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We selected five of the most common pigments as biomarkers of the main
phytoplankton taxa: siliceous algae (fucoxanthin), chlorophytes (Chl b), cryptophytes
(alloxanthin), total cyanobacteria (echinenone) and all phytoplankton (Chl a; an
estimate of total phytoplankton; algae + cyanobacteria). Given the history of
Prymnesium parvum blooms at this site, we specifically searched chromatograms for
the diagnostic pigment 19’-butanoyloxyfucoxanthin, which should have been a marker
for P. parvum blooms. This pigment was not detected and so, we infer that siliceous
algae (i.e. diatoms + synurophytes) and not haptophytes were the primary algae
producing fucoxanthin here. We assigned Chl b as a biomarker of chlorophytes
because, although it may be produced by euglenophytes, they are rare in Hickling
Broad (Bales et al. 1993). We also designated echinenone as a biomarker of
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Abstract

The effects of salinity (600, 1000, 1600 and 2500 mg CI L) and nitrate (loading rates of
1,2, 5and 10 mg N L1) additions on phytoplankton communities (as chlorophyll and
carotenoid pigments) were determined using a fully factorial 3 m® mesocosm pond
experiment. Redundancy analysis followed by variance partitioning analysis (VPA)
statistically compared phytoplankton with water chemistry, zooplankton, phytobenthos
(aquatic plants and periphyton) and zoobenthos to understand relationships among
benthic and pelagic components. Repeated measures analysis of variance (RM-ANOVA)
indicated no interactive effects of the two treatments. VPA indicated that
physicochemical variables explained the greatest amount of variance (33.6%) in the
phytoplankton pigment dataset, relative to benthic primary producers (0.4%) and
invertebrates (2.3%). Salinization led to an increase in biomass of planktonic siliceous
algae (> 1600 mg CI L) and chlorophytes and cyanobacteria (> 2500 mg CI L), which
we infer was caused by increased phosphorus release from sediments whilst aquatic
plants and periphyton declined. Nitrate additions modified phytoplankton in a non-linear
manner, leading to an elevated biomass of cryptophytes and chlorophytes at intermediate
loading rates of 5 mg N L (associated with greater NH4-N availability and shifts in
aquatic plant composition). These findings support the hypothesis that the relative
availability of reduced versus oxidised nitrogen forms is an important driver of
phytoplankton composition. Together, these results suggest that pelagic biota are highly
sensitive to salinity and nitrate increases and that the phytoplankton compositional shifts
are driven by indirect effects on water chemistry (bioavailable P mobilization, changes in

nitrogen forms), which are mediated by benthic processes.
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Introduction

Lowland lakes close to coastal areas are highly vulnerable to multiple environmental
stressors (Moss et al. 1996). Located towards the terminus of watersheds, such water
bodies are typically shallow with high pollutant loads, including nitrogen, delivered via
lotic, atmospheric and groundwater pathways (Jansson et al. 1994; Galloway et al. 2008).
Coastal areas are also under threat from rising sea levels, which may lead to saline
incursions into freshwaters and aquifers (Schallenberg et al. 2003) due to overland
flooding, subsurface intrusion, or increased aerial transport during storms (Lantz et al.
2015). In particular, agricultural practices can influence the prevalence of both stressors,
with nitrogenous fertilizers being applied to land and making their way into water
courses, and extensive pumping for land drainage drawing saline waters further inland
(Carpenter et al. 1998; Steinich et al. 1998; Nielsen et al. 2003). Such stressors are
widespread for many lowland and coastal wetlands, which are often important
conservation sites (Moss et al. 1991; Jeppesen et al. 1994). It is now recognized that the
biogeochemical transformations occurring in freshwater-marine transition zones are
critical determinants of coastal water quality, requiring enhanced understanding of

processes in these complex wetlands.

Phytoplankton are a key indicator of ecosystem state in shallow lakes (Scheffer et al.
1993). Regime shifts from clear to turbid water can be triggered by increases in both
salinity and nitrogen (Jeppesen et al. 2007; Barker et al. 2008a; 2008b). Elevated
phytoplankton biomass and algal blooms are well-documented characteristics of turbid

lakes, but the impact of state changes on phytoplankton composition is less well studied.
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Effects of nitrogen on phytoplankton communities appear to depend on the form in which
it is supplied (Bronk et al. 2007; Donald et al. 2013). Overturning previous assumptions
that algae and phototrophic bacteria prefer to assimilate N as NHa, it is now known that
phytoplankton groups differ in their ability to utilise different nitrogen sources: diatoms
are better at assimilating oxidised nitrogen (NOzs), whereas cryptophytes, cyanobacteria
and dinoflagellates appear more suited to utilisation of reduced and organic forms (NHg,
urea, amino acids) (Glibert et al. 2016). Seawater pulses in culture experiments can
reduce phytoplankton diversity, although chlorophytes tend to survive because the
taxonomic diversity within this group allows switching among species with different
salinity tolerances (Fl6der and Burns 2004). However, because salinity and nitrogen
pollution causes ecosystem state changes underpinned by complex benthic-pelagic
interactions (Moss et al. 1991; Jeppesen et al. 2007), understanding phytoplankton
community responses in shallow lakes requires consideration of such processes

(Vadeboncoeur et al. 2002).

