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Nitrogen enrichment leads to
changing fatty acid composition
of phytoplankton and negatively
affects zooplankton in a natural
lake community

Gabriele Trommer%?*, Patrick Lorenz!, Ameli Lentz?, Patrick Fink®?3** & Herwig Stibor!

Secondary production in freshwater zooplankton is frequently limited by the food quality of
phytoplankton. One important parameter of phytoplankton food quality are essential polyunsaturated
fatty acids (PUFAs). Since the fatty acid composition of phytoplankton is variable and depends on

the algae’s nutrient supply status, inorganic nutrient supply may affect the algal PUFA composition.
Therefore, an indirect transfer of the effects of nutrient availability on zooplankton by changes in

algal PUFA composition is conceivable. While the phosphorus (P) supply in lakes is largely decreasing,
nitrogen (N) inputs continue to increase. This paper presents data from a mesocosm field experiment
in which we exposed phytoplankton communities to increasing N enrichment. As a consequence, the
PUFA composition of the phytoplankton community changed. With increasing nitrogen fertilisation,
we observed lower quantities of essential PUFAs, together with a decrease in the abundances of

the dominant herbivorous zooplankton Daphnia sp. Their biomass was significantly correlated with
phytoplankton PUFA content (C18:3 w3, C20:5 w3, C18:2 w6). Our data therefore indicate that changes
in nitrogen supply, together with the resultant changes in phytoplankton food quality, can negatively
affect the secondary production of herbivorous zooplankton by reducing the availability of essential
polyunsaturated fatty acids.

Global anthropogenic activities drastically alter nutrient cycles by increasing energy consumption and biomass
production' thereby strongly affecting global ecosystem services>?. Since the key nutrients nitrogen (N) and phos-
phorus (P) are essential components of the biomass of organisms’ and often limit primary production, changes in
their biogeochemical flows can have drastic consequences on ecosystem dynamics. The biogeochemical pathways
of both elements are to a large degree influenced by anthropogenic activities resulting in increasing amounts of N
and P entering the ecosystems by means of waste water, excessive fertiliser application and soil erosion soils"**.
There has been an increasing effort for several decades to reduce nutrient loads, especially in freshwater sys-
tems where P often limits the primary production®. Replacing the P compounds in detergents and/or providing
purification plants with highly efficient P elimination techniques has resulted in successful P reduction and the
reoligotrophication of water bodies”®. However, N loads have continued to increase, since the diffuse N inputs are
difficult to control by means of targeted measures. N is much more mobile than P, and its high dispersal potential
means that it can easily enter groundwater and atmospheric pools’.

In lakes, P enrichment is often clearly visible by an apparent increase in primary production®. Furthermore, P
enrichment can potentially result in eutrophication characterised by blooms of toxic or undesired algal species,
the oxygen reduction of deep waters, and other undesirable consequences'’. By contrast, N enrichment of fresh

1Ludwig-Maximilians-University Munich, Department Il Biology, Aquatic Ecology, Grofhaderner Str. 2, 82152,
Planegg-Martinsried, Germany. 2Present address: Water management office Ansbach, Dirrnerstr. 2, 91522,
Ansbach, Germany. 3University of Cologne, Institute for Zoology, Zulpicher Street 47b, 50674, Cologne, Germany.
“Helmholtz Centre for Environmental Research, Department River Ecology, BrickstraRe 3a, 39114, Magdeburg,
Germany. *Helmholtz Centre for Environmental Research, Department Aquatic Ecosystem Analysis, BrickstraRe
3a, 39114, Magdeburg, Germany. *email: gabi.trommer@gmx.de

SCIENTIFIC REPORTS |

(2079) 9:16805 | https://doi.org/10.1038/s41598-019-53250-x


https://doi.org/10.1038/s41598-019-53250-x
http://orcid.org/0000-0002-5927-8977
mailto:gabi.trommer@gmx.de

www.nature.com/scientificreports/

waters is often much more inconspicuous. Only in lakes where N availability limits primary production, eutroph-
ication signatures are visible and observed!!-!*. However, in addition to the quantitative effects of increasing
primary production, more subtle qualitative effects can occur in terms of community and biochemical compo-
sition. For example, N enrichment can favor certain algal groups, such as mixotrophic algae' via an alteration
of the bacterioplankton composition'®. Such changes in algal community composition can result in changes in
food quality for herbivorous zooplankton, as not all algal groups are equally well-suited as zooplankton food.
Consequently, recent mesocosm experiments with natural plankton communities suggest that N enrichment is
accompanied by a lower trophic transfer efficiency®. While zooplankton growth decreases with an increasing N
supply, the decline is most pronounced in the case of cladoceran zooplankton'é, which are a particularly impor-
tant food source for fish. Cladoceran zooplankton, especially Daphnia sp., have been thoroughly investigated
and several food quality related factors that influence their fitness have been identified'”®. These factors are algal
size, gelatinous sheaths, and toxicity, but also nutrient stoichiometry and biochemical composition'’~*°. The fatty
acid composition of phytoplankton, especially the contribution of polyunsaturated fatty acids (PUFAs), is a bio-
chemical factor that is already well known from laboratory studies for its consequences for Daphnia growth?*-22,
There is evidence that the PUFA composition of phytoplankton appears to exert a higher influence on the somatic
growth rates and reproduction of Daphnia sp. than do stoichiometric effects such as the C:P or N:P ratio of the
phytoplankton biomass?>*.

There is a general mismatch in nutrient management strategies that recent reoligotrophication continues to
reduce the amount of P in a large number of water bodies, whereas the N supply continues to increase. This
unbalanced reoligotrophication can have various undesirable effects. Although large quantitative effects from N
supply to P limited systems are not expected, qualitative changes on the biomass stoichiometry'* or biochemical
composition cannot be excluded. We therefore investigated the qualitative effects of increasing N enrichment on
biochemical phytoplankton PUFA composition in an already P deficient system. We exposed a natural spring
plankton community to a gradient of N enrichment in an enclosure experiment. The experimental N enrich-
ment was conducted over an ecologically meaningful time scale of ten weeks??° in order to include not only
the short-term direct enrichment effects on phytoplankton, but also the subsequent bottom up effects on higher
trophic levels.

