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Abstract Accelerated lakes eutrophication is one
of the greatest challenges nowadays. To counteract its
negative effects, large-scale restoration treatments are
carried out worldwide. However, research in this field
is mainly focused on the process effectiveness and
there is a scarcity of studies concerning the impact of
restoration treatments on water organisms and eco-
system homeostatsis. Our microcosm study presents
the effects of a phosphorus coagulant (iron [III] chlo-
ride) on functional traits changes, oxidative stress and
macro- and microelement stoichiometry disturbances
in macrophyte Mpyriophyllum spicatum, a model
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species inhabiting eutrophic waters. Application of
the coagulant to experimental vessels influenced the
physicochemical and optical parameters of water and
led to significant changes in biogeochemistry. Stoi-
chiometric alterations were reflected by disturbances
in the relative contents of macro- (C, N, P, Ca, Mg)
and microelements (Fe, Zn, Cu, Co) and induced lux-
ury consumption of available ions. Physicochemical
and stoichiometric changes mutually exerted nega-
tive influence on M. spicatum functional traits. The
parameters of oxidative stress remained at low levels,
comparable to the untreated control whereas stoichio-
metric analysis revealed the activation of mechanisms
responsible for minimizing low light stress. The abil-
ity of M. spicatum to maintain homeostasis of Cu
and Co under simulated chemical water restoration
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was closely related to high concentrations of Fe and
Zn ions, which simultaneously were not subjected to
homeostasis control. Thus, chemical lake restoration
treatments based on phosphorus coagulants are not
as environmentally safe as previously considered and
may have far-reaching consequences for the biogeo-
chemical cycle and food web functioning.

Keywords Ecological stoichiometry -
Biogeochemical networks - Eutrophication -
Chemical restoration - Myriophyllum spicatum

Introduction

Despite ongoing efforts to reduce anthropogenic
nutrient inputs, eutrophication remains one of the
most serious threats to the sustainable functioning
of lake ecosystems (Klimaszyk and Gotdyn 2020;
Woolway et al. 2021), with far-reaching consequences
manifested as biogeochemical and trophic distur-
bances to the lacustrine reservoirs themselves as well
as the adjacent terrestrial ecosystems (Sardans et al.
2012; Le Moal et al. 2019; Su et al. 2019). These in
turn impact negatively on the provision of ecosystem
goods and services, as well as human health and eco-
nomic activity (Pretty et al. 2003; Von Blottnitz et al.
2006).

The chemical variability in aquatic ecosystems is
incredibly high and results from many abiotic reac-
tions and metabolic pathways. Thus, biogeochemi-
cal diversity can affect biodiversity and vice versa
(Welti et al. 2017; Rojo et al. 2020). Any interference
in these pathways causes disturbances in the natural
cycles in water ecosystems, and restoration treatments
are carried out to intensify positive mechanisms and
limit negative ones (Cooke et al. 2005; Rosiriska et al.
2018). One of the most commonly used restoration
methods is chemical phosphate inactivation, which
provides almost immediate improvement in water
quality at a relatively low cost (Jancula and MarSéalek
2011; Zamparas and Zacharias 2014). This involves
the introduction of inorganic coagulants to the ecosys-
tem, i.e. acidic solutions of iron or aluminium salts,
which bind phosphates into complexes and remove
them to the bottom sediments (Sobczyriski and Joniak
2009; Liirling and Oosterhout 2013; Dunalska et al.
2015). The technique is also employed to control
eutrophication and effectively remove arsenic from
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natural waters (Chen et al. 2015; Wang and Jiang
2016). However, chemical intervention causes rear-
rangements of trophic networks and disturbances in
natural biogeochemical cycles, leading to changes in
the stoichiometry of macroelements in the entire eco-
system (Kritzberg and Ekstrom 2012; Rybak et al.
2020b; Zhan et al. 2021).

A helpful concept exploring ecosystem structure
and function related to the environment and organ-
isms’ elemental ratios is called ecological stoichiom-
etry (Elser et al. 2000). It provides a framework for
understanding elemental balance in ecological inter-
actions and environmental processes (Sterner and
Elser 2002). The degree to which organisms main-
tain a constant elemental composition in response
to their availability from environmental resources
is referred to as “stoichiometric homeostasis”. This
reflects a physiological and biochemical adaptation of
the organism to the surrounding environment (Sterner
and Elser 2002; Hessen et al. 2004), and can be regu-
lated by organisms dependently on the limitation of
resources, physiological constraints and growth rate
potential (Sistla et al. 2015).

During the application of coagulants, high doses
of bioavailable metals are delivered and accompa-
nied by high acidification of the environment with
simultaneous removal of phosphorus. Thus, elemen-
tal homeostasis of the ecosystem can be easily dis-
turbed, leading to rearrangements of biogeochemi-
cal networks. Studies on method -effectiveness,
development and improvement from an anthropo-
genic point of view are dominant, while biotic com-
ponents of the ecosystem are mostly ignored even
though chemical substances influence them directly.
This is extremely relevant to submerged macro-
phytes—key producers able to stabilize freshwater
ecosystems (Van Donk and Van de Bund 2002; Hilt
et al. 2006). Available studies revealed significant
changes in plant communities (Rosiriska et al. 2017;
Hilt et al. 2018) or the response of selected charo-
phyte species to chemical restoration treatments
(Immers et al. 2013; Rybak et al. 2017, 2020a).
However, how submerged plants regulate their
multi-elemental stoichiometry in response to chemi-
cal restoration treatments is completely unknown
for many macrophyte species. This raises the cru-
cial question of whether lake chemical restoration is
as safe as previously assumed. Therefore, the aim of
our study was to: (i) evaluate the functional traits
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and physiological response of Myriophyllum spica-
tum following changes in the abiotic environment
during iron application, (ii) define stoichiometric
features of plant adaptation to iron coagulant, (iii)
assess the micronutrient stoichiometry adjustment
as a response to changes in their availability. The
classical C, N, P approach was extended in our
study to other macronutrients, i.e. calcium (Ca) and
magnesium (Mg), as well as microelements: iron
(Fe), zinc (Zn), copper (Cu) and cobalt (Co).

Materials and methods
Study species, cultivation and experimental set-up

Myriophyllum spicatum, a rooted, perennial sub-
merged aquatic plant was used as a model species
because it tolerates eutrophic conditions, is a very
common in both clear and turbid state waters, and has
worldwide distribution (Song et al. 2017). Due to the
habitat requirements, M. spicatum is highly vulner-
able to restoration treatments, which also makes it an
excellent and universal research object.

Three shoots of M. spicatum were planted per one
pot filled with prepared substrate (Rodrigo 2021).
Each pot was placed in a cylindrical glass micro-
cosm filled with 2 L of water. A set of 30 micro-
cosms were placed in a controllable cultivation room.
After the acclimatisation period, baseline conditions
were determined, and iron (III) chloride (FeCl;) was
applied (time “Apl”). Due to its strong coagulation
and flocculation features, it is widely used in lake
restoration processes. The coagulant is characterised
by very low pH (< 1.0), high density (1.44 g cm™)
and dark, strong brown colour. To mimic the effects
of iron coagulant addition in lake restoration treat-
ments, it was applied once in the following concentra-
tions: C1—0.02, C2—0.05, C3—0.09, C4—0.18 and
C5—0.37 g Fe dm™. Employed doses exceed con-
centrations commonly dispensed into degraded lakes;
however, they still correspond to so-called “aggres-
sive restoration” and are applied commercially (Ori-
hel et al. 2016; Bakker et al. 2016). A microcosm
without coagulant addition was used as a control.
The entire system was replicated five times and the
study was carried out for 14 days starting from the
application time (Supplementary Materials). Coagu-
lant doses are predominantly reported as the amount

dosed per square meter. However, when the effects of
the coagulants on the organisms are being measured,
the concentration of the substance in water is much
more informative than the carrier’s dose per surface
area. Therefore, we decided to report the concentra-
tion of iron per liter rather than the amount dosed.

Physicochemical analysis of water, sampling and
plant functional traits

Physicochemical measurements were performed at
the same time of the day as follows: 5 and 1 days
before Apl (-5, -1, respectively), immediately before
Apl, 4 h and 1 day after Apl, and repeated every
2 days until the end of the experiment (Fig. 1). The
following parameters were measured: water and sub-
strate pH, oxygen concentration, electric conductiv-
ity, turbidity and water colour. Substrate and plant
sampling for chemical analyses and morphological
traits measurements was performed at the end of the
experiment.

Morphological traits of each specimen were meas-
ured at the endpoint of the experiment as follows:
main shoot length, root length, eventual side-axis
length and their number, total fresh mass, root, stem
and leaf mass fraction, total dry mass and the relative
growth rate (RGR) according to Hunt formula (Hunt
1990). More details and procedure descriptions are
attached in the Supplementary Materials.

