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Abstract Atmospheric nitrogen deposition predomi-
nantly influences ecosystems by shifting their available
nutrient budgets towards excess nitrogen conditions. In
temperate lakes nitrogen is often naturally in excess and
phosphorus is deficient, when compared with the opti-
mal Redfield ratio of 16:1. To investigate effects of future
increasing nitrogen conditions on lake plankton commu-
nities, we performed mesocosm experiments in three dif-
ferent nitrogen rich lakes, all characterised by high nitro-
gen to phosphorus ratios. In order to determine functional
responses to increased nitrogen loading, we conducted six
nitrogen fertilization treatments. Nitrogen fertilization was
based upon existing nitrate and ammonium concentrations
in natural wet deposition and multiple loadings of these
concentrations. Despite the initial conditions of excess
nitrogen, removal of additional nitrogen by the plankton
community was observed in all of the lakes. In one lake, an
increasing phosphorus limitation became visible in seston
stoichiometry. Over all of the lakes and within each lake’s
experimental nitrogen gradient, we found evidence for
decreased mesozooplankton due to nitrogen enrichment.
The negative responses of mesozooplankton to N enrich-
ment were mainly restricted to cladocerans and nauplii. The
results indicate that nitrogen enrichment within the magni-
tudes of projected future atmospheric nitrogen depositions
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may lead to a long-term reduction of mesozooplankton in
phosphorus deficient lakes. The transfer of nitrogen enrich-
ment effects on lower food-web dynamics could have con-
sequences for higher trophic levels, such as fish.
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Introduction

As a result of continuously rising global economic activ-
ity, together with the energy and the food demands of the
human population (Galloway et al. 2008), the nitrogen (N)
cycle is considered to be the most anthropogenically altered
biogeochemical nutrient cycle. Nitrogen excess is one
of the critical risks for a sustainable human life on earth
(Rockstrom et al. 2009; Steffen et al. 2015). Over the last
century, a three- to fivefold increase in the reactive forms
of nitrogen emissions (nitrate and ammonium) has been
observed (Denman et al. 2007; Ciais et al. 2013). Due to
their widespread atmospheric distribution, the subsequent
locally uncontrollable deposition leads to rising concentra-
tions of reactive N in ecosystems, even in remote regions
(Bergstrom et al. 2005; Crowley et al. 2012; Kim et al.
2014). It has been shown that an increased N deposition
is able to alter the nutrient status of ecosystems (Vitousek
et al. 1997; Aber et al. 2003) due to the increment of nitri-
fication rates (Aber et al. 2003), as well as to an increase of
N leaching from forests and soils (Gundersen et al. 1998;
Reay et al. 2008; Lovett et al. 2013).

An increasing N supply is of biological importance
since it leads to changes in the available nutrient ratios,
and eventually, to excess N conditions and a phospho-
rus (P) deficiency in (terrestrial and aquatic) ecosystems

@ Springer


http://orcid.org/0000-0003-3002-5084
http://crossmark.crossref.org/dialog/?doi=10.1007/s00027-017-0551-2&domain=pdf
http://dx.doi.org/10.1007/s00027-017-0551-2

1010

G. Trommer et al.

(Bergstrom and Jansson 2006; Elser et al. 2009a, b; Crow-
ley et al. 2012). An increment of N is the first and fore-
most concern for ecosystems in which the primary produc-
ers are limited by N, potentially increasing biomass and
primary production (Tyrrell 1999; Reich et al. 2001; Elser
et al. 2009b; Hessen 2013). In addition, autotrophs, such as
phytoplankton, have the flexibility to alter their elemental
(stoichiometric) composition according to the surrounding
resource conditions (Sterner et al. 1997; Klausmeier et al.
2004). It has recently been shown that for predominantly
N-limited lakes, in a gradient of atmospheric N deposition,
the availability of higher dissolved N:P ratios can result in
higher seston biomass N:P ratios (Elser et al. 2009b; Hes-
sen 2013).

