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Abstract
1. The presence of submerged macrophytes is a desired environmental target for 

coastal freshwater ecosystems. Maintaining a rich community of these species 
can be challenging as salinisation by sea- level rise poses an increasing threat to 
ecosystem integrity.

2. We tested the effect of salinisation on the growth and germination of freshwater 
macrophytes experimentally using field sediment. In a 56- day experiment, a macro-
phyte community was exposed to salinity treatments representing seasonal water 
management scenarios (a decreasing salinity from 1,500 to 300 mg NaCl/L, a sta-
ble salinity of 300 mg NaCl/L, an increasing salinity from 300 to 1,500 mg NaCl/L 
and a stable salinity of 1,500 mg NaCl/L), crossed with treatments simulating pe-
riodic turbidity pulses.

3. All species except Elodea nuttallii grew poorly on the saline and eutrophic 
sediment, reflecting the challenges of growth in eutrophic coastal systems. 
Surprisingly, the highest community biomass was achieved in the salinity scenario 
of 1,500 mg NaCl/L.

4. In a second experiment, field- collected sediments were incubated at 300 and 
1,500 mg NaCl/L salinity (representing summer and winter scenarios), and the 
germination capacity of the existing seedbank was quantified.

5. Most germinated seedlings did not reach maturity irrespective of salinity treat-
ment. This indicated that sediment salinity, rather than water column salinity, de-
termined seedling establishment success. Interestingly, the established species 
were characteristic of freshwater habitats, thus indicating maladaptation of the 
seedbank.

6. Our results show that a mismatch between the high salinity level of eutrophic 
sediment and the overlaying freshwater may hamper macrophyte growth. 
Furthermore, target species in coastal eutrophic freshwaters should be evalu-
ated carefully. Elodea nuttalli, which has a wide tolerance range for nutrients and 
salinity, outperformed other macrophyte species in our study. Thus, species with 

 13652427, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/fw

b.14046 by C
ochrane N

etherlands, W
iley O

nline L
ibrary on [27/01/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

www.wileyonlinelibrary.com/journal/fwb
mailto:
https://orcid.org/0000-0001-7295-651X
https://orcid.org/0000-0001-6740-6521
https://orcid.org/0000-0001-9388-6899
https://orcid.org/0000-0001-7509-9541
http://creativecommons.org/licenses/by/4.0/
mailto:mandy.velthuis@ru.nl
http://crossmark.crossref.org/dialog/?doi=10.1111%2Ffwb.14046&domain=pdf&date_stamp=2023-01-18


2  |    VELTHUIS et al.

1  |  INTRODUC TION

Salinisation of freshwaters affects ecosystem integrity and poses 
an increasing threat to the continued provision of freshwater eco-
system services, including drinking water and habitat for wildlife. 
Salinisation can be defined as the increase in solutes in the water, 
with chloride as the dominant anion. Although salinisation may have 
natural causes such as weathering of rocks, increased rates of global 
salinisation can reflect increases in anthropogenic disturbance, such 
as land use management, including agricultural practices, increased 
water abstraction, and run- off from de- icing road salts (Cañedo- 
Argüelles et al., 2019; Dugan et al., 2017; Kaushal et al., 2017). 
Salinisation of coastal waterbodies in mid- latitude regions is often 
related to climate change due to sea- level rise and increased evap-
oration. This type of salinisation may therefore be exacerbated by 
the inlet of brackish or saline water to maintain stable water levels 
in agricultural areas under freshwater shortage. Salinity elevated 
above a critical threshold of 250 mg NaCl/L (Kaushal et al., 2005) 
can negatively impact freshwater ecosystems through a higher inci-
dence of harmful algal blooms (Patiño et al., 2014), an impoverished 
macrophyte community (Smith et al., 2009), and a general loss in 
biodiversity (Brock et al., 2005) due to osmotic stress by increased 
or fluctuating salinity levels. Additionally, organisms in the aquatic 
environment can suffer from physiological stress by increased 
presence of sulfides and ammonia under increased salinity (Britto 
& Kronzucker, 2002; Lamers et al., 2013). Furthermore, salinity in-
duced changes in nutrient availability can alter ecosystem function-
ing (Herbert et al., 2015; van Dijk et al., 2015). Not surprisingly, the 
Millennium Ecosystem Assessment (2005) puts salinisation of inland 
water forward as one of the major pressures on freshwater ecosys-
tem functions and the availability of its services.

Submerged macrophytes provide a large part of the primary pro-
duction in inland waters, and they also play a structuring role for the 

rest of the food web, by offering a habitat and nursery area for fauna 
(Carpenter & Lodge, 1986). Overall, the presence of macrophytes in 
freshwater ecosystems is associated with desired ecological quality 
(Birk et al., 2012; Scheffer, 1998) and they are therefore an ecosys-
tem attribute targeted by water managers. However, maintaining 
a rich community of submerged macrophytes can be challenging, 
especially in coastal freshwaters. These ecosystems are not only 
under intense anthropogenic pressure such as increased nutrient 
input from agricultural systems (Carpenter & Lodge, 1986), but also 
salinity- related stress such as fluctuations in osmotic stress that may 
hamper the germination and development of macrophytes in these 
systems.

Many coastal inland waters face these co- occurring pressures, in-
cluding inland waters on the Dutch delta island Goeree- Overflakkee 
(422 km2, located in the western part of the Netherlands, Figure 1). 
This island is dominated by intensive agriculture, with an extensive 
network of drainage ditches that provide irrigation to adjacent ag-
ricultural fields. These types of drainage ditches play an important 
role in biogeochemical and hydrological cycles (Cooper et al., 2004), 
and are an important habitat for wildlife, thereby conserving aquatic 
biodiversity (Armitage et al., 2003; Teurlincx et al., 2018; van Zuidam 
et al., 2012). To maintain water at sufficiently low salinity levels to 
prevent salt stress to crops, ditches adjacent to agricultural fields are 
flushed with fresh water, resulting in salinity levels in summer being 
considerably lower than in winter (Postma et al., 2017). Coinciding 
with this spring and summer flushing, the turbidity of the ditches 
increases due to resuspension of the bottom sediments. These types 
of turbidity pulses can have profound effects on macrophytes, in the 
most extreme cases shifting systems from a macrophyte- dominated 
clear state to a phytoplankton- dominated turbid state (Blindow 
et al., 1993). While waterbodies on the island have to reach Water 
Framework Directive (WFD) goals for submerged macrophytes (van 
Puijenbroek et al., 2015), these plants are absent in most places 

similar traits may be most successful in establishing macrophyte stands in coastal 
eutropic wetlands.