There are well-established mechanisms which suggest that salinity and nitrate
might alter water chemistry through interactions with the benthos. Both may affect the
chemical properties of sediment P binding, and so influence the bioavailability of P in the
water column. In saline environments, marine sulphates in anoxic sediments sequester
iron and inhibit the capacity for PO4 binding (Blomqvist et al. 2004). Therefore, P is
generally bioavailable in saline coastal waters and N, rather than P, is more likely to limit
primary production (Howarth and Marino 2006). Nitrate additions are also used in lake

management to oxidise sediments and bind phosphates, thereby reducing bioavailable P
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supply for phytoplankton growth (Ripl 1976). Each of these processes is mostly relevant
in deeper waters where anoxic sediments predominate. In contrast, shallow lakes and
their sediments are often well oxidised, creating conditions that enhance P retention in
sediments (Ripl 1986; but see Orhiel et al. 2015). Deviations from this general rule occur
seasonally and spatially when variability in benthic periphyton, aquatic plants and
bacterial communities can also influence sediment P release (van Donk et al. 1993;
Spears et al. 2007; Shinohara et al. 2017). Therefore, the potential for complex

interactions and responses to salinity and nitrogen enrichment in shallow lakes is high.

Mesocosm ‘pond’ experiments are able to simulate conditions in shallow lakes including
benthic components, whilst providing the necessary controls to manipulate treatments
(Stewart et al. 2013). This study presents new data from a previously-published fully
factorial mesocosm experiment which investigated the effects of salinity and nitrogen (as
nitrate) additions to surface water biota sourced from Hickling Broad, Eastern England
(Moss and Leah 1982; Moss et al. 1991; Bales et al. 1993; Irvine et al. 1993). The effects
of the experimental treatments on total phytoplankton biomass (as Chlorophyll a; Chl a),
zooplankton, phytobenthos, zoobenthos and aquatic plants have been previously reported

in Barker et al. (2008a; 2008b) and are briefly summarised here.

Previously published results
Salinity enhancement led to increases in phytoplankton abundance (as Chl a) and
total P, and declines in macrophyte and periphyton biomass and richness (Barker et al

2008a). Zooplankton responses to salinity were dependent on the fish biomass. In the
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presence of high fish biomass (up to 18 g fresh weight m) after April 2005, salinity
increases led to lower biomass of cladocera (including daphnids) and higher copepod
biomass. Nitrogen additions resulted in significantly lower TP values in the treatments of
1 mg N Lt and 10 mg N L, with higher planktonic Chl a in the intermediate nitrogen
levels (2 mg N L't and 5 mg N LL; Barker et al 2008b). Soluble P and NH4" rose
significantly in the 5 mg N L treatment. Macrophyte % PV1 (percentage volume
infested) and species richness declined and periphyton growth increased above the lowest
(1 mg N L) level of N. Elodea canadensis cover increased at the two intermediate N
treatments. Previous results from this experiment therefore demonstrate pronounced and
independent salinity effects on the pelagic food web (dependent on fish density) and
negative influence on aquatic plant cover and richness. By contrast, nitrogen had non-
linear effects on aquatic macrophytes and water chemistry, with marked shifts in both
under intermediate nitrogen loading rates. These results show that phytoplankton
abundance is highly sensitive to nitrogen and salinity additions. Here, we explore whether
these stressors also cause shifts in phytoplankton composition either independently (e.g.
Saros and Fritz 2002; Donald et al. 2011; 2013) or in interaction in these shallow

mesocoms.

Methods

Experimental design

Phytoplankton biomass and community composition were estimated using biomarker
chlorophyll and carotenoid pigments in the waters of a mesososm experiment published

by Barker et al. (2008a; 2008b). The experiment was set up early in 2004 and ran until
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September 2005 in 48 tanks of 2 m diameter and 1.2 m depth containing 3 m?® of water,
located in the botanical gardens of the University of Liverpool at Ness, UK (53° 16" N, 3°
02" W) (Barker 2008a; 2008b) (Figure 1). The results presented here are from the final
year of the experimental operation (August 2004-05) after the tank ecosystems had
become established. The experimental set up involved sediments (20cm deep), water,
zooplankton and plants being translocated from Hickling Broad, a shallow brackish lake
in Norfolk, UK (1° 35" E, 52° 44" N) into each tank, together with two male sticklebacks
(Gasterosteteus aculeatus L.; ‘low’ fish densities). In March 2005 a further two male and
two female sticklebacks were introduced to each mesocosm to allow the fish populations
to rise to carrying capacity during the growth season (‘high’ fish densities). The final fish
biomass in the mesocosms of 9-18 gm™ exceeds historical densities in Hickling Broad
(conservative estimate of 1.29-6 g m in 1989, but probably excluding smaller fish <8cm;

Irvine et al 1993).

The experiment was a fully-factorial randomised block design with four levels of
salinity and four levels of nitrogen. Each treatment was replicated three times, with
replicates separated into three blocks along a slight elevation gradient to isolate the
effects of tank location. Salinity was adjusted by the addition of sea salt (commercial
brand for domestic use) or dilution with deionised water on at least three occasions to
achieve stable mean chloride concentrations of ~600, 1000, 1600 and 2500 mg CI Lt
(S1-S4; Table 1a). As described in Barker et al (2008), salinity is expressed here as
chloride (CI"ion) concentrations which was monitored in the field as conductivity and

converted to chloride concentrations using a regression relationship (chloride mg L™ =
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0:359) (conductivity (mS cm-1))-275) (r? = 0:964; p<0:0001; n = 48) to allow
adjustments to be made. CI" measurements during water chemistry monitoring were
conducted using Mohr titrations. For the nitrogen treatments (N1-N4), NaNOs was added
approximately monthly at a dose of 1, 2, 5 and 10 mg N L™ to increase the concentrations
by 3-30 fold above that of the Hickling Broad waters (inorganic lake water N
concentrations were < 2 mg L™). Phosphate was added to all tanks as KH2PO4 to increase
the mean lake-water concentration by 50 pug P L™ (Table 1), and attempt to ensure a
replete supply of this element. Further details of the experimental set up are given in

Barker et al. (2008a; 2008b).

