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Climate change scenarios project that precipitation will increase in northern Europe,
causing amplified inflows of terrestrial matter (tM) and inorganic nutrients to coastal
areas. How this will affect the plankton community is poorly understood. A mesocosm
experiment was carried out to investigate the influence of two levels of tM inputs on
the composition, size-structure and productivity of a natural coastal phytoplankton
community from the northern Baltic Sea. The tM addition caused browning of the
water and decreased underwater light levels, while the concentrations of dissolved
organic carbon (DOC) and inorganic nutrients increased. Microphytoplankton were
promoted by tM addition, while in the controls picophytoplankton dominated the
phytoplankton community. Inorganic nutrient availability was instrumental in defining
the phytoplankton community composition and size-structure. As a response to tM
addition, the phytoplankton increased their chlorophyll a content. This physiological
adaptation helped to maintain high primary production rates at the low tM enrichment,
but at the high tM load the primary production decreased as did the biomass of
mesozooplankton. The ciliate biomass was high when the mesozooplankton biomass
was low, indicating that a trophic cascade occurred in the system. Structural equation
modeling showed that tM borne DOC promoted ciliates, while primary and bacterial
production were disfavored. Thus, DOC originating from soils had an indirect negative
effect on the mesozooplankton by reducing their food availability. Although, a positive
correlation between heterotrophic bacteria and phytoplankton suggested coupling
between phytoplankton produced carbon and heterotrophs growth. The results from
our study indicate that river-borne DOC and inorganic nutrients have a large impact
on the phytoplankton community, driving the system to the dominance of large
diatoms. However, since river-borne humic substances cause browning of the water,
phytoplankton increase their light harvesting pigments. At moderate inflow this helps
to support the primary production, but at high inflows of terrestrial material the primary
production will decrease. As high river inflows have been projected to be a consequence
of climate change, we foresee that primary production will decrease in coastal areas in
the future, and the impacts of such changes on the food web could be significant.
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Berglund et al., 2007). A simplified view is that the food web is
size-structured and that the smallest picophytoplankton enter
the food web at the flagellate level, while nanophytoplankton
enter at the ciliate level and microphytoplankton at the
mesozooplankton level (Legendre and Rassoulzadegan, 1995).
This means that much less of the primary produced energy
reaches higher trophic levels if the phytoplankton community
is dominated by picophytoplankton than if the community
is dominated by micro-sized phytoplankton (Sommer et al.,
2002). In addition to that, there are quality differences between
cyanobacteria and other phytoplankton groups (Peltomaa et al.,
2017; Jónasdóttir, 2019). Cyanobacteria do not contain storage
lipids, while many eukaryotic phytoplankton contain energy rich
triacylglycerols (Nordbäck et al., 1998). All this emphasizes the
need to understand how changing environmental conditions
influence the composition, size-structure and productivity of the
phytoplankton community.
To enable photosynthesis and growth at low light conditions
phytoplankton often increase their content of light harvesting
pigments, i.e., chlorophyll a (Markager, 1993; Dubinsky and
Stambler, 2009). By this process phytoplankton may be able
to maintain high primary production even though light levels
and photosynthetic efficiency decrease (Halsey and Jones, 2015).
However, with high terrestrial matter (tM) loading, the light may
become too low to support primary production. Extreme inflows
of tM may cause such a significant decrease in the under-water
light conditions that a tipping point could be reached. Presently it
is unknown how phytoplankton physiologically react to different
loads of terrestrial matter. This is important to find out, since it
gives a possibility to make ecological predictions of future climate
change scenarios.
Changes in the phytoplankton community composition or
size-structure can also be caused by zooplankton grazing
under elevated tM loading conditions. Both increases and
decreases of the zooplankton biomass have been found in tMenrichment experiments, as well as alterations in the species
composition (Carlsson et al., 1995; Berggren et al., 2010). Due to
increased concentrations of nitrogen and phosphorus, intrinsic
components of tM, primary production can be heightened,
which can stimulate the zooplankton biomass (Klug, 2002;
Kissman et al., 2013). Additionally, inorganic nutrients can
regulate heterotrophic bacterial growth directly or indirectly
via stimulation of autochthonous organic carbon production
(Schweitzer and Simon, 1995; Vrede, 1999). On the other hand,
if the light availability decreases due to the brown color of the
tM, the primary production as well as the zooplankton biomass
may decrease. Supply of tM however, also influences other food
web components and can nurture the heterotrophic microbial
food web, as the terrestrial organic carbon can be used as food
source for heterotrophic bacteria (Kaartokallio et al., 2016). This
in turn may promote growth of protozoa, which are used as
food by mesozooplankton (Berggren et al., 2010; Faithfull et al.,
2012). The bottom-up effects are major processes regulating
the pelagic food web in oligotrophic ecosystems, while the topdown effects are more often observed in eutrophic ecosystems,
where a positive correlation between mesozooplankton and
picophytoplankton and heterotrophic bacteria occur due to