K E Y W O R D S
coastal freshwater ecosystem, germination, salinity, submerged macrophytes, turbidity pulses

F I G U R E  1  (a) The Netherlands with 
study area, (b) the study area Goeree- 
Overflakkee with sampling locations for 
the experiments

 13652427, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/fw

b.14046 by C
ochrane N

etherlands, W
iley O

nline L
ibrary on [27/01/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



    |  3VELTHUIS et al.

(Postma et al., 2017). Several hypotheses explaining the absence 
of submerged macrophytes in these types of coastal inland waters 
have been postulated, such as grazing and bioturbation by grass 
carp and benthivorous fish (Postma et al., 2017), fluctuations in sa-
linity and increased turbidity due to sediment resuspension (Bayley 
et al., 1978) and an impoverished seed bank in the area (van Zuidam 
et al., 2012). To reach the environmental targets of submerged mac-
rophyte growth as required by the WFD, it is crucial that these hy-
potheses are tested under environmentally relevant conditions.

In this study, we tested the effects of varying salinity and in-
creased turbidity on freshwater macrophyte growth in the absence 
of grazing. We hypothesised that fluctuating salinities would lead to 
poor macrophyte growth, whereas stable low salinity was expected 
to enhance the growth of a macrophyte community. Stable high sa-
linity levels were expected to reduce macrophyte growth relative to 
stable low salinity levels, but not to the same extent as fluctuating 
levels. Furthermore, we expected that plant community growth rate 
would be lower under increased turbidity levels, due to episodes of 
decreased light availability and potential competition with periph-
ytic and planktonic algae. Additive effects of turbidity and salinity 
were anticipated when plants were exposed to both pressures. To 
this end, we carried out a 56- day mesocosm experiment, where we 
exposed a constructed macrophyte community to changing salin-
ity levels and periodic turbidity pulses (simulating sediment resus-
pension events with the inlet of water). As we were interested in 
environmental conditions relevant to water managers, we kept our 
experimental conditions as close as possible to in situ conditions, 
with our sediment originating from drainage ditches on Goeree- 
Overflakkee and the macrophyte community consisting of plants 
common to the area (Kaijser et al., 2019), which vary in salinity tol-
erance, nutrient requirements and growth form. In a second experi-
ment, we explored what role the germination capacity of the existing 
seed and propagule bank plays in the establishment of a macrophyte 
community. Therefore, we incubated sediment from five drainage 
ditches on the island of Goeree- Overflakkee under two salinity 
treatments: stable low and stable high salinity. We expected that the 
overall diversity of the macrophyte community that would emerge 
from the sediments would be low due to an impoverished seedbank. 
In addition, we hypothesised that high salinity would have a negative 
effect on macrophyte germination capacity relative to low salinity.

2  |  MATERIAL & METHODS

2.1  |  Sampling locations

The study area Goeree- Overflakkee is a delta island (422 km2) lo-
cated in the south- western part of the Netherlands. Around 65% 
of the area is allocated to agriculture, making it one of the most 
highly intensive arable lands of Europe. From five drainage ditches 
spread over Goeree- Overflakkee (Figure 1), the upper 20- cm layer 
of the sediment was collected in October 2017 with a fishing net 
(0.55 × 0.7 × 0.6 m, 3- mm mesh). These ditches were selected based 

on their similar morphology (maximum depth of 3 m and width of 
3– 8 m), and their difference in sediment composition and salinity 
regime (Table 1). Note that Table 1 reflects porewater and sediment 
composition variables from field sites sampled in summer, whereas 
the sediment and porewater quality variables for the mesocosm ex-
periment were determined in autumn. While porewater salinity lev-
els in these sites are rather stable over the season, seasonal variation 
in nutrient concentrations is to be expected (Postma et al., 2017). 
Based on the salinity of the sediment porewater and the scale pro-
posed by den Hartog (1964), three of these drainage ditches are con-
sidered oligohaline and two mesohaline. Dry mass and bulk densities 
of the summer field sediment samples (collected in July 2018), as 
well as a sample from the start of the macrophyte community exper-
iment (autumn 2017), were measured by drying 41 mL of fresh sedi-
ment at 70°C until constant mass was obtained. The organic matter 
content was determined by loss- on- ignition for 4 hours at 550°C. 
Sediment porewater samples for chemical analysis were collected 
at a depth of 5 cm in the sediment with a 60- mL vacuumed syringe 
connected to a ceramic cup via a Teflon tube. Ceramic cups were 
installed 2 weeks before sampling and were fixed to a plastic- coated 
metal rod anchored in the underlaying sediment, to prevent distur-
bance of the porewater composition during sampling. To determine 
nitrate (NO3

−; Kamphake et al., 1967), ammonium (NH4
+; Grasshoff 

& Johannsen, 1972), phosphate (PO4
3−; Henriksen, 1965) and chlo-

ride (Cl−) concentrations, 10 mL of each sample was stored at −20°C 
and later analysed colorimetrically with an Autoanalyser 3 system 
(Bran and Luebbe GmbH, Norderstedt, Germany). Total concentra-
tions of phosphorus and sulfur in the sediment porewater were ana-
lysed after dilution by Inductive Coupled Plasma Optical Emission 
Spectrometry (ICP- OES, ARCOS MV, Spectro, Kleve, Germany).

2.2  |  Macrophyte community experiment

The effects of fluctuations in salinity and periodic turbidity pulses on 
a mixed- culture community of freshwater submerged macrophytes 
were tested in a mesocosm experiment in the NIOO- KNAW green-
house facilities (light intensity at minimum 225 μmol m−2 s−1; 16:8- hr 
day: night cycle and a day temperature of 21°C and night tempera-
ture of 16°C). The experimental design consisted of a 4 × 2 factorial 
combination of salinity and turbidity, with four salinity treatments 
and two turbidity treatments. Each factorial combination consisted 
of four replicates. Transparent cylindrical mesocosms of 0.5 m height 
and 0.3 m diameter were filled with 11 L sediment (0.15 m sediment 
depth) and 3.5 L demineralised water (= 0.05 m water depth). For this 
experiment, the sediments of all five drainage ditches were mixed in 
equal volumes to gain representative sediment for the whole study 
area (see Table 1 for chemical properties of the mixed sediment). This 
was carried out as the regional water authorities aim at mitigating 
the fluctuating salt and turbidity levels through region wide policy 
measures such as altered hydrological regimes rather than site- 
specific measures. The macrophyte community consisted of four 
species planted in a mixed- culture, namely Elodea nuttallii (Planch.) 
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4  |    VELTHUIS et al.