Elemental analyses, pigment content and parameters
of oxidative stress

Nutrient concentrations in water were analysed
as dissolved inorganic phosphorus (DIP:POi_)
and dissolved inorganic nitrogen (DIN=NO;
+NO; + NHI). Further calculations were performed
based on DIP and DIN since only dissolved forms can
be taken up by macrophytes and thus better reflect
stoichiometric reliance than total forms (Reynolds
and Davies 2007; Glibert et al. 2011). In addition,
the concentrations of Fe, Ca, Mg, Zn, Cu, Co and
CI” ions in water samples were analysed. In plants
and bottom substrates were analysed following ele-
ments: C, N, P, Fe, Ca, Mg, Zn, Cu and Co.

Analysis of chlorophylls (Chl-a, Chl-b) and carot-
enoids (Caro) was conducted using the spectrophoto-
metric method after methanol extraction (Lichtenthaler
and Buschmann 2005). The total phenolic content
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Fig. 1 Physicochemical parameters of water during the experiment; Apl abbreviation and dashed line indicates coagulant applica-

tion time

(TPC) was determined by the Folin-Ciocalteu method
(Singleton et al. 1999) and expressed in mg of gallic
acid equivalents per g of fresh tissue (mg GAeq g~
fresh weight, fw). Total flavonoid content (TFC) was
determined by the aluminium chloride colorimetric
method (Woisky and Salatino 1998) and expressed in
mg of quercetin equivalents per g of fresh tissue (mg
Qeq g~! fw). The content of free salicylic acid (SA)
was assayed according to the method of Yalpani et al.
(1991). The equipment used, descriptions of procedures
and standards applied are detailed in the Supplemen-
tary Materials.

The degree of stoichiometric homeostasis of M. spi-
catum was presented using the homeostasis coefficient

logy(x) .
H (eta): H= ——=9— where x is the resource
( ) log,o(y)—log;o(c)

nutrient stoichiometry, y is the organism’s nutrient
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stoichiometry (the same units as a resource) and c is a
constant (Sterner and Elser 2002). Consequently, 1/H is
the slope of the regression between log(x) and log(y)
and was expected to be greater than or equal to zero
(homeostatic) and one (plastic). If the relationship was
non-significant at p>0.05, I/H was considered as strict
homeostasis (Persson et al. 2010).

Statistical analysis

The differences between treatments with respect
to the physicochemical and optical properties of
water were assessed by within-subject analysis of
variance. Elements’ concentration in water, sub-
strates and plants, morphological traits of M. spi-
catum, pigment concentration, and oxidative stress
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parameters were analysed by one-way analysis of
variance. Linear mixed-effects models (Bates et al.
2015) were used to test relation between element
concentration in a plant and the environment (Sup-
plementary Materials). The elements below the
detection limit were not included (N, P, Fe). Analy-
ses were performed using the R software (ver. 3.5;
R Development Core Team).

Results

Physiochemical properties and elemental
characteristics of water and substrates

Water treatment with iron coagulant significantly
altered its physicochemical properties (Fig. 1). After
4 h of coagulant application, water pH decreased
from initial 8.14+0.02 in the control to 6.63+0.01
in Cl and 2.02+0.00 in CS. Neutralization was
observed within 24 h in C1, 3 days in C2 and after
11 days in C3. In C4 and C5 treatments water pH
slightly increased, but did not reach pH 3.0 at the end
of the experiment. It was due to hydrolysis processes
that occurred intensively only when the acidic coagu-
lant was added to slightly alkaline water. Throughout
acidifying the entire microenvironment, these pro-
cesses were suppressed, resulting in a lack of alka-
linization. The substrates in treatments C3-C5 were
also acidified (pHq3=6.8, pHc,=6.5 and pH5=16.3)
and their pH remained constant until the end of the
experiment (Fig. 1). After coagulant application, the
EC values increased significantly compared to the
control, reaching values from 793 +5 puS cm~! in C1
to 3556+ 18 uS cm~! in C5 (Fig. 1, Table 1). Differ-
ences in oxygen concentration were observed between
particular treatments providing three homogeneous
groups: 1—Control, C1, C2; 2—C3 and 3—C4, C5

(Fig. 1). Iron coagulant addition caused an increase of
turbidity and water colour at the Apl timepoint lasting
for~24 h. Afterwards, the turbidity and water colour
decreased to a value comparable to the control sys-
tem, for which an increased level of both parameters
was observed until the end of the experiment (Fig. 1,
Table 1). The decrease was caused by the coagulant
reactions and generated large amounts of a rust-like
(orange-red) coloured suspension, which sedimented
to the bottom and covered the plants (Fig. S1).

The coagulant application resulted in signifi-
cant changes in macronutrient and microelement
levels in water. DIN in control, C1 and C2 treat-
ments remained at a similar level (~0.2 mg dm™),
whereas in C3, C4 and C5 it increased signifi-
cantly to 2.7+0.3, 5.4 +0.4 and 5.9+0.2 mg dm~>,
respectively (Fs ,,=620.1, p<0.001). DIP showed
the opposite pattern and was present only in the
control while in other treatments it was successfully
removed (Fs ,,=289.0, p<0.001; Fig. 2). Relatively
to the coagulant dose, concentrations of Zn and
Co increased (from 0.000+0.001 in the control to
19.230+0.339 and 0.061+0.005 mg dm™ in CS,
respectively), while Cu concentration significantly
increased in C4 and C5 treatments compared to the
control (Fig. 2). Despite the large amount of Fe sup-
plied along with the phosphate coagulant, Fe ions
were detected only in C4 and C5 treatments at the
end of the experiment (Fig. 2). Coagulant applica-
tion increased Ca concentration from 6.60+0.29
in the control to 30.39+4.34 mg dm™ in CS5,
excluding C3 treatment, where Ca concentration
was similar as in the control. Mg concentration
was comparable for control, C1 and C2 treatments
(15.51+0.23 mg dm™?), while in C3 it decreased to
12.83+0.11 mg dm~>, and the highest values were
noted in C4 and C5 (Fs ,,=329.40, p<0.001).
Chloride ions were added along with the coagulant;

Table 1 Results of within-

1 o Parameter df Treatment df Time df Treatment X Time

subjects ANOVA for abiotic -

parameters of water with F p F p F p

treatment as a fixed factor

and time as the repeated PHyuer 5,24 4952.7 <0.0015,264 32955 <0.00155,264 7249 <0.001

factor PHubstrates 5,24 30.9 <0.0018, 192 126.0  <0.00140, 192 10.7  <0.001
EC 5,24 9054.1 <0.00111,286 8713.6 <0.00155,286 3960.8 <0.001
Oxygen 5,24  198.5 <0.0019, 45 93.2  <0.00145, 234 16.6 <0.001
Turbidity 5,24 179.1 <0.0018, 192 101.0  <0.00140, 192 76.0 <0.001
Water colour 5,24 147.5 <0.0018, 192 60.5 <0.001 40, 192 21.7 <0.001
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Fig. 2 Effect of coagulant application on element concentrations in the water at the end of the experiment (mean value + standard

error); different letters denote significant differences at p <0.05

thus their concentration significantly increased from
52.0+ 1.3 in the control to 883.2 +81.8 mg dm™ in
CS (Fs, 54=335.1, p<0.001; Fig. 2).

Water elemental composition was significantly
altered as a result of coagulant application, how-
ever, substrates composition remained undisturbed
(Fig. S2).

Growth, biochemical response and stoichiometric
adjustment of M. spicatum

Changes in physicochemical parameters of water
following coagulant application, mainly strong and
persisting acidification in C4 and C5 treatments,
caused specimens’ death, and only individuals from
the remaining treatments were analysed. However,
the very fact of their deaths should be considered an
important result.

Specimens of M. spicatum in the coagulant treat-
ments differed considerably in their functional traits
from control plants. Stem elongation was inhib-
ited by ~20% for all treatments, however only in C3
was a 26% reduction found significant (F; s=4.26,
p<0.02). Growth retardation was reflected by the
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RGR factor, which decreased in all treatments
by ~28, 24 and 34% for C1, C2 and C3, respectively,
compared to the control (F; 4=3.91, p<0.03), with
statistical significance in C3 only (Fig. 3). Despite
the reduction of stem elongation growth, stem dry
mass remained unchanged. Coagulant application
caused root length reduction, most pronounced in
C3 (by ~57%; F3, 14=24.17, p<0.001). In remaining
treatments root length was comparable to the control,
but their dry mass was reduced by ~78% (F;, = 3.84,
p<0.01). Growth disturbances were reflected in leaf
dry mass, which was lower by ~45, 55% and 60% in
C1, C2 and C3, respectively, with significant differ-
ences for C2 and C3 versus the control (F5 ;4=35.36,
p<0.01). An analogous trend was noted for total dry
mass, which was lowered in all treatments, but a sig-
nificant reduction was observed only in C2 and C3
(~54% and 51%, respectively; F; 14=4.23, p<0.05).
Non-significant differences were noted for side-axis
length and side-axis number (Fig. 3).