INTRODUCTION
Phytoplankton are the major primary producers in aquatic
ecosystems (Field et al., 1998; Falkowski et al., 2004). They
commonly constitute the base of pelagic food webs, thus changes
in their taxonomic composition, size-structure and production
due to anthropogenic activity and climate change can have
complex and significant knock-on effects on the production
at higher trophic levels (Chust et al., 2014; Rasconi et al.,
2015). For example, periodically heavy rainfall will increase the
transport of river-bond inorganic nutrients from the terrestrial
system to the coast. The inorganic nutrient concentrations in
the recipient waters will rise, which can promote phytoplankton
growth (Dagg et al., 2004; Masotti et al., 2018). River flooding
may therefore cause phytoplankton blooms and eutrophication
in the recipient coastal ecosystems (Wasmund, 2002; Penna et al.,
2004). However, if the river-water also holds high concentrations
of colored humic rich matter, the eutrophication process could
be counteracted (Andersson et al., 2013). The brownish color of
the water causes increased light attenuation, and thus decreased
water transparency. In such a scenario, phytoplankton growth
would be light limited and their carbon production lowered.
This may in turn lead to decreased fish production thus affecting
human food resources.
Effects of river flooding on the coastal carbon cycle, induced
by changes in the phytoplankton community, can vary (Roelke
et al., 2013; Dorado et al., 2015). Increased inorganic nutrient
levels would promote large microphytoplankton, such as diatoms
(Shangguan et al., 2017a), since they have a competitive advantage
when nutrient inputs are high (Legendre and Rassoulzadegan,
1995; Duarte et al., 2000). Furthermore, changes in the inorganic
nutrient composition and their stoichiometry can drive the
phytoplankton community to change the taxonomic composition
and size-structure (Shangguan et al., 2017a,b; Swarbrick et al.,
2019). On the other hand, low light levels would promote small
phytoplankton, pico- and nanophytoplankton, because of their
large surface to volume ratio and distribution of pigments along
the outer cell wall (Raven, 1998; Marañón, 2015). This enables
more efficient light harvesting in small cells compared to larger
cells, where the light harvesting pigments are enclosed in inner
cell organelles, i.e., in the chloroplasts (Raven, 1998; Kirk, 2011).
However, since river water contains both inorganic nutrients and
dissolved organic matter, freshwater inflows or flooding could
either promote large or small phytoplankton cells. Moreover,
where natural bacterial communities also make a significant part
of the food web then the conversion of organic matter and the
changes in bioavailability of it may also be critical factors (Asmala
et al., 2013; Traving et al., 2017; Asmala et al., 2018). Thus overall,
the phytoplankton response may be governed by the magnitude
of the inflow and the inorganic nutrient and organic matter
concentration in the river water.
Large and small phytoplankton cells can enter the food web,
though this takes place at different trophic levels, implying
that different shares of the organic carbon produced by
phytoplankton reach higher trophic levels. At each trophic
level, ∼70% of the energy (organic carbon) is lost due
to respiration, sloppy feeding and excretion (Straile, 1997;
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(see Grubisic et al., 2012; Lefébure et al., 2013 for more details).
On May 21st and 22nd, seawater was gently collected at a depth
of 4 m from the Bothnian Sea (63◦ 330 N, 19◦ 560 E; salinity ∼4 and
temperature ∼6◦ C) using a peristaltic pump, and transported in
1 m3 polythene containers to UMSC. Mesocosms were gently
filled and enriched with inorganic nutrients (0.7 µmol l−1
nitrogen and 0.09 µmol l−1 phosphorus) to prevent nutrient
limitation during a 7-day equilibration period prior to imposition
of the treatments. The water contained a natural pelagic food web
from bacteria to mesozooplankton, while larger organisms (e.g.
fish) were excluded by using 1.5 mm mesh during collection. The
final mesocosm temperature after a 7-day equilibration period
reached 15◦ C and light was set to a cycle of 12 h light and
12 h dark. Illumination was supplied by 150 W metal halogen
lamps (MASTERColour CDM-T 150W/942 G12 1CT) situated
above each mesocosm, which provided photosynthetically active
radiation (PAR) of 400 µmol photon m−2 s−1 at the surface.
To ensure that the water column was replete with oxygen and
well mixed, air was continuously bubbled into the mesocosms
(20 ml s−1 ) in conjunction with thermal cycling that resulted in
convective stirring of the water (full mixing of each mesocosm in
circa 2–4 h period, unpublished testing data).
Temperature and thermal water cycling within tanks was
controlled by an automated heating/cooling system (±0.5◦ C).
One of four treatments was assigned randomly to each
mesocosm. Water exchange (40 l, inclusive of sampling water
collection) was carried out every second day and replacement
water consisted of 0.2 µm filtered natural Bothnian Sea water.
The experiment started on 28th of May (Day 0) and lasted
for 28 days. To disentangle the effect of tM borne organic
and inorganic nutrients, triplicate mesocosm replication was
established. Four treatments were applied. In the tML and tMH
treatments, natural tM extracted from soils was added to mimic
river inflow. The tM contained both organic matter and inorganic
nutrients. Soils were collected at the beginning of May from
the banks of the Reda River for tMH (Southern Baltic Proper,
Poland) and Öre River for tML (Northern Bothnian Sea, Sweden).
The sites were selected to be representative of catchment regions
dominated by agriculture and forestry, respectively. The tM
extracts were produced following the procedure outlined in
Lefébure et al. (2013). To release organic, inorganic nutrients and
heavy metals bound to soils, extracts were dispersed in filtered
MQ water and mixed with an ion exchange resin (Amberlite IRC
748I) before being stored in the dark at 4◦ C for 48 h. Extracts
were then filtered through a 90 µm mesh and the liquid phase was
retained in acid washed tanks in the dark at 4◦ C for the duration
of the experiment. Nutrient (inorganic and total) measurements
of these extracts were made on filtered samples from the bulk
extracts, and this information was used to create the treatments
described below. Dissolved organic carbon (DOC), dissolved
inorganic nitrogen and phosphorus (DIN, DIP), total nitrogen
and phosphorus (Tot N, Tot P) concentrations were analyzed
using a Shimadzu TOC-5000 carbon analyzer and a Braan
and Luebbe TRAACS 800 autoanalyzer. The experiment was
designed to mimic a future climate change scenario of increased
river runoff in the Baltic Sea. The final concentration of DOC
targeted was 6 mg l−1 in the tML treatment and 8 mg l−1

decreased predation pressure on small cells (a trophic cascade)
(Sanders et al., 1992). Furthermore, phytoplankton are not always
the most important food source for coastal zooplankton. For
example, Carlsson et al. (1995) showed that zooplankton did not
significantly influence the phytoplankton community in a coastal
area, since the dominant omnivorous zooplankton rather grazed
on microzooplankton than on phytoplankton. Additionally, tM
may selectively alter the zooplankton species composition, and
thus the food web channeling and stoichiometry (Berggren et al.,
2010; Faithfull et al., 2012). Cladocerans have relatively low
N:P ratio and execute unselective grazing (Hambright et al.,
2007). They consume different organisms within the microbial
food web, for example bacteria, flagellates and ciliates, and
preferentially P-rich phytoplankton (Riemann, 1985; Schatz and
McCauley, 2007). In contrast, copepods have a relatively high
N:P ratio and are selective grazers (Meunier et al., 2016). They
prefer feeding on nano- and microplankton, such as ciliates and
N-rich phytoplankton species (Cowles et al., 1988; Walve and
Larsson, 1999). The interaction between the food web-base and
the mesozooplankton community is thus highly complex and
adjustable depending on external forcing, for example varying
inorganic nutrient and tM load.
Increasing inflows of tM to coastal areas in northern Europe,
such as the Baltic Sea, is one of the projected consequences
of future climate change (Meier et al., 2012; Andersson et al.,
2015). Regional climate projections estimate an increase in
riverine inflow of 15–20% in the northern Baltic Sea area,
which will be accompanied by an increase in colored tM
loads and inputs enriched with both organic and inorganic
nutrients (Meier et al., 2012). We performed an experimental
study to elucidate how projected increases in tM inflows will
affect the coastal phytoplankton composition, size-structure,
production and physiological adaptation. The experiment was
performed using natural seawater from a coastal area in the
northern Baltic Sea, which included a complete food web
from microorganisms to mesozooplankton, with planktivorous
fish subsequently added. We hypothesized that: (1) increased
inorganic nutrient concentrations via tM inputs would cause
an increase in the phytoplankton cell-size, even though the
light decreases, (2) photosynthetic efficiency would decrease with
increasing tM load and that the phytoplankton would adapt
to lower light by increasing their chlorophyll a content, (3)
at low tM load this adaptation would help maintaining high
primary production rates but at high tM load high primary
production cannot be sustained, and (4) mesozooplankton would
benefit from high primary production, and their functional
feeding composition would follow the size-spectrum of the
phytoplankton community.