H. St. John, Myriophyllum spicatum (L.), Ceratophyllum demersum (L.), 
and Chara virgata (Kütz). Myriophyllum spicatum and C. demersum are 
considered oligohaline species (Kaijser et al., 2019; Oertli, 1964), 
whereas E. nuttallii and C. virgata are considered mesohaline species 
(Blindow, 2000; Oertli, 1964; Thouvenot & Thiébaut, 2018). Chara 
virgata was collected from the Loosdrecht area (52°12′N, 5°02′ E) 
in November 2017 and E. nuttallii was collected from a pond on 
the grounds of NIOO- KNAW (51°59′N, 5°40′ E) on the same day. 
Ceratophyllum demersum and M. spicatum plants were a mix of plants 
grown in ponds on the grounds of the Radboud University (51°49′N, 
5°52′ E) and plants collected at the field locations in October 2017. 
Prior to inoculation, all plants were rinsed, and visible macroinver-
tebrates were removed. To ensure equal starting conditions of each 
macrophyte species, we added 3 g of wet mass of each macrophyte 
species in every mesocosm. This corresponded to 7– 13, 2– 3 and 1– 4 
stems of E. nuttallii, M. spicatum, and C. demersum, respectively, with 
stem length ranging from 7– 15 cm (measured from the tip of the 
stem). Due to the morphology of C. virgata, selection on the length of 
stems was not possible and inoculation of this species was based on 
wet mass. Three extra samples for each species were dried at 60°C 
and weighed to determine wet mass/dry mass ratio. After plant in-
oculation, the mesocosms were filled with demineralised water up to 
0.3 m height (21 L), where it remained for the rest of the experiment.

After an acclimation period of 4 days, the experiment ran for a pe-
riod of 56 days (from 11 December 2017 to 5 February 2018). During 
this experimental period, the macrophyte community was exposed 
to two turbidity treatments (control and periodic turbidity pulses) 
and four salinity treatments, mimicking seasonal changes in envi-
ronmental conditions at Goeree- Overflakkee (Postma et al., 2017). 
For the periodic turbidity pulses, 0.5 L of water from the mesocosm 
was saturated with 20 mL sludge collected from the field sites and 
this mixture was poured back into the mesocosm. Light availability 
in the 16 mesocosms subjected to the turbid treatment was mea-
sured before and after this procedure with a UW Quantum light 
sensor (LI- COR Environmental, Bad Homburg, Germany) at 10 time-
points throughout the experiment. This turbidity treatment led to 
an immediate reduction in light availability of 73 ± 25% (mean ± SD; 
n = 160). Within a 24- hr period, the sludge had sunk to the bot-
tom of the mesocosm and no visual differences between control 
and turbid treatment could be observed (personal observation). The 
salinity treatments in the water column consisted of: (1) a decreas-
ing salinity from 1,500 to 300 mg NaCl/L at decrements of 41 mg L−1 
d−1 (spring scenario); (2) a stable salinity of 300 mg NaCl/L (summer 
scenario); (3) an increasing salinity from 300 to 1,500 mg NaCl/L at 
increments of 21 mg L−1 d−1 (autumn scenario); and (4) a stable sa-
linity of 1,500 mg NaCl/L (winter scenario; Figure S1). These salinity 
treatments were produced by dissolving synthetic sea salt (Tropic 
Marine® Sea Salt classic) into demineralised water to the desired 
concentrations. During the experiment, the salinity in the water of 
the mesocosms was monitored twice a week using a Multimeter 
350i (WTW, Weilheim, Germany) and adjusted when necessary. 
Salinity was adjusted by either adding demineralised water (to re-
duce salinity) or a demineralised saline solution of 1,500 mg NaCl/L TA
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    |  5VELTHUIS et al.

(to increase salinity) until the desired salinity was achieved. The vol-
ume of the saline solution added differed between treatments and 
can be found in Figure S2. Internal Cl− loading was calculated as the 
difference in salinity between measurements, divided by their time 
difference (in days) and the sediment surface area in the mesocosm 
(0.07 m2).

2.2.1  |  Plant community variables

At the end of the experiment, above and below- ground biomass 
of the macrophytes was collected together with any attached fila-
mentous algae. The plants were carefully sorted by species and 
rinsed with tap water to separate the filamentous algae from them. 
Thereafter, both macrophytes and filamentous algae were dried at 
60°C and weighed to determine dry mass. Relative growth rate of 
the macrophyte species (RGR; Fisher, 1921; Hunt, 1982) was calcu-
lated using the formula:

where DWt and DW0 are the dry mass at the end and the beginning 
of the experiment and t the experimental duration (=60 days). DW0 
is determined by multiplying the initial wet mass by the wet mass/dry 
mass ratio of the plants.

2.2.2  |  Environmental variables in the water column

Surface water samples for nutrient analysis were collected at the 
moment of plant inoculation (T−4), the start of the experiment (T0), 
on day 28 and at the end of the experiment (day 56). Samples were 
filtered over prewashed GF/F filters (Whatman, Maidstone, U.K.), 
after which the filtrate was stored at −20°C until further analysis. 
Dissolved phosphorus and nitrogen were analysed colorimetrically 
on a QuAAtro39 Auto- Analyser (SEAL Analytical Ltd., Southampton, 
U.K.) following the method of Murphy and Riley (1962). Dissolved 
inorganic nitrogen was calculated as the sum of NH4

+, NO2
−, and 

NO3
−.

Phytoplankton samples were taken at the end of the experiment. 
Directly after collection, the samples were analysed for chlorophyll- a 
(Chl- a) fluorescence in triplicate on a Phyto- PAM with an Optical 
Unit ED- 101US/MP (Heinz Walz GmbH, Effeltrich, Germany), using 
a 0.2- μm filtered water sample for background correction. Visually, 
one clear outlier was detected in the dataset and removed from fur-
ther analysis (non- turbid conditions under winter salinity scenario).