Coagulant application caused an increase in Chl-
a, Chl-b and Caro contents in M. spicatum tissues;
however, these changes were not significant com-
pared to the control. In contrast to chlorophylls, TPC
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Fig. 3 Effect of coagulant application on biometric traits of M. spicatum at the end of the experiment (mean value + standard error);
mass of particular fraction refers to dry mass; different letters denote significant differences at p <0.05

decreased in the coagulant treated group and TFC
was characterised by fluctuation between treatments.
Nonetheless, both TPC and TFC changes were not
statistically different from the control or between
treatments (Table S1). Similarly, SA content remained
at a similar level at the experiment endpoint.
Analysed elements were characterized by increas-
ing concentration in M. spicatum with increasing
coagulant application. Carbon content significantly
enhanced its share in the tissue between treatments
from 310+ 19 in the control to 385+3 mg g~! dry
weight (dw) in C3 (F; ;4=50.7, p<0.001). Like-
wise, N concentration increased in plants following
coagulant addition, i.e. from 28 +3 in the control,
through 34+2 (by~22%) in C1 to 43+1 mg g
dw in C3 (~53%; F; 14=40.9, p<0.001). These
changes led to a decreased C:N ratio, from 11 in
the control, through 10 in CI and C2 to 9 g g™!
in C3 (F3,16=17.5, p<0.001; control, C1, vs C2,
C3, p<0.05). Simultaneously, P concentration was
comparable in all treatments and fluctuated at the
level of 2.4+1 mg g™ dw (F; ;,=1.1, p=0.39).
Further, non-significant differences were noted
for C:P ratio with the average level of ~148 g g~!

Ca concentration significantly decreased with
coagulant dose (F; 14=40.7, p<0.001) from
90.45+0.01 in the control to 12.22+0.02 mg g~!
dw in C3. Unlike Ca, Mg content significantly
increased (F5, 16=10.3, p<0.001), mainly in C2
(120.8+11.1) and C3 (111.3+11.0 mg g! dw)
treatments, changing Ca:Mg ratio from 1.1 in the
control to 0.1 g g”! in C3. Fluctuations in Ca con-
centration significantly (F3 4=44.5, p<0.001)
altered C:Ca ratio from 4 in the control, through 7
in C1, 16 in C2 to 30 g g~! in C3, whereas C:Mg
ratio remained undisturbed (~4 g g7!).

In the case of micronutrients, a similar trend
was observed as for macronutrients. Zn content in
M. spicatum tissues increased from 0.16+0.01 in
the control to 0.31+0.04 in C1 (by~97%) and to
1.06 +0.2 mg g~ dw in C3 (by ~550%; F; 16=38.4,
p<0.001). For Cu a significant increase was
noted in all treated plants (F; 4=158.4, p<0.001)
from~50% (up to 0.19+0.02 mg g~' dw) in C1
to~270% (up to 0.45+0.06 mg g~ dw) in C3. Co
content displayed relatively minor fluctuations in
the tissue, but significant differences (F3 j4=154.3,
p<0.001) were observed between the control and
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Fig. 4 Effect of coagulant application on element concentrations in the M. spicatum tissues at the end of the experiment (mean
value + standard error); different letters denote significant differences at p <0.05

C2 (0.003+0.000 mg g~! dw) with the increase
of ~50% and C3 (0.006+0.000 mg g~! dw) with
the increase of ~200% (Fig. 4). Despite Fe influx
as a coagulant component, its content in the tis-
sue was constant for the control, C1 and C2 treat-
ments (~8.8+1.1 mg g~' dw), and a significant
increase was noted in C3 (20.8+1.1 mg g~! dw)
(F3,16=173.8, p<0.001).

Analysis of relation between element concen-
trations in water, substrates and M. spicatum tis-
sues indicated that in all cases substrates have a
negligible effect on tissue content. In the case of
the Zn water-tissue relation, there was a signifi-
cant increase of tissue content within an elevated
concentration of Zn in water (¢-value=7.40;
p=0.02; R?  ,;=0.93) and return I/H,, =0.22.
Neither the Cu nor the Co relation model dem-
onstrated a significant impact of the explanatory
variable (t-value=0.97; p=0.35; R?=0.93 and
t-value=— 0.17; p=0.87; R%Z=0.91, respectively)
while maintaining a high level of fitness and return
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1/H values — 1/H,=0.26 and I/H-,=0.02. In the
case of Ca and Mg, exponents were characterised
by a negative value, but neither macronutrient in
M. spicatum tissue was affected by its concentra-
tion in water (z-value=— 0.72; p=0.47; R%*=0.93
and r-value=— 0.94; p=0.68; R%?=0.70, respec-
tively; Fig. 5) and return negative value of I/H — 1/
Hey,=- 091 and I/Hy,=- 1.14.

Discussion
Abiotic parameters of water

Phosphate coagulant, iron (III) chloride, caused
marked changes in water parameters and significantly
influenced the functional traits and ecological stoi-
chiometry of M. spicatum. The observed water envi-
ronment transformations were specific for chemical
lake restoration methods (Immers et al. 2014; Rybak
et al. 2020a). At the first stage, high acidification and
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increase of turbidity and water colour occurred. The
alterations of pH and water conductivity were neu-
tralized within time in a dose-dependent manner with
the exception of the highest treatments, which they
remained unaltered through the entire experiment.
This result suggests a risk posed by high concentra-
tions of coagulants, especially in shallow or poorly
buffered water bodies (Rybak et al. 2019). The effects
of environment acidification are multidimensional.
They are mainly related to increased solubility and
toxicity of metals followed by their release from bot-
tom sediments and carbon balance shifting towards
carbon dioxide (Brouwer et al. 2002).

The deterioration of water optical properties
resulted from the coagulant’s intense brown colour
and immediate initiation of complexation processes,
leading to precipitation, flocculation and sedimenta-
tion of aggregate-flocs (Pizarro et al. 1995). In this
way, specimens were covered with a large amount of
orange-red sediment, which limited light availability

(Rybak et al. 2020a). In control, increased turbidity
and water colour resulted from developing of phyto-
plankton cells. The availability of light and nutrients
is a major factor determining the growth and fitness
of submerged plants (Barko and Smart 1981). How-
ever, this is a principle of coagulant operation in lake
restoration—phosphate elimination, creation of flocks
and moving them together with suspensions to sedi-
ments (Cooke et al. 2005; Dunalska and Wisniewski
2016; Orihel et al. 2016).

Besides the release of Fe, significant amounts
of additional ions are introduced with coagulant
(mainly CI™ or SO42‘) related to the acid used for
coagulant production as well as metallic impurities
related to industrial production (e.g. Zn, Co, Cu). It
was reflected by the persistent increase in EC and
chloride concentration observed despite the precipi-
tation and neutralization processes. Weakly reactive
chlorides remain fully dissolved in water, and only a
small amount of them is subject to sorption by bottom
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sediments. Meanwhile, they are the primary mineral
anion for plants (Parihar et al. 2015).

Macrophyte growth and biochemical response

The observed responses of M. spicatum to iron coag-
ulant application is generally in line with the previ-
ous studies on other macrophytes (Lin et al. 2021).
Experiments carried out by Immers et al. (2014)
demonstrated that Potamogeton pectinatus growth
significantly decreased with increasing iron (III) chlo-
ride concentration. Nevertheless, the functional traits
response can vary even within the genus (Liu et al.
2021). Studies on Chara macroalgae demonstrated a
significant inhibition of growth in the case of Chara
globularis and C. tomentosa (Immers et al. 2013;
Rybak et al. 2020a), while C. hispida showed intensi-
fied development of rosettes at the expense of repro-
duction as an increase in the photosynthetic surface in
response to coagulant application (Rybak et al. 2017,
2020b). In the present study, significant reduction of
growth parameters was noted mainly for C3 treat-
ment, but growth retardation was also noted at lower
coagulant doses. M. spicatum did not exhibit a typi-
cal mechanism of morphological response to shadow,
i.e. elongation to a better-illuminated water surface,
yet only a slight increase in photosynthetic pigments
that could increase the efficiency of photosynthesis
was noted (Kirk 2010; Hussner and Jahns 2015). That
gives a false picture of M. spicatum resistance, since
the analysis of stoichiometric changes indicated the
activation of mechanisms aimed at minimizing stress
associated with shading.