MATERIALS AND METHODS
Mesocosm Experiment
The experiment was carried out from 21st of May to 25th of June
2012, using 12 indoor mesocosms located at the Umeå Marine
Sciences Center (UMSC), Sweden (as described in Traving et al.,
2017). The mecososm are 5 m high tanks with a volume of 2000 l
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in the tMH treatment (overall additions), which is equivalent
to an increased C concentration of 50 and 100% respectively,
based on future scenario from Hägg et al. (2010). The two
control treatments CtrlL and CtrlH were supplemented only with
inorganic N and P to match inorganic nutrients concentrations of
the respective tM treatments. Three days before the first sampling
day, all mesocosms were supplied with a 22% boost of their
respective overall additions, followed by daily equal additions to
reach future C scenarios (Table 1). During the first day of the
experiment (Day 0), seven young of the year (YOY), similarly
sized, perch (Perca fluviatilis) were added per mesocosm to mimic
natural predation. The fish survival during the experiment was
high, with an average survival rate of 80%.

solution (Hoge et al., 1993). DOC concentrations were analyzed
on 0.22 µm filtered (Supor Membrane Syringe Filter, nonpyrogenic; Acrodisc ) and acidified samples (18 mM HCl, final
concentration) using a Shimadzu TOC-5000 analyzer.
Colored dissolved organic matter (CDOM) absorbance was
measured in water samples filtered through a 0.22 µm
polycarbonate membrane and stored in amber glass bottles
in the dark at 4◦ C until analysis. Absorbance values were
recorded from 250 to 800 nm using a Shimadzu UVPC-2501
scanning spectrophotometer, with Milli-Q water as the blank.
The absorption coefficient at 440 nm (g440 ) was calculated by
multiplying the absorbance at specific wavelength with 2.303 and
dividing by the length of the cuvette (Kirk, 2011).

Sampling

Chlorophyll a and Primary Production

R

All water samples were collected twice a week in the early
morning (06.00 h) using a syphoning hose at 2 m depth,
except those for microscopic identification of phytoplankton and
zooplankton. These samples were taken at the beginning, middle
and end of the experiment (Days 0, 17, and 28) using the same
sampling device. Primary production incubation was performed
immediately after sample collection and once the automatic light
cycle had been initiated (07.00 h).

Samples for chlorophyll a (Chl a) (100 ml) were filtered onto
25 mm GF/F filters, extracted in 95% ethanol overnight and
measured with a Perkin Elmer LS 30 fluorometer (433/674 nm
excitation/emission wavelengths). Primary production (PP) rates
were measured using the 14 C method (Gargas, 1975). Samples
were incubated with NaH14 CO3 at a final concentration of
0.1 µCi ml−1 (14 C Centralen Denmark, DHI, activity 100 µCi
ml−1 ) at seven depths: surface, 0.1, 0.2, 0.4, 0.6, 1, and 2
meters, within each mesocosm. Additionally, one dark sample
per tank was incubated. After ∼3 h of incubation, 5 ml of each
sample were transferred to a scintillation vial, and gently bubbled
with 150 µl of 6 M HCl for 30 min. Subsequently, 15 ml of
scintillation fluid were added, and samples were measured using
a Beckman 6500 scintillation counter. Average daily primary
production was calculated in each mesocosm, using the light
factor method (Gargas, 1975). PP:Chl a was calculated as an
indicator of photosynthetic efficiency.

Physicochemical Factors
Vertical Photosynthetically Active Radiation (PAR) irradiance
profiles were taken with a LICOR-193SA light sensor. Light
measurements were carried out every 0.2 m from the surface
to 0.6 m, and then at 0.5 m intervals down to 4.5 m. The
light attenuation coefficient (Kd ) was calculated from the slope
of the linear regression of the natural logarithm of downwelling irradiance versus depth. Samples for inorganic nutrients
Dissolved Inorganic Phosphorus (DIP: phosphate), Dissolved
Inorganic Nitrogen (DIN: nitrate + nitrite and ammonium) and
silicate were filtered through 0.2 µm cellulose-acetate filters and
stored at −20◦ C, while unfiltered samples for total phosphorus
(Tot P) and total nitrogen (Tot N) were directly stored at −20◦ C.
All nutrients were analyzed using a Braan and Luebbe TRAACS
800 autoanalyzer, according to standard analytical methods
(Grasshoff et al., 1983). The concentration of humic substances
(HS) was measured from unfiltered water samples using a Perkin
Elmer LS 30 fluorometer at 350/450 nm excitation/emission
wavelengths, calibrated with a serial dilution of quinine sulfate

Bacterial Production
The 3 H-thymidine incorporation method was used to measure
bacterial production (BP) (Fuhrman and Azam, 1982). Four 1 ml
seawater samples (one control and three samples) were incubated
with 2 µl of 3 H-thymidine (84 Ci mmol−1 ; PerkinElmer,
MA, United States) (final concentration 24 nM) for 1 h at
in situ temperature. This thymidine addition corresponded to
the saturation level. The control sample was pre-killed by adding
100 µl of ice-cold 50% TCA and incubation at −20◦ C for
5 min. Cell production was calculated using a conversion factor
of 1.4 × 1018 cells mol−1 of incorporated thymidine (Wikner
and Hagström, 1999). Daily net production rates were calculated
assuming stable uptake rates over the day and a bacterial carbon
content of 20 fgC cell−1 (Lee and Fuhrman, 1987).

TABLE 1 | Daily addition of C, N and P concentrations in the mesocosms
(subsequent to initial addition of tM extracts).
Treatment

C (µmol l−1 )

N (µmol l−1 )

P (µmol l−1 )

tML *

10

1.1

0.03

tMH *

20

2.3

0.13

CtrlL **

–

0.001

0.0008

CtrlH **

–

0.009

0.005

Plankton Identification and Enumeration
Samples for phytoplankton (>2 µm) identification and counting
were preserved with 2% alkaline Lugol’s solution in 50 ml
volumes. Samples were settled for 24–48 h and counted
using the inverted microscope method (Utermöhl, 1958).
Microphytoplankton (>20 µm) and nanophytoplankton (2–
20 µm) samples were counted at 100× and 400× magnification,
respectively. Zooplankton samples were preserved with 2%