Periphyton was allowed to grow on four transparent polypropyl-
ene strips with textured surface (8 × 2.5 cm) that were positioned in 
the middle of the mesocosms just below the water surface through-
out the experimental period. Two randomly assigned strips were 
taken out at the end of the experiment, fixed with formaldehyde/
glutaraldehyde mix (1% v/v final concentration) to retain the Chl- a 

fluorescence signal whilst preventing decomposition, and stored at 
4°C for a period of 52 days. Upon analysis, the contents of the pre-
served strips were scraped off with a razorblade and analysed for 
Chl- a fluorescence in duplicate following the same procedure as de-
scribed for the phytoplankton samples.

2.2.3  |  Environmental variables in the 
sediment porewater

Sediment porewater samples for chemical analysis were collected 
at a depth of 5 cm in the sediment with a 60- mL vacuumed syringe 
connected to a porewater sampler (Rhizon SMS 5 cm; Eijkelkamp, 
Giesbeek, The Netherlands) placed diagonally in the sediment of 
each mesocosm. Concentrations of NO3

−, NH4
+, PO4

3− (dissolved in-
organic phosphorus [DIP]), and Cl− concentrations were determined 
in the same manner as for the field samples (as described in the sec-
tion sampling locations). Dissolved inorganic nitrogen (DIN) was de-
fined as the sum of NO3

− and NH4
+. Additional sediment porewater 

samples were collected for H2S analyses by connecting vacuumed 
12 mL glass exetainers (Labco exetainer®, High Wycimbe, U.K.) with 
0.5 mL of 1 M HCl to the same ceramic cups. Hydrogen sulfide (H2S) 
concentrations were measured in the headspace (after removing the 
vacuum with N2 gas) of the exetainers using a 7890B gas chromato-
graph (Agilent Technologies, Santa Clara, CA, U.S.A.) and recalcu-
lated for the water volume using Henry's constant.

2.3  |  Germination experiment

To determine the effect of salinisation on germination, we exposed 
sediments collected at 5 drainage ditches on Goeree- Overflakkee 
(Table 1) to stable low and high salinity treatments (300 and 
1,500 mg NaCl/L, respectively). The existing seedbank in the field 
sediments was not known due to limited macrophyte presence 
in the field situation (Postma et al., 2017). Most plant germina-
tion naturally occurs in the spring (after a cold, winter period) and 
both cold and warm stratification may enhance germination of 
plant propagules present in the seedbank (Tuckett et al., 2010). 
Therefore, potential seed germination was optimised by divid-
ing the sediment in three parts, which were incubated at −20, 4, 
and 20°C, respectively, in the dark for 2 weeks. Average winter 
water temperatures in the Netherlands are reflected by 4°C water 
temperatures near the sediments (Mooij et al., 2008). The −20°C 
stratification reflects an extreme cold- shock to enhance hormone 
production in seeds to enhance germination, while the 20°C treat-
ment mimics the absence of stratification as some (exotic) species 
may be negatively affected in terms of germination by colder win-
ter temperatures. After this period of stratification, the sediment 
of each ditch was combined, mixed, and transferred into a total of 
24 propagators (0.34 × 0.21 × 0.05 m, 1 L sediment per propaga-
tor). Twelve of these containers were supplied with 1 cm demin-
eralised water, while the other 12 received 1 cm of demineralised 

RGR =

LN
(

DWt

)

− LN
(

DW0

)

t
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6  |    VELTHUIS et al.

water with a chloride concentration of 1,500 mg NaCl/L. These 
salinity treatments were set up in duplicate (n = 2) for each field 
site except for ditch G036. This ditch which was replicated four 
times per treatment (n = 4), as sediment was collected from two 
sublocations (G036 and G037) and mixed prior to the germination 
experiment. The sediment was incubated in the same greenhouse 
facility as the mesocosm experiment, therefore experiencing the 
same light and temperature regime. During the experiment, the 
salinity of the overlaying water was monitored and adjusted to 
maintain experimental conditions. Realised salinity concentrations 
during the experimental period are shown in Figure S3. From each 
experimental unit, the number of emerging seedlings was counted 
twice a week. These seedlings were followed throughout the ger-
mination experiment by carefully placing a label in the sediment 
next to it (to not disturb possible root formation). When the seed-
lings grew to a respectable size, they were identified to species 
level using identification literature (Pot et al., 2003; van de Weyer 
& Schmidt, 2007). The experiment ran for a period of 2 months 
and was terminated after all seedlings were either identified or 
no longer observed in the propagators (i.e. they died). Please note 
that the seedlings identified in this experimental set- up could have 
grown from either seeds, propagules or shoot fragments in the 
sediment. For ease of reading, however, we refer to them as seed-
lings throughout the manuscript.

2.4  |  Data analysis

Treatment effects of the salinity and turbidity conditions on mac-
rophyte biomass, phytoplankton, periphyton and filamentous algae 
biomass were determined with generalised linear models, using a 
gamma distribution. For the RGR of the individual macrophyte spe-
cies, a gaussian distribution was used. When a significant treatment 
effect was observed (p < 0.05), this was further analysed with Tukey 
HSD post hoc tests to allow for detection of specific differences. 
Treatment effects on dissolved phosphorus and nitrogen in the sur-
face water and the porewater were analysed with linear mixed ef-
fect models. To account for repeated measurements over the course 
of the experiment, time nested within mesocosm was included as 
a random factor in the model. Model residuals were checked for 
normality and variables were square root or log transformed when 
necessary to improve normality. Values of p for the effects of salinity 
and turbidity treatments, time, and their interactions were obtained 
by comparison of the models that included those fixed factors. To 
test for any indirect competition effects of salinity (covariates) on 
the growth of macrophyte species, a backward stepwise selection 
based on Akaike information criterion values was carried out on a 
linear model for each macrophyte species (including the biomass of 
filamentous algae, phytoplankton, and periphyton, as well as salinity 
and turbidity treatments and their interaction).

The effects of salinity treatment and sampling location on the 
total number of germinated plants and germination success (i.e. the 
percentage of seedlings that grew to such an extent that we were 

able to identify them on species level) were analysed using gener-
alised linear models with a Poisson distribution. All statistics were 
carried out in R (R Core Team, 2015), using the packages multcomp, 
ggplot2, nlme, and dplyr (Hothorn et al., 2008; Pinheiro et al., 2015; 
Wickham, 2010; Wickham et al., 2018).