Seston stoichiometry is an indicator of food quality for
aquatic herbivores (Andersen and Hessen 1991; Hessen
1992), whose performance is related to both the producer
food quantity and quality (Hessen et al. 2002). Food qual-
ity needs to meet specific nutrient requirements for each
herbivore, which include seston stoichiometry in general
(Andersen and Hessen 1991; Hessen 1992; Elser et al.
2000), fatty acid composition (Miiller-Navarra 1995; Miil-
ler-Navarra et al. 2000), as well as the edibility of algae
(Sommer et al. 1986). In terms of mineral nutrient limita-
tion, a copepod’s growth is rather limited by N-deficient
food through the higher organismic demands of N (Hessen
1992; Sterner and Hessen 1994). In contrast, the growth
and the reproduction of the abundant freshwater cladoceran
Daphnia are commonly limited by the amount of available
P (Sommer 1992; Sterner and Hessen 1994; Urabe et al.
1997). There is evidence from natural lake systems that
an algal P limitation, expressed in high seston C:P ratios,
is transferred to the trophic level of secondary produc-
ers and affects the growth of Daphnia (Elser et al. 2001;
Berger et al. 2006). Besides seston stoichiometry, the fatty
acid content of phytoplankton is essential for herbivore
growth and may be reduced under an increased P limitation
(Miiller-Navarra 1995; Miiller-Navarra et al. 2000). Hence,
effects of increased N load in traditionally P deficient tem-
perate lakes (Schindler 1977) would not be expected to be
of great magnitude. It is conceivable that the growth and
the reproduction of P-demanding herbivores should be der-
ogated to a greater extent, and thus might lead to lower her-
bivore abundance under increasing N:P conditions.

In order to estimate the degree to which effects of an
increased N load in P deficient lakes are transferred to the
zooplankton trophic level, we experimentally investigated
the consequences of N enrichment on epilimnion plank-
ton communities in mesocosm field studies. To be able to
detect overarching effects of an increased N load in P defi-
cient systems, we performed experiments in three lakes
with different trophic conditions. Experiments were per-
formed synchronously and covered a broad N:P nutrient

@ Springer

supply range. We hypothesised that the zooplankton groups
with high P requirements would be the first to be negatively
affected by an additional N enrichment. We did not expect
that increased N loads would primarily lead to changes in
the phytoplankton biomass, but rather to shifts in the seston
stoichiometry.

Materials and methods
Study sites and experimental design

The mesocosm field experiments were performed during
the spring of 2013 in three lakes with different trophic sta-
tuses (Lake Brunnsee 27.03.13-31.05.13, Lake Klostersee
and Lake Thalersee 27.03.13-28.05.13) in Bavaria, Ger-
many. The lakes were chosen for their different nutrient
backgrounds (Table 1), in which the dissolved N:P ratios
(nitrate and ammonium compared to total phosphorus
concentrations) varied from >50:1 N:P (Lake Kloster-
see), >400:1 N:P (Lake Thalersee), to >1000:1 N:P (Lake
Brunnsee). This was far higher than the classical Redfield
ratio of 16:1 N:P. All of the lakes are hard water lakes with
bedrocks of rubble and lie in a nature reserve. The total
N supply of the lakes is continuously affected by atmos-
pheric deposition and leaching, but also, the groundwater
discharges and the surface runoffs contribute to the total
N in the lakes. Lake Brunnsee (18.6 m max. depth, 5.9 ha,
502%10° m® is mainly groundwater fed, whereas Lake
Klostersee (16 m max. depth, 47 ha, 2762 % 103 m3) and
Lake Thalersee (7 m max. depth, 3.8 ha, 166 X 10° m3) have
small streams running through them. Lake Brunnsee and
Lake Klostersee are typically dimictic, with a stable stratifi-
cation from spring to autumn, and Lake Thalersee is a shal-
low polymictic lake.

In the mesocosm experiments at each lake, we simu-
lated a continuous N supply on a stratified pelagic water
column. The natural phytoplankton and zooplankton
communities were enclosed in 12 mesocosm bags (4 m
deep, 0.95 m in diameter, made of white polyethylene
foil, 150 um, Biofol Film GmbH, Germany), which were
sealed at the bottom and open to the atmosphere. Those

Table 1 Background nutrient data (TP pg 17!, NO; mg 17!, NH,
pg 17! and dissolved reactive N:P ratio: N-NO;+N-NH,:TP) of the
lakes Brunnsee, Klostersee and Thalersee