Results

Water chemistry. Prior to fertilisation, the nutrient concentrations in Lake Brunnensee were 8.4mgL~" for
NO;, 121 ugL~! for NH, and 6.4 ug L' for TP. Nitrite (NO,) was on average 0.09 £ 0.01 (st.dev.) mg L~ over the
experimental period. During the experiment, the NO; concentrations ranged from on average 8.4+ 0.1mgL~" in
the control treatments up to a maximum of 12.5+0.2mgL ! in the 32 x N treatments. The NH, concentrations
ranged from on average 61.9 + 4.3 ug L' in the control treatments up to 1169+ 16.3ugL " in the 32 x N treat-
ments. Over the experimental period, the control treatments lost dissolved inorganic N in the form of NH, and
NO;, whereas in the N supply treatments, NH, and NO; remained at the same level or increased with time in the
higher fertilisation levels (Fig. 1A,B). The TP concentration was on average 8.7 4.2 ug L ™! over all the treatments
and declined on day 56 to 2.7 £2.7 ugL™! (Fig. 1C), possibly due to sedimentation loss and microscopic wall
growth (periphyton) in the last two weeks. The PO, concentrations were most of the time below detection limit.
The silicate concentrations were on average 7.1 = 0.4 mg L~ in all the treatments and declined at the end of the
experiment to ~6.7 +0.4 mgL~!. According to the experimental design, the average dissolved N:P (based on NH,
and NO; to TP) ratio increased significantly with N fertilisation (Fig. 1D).

Phytoplankton. The total chlorophyll a concentration in all the experimental treatments showed a parallel
increase from 0.84 ug L™! at the beginning of the experiment to on average 2.2 4 0.4 ug L™! until day 28 (Fig. 2A).
In the mesocosms, maximum chlorophyll a concentrations were reached from days 21 to 38. In the control treat-
ment, chlorophyll a decreased after day 28, whereas in the higher N treatments chlorophyll a started to decrease
later after day 40. Higher chlorophyll a concentrations with N fertilisation were observed only on day 42 (p=0.04,
r*=0.24), which is related to the fertilisation design.

Microscopic analyses of the phytoplankton community revealed a flagellate dominated community, com-
prising chlorophytes and other unclassified small flagellates (which were not further identified). The major taxa
from days 21 to 49 were Chlamydomonas sp. (on average 104 11%, up to 35%) and unclassified pigmented flag-
ellates of approximately the same size (on average 66 &= 19%, up to 98% on day 21) (Fig. 2B). Colonial chloro-
phytes (Botryococcus sp., Dictyosphaerium sp., Coelastrum sp., Gloeocystis sp., and Coenochloris sp.) contributed
on average to 10.2 £ 9.3% of the phytoplankton biomass. Cryptophytes were represented by Cryptomonas sp.
and Rhodomonas sp. and comprised on average 1.9 & 1.8% of the total phytoplankton biomass. Chrysophytes
(mainly Dinobryon sp.) contributed on average to 4.9 4 11.9% (up to 16% on day 49) of the phytoplankton bio-
mass. Diatoms contributed on average to only 1.5 1.7% of the phytoplankton community and were represented
by the genera Achnanthes sp., Asterionella sp., Cyclotella sp., Cymbella sp., Fragilaria sp., Navicula sp., and Synedra
sp. Coccoid chlorophytes (2.3 £ 3.3%), dinophytes (0.6 +0.7%), and cyanobacteria (2.6 +6.0%) represented on
average only a minor proportion of the phytoplankton community, with slightly higher abundances on day 49
(Fig. 2B). The statistical analyses revealed a significant relationship between total phytoplankton biovolume and
N fertilisation on days 21 and 28, which was due to the large proportion of unclassified small flagellates present
(Table 1). On day 49, the biomass of the chlorophyte colonies increased with N fertilisation (Table 1), which was
driven by one single mesocosm (No. 18). Relative abundances of chlorophyte colonies did not show any corre-
lation to N fertilisation, only the 2 x N treatment was lower than the control and 32 x N treatment (see Table I,
ANOVA results). No differences between treatments were observed in the other phytoplankton groups on that
day (chrysophytes: p=0.80, r> = 0.00; coccoid chlorophytes: p=0.16, r>=0.08; cyanophytes: p=0.30, r* = 0.07).
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Figure 1. Nutrient development in all six N fertilisation treatments. (A) NO; (mg L™?), (B) NH, (ug L") and
(C) TP concentrations (ug L™}, mean £ 1 SE of n =3 replicates) in all six N fertilisation treatments over time.
(D) Average N:P ratios over time (mean =+ 1 SE of n = 3 replicates) against N fertilisation treatment. Significant
linear regression line in solid (p < 0.05).

Seston stoichiometry. From days 21 to 63, concentrations of particulate organic carbon were on average
0.714+0.28 mg L™, particulate nitrogen 0.17 - 0.06 mg L1, and particulate P 5.0 +- 2.2 ug L. The resulting seston
C:P ratios fluctuated over the course of the experiment, from a minimum of 173 to a maximum of 710, and were
on average 387 + 97 (see Supplementary Fig. S1). The seston N:P ratios fluctuated from a minimum of 41 to a
maximum of 172 and were on average 80 & 24; the seston C:N ratios ranged from a minimum 2.3 to a maximum
of 7.2 (5.0 = 1 on average, see Supplementary Fig. S1). However, N fertilisation did not significantly affect the
biomass stoichiometric ratios, neither as averages over the investigated period (C:P ratio: p=0.44, r’=0.04; N:P
ratio: p=10.09, r*=0.17; C:N ratio: p=0.24, r>=0.09) nor on day 49 (C:P ratio: p =0.39, r>=0.05; N:P ratio:
p=0.13,r*=0.13; C:N ratio: p=0.29, r*=0.07).

Phytoplankton fatty acids. A total of 32 fatty acids were identified (see Supplementary Table 1). The total
fatty acid content indicated no response to increasing N enrichment (p=0.47, r* = 0.03). However, the fatty acid
composition of phytoplankton changed slightly along the N fertilisation gradient (see Supplementary Fig. S2).
The total omega-3 PUFAs tended to decrease (p=0.07, r* =0.2), while ALA (alpha-linoleic acid, C18:3 w3)
declined substantially with increasing N enrichment (Fig. 3A). Most importantly, the essential PUFA fatty acid
EPA (eicosapentaenoic acid, C20:5 w3) showed a significant negative relationship to increasing N enrichment
(Fig. 3B). The total amounts of omega-6 PUFAs and omega-9 monounsaturated fatty acids (MUFAs) did not show
a significant relationship to increasing N fertilisation (p=0.20, r>=0.10 and p =0.22, r>=0.09). Only the relative
contribution of omega-9 MUFAs on total fatty acids increased significantly with increasing N fertilisation from
19.140.1% in the control treatment to 25.2 +0.3% in the 32 x N treatment (p =0.01, r*=0.35). On the contrary,
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Figure 2. Phytoplankton data in all six N fertilisation treatments. (A) Chlorophyll a concentrations (ug L™,
mean + 1 SE of n=3 replicates) in all six N fertilisation treatments over time. (B) Relative abundances of the

phytoplankton groups in the six treatments as averages per sampling day (differences between the treatments
see Table 1).