*Soil extracts contained both organic and inorganic nutrients as well as dissolved
organic carbon. **CtrlL and CtrlH treatments were supplemented with nitrate
(NaNO3) , ammonia (NH4 Cl) and phosphate (NaH2 PO4) in the stoichiometry and
concentration equivalent to tM addition treatments, respectively [from Traving et al.
(2017)].
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normality of residuals, homoscedasticity of the residuals and
possible data outliers). GLMM models were also performed to
evaluate the effects of physicochemical and biological variables
(PAR, PO4 , NH4 , NO3 + NO2 , and zooplankton biomass)
on phytoplankton related parameters, bacterial biomass and
production and ciliate biomass. The remaining physicochemical
variables measured during the experiment were not included
in analysis due to high multicollinearity indicated by the
variance inflation factor (VIP > 10). Physicochemical and
biological variables were selected for the final model with
a backward stepwise selection process based on based on
Akaike’s Information Criterion (AIC). Changes in the total
phytoplankton biomass composition were visualized by nonmetric multidimensional scaling (NMDS), based on Bray-Curtis
similarity. Redundancy analysis (RDA) was performed to identify
factors influencing the size-structure of the phytoplankton
community during the middle and end of the experiment.
The relative biomass of pico- (<2 µm), nano- (2–20 µm)
and micro- (>20 µm) phytoplankton were analyzed in
relation to zooplankton biomass (Zooplankton), phosphate
(PO4 ), ammonium (NH4 ), nitrate + nitrite (NO3 + NO2 ),
and Photosynthetically Active Radiation (PAR). Additionally,
the relationships between primary production (PP), bacterial
production (BP), zooplankton biomass (ZP), and ciliate biomass
(Ci) as endogenous variables and phosphate (PO4 ) and dissolved
organic carbon (DOC) as exogenous variables were examined
by structural equation modeling (SEM). Standardized path
coefficients and R2 were calculated, while the goodness of fit of
the model was tested by the Chi-square test. Non-parametric
correlation (Spearman) analyses were used to test relationships
between the relative biomass of major zooplankton groups and
bacterial, ciliate biomass and the relative contribution of the
size-structure of the phytoplankton. Day 0 was excluded from
statistical analyses in order to examine physicochemical and
biological variations after the treatments had taken effect. Data
analyses were performed in Primer 6, Canoco 5, and R softwares.

alkaline Lugol’s solution, counted on a stereomicroscope (Leica),
and transformed into carbon biomass (Hernroth, 1985).
Samples for picophytoplankton and heterotrophic bacteria
were preserved in 0.1% glutaraldehyde (final concentration) and
frozen at −80◦ C (Marie et al., 2005) for later counts using a
BD FACSVerseTM flow cytometer (BD Biosciences) equipped
with a 488 nm laser (20 mW output) and a 640 mn laser
(output 40 mW). Frozen samples were quickly thawed in a
30◦ C water bath and pre-filtered through a 50 µm mesh.
Picophytoplankton samples were run with 3 µm microspheres
(Fluoresbrite plain YG, Polysciences) as internal standard.
Picophytoplankton abundance was converted to biomass using
carbon conversion factors: 120 fgC cell−1 for picocyanobacteria
and 829 fgC cell−1 for picoeukaryotic phytoplankton, based on
microscopic measurements of cell sizes and use of conversion
factors (see below). Heterotrophic bacteria samples were diluted
with 0.2 µm filtered seawater, stained with SYBR Green I
(Invitrogen) (1:10000, final concentration) and kept in the dark at
room temperature for 10 min. 1 µm microspheres (Fluoresbrite
plain YG, Polysciences) were added to each sample as internal
standard and analyses were run at a low flow rate of 30 µL
min−1 with an acquisition time of 2 min. Heterotrophic bacteria
abundance was converted to biomass using carbon conversion
factor: 20 fgC cell−1 (Lee and Fuhrman, 1987).
The phytoplankton cells were divided into different sizeclasses: pico- (<2 µm), nano- (2–20 µm), and micro- (>20 µm)
phytoplankton based on measurements of the longest cell
axis. Functional groups: AU (autotrophs), HT (heterotrophs),
and MX (mixotrophs) were assigned according to Olenina
et al. (2006). Filamentous cyanobacteria were assigned to
the microphytoplankton category based on the size of single
cells, as well as tightly clustered amalgamations of cells.
Nutritional characteristics of plankton were identified based
on cell morphology, size and described trophy (Tikkanen and
Willen, 1992; Hällfors, 2004; Olenina et al., 2006). Further,
the coloration of the smallest cells was used to support the
trophy classification as Lugol’s solution stains Chl a brown.
Phytoplankton biomass was calculated from the geometric shape
of cells following Olenina et al. (2006) and cell carbon content
was calculated according to Menden-Deuer and Lessard (2000).
Total phytoplankton biomass (TB) was defined as the sum
of the carbon biomass of autotrophs (including Mesodinium
rubrum) and mixotrophs. The relative contribution to biomass of
size classes and functional groups were calculated. Additionally,
Chl a:C was estimated as an indicator of acclimation to changing
light and nutrient conditions. This indicator was obtained
by dividing the Chl a concentration by total phytoplankton
carbon biomass.
R

R

RESULTS
Variation of Physicochemical Factors
Photosynthetically Active Radiation (PAR) decreased gradually
over time in the mesocosms with tM load (33–4 µmol photon
m−2 s−1 ), while in the controls (CtrlL and CtrlH ) the PAR values
were higher and generally more constant (on average 50 µmol
photon m−2 s−1 ) (Tukey’s, p < 0.001) (Figure 1A). Humic
substances, Kd , Tot N, DOC and g440 increased throughout
the experiment in the tM mesocosms (HS: 26–47 µg l−1 , Kd :
1.4–4.1 m−1 , Tot N: 22–40 µmol−1 , DOC: 6-9 mg l−1 , g440 :
2.6-9.7 m−1 ), while in the controls the values were relatively
unchanged (on average HS: 22 µg l−1 , Kd: 1 m−1 , Tot N:
17 µmol−1 , DOC: 5 mg l−1 , g440: 1.7 m−1 ) (Figures 1B,
2A,C–E). The values of these variables were significantly higher
in the tM supplemented mesocosms compared to the controls
(Tukey’s, p < 0.001).
In general, nitrate + nitrite decreased steadily over time in all
treatments and reached the lowest values on day 24 (Figure 1C).

Statistical Analyses
Generalized linear mixed models (GLMM), followed by Tukey’s
post hoc tests, were used to test the effect of treatments, days and
their interactions on physicochemical variables and biological
variables. Mesocosm tank was included as a random effect. The
assumptions of normality were tested using the Shapiro-Wilk test.
The fit of the model was estimated by interpreting the diagnostic
plots (correlation between model residuals and the fitted values,

Frontiers in Marine Science | www.frontiersin.org

5

February 2020 | Volume 7 | Article 80

Paczkowska et al.

Phytoplankton Response to Terrestrial Inflows

FIGURE 1 | Temporal variation of physicochemical factors during the experiment: Photosynthetic Active Radiation (PAR) at 1 m (A) modified after Traving et al.
(2017), humic substances (B), nitrate + nitrite (C), ammonium (D), phosphate (E), and silicate (F). Means ± standard error, n = 3.

the controls (16.4 ± 2.1 vs. 23.8 ± 2.6 µmol−1 ) (Figure 1F).
There was no significant difference in silicate concentration
between treatments. Highest DIN:DIP ratio was observed in the
control (CtrlL ). In these mesocosms the ratio was 2-fold and 8fold higher than in the remaining treatments, suggesting strong
phosphorus limitation in CtrlL (Figure 2F).