Brunnsee Klostersee Thalersee
TP pg 17! 6.6 12 13
NO, mg 17! 17 1.3 12
NH, pg 1~ 56 304 29
Dissolved N:P ratio >1000 >50 >400
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mesocosms were filled by lowering the bags into the
water column (6-8 m, if possible) and then lifting them
back to the surface. The mesocosm bags were fixed to
anchored rafts and were equipped with a transparent cov-
ering to control for the N wet deposition, while ensuring
that there were natural light conditions, with regard to
light quantity and spectrum. The N supply was manipu-
lated in a gradient of six N treatments (two replicates per
treatment), starting from a zero N deposition, to 1, 2, 8,
16, and 32-fold the natural regional N wet deposition.
Since we could not foresee the range of N deposition
amounts, where responses in the plankton community
could be expected, we chose a log-linear experimental
design to cover a reasonably wide magnitude of N depo-
sition. The natural N wet deposition was based on aver-
age amounts, which are effectively supplied to the lake
surfaces in about 25 1 m~2 of weekly precipitation in the
region (German Meteorological Survey) with 3 mg 17!
nitrate (NO;), and 1 mg 1”! ammonium (NH,) (~1:1
mol:mol). Thus, this ambient wet deposition contained
an average supply of 75 mg m™> NO; and 25 mg m~2
NH, per week (Bavaria regional state office), with yearly
peak values of 490 mg m~> NO; and 245 mg m™> NH,
per week. Only a doubling of the maximum N deposi-
tion, combined with a doubling in the weekly precipita-
tion (Denman et al. 2007), would result in conceivable
future N depositions in the range of 32 times the average
wet deposition.

The N fertilization of the mesocosms was carried
out twice a week by the addition of 1 I of an appropri-
ate N solution per mesocosm and by a thorough mixing
using a Secchi disc. The respective N solutions were
freshly prepared from a stock solution prior to fertiliza-
tion (41.1 mg ml~' NaNO;, 29.7 mg ml~' NH,Cl). These
were calculated according to the natural N deposition in
relation to the enclosure surface. For each treatment, 1,
2,8, 16, and 32 ml of stock solution was placed into a 1-1
PE bottle, which was then filled up with distilled water.
The control treatment (0) received 1 1 of distilled water
only. An initial fertilization, equivalent to 4 weeks of a
fertilization amount, was given on 28 March 2013, the
first day of the experiment. This was in order to mimic
the high availability of dissolved nutrient levels after
the winter/spring circulation, and to ensure the immedi-
ate treatment differences at the start of the algal bloom
phase in early spring. The sampling was performed once
a week for water chemistry and zooplankton analyses,
and twice a week for the phytoplankton analyses. Tem-
perature was monitored in 20 randomly chosen meso-
cosms during the experiment by a sensor below the
water surface and connected to a data logger (SE-3009;
Conrad Electronic, Germany).

Laboratory and data analyses

The samples for water chemistry and phytoplankton anal-
yses were taken with an integrated tubular water sampler
(2 m; KC Denmark A/S research equipment) from a water
depth of between 1 and 3 m and then were pre-filtered
over a 250 um mesh to exclude the mesozooplankton. The
weekly water chemistry analyses started on 30 March 2013
and included measurements for NO; by ion chromatog-
raphy (Dionex ICS-1100, Thermo Scientific, USA), and
measurements of NH, by fluorometry (Trilogy Laboratory
Fluorometre Module CDOM/NH4; Turner Designs, USA),
using the orthophthalate method (Holmes et al. 1999). This
was done in addition to the measurements of total phospho-
rus levels (TP) by spectrophotometry (Shimadzu UV-1700,
Shimadzu Cooperation, Germany), using the molybdenum
blue method (Wetzel and Likens 1991). For particulate C,
N, and P analyses, between 100 and 350 ml of enclosure
water was filtered in duplicates onto a pre-combusted acid-
washed GF/F filter (Whatman) and then frozen (—20 °C)
until further analyses. The measurements for particulate
organic carbon (POC) and particulate N were accomplished
with an elemental analyzer (vario Micro cube, Elementar,
Germany)—and for the particulate P (PP) with a spectro-
photometer applying the molybdenum blue method. In
weeks 4, 6, 8, and 10, biogenic silicate (Si) was analyzed
by filtering between 50 and 200 ml of enclosure water onto
cellulose-acetate filters (0.6 um pore size, Satorius) and
then frozen (=20 °C) until further analyses. The filters were
subsequently extracted in a water bath (95 °C, for 4 h, in
0.2 mol NaOH) (Ragueneau and Tréguer 1994) and meas-
ured spectrophotometrically using the molybdenum blue
method. From the particulate measurements, atomic seston
C:N, C:P, N:P, and N:Si ratios, were calculated.