Metal toxicity symptoms in plants include retarda-
tion of the overall plant growth, reduction in the leaf
surface, formation of local discolouration of leaves
(chlorosis, necrotic spots) with the possibility of total
necrosis and plant death (Kiipper et al. 2007; Decou
et al. 2019). Additionally, iron toxicity manifests
as blackening of roots, a loss of their flaccidity and
reduced branching (Lucassen et al. 2000; Van Der
Welle et al. 2006), and they were observed for M. spi-
catum. Besides direct toxicity (e.g. by displacing Mg
in the chlorophyll molecule by Cu or Zn), excessive
metals cause oxidative stress (Andresen et al. 2018)
and damage to the photosynthetic apparatus (Kiipper
et al. 2007). Thus, no change in the photosynthetic
pigment concentration could be linked with shading
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stress accompanied by the antagonistic effect of Zn
and Cu toxicity.

Despite high concentrations of metal ions in water,
their intense accumulation and observed toxicity
symptoms, the accumulation of phenolic metabolites
(well-known parameter of oxidative stress) was not
observed in M. spicatum. However, numerous stud-
ies have reported metal-induced accumulation of
phenolics in aquatic plants (Sinha et al. 2009; Decou
et al. 2019), acting as free radical scavengers, metal
chelating agents and signalling molecules. Intense
biosynthesis of phenolic metabolites is observed
in plants challenged with biotic or abiotic stressors
(Kartal et al. 2010), and was documented in previous
studies on plant response to oxidative stress induc-
ers (Waskiewicz et al. 2014; Drzewiecka and Mlec-
zek 2017). It can be assumed that within two weeks
after coagulant application M. spicatum overcame the
oxidative stress, neutralized excessive metal ions and
recovered the oxido-reductive balance. It was con-
firmed by the elevation of TPC and the antioxidant
activity towards DPPH radical detected in water in
the case of C4 and C5 treatments (results not shown).
As assumed, antioxidants produced under the influ-
ence of the coagulant were released into the water
environment due to plant death and leakage of inter-
cellular content.

Stoichiometric adjustment

The coagulant application significantly changed the
water chemistry features; however, it did not affect
substrates chemistry despite its slight acidification.
The model analysis revealed the ecological stoichi-
ometry changes in M. spicatum resulting from the
plant-water interactions, while the plant-substrates
relationship was marginal, which is in line with pre-
vious studies (Xing et al. 2013). Changes in nutri-
ent level, form or ratio lead to cellular adjustments
in acquisition efficiency and can alter the propor-
tions of ribosomes, enzyme activities, gene regula-
tion, cellular pigmentation complement, and cellular
elemental composition. These features have implica-
tions for competition and species fitness, changing
species dominance and biodiversity. The environ-
mental changes were reflected in plants’ elemental
composition, placing themselves very strongly in the
luxury consumption hypothesis, which assumes max-
imized nutrient uptake during occurrence of different
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limiting growth factors (e.g. light, nutrient). Luxury
consumption is reflected in unbalanced growth and
variable chemical composition (Sterner and Elser
2002). This reduces the carbon: nutrients ratio, thus
increasing the nutritional quality of plants and influ-
encing the rebuilding of the food web (Kiipper and
Andresen 2016; Velthuis et al. 2017). Although the
structural role of C is independent of the biochemical
roles played by N and P, both C and N concentration
significantly increased in plants within the coagu-
lant dose. This, together with inhibited growth and
development indicated an increase in nutrient accu-
mulation. Plants adjust C and N metabolism by the
synthesis of the required metabolites such as soluble
carbohydrate, starch and free amino acid and main-
tain metabolic homeostasis to facilitate the tolerance
to low light stress and, instead of growth, investing in
the survival of unfavourable conditions (Middelboe
and Markager 1997; Yuan et al. 2017). Acidification
influences the proportion of C forms (towards CO,),
affecting the photosynthesis rate, which was demon-
strated by increased oxygen concentration (Maberly
and Madsen 1998). The above explanation is con-
firmed by the concentrations of nutrients in water;
N was depleted in treatments with a lower coagu-
lant dose; therefore with a lower stress intensity, P in
plants did not change, since it was removed from the
water, and Fe toxicity resulted in impaired root uptake
(Sperotto et al. 2010). Limited P leads to a low RNA
content and reduced growth rate (Elser et al. 2003).
Additionally, the C:N ratio in plants decreased with
increasing coagulant concentration, which means that
the more growth was inhibited, the greater accumu-
lation of nutrients occurred. Moreover, an excessive
N absorption by submerged plants and the following
internal physiological damages and growth inhibi-
tion may lead to degradation of submerged vegeta-
tion (Dai et al. 2022). The high content of N in water
in C4 and C5 treatments was due to the plants’ death
and the leakage of the cell contents into the water
environment. Fe concentrations showed a similar
pattern, although its availability in water was short-
lasting and pH-dependent (Pizarro et al. 1995). This
explains the similar accumulation of Fe observed
for C1 and C2 treatments. The long-lasting environ-
ment acidification in C3 extended the availability of
Fe ions and increased their uptake by plants. Along
with pH neutralization, soluble Fe decreased due to
the precipitation process. These mechanisms were

reflected in the absence of Fe in water at the end of
the experiment in C1-C3 treatments and its continued
presence in C4 and C5.

Changes in the element concentrations also con-
cerned macronutrients such as Ca and Mg. The
increased concentration of Ca in water was associ-
ated with a decrease in plants at higher coagulant
doses accompanied by pH decline. It resulted from
the dissolution of calcium carbonate (CaCO;), cover-
ing plants and generated due to photosynthetic activ-
ity (Cicerone et al. 1999). This process was previ-
ously described for the chemical restoration method
applied to the highly incrusted charophytes commu-
nity (Rybak et al. 2019). A negative exponent in the
analysed model also indicates Ca flow from plants to
water. However, the homeostasis maintenance fac-
tor appears to be misguided because of the physical
removal of Ca through the dissolution process, and
not by the uptake restrictions. Although the I/H coef-
ficient is commonly used, the obtained results con-
firm that it should be interpreted with care for both
physiological and mathematical reasons (Persson
et al. 2010). On the other hand, a negative I/H ratio
was already noted for macrophytes, indicating strong
Ca stoichiometric homeostasis (Xing et al. 2015).
However, the total amount of Ca in plants decreases
as a result of the iron coagulant application, which
was reflected in the C:Ca ratio, and the reduction of
the nutritional value. Although Mg exhibits similar
chemical features, its changes were distinct from Ca.
Due to the greater resistance of magnesium carbon-
ate (MgCO;) to dissolution (Miiller et al. 1972), Mg
concentration in water increased only in microcosms
with the highest acidification (C4, C5), even though
its amount increased in coagulant-treated plants com-
pared to the control. This is related to similar mech-
anisms as for C and N, namely Mg uptake from the
environment and growth inhibition resulting in an
increase of Mg accumulation in tissues. Simultane-
ously, C accumulated at a similar rate caused that the
C:Mg remained relatively stable which means that
Chl a/b ratio that is depended on Ca:Mg (Vymazal
1995) was not disturbed.

Zinc concentration in M. spicatum tissues was sig-
nificantly related to its concentration in water, and
although 1/H reached values indicating the ability to
maintain homeostasis (Persson et al. 2010), it was
significantly different from zero. This means a linear
data system, confirmed by the high fit of the model,

@ Springer



28

Biogeochemistry (2023) 163:17-32

and despite the low exponent it was different from
zero, which indicates the imperfection of this param-
eter. However, M. spicatum is not able to maintain
Zn homeostasis. Zn limitation is more widespread
in the environment than Zn toxicity, though anthro-
pogenic activities can enhance its concentrations up
to the toxic level (Kiipper and Andresen 2016). The
main symptoms of Zn toxicity involves chlorosis and
necrosis of leaf blades (Broadley et al. 2007). Nev-
ertheless, despite the high degree of accumulation
(Samecka-Cymerman and Kempers 2004), minor
toxicity symptoms were observed for M. spicatum
plants. Moreover, the obtained results indicate that
lake restoration processes can be another source of Zn
pollution, unknown and not considered so far.

Both Cu and Co showed increased concentrations
in plant tissue as a result of coagulant application. In
relation to the environment, they showed strong (Co)
or weak (Cu) ability to maintain homeostasis in ana-
lysed concentration intervals, and the //H parameter
did not differ significantly from zero. Although the
level of accumulated microelements was relatively
high, M. spicatum can be considered as a resistant
species. Specimens collected in industrially polluted
areas contained Co and Cu at much higher levels than
those considered toxic for plants (Samecka-Cymer-
man and Kempers 2004). These results are at odds
with the work of Xing et al. (2015) showing weak
elemental stoichiometric homeostasis in macrophytes.