Day, No. observations (n),
Degrees of freedom (df) model Total biovolume Chlorophyta colonies Other flagellates
21 p 0.02 0.39* 0.01
n—18 Lr r* —0.31 0.04 —0.38
df=17 ANOVA p 0.35° 0.08°

F 5.61 9.73
28 p 0.01 0.07 0.01
n—18 Lr r? —0.35 0.20 —0.37
dfe 17 ANOVA | p 0.18 0.10

F 1.84 2.44
35 p 0.84 0.41* 0.86
n—13 Lr r? 0.00 0.06 0.00
df—7 ANOVA |p 0.44° 0.47

F 4.81 1.02
49 p 0.32 0.02 0.05
18 Lr r? 0.06 +0.29 0.22
A1y ANOVA |p 0.01 0.80

F 5.31 0.46

Table 1. Statistical results of the main phytoplankton groups (>5% abundance of total phytoplankton biomass).
Linear regression (Ir) of the phytoplankton biovolume and One-Way-ANOVA (ANOVA) of the relative
abundances against N fertilisation treatments. Normality and equal variance tests passed if not indicated.
Significant results are shown in bold. The leading sign of slope for significant linear regression is indicated (+, —).
*Normality test failed. "H-value (not normally distributed: Kruskal-Wallis ANOVA on Ranks).

the relative contribution the omega-6 PUFAs showed a decreasing trend with increasing N fertilisation (p = 0.06,
r’=0.21).

Zooplankton. Total zooplankton biomass, including cladocerans, copepods, and rotifers, increased during
the experiment from a mean dry mass of 2.9 + 1.2 ug L ™! on day 22 to a mean dry mass of 13.3+ 8.4 ugL"! on day
63 (see Supplementary Fig. S3). Daphnia biomass started to increase on day 35 (see Supplementary Fig. S3). In the
control treatment without N fertilisation, Daphnia showed the fastest biomass increase and reached the highest
biomass (12.9 ug L™}, resembling approximately 5 Ind L™!) on day 55. In all the other treatments Daphnia biomass
continued to increase until the end of the experiment on day 63.

Daphnia biomass showed a decreasing trend with increasing N concentrations (day 50: p=0.10, r>*=0.16),
which equals an average decline of 66 & 38% of Daphnia biomass over the experimental N gradient. No relation-
ship between the Daphnia biomass and seston stoichiometry could be observed (C:P ratio: p=0.73, r’=0.01;
N:P ratio: p=0.23, r*=0.09; C:N ratio: p=0.53, r>=0.03). However, Daphnia biomass was strongly positively
correlated to the PUFA content in the seston (Fig. 4A). In particular, we found a significant increase of Daphnia
biomass with ALA, EPA, and LA (linoleic acid, Fig. 4B-D).
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Figure 3. Relationship of fatty acids with N fertilisation treatment. Concentration of (A) alpha-linoleic acid
(ALA, C18:3 w3) and (B) eicosapentaenoic acid (EPA, 20:5 w3) against the N fertilisation treatment. Significant
linear regression line in solid (p < 0.05).

Discussion
Our data indicate that an increase in N supply into the studied lake resulted in a decline of PUFA contents in
natural phytoplankton communities. Such a reduction of PUFA contents in natural phytoplankton communities
can lead to a lower Daphnia biomass. The significant shifts in phytoplankton fatty acid composition caused by
increased N enrichment became visible in lower quantities of EPA and ALA, which are known to be key PUFAs
in freshwater food webs**-22. It had already been demonstrated that the PUFA yield in natural phytoplankton
communities is negatively correlated with the P concentration and trophic status across lakes?, and is addi-
tionally influenced by multiple other environmental stressors such as temperature, light or brownification-3!.
In this study, we demonstrate that N load can also affect the PUFA composition of natural lake phytoplankton
communities. It is well known that algal taxonomic groups differ in their PUFA composition®’. EPA for example
is a major FA of diatoms®*** and ALA for chlorophytes®*. However, the negative relationship of EPA and ALA
with increasing N fertilisation in our study can not be sufficiently explained by changes in the phytoplankton
communities. With increasing N fertilisation, we found a weak positive relationship with chlorophyte colony
biomass (but not relative abundances) and no relationship with diatoms (both biomass and relative abundances),
which would allow this conclusion. Biomass and relative abundances of other unidentified flagellates were also
not related to N fertilisation during the period of the Daphnia biomass increase, although we cannot fully exclude
taxonomic differences within this group. Therefore, we assume that the shifts in PUFA composition in our study
were independent of larger taxonomic changes in the phytoplankton community. We find no evidence in our
experiment that the reduction in PUFAs with N enrichment was due to a succession of algal groups with different
PUFA contents, but was rather dependent on a shift in the PUFA content of the phytoplankton cells per se.
Laboratory studies®~*® have demonstrated that N deprivation can trigger higher lipid production in green
algae, which were also an abundant component of the natural communities in our enclosures. Biochemically,
the expression of PUFA biosynthesis genes is upregulated by N depletion®. Nitrogen depletion usually increases
algal lipid synthesis and the abundance of lipid-related transcripts®. In our experiment under conditions of
semi-continuous N enrichment, the lipid synthesis appears to be repressed to some extent, leading to lower
phytoplankton PUFA contents. In particular, the omega-3 and -6 PUFAs decreased, while the omega-9 MUFAs
gained relative importance with N enrichment. Our results provide first evidence that N enrichment not only
affects fatty acid dynamics in laboratory strains of cultured microalgae, but also in natural phytoplankton com-
munities. While our study focused on phytoplankton responses, one could potentially also expect such effects
on functionally similar microalgal-periphyton. Given the importance of omega-3 and -6 PUFAs in the dietary
quality of algae for higher trophic levels, this has potentially far reaching consequences for entire lake food webs.
In our field experiment, the Daphnia biomass correlated strongly with the PUFA content of the phytoplank-
ton community and not with seston stoichiometry. This relationship indicates a clear transfer of N enrichment
effects through the food web via N-enrichment dependent changes in phytoplankton PUFAs. Despite the natural
variation associated with the phytoplankton and zooplankton communities, the relationship between N, Daphnia
population growth, and the ALA and EPA content of phytoplankton became clearly visible. This is even more
remarkable considering the relatively low N enrichment in our study, in comparison to previously described N
enrichment field experiments (0.33 mgL ™" N per week in the highest 32 x N treatment compared to e.g. 6mgL ™!
N per week?). The phytoplankton-zooplankton-dynamics indicate that Daphnia increased earlier (after day 35)
in the control treatment, and that this was followed by an earlier chlorophyll a decrease due to grazing, than was
the case in the higher N treatments. These dynamics indicate that higher N enrichment and presumably lower
PUFA concentrations may lead to worse growth conditions for Daphnia in spring, and subsequently could result
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Figure 4. Relationship of Daphnia biomass with fatty acid concentrations. Daphnia biomass against the
concentrations of (A) PUFAs, (B) alpha-linoleic acid (ALA, C18:3 w3), (C) eicosapentaenoic acid (EPA, 20:5
w3) and (D) linoleic acid (LA, C18:2 w6). Significant linear regression lines in solid (p < 0.05), 95% confidence
interval in dashed lines.