The phytoplankton groups were optically analyzed twice
a week in vivo with an AlgaeL.abAnalyser (bbe Moldaenke,
Germany), which measures the total of chlorophyll a, and
additionally separates the excitation spectra of four pigment
groups into spectrally characterised algae groups. These
spectrally characterised algae groups are named ‘“‘green
algae” (chlorophyta), “chromophytes” (with heterokonto-
phyta, haptophyta, and also dinophyta), “blue-green algae”
(cyanobacteria) and “cryptophytes” (Beutler et al. 2002).

The zooplankton sampling started on 17 April 2014
in order to allow for an initially undisturbed population
growth. From then on, a 105 pm net (12 cm diameter)
was hauled through the 4 m water column once a week.
The zooplankton were immediately fixed to a 70% etha-
nol final concentration. The zooplankton communities
were subsequently analyzed under a stereo microscope by
counting splits of the fixed samples that contained at least
400 specimens and by determining those individuals to
a species level if possible. For biomass calculation, the

@ Springer



1012

G. Trommer et al.

length of up to 30 individuals of the most abundant zoo-
plankton taxa of cladocerans and copepods were meas-
ured if available and applied to established length-weight
regression equations from the literature (Watkins et al.
2011; Bottrell et al. 1976). Rotifer biomass was estimated
with given dry weights from the literature (Pauli 1989).
As a direct and counting independent second biomass
proxy, carbon measurements were performed weekly on
the mesozooplankton (>250 pm) from the water samples
that were filtered through a 250 um gauze. The samples
were taken with an integrated tubular water sampler from
a water depth of between 1 and 3 m. The mesozooplank-
ton were first counted alive (copepods and cladocerans)
and then it was brought onto a pre-combusted GF/F fil-
ter for POC measurements using an elemental analyzer
(vario Micro cube, Elementar, Germany).

Following the logarithmic fertilization design, the sta-
tistical analyses were performed with regression models
(linear or unimodal) using SigmaPlot 11.0 (Systat Soft-
ware 2008) against the log-transformed N fertilization
loadings or, against the observed dissolved reactive N
or dissolved N:P ratios. In the case of the phytoplank-
ton development, the maximum chlorophyll a values
were defined as being the highest values after the growth
phase. The “peak phase” was defined according to the
maximum of total chlorophyll a values in Lake Brunnsee
and Lake Thalersee (chromophytes in the case of Lake
Klostersee), including two measurements before and after
the maximum chlorophyll a values. Before and after the
peak phase, the exponential growth phase and the sub-
siding phase were determined. We statistically analyzed
the total chlorophyll a levels and all of the spectral algal
classes for their maximum and average chlorophyll a
levels. For zooplankton from microscopic counting, the
abundances and biomass of copepods, cladocerans, and
rotifers, together with the total zooplankton species,
were analyzed. Calculations were performed for the aver-
age, and the maximum (“peak”) during the experimen-
tal period. Zooplankton biomass parameters of all lakes
(mesozooplankton carbon measurements, copepod and
cladoceran carbon estimated by their relative biomass
abundances and calculated total zooplankton biomass
from microscopic countings) were analysed as averages
for the second half of the experiment (after day 43), when
responses of mesozooplankton communities to bottom up
driven effects of N fertilization would be expected to be
visible. Multivariate analyses were performed as canoni-
cal correspondence analyses (CCA, Legendre and Leg-
endre 1998) using PAST 2.17 Software (Hammer et al.
2001). Explanatory variables included the TP levels, the
dissolved reactive N levels, and the dissolved N:P ratios.
Log-transformed abundances of calanoid copepods,
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nauplii, cladocerans, and rotifers, were used as species
variables.