3  |  RESULTS

3.1  |  Macrophyte community experiment

3.1.1  |  Macrophyte responses

Both exposure to the seasonal salinity treatments as well as the pres-
ence of periodic turbidity pulses had a significant effect on above- 
ground biomass of the macrophyte community (Figure 2a, Table 2). 
The effect of the different salinity treatments, however, depended 
on whether the mesocosms experienced turbidity pulses. In the de-
creasing and high salinity scenario (from 1,500 to 300 mg NaCl/L 
and 1,500 mg NaCl/L, respectively), the above- ground biomass was 

F I G U R E  2  Harvested above- ground (a) and below- ground 
biomass (b) of the macrophyte community in different salinity 
treatments. Salinity treatments include a decreasing salinity from 
1,500 to 300 mg/L (spring), a stable low 300 mg/L (summer), an 
increasing salinity from 300 to 1,500 mg/L (autumn) and a stable 
high 1,500 mg NaCl/L (winter). Turbidity treatments include control 
(◌) and turbidity pulses (●). Values represent mean ± SD (n = 4)

(a)

0

1

2

3

A
bo

ve
gr

ou
nd

 b
io

m
as

s
(g

 D
W

)

(b)

0.1

0.2

0.3

1500 to 300 300 300 to 1500 1500

Salinity treatment (mg NaCl/L)

B
el

ow
gr

ou
nd

 b
io

m
as

s
(g

 D
W

)

 13652427, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/fw

b.14046 by C
ochrane N

etherlands, W
iley O

nline L
ibrary on [27/01/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



    |  7VELTHUIS et al.

higher in the presence of turbidity pulses versus the non- turbid me-
socosms (Table S1). This pattern was reversed in the increasing sa-
linity treatment (from 300 to 1,500 mg NaCl/L). In the mesocosms 
that received periodic turbidity pulses, above- ground biomass was 
significantly higher in the high salinity treatment, whereas this ef-
fect was less pronounced in the non- turbid mesocosms. Under non- 
turbid conditions, plant above- ground biomass was significantly 
higher in high and increasing salinity treatments compared to de-
creasing and low (300 mg NaCl/L) salinity. Below- ground biomass of 
the macrophyte community reflected this pattern to some extent 
(Figure 2b), although high within group variability did not lead to a 
significant turbidity treatment effect, but only to a significant salin-
ity treatment effect (Figure 2b, Table 2). Tukey HSD post hoc tests, 
however, revealed no significant differences between the individual 
salinity scenarios (Table S2).

Of all macrophyte species, E. nuttallii was the only species that 
was able to attain a positive net growth rate in all salinity and tur-
bidity treatments (Figure 3). Chara virgata did not achieve positive 
net growth in any treatment, whereas M. spicatum (in both turbidity 
treatments) and C. demersum (in the presence of turbidity pulses) 
only exhibited positive growth rates in the high salinity treatment. 
The growth rates of all macrophyte species were affected by salin-
ity treatment and this effect depended on whether the macrophyte 
species were exposed to turbidity pulses or not. Elodea nuttallii 
growth rates in the presence of turbidity pulses were significantly 
higher in the high salinity compared to any other salinity treatment 
(Table S2). In the mesocosms without turbidity pulses, the effects 
of salinity were less pronounced, and growth rates remained sig-
nificantly higher in the high salinity compared to the low salinity 
treatment.

Myriophyllum spicatum showed similar growth responses to salin-
ity as E. nuttallii (Figure 3). Its growth was also significantly higher in 
the high salinity treatment in the presence of turbidity pulses and in 

high compared to low salinity treatment in the mesocosms without 
turbidity pulses (Table S2). Additionally, growth of M. spicatum in the 
presence of turbidity pulses was significantly higher in the decreas-
ing salinity treatment compared to the low and increasing salinity 
treatments.

The growth of C. virgata remained negative throughout the ex-
perimental period, regardless of salinity or turbidity treatment. In 
the mesocosms without turbidity pulses, no salinity effects were ob-
served on the growth rate of C. virgata (Table S2). This differed from 
the salinity treatments that were exposed to turbidity pulses, where 
C. virgata growth rates were significantly less negative in the high 
salinity treatment than in the low and increasing salinity treatments. 
Additionally, its growth rate was significantly higher in the decreas-
ing salinity treatment than in the high salinity treatment.

The growth responses of C. demersum to salinity were less pro-
nounced compared to the other species (Figure 3). Nonetheless, in 
mesocosms not exposed to turbidity pulses, C. demersum displayed 
significantly larger negative growth rates in the decreasing salinity 
treatment compared to all other salinity treatments (Table S2). This 
salinity effect changed in the presence of turbidity pulses, where 
the plants grew significantly better in the high salinity treatment 
compared to the low salinity treatment. Additionally, growth rates in 
the decreasing and increasing salinity treatments were significantly 
higher than those in the low salinity treatment.

3.1.2  |  Environmental conditions

Throughout the experimental period, DIP and DIN concentrations 
were monitored in the surface and porewater. Porewater DIP con-
centrations were 478 ± 232 μmol/L (mean ± SD) and no effect of sa-
linity, nor turbidity treatment was observed (Figure S4, Table S3). 
Porewater DIN on average was 840 ± 310 μmol/L and its dynamics 

Factor Unit Turbidity Salinity Interaction

Community variables

Above- ground plant biomass g DW 0.62** 3.80*** 1.05***

Below- ground plant biomass g DW 0.08 1.77*** 0.20

Elodea nuttallii RGR day−1 0.0002** 0.0008*** 0.0003**

Myriophyllum spicatum RGR day−1 0.0000 0.002*** 0.0004*

Chara virgata RGR day−1 0.0004* 0.002*** 0.0008*

Ceratophyllum demersum RGR day−1 0.001*** 0.001** 0.002***

Other primary producers

Filamentous algae biomass g DW 1.19* 4.42*** 0.92

Phytoplankton Chl- a μg/L 0.18 2.95** 1.07

Periphyton Chl- a μg/cm2 5.29*** 3.01 3.05

Abiotic factors

Internal Cl− loading g m−2 day−1 0.05*** 0.31*** 0.03

Note: Deviance residuals (a measure of goodness of fit of the GLM model) and significant 
differences are indicated in bold, with: *p < 0.05, **p < 0.01, ***p < 0.001.
Abbreviations: Chl- a, chlorophyll- a; DW, dry weight; RGR, relative growth rate.