in a delayed clear-water-phase (after day 50 in treatments 8-32 x N). Poor growth and recruitment of zooplankton
under low PUFA conditions was already suggested to have a negative feedback on the control of phytoplankton
biomass*’. To our knowledge our experiments are the first supporting this idea with natural plankton commu-
nities. Nitrogen enrichment affected phytoplankton food quality by bottom-up effects but also phytoplankton
population dynamics by negative feedback effects of zooplankton grazing on phytoplankton with low food qual-
ity. This emphasizes the general importance of PUFAs for pelagic food web dynamics including bottom-up and
top-down processes.

Our results suggest that continuous N enrichment and accumulation leads to lower PUFA (especially ALA
and EPA) contents, and therefore also to lower food quality of lake phytoplankton. Subsequently, zooplankton and
particularly the Daphnia biomass will decrease, even if the P concentrations remain unaltered. We can exclude
large phytoplankton community composition changes as the reason for the lower Daphnia population growth
observed, together with the presence of toxic algae or detectable amounts of algae with indigestible gelatinous
sheaths. Community shifts towards a lower abundance of EPA (and ALA) rich taxa, such as diatoms and crypto-
phytes*, could in theory cause similar effects to those observed here, which would cause a reduced phytoplankton
PUFA content, with subsequent negative consequences for Daphnia sp.

Beside an N enrichment, an increase in P limitation may also change the seston stoichiometric composition or
the PUFA composition in phytoplankton. Mineral limitation by P in Daphnia sp. is predicted at seston C:P ratios
>300%, as it was the case in our experiment. While previous studies have demonstrated increasing P limitation
with N enrichment'#*?, we were unable to detect signs of increasing P limitation with increasing N enrichment,
such as increasing seston N:P ratios. Additionally we did not observe any correlation of seston stoichiometry
with Daphnia biomass, which does not exclude the possibility that this mechanism could operate supplementary.
However, our data suggest an N dependent change in the lipid syntheses of phytoplankton per se.
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Fertilisation amounts
of N treatments O0xN [(2xN [4xN [8xN |16xN |32xN
NO;: mL 0 2 4 8 16 32

mg 0 60 120 240 480 960
NH,: mL 0 2 4 8 16 32

mg 0 20 40 80 160 320

Table 2. Experimental design of the applied N fertilisation in each N treatment with given volumes (mL) and
respective amounts (mg) of NO; and NH,. The amounts were given twice a week and in a 1:1 molar ratio.

N enrichment has recently been shown to be negatively linked to zooplankton and Daphnia biomass across
three lakes with different trophic status'®. However, no mechanism has yet been identified that can explain the
relationship observed. The effect of N enrichment on phytoplankton PUFA composition found in this study
represents a mechanistic and ecologically important link to how N enrichment can affect higher trophic levels,
even in lakes where primary production is P limited and the quantitative food web effects of N enrichment are
not typically expected. Based on spring phytoplankton communities that are the nutritional base for zooplankton
growth early in the season??, our experiment demonstrates that “non-limiting” nutrients can also have strong
trophic effects on food web dynamics and production. By increasing the non-limiting nutrient, N is able to reduce
the secondary production of zooplankton in a similar way as reducing the limiting nutrient P would do.

Our experimental system included a typical plankton community (phyto- and zooplankton) that is charac-
teristic of the majority of P deficient temperate lakes, including the full spring succession dynamics of temperate
lakes (PEG model?*?%). The causal relationship described between N enrichment and reduced biochemical food
quality might also be relevant to other lake systems, although the qualitative effects of N enrichment could be
masked by the quantitative effects of phytoplankton growth in N limited lake systems* and upscaling from meso-
cosms to lake systems may have its limitations*. However, an N related reduction in secondary production could
even affect higher trophic levels, such as fish**. Cladoceran zooplankton are known to represent the primary
food source for planktivorous fish in temperate lakes*, and cladoceran production is positively correlated to fish
biomass in lakes e.g.*>*”. Therefore, the extent to which increasing N enrichment, including organic N forms,
contributes to poor food conditions for planktivorous fish has to be further evaluated. Given than non-limiting
nutrients can also affect food web dynamics and the production of higher trophic levels, they should be consid-
ered in management strategies for freshwater lakes in order to understand the potential ecosystem consequences.

Material and Methods

Study site and experimental design. The mesocosm field experiment was performed in Lake
Brunnensee in southern Germany during the spring of 2015 (March 17% to May 19'"), and started directly after
the ice melting. Lake Brunnensee is an oligotrophic lake with total phosphorus (TP) concentrations of less than
10 ug L' and nitrate (NO;) concentrations of ~8 mgL™!. Accordingly, the N:P ratios were >600:1 at the begin-
ning of the experiment, indicating highly P limiting conditions for the primary producers. The zooplankton
community of Lake Brunnensee consists predominantly of calanoid copepods (Eudiaptomus sp.) and cladocera
(Daphnia cf. longispina).