Results
Nitrogen enrichment

In all of the three lakes, the required nitrogen gradient was
established in the mesocosms (linear regression over all of
the lakes versus N fertilization by the end of the experi-
ment: NO,: R°=0.69, F=316, P<0.001; NH,: R>=0.25,
F=23.7, P<0.001). It varied between 3.8 and 5.7 mg 1!
NO;-N (0.01-1.7 mg 1! NH,-N) in Lake Brunnsee,
0.3-2 mg 17! NO;-N (0.14-.8 mg I"' NH,~N) in Lake
Klosterse, and 2.8-4.9 mg 17! NO,—N (0.004-1.7 mg 17!
NH,—N) in Lake Thalersee. In contrast, the TP concentra-
tions in the mesocosms were not correlated with N ferti-
lization (R2=O.01, F=1.99, P=0.16) and ranged between
3 and 8 pg 17! in Lake Brunnsee, 6-15 ug 17! in Lake
Klostersee, and 6-17 ug 17! in Lake Thalersee. Over the
experimental duration, the temperatures in the mesocosms
were on average about 15.2+0.1 °C in Lake Brunnsee,
15.3+0.1 °C in Lake Klostersee and 15.5+0.1 °C in Lake
Thalersee.

When comparing the fertilization treatments at the end
of the experiments and comparing the observed versus the
predicted concentrations of NH,, the final NH, concen-
trations were consistently below the predicted concentra-
tions in all of the N treatments (negative intercepts of lin-
ear regressions, Supplementary Table S1). The lower than
predicted NH, concentrations indicated a significant NH,
conversion into biomass or other oxidized molecular forms
in all of the lakes. For Lake Thalersee, the observed NO;
concentrations for the higher N treatments were higher than
what would be expected from the fertilization alone (slope
>1, Supplementary Table S1), whereas in Lake Kloster-
see, an increasing NO; removal could be observed in the
applied 8-32-fold N treatments (slope <1, Supplementary
Table S1). In Lake Brunnsee, the NO; removal occurred
only in the lower N treatments (0-2-fold) but this was
reduced in the 8-32-fold N treatments (slope >1, Supple-
mentary Table S1).

Phytoplankton

In terms of the phytoplankton growth, the mesocosms in
oligotrophic Lake Brunnsee reached the highest chlorophyll
a values between the days 28 and 35 (Fig. 1a). The meso-
cosms in Lake Thalersee had already reached the highest
chlorophyll a values between days 7 and 10 (Fig. 1b) and it
lacked an exponential growth phase. Over the entire experi-
mental duration, the phytoplankton communities in Lake
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Fig. 1 Development of the chlorophyll a concentration (ug 171) (a—c)
and the zooplankton densities (Ind 1Y (d-f) over the experimental
duration. Displayed are the average concentrations (N =2) of each of

Thalersee consisted equally of green algae and chromo-
phytes and in Lake Brunnsee, it was mainly chromophytes
(Supplementary Fig. S2). The experiment in Lake Kloster-
see was dominated by high green algae concentrations dur-
ing the first 3 weeks, after which the adjoining “peak phase”
of the spring bloom between the days 31 and 35 (Fig. 1c)
was primarily due to chromophytes. In Lake Klostersee, the
highest chlorophyll a concentration levels after the growth
phase of the chromophytes were lower than at the start of
the experiment in some of the mesocosms.

In terms of the N fertilization, different responses of
the chlorophyll a concentration levels could be observed

Day of experiment

40 50 60 70 10 20 30 40 50 60 70

Day of experiment

the six N fertilization treatments for lakes Brunnsee (/eft), Klostersee
(middle) and Thalersee (right). The legend in ¢ applies to all panels

between the lakes. In two of the lakes (Brunnsee and Thal-
ersee), the chlorophyll a levels increased with the incre-
ment of N fertilization during the peak phase (Table 2).
In Lake Brunnsee, we observed a positive relationship
between the maximum chlorophyll a concentrations and the
N fertilization (Table 2), as well as with the average chloro-
phyll a concentrations of the peak phase (Table 2; Fig. 2a).
This trend was mainly driven by the chromophytes, which
made up >95% of the total chlorophyll a concentration
levels, and therefore, this group also showed a positive
relationship of the chlorophyll a peaks with N fertiliza-
tion (R2=0.41, F=6.82, P<0.05). In Lake Thalersee, the

Table 2 Linear regression results (slope, R?, P value) for the maximum total chlorophyll a values and the average chlorophyll a values of the
peak phase versus N fertilization (log-transformed data) of the lakes Brunnsee, Klostersee and Thalersee

