using 5000-fold dilution
reaching final concentrations in the medium of Fe
0.16, Mn 0.90, Zn 0.004, Cu 0.012 and Mo
0.004 mg L™, respectively.

Semi-static Experiment

To study the development over a longer time per-
iod, an experiment with a semi-static medium was
applied to mimic a situation where nutrient
replenishment or release from the sediment to the
water takes place. We removed water from the
surface of the plants by using a salad centrifuge and
then placed shoots of Ceratophyllum (10-25 cm
length) in 2-L plastic aquaria (height 11.5 cm,
width 11.5 cm, length 18 cm) without any sedi-
ment. The sides of the aquaria were covered with
black foil to avoid light penetration from the sides.
Initial biomass was as follows: 0 g (control), 5 g,
20 g fresh weight (FW) (0, 250, 1000 g m~?). We
co-cultured the plants with 500 & 2 mg FW of
Lemna (25 ¢gm™ ). We applied five treatments
representing five different nitrogen concentrations
by adding NH,;NO; t0 0.2, 1, 2, 5 or 10 mg N L™".
The initial concentration of phosphorus was the
same as in the preincubation. The dilution of
microelements was 10,000. Three aquaria per

treatment (in total 45 aquaria) were incubated for
50 days under the following conditions:
220 pmol m~2 s™! photon flux density, 16-h light/
8-h dark. All aquaria were set into a temperature-
controlled (23-25 °C) water bath. We renewed half
of the medium (1 L) twice a week. The medium
was drained by gravity, and fresh medium was
gently added into the aquaria through a PVC tube
placed at the corner. We measured FW of Lemna
and Ceratophyllum on days 14 and 50 to calculate
their relative growth rates (RGRs) as RGR =
(InFW ~InFW,)/t in which FW, and FW, were the
fresh weights at time t and time 0, respectively. On
day 33 (6 AM and 4 PM), we analysed water for pH
and dissolved oxygen. On the 50th day, we har-
vested the plants and dried them at 80 °C for 2 days
and then measured their dry weight.

Static Experiment

To take into account the depletion of nutrients, a
static medium experiment was performed. We used
2-L black plastic aquaria containing culture media
and placed L. gibba fronds in a PVC tube with a
length of 9 cm and a diameter ranging from 2 to
10 cm. The tube was placed vertically in each of the
aquaria with the top just above the water surface,
serving as a duckweed enclosure. Each tube had
four holes on the side allowing nutrient transfer
between the inner and outer water mass. We set
portions  of  preincubated Lemna  fronds
(200 £ 2 mg FW) inside the smallest enclosures
and then placed shoots of Ceratophyllum in the
aquaria outside the Lemna enclosures with the
following densities: 0 g (control), 5 g, 20 gand 40 g
FW (0, 250, 1000, 2000 g m~?). As soon as Lemna
fronds reached a 100% cover, we replaced the
enclosure with a bigger one in diameter. This
method allowed to cultivate free-floating plants on
a static medium under optimal conditions avoiding
algal inhibition and overcrowding (Szabé and
others 2003, 2010). This set-up thus minimized the
negative effects of shading by Lemna on the growth
of Ceratophyllum, while effects of high pH due to
submerged plants and uptake of nutrients by these
submerged plants on Lemna can be examined.

We cultivated the macrophytes at five different
nitrogen treatments (0.5, 1, 2, 5and 10 mg N L™').
The initial concentration of phosphorus and
microelements was the same as in the preincuba-
tion. We used three aquaria per treatment meaning
that 60 aquaria were used.

We incubated the cultures for 12 days under
220 umol m~? s~! photon flux density and 16-h
light/8-h dark regime and measured the FW of
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Lemna fronds on days 4, 8 and 12. FW was used to
calculate their relative growth rate at day 8 (RGRg)
and 12 (RGR;,). On the 12th day, we harvested the
plants. We used a portion of 100 mg FW Lemna for
chlorophyll determination. We extracted chloro-
phyll in 95% ethanol and determined the total
chlorophyll content by spectrophotometry, accord-
ing to Lichtentaler (1987). The main portion of
Lemna was used for dry weight determination, to
calculate chlorophyll concentration on a dry weight
basis.