It should be emphasized that biogeochemical
pathways and homeostatic control service constitute
a comprehensive system whereby nutrient dynam-
ics support the trophodynamic structure. Relations
between biogeochemistry and homeostasis regulate
the stable ecosystem state and cause shifts during
disturbances to new ones—gradual or abrupt—and
return to the original state may not occur even once
the disturbance has subsided (Glibert 2012; Su et al.
2019). The homeostasis of trace elements is tightly
regulated; however, even an excess of one element
can cause disorder in these mechanisms. For example,
Fe limitation symptoms are similar to Zn toxicity, Zn
limitation similar to Cd toxicity, etc. (Grotz and Lou
2006). It results from shared ion transporters, since
the same systems transport many bivalent ions, e.g.
Fe transporters can also bind Zn. This means that the
increased uptake of one element can lead to enhanced
binding of another element, leading to its toxicity to
the plant (Walker and Connolly 2008). Vice versa,
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under the high level of one element in the tissue, the
other can alleviate its toxicity. It was demonstrated
in Mg and Al for several plants (Bose et al. 2011) or
Zn and Cd in Ceratophyllum demersum (Aravind and
Prasad 2003). The mechanism controlling reduced
toxicity results from competition between metal ions
for binding sites of transporters. In this way, high Fe
and Zn accumulation in plant tissue and occupation
of the transporter binding site prevents further accu-
mulation of Co and Cu and affects homeostasis main-
tenance of these elements. Moreover, the metabolic
links between Cu and Fe homeostasis and mutual
uptake regulation are well documented (Pitsikké
et al. 2002; Puig et al. 2007).

A parallel issue accompanying the use of coagu-
lants in water restoration processes is high concen-
tration of metallic impurities. Although the excess
of Zn, Cu, Co did not show direct toxicity to M. spi-
catum, it is not excluded that it may pose a threat to
other organisms, especially in the case of repeated
treatments. Due to the form that is easily accessible
for plants, accumulation in tissues and increasing
share in the trophic chain, they may cause distur-
bances of the entire food network. Moreover, studies
on the direct and negative effects of coagulants on
animals are already available (see Bonistawska et al.
2021; Drewek et al. 2022). This may result in changes
that are difficult to define from this perspective and
certainly require increased investigation.

Conclusions

(i) Disturbances of the abiotic environment caused
by iron chloride application were associated
with environment acidification, reduced light
availability and increased concentration of
metals ions, including Fe, as well as coagulant
impurities.

(i) The growth and development of M. spicatum
were significantly inhibited, and the changes
were characteristic for iron toxicity.

(iii) Despite the lack of a functional traits response
to low light and unaltered parameters of oxida-
tive stress in M. spicatum, changes in ecologi-
cal stoichiometry indicated the activation of
defence mechanisms in response to coagulant
application. It indicates that stoichiometric
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changes can reflect past stress when typical
markers are no longer synthesized.

(iv) The high availability of both macro- and micro-
elements in water induced luxury consumption
and resulted in an increased concentration of
these elements in the tissue, which, together
with biomass decrease, can influence the entire
food web.

(v) The relation between Cu and Co uptake by
M. spicatum and their concentrations in water
indicated a high ability of plants to maintain
homeostasis under conditions characteristic for
chemical water restoration related to the high
concentration of Fe and Zn ions.

(vi) Despite the widespread use of iron as chemical
methods in the restoration of surface waters,
the application of phosphate coagulants may
cause strong destabilization of ecosystems.

Acknowledgements We would like to thank PhD Mar-
cin Krzysztof Dziuba (University of Michigan) for his help
and suggestions in statistical modelling and MSc. Eng. Piotr
Domek (Department of Water Protection, AMU) for help in
substrate preparation.

Author contributions MR: Conceptualization, Methodol-
ogy, Resources, Investigation, Formal analysis, Writing—origi-
nal draft. KD: Conceptualization, Methodology, Investigation,
Formal analysis, Writing—original draft. MW: Methodology,
Investigation, Formal analysis, Writing—original draft. SO:
Investigation. MK: Methodology, Investigation. TS: Meth-
odology, Investigation. IR: Conceptualization, Methodology,
Resources, Writing—original draft. TJ: Conceptualization,
Methodology, Resources, Validation, Writing—original draft.

Funding The authors declare that no funds, grants, or
other support were received during the preparation of this
manuscript.

Data availability The datasets generated and analysed dur-
ing the current study are available from the corresponding
author on reasonable request.

Declarations

Competing interests The authors have no relevant financial
or non-financial interests to disclose.

Open Access This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits
use, sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The

images or other third party material in this article are included
in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds
the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit
http://creativecommons.org/licenses/by/4.0/.

References

Andresen E, Peiter E, Kiipper H (2018) Trace metal metabo-
lism in plants. J Exp Bot 69:909-954. https://doi.org/10.
1093/jxb/erx465

Aravind P, Prasad MNV (2003) Zinc alleviates cadmium-
induced oxidative stress in Ceratophyllum demersum
L.: a free floating freshwater macrophyte. Plant Physiol
Biochem 41:391-397.  https://doi.org/10.1016/S0981-
9428(03)00035-4

Bakker ES, Van Donk E, Immers AK (2016) Lake res-
toration by in-lake iron addition: a synopsis of iron
impact on aquatic organisms and shallow lake ecosys-
tems. Aquat Ecol 50:121-135. https://doi.org/10.1007/
$10452-015-9552-1

Barko JW, Smart RM (1981) Comparative influences of light
and temperature on the growth and metabolism of selected
submersed freshwater macrophytes. Ecol Monogr 51:219—
236. https://doi.org/10.2307/2937264

Bates D, Méchler M, Bolker B, Walker S (2015) Fitting Linear
Mixed-Effects Models using lme4. J Stat Softw 67:1-48.
https://doi.org/10.18637/jss.v067.101

Bonistawska M, Rybczyk A, Tarski A, Nedzarek A (2021)
Influence of selected precipitating agents used for resto-
ration of water reservoirs on the embryogenesis of pike
(Esox lucius L.). Chemosphere 284:131349. https://doi.
org/10.1016/j.chemosphere.2021.131349

Bose J, Babourina O, Rengel Z (2011) Role of magnesium
in alleviation of aluminium toxicity in plants. J Exp Bot
62:2251-2264. https://doi.org/10.1093/jxb/erq456

Broadley MR, White PJ, Hammond JP et al (2007) Zinc in
plants. New Phytol 173:677-702. https://doi.org/10.
1111/.1469-8137.2007.01996.x

Brouwer E, Bobbink R, Roelofs JGM (2002) Restoration of
aquatic macrophyte vegetation in acidified and eutrophied
softwater lakes: an overview. Aquat Bot 73:405-431.
https://doi.org/10.1016/S0304-3770(02)00033-5

Chen J, Wang S, Zhang S et al (2015) Arsenic pollution and its
treatment in Yangzonghai lake in China: in situ remedia-
tion. Ecotoxicol Environ Saf 122:178-185. https://doi.org/
10.1016/j.ecoenv.2015.07.032

Cicerone DS, Stewart AJ, Roh Y (1999) Diel cycles in calcite
production and dissolution in a eutrophic basin. Environ
Toxicol Chem 18:2169-2177. https://doi.org/10.1002/etc.
5620181008

Cooke GD, Welch EB, Peterson S, Nichols SA (2005) Resto-
ration and management of lakes and reservoirs, 3rd edn.
CRC Press, Boca Raton

Dai M, Xiao Y, Wang T et al (2022) Influence of N: P ratio
of water on ecological stoichiometry of Vallisneria natans

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/jxb/erx465
https://doi.org/10.1093/jxb/erx465
https://doi.org/10.1016/S0981-9428(03)00035-4
https://doi.org/10.1016/S0981-9428(03)00035-4
https://doi.org/10.1007/s10452-015-9552-1
https://doi.org/10.1007/s10452-015-9552-1
https://doi.org/10.2307/2937264
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1016/j.chemosphere.2021.131349
https://doi.org/10.1016/j.chemosphere.2021.131349
https://doi.org/10.1093/jxb/erq456
https://doi.org/10.1111/j.1469-8137.2007.01996.x
https://doi.org/10.1111/j.1469-8137.2007.01996.x
https://doi.org/10.1016/S0304-3770(02)00033-5
https://doi.org/10.1016/j.ecoenv.2015.07.032
https://doi.org/10.1016/j.ecoenv.2015.07.032
https://doi.org/10.1002/etc.5620181008
https://doi.org/10.1002/etc.5620181008