Higher nitrate + nitrite concentration was observed in tM
treatments than in controls (1.4 ± 0.1 vs. 0.8 ± 0.1 µmol l−1 ).
Ammonium, phosphate and Tot P peaked at the middle of
the experiment, reaching maximum values in tM treatment
(3.1 µmol−1 for ammonium, 0.18 µmol−1 for phosphate and
0.83 µmol−1 for Tot P, respectively) (Figures 1D,E, 2B).
Inorganic nitrogen (nitrate + nitrite and ammonium), phosphate
and Tot P concentrations were significantly higher in the tM
mesocosms than in the controls (Tukey’s, p < 0.001). The higher
concentrations of inorganic N and P in the tM treatments than
in the controls were likely due to bacterial reduction of organic
N and P to inorganic forms. Silicate showed a decreasing trend
in all mesocosms, and at the end of the experiment, the silicate
concentration was 1.5-fold lower in the tM mesocosms than in
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Effect of tM Load on Phytoplankton
Community Composition, Size-Structure
and Nutritional Strategy
The taxonomic composition was similar in all mesocosms at the
beginning of the experiment (Figures 3A, 4). Bacillariophyceae
and Chlorophyceae were the dominant groups (Figures 3Aa-d).
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FIGURE 2 | Temporal variation of physiochemical factors: Kd (A), Tot P (B), Tot N (C), DOC (D) modified after Traving et al. (2017), g440 (E), and DIN:DIP (F).
Mean ± standard error, n = 3.

Noticeable taxa were Skeletonema marinoi (Cleve), Thalassiosira
baltica, Chaetoceros wighamii (Brightwell) and Monoraphidium
contortum (Komárková-Legnerová). The photosynthetic ciliate
Mesodinium rubrum (Leegaard) also occurred abundantly at the
initial phase of the experiment, constituting on average ∼10%
of the total biomass in controls and ∼25% in tM treatments
(Figures 3Aa-d). However, as the experiment progressed the
phytoplankton composition showed differences between the
controls and tM supplemented mesocosms (Figures 3A, 4).
In the controls, unidentified picoeukaryotes dominated the
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phytoplankton community (Table 2 and Figures 3Aa-b),
while in the tM supplemented mesocosms they constituted a
smaller share (Figures 3Ac-d). Bacillariophyceae (diatoms) were
promoted by tM load, and at the end of the experiment this
group constituted on average ∼50% of the biomass in these
mesocosms (Figures 3Ac-d). Diatoma tenuis (C. Agardh) and
Synedra acus var. acus (Kützing) were the most abundantly
occurring species.
At the start of the experiment, microphytoplankton was
the dominant size group in all mesocosms, forming ∼80%
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FIGURE 3 | Phytoplankton taxonomic composition and size-structure at the start, middle and end of the experiment: biomass distribution of major phytoplankton
taxa: Bacillariophyceae, Chlorophyceae, Cryptophyceae, Prasinophyceae, Others, Mesodinum rubrum and picophytoplankton (A), and biomass distribution of
size-classes: pico- (<2 µm), nano- (2–20 µm), and microphytoplankton (>20 µm) (B).
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FIGURE 4 | Non-metric multidimensional scaling (NMDS) plot of the phytoplankton community composition. Numbers display the sampling day (1 = Day 0, 2 = Day
17, and 3 = Day 28).

of the biomass (Figures 3Ba-d). Their relative contribution
decreased most strongly in the controls, falling to less than
10% in the middle of the experiment before increasing
slightly by the end of the experiment, reaching ∼14%. In
the tM supplemented mesocosms, the microphytoplankton
contribution remained high throughout the experiment
and ranging between 31 and 46% in the middle of the
experiment and 48 and 61% at the end of the experiment.
D. tenuis, M. rubrum, S. acus var. acus and M. contortum
dominated this phytoplankton size group over the experiment
(Table 2). Nanophytoplankton constituted a smaller part of
the phytoplankton community, on average ∼1% of the total
phytoplankton biomass in the controls and ∼15% in tM
treatments in the middle of the experiment, while the highest
share, ∼25%, was observed at the end of the experiment in all
treatments (Figures 3Ba-d). Within the nanophytoplankton,
Cryptophyceae and Prasinophyceae were the most abundant
taxa, e.g., Plagioselmis prolonga (Butcher), Teleaulax spp.
and Pyramimonas spp. (Table 2). Picophytoplankton showed
maximum contribution in the middle of the experiment
in all mesocosms, where they constituted 38–93% of the
phytoplankton biomass (Figures 3Ba-d). The picophytoplankton
share remained high in the controls all through the experiment,
while in the tM mesocosms picophytoplankton decreased
toward the end, constituting ∼20% of the phytoplankton
biomass (Figures 3Ba-d).
The proportion of autotroph biomass was high in all
treatments, constituting over 96% of the total phytoplankton
biomass throughout the experiment. The contribution of
heterotrophs and mixotrophs was minimal, contributing a
maximum of ∼4% in the tM mesocosms in the middle of the
experiment, and 2% in controls at the end of the experiment.
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Relation Between Phytoplankton
Size-Structure and Potentially
Explanatory Factors
The influence of environmental conditions on the sizestructure of the phytoplankton community was explored using
Redundancy analyses (RDA). The first two RDA axes explained
83.6% of the phytoplankton size-structure (Table 3). RDA1
was mainly influenced by PAR and zooplankton biomass,
and RDA2 had high scores of zooplankton biomass and
inorganic nitrogen forms (nitrate + nitrite) (Figure 5). The
environmental conditions within the controls contributed
to higher relative contributions of picophytoplankton and
zooplankton biomass, while microphytoplankton dominated in
the tM enriched mesocosms, where PAR was low and inorganic
nutrients high.

Chlorophyll a, Total Phytoplankton
Biomass and Chlorophyll a Content
In the controls the Chl a and total phytoplankton biomass
showed an overall decreasing trend over time, with values that
were 2–4 times lower at the end of the experiment than at the
start (Figures 6A,B). In the tM enriched mesocosms, Chl a
and total phytoplankton biomass decreased until the middle
of the experiment and then slightly increased toward the end
of the experiment (Figures 6A,B). The Chl a concentrations
and total phytoplankton biomass were significantly lower in the
tMH mesocosms compared to the other treatments (Tukey’s,
p < 0.05). During the second part of the experiment the
average Chl a and total phytoplankton biomass were the lowest
in the tMH mesocosms (∼1.1 µg l−1 and ∼15 µg C l−1 ,
respectively) (Figures 7A,B). Chl a concentration was positively
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Diatoma tenuis
Synedra acus var.
acus

Pyramimonas spp.