Sampling and analysis

Sampling for phytoplankton pigments and physicochemical parameters (Table 2)
occurred at least monthly during September2004-February 2005 and biweekly during
March-August 2005 using a plastic tube which spanned the water column. Sampling of
zooplankton, benthic invertebrates and periphyton occurred at monthly intervals and was
conducted only during the growth season (April-August 2005). Zooplankton was
estimated usingl10 L of bulk samples from the entire water column taken with a tube,
passed through a 64 pm mesh net and preserved in ethanol. Periphyton (as Chl a) and
macroinvertebrates were sampled from standardized substrates which were strips of
doubled plastic netting (2 cm wide), of mesh size 1 cm, extending through the full depth
of the water column. The strips were suspended from a rod placed diagonally across the
tank and removed monthly during the course of the experiment. Aquatic plant coverage

(as % volume infested; PVI) was estimated visually at biweekly intervals during the
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growth season, and estimates were converted to biomass after calibration with post-
experiment harvests. Fish densities were measured at the end of the experiment (Barker et

al. 2008a; 2008Db).

Changes in phytoplankton abundance and gross taxonomic composition were
estimated using high performance liquid chromatographic (HPLC) analysis of diagnostic
chlorophyll and carotenoid pigments following standard protocols (Leavitt and Hodgson
2001). Measured volumes of mesocosm water were filtered through Whatman GF/C (ca.
1.2-pum pore size) glass-fibre filters. Filter papers were extracted overnight in a mixture
of acetone: methanol: water (80:15:5) at -15 °C, filtered and dried under nitrogen gas and
quantitatively re-dissolved before injection into the HPLC system. The system
comprised an Agilent 1100 series separation module with Quaternary pump, a C-18
column for reversed-phase separation and an on-line photo-diode array detector
(Mantoura and Llewellyn 1983). The HPLC was calibrated using commercial pigment
standards (DHI Denmark) and pigment concentrations were expressed in nanomoles
pigment L™,

We selected five of the most common pigments as biomarkers of the main
phytoplankton taxa: siliceous algae (fucoxanthin), chlorophytes (Chl b), cryptophytes
(alloxanthin), total cyanobacteria (echinenone) and all phytoplankton (Chl a; an estimate
of total phytoplankton; algae + cyanobacteria). Given the history of Prymnesium parvum
blooms at this site, we specifically searched chromatograms for the diagnostic pigment
19’-butanoyloxyfucoxanthin, which should have been a marker for P. parvum blooms.

This pigment was not detected and so, we infer that siliceous algae (i.e. diatoms +
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synurophytes) and not haptophytes were the primary algae producing fucoxanthin here.

We assigned Chl b as a biomarker of chlorophytes because, although it may be produced
by euglenophytes, they are rare in Hickling Broad (Bales et al. 1993). We also designated
echinenone as a biomarker of cyanobacteria because it is produced in only trace amounts

in other taxa (chlorophytes and euglenophytes).

Numerical analyses

Statistical analysis of phytoplankton response to nitrate and salinity were based on
time-repeated measurements of the biomarker phytoplankton pigments. Counts of
zooplankton were classified as total Daphnia, other Cladocera, total copepods, and
rotifers whereas benthic invertebrate taxa were amalgamated into the groups detailed in
Table 2. All variables were checked for normality using a combination of Kolmogorov-
Smirnov tests and visual inspection of histograms. All pigment data were log (x+1)
transformed before analysis, while the transformations applied to other physicochemical

and biological variables are given in Table 2.

Log (x+1)-transformed concentrations of each phytoplankton pigment were
analysed using a two-way repeated-measures analysis of variance (RM-ANOVA) with
sampling occasion (time) as the repeated measure, nitrogen and salinity as factors, and
block included as a covariate. This analysis was applied over the entire year (August
2004-05). Data homogeneity of covariance was tested using Mauchly’s test of sphericity.
Because this test indicated significant non-homogeneity in some instances, we also
applied the more conservative Greenhouse—Geisser tests to evaluate significance of

responses to treatments. Post-hoc testing was only possible by running the analysis

10
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without block as a covariate. Because block effects were not significant (Table 3; except
for alloxanthin) we ran a further RM-ANOVA with only nitrogen and salinity as factors
and applied Bonferroni tests to identify which treatment pairs were significantly different
when block effects were not taken into account (significance level of p < 0.01 applied as
Bonferroni correction for multiple tests). Where results with and without block effects
differed, the most conservative result was used for interpretation. Analyses were
conducted in SPSS 24.0 for Windows.

To investigate relationships in the broader mesocosm ecosystem and assist in
understanding the potential mechanisms by which nitrate and salinity might be
influencing phytoplankton communities, we conducted multivariate analyses to quantify
statistical relationships between phytoplankton pigment assemblages and associated
physicochemical and biological parameters (Table 2). Because of the reduced sampling
frequency of invertebrates, these analyses were conducted on monthly mean pigment
values harmonized to common sampling dates during the “growth season” (April-August
2005) when invertebrates were collected. All variables were sampled on the same day,
with the exception of PVI, and in this case, values from the preceding week were used in
statistical analyses. Detrended correspondence analysis (DCA) of the pigment data gave
a short axis 1 length of 2.182, indicating that the linear technique of redundancy analysis
(RDA) should be used to relate pigments to environmental variables.