TA B L E  2  Statistical results for 
generalised linear models, describing the 
effects of salinity treatment, turbidity 
treatment and their interaction on the 
macrophyte biomass, species specific 
growth rates and environmental variables 
at the harvest of the experiment
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8  |    VELTHUIS et al.

was significantly affected by salinity treatment. In high salinity treat-
ments, DIN concentrations were higher compared to other salinity 
treatments. Porewater H2S concentrations (7.8 ± 6.5 μmol/L) were 
not affected by salinity, nor turbidity treatments. Surface water 
DIN and DIP (5.8 ± 8.4 and 5.4 ± 3.4 μmol/L, respectively) were not 
directly affected by salinity treatment, but an interaction between 
salinity treatment and time was observed (Table S3). Additionally, 
surface water DIP was significantly higher in the presence of turbid-
ity pulses compared to its control (Figure S4). Interestingly, the ef-
fect of the turbidity treatment did not have a long- lasting effect on 
light availability, as light availability was not affected by the presence 
of turbidity pulses (Figure S4). Additionally, no direct effect of salin-
ity treatments was observed on light availability in the water col-
umn. Light availability was, however, significantly affected by time, 
and this effect interacted with turbidity treatment and the combined 
salinity and turbidity treatments (Table S3).

Additionally, we determined whether internal Cl− loading from 
the sediment to the water column differed between treatments 
(Figure 4). Internal Cl− loading was significantly higher in the pres-
ence of turbidity pulses compared to its control (Table 2). Internal 
Cl− loading followed a logical diffusion gradient in response to 

salinity treatments, with loading being highest when the difference 
between salinity levels in the sediment and the overlaying water col-
umn was largest. Specifically, loading was significantly higher in the 
low salinity treatment compared to any of the other salinity treat-
ments (Table S2).

F I G U R E  4  Internal chloride loading during the experiment in 
different salinity treatments. Salinity treatments are as described 
in Figure 2, turbidity treatments include control (◌) and turbidity 
pulses (●). Values represent mean ± SD (n = 4)
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F I G U R E  3  Relative (above- ground) growth rates (RGR) of the individual macrophyte species in the community in different seasonal 
salinity treatments, with Elodea nuttallii (a), Myriophyllum spicatum (b), Chara virgata (c), and Ceratophyllum demersum (d). Salinity treatments 
are as described in Figure 2, turbidity treatments include control (◌) and turbidity pulses (●). Values represent mean ± SD (n = 4)
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    |  9VELTHUIS et al.

3.1.3  |  Competing primary producers and 
covariate analysis

Phytoplankton and periphyton biomass values was low during 
the experiment (6.9 ± 4.1 μg/L and 115.8 ± 114.4 μg cm−2 Chl- a 
(mean ± SD), respectively). Phytoplankton biomass seemed to be af-
fected by the salinity treatment (Table 2). However, no significant 
differences were detected between the salinity treatments in the 
post hoc comparisons (Table S2). No effect of salinity treatment 
was detected on periphyton biomass. These primary producers 
did however respond to the turbidity treatment, as higher periphy-
ton biomass was observed under the presence of turbidity pulses 
(Figure 5, Table 2). The biomass of filamentous algae was on average 
2.2 ± 1.2 g DW (mean ± SD) and was affected by the salinity treat-
ment. Its biomass was twice as high in the low compared to the high 
salinity treatment (Table S2). In the presence of turbidity pulses, the 

biomass of filamentous algae was significantly higher compared to 
its control (Figure 5, Table 2).

When indirect competition effects of salinity on the macrophyte 
growth were included as covariate in our generalised linear mod-
els, salinity treatment effects persisted for all macrophyte species, 
regardless of which competing primary producers were included 
(Table S4). The biomass of filamentous algae was selected as a sig-
nificant covariate for the growth of E. nuttallii, M. spicatum, and C. 
virgata. Interestingly, no covariates were retained in the model for 
C. demersum growth.

3.2  |  Germination experiment

The sediments used in the germination experiments were eu-
trophic, as indicated by the high porewater phosphorus, and 
varied in salinity from 850 to 6,350 mg NaCl/L (Table 1). Mean 
water column salinity throughout the experimental period was 
977 ± 903 and 1947 ± 873 mg NaCl/L (mean ± SD) in the 300 and 
1,500 mg NaCl/L treatments, respectively (Figure S3). Seedlings 
germinated from all sediments during the experimental period 
(Figure 6). However, most seedlings were not able to mature dur-
ing the experimental period and died before identification of the 
seedlings to species was possible (unidentifiable). The plant com-
munity that did emerge, consisted of emergent (Alisma plantago- 
aquatica, Bolboschoenus maritimus, and Sparganium emersum), 
floating (Lemna sp.), and submerged macrophytes (Potamogeton 
trichoides and C. demersum). The number of seedlings was sig-
nificantly different between salinity treatments (F1,22 = 4.46, 
p < 0.05), between ditches where the sediment was collected 
(F4,18 = 66.02, p < 0.001) and these effects interacted with each 
other (F4,14 = 54.53, p < 0.001).

4  |  DISCUSSION

The development of macrophytes under varying seasonal salinisation 
scenarios in our experiments reflected the difficulties macrophytes 
face in highly eutrophic coastal freshwater systems. The prolifera-
tion of filamentous algal beds in our mesocosms regardless of salini-
sation treatment indicates that eutrophication played a major role in 
the growth of the macrophyte community. The dominance of pri-
mary producers other than macrophytes is typical for eutrophic sys-
tems (Biggs, 2000; Gulati & Van Donk, 2002; Scheffer, 1998). Low 
light conditions imposed by abundant floating beds of filamentous 
algae or dense phytoplankton blooms can provide a barrier for mac-
rophyte growth, ultimately resulting in tipping aquatic systems from 
macrophyte dominated systems to algae dominated systems (Sand- 
Jensen & Madsen, 1991). The availability of soluble phosphorus and 
nitrogen throughout our experiments (range of 5– 7 μmol/L for both 
DIN and DIP) is on the high end for the macrophyte species present 
(Bloemendaal & Roelofs, 1988) and indicates that nutrient limitation 

F I G U R E  5  Biomass of filamentous algae (a), phytoplankton 
(b), and periphyton (c) at the end of the experimental period in 
different salinity treatments. Salinity treatments are as described 
in Figure 2, turbidity treatments include control (◌) and turbidity 
pulses (●). Values represent mean ± SD (n = 4)
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10  |    VELTHUIS et al.

was not a likely factor in governing macrophyte growth. It should 
be noted that other factors may accompany seasonal fluctuations 
in salinity such as seasonal temperature changes, light intensity, and 
day: night cycles. These factors were kept stable in our experimen-
tal set- up, while they may co- vary in in situ studies. Therefore, our 
experimental results reflect the potential effects of salinity changes 
on these field locations only. Nonetheless, the results of our experi-
ments showed that increasing salinity may alter the complex interac-
tion between aquatic primary producers.