Brunnsee

Klostersee Thalersee

Maximum total chl a 0.61, 0.42, <0.05

Average chl a peak phase 0.44, 0.38, <0.05

—-0.55,0.14, 0,23
—1.72,0.45, <0.05

1.5, 0.29, 0.07
1.09, 0.43, <0.05

Bold values are statistically significant (P < 0.05)
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Fig. 2 Observed relationships due to the experimental nitrogen fer-
tilization in lakes Brunnsee (leff), Klostersee (middle) and Thalersee
(right): the average chlorophyll a concentrations (ug 17!) of the peak
phase (a—c) and the total zooplankton biomass (ug 17!) (d average

average chlorophyll a concentrations increased with the
increment of N fertilization during the peak phase (Table 2;
Fig. 2c¢). In contrast, Lake Klostersee showed a decrease of
average chlorophyll a concentrations during the peak phase
with increasing N fertilization. The regression analyses
revealed a significant negative relationship of maximum
and average chlorophyll a levels with the increment of the
N fertilization (Table 2; Fig. 2b).

In terms of the seston stoichiometry, we observed sig-
nificant changes in the meocosms of Lake Brunnsee and
Lake Thalersee due to the N fertilization, but none in Lake
Klostersee (Table 3). For Lake Brunnsee, we observed an
increase in the particulate C (R2=O.O4, F=4.79, P<0.05)
and in the particulate N (R?=0.04, F=3.97, P <0.05) with
the N fertilization, as well as an increase in the seston N:Si
ratio (Table 3). A higher seston stoichiometric P limita-
tion with an increasing N fertilization was observed at the
time of the chlorophyll a peak, where the seston C:P ratios
(day 28: R*=0.42, F=17.38, P<0.05; day 35: R*=0.49,
F=7.58, P<0.05), as well as the seston N:P ratios (day
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curves (solid P<0.05; equations in Table 2 for chlorophyll a and
Table 6 for zooplankton) and the 95% confidence bands (dotted); in f
without the outlier (cross)

35: R*=0.42, F=581, P <0.05), significantly increased
with the N fertilization. In Lake Brunnsee, the seston C:P
ratios over the entire experimental duration correlated sig-
nificantly with the dissolved N:P ratios (R2=0.05, F=5.37,
P <0.05). In Lake Thalersee, we observed decreasing ses-
ton C:N ratios with the N fertilization (Table 3), which
might indicate a higher N uptake in the higher fertilized
treatments—but there were no changes in the seston C:P,
in the N:P, or in the N:Si ratios, when increasing the N
load. Over all of the lakes including all of the experimental
treatments, a general response of the seston stoichiometry
was observed for average seston C:P and N:P ratios, which
increased with the dissolved reactive N and the dissolved
N:P ratios (Table 4; Fig. 3a), as well as for seston C:N
ratios, which decreased respectively (Table 4).

Zooplankton

The community composition in all of the lakes included
copepods, cladocerans, and rotifers. In the mesocosms of
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Table 3 Seston stoichiometry data of the lakes Brunnsee, Klostersee and Thalersee. Given are the total sample size (N), the average values +standard deviation and the P values of linear

12) versus the log-transformed N fertilization (significant results bold and with leading sign of the slope)

regression results of the mesocosm averages (N

Thalersee

Klostersee

Brunnsee

P

Av + Stdev

Av + Stdev

P

Av + Stdev

—<0.01

82+1.0

108

0.58
0.55
0.36
0.37

8.0+1.2

84
108

75«15 0.78
0.

105

C:N

0.94

526+154

108
108

348+102
44+16

107 498 +253 95

106

C:P

0.24
0.62

84
48

0.13
+<0.01

N:P

0.6+0.3

48

23+19

46 25+09

N:Si

Table 4 Linear regression results of the average seston stoichiometry
data (log-transformed) over all the lakes (Brunnsee, Klostersee and
Thalersee) versus the dissolved inorganic N (DIN mg L") and the
log-transformed dissolved N:P ratios (N=36)

All lakes slope R’ P

C:P versus N + 0.54 <0.001
C:P versus N:P + 0.49 <0.001
C:N versus N - 0.13 <0.01
C:N versus N:P - 0.19 <0.05
N:P versus N + 0.60 <0.001
N:P versus N:P + 0.53 <0.001

Given are the leading signs of the slope, R? and the P values (bold:
significant)