Twenty-seven parameters were included in the initial RDA (Table 2); however,
final analysis included only variables which were correlated significantly (p < 0.05) with
pigment assemblages when using forward selection and Monte Carlo analysis with 999

permutations. Variables eliminated included NOgz, temperature, Daphnia spp., copepods,

11



O©CoO~NOOOTA~AWNPE

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

rotifers, Odonata, Oligochaetae, Coleoptera, Gastropoda, Nematocera, Ostracoda and
other rare invertebrates. Conductivity was subsequently removed from the dataset
because of redundancy with CI- concentration, as indicated by variance inflation factors >
20. Consequently, the final analysis was based on 14 predictor variables including TP,
Cl, Alkalinity, pH, TN, Oz, SRP, NHs, Cladocera excluding Daphnia, Malacostraca,
Diptera, Hirudinea, periphyton Chl a, PVI. All multivariate analyses were conducted on
CANOCOV. 4.0.

Variance partitioning analysis (VPA) was conducted to determine the
relationships between physicochemical parameters, invertebrate assemblages and benthic
primary producer communities and changes in phytoplankton community composition.
Variables were assigned to each predictor category (Table 2) and a series of constrained
and partially constrained RDAs were performed following (Hall et al. 1997) to determine

the relationships between pigments and each variable category.

Results

RM-ANOVA revealed that salinity and nitrate had significant effects on
phytoplankton groups, but that there were no significant interactions between factors
(Figure 2, Table 3). Salinity additions increased the concentration of pigments from
siliceous algae (fucoxanthin), chlorophytes (Chl b), cyanobacteria (echinenone), and total
phytoplankton (Chl a). Nitrate amendments also increased cryptophytes (alloxanthin),
chlorophytes (Chl b) and total algae (Chl a), with maximum pigment concentrations
occurring at intermediate levels of N fertilization. Bonferroni tests showed that the

highest salinity treatment S4 (2500 mg CI L) resulted in significantly higher abundance

12
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of chlorophytes (Chl b), cyanobacteria (echinenone) and total phytoplankton (Chl a) than
the three lower treatments (Figure 2 and Table 3). Salinity treatments led to significant
and progressive increases in siliceous algal pigments (fucoxanthin) at S3 (1600 mg Cl L°
1y and S4 levels (2500 mg CI L. Nitrate treatment N3 (5 mg NOz-N L) had
significantly higher concentrations of pigments from cryptophytes (alloxanthin),
chlorophytes (Chl b) and total algae (Chl a) than the lowest nitrate treatment (1 mg NOs-
N L) (Figure 2 and Table 2). Siliceous algae (fucoxanthin) pigment concentrations were
significantly higher than all other levels at treatment N2 (2 mg NOs-N L), but the
significance level (p = 0.036) was marginal when a Bonferroni correction was applied,
and so this result was rejected.

Time series plots demonstrated the seasonal nature of phytoplankton responses,
which differed among taxonomic groups (Figure 3). Pigments from siliceous algae
(fucoxanthin, Figure 3a) showed two maxima during the winter of 2004-05 (with peaks
offset among treatments) and during the following growth period which spanned from
April-June 2005 for this group. Pigments from chlorophytes (Chl b, Figure 3c) were
abundant throughout the year of sampling. In contrast, pigments from cryptophytes
(alloxanthin; Figure 3b) and cyanobacteria (echinenone; Figure 3d) were much more
prevalent later in the experiment, and after the increase in stickleback biomass (dashed
line). Cryptophyte pigments increased markedly after June 2005, whereas maximum
concentrations of cyanobacterial pigments developed for a shorter period between April-
June 2005. Responses of Chl a (Figure 3e) to treatments integrated the patterns in the
individual algal pigments, consequently, timing of total phytoplankton responses was

variable among treatments, reflecting the unique responses of individual phytoplankton
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groups. Because fish were added in the spring of the second year (dashed line), changes
in biomass of Daphnia spp. are presented to assess any shifts in grazing potential which
could have influenced phytoplankton biomass. As reported in Barker et al (2008a),
Daphnia biomass was significantly suppressed by higher salinities, but only during the
‘high fish’ period (Figure 3). In contrast, there were no significant effects of nitrogen
treatments on Daphnia biomass. Across the experiment, mean Daphnia biomass was
more regularly recorded as zero after fish biomass had increased.

RDA axis 1 explained 50.4% (p < 0.05) of the variance in the dataset, and was
correlated positively and strongly with total phytoplankton (Chl a), cyanobacteria
(echinenone), chlorophytes (Chl b) and TP and more weakly with TN and NH4 (Figure 4).
Axis 2 explained only 5.2 % (p < 0.05) of total variance, and was correlated negatively
with oxygen concentration. Other variables including pH, PVI, Cladocera (excluding
Daphnia), chloride concentration, and Malacostraca had a strong influence on the
environmental dataset, contributed to RDA axes equally, but were correlated weakly with
most phytoplankton pigments. In fact, only fucoxanthin from siliceous algae was
associated with these variables, being correlated positively with salinity (chloride
concentration) and Malacostraca density, and negatively with pH, PVI and Cladocera
(excluding Daphnia) abundance. Unexpectedly, alloxanthin from cryptophytes was
correlated positively with periphyton abundance and SRP concentrations, and negatively
with oxygen concentrations.

VPA showed that physicochemical, invertebrate and benthic primary producers
(algae and macrophytes) together explained 57.6 % of the variance in the experimental

pigment assemblage during the “growth season” (Table 4). Physicochemical (C) variables
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were correlated more strongly with pigment assemblages than were invertebrate variables
(I) or benthic primary producers (P). Additional variance in phytoplankton composition

was correlated with combinations of C and P, C and I, and C with both | and P.