We took 20-20 ml water samples from all treat-
ments at the initial, 2nd, 4th, 6th, 8th and 12th day.
The volumes of the triplicates were merged and
thereafter measured for pH, then filtered and anal-
ysed for PO, -P, NO5; ™ -N, NH,*-N (Technicon Auto
Analyser, Skalar, Breda, the Netherlands), and Fe
and Mn by ICP MS as described by Szab6 and others
(1999). At the end of the experiment, we analysed
the total carbon and nitrogen concentration of the
plants by dry combustion using a Vario Max Cube
elemental analyzer (Elementar GMBH, Germany).
Manganese content of Lemna was measured by ICP
OES after acidic digestion using 5 mL of 67% (m/m)
nitric acid and 5 mL 30% (m/m) hydrogen peroxide
at 90 °C for one hour.

Analysis of Data from Field Surveys

Using the Database of Hungarian Surface Waters,
we collected data from water bodies (305 locations)
where C. demersum (n = 274) and L. gibba (n = 66)
occurred between July and September in the per-
iod 2005-2019. We correlated the total-N concen-
tration of the water with the frequency of
Ceratophyllum and Lemna as well. An abundance of
the plants was expressed on DAFOR scale (Redhead
and others 2014) that records the vegetative cover
of an area and represents the abundance of the
species: dominant 51-100% (5), abundant 31-50%
(4), frequent 16-30% (3), occasional 6-15% (2),
rare 1-5% (1).

We also used data from an inventory in the
Netherlands, in detail described by van Zuidam and
Peeters (2013). Information from 67 locations of
Dutch ditches was gathered on the abundance of
aquatic macrophytes (number of data C. demersum
n =49; L. gibba n = 47) and nutrient concentra-
tions in the water in June and September 2007.
Vegetation recordings were done according to the
Tansley coverage classes (Tansley 1946) by select-
ing a representative, 25-m-long spot of the ditch.
Plants were identified up to species level. Also,
water samples were taken from the upper 20 cm of
the water column and analysed for total nitrogen

using a continuous flow analyser (Skalar Analytic
BV, Breda, the Netherlands). Total nitrogen was
determined after a UV/persulfate acidic destruction
following standard protocols (NNI 1990,1997).

Statistical Analyses

For the laboratory experiments, we used the Kol-
mogorov—-Smirnov test for checking the normality of
the variables. Both in semi-static and static conditions
the measured variables (RGR, chlorophyll concentra-
tion in the fronds) were normally distributed
(P > 0.05). A general linear model (GLM) was used to
test the significance of the factors (Ceratophyllum den-
sity, nitrogen concentration) and their interaction with
the variables. We checked residuals for normality, and
we evaluated the homogeneity of variances by Levene’s
test. We applied Tukey post hoc tests to evaluate which
treatments differed from each other. We used pairwise
comparisons (PC) to test the variables for significant
differences among Ceratophyllum treatments, where the
mean difference (MD) =+ standard error was indicated.
To analyse whether there was a significant rela-
tionship between the total-N concentration of the
water and frequency (DAFOR classes) of both
species, generalized linear models were applied
with a multinomial distribution and a cumulative
logit link. The DAFOR classes were the dependent
variable, and nitrogen concentration was tested for
significance. Tests were done for all data, but since
the absence of a species can be caused by many
different variables, the tests were also performed
with observation where the species was present. All
analyses were done in SPSS 25.0 software.

REsuLTs

Both experiments showed that biomass of Lemna
increased with increasing N concentration and de-
creased with increasing Ceratophyllum densities.
Ceratophyllum on the other hand decreased with
increasing N concentration which was associated
with higher Lemna biomass but only in the semi-
static experiment. The laboratory experiments also
showed that nitrogen concentration in the med-
ium, Ceratophyllum density, and their interaction
significantly (P 0.006 — < 0.001; ANOVA) influ-
enced the Lemna RGR, chlorophyll concentration
and dry matter content (DMC) both in the semi-
static and the static experiment (Figures 1, 2, S1,
S2, Table S1). Dry matter content (DW:FW ratio) of
both species decreased with increasing N concen-
tration. DMC of Lemna was positively influenced by
Ceratophyllum treatment (Figure S3). DMC of Cer-
atophyllum was higher at lower plant densities.
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Figure 1. The impact of Ceratophyllum demersum on the relative growth rate (RGR) of Lemna gibba grown in semi-static
medium at day 14 (mean =+ SD, n = 3) (A) and in static medium between day 0-8 (mean =+ SD, n = 3) (B). Significant
differences (Tukey’s test, P < 0.05) among Ceratophyllum treatments are per medium indicated with different lowercase