30

Biogeochemistry (2023) 163:17-32

and Hydrilla verticillata. Water 14:1263. https://doi.org/
10.3390/w14081263

Decou R, Bigot S, Hourdin P et al (2019) Comparative in vitro/
in situ approaches to three biomarker responses of Myrio-
phyllum alterniflorum exposed to metal stress. Chemos-
phere 222:29-37. https://doi.org/10.1016/j.chemosphere.
2019.01.105

Drewek A, Rybak M, Drzewiecka K et al (2022) The impact of
iron coagulant on the behavior and biochemistry of fresh-
water mussels Anodonta cygnea and Unio tumidus during
lake restoration. J Environ Manage. https://doi.org/10.
2139/ssrn.4062992

Drzewiecka K, Mleczek M (2017) Salicylic acid accumulation
as a result of Cu, Zn, Cd and Pb interactions in common
reed (Phragmites australis) growing in natural ecosys-
tems. Acta Physiol Plant 39:182. https://doi.org/10.1007/
s11738-017-2480-z

Dunalska JA, Wisniewski G (2016) Can we stop the degrada-
tion of lakes? Innovative approaches in lake restoration.
Ecol Eng 95:714-722. https://doi.org/10.1016/j.ecoleng.
2016.07.017

Dunalska JA, Grochowska J, Wisniewski G, Napidrkowska-
Krzebietke A (2015) Can we restore badly degraded urban
lakes? Ecol Eng 82:432—441. https://doi.org/10.1016/j.
ecoleng.2015.05.037

Elser JJ, Sterner RW, Gorokhova E et al (2000) Biological
stoichiometry from genes to ecosystems. Ecol Lett 3:540—
550. https://doi.org/10.1046/j.1461-0248.2000.00185.x

Elser JJ, Acharya K, Kyle M et al (2003) Growth rate-stoichi-
ometry couplings in diverse biota. Ecol Lett 6:936-943.
https://doi.org/10.1046/j.1461-0248.2003.00518.x

Glibert PM (2012) Ecological stoichiometry and its implica-
tions for aquatic ecosystem sustainability. Curr Opin Envi-
ron Sustain 4:272-277. https://doi.org/10.1016/j.cosust.
2012.05.009

Glibert PM, Fullerton D, Burkholder JM et al (2011) Ecologi-
cal stoichiometry, biogeochemical cycling, invasive spe-
cies, and aquatic food webs: San Francisco estuary and
comparative systems. Rev Fish Sci 19:358-417. https://
doi.org/10.1080/10641262.2011.611916

Grotz N, Lou GM (2006) Molecular aspects of Cu, Fe and Zn
homeostasis in plants. Biochim Biophys Acta Mol Cell
Res  1763:595-608.  https://doi.org/10.1016/j.bbamcr.
2006.05.014

Hessen DO, Agren GI, Anderson TR et al (2004) Carbon
sequestration in ecosystems: the role of stoichiometry.
Ecology 85:1179-1192. https://doi.org/10.1890/02-0251

Hilt S, Gross EM, Hupfer M et al (2006) Restoration of sub-
merged vegetation in shallow eutrophic lakes—A guide-
line and state of the art in Germany. Limnologica 36:155—
171. https://doi.org/10.1016/j.1imno.2006.06.001

Hilt S, Alirangues Nuiiez MM, Bakker ES et al (2018)
Response of submerged macrophyte communities to
external and internal restoration measures in north tem-
perate shallow lakes. Front Plant Sci. https://doi.org/10.
3389/1pls.2018.00194

Hunt R (1990) Basic growth analysis. Plant growth analysis for
beginners. Springer, Netherlands

Hussner A, Jahns P (2015) European native Myriophyllum
spicatum showed a higher HCO;™ use capacity than alien

@ Springer

invasive Myriophyllum heterophyllum. Hydrobiologia
746:171-182. https://doi.org/10.1007/s10750-014-1976-4

Immers AK, Van der Sande MT, Van der Zande RM et al
(2013) Iron addition as a shallow lake restoration meas-
ure: impacts on charophyte growth. Hydrobiologia
710:241-251. https://doi.org/10.1007/s10750-011-0995-7

Immers AK, Vendrig K, Ibelings BW et al (2014) Iron addi-
tion as a measure to restore water quality: Implications for
macrophyte growth. Aquat Bot 116:44-52. https://doi.org/
10.1016/j.aquabot.2014.01.007

Jancula D, Marsalek B (2011) Critical review of actually avail-
able chemical compounds for prevention and management
of cyanobacterial blooms. Chemosphere 85:1415-1422.
https://doi.org/10.1016/j.chemosphere.2011.08.036

Kartal M, Atici T, Sener B et al (2010) Antioxidant and
anticholinesterase assets and liquid chromatography-mass
spectrometry preface of various fresh-water and marine
macroalgae. Pharmacogn Mag 5:291. https://doi.org/10.
4103/0973-1296.58147

Kirk JTO (2010) Light and photosynthesis in aquatic ecosys-
tems, 3rd edn. Cambridge University Press, Cambridge

Klimaszyk P, Goldyn R (2020) Water quality of freshwater
ecosystems in a temperate climate. Water 12:2643. https://
doi.org/10.3390/w12092643

Kritzberg ES, Ekstrom SM (2012) Increasing iron concentra-
tions in surface waters—A factor behind brownification?
Biogeosciences 9:1465-1478.  https://doi.org/10.5194/
bg-9-1465-2012

Kiipper H, Andresen E (2016) Mechanisms of metal toxicity
in plants. Metallomics 8:269-285. https://doi.org/10.1039/
C5MT00244C

Kiipper H, Kiipper FC, Spiller M (2007) [Heavy metal]-chloro-
phylls formed in vivo during heavy metal stress and deg-
radation products formed during digestion, extraction and
storage of plant material. Chlorophylls and bacteriochlo-
rophylls. Springer, Netherlands, pp 67-77

Le Moal M, Gascuel-Odoux C, Ménesguen A et al (2019)
Eutrophication: a new wine in an old bottle? Sci Total
Environ  651:1-11.  https://doi.org/10.1016/j.scitotenv.
2018.09.139

Lichtenthaler HK, Buschmann C (2005) Chlorophylls and
carotenoids: measurement and characterization by UV-
VIS spectroscopy. In: Wrolstad RE, Acree TE, Decker EA
et al (eds) Handbook of food analytical chemistry. Wiley,
Hoboken, pp 153-199

Lin Z, Zhong C, Yu G et al (2021) Effects of sediments phos-
phorus inactivation on the life strategies of Myriophyl-
lum spicatum: implications for lake restoration. Water
13:2112. https://doi.org/10.3390/w13152112

Liu H, Liu G, Xing W (2021) Functional traits of submerged
macrophytes in eutrophic shallow lakes affect their eco-
logical functions. Sci Total Environ 760:143332. https://
doi.org/10.1016/j.scitotenv.2020.143332

Lucassen ECHET, Smolders AJP, Roelofs JGM (2000)
Increased groundwater levels cause iron toxicity in Glyce-
ria fluitans (L.). Aquat Bot 66:321-327. https://doi.org/
10.1016/S0304-3770(99)00083-2

Liirling M, van Oosterhout F (2013) Controlling eutrophication
by combined bloom precipitation and sediment phospho-
rus inactivation. Water Res 47:6527-6537. https://doi.org/
10.1016/j.watres.2013.08.019