Discussion

The strong and independent effects of both nitrate and salinity on phytoplankton
seen here (Fig. 2; Table 3) were consistent with findings from studies of the unique
effects of different nitrogen compounds (Donald et al. 2011, 2013) and salinity (Floder
and Burns 2004). In short-duration microcosm (reviewed in Erratt et al. 2018) and
mesocosm experiments (Finlay et al. 2009, Donald et al. 2011, Bogard et al. 2017),
addition of N and NOs", NH4" or urea stimulates growth of most phytoplankton over
similar gradients of fertilization, while elevated salinity is associated with phytoplankton
compositional change (Medvedeva 2001). However, most experiments to date have
focused exclusively on plankton, excluding benthos and limiting the insights for shallow
lake systems. While we currently see little evidence for interactive effects of nitrate and
salinity at these ranges, further research is needed to identify if interactions exist under
different environmental conditions (e.g, ionic composition, dissolved organic matter

composition, lake depth, climatic conditions).

Factor interactions between salinity and nutrients have been observed in other
experiments (Jeppesen et al. 2007) and may reflect the relatively lower salinity of
treatments (all <5 ppt) and enhanced nutrient supply in our experiment relative to other

trials. There, phytoplankton abundance increased above threshold salinities of 6-8 ppt,
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but only when nutrient concentrations exceeded 50 pg PL™* and 0.5 mg N L (Jeppesen et
al. 2007). Interestingly, these Danish experiments were conducted at low fish densities (1
stickleback m2), comparable to our overwintering densities (of 0.67 m2), but lower than
during the final 6 months of our experiment when mean fish density was 18 (adult +
juvenile) sticklebacks m. High fish densities should have optimized the potential for
trophic cascades, and we did observe that higher salinities (above S1 levels) inhibited
daphnids at higher fish densities (Figure 3; Brooks and Dodson 1965). Jeppesen et al
(2004, 2007) also noted a (lower) threshold salinity of 2 ppt for daphnid elimination in
Danish lagoons with higher fish densities. Therefore, fish may be important in structuring
brackish lake ecosystems and nutrient and salinity effects may be mediated, in part via
changes in food web linkages. However, as discussed below, the effects of changes in
fish densities on phytoplankton in our experiment appear to be rather limited, suggesting
that phytoplankton changes are driven primarily by ‘bottom-up’ (chemical) effects than

by ‘top-down’ processes (VPA, Figure 4, Table 4).

Responses to salinity enrichment

The phytoplankton pigment analysis suggests that salinity increases of 2500 mg
ClI L (S4) led to ~10-fold increases in abundance of chlorophytes, siliceous algae and
cyanobacteria, with a significant increase in siliceous algae also occurring at the S3
salinity level (1600 mg CI L). Together, these changes, combined with the lack of
response of cryptophytes, resulted in a progressive decline in the latter taxa as salinity
increased. Increases in siliceous algae and chlorophyte groups persisted during low and
high fish periods (Figure 3), despite higher daphnid abundances during the low fish

period (Figure 3). The maintenance of a significant salinity effect at S4 suggests that,
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although periods of higher Daphnia biomass might have temporarily reduced
phytoplankton abundance via grazing (August-October 2004), the effect was not
sustained and did not alter the overall experimental effect of salinity enhancement on
chlorophyte and siliceous algal taxa. Similarly, changes in densities of the effective
grazer, Daphnia spp., were uncorrelated to any metric of pigment assemblages (Figure 4).
In contrast, cyanobacterial biomass peaked predominantly during the period of higher
fish density in the highest salinity treatment. If grazing was a dominant driver, this trend
suggests that Daphnia spp selectively removed cyanobacteria rather than chlorophytes
and siliceous algae during the low fish periods, which seems unlikely (Lampert 1987).
More feasibly, cyanobacterial peak abundance also corresponds to the warmest water
temperatures, when cyanobacteria are known to proliferate (Paerl and Huisman 2008) and
also to low N:P ratios induced by the S4 treatment (Pick and Lean 1987).

Variance partitioning analysis suggested that physicochemical factors rather than
biological processes were correlated most strongly with the increase in phytoplankton
biomass at the highest salinity treatments (Table 4). For example, phytoplankton biomass
in this experiment was correlated strongly with TP concentrations (Figure 4) which in
turn increased significantly at the two highest salinities (Barker et al. 2008a) (Figure 5).
These patterns may reflect changes in the P binding capacity of sediments with
salinization (Blomgqvist et al. 2004), as observed in low Fe freshwater lakes (Orihel et al.
2015). Insuch a scenario, released P is assimilated into phytoplankton and results in
elevated TP and Chl a in the water column. Enhancing this effect, these highly productive
mesocosms accumulate sedimentary organic matter, which should lower sedimentary

redox and further increase sedimentary P release (Shinohara et al. 2017).
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In contrast with observed changes in phytoplankton in the source lake Hickling
Broad (Moss et al. 1991), this experiment provided little support for the hypothesis that
salinity increases favour blooms of toxic algae, such as Prymnesium parvum (Moss et al.
1991) because we detected no 19’-butanoyloxyfucoxanthin marker pigment. Further
microscopic counts to verify this are desirable, but unfortunately not possible. However,
our analyses show that when phytoplankton reached very high densities characteristic of
a regime shift to the turbid state (100-230 pug L™ Chl a) (Barker et al. 2008a), increases in
salinity favoured populations of cyanobacteria that can include potent toxin producing
species (e.g., Finlay et al. 2009; Donald et al. 2011). The presence of cyanobacteria,
which are scarce in the source lake (Moss et al. 1991), demonstrates that the mesocosms
have exceeded natural conditions in the lake. This steady increase in prokaryotes over
time may also reflect the mixotrophic nature of some cyanobacteria as organic matter
accumulates (Burkholder et al. 2008), as well as the development of reduced N sources

favoured by these taxa (see later) (Glibert et al. 2016).