The mesocosms were made of transparent polyethylene foil (4 m deep, 0.95m in diameter, ~2.84 m® in vol-
ume). They were closed at the bottom and open at the top, where they were attached to a raft anchored in the cen-
tre of the lake. Natural phytoplankton and zooplankton communities were enclosed by lowering the mesocosms
into the water column and lifting them back to the surface. A total of 18 mesocosms were filled, and transparent
coverings were installed above them in order to minimize the influence of natural precipitation, while ensuring
natural light penetration.

The increasing N treatments were based on multiple amounts of natural N fertilisation by nitrate and ammo-
nium (0-, 2-, 4-, 8-, 16- and 32-times the concentration in atmospheric wet deposition). The natural atmospheric
wet deposition of the region contains an average supply of 75 mgm~2 NOj; and 25 mgm~2 NH, per week (Bavaria
regional state office), with on average 25 L m~2 of weekly precipitation (German Meteorological Survey). The con-
trol treatment (0) received no N fertilisation, the treatments with 2-times the N concentration in atmospheric wet
deposition received an equivalent to 150 mgm~2 NO; and 50 mg m~2 NH, per week, and so forth for the higher
fertilisation treatments.

We fertilised the 18 mesocosms using six N treatments (3 replicates, randomly scattered over the experimental
rafts) over a period of 10 weeks, with two fertilisations per week to simulate a semi-continuous N supply. The fer-
tilisation solutions comprised nitrate and ammonium in a 1:1 molar ratio (stock solution: 41.1 mg mL~! NaNO;,
29.7mgmL ! NH,CI). A basic P and Si solution (247.2mgL ! KH,PO,, 6164.49 mgL ! Na,SiO; x 5 H,0) was
prepared in order to counteract nutrient loss by sedimentation (based on 0.056 ug L™! day™! total P in previous
years). The respective amounts of the fertilisation solutions (0, 2, 4, 8, 16, and 32 mL of stock solution) were
transferred into labelled 1L polyethylene bottles for each treatment in the laboratory (Table 2). 10 mL of basic P
and Si solution was added to all the bottles, which were then filled with distilled water. The control treatment (0)
received only 10 mL of the basic P and Si solution. The nutrient solution was given to each mesocosm out on the
lake, and a Secchi disk was lowered twice to ensure the mixing of the added nutrients. In order to ensure different
starting conditions for the individual treatments, the first N fertilisation was given on day 2, with four times the
common fertilisation amount.

Sampling and laboratory analyses. Sampling for chlorophyll a occured twice a week, and sampling for
water chemistry, phytoplankton, and zooplankton occurred once a week. All water samples for chlorophyll a,
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water chemistry, and phytoplankton, were taken with an integrated water sampler (KC DenmarkA/S research
equipment) of between 1 and 3 metres. The water was filtered through a 250 um gauze to exclude mesozoplankton.

The water chemistry analyses included NO; and NO, measurements, which were performed by ion chroma-
tography (Dionex ICS-1100, Thermo Scientific, USA) after 0.45 um filtration of enclosure water (CS 400 cellulose
acetate syringe filters; Nalgene, USA). The NH, was measured by fluorometry (Trilogy Laboratory Fluorometre
Module CDOM/NH4; Turner Designs, USA) using the orthophthalate method*®. Prior to the measurement,
2.5mL of mesocosm water was mixed with 10 mL of a working reagent, which included orthophtalate, sodium
sulphite, and borate buffer, and was incubated for two hours in darkness. Dissolved inorganic phosphorus (PO,)
was measured by ion chromatography (Dionex ICS-1100, Thermo Scientific, USA) after 0.45 um filtration of
enclosure water (CS 400 cellulose acetate syringe filters; Nalgene, USA). The total phosphorus (TP) was measured
by means of spectrophotometry (Shimadzu UV-1700, Shimadzu Cooperation, Germany) on 12 mL of mesocosm
water, using the molybdenum blue method®. The silicate concentrations were analysed on April 7" (day 21),
April 21" (day 35), May 5™ (day 49) and May 19" (day 63). Silicate was analysed by filtering 100 to 200 mL of
enclosure water onto cellulose-acetate filters (0.6 pm pore size, Satorius). The filters were subsequently extracted
in a water bath (95°C, for 4 h, in 0.2 mol NaOH)*® and were measured spectrophotometrically using the molyb-
denum blue method.

For the analyses of particulate organic carbon (POC), particulate nitrogen (PN), and particulate phosphorus
(PP), 100mL to 250 mL of enclosure water was filtered onto pre-combusted (4 h, 450 °C), acid washed (10% HCI)
glass fibre filters (GF/F; Whatman, USA), which were subsequently frozen (—20°C). The samples from the bio-
mass maximum to the end of the experiment (April 7" to May 19% 2015) were analysed as being representative
of food quality for zooplankton. The measurements for POC and PN were conducted using an elemental analyser
(vario Micro cube, Elementar, Germany), after thawing and drying the filters, and compacting them into small
tin caps. The PP was measured after sulfuric acid digestion of the filters with a spectrophotometer (Shimadzu
UV-1700, Shimadzu Cooperation, Germany) by applying the molybdenum blue method. Afterwards, the stoichi-
ometric ratios of biomass C:N, N:P and C:P were calculated.

In order to follow the phytoplankton development, chlorophyll 4 measurements were performed twice a week
in vivo using an Algae lab Analyser (bbe Moldaenke, Germany). This device measures the total chlorophyll 4,
and additionally separates the excitation spectra of four pigment groups into the blue, green, brown, and mixed
spectral group®’.

The microscopic counting of the phytoplankton community was conducted on Lugol fixed samples for the
biomass maximum (April 7%, 14™, and 21% 2015) and the biomass decline (May 5t 2015, day 49) (n=18, except
for April 21% 2015 where only 13 samples could be counted). Applying the Uterméhl method®?, we placed 25 to
50 mL of each sample into sedimentation chambers. The algae were settling down for at least 24 hours and then
they were counted under an inverted microscope (Leica, Germany). In the case of large taxa (e.g. Ceratium hirud-
inella), the whole area of the sedimentation chamber was counted using a magnification of 40. Large diatoms,
other ciliates and green algae colonies were counted using a magnification of 200, by counting at least two stripes
or 100 individuals of the most abundant taxa. Small green algae, small diatoms, flagellates, and heterotrophic
nanoflagellates were counted using a magnification of 400, by counting at least two stripes or 100 individuals of
the most abundant taxa. The phytoplankton biomass was estimated after measuring the size of 10 individuals of
the most abundant taxa, or by using measurements from earlier studies in this lake®.