letters.
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Figure 2. Dry weight of the plants in Lemna—Ceratophyllum co-cultures grown on semi-static media with different nitrogen
concentrations after 50 days (mean SD, n = 3) Initial biomass ratios for Lemna:Ceratophyllum were A 0.5:5 and B 0.5:20.
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DMC of Lemna negatively correlated with RGR and
chl concentration of the plants.

Semi-static Experiment

In all treatments, Ceratophyllum showed growth in
biomass except for the highest plant density (20 g)
at 10 mg N L™' where Lemna fully covered the
surface. RGR of Lemna increased with increasing N
but levelled off at higher concentrations. A higher
abundance of Ceratophyllum resulted in a stronger
reduction of the growth of Lemna which was
maximally 45% after 14 days (Figure 1A). A higher
density of Ceratophyllum (20 g) resulted in a sig-
nificantly (P < 0.0001, MD 0.026 + 0.003, PC)
stronger reduction in Lemna growth than lower
(5 g) density. For nitrogen concentration above
5 mg N L', the reduction in Lemna growth due to
the abundance of Ceratophyllum weakened by
roughly 15% (Figure 1A). Nitrogen concentration
of the media had a significant (P < 0.001, ANOVA)
impact on the biomass of both Lemna and Cerato-
phyllum (Figure 2). In the presence of Ceratophyllum
(40 g FW), Lemna covered the surface completely
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within 14 days at 10 mg L™' and within 20 days at
5 mg L™ N concentration, respectively. Despite the
low initial biomass ratio (Lemna 0.5 g: Ceratophyl-
lum 5 g), Lemna overgrew the biomass of Cerato-
phyllum after 50 days, by 991% in the treatment
with 10 mg N L™ (Figure 2A). The biomass of
Ceratophyllum in co-cultures showed a gradual de-
cline with increasing nitrogen concentration. Un-
der the highest N concentration (10 mgL™")
combined with the highest initial plant density
(20 g per aquarium), the biomass of Ceratophyllum
plants showed complete decay by the end of the
experiment (Figure 2B). In Ceratophyllum-Lemna
co-cultures in the range of 0.2-2 mg N L™, pH was
quite high (9.40-10.05) and was reduced to 7.10-
7.15 with increasing N. DO concentration of the
water showed a similar pattern to pH: at low N
range (0.2-2 mg N L™ ') day time DO was high
(11.1-14.1 mg L"), and at the highest N concen-
tration, it was reduced to a low level (2.4-
3.3 mg L™') that was even lower in the morning
(6 AM) (DO 0.1-0.3 mg L™ ).

1.0

d Ceratophyllum (g)

0.8 1 0

—-©-5
0.6 1

0.4 -

0.2 1

0.0 T T T T T ]
0 2 4 6 8 10 12
Time (days)

Figure 3. Change in dissolved inorganic nitrogen (NH,*-N plus NOs; -N) concentration of the water in Lemna—
Ceratophyllum co-cultures grown on static medium with various initial nitrogen concentrations of 10 (A), 5 (B), 2 (C) and 1

(D) mg L™! (mean n = 3).
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Static Experiment
Competition for Nutrients

Ceratophyllum grew in all treatments, but its growth
was slightly lower at 10 mgNL™ ' than at
5mg N L™'. The growth of Lemna in the control
treatment at higher nitrogen levels (2-10 mg N L™
'Y was rather high (RGRg.;» 0.214-0.291 day™').
The biomass of Lemna showed an exponential
growth for the experimental period (Figure S1).
The RGR of Lemna co-cultured with Ceratophyllum
showed a gradual decrease during the incubation.
Depending on the initial nitrogen concentration,
Ceratophyllum plants (40 g WW) lowered the
growth rate during the first 8 days by 63-83%
(Figure 1B). Ceratophyllum plants showed a signifi-
cantly (P = 0.005, MD 0.016 + 0.005, PC) stronger
reduction in Lemna growth under high (40 g) than
low (5 g) plant density. This lower growth of Lemna
was even stronger during the last 4 days of the
experiment, where in most cases RGR was below
0.05 day ! in the presence of Ceratophyllum.