Responses to nitrate enrichment

The most obvious response to nitrogen fertilization was a significant increase in
cryptophyte (as alloxanthin) and chlorophyte densities (as Chl b) at N3 level (5 mg NOs-
N L), as well as a marginally significant increase in siliceous algae (fucoxanthin) at N2
level (2 mg NOs-N L), These patterns agree with evidence from some lake mesocosms
which suggest that moderate N concentrations (2-4 mg N L) stimulate cryptophyte
growth, but that greatly elevated nutrient concentrations (>10 mg N L; >100 ug P L)
favour cyanobacteria and chlorophytes (Gonzalez Sagrario et al. 2005, Donald et al.

2012; Bogard et al. 2017). Similarly, the intermediate effect of nitrate on diatoms has
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been recorded elsewhere (Donald et al. 2013) despite predictions from physiological
literature that diatoms should be better at assimilating oxidised N forms (nitrate) than
cryptophytes or chlorophytes and should increase linearly with nitrate concentrations
(Glibert et al. 2014; Glibert et al. 2016). Instead, cryptophytes and chlorophytes increased
in a non-linear manner, peaking at intermediate nitrate enrichment levels. Such a pattern
may be partly driven by the very high N:P ratios at the highest salinity levels which
periodically induce P limitation (Figure 5). The observation is also consistent with a
recent hypothesis suggesting that moderate nitrate concentrations may supress primary
production over broad regional scales (Filstrup and Downing 2018), and also agrees with
species-level analyses which show a wide range of algal responses, even among closely
related taxa (Donald et al. 2013). The controlled conditions in the mesocosms allow us to
elucidate some of the potential mechanisms for these observations.

Several lines of evidence suggest that the benthic-pelagic interactions within the
mesocosms may be important modifiers of phytoplankton responses to nitrate
enrichment. First, unlike salinity amendments, addition of nitrate was not selected as a
significant correlate of temporal changes in phytoplankton assemblages in the RDA
(Figure 4). Instead, we found that concentrations of chemically-reduced N (NH4") and
total N were weakly but significantly correlated with changes in pigment composition.
Second, nitrate amendments were associated with significant shifts in the phytobenthos:
both % PVI and macrophyte species richness declined, while periphyton abundance
increased above 1.5+ 0.4 mg total N L, and Elodea canadensis was predominant in the

intermediate nitrogen treatments (N2, N3) (Barker et al. 2008b), as seen elsewhere (James
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et al. 2005). Together, these observations suggest that the quantity and composition of
phytobenthos may influence nitrogen cycling within mesocosms.

Growth and decomposition of organic matter from aquatic plants, periphyton and
sediments likely affects the relative availability of different chemical forms of N during
the experiment (van Donk et al. 1993). For example, ammonium concentrations are
highest in the N3 level treatment, whereas NOs was proportionally lower in the N1 and
N2 treatments (Figure 5). Changes in the relative supplies of NH4 versus NOs are known
to differentially affect the production of cryptophytes, chlorophytes and cyanobacteria,
each of which grows more efficiently at NH4 concentrations similar to those seen in the
N3 trials (Glibert et al. 2016). Here, aquatic plant communities with fast-growing Elodea
canadensis and high periphyton biomass appear to be associated with enhanced NH4

availability (Figure 5).

Mesocosm conditions and benthic-pelagic interactions

Although the closed conditions in the mesocosms differ from the natural field
environment, small-scale experiments provide useful insights into the role of solutes in
regulating phytoplankton abundance and community composition (Spivak et al. 2011).
Many mesocosm experiments do not include sediments, and so our results elucidate
possible mechanisms in shallow lakes (c.f. Donald et al. 2013). In addition, long-term
trials such as conducted here provide unique insights into the role of seasonality in
modifying algal and cyanobacteria response to uniform treatments. For example, much
higher abundances of cyanobacteria and cryptophytes in the final growth season relative

to the previous year (Figure 3) might be linked to changes in fish abundance and Daphnia
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grazing (Figure 3), but are also consistent with changes in accumulation and recycling of
organic matter in the mesocosms. Both cryptophytes and cyanobacteria are potentially
mixotrophic (Katechakis et al. 2005; Subashchandrabose et al. 2013) and can take
nutritional advantage of organic matter provision (Tranvik et al. 1989; Burkholder et al.
2008) to outcompete other taxa, such as diatoms. In particular, the role of benthic
processes in altering the availability of chemically-reduced N may be an important
control of phytoplankton seasonality, because organic N builds up in microbial material
as the growth season progresses, strengthening the microbial loop (Donald et al. 2011,
Glibert et al. 2016). Cyanobacteria and cryptophytes can be dominant in the
phytoplankton of macrophyte-dominated lakes, ceding to siliceous algae or chlorophytes
under more turbid conditions (Jensen et al. 1994; Cross et al. 2014). In addition, cycling
and long-term accumulation of P in this mesocosm situation is likely to reduce N:P ratios
in the water column, such as seen in treatment S4, resulting in enhanced cyanobacterial
growth (Figure 5). Although further work is required to identify the direct (planktonic)
and indirect (via benthos) mechanisms of nitrate and salinity on phytoplankton
assemblages, findings from this study suggest that modification of benthic communities
in mesocosms and shallow lakes has the potential to greatly alter the proportions and

effects of bioavailable nutrients in the water column.