In order to draw conclusions about the fatty acid quality of the zooplankton’s available food, the phytoplank-
ton fatty acid composition was analysed before the increase in zooplankton densities that occurred during phy-
toplankton biomass decline (on day 50). To this end, 1 to 1.5L of 250 pm pre-filtered water was filtered onto glass
fibre filters (GF/F; Whatman, USA) and submerged in glass vials, together with 5mL of a 2:1 (vol:vol) mixture of
dichloromethane and methanol (chromatography grade).

The phytoplankton lipids were extracted twice with 5mL of dichloromethane and methanol (2:1), after the
addition of 20 ug methyl heptadecanoate and methyl tricosanoate as internal standards for each sample. The
resulting extracts were pooled and evaporated to dryness at 40 °C under a stream of N, gas. The lipid residue
was then re-dissolved in 5mL of 3N methanolic hydrochloric acid (SUPELCO) and the lipid-bound and free
fatty acids were transesterified to fatty acid methyl esters (FAMEs) for 20 min at 70 °C. Subsequently, the FAMEs
were extracted from the hydrochloric acid using 3 x 2mL iso-hexane. The hexane supernatants were pooled and
evaporated to dryness under a stream of N, gas at 40 °C. The residue was taken up in 100 uL iso-hexane of which
1 uL was injected (splitless) into the inlet (200°C, 1.5mL min~! He as carrier gas) of an Agilent 6890 N GC system
equipped with a J&W DB-225 fused silica capillary column (30 m, 0.25 mm, 0.25 um) at 60 °C. The initial oven
temperature of 60 °C was held for one minute, followed by a 20 °C min~! temperature ramp to 150 °C, then 7°C
min~! to 220°C followed by a final 14 minutes at 220 °C as described elsewhere®. The FAMEs were quantified via
the internal standards and response factors determined for each FAME relative to the standard from mixtures of
known composition for details see>*>*.

The zooplankton sampling was performed once a week from day 22 (April 8" 2015). The samples were taken
by slowly hauling up a 105 pm plankton net through a four metre water column in the centre of each mesocosm.
Each sample was immediately poured into a 100 mL polyethylene bottle and immediately fixed to a 70% ethanol
end concentration. The samples were stored in the fridge (4 °C) until the zooplankton communities were analysed
using a stereo microscope (Wild M3Z; Wild Heerbrugg, Switzerland).The specimens were determined to species
level if possible. Length measurements were performed by applying an ocular micrometre with a 0.1 mm division
scale. The Daphnia biomass (consisting of D. longispina) was calculated by using the length-weight relationship
of Eq. (1):

Ln(w) = Ln(a) + 8 Ln(L) (1)
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where w=dry weight in pg, L =length in mm, (3 =regression slope and Ln(a) = intercept. The coefficients
Ln(a) =1.073 and 3 = 2.89 were chosen for Daphnia longispina™.

Statistical analyses. On the basis of our exponential experimental fertilisation design, linear regression
models against logarithmic N fertilisation were applied to the response variables (df =17 unless indicated other-
wise). The applied treatment design was tested using linear regression for the average dissolved N:P ratios against
logarithmic N fertilisation. In order to analyse the phytoplankton responses, the weekly data of chlorophyll a were
tested using linear regression models against logarithmic N fertilisation, while the seston stoichiometric ratios
(Seston C:P, seston N:P and seston C:N) were tested as an average over the experimental period and on day 49.
The responses of microscopic estimated biovolumes of phytoplankton to N treatments were analysed for the most
abundant phytoplankton groups (>5% abundance on total phytoplankton) for each day (21 to 49) against loga-
rithmic N fertilisation. In addition, the relative abundances of the individual algal groups (>5% abundance on
total phytoplankton) were tested using One-Way ANOVAs for differences between the treatments (with N treat-
ment as the fixed factor). The microscopically estimated total biovolume of phytoplankton was tested using linear
regression against logarithmic N fertilisation. The phytoplankton fatty acid composition was tested during chlo-
rophyll a decline (indicating strong grazing through Daphnia, day 50) as the absolute amounts (PUFA, omega-3
PUFA, omega-6 PUFA, omega-9 MUFA, EPA, ALA, LA) and the relative contribution with linear regression
against the N fertilisation treatments. In order to analyse the effects of N enrichment, seston stoichiometry, and
biochemical food composition on Daphnia, the Daphnia biomass on day 50 was analysed using linear regression
against the N fertilisation treatments, seston stoichiometry (day 49) and phytoplankton fatty acid composition.
The statistical analyses were performed with Systat Software (Sigma Plot 11.0).

Received: 17 June 2019; Accepted: 28 October 2019;
Published online: 14 November 2019

References

1. Vitousek, P. M. et al. Human alteration of the global nitrogen cycle: Sources and consequences. Ecol. Appl. 7,737-750 (1997).

2. Rockstrom et al. A safe operating space for humanity. Nature 461, 472-475 (2009).

3. Steffen, W. et al. Planetary boundaries: Guiding human development on a changing planet. Science 347, 1259855, https://doi.
org/10.1126/science.1259855 (2015).

4. Carpenter, S. R. et al. Nonpoint pollution of surface waters with phosphorus and nitrogen. Ecol. Appl. 8, 559-568 (1998).

5. Ciais, P. et al. Carbon and other biogeochemical cycles in Climate Change 2013: The Physical Science Basis. Contribution of working
group 1 to the fifth assessment report of the intergovernmental panel on climate change (eds Stocker, T. E. et al.) 465-570 (Cambridge
University Press, 2013).

6. Schindler, D. W. Evolution of phosphorus limitation in lakes. Science 195, 260-262 (1977).

. Ibanez, C. & Penuelas, J. Changing nutrients, changing rivers. Science 365, 637-638, https://doi.org/10.1126/scince.aay2723 (2019).

8. Jeppesen, E. et al. Lake responses to reduced nutrient loading - an analysis of contemporary long-term data from 35 case studies.
Freshwater Biol. 50, 1747-1771 (2005).

9. Galloway, J. N. et al. The nitrogen cascade. Bioscience 53, 341-356 (2003).

10. Smith, V. H. & Schindler, D. W. Eutrophication science: where do go from here? Trends Ecol. Evolut. 24, 201-207 (2009).