TABLE 3 | Variable loadings for the first and second axis of the RDA performed on
biological and physicochemical data.
Axis
1

Diatoma tenuis
Monoraphidium
contortum

Eigenvalues

0.811

0.025

Pseudo-canonical correlations

0.941

0.550

Cumulative percentage variance
of response data

81.1

83.6

of fitted response data

96.9

99.9

Variables:

Diatoma tenuis
Synedra acus var.
acus

Pyramimonas spp.

Picoeukaryotes
Picoeukaryotes

Pyramimonas spp.
Teleaulax spp.

Day 28

2

Photosynthetically Active Radiation (PAR)

−0.862

0.132

Zooplankton

−0.761

−0.284

Nitrate + nitrite (NO3 + NO2 )

0.545

−0.278

Phosphate (PO4 )

0.498

−0.110

Ammonium (NH4 )

0.486

−0.233

Diatoma tenuis
Mesodinium
rubrum
Mesodinium
rubrum
Diatoma tenuis
Merismopedia
warmingiana
Diatoma tenuis
Merismopedia
warmingiana
>20 µm

Picoeukaryotes

Plagioselmis
prolonga
Pyramimonas spp.
Plagioselmis
prolonga
Pseudopedinella
tricostata
Centrales
unidentified
Plagioselmis
prolonga
2–20 µm

Picoeukaryotes
Picoeukaryotes
Picoeukaryotes
Picoeukaryotes
<2 µm

Teleaulax spp.

Day 17
Day 28
Day 17

Day 28

Day 17

tML
CtrlH
CtrlL
Size fraction

TABLE 2 | Dominating phytoplankton taxa, constituting >25% of the biomass in different size classes, at day 17 and 28 of the mesocosm experiment.

Day 17

tMH

Picoeukaryotes

Phytoplankton Response to Terrestrial Inflows

Day 28

Paczkowska et al.
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FIGURE 5 | Redundancy analysis (RDA) of factors influencing the
size-structure of the phytoplankton community during the middle and end of
the experiment. The distribution of pico- (<2 µm), nano- (2–20 µm) and
micro- (>20 µm) phytoplankton were analyzed in relation to zooplankton
biomass (Zooplankton), phosphate (PO4 ), ammonium (NH4 ), nitrate + nitrite
(NO3 + NO2 ) and Photosynthetically Active Radiation (PAR). Numbers display
mesocosm numbers (CtrL (1,2,7), CtrH (3,8,11), tML (4,5,12), tMH (6,9,10),
- Day 17;  – Day 28).

correlated with ammonium while total phytoplankton biomass
was negatively correlated with phosphorus (Supplementary
Table S1). The Chl a content of the phytoplankton cells,
measured as the Chl a:C ratio, was on average about 50%
higher in the tM supplemented mesocosms than in the controls,
largely due to increase phosphorus concentrations (Figure 7C
and Supplementary Table S1).
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FIGURE 6 | Temporal variation of Chl a (A) modified from Traving et al. (2017), total phytoplankton biomass (B) and primary production (C). Means ± standard
error, n = 3.

vs. 64.8 ± 3.8 µg l−1 ) (Tukey’s, p < 0.001). Bacterial
production ranged between 0.44 and 2.78 µg C l−1 d−1
and was on average 1.5 times lower in the CtrlH treatment
compared to the remaining treatments, with relatively stable
values throughout the experiment (Figure 8B). In both tM
treatments, bacterial production followed a similar trend as
bacterial biomass (Figure 8B). Bacterial production in tMH
was significantly higher than in CtrlH (Tukey’s, p < 0.01).
During the second part of the experiment, higher bacterial
production was observed in tM addition treatments than
in controls (Figure 7F). Bacterial biomass was positively
correlated with zooplankton biomass and nitrate + nitrite
concentration while bacterial production with ammonium
(Supplementary Table S1).

Variation of Phytoplankton Primary
Production and Photosynthetic
Efficiency
Primary production ranged from 0.2 to 3.1 µg C l−1 d−1 during
the experiment (Figure 6C). In the tM enriched mesocosms,
primary production was significantly lower than in the controls
(Figures 6C, 7D) (Tukey’s, p < 0.01). When the different
treatments had taken effect, i.e., during the second half of the
experiment, the low tM enrichment (tML ) showed a positive
effect on primary production compared to the control (CtrlL )
(Figure 7D). In fact, the primary production was similar in the
control (CtrlH ) and tM enriched mesocosms (tML ), while in the
tMH mesocosms the primary production was approximately half
of that in the other treatments (Figure 7D). The photosynthetic
efficiency, i.e., the PP:Chl a ratio was higher in the controls than
in the tM supplemented mesocosms (0.57 ± 0.03 vs. 0.43 ± 0.02)
(Figure 7E). PP and PP:Chl a ratio were negatively correlated
with phosphate and positively with zooplankton biomass and
ammonium (Supplementary Table S1).

Ciliates and Mesozooplankton Biomass
The ciliate biomass, which initially was 0.08 and 0.14 µg C l−1
in controls and tM mesocosms, slightly decreased in the middle
of the experiment and then decreased to 0.04 and increased
to 0.35 µg C l−1 by the end of the experiment, respectively
(Figure 8C). A significant difference between tM treatments and
their controls was observed (Tukey’s, p < 0.01). Ciliate biomass
was negatively correlated with phosphate, PAR and ammonium
(Supplementary Table S1). Mesozooplankton biomass increased
from the start to the middle of the experiment and then decreased
toward the end of the experiment. Higher mesozooplankton

Bacterial Biomass and Productivity
Bacterial biomass generally increased until the middle of
the experiment in all treatments after which it sharply
declined (Figure 8A). A significantly higher bacterial biomass
was observed in tML than tMH mesocosms (77.5 ± 7.0
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FIGURE 7 | Average Chl a (A), total phytoplankton biomass (B), Chl a:C (C), primary production (D), PP:Chl a (E), bacterial production (F), ciliate biomass (G), and
the zooplankton biomass (H) during the second part of the experiment (Day 17 and Day 28). Means ± standard error, n = 2.

the ciliate biomass (standardized path coefficient 0.74, p < 0.05),
and was negatively correlated with primary production and
zooplankton biomass (standardized path coefficient −0.41 and
−0.75, p < 0.05, respectively) (Figure 9). The model indicated
that DOC hampered the bacterial production, and that bacterial
and primary production were positively correlated. Overall, the

biomass was observed in the controls than in tM treatments (19.7
± 2.6 vs. 11.7 ± 1.6 µg C l−1 ) (Figure 8D) (Tukey’s, p < 0.01).
During the second part of the experiment, ciliate biomass was
higher in tM addition mesocosms, while the opposite trend was
observed in relation to the zooplankton biomass (Figures 7G,H).
Structural equation modeling (SEM) showed that DOC promoted
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FIGURE 8 | Temporal variation of bacterial biomass (A), bacterial production (B), ciliate biomass (C), and mesozooplankton biomass (D). Means ± standard error,
n = 3.