Total chlorophyll concentration of Lemna sensi-
tively indicated the effects of Ceratophyllum. In the
static experiment, chlorophyll concentration was
significantly (P < 0.001; MD 6.82 £ 0.24, PC)
lower in aquaria where Lemna was co-cultured
with Ceratophyllum (Figure S2). Depending on the
nitrogen concentration, Ceratophyllum plants (40 g
WW) lowered the total chlorophyll concentration
of Lemna by 57-75% and Lemna plants showed
significantly (P < 0.000, MD 2.46 £+ 0.24, PC)
higher drop in tissue chlorophyll concentration
under high (40 g) than low (5 g) Ceratophyllum
density (Figure S2). Dry matter content (DMC) of
Lemna decreased with increasing N concentration,
and on the other hand, it increased with higher
Ceratophyllum density (40 g FW) (Table S1, Fig-
ure S3).

Differences in Chemical Composition

The concentration of most nutrients showed a
sharp drop in the presence of Ceratophyllum during
the first four days of the experiment (Figure 3). In
the control treatment without Ceratophyllum,
nutrient concentrations declined steadily. In the
presence of Ceratophyllum already more than 95%
of NH,-N was removed from the water on the
second day. Depending on the initial N concen-
tration and Ceratophyllum densities, N dropped to
0.04 mg L™ after 2-6 days (Figure 3). After
4 days, concentrations of P, Fe and Mn dropped to
0.02, 0.01 and 0.001 mg L™, respectively (Fig-
ure 4A-C). In Ceratophyllum (5-40 g FW)-treated

aquaria within 2 days, pH showed a sharp increase
above 10.0, whereas in control aquaria it remained
rather stable until 6 days (7.8-7.9) and then
showed a steady rise up to 9.11 (Figure 4D). C:N
molar ratio of the fronds decreased with increasing
N concentration and was higher with increasing
Ceratophyllum densities (Figure S4). With the
treatment of Ceratophyllum (5-40 g FW) at
5mg N L', C:N ratio in Lemna fronds was in-
creased by 228-414%; on the other hand, man-
ganese concentration was reduced by 80-88%
(Figure S4). The pattern in Lemna DMC was parallel
to C:N molar ratio.

Field Survey from the Database
of Hungarian and Dutch Surface Waters

Based on the Database of Hungarian Surface Wa-
ters (n = 305) united with the Dutch ditches survey
(n = 67), the concentration for total nitrogen was
2.13mg L™' £ 0.17 SE in the water bodies that
were dominated by Ceratophyllum (DAFOR scale 4—
5, n = 79), while it was 4.72 mg L' & 0.69 SE for
L. gibba (n = 21).

A GLM with a multinomial probability distribu-
tion and a cumulative logit link function showed
that cover class (expressed in DAFOR scale) of L.
gibba was significantly correlated with increasing
total N (Wald Chi-square = 14.902, d.f. =1,
P =0.000, slope=0.161, Table S2), while C.
demersum  was significantly correlated with
decreasing total N (Wald Chi-Square = 24.621
df. =1, P < 0.000, slope = — 0.191, Table S3).

The cover of C. demersum was higher than of L.
gibba below 3 mg L™' total-N, whereas the cover of
L. gibba exceeded C. demersum cover above
5mg N L™! (Figure 5). The cover of L. gibba
showed a negative correlation with the frequency
of C demersum, and the cover of C. demersum was
negatively correlated with L. gibba frequency (Fig-
ure 6).