11. Bergstrom, A.-K.,, Blomgyvist, P. & Jansson, M. Effects of atmospheric nitrogen deposition on nutrient limitation and phytoplankton
biomass in unproductive Swedish lakes. Limnol. Oceanogr. 50, 987-994 (2005).

12. Domingues, R. B., Barbosa, A. B., Sommer, U. & Galvao, H. M. Ammonium, nitrate and phytoplankton interactions in a freshwater
tidal estuarine zone: potential effects of cultural eutrophication. Aquat. Sci. 73, 331-343 (2011).

13. Donald, D. B, Bogard, M. J,, Finlay, K. & Leavitt, P. R. Comparative effects of urea, ammonium, and nitrate on phytoplankton
abundance, community composition, and toxicity in hypereutrophic freshwaters. Limnol. Oceanogr. 56,2161-2175 (2011).

14. Poxleitner, M., Trommer, G., Lorenz, P. & Stibor, H. The effect of increased nitrogen load on phytoplankton in a phosphorus-limited
lake. Freshwater Biol. 61, 1966-1980 (2016).

15. Haukka, K. et al. Effect of Nutrient Loading on Bacterioplankton Community Composition in Lake Mesocosms. Microb. Ecol. 51,
137-146 (2006).

16. Trommer, G. et al. Altered food-web dynamics under increased nitrogen load in phosphorus deficient lakes. Aquat. Sci. 79,
1009-1021 (2017).

17. Sommer, U. & Stibor, H. Copepoda - cladocera - tunicata: The role of three major mesozooplankton groups in pelagic food webs.
Ecol. Res. 17, 161-174 (2002).

18. Miiller-Navarra, D. C. Biochemical versus mineral nutrient limitation. Limnol. Oceanogr. 40, 1209-1214 (1995).

19. Peltomaa, E. T., Aalto, S. L., Vuorio, K. M. & Taipale, S. J. The importance of phytoplankton biomolecule availability for secondary
production. Front. Ecol. Evol. 5, https://doi.org/10.3389/fev0.2017.00128 (2017).

20. Miiller-Navarra, D. C., Brett, M. T, Liston, A. M. & Goldman, C. R. A highly unsaturated fatty acid predicts carbon transfer between
primary producers and consumers. Nature 403, 74-77 (2000).

21. Von Elert, E. Determination of limiting polyunsaturated fatty acids in Daphnia galeata using a new method to enrich food algae with
single fatty acids. Limnol. Oceanogr. 47, 1764-1773 (2002).

22. Windisch, H. S. & Fink, P. The molecular basis of essential fatty acid limitation of Daphnia magna: A transcriptomic approach. Mol.
Ecol. 27, https://doi.org/10.1111/mec.14498 (2018).

23. Ravet, J. L. & Brett, M. T. Phytoplankton essential fatty acid and phosphorus content constraints on Daphnia somatic growth and
reproduction. Limnol. Oceanogr. 51, 2438-2452 (2006).

24. Becker, C. & Boersma, M. Differential effects of phosphorus and fatty acids on Daphnia magna growth and reproduction. Limnol.
Oceanogr. 50, 388-397 (2005).

25. Sommer, U,, Gliwicz, Z. M., Lampert, W. & Duncan, A. The PEG-model of seasonal succession of planktonic events in fresh waters.
Arch. Hydrobiol. 106, 433-471 (1986).

26. Sommer, U. et al. Beyond the plankton ecology Group (PEG) model: Mechanisms driving plankton succession. Annu. Rev. Ecol.
Evol. Syst. 43, 429-448 (2012).

27. Miiller-Navarra, D. C. et al. Unsaturated fatty acid content in seston and tropho-dynamic coupling in lakes. Nature 427, 69-72
(2004).

28. Piepho, M., Arts, M. T. & Wacker, A. Species-specific variation in fatty acid concentrations of four phytoplankton species: does
phosphorus supply influence the effect of light intensity or temperature? J. Phycol. 48, 64-73 (2012).

~

SCIENTIFIC REPORTS |

(2079) 9:16805 | https://doi.org/10.1038/s41598-019-53250-x


https://doi.org/10.1038/s41598-019-53250-x
https://doi.org/10.1126/science.1259855
https://doi.org/10.1126/science.1259855
https://doi.org/10.1126/scince.aay2723
https://doi.org/10.3389/fevo.2017.00128
https://doi.org/10.1111/mec.14498

www.nature.com/scientificreports/

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.
46.

47.
48.

49.
50.

51.

52.

53.

54.

55.

56.

Wacker, A., Piepho, M. & Spijkerman, E. Photosynthetic and fatty acid acclimation of four phytoplankton species in response to light
intensity and phosphorus availability. Eur. J. Phycol. 50, 288-300 (2015).

Taipale, S. J. et al. Lake eutrophication and brownification downgrade availability and transfer of essential fatty acids for human
consumption. Environ. Int. 96, 156-166 (2016).

Hixon, S. M. & Arts, M. T. Climate warming is predicted to reduce omega-3, long-chain, polyunsaturated fatty acid production in
phytoplankton. Global Change Biol. 22, 2744, https://doi.org/10.1111/gcb.13295 (2016).

Lang, I, Hodac, L., Friedl, T. & Feussner, L. Fatty acid profiles and their distribution patterns in microalgae: a comprehensive analysis
of more than 2000 strains from the SAG culture collection. BMC Plant Biology 11, 124 (2011).

Taipale, S. J. et al. Fatty acid composition as biomarkers of freshwater microalgae: analysis of 37 strains of microalgae in 22 genera
and in seven classes. Aquat. Microbiol. Ecol. 71, 165-178 (2013).

Stonik, V. & Stonik, I. Low-molecular-weight metabolites from diatoms. Structures, biological roles and biosynthesis. Mar. Drugs 13,
3672-3709 (2015).

Li, Y., Horsman, M., Wang, B., Wu, N. & Lan, C. Q. Effects of nitrogen sources on cell growth and lipid accumulation of green alga
Neochloris oleoabundans. Appl. Microbiol. Biotechnol. 81, 629-636 (2008).

Converti, A., Casazza, A. A., Ortiz, E. Y., Perego, P. & Del Borghi, M. Effect of temperature and nitrogen concentration on the growth
and lipid content of Nannochloropsis oculata and Chlorella vulgaris for biodiesel production. Chem. Eng. Process. 48, 1146-1151
(2009).