https://doi.org/10.3390/w14081263
https://doi.org/10.3390/w14081263
https://doi.org/10.1016/j.chemosphere.2019.01.105
https://doi.org/10.1016/j.chemosphere.2019.01.105
https://doi.org/10.2139/ssrn.4062992
https://doi.org/10.2139/ssrn.4062992
https://doi.org/10.1007/s11738-017-2480-z
https://doi.org/10.1007/s11738-017-2480-z
https://doi.org/10.1016/j.ecoleng.2016.07.017
https://doi.org/10.1016/j.ecoleng.2016.07.017
https://doi.org/10.1016/j.ecoleng.2015.05.037
https://doi.org/10.1016/j.ecoleng.2015.05.037
https://doi.org/10.1046/j.1461-0248.2000.00185.x
https://doi.org/10.1046/j.1461-0248.2003.00518.x
https://doi.org/10.1016/j.cosust.2012.05.009
https://doi.org/10.1016/j.cosust.2012.05.009
https://doi.org/10.1080/10641262.2011.611916
https://doi.org/10.1080/10641262.2011.611916
https://doi.org/10.1016/j.bbamcr.2006.05.014
https://doi.org/10.1016/j.bbamcr.2006.05.014
https://doi.org/10.1890/02-0251
https://doi.org/10.1016/j.limno.2006.06.001
https://doi.org/10.3389/fpls.2018.00194
https://doi.org/10.3389/fpls.2018.00194
https://doi.org/10.1007/s10750-014-1976-4
https://doi.org/10.1007/s10750-011-0995-7
https://doi.org/10.1016/j.aquabot.2014.01.007
https://doi.org/10.1016/j.aquabot.2014.01.007
https://doi.org/10.1016/j.chemosphere.2011.08.036
https://doi.org/10.4103/0973-1296.58147
https://doi.org/10.4103/0973-1296.58147
https://doi.org/10.3390/w12092643
https://doi.org/10.3390/w12092643
https://doi.org/10.5194/bg-9-1465-2012
https://doi.org/10.5194/bg-9-1465-2012
https://doi.org/10.1039/C5MT00244C
https://doi.org/10.1039/C5MT00244C
https://doi.org/10.1016/j.scitotenv.2018.09.139
https://doi.org/10.1016/j.scitotenv.2018.09.139
https://doi.org/10.3390/w13152112
https://doi.org/10.1016/j.scitotenv.2020.143332
https://doi.org/10.1016/j.scitotenv.2020.143332
https://doi.org/10.1016/S0304-3770(99)00083-2
https://doi.org/10.1016/S0304-3770(99)00083-2
https://doi.org/10.1016/j.watres.2013.08.019
https://doi.org/10.1016/j.watres.2013.08.019

Biogeochemistry (2023) 163:17-32

31

Maberly SC, Madsen TV (1998) Affinity for CO, in relation to
the ability of freshwater macrophytes to use HCO;". Funct
Ecol 12:99-106. https://doi.org/10.1046/j.1365-2435.
1998.00172.x

Middelboe AL, Markager S (1997) Depth limits and minimum
light requirements of freshwater macrophytes. Freshw
Biol 37:553-568. https://doi.org/10.1046/j.1365-2427.
1997.00183.x

Miiller G, Irion G, Forstner U (1972) Formation and diagenesis
of inorganic Ca—Mg carbonates in the lacustrine environ-
ment. Naturwissenschaften 59:158-164. https://doi.org/
10.1007/BF00637354

Orihel DM, Schindler DW, Ballard NC et al (2016) Experi-
mental iron amendment suppresses toxic cyanobacteria in
a hypereutrophic lake. Ecol Appl 26:1517-1534. https://
doi.org/10.1890/15-1928

Parihar P, Singh S, Singh R et al (2015) Effect of salinity stress
on plants and its tolerance strategies: a review. Environ
Sci Pollut Res 22:4056-4075. https://doi.org/10.1007/
s11356-014-3739-1

Pitsikkid E, Kairavuo M, Sersen F et al (2002) Excess copper
predisposes photosystem II to photoinhibition in vivo by
outcompeting iron and causing decrease in leaf chloro-
phyll. Plant Physiol 129:1359-1367. https://doi.org/10.
1104/pp.004788

Persson J, Fink P, Goto A et al (2010) To be or not to be what
you eat: regulation of stoichiometric homeostasis among
autotrophs and heterotrophs. Oikos 119:741-751. https://
doi.org/10.1111/j.1600-0706.2009.18545.x

Pizarro J, Belzile N, Filella M et al (1995) Coagulation/sedi-
mentation of submicron iron particles in a eutrophic lake.
Water Res 29:617-632. https://doi.org/10.1016/0043-
1354(94)00167-6

Pretty JN, Mason CF, Nedwell DB et al (2003) Environmental
costs of freshwater eutrophication in England and Wales.
Environ Sci Technol 37:201-208. https://doi.org/10.1021/
es020793k

Puig S, Andrés-Coldas N, Garcia-Molina A, Pedarrubia L
(2007) Copper and iron homeostasis in Arabidopsis:
responses to metal deficiencies, interactions and biotech-
nological applications. Plant Cell Environ 30:271-290.
https://doi.org/10.1111/j.1365-3040.2007.01642.x

Reynolds CS, Davies PS (2007) Sources and bioavailability of
phosphorus fractions in freshwaters: a British perspective.
Biol Rev 76:27-64. https://doi.org/10.1111/j.1469-185X.
2000.tb00058.x

Rodrigo MA (2021) Wetland restoration with hydrophytes: a
review. Plants. https://doi.org/10.3390/plants 10061035

Rojo C, Sanchez-Carrillo S, Rodrigo MA et al (2020) Cha-
rophyte stoichiometry in temperate waters. Aquat Bot
161:103182. https://doi.org/10.1016/j.aquabot.2019.
103182

Rosinska J, Rybak M, Gotdyn R (2017) Patterns of macrophyte
community recovery as a result of the restoration of a
shallow urban lake. Aquat Bot 138:45-52. https://doi.org/
10.1016/j.aquabot.2016.12.005

Rosinska J, Kozak A, Dondajewska R et al (2018) Water qual-
ity response to sustainable restoration measures—Case
study of urban Swarzedzkie Lake. Ecol Indic 84:437—449.
https://doi.org/10.1016/j.ecolind.2017.09.009

Rybak M, Joniak T, Gabka M, Sobczynski T (2017) The inhi-
bition of growth and oospores production in Chara his-
pida L. as an effect of iron sulphate addition: conclusions
for the use of iron coagulants in lake restoration. Ecol Eng
105:1-6. https://doi.org/10.1016/j.ecoleng.2017.04.044

Rybak M, Joniak T, Sobczyniski T (2019) Experimental investi-
gation into disturbance of Ca—Mg equilibrium and conse-
quences for charophytes after iron and aluminium coagu-
lants application. Polish J Environ Stud 28:1887-1895.
https://doi.org/10.15244/pjoes/90095

Rybak M, Drzewiecka K, Wozniak M et al (2020a) Iron-
induced behavioural and biochemical responses of cha-
rophytes in consequence of phosphates coagulant addi-
tion: threats to lake ecosystems restoration. Chemosphere
254:1-10.  https://doi.org/10.1016/j.chemosphere.2020.
126844

Rybak M, Gabka M, Ratajczak I et al (2020b) In-situ behav-
ioural response and ecological stoichiometry adjust-
ment of macroalgae (Characeae, Charophyceae) to iron
overload: Implications for lake restoration. Water Res
173:115602. https://doi.org/10.1016/j.watres.2020.115602

Samecka-Cymerman A, Kempers A (2004) Toxic metals in
aquatic plants surviving in surface water polluted by cop-
per mining industry. Ecotoxicol Environ Saf 59:64-69.
https://doi.org/10.1016/j.ecoenv.2003.12.002

Sardans J, Rivas-Ubach A, Peiiuelas J (2012) The elemental
stoichiometry of aquatic and terrestrial ecosystems and
its relationships with organismic lifestyle and ecosys-
tem structure and function: a review and perspectives.
Biogeochemistry ~ 111:1-39.  https://doi.org/10.1007/
$10533-011-9640-9

Singleton VL, Orthofer R, Lamuela-Raventés RM (1999)
Analysis of total phenols and other oxidation substrates
and antioxidants by means of folin-ciocalteu reagent.
Methods in enzymology. Academic Press, Cambridge, pp
152-178

Sinha S, Basant A, Malik A, Singh KP (2009) Iron-induced
oxidative stress in a macrophyte: a chemometric approach.
Ecotoxicol Environ Saf 72:585-595. https://doi.org/10.
1016/j.ecoenv.2008.04.017

Sistla SA, Appling AP, Lewandowska AM et al (2015) Stoichi-
ometric flexibility in response to fertilization along gradi-
ents of environmental and organismal nutrient richness.
Oikos 124:949-959. https://doi.org/10.1111/0ik.02385

Sobczynski T, Joniak T (2009) Differences in composition and
proportion of phosphorus fractions in bottom sediments of
lake Goéreckie (Wielkopolska National Park). Environ Prot
Eng 35:89-95

Song YZ, Wang JQ, Gao YX (2017) Effects of epiphytic algae
on biomass and physiology of Myriophyllum spicatum L.
with the increase of nitrogen and phosphorus availability
in the water body. Environ Sci Pollut Res 24:9548-9555.
https://doi.org/10.1007/s11356-017-8604-6

Sperotto R, Ricachenevsky FK, Stein RJ et al (2010) Iron stress
in plants: dealing with deprivation and overload. Plant
Stress 3:57-69

Sterner RW, Elser JJ (2002) Ecological stoichiometry: The
biology of elements from molecules to the biosphere.
Princeton University Press, Princeton

Su H, Wu Y, Xia W et al (2019) Stoichiometric mechanisms
of regime shifts in freshwater ecosystem. Water Res