Conclusions

The results from this large mesocosm experiment illustrate the difficulty in
predicting phytoplankton response to multiple stressors in shallow lakes (Jeppesen et al.

1997; Lee et al. 2015). Whilst potential for interactive effects of salinity and nitrogen
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enrichment on phytoplankton exists (Jeppesen et al. 2007), our findings suggest that
pelagic responses are dependent on the scale of changes in nutrient and/or salt content, as
well as potential indirect interactions via the benthos or food web. Whilst viable ‘top-
down’ and ‘bottom-up’ mechanisms exist to modify phytoplankton communities,
evidence from our mesocosm experiments suggests that ‘bottom-up’ effects might be
more important within this range of conditions. Salinization of shallow lakes can mobilise
phosphorus release from sediments to increase biomass of siliceous algae, chlorophytes
and cyanobacteria, while the effects of nitrate additions on phytoplankton are mediated
via in-lake nitrogen cycling and N:P ratios that is, in turn, influenced by benthic
community structure. Modifications of chemical forms of nitrogen in shallow lakes
(reduced versus oxidised) and availability of organic nutrients (via the microbial loop)
help explain the patterns in the phytoplankton composition observed. As many mesocosm
experiments exclude benthos, we argue that further research is needed to establish the
role of littoral and demersal sedimentary processes in regulating phytoplankton

production and composition in shallow lakes (Moss et al. 2013).
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Table 1: Mean concentrations + standard deviations of chemical variables in the tanks
subjected to (a) salinity and (b) nitrogen treatments between August 2004-05. Note that

the loading of nitrate to each tank, rather than the final concentration was manipulated

Level 1 Level 2 Level 3 Level 4
(S1, N1) (S2, N2) (S3, N3) (S4, N4)
(a) Salinity treatments
Chloride (mg L'?) 596 + 185 1190 £233 1732313 2687 + 462
SRP (ug L) 7.1+16.8 5.4 +10.4 3.2+4.4 4.4+£6.0
TP (ug LY 576+729 532628 624574 125.5+98.5
(b) Nitrogen treatments
Nitrate-N (mg L) 012+032  032+058  1.94+188 11.76 + 6.45
TN (mg L% 1.59+0.71  250+150  5.02+2.94 14.18 + 6.38
SRP (ug LY) 3978 47+58 8.1+178 35+53
TP (ug LY 521+557  84.2%755 102.6 +102.4  59.8 +69.8

using monthly doses of NaNOs at of 1, 2, 5 and 10 mg N L™, for levels 1-4 respectively.
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Table 2: Variables included in the RDA with the dominant taxa summed into groups. Analytical methods are described in *Mackereth

et al. (1989), 2Johnes and Heathwaite (1992), by ®Dionex DX120 ion chromatography, “Golterman et al (1978), *>Kraemer and Stam

(1924) (Mohr titration), ®Barker et al (20084, b).

Category Parameter Units Dominant taxa in groups Transformation
Physico- Temperature °C None
chemical Oxygen (O2) mg L None
Conductivity uS cm? None
Total phosphorus (TP)! pug Lt Log (x+1)
Soluble reactive phosphorus® pug Lt None
Total nitrogen (TN)? mg L1 Log (x+1)
Nitrate-nitrogen (NO3z-N)3 mg L1 Log (x+1)
Ammonium-nitrogen (NHs-N)*  mgL Log (x+1)
Alkalinity* Mequiv L ! None
pH pH units None
Cl-ions® mg L None
Invertebrates®  Sum Daphnia spp. Individuals L * D. hyalina, D. magna, D. pulex, D. cucullata Log (x+1)
(zooplankton)  Cladocera except Daphnia Individuals L Chydorus sphaericus, Alona rectangularis Log (x+1)
Sum copepods Individuals L * Cyclopoid and calanoid copepods Log (x+1)
Sum rotifers Individuals L ! Log (x+1)
Invertebrates®  Malacostraca Individuals standard area *  Gammarus duebeni, G. pulex, Asellus aquaticus, Sphaeroma spp. Log (x+1)
(benthic) Diptera Individuals standard area *  Chironomid, Tanypus, Cyclorrapha & Ceratopogonids Log (x+1)
Coleoptera Individuals standard area *  Dytiscid, EImid & other beetle larvae Log (x+1)
Nematocera Individuals standard area ! Log (x+1)
Odonata Individuals standard area ! Log (x+1)
Oligochaeta Individuals standard area *  Tubificid, Oligochaetae Log (x+1)
Hirudinea Individuals standard area *  Helobdella, Erpobdella spp. Log (x+1)
Ostracoda Individuals standard area * Log (x+1)
Gastropoda Individuals standard area *  Potamopygrus jenkinsi, Physa fontinalis, Planorbis spp., Lymnaea sp  Log (x+1)
Sum rare invertebrates Individuals standard area *  Arachnida, Bivalva, Ephemeroptera, Hemiptera, Thysanoptera Log (x+1)
Phytobenthos®  Aquatic macrophytes % volume infested (PV1) Arcsine
Periphyton Chl a ug standard area ! Log (x+1)
1
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Table 3: Two-way RM-ANOVA with block as a covariable and 21 repeated measures to assess for nitrogen and salinity effects on five
log (x+1) transformed biomarker pigments. The reported values are df (degrees of freedom), MS (mean square), F ratio and p value,