Msanne, J. et al. Metabolic and gene expression changes triggered by nitrogen deprivation in the photoauthotrophically grown
microalgae Chlamydomonas reinhardtii and Coccomyxa sp. C-169. Phytochemistry 75, 50-59 (2012).

Yeesang, C. & Cheirsilp, B. Effect of nitrogen, salt, and iron content in the growth medium and light intensity on lipid production by
microalgae isolated from freshwater sources in Thailand. Bioresource Techn. 102, 3034-3040 (2011).

Donald, D. B., Bogard, M. ], Finlay, K., Bunting, L. & Leavitt, P. R. Phytoplankton-specific response to enrichment of phosphorus-
rich surface waters with ammonium, nitrate, and urea. PLoS One 8, €53277 (2013).

Brett, M. T. & Miiller-Navarra, D. C. The role of highly unsaturated fatty acids in aquatic foodweb processes. Freshw. Biol. 38,
483-499 (1997).

Taipale, S. J., Brett, M. T., Pulkkinen, K. & Kainz, M. J. The influence of bacteria-dominated diets on Daphnia magna somatic growth,
reproduction, and lipid composition. FEMS Microbiol. Ecol. 82, 50-62 (2012).

Urabe, J., Clasen, J. & Sterner, R. W. Phosphorus limitation of Daphnia growth: Is it real? Limnol. Oceanogr. 42, 1436-1443 (1997).
Lorenz, P, Trommer, G. & Stibor, H. Impacts of increasing nitrogen:phosphorus ratios on zooplankton community composition and
whitefish (Coregonus macrophthalmus) growth in a pre-alpine lake. Freshwater Biol. 00, 1-16, https://doi.org/10.1111/fwb.13296
(2019).

Petersen, J. E., Cornwell, . C. & Kemp, W. M. Implicit scaling in the design of experimental aquatic ecosystems. Oikos 85, 3-18
(1999).

Brooks, J. L. The effects of prey size selection by lake planktivores. Syst. Biol. 17,273-291 (1968).

Miiller, R., Breitenstein, M., Bia, M. M., Rellstab, C. & Kirchhofer, A. Bottom-up control of whitefish populations in ultra-
oligotrophic Lake Brienz. Aquat. Sci. 69, 271-288 (2007).

Eckmann, R. A review of the population dynamics of coregonids in European alpine lakes. Adv. Limnol. 64, 3-24 (2013).

Holmes, R. M., Aminot, A., Kerouel, R., Hooker, B. A. & Peterson, B. J. A simple and precise method for measuring ammonium in
marine and freshwater ecosystems. Can. J. Fish. Aquat. Sci. 56, 1801-1808 (1999).

Wetzel, R. G. & Likens, G. E. Limnological Analyses. (Springer, 1991).

Ragueneau., O. & Tréguer, P. Determination of biogenic silica in coastal waters: applicability and limits of the alkaline digestion
method. Mar. Chem. 45, 43-51 (1994).

Beutler, M. et al. A fluorometric method for the differentiation of algal populations in vivo and in situ. Photosynth. Res. 72, 39-53
(2002).

Utermohl, H. Zur Vervollkommnung der quantitativen Phytoplankton-Methodik. Comm. Int. Assoc. Theor. Appl. Limnol. 9, 1-38
(1958).

Berger, S. A. et al. Water temperature and mixing depth affect timing and magnitude of events during spring succession of the
plankton. Oecologia 150, 643-654 (2007).

Ghomi, M. R., Von Elert, E., Borcherding, J. & Fink, P. Fatty acid composition and content of round goby (Neogobius melanostomus
Pallas 1814) and monkey goby (Neogobius fluviatilis Pallas 1814), two invasive gobiid species in the lower Rhine River (Germany).
J. Appl. Ichthyol. 30, 527-531 (2014).

Fink, P. Invasion of quality: high amounts of essential fatty acids in the invasive Ponto-Caspian mysid Limnomysis benedeni. J.
Plankton Res. 35,907-913 (2013).

Bottrell, H. H. et al. A review of some problems in zooplankton production studies. Norw. J. Zool. 24, 419-456 (1976).

Acknowledgements

We thank M. Poxleitner and students for help in the field and the laboratory. Special thanks to A. Weigert, A. Wild
and K. Preuf3 for technical assistance and laboratory analyses. This study was funded by the German Research
Foundation (DFG Tr 1126/1-1 and FI 1548/6-1 within DFG’s SPP 1704 “DynaTrait”).

Author contributions

G.T. was responsible for the conception, acquisition, analyses and interpretation of the data. PL., A.L. and PE
contributed to the analyses and interpretation of the data. H.S. contributed to the conception and interpretation
of the data. All authors contributed to the text and have read and approved the final manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-019-53250-x.

Correspondence and requests for materials should be addressed to G.T.

Reprints and permissions information is available at www.nature.com/reprints.

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

SCIENTIFIC REPORTS |

(2019) 9:16805 | https://doi.org/10.1038/s41598-019-53250-x


https://doi.org/10.1038/s41598-019-53250-x
https://doi.org/10.1111/gcb.13295
https://doi.org/10.1111/fwb.13296
https://doi.org/10.1038/s41598-019-53250-x
http://www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFICREPORTS|  (2079)9:16805 | https://doi.org/10.1038/s41598-019-53250-x


https://doi.org/10.1038/s41598-019-53250-x
http://creativecommons.org/licenses/by/4.0/

	Nitrogen enrichment leads to changing fatty acid composition of phytoplankton and negatively affects zooplankton in a natur ...
	Results

	Water chemistry. 
	Phytoplankton. 
	Seston stoichiometry. 
	Phytoplankton fatty acids. 
	Zooplankton. 

	Discussion

	Material and Methods

	Study site and experimental design. 
	Sampling and laboratory analyses. 
	Statistical analyses. 

	Acknowledgements

	Figure 1 Nutrient development in all six N fertilisation treatments.
	Figure 2 Phytoplankton data in all six N fertilisation treatments.
	Figure 3 Relationship of fatty acids with N fertilisation treatment.
	Figure 4 Relationship of Daphnia biomass with fatty acid concentrations.
	Table 1 Statistical results of the main phytoplankton groups (>5% abundance of total phytoplankton biomass).
	Table 2 Experimental design of the applied N fertilisation in each N treatment with given volumes (mL) and respective amounts (mg) of NO3 and NH4.