SEM model showed a similar goodness of fit to the data (χ2 =
0.40, df = 2, p = 0.82).

% = 0.54, p < 0.01) and decreased with higher bacterial biomass
(Spearman’s % = −0.46, p < 0.05).

Mesozooplankton Community
Composition

DISCUSSION

At the beginning of the experiment the zooplankton community
was dominated by Limnocalanus macrurus, Eurytemora affinis
and Synchaeta spp. in all treatments (Figure 10). On day 17,
L. macrurus and Bosmina coregoni maritima made up on average
∼ 70 and ∼ 20% of the zooplankton biomass in the controls and
∼ 30 and ∼ 50% in the tM enriched treatments, respectively.
At the end of the experiment, B. coregoni maritima dominated
in the controls and tML treatment, while B. coregoni maritima
and L. macrurus contributed equally ∼ 30% of the zooplankton
biomass in tMH .
During the second part of the experiment, the relative
contribution of L. macrurus was positively correlated with
bacterial biomass (Spearman’s % = 0.60, p < 0.01) and
the relative contribution of picophytoplankton (Spearman’s
% = 0.49, p < 0.05), as well as negatively correlated with
ciliate biomass (Spearman’s % = −0.54, p < 0.01) and
the relative contribution of nanophytoplankton (Spearman’s
% = −0.68, p < 0.01). The relative contribution of E. affinis
was positively correlated with the relative contribution of
microphytoplankton (Spearman’s % = 0.47, p < 0.05), while the
relative contribution of B. coregoni maritima increased with the
higher relative contribution of nanophytoplankton (Spearman’s

In natural aquatic ecosystems, the phytoplankton communities
are controlled both by bottom-up and top-down factors
(Andersson et al., 1996; Gruner et al., 2008; Hulot et al.,
2014). In our study, the inorganic nutrient availability and
light level played large roles in shaping the phytoplankton
community. Among these two factors, the inorganic nutrient
levels were found to be more important for the phytoplankton
species composition and size-structure than the light levels.
In the tM enriched mesocosms the nitrogen and phosphorus
concentrations were 2-6-fold higher than in the controls, and in
these mesocosms the phytoplankton community was dominated
by microphytoplankton. On the contrary, picophytoplankton
dominated the phytoplankton community in the controls.
The results are in accordance with the theory that small
cells have a competitive advantage at low inorganic nutrient
concentrations (Raven, 1998), and that large phytoplankton cells
have lower affinity for nutrients but higher maximum uptake
capacity per cell under nutrient-rich conditions. Thus, in our
experiment, inorganic nutrients were likely more important
than light attenuation in shaping the size-structure of the
phytoplankton community. Additionally, Bacillariophyceae and
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a positive correlation between the relative contribution of
Bacillariophyceae and the proportion of NO3 uptake while an
increase in the picophytoplankton was related with NH4 uptake
(Glibert and Berg, 2009; Glibert et al., 2016).
The PAR levels were 2-12-fold higher in the controls
than in the tM mesocosms (across the experiment), which in
principle could have promoted small cells in the tM mesocosms.
Picophytoplankton are more efficient in catching light at
low light levels than large cells, due to their distribution of
pigments along the outer cell membrane. The PAR levels were
4–33 µmol photon m−2 s−1 in the tM mesocosms, which
would be below or near the photosynthetic saturation levels.
A previous study performed in the same coastal area showed
that pico- and nanophytoplankton photosynthesis saturates at
∼20 µmol photon m−2 s−1 , while microphytoplankton require
100–150 µmol photon m−2 s−1 for photosynthesis saturation
(Andersson et al., 1994). These light level thresholds may
vary due to physiological adaptations of the phytoplankton,
but it still indicates that photosynthesis was saturated in
the controls (PAR ∼50 µmol photon m−2 s−1 ), on the
edge of saturation in the tML treatment, and light limited
in tMH . However, we can conclude that light levels are
of lower priority for governing the phytoplankton cell sizes
than the nutrient levels, as microphytoplankton dominated
in the inorganic nutrient-rich low-light tM-mesocosms and
picophytoplankton dominated in the low-inorganic nutrient and
high-light control-mesocosms.
We hypothesized that the photosynthetic efficiency, measured
as the primary production to Chl a ratio, would decrease in the
tM enriched mesocosms due to “overproduction” of chlorophyll

FIGURE 9 | Path diagram for structural equation model relating phosphate
(PO4 ) and dissolved organic carbon (DOC) to primary production (PP),
bacterial production (BA), ciliate biomass (Ci) and zooplankton biomass (ZP)
during the second part of the experiment (Day 17 and Day 28). Squared
multiple correlation (R2 ) in boxes indicate the percent of variance explained
through the model. The numbers next to arrow are standardized regression
coefficients of the SEM model. Solid black arrows represent significant path
(p < 0.05) while dash arrows non-significant paths (p > 0.05). Plus or minus
indicate relationship between variables.

picophytoplankton, prefer different inorganic nitrogen forms
(Glibert and Berg, 2009; Glibert et al., 2016). Studies performed
in river influenced estuaries or mesocosm experiments showed

FIGURE 10 | Mesozooplankton taxonomic composition at the start, middle and end of the experiment (Day 0, Day 17, and Day 28) in all treatments.
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The SEM model provided a broad overview of the interactions
taking place between major components of the food web and
the major physicochemical drivers (phosphate and DOC). BP
was identified as a positive pathway in relation to primary
production, though likely the underlying interactions are more
complex within these broad patterns reflecting the intricate
balance between these biological components and common
inorganic nutrient pools, and between the biological components
themselves. In our study, both phytoplankton and heterotrophic
bacterial growth depended on the same inorganic nutrient
pool and phytoplankton were the major source of carbon for
heterotrophs. Moreover, bacterial communities are also capable
of releasing inorganic nutrients via the breakdown of organic
matter, as was documented in this experiment (Traving et al.,
2017), making the inorganic nutrient pool an even more critical
factor, particularly in the tM treatments. DOC was identified as
a major significant positive direct pathway for ciliate biomass,
although a direct pathway via the microbial food web could
not be confirmed. The SEM model showed also non-significant
and negative pathway from DOC to BP, as well as significant
and negative pathways from DOC to primary production and to
zooplankton biomass. Thus, it is likely that the identified direct
pathway from DOC to ciliate biomass overrode the measurable
contribution of the microbial food web pathway since the tM
additions were filtered through 90 µm mesh, likely providing
a valuable source of particulate matter for ciliate biomass
production. Though particulate matter was not measured in the
experiment directly it was noted that the mesocosms receiving
tM additions contained visible sedimentation by the end of the
experiment and the particulate matter in question would have
likely mirrored the DOC trends since the measured DOC values
reflect the additions of tM (soil extract) that took place over the
duration of the experiment.
In our experiment, picophytoplankton were positively
correlated with mesozooplankton and negatively with ciliates,
indicating that grazing exerted by higher trophic levels
decreased predation pressure on the small cells (bacteria
and picophytoplankton). Further, the proportion of nanoand microphytoplankton showed negative relationships with
mesozooplankton, which were positively correlated with ciliates,
as a consequence of the trophic cascade. This dynamic was
observed mostly at the middle of the experiment, and did not
differ markedly between the treatments, indicating that it was
likely a general experimental effect, and not due to the addition
of tM. In the Baltic Sea, field studies as well as mesocosm
experiments have shown that the phytoplankton community is
more driven by bottom-up than by top-down factors (Lagus et al.,
2004; Legrand et al., 2015). Though mesozooplankton influenced
the temporal phytoplankton dynamics, inorganic nutrients
were the most important variables shaping phytoplankton
composition and size-structure.
The mesozooplankton community seemed to be tightly
linked to the taxonomic composition and size-structure of the
phytoplankton community. Toward the end of the experiment,
the cladoceran Bosmina coregoni maritima dominated the
mesozooplankton community in the controls and the tML
treatment. This zooplankton species is a filter-feeder known