Discussion

Our results show that the growth of duckweed in
the low and medium nitrogen range was much
lower in the presence of coontail. Furthermore,
duckweed was increasingly less affected by coontail
at higher nitrogen concentrations which were
particularly strongly visible in the semi-static
experiments where growth media were renewed
twice a week at 5-10 mg N L™' (71-142 mg N m~
2 day™!) and Lemna was able to overgrow the sur-
face completely. Our experiment showed that N
removal was rapid with a calculated N removal
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Figure 4. Chemical composition; A PO,> —P, B total iron, C total manganese, D pH of the water in Lemna—Ceratophyllum
co-cultures grown on static medium under five different initial nitrogen concentrations (0.5-10 mg N L™!). For each
Ceratophyllum density, the mean of all nitrogen treatments is given (mean £ SD, n = 5).

capacity by Ceratophyllum of 5-9 mg N d™! in the
range of 0.5-2 mg N L™'. Even at high N concen-
trations (5 mg N L™ '), the high density of Cerato-
phyllum likely resulted in N limitation after 48 h in
these static conditions. As a consequence, Lemna in
the semi-static experiment in the range of 0.2-
2 mg N L' per week was partially grown under N
limited conditions (before renewal), but this limi-
tation was less strong than in the static experiment
due to the renewal of the medium. Lemna was able
to completely cover the surface at higher N con-
centrations at a rate depending on the N concen-
tration. High densities of duckweed cover strongly
limit the amount of available light leading to very
unfavourable conditions for the growth of sub-
merged plants (Peeters and others 2013; Scheffer
and others 2003). In parallel with our laboratory
results, the field surveys with the occurrence of the
two macrophytes also revealed that the dominance
of C. demersum over L. gibba occurred at low
(< 3mg N L"), whereas L. gibba dominated over
C. demersum at high (> 5 mg N L") total nitrogen.
The frequency of Lemna showed a positive corre-

lation with total nitrogen in the water, while Cer-
atophyllum had a negative pattern. Furthermore,
the occurrence of L. gibba negatively correlated
with frequency of C demersum. Therefore, both our
experimental and field survey results are well in
line with the view that asymmetric competition for
light and nutrients allows submerged plants to
dominate at lower but not at higher nutrient con-
centrations (van Zuidam and Peeters 2013; Smith
2014; van Gerven and others 2015) (Figure 7).
Similar to rooted submerged plants (Szabé and
others 2010), the present experiments show that
rootless submerged plants can change the chemical
composition of the medium drastically since among
the analysed nutrients, N, P and Fe were strongly
reduced in the medium. Beyond plant nutrient
uptake, the concentration of phosphate (Otsuki
and Wetzel 1972), iron and manganese (Stumm
and others 1960; Stumm and Morgan 1995) may
be further reduced by the precipitation due to high
pH and oxygen levels associated with the photo-
synthesis of submerged macrophyte—periphyton
complex (Roijackers and others 2004; Szabé and
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others 2005). Because substantial concentrations of
these elements (N 0.22, P 0.03, Fe 0.028, mg L")
are needed to maintain minimal growth of floating
plants (Landolt, and Kandeler 1987; Vermaat and
Hanif 1998; Cedergreen and Madsen 2002),
depletion of macro- and micronutrients as occurred
in both experiments, may well explain the in-
hibitory effects.

Our static experiment showed that the effect of
different densities of Ceratophyllum did not lead to
characteristic differences in growth limitation of
Lemna which is probably due to the rapid onset of
nutrient limitation not only at low but also at inter-
mediate nitrogen concentrations. Here the drop in the
nutrient concentration of the medium seems to cor-
relate with the strong growth inhibition of Lemna in
concert with the very low tissue chlorophyll and
nitrogen concentration together with increased DMC
content (Weiher and others 1999). In our semi-static
experiment, this limiting effect of Ceratophyllum is less
pronounced resulting in a clearer effect of Cerato-
phyllum density on the RGR of Lemna.