@ Springer


https://doi.org/10.1046/j.1365-2435.1998.00172.x
https://doi.org/10.1046/j.1365-2435.1998.00172.x
https://doi.org/10.1046/j.1365-2427.1997.00183.x
https://doi.org/10.1046/j.1365-2427.1997.00183.x
https://doi.org/10.1007/BF00637354
https://doi.org/10.1007/BF00637354
https://doi.org/10.1890/15-1928
https://doi.org/10.1890/15-1928
https://doi.org/10.1007/s11356-014-3739-1
https://doi.org/10.1007/s11356-014-3739-1
https://doi.org/10.1104/pp.004788
https://doi.org/10.1104/pp.004788
https://doi.org/10.1111/j.1600-0706.2009.18545.x
https://doi.org/10.1111/j.1600-0706.2009.18545.x
https://doi.org/10.1016/0043-1354(94)00167-6
https://doi.org/10.1016/0043-1354(94)00167-6
https://doi.org/10.1021/es020793k
https://doi.org/10.1021/es020793k
https://doi.org/10.1111/j.1365-3040.2007.01642.x
https://doi.org/10.1111/j.1469-185X.2000.tb00058.x
https://doi.org/10.1111/j.1469-185X.2000.tb00058.x
https://doi.org/10.3390/plants10061035
https://doi.org/10.1016/j.aquabot.2019.103182
https://doi.org/10.1016/j.aquabot.2019.103182
https://doi.org/10.1016/j.aquabot.2016.12.005
https://doi.org/10.1016/j.aquabot.2016.12.005
https://doi.org/10.1016/j.ecolind.2017.09.009
https://doi.org/10.1016/j.ecoleng.2017.04.044
https://doi.org/10.15244/pjoes/90095
https://doi.org/10.1016/j.chemosphere.2020.126844
https://doi.org/10.1016/j.chemosphere.2020.126844
https://doi.org/10.1016/j.watres.2020.115602
https://doi.org/10.1016/j.ecoenv.2003.12.002
https://doi.org/10.1007/s10533-011-9640-9
https://doi.org/10.1007/s10533-011-9640-9
https://doi.org/10.1016/j.ecoenv.2008.04.017
https://doi.org/10.1016/j.ecoenv.2008.04.017
https://doi.org/10.1111/oik.02385
https://doi.org/10.1007/s11356-017-8604-6

32

Biogeochemistry (2023) 163:17-32

149:302-310.
024

Van Der Welle MEW, Cuppens M, Lamers LPM, Roelofs JGM
(2006) Detoxifying toxicants: interactions between sulfide
and iron toxicity in freshwater wetlands. Environ Toxicol
Chem 25:1592-1597. https://doi.org/10.1897/05-283R.1

Van Donk E, Van de Bund WJ (2002) Impact of submerged
macrophytes including charophytes on phyto- and zoo-
plankton communities: allelopathy versus other mecha-
nisms. Aquat Bot 72:261-274. https://doi.org/10.1016/
S0304-3770(01)00205-4

Velthuis M, Van Deelen E, Van Donk E et al (2017) Impact of
temperature and nutrients on carbon: nutrient tissue stoi-
chiometry of submerged aquatic plants: an experiment and
meta-analysis. Front Plant Sci 8:1-11. https://doi.org/10.
3389/fpls.2017.00655

Von Blottnitz H, Rabl A, Boiadjiev D et al (2006) Damage
costs of nitrogen fertilizer in Europe and their internali-
zation. J Environ Plan Manag 49:413—433. https://doi.org/
10.1080/09640560600601587

Vymazal J (1995) Algae and element cycling in wetlands.
Lewis Publishers Inc., Boca Raton

Walker EL, Connolly EL (2008) Time to pump iron: iron-defi-
ciency-signaling mechanisms of higher plants. Curr Opin
Plant Biol 11:530-535. https://doi.org/10.1016/j.pbi.2008.
06.013

Wang C, Jiang H-L (2016) Chemicals used for in situ immo-
bilization to reduce the internal phosphorus loading from
lake sediments for eutrophication control. Crit Rev Envi-
ron Sci Technol 46:947-997. https://doi.org/10.1080/
10643389.2016.1200330

Waskiewicz A, Beszterda M, Goliriski P (2014) Nonenzymatic
antioxidants in plants. Oxidative damage to plants. Else-
vier, Amsterdam, pp 201-234

Welti N, Striebel M, Ulseth AJ et al (2017) Bridging food
webs, ecosystem metabolism, and biogeochemistry using
ecological stoichiometry theory. Front Microbiol 8:1-14.
https://doi.org/10.3389/fmicb.2017.01298

Woisky RG, Salatino A (1998) Analysis of propolis: some
parameters and procedures for chemical quality control.

https://doi.org/10.1016/j.watres.2018.11.

@ Springer

J Apic Res 37:99-105. https://doi.org/10.1080/00218839.
1998.11100961

Woolway RI, Jennings E, Shatwell T et al (2021) Lake heat-
waves under climate change. Nature 589:402—407. https://
doi.org/10.1038/541586-020-03119-1

Xing W, Wu HP, Hao BB, Liu GH (2013) Stoichiometric
characteristics and responses of submerged macrophytes
to eutrophication in lakes along the middle and lower
reaches of the Yangtze River. Ecol Eng 54:16-21. https://
doi.org/10.1016/j.ecoleng.2013.01.026

Xing W, Wu H, Shi Q et al (2015) Multielement stoichiometry
of submerged macrophytes across Yunnan plateau lakes
(China). Sci Rep 5:1-9. https://doi.org/10.1038/srep10186

Yalpani N, Silverman P, Wilson TM et al (1991) Salicylic acid
is a systemic signal and an inducer of pathogenesis-related
proteins in virus-infected tobacco. Plant Cell 3:809-818.
https://doi.org/10.1105/tpc.3.8.809

Yuan G, Fu H, Li W et al (2017) The C/N metabolic responses
to water depth gradients and seasons in natural macro-
phyte populations. Ecol Eng 104:195-204. https://doi.org/
10.1016/j.ecoleng.2017.04.003

Zamparas M, Zacharias 1 (2014) Restoration of eutrophic
freshwater by managing internal nutrient loads. A review.
Sci Total Environ 496:551-562. https://doi.org/10.1016/j.
scitotenv.2014.07.076

Zhan Q, Stratmann CN, van der Geest HG et al (2021) Effec-
tiveness of phosphorus control under extreme heatwaves:
implications for sediment nutrient releases and green-
house gas emissions. Biogeochemistry 156:421-436.
https://doi.org/10.1007/310533-021-00854-z

Publisher’s Note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional
affiliations.


https://doi.org/10.1016/j.watres.2018.11.024
https://doi.org/10.1016/j.watres.2018.11.024
https://doi.org/10.1897/05-283R.1
https://doi.org/10.1016/S0304-3770(01)00205-4
https://doi.org/10.1016/S0304-3770(01)00205-4
https://doi.org/10.3389/fpls.2017.00655
https://doi.org/10.3389/fpls.2017.00655
https://doi.org/10.1080/09640560600601587
https://doi.org/10.1080/09640560600601587
https://doi.org/10.1016/j.pbi.2008.06.013
https://doi.org/10.1016/j.pbi.2008.06.013
https://doi.org/10.1080/10643389.2016.1200330
https://doi.org/10.1080/10643389.2016.1200330
https://doi.org/10.3389/fmicb.2017.01298
https://doi.org/10.1080/00218839.1998.11100961
https://doi.org/10.1080/00218839.1998.11100961
https://doi.org/10.1038/s41586-020-03119-1
https://doi.org/10.1038/s41586-020-03119-1
https://doi.org/10.1016/j.ecoleng.2013.01.026
https://doi.org/10.1016/j.ecoleng.2013.01.026
https://doi.org/10.1038/srep10186
https://doi.org/10.1105/tpc.3.8.809
https://doi.org/10.1016/j.ecoleng.2017.04.003
https://doi.org/10.1016/j.ecoleng.2017.04.003
https://doi.org/10.1016/j.scitotenv.2014.07.076
https://doi.org/10.1016/j.scitotenv.2014.07.076
https://doi.org/10.1007/s10533-021-00854-z

	Iron overload consequences for submerged plants stoichiometry, homeostasis and performance
	Abstract 
	Introduction
	Materials and methods
	Study species, cultivation and experimental set-up
	Physicochemical analysis of water, sampling and plant functional traits
	Elemental analyses, pigment content and parameters of oxidative stress
	Statistical analysis

	Results
	Physiochemical properties and elemental characteristics of water and substrates
	Growth, biochemical response and stoichiometric adjustment of M. spicatum

	Discussion
	Abiotic parameters of water
	Macrophyte growth and biochemical response
	Stoichiometric adjustment

	Conclusions
	Acknowledgements 
	Anchor 18
	References