4.1  |  Freshwater macrophyte community 
performed better under high salinity conditions

Most of the macrophytes in the community experiment grew 
poorly in the mesocosms regardless of the salinity treatment. While 
a direct control treatment for sediment salinity was not part of our 
experimental set- up, the limited plant growth may have well been 
an effect of direct or indirect physiological stress caused by the el-
evated salt concentration in the sediment itself. Brackish sediments 
in a similar range as our experimental set- up (c. 1,000 mg NaCl/L) 
can reduce macrophyte growth (Macek & Rejmánková, 2007). This 
was also observed in our experiment for C. virgata, which exhib-
ited negative growth rates throughout the experimental period, 
while being characterised as a salinity- tolerant (mesohaline) species 
(Blindow, 2000). Possibly, the combination of saline and eutrophic 
experimental conditions may have hampered their growth, as cha-
rophytes can be quite sensitive to eutrophic conditions (Blindow 
et al., 2002). Elodea species, by contrast, have a wide tolerance range 
for nutrients and salinity (Martemyanov & Tikhonenkov, 2022; 
Thouvenot et al., 2015; Thouvenot & Thiébaut, 2018). Indeed, E. 
nuttallii was able to maintain positive growth rates throughout 
the experimental period. This species is considered invasive in 
large parts of Eurasia (Cook & Urmi- König, 1985) and is a known 
dominant macrophyte in agricultural ditches in the Netherlands 
(Teurlincx et al., 2018). Our results show that under these eutrophic 
and saline conditions, E. nuttallii was able to outperform the other 
macrophyte species.

The saline sediment conditions in the community experiment 
may have also indirectly caused the observed low macrophyte 
growth. High levels of H2S associated with saline sediments have 
been shown to hamper macrophyte growth (Koch et al., 1990) due to 
an inhibition of N- uptake by macrophyte roots. However, similar H2S 
levels as observed in our growth experiment did not lead to reduced 
growth of M. spicatum and E. nuttallii in other laboratory experiments 
(Parveen et al., 2017), making this indirect salinity induced stress 
factor not a likely primary cause for the poor growth rates. Also, the 
combination of high sediment ammonium levels (555– 2,590 μmol/L) 
and high temperatures (20°C) as observed in our experiments could 
have led to the formation of ammonia and associated ammonia tox-
icity for macrophytes (Best, 1980; Körner et al., 2001). Whereas 
these conditions can negatively impact the growth of M. spicatum 
(Zhu et al., 2014), E. nuttallii, and C. demersum have shown to be able 
to withstand these levels (Best, 1980; Dendène et al., 1993; Zaman 
& Asaeda, 2013).

Nutrients in both the sediment porewater and the water column 
were not depleted at the end of the experiment, making direct ni-
trogen or phosphorous limitation in the sediment an unlikely cause 
of poor growth. Fluctuating salinity can influence mobilisation of ni-
trogen and phosphorus from the aquatic sediment to the water col-
umn (Herbert et al., 2015) and increased salinity levels in the present 
study might also have led to additional ammonium mobilisation from 
the sediment (van Dijk et al., 2015; Weston et al., 2006). Moreover, 
eutrophic S- rich sediments in general (as the sediment used in the 
present study) are characterised by a low iron availability (due to 
Fe- S complexes), which can lead to high P- mobilisation, especially 
under anaerobic conditions (Smolders et al., 2006). In addition, E. 
nuttallii and M. spicatum can maintain higher growth rates at even 
lower porewater nutrient availabilities than observed in our exper-
iments (Velthuis et al., 2017; Velthuis et al., 2018), supporting the 
hypothesis that plant growth was not limited by nutrient availabil-
ity. Salinity may, however, negatively impact physiological nutrient 
uptake potential due to osmotic stress, leading indirectly to nutri-
ent limitation and thereby reduced growth (Munns & Tester, 2008). 
Similar to nutrient conditions, light limitation is expected to be a 
minor factor in the mesocosm experiment. Our turbidity- pulses 

F I G U R E  6  Number and species 
identity of macrophytes germinated, 
plotted against salinity treatment (a) and 
sampling location (b). Values represent 
means
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treatment led to an immediate reduction in light availability by 70%, 
but this did not translate to permanent light reduction under turbid 
conditions. Additionally, the periodic turbidity pulses led to overall 
higher water column DIP values, as well as an enhanced biomass of 
filamentous algae and elevated growth rates of the macrophyte spe-
cies C. demersum and E. nuttallii. With the periodic turbidity pulses, 
extra nutrients were introduced to the mesocosms, which could 
have stimulated the growth of primary producers. Additionally, the 
loose sediment texture might also have affected the success of mac-
rophytes in our experiment. Field sediments were deliberately col-
lected with a mesh net due to their fluffy texture (as indicated by the 
low bulk density values), which deviates from standard techniques 
such as an Eckman grab sampler. In future studies, collecting mul-
tiple sediment layers using various methods and in- depth sediment 
composition analyses such as determination of grain size distribution 
(Barko & Smart, 1986; Li et al., 2012) and cation- exchange capacity 
(Toth & Ott, 1970) would provide useful context to the experimental 
settings.

Even though the saline and eutrophic conditions in the sediment 
were generally unfavourable for macrophytes, salinity treatment 
of the water column affected the growth of these plants as well. 
Surprisingly, the relative growth rate of C. demersum and C. virgata 
(in the presence of turbidity pulses) and M. spicatum and E. nuttallii 
(regardless of turbidity treatment) was highest in the high salinity 
treatment (winter situation, 1,500 mg NaCl/L), and lowest in the low 
salinity treatment (summer situation, 300 mg NaCl/L). While the 
mesohaline species E. nuttallii can withstand salinities of more than 
3 g/L (Thouvenot & Thiébaut, 2018), the macrophytes for the exper-
iment were collected in autumn and E. nuttallii has been shown to 
be more susceptible to salinity stress in autumn compared to spring 
conditions (Thouvenot & Thiébaut, 2018). Furthermore, the oligo-
haline species M. spicatum and C. demersum have an expected salin-
ity optimum of around 530 and 640 mg NaCl/L in field conditions, 
respectively (Kaijser et al., 2019). Therefore, a stimulating effect of 
1,500 mg NaCl/L was not anticipated. Rather, a negative effect of 
salinity on macrophyte growth rate was expected, either because of 
the seasonal phenology of the plants, through direct effects of salin-
ity (osmotic stress) or indirect effects, such as increased sulfur levels 
and high ammonia levels (Lamers et al., 1998; Rees et al., 2010).