The nutrient depletion that seems to have been a
key process may not be the only reason explaining

the growth inhibition of floating plants. Because
underwater photosynthesis is an alkalinisation
process as reflected by the release of OH™ ions
(Pedersen and others 2013), the submerged coon-
tail elevated the pH level (> 10) roughly 2 units
higher than without coontail which is far beyond
the range (pH 5-9) for optimal growth of Lemna
species (McLay 1976; Landolt and Kandeler 1987).
We detected that even at high nitrogen supply
(5mg N L"), the growth rate, nitrogen and
chlorophyll concentration of Lemna was much
lower in the presence of Ceratophyllum than in the
control culture at the lowest nutrient concentration
(0.5 mg N L™"). Thus, this implies that besides the
nutrient limitation, pH-related growth inhibition
may also have played a key role, since high pH
(pH > 9.0) may reduce the bioavailability of an-
ions (PO~ and NO;™) (Loeppert and others 1977;
Ullrich-Eberius and others 1981). In fact, in com-
petition experiments between free-floating plants
and planktonic algae, Szabé and others
(1999,2005) found that the growth of Lemna was
negatively correlated with elevated pH due to al-
gae. Because high pH has frequently been found
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above dense stands of submerged plants too
(Spencer et al., 1994; James and others 1999;
O’Sullivan and Reynolds 2004; Stiers and others
2011; Pedersen and others 2013), such an in-
hibitory mechanism due to high pH may play a role
not merely in laboratory experiments, but also
under field conditions. In the framework of alter-
native stable states, these synergistic influences due
to high pH together with nutrient limitation will
tend to intensify the negative effect of rootless
submerged plants on floating plants, implying an

even higher chance for hysteresis (Scheffer and
others 2003; Scheffer and van Nes 2007).
Comparing our laboratory results to an earlier
study (Szabd and others 2010), we may conclude
that rooted submerged macrophytes (Elodea nut-
tallii) even at relatively low density can suppress
the growth of floating plants even stronger than
rootless submerged plants performed in the present
study. The presence of Elodea resulted in faster
exhaustion of nutrients (phosphate) combined
with higher pH (10.30) and stronger drop in Lemna
growth (lowest RGR — 0.01 day™') than Cerato-
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Figure 7. Mechanisms involved in maintaining the dominance of rootless submerged plants or the dominance of free-

floating plants depending on the total nitrogen concentration.

phyllum performed here (Szabo and others 2010).
This may indicate that the hysteresis is stronger for
rooted submerged vegetation than for rootless
submerged vegetation.

As several buffering mechanisms were elimi-
nated, our laboratory experiments may overesti-
mate the inhibitory effects of rootless submerged
plants on floating macrophytes. For instance, the
higher temperature that have frequently been
measured above dense stands of submerged vege-
tation (Scheffer 1998) may have a stimulating im-
pact on the growth of floating plants. Furthermore,
continuous nutrient release from sediments and
water movement could also weaken the competi-
tive impacts of rootless submerged vegetation on
floating plants. In addition, degradation com-
pounds from plants like fulvic acids can form
complexes with metals (Cerozi 2020) and may
have a positive effect on floating plant growth by
preventing the precipitation of Fe and Mn. It is also
well known that grazing snails (i.e. Radix labiata)
consuming the periphyton on the surface of Cer-
atophyllum and by the release of nutrients into the
water (Pinowska 2002; Yang and others 2020),
could also modify the competitive outcome be-
tween the two species. In contrast to field condi-
tions, much higher pH levels (10.2-10.6) were
detected above dense cover of submerged rootless
vegetation than in our laboratory experiment
(Frodge et al. 1990; Spencer and others 1994;
Pedersen and others 2013).

All in all, results from both our laboratory
experiments and the field survey correspond with
the theory that rootless submerged plants can sus-
tain their dominance over floating macrophytes
until nutrient loading becomes too high (Figure 7)
(Scheffer and others 2003; Szabd and others 2010).
With increasing nutrient concentration, the growth

of floating macrophytes becomes less limited and
they may gradually cover the surface. Because their
shading effect lowers nutrient uptake of submerged
plants (Szabé and others 2020), this then can trig-
ger a positive feedback for floating plants. The
system may then irreversibly ‘jump’ to a
stable state of dense floating plant cover with an-
oxic conditions that ultimately cause the complete
decay of submerged vegetation (Portielje and Roi-
jackers 1995; van Gerven and others 2015) (Fig-
ure 7).
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