to increase the light capture. This was indeed seen, even though
there was a consecutive decrease of the photosynthetic efficiency
from the low nutrient control to the high nutrient tM mesocosms
(Figure 7E). Adjustment of the cell Chl a content is not only
due to variations in the light level but also to other factors, such
as alterations of the inorganic nutrient concentration (Geider
et al., 1998; Staehr et al., 2002; Kirk, 2011). In fact, this is also
what we observed in our experiment (Figure 7E). The Chl a:C
ratios as well as the inorganic nutrient concentrations were lowest
in the CtrlL treatment and highest in tMH . Additionally, the
size-structure and taxonomic composition of the phytoplankton
community have been shown to affect the cell Chl a content
(Staehr et al., 2002). Smaller cells have higher Chl a:C ratios,
due to larger surface-to-volume ratio and thus lower “selfshading” (Raven, 1998; Kirk, 2011). In our experiment a higher
relative contribution of picophytoplankton was not followed
by higher Chl a:C, suggesting that the higher chlorophyll
content of the phytoplankton in the tMH treatment was due
to acclimation of larger cells rather than to changes in the
phytoplankton size-structure.
The light levels were similar in the controls, while both the
inorganic nutrient levels and Chl a:C ratio were slightly higher
in the CtrlH than in the CtrlL . This argues for a slightly higher
role of inorganic nutrients than light, at least for the control
mesocosms. High inorganic nutrient availability would allow the
phytoplankton to allocate resources to build up their biomass and
cell constituents including Chl a:C. Thus, in the tM-amended
mesocosms light reduction in combination with high inorganic
nutrient availability would drive the cells to produce higher
amounts of chlorophyll.
Increased Chl a content of phytoplankton to maintain primary
production at decreasing light levels was also a hypothesis
of this experiment. This seems to be true in the low tM
enriched mesocosms. In this treatment, the primary production
was approximately as high as in the high nutrient control.
However, the lowest primary production occurred in the high
tM treatment. Under the higher level of tM addition the
“overproduction” of Chl a did not help maintaining high primary
production rates. If our experimental results also hold true
in nature, then tM inflows causing DOC concentrations of
∼7–9 mg l−1 and humic substances concentrations exceeding
40 µg l−1 , may be disadvantageous for coastal primary
production. Of course, the effect would depend on the depth
of the water column, but in coastal areas with a water depth
of a couple of meters, tM inflows of such magnitudes would
have a negative effect on primary production. However, our
results also indicate that tM inflows can have a positive effect
on coastal primary production if the tM carries nutrients to
the recipient system and DOC and humic substances loads
are not exceeded. In general, our experimental results are
in agreement with an earlier field study, where Andersson
et al. (2018) found that in the upper part of an estuary
in the northern Baltic Sea river-borne tM had a hindering
effect on primary production when the DOC concentration
exceeded 6 mg l−1 . Our results also match the proposed humpshaped relationship between tM inflows to lake ecosystems and
productivity (Seekell et al., 2015).
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ecosystem function are highlighted, and the potential for tipping
points in the system due to reaching a critical load or light
inhibition warrant further research.

to feed on small prey, pico- and nanophytoplankton (Bleiwas
and Stokes, 1985; Korosi et al., 2013) and in our experiment
B. coregoni maritima was observed to increase with the higher
relative contribution of nanophytoplankton and decreased with
higher bacterial biomass. The zooplankton community likely
adapted to the phytoplankton size-structure, as in the controls
and the tML treatment the pico- and nanophytoplankton
constituted 50–95% of the total phytoplankton biomass. By
the end of the experiment the zooplankton community in the
tMH treatment was equally distributed between Synchaeta spp.,
B. coregoni maritima and Limnocalanus macrurus. L. macrurus
was the largest zooplankton taxa (>1000 µm) in the system,
and it feeds on smaller zooplankton such as copepodites, nauplii
and on larger phytoplankton (Warren, 1985). L. macrurus
was positively correlated with bacterial biomass, the relative
contribution of picophytoplankton and negatively with ciliate
biomass and the relative contribution of nanophytoplankton. It is
thus possible that L. macrurus fed on copepodites of Eurytemora
affinis, which decreased toward the end of the experiment,
as well as on B. coregoni maritima and other zooplankters.
This could have been driven by high abundances of large
diatoms that nurtured Synchaeta spp. and other zooplankton
groups, which may have benefited from the dominance of
large microphytoplankton. Taken together, it seems as if the
composition of the mesozooplankton community was driven by
phytoplankton size-structure, which in turn was governed by the
inorganic nutrient availability. Furthermore, filter feeders may
also have been supported by increased bacterial production and
biomass in the tM treatments.
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CONCLUSION
In conclusion, our study shows that phytoplankton sizestructure and primary production were governed foremost
by inorganic nutrients, including those associated with tM
inputs, with light availability or grazing being secondary drivers.
Higher tM promoted microphytoplankton, while the importance
of picophytoplankton increased under nutrient limitation.
Heterotrophic bacterial growth was tightly coupled with
phytoplankton produced carbon. Furthermore, phytoplankton
cells acclimated to lower light availability (e.g., moderate addition
of tM) by increasing their cell chlorophyll content, allowing them
to maintain photosynthetic efficiency at a similar level to the
control conditions. This study demonstrates how variable the
phytoplankton Chl a:C in coastal areas can be due to varying
river inputs of freshwater, causing changes in the light and
nutrient availability.
This study strongly indicates that an increase in river runoff, as
predicted in future climate change scenarios for the region, would
affect size-structure and production of phytoplankton depending
on the amount of organic and inorganic nutrients associated
with tM delivered to the ecosystem. Our study demonstrates
that organic nutrients brought by the tM can be transformed
to inorganic forms and utilized as growth substrate by coastal
phytoplankton. The potential for climate related changes to
have differing routes toward impacting higher trophic levels and
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