Salinity may affect macrophyte growth through altered compe-
tition with other primary producers. Surprisingly few studies have 
addressed the sensitivity of other groups of freshwater primary 
producers to salinity stress (Hart et al., 1991; James et al., 2003) 
and they remain inconclusive. In our experiment, no effect of sa-
linity treatment on phytoplankton or periphyton biomass could be 
observed. However, the biomass of filamentous algae was signifi-
cantly lower in the high salinity treatment. Filamentous algae are 
commonly observed in ditch ecosystems in spring, and their species 
composition and biomass can vary depending on nutrient condi-
tions (Simons, 1994). Possibly, reduced biomass of filamentous algae 
could relieve submerged macrophytes from competition for light. 
Covariate analysis indicated that the salinity effects on macrophyte 
growth persisted when competition with other primary producers 

was considered, while the primary producers also affected macro-
phyte growth. This indicates that the experimental results are most 
probably the effect of both direct and indirect salinity effects on the 
macrophyte community. A potential explanation to the low macro-
phyte growth rates at low salinity conditions, as experienced in early 
spring or during the summer situation, could be a mismatch between 
water column salinity and the saline sediment (ranging from 850 
to 6,350 mg NaCl/L). This mismatch is relevant for species that use 
chemical signals perceived in the water column in the above ground 
biomass to steer physiological processes in their root systems and 
may explain our observed results. For instance, the amino acid pro-
line is involved in such signalling pathways (Hayat et al., 2012). Proline 
is an osmolyte and a scavenger for reactive oxygen species that al-
lows plants to maintain osmotic balance (Szabados & Savouré, 2010). 
The production of proline seems to only take place in above- ground 
biomass, as Wang et al. (2019) only found an increase in proline lev-
els in leaves of Myriophyllum aquaticum and not in its roots when 
exposed to stressful conditions. While no measurements on proline 
contents in roots and shoots were carried out in our experiment, the 
two species in our experiment with well- developed below- ground 
biomass (M. spicatum and E. nuttallii) indeed showed their highest 
growth rates when the saline conditions in the overlaying water col-
umn matched the saline conditions in the sediment (i.e. winter sit-
uation, stable 1,500 mg NaCl/L). This effect was more pronounced 
in the presence of periodic turbidity pulses. With the introduction 
of the sludge in the turbidity treatment, not only extra nutrients 
but also extra salt was introduced, reducing the mismatch between 
overlaying water column and sediment even further.

4.2  |  Water column salinity reduced macrophyte 
establishment success

A combination of floating, emergent, and submerged macrophyte 
species was able to emerge from the sediments used in our study. 
Submerged macrophyte presence in these sites is known to be low 
under field conditions, with maximum coverage of 2%– 3% in sites 
G093 and G050 observed in 2015 (Postma et al., 2017). This was 
reflected in our germination experiment, as few submerged macro-
phyte species established themselves. The species composition was 
dominated by emergent and floating species, typical for freshwater 
drainage ditches, with only Bolboschoenus maritimus and Sparganium 
emersum shown to be capable of growing in weakly brackish habi-
tats (Krüger & Kirst, 1991). Thus, the existing seedbank seems to 
be maladapted to present and future more saline conditions, pre-
dominantly consisting of non- halophytes. Interestingly, our germi-
nation experiment showed that a majority of the plants died before 
maturation (i.e. low establishment success), indicating that the con-
ditions in sediment and water column were adverse despite ample 
light and nutrient availability. Germination has been shown to be a 
vulnerable phase in the life cycle of aquatic plants (Van den Berg 
et al., 2001), with germination success ranging from c. 1– 79% (Titus 
& Hoover, 1991; Xiao et al., 2010). In our experiment, we observed 
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lower germination success in the elevated salinity (1947 mg NaCl/L) 
treatment, which suggests that salt stress might add an additional 
detrimental factor to germination and establishment of freshwa-
ter macrophytes. In support of this, (Ning et al., 2011) showed that 
saline, sulfidic sediments (established as a response to secondary 
salinisation) exhibited lower germination rates than non- sulfidic 
sediments. A control sediment salinity treatment was not included 
in our experimental set- up, hampering a direct comparison between 
our findings and published literature. Nonetheless, our results sug-
gest a similar response to salinity stress, as both indicate that saline 
conditions can determine establishment success of freshwater spe-
cies in eutrophic, sulfidic sediments.

5  |  CONCLUSION

In our study, we showed that saline conditions hamper both fresh-
water macrophyte establishment and growth. Germination in these 
saline conditions can be a challenge, with lower establishment suc-
cess in sediments with high salt concentrations. A mismatch be-
tween such saline conditions of the sediment and an overlaying less 
saline water column may present a problem for rooted macrophytes 
such as M. spicatum, where signalling pathways which involve the 
osmolyte proline may be hampered due to above- ground biomass 
receiving ill- informed cues for osmotic regulation. In addition, we 
show that elevated salt concentrations in the overlaying water can 
cause significant changes in freshwater vegetation under eutrophic 
conditions, through affecting competition between submerged 
macrophytes and other primary producers. Under ample nutri-
ent conditions, high salinity levels can reduce competition for light 
with filamentous algae, potentially leading to a higher macrophyte 
growth. Our experiments furthermore indicated that the responses 
to the direct and indirect effects of salinisation are species- specific, 
with species such as E. nuttallii being better adapted to these condi-
tions. Water management may benefit from our results in three ways. 
Firstly, while management may not favour E. nuttallii due to its inva-
sive nature, its presence may nonetheless be more desirable than a 
phytoplankton dominated coastal system (Brandenburg et al., 2017) 
as vegetation offers structure and habitat for higher trophic levels 
relevant in environmental legislation (van Kats et al., 2022). Secondly, 
water quantity management aimed at minimising the mismatch in sa-
linity between sediments and water column during the most vulner-
able parts of the macrophyte growing season can be beneficial for 
macrophyte establishment. Thirdly, management should take a more 
integrative approach to the water quality issues hampering vegeta-
tion development rather than focusing on salinity alone. Reducing 
the high sediment nutrient level, removing grazing and bioturbation 
pressure by large fish should be considered as possible remediating 
factors for macrophyte establishment.
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