which are Greenhouse-Geisser adjusted. Significant p values (p < 0.05) are shown in bold.
Within subjects effects Between subjects effects
Time Timex Timex Timex Timex Error | Intercept  Block  Salinity Nitrogen Salinity x  Error
block  salinity nitroge  salinity nitrogen
n X
nitroge
n
Fucoxanthin df 5.318 5.318 15.955 15955 47.866 154.234 | 1 1 3 3 9 29
(Siliceous
algae) MS | 0.670 0.247 1.331 0.473 0.295 0.392 18.282 1.183 14124  1.383 0.798 0.425
F 1.710 0.631 3.397 1.207 0.752 42.968 2.780 33.195 3.251 1.875
p 0.131 0.686 <0.001 0.268 0.873 <0.001  0.106 <0.001 0.036 0.097
Alloxanthin df 5.159 5.159 15476 15476  46.428  149.600 | 1 1 3 3 9 29
(Cryptophytes)  MS | 0.342 0.676 0.631 0.514 0.287 0.282 14.754 0.226 0.270 2.895 0.388 0.565
F 1.216 2.400 2.240 1.825 1.020 26.107 0.400 0.478 5.122 0.686
0.304 0.038 0.007 0.034 0.451 <0.001  0.532 0.700 0.006 0.715
Chlb df 6.972 6.972 20916  20.916 62.748  202.189 | 1 1 3 3 9 29
(Chlorophytes) MS | 0.337 0.096 0.487 0.189 0.170 0.170 5.059 0.025 6.055 1.550 0.580 0.300
1.982 0.563 2.870 1.114 0.999 16.846 0.084 20.164 5.162 1.930
0.059 0.785 <0.001 0.336 0.488 <0.001 0.774 <0.001 0.006 0.087
Echinenone df 3.858 3.858 11573 11573 34719 111873 |1 1 3 3 9 29
(Cyanobacteria) MS | 0.049 0.034 0.151 0.048 0.060 0.089 0.071 0.001 0.300 0.024 0.016 0.048
F 0.548 0.385 1.695 0.544 0.668 1.469 0.016 6.222 0.501 0.341
0.694 0.812 0.080 0.876 0.913 0.235 0.901 0.002 0.685 0.953
Chla df 7.898 7.898 23.695 23.695 71.085 229.053 | 1 1 3 3 9 29
(all phototrophs) MS | 0.747 0.458 1.279 0.736 0.459 0.373 74.688 0.783 13.385  6.389 1.232 1.440
F 2.006 1.228 3.433 1.975 1.233 51.865 0.544 9.295 4.437 0.855
p 0.048 0.284 <0.001 0.006 0.127 <0.001  0.467 <0.001 0.011 0.574




Table 4: Variance partitioning analysis on the relationships between categories of
physicochemical (C), benthic primary producers (macrophyte PVI and periphyton Chl a;
P) and invertebrate (I) variables on the phytoplankton pigment assemblages during the

growth season (April-August 2005) period.

©CO~NOOOTA~AWNPE

Component % variance
Total 57.6

C 33.6

P 0.4

I 2.3

C+P 5.1

C+l 8.1

P+l 0.1
P+C+I 8.0
Unidentified 42.4
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Figure legends
Figure 1: Brian Moss stylishly sampling aquatic plants from the mesocosm
experiment. The arrangement and dimensions of the mesocosms located at Ness

Botanical Gardens on Wirral, UK is shown in the photo (credit Tom Barker).

Figure 2: Mean concentrations ( standard error) of (a) fucoxanthin (siliceous algae),
(b) alloxanthin (cryptophytes), (c) Chl b (chlorophytes), (d) echinenone
(cyanobacteria) and (e) Chl a (all phytoplankton) between August 2004-05 within
each treatment of the experiment. Salinity (S) treatments are denoted by the shading
of the bars: S1 (600 mg CI L), S2 (1000 mg CI L), S3 (1600 mg CI L) and S4
(2500 mg CI LY. Nitrate (N) treatments are arranged along the horizontal axis: N1 (1
mg N L), N2 (2mgNL?),N3(5mgN L%, N4 (10mg N L?). Significant
differences (p < 0.05) or no significant differences (n.s.d.) are indicated among

treatments pairs as assessed by Bonferroni tests.

Figure 3: Temporal changes in phytoplankton pigments fucoxanthin, alloxanthin, Chl
b, echinenone and Chl a and biomass of the sum of Daphnia spp. (the latter uses data
previously published in Barker et al 2008a) sampled between August 2004-05 and
arranged according to salinity (S) treatments on the left: S1 (600 mg CI L), S2 (1000
mg CI L), S3 (1600 mg CI L) and S4 (2500 mg CI L) and nitrate (N) treatments
on the right: N1 (1 mg N L), N2 (2 mg N L), N3 (5 mg N L™), N4 (10mg N L.
The plotted values are means + standard errors of each treatment with levels indicated
by shading as indicated in the legend. The vertical dashed line indicates the timing of

stickleback introductions when fish density was increased from ‘low’ levels 0.67
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stickleback m (before April 2005) to ‘high’ densities of between 9 and 18 m™

afterwards.

Figure 4: RDA showing the relationship between phytoplankton pigments (bold lines
and italics; and significantly correlated environmental variables (thin lines and plain

text; see Table 2 for further descriptions).

Figure 5: Box and whisker plots to summarise patterns in water chemistry variables
across the salinity (left panel) and nitrate (right panel) treatments. The middle
horizontal line represents the median of samples measured between August 2004-
2005. Atomic N:P ratios were calculated from mesocosm total N and P
measurements. Significant differences among levels are indicated with letters, where

different letters indicate significant differences (p<0.05) between levels.
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