Lake Brunnsee, the copepods were on average the most
abundant taxonomical group and were followed by the cla-
docerans (Table 5). On the contrary, in Lake Klostersee
and Lake Thalersee, the cladocerans were the most abun-
dant group, followed by the copepods. In all of the lakes,
the rotifers were the least abundant taxonomical group. In
the lakes Brunnsee and Klostersee, the zooplankton popu-
lations increased in all of the mesocosm treatments over the
course of the experiment and they reached peak densities
after the chlorophyll @ maxima between the days 35 and 45
(Fig. 1d, e). In Lake Brunnsee, the absolute zooplankton
densities remained low compared to the other two lakes,
but the cladoceran densities increased until the end of the
experiment. In Lake Thalersee, no clear growth phase was
observed and the zooplankton numbers showed a high
variability and fluctuated between the treatments over the
experimental duration (Fig. 1f). The CCA analysis of the
data revealed that 80.2% of the variance in the entire data
set could be explained by the first axis (P<0.01), which
was first correlated with the TP (R=0.54) and then with
the dissolved N:P ratios (R=-0.16) (Fig. 4). The remain-
ing 19.2% of the variance in the data set was explained by
the second axis, which was correlated with the highest of
the dissolved reactive N (r=-0.25), followed by the dis-
solved N:P ratios (R=-0.19) and the TP (R=0.14). The
analysis supports that samples from TP-rich and low N:P
environments, as in Lake Thalersee, were generally charac-
terised by the presence of cladocerans, whereas the copep-
ods were associated with the higher dissolved N:P ratios, as
found in Lake Brunnsee (Fig. 4). The nauplii held an inter-
mediate position and since the Thalersee nauplii started to
grow at the end of the experiment under the highest treat-
ment N concentrations, they plot together with the high dis-
solved reactive N (Fig. 4).

We found decreasing zooplankton densities and their
biomasses with a higher N fertilization in all the lakes
(mainly negative slopes in Table 6, Supplementary
Table S3). However, significant zooplankton parameters
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Fig. 3 Regression analyses of a the seston C:P ratios, b the total
zooplankton biomass (C ug 171), ¢ the cladoceran biomass (C pg 171),
and the copepod biomass (C ug 17!) versus the dissolved reactive N:P
ratios in the mesocosms (n=36). Linear regressions: a R* = 0.49,

differed between the lakes. In Lake Klostersee and Lake
Thalersee, the peak zooplankton was linearly decreasing
over the N fertilization gradient (Table 6, Supplementary
Table S3; Fig. 2e, f). In Lake Brunnsee, declining aver-
age zooplankton was observed in the N treatments higher
than 8 times the natural wet deposition due to a unimodal
relationship (Fig. 2d; Table 6). For Lake Brunnsee, this
unimodal trend was also found in the nauplii abundances
(Supplementary Table S3). In Lake Klostersee, the nauplii
(Table 6, Supplementary Table S3) and the cladocerans
(Table 6, Supplementary Table S3 and the carbon biomass
average: R?>=0.38, F=6.14, P<0.05, and peak: R?=0.59,

@ Springer

b
2.2
2.0
> 1.8
a2
(@]
e
2 1.6 -
-l
(@]
1.4 1 o
(e}
(@)
OOO
1.2 T T T T T T T T
2.0 22 24 26 28 3.0 3.2 34 36 3.8
Log,, dissolved reactive N:P
d
2.0
1.8 LA
- " u °
= = B, - »
= 1.6 [ ]
o u | °
15 u °®
Oo | ] o9 ©
o S d
o 1.4 -
o
- o
o (@]
1.2 4 o)
(@]
1.0 T T T T T T T T

20 22 24 26 28 3.0 32 34 36 3.8

Log,, dissolved reactive N:P

P<0.001 (Table 4); b R?= 0.13, P<0.05 (Table 7); ¢ R*= 0.53,
P<0.001 (Table 7). Black squares Lake Klostersee, circles Lake
Thalersee, dots Lake Brunnsee

F=14.46, P<0.01) were negatively affected and showed
a significant decrease with the N fertilization in the aver-
age, and in case of cladocerans the peak parameter. In Lake
Thalersee, only the cladocerans were negatively affected
by the N fertilization and declined (Table 6, Supplemen-
tary Table S3). Interestingly, in Lake Brunnsee and in Lake
Klostersee, the rotifer biomass showed some positive rela-
tionship with the increased N fertilization (Table 6, Sup-
plementary Table S3). The average zooplankton biomass
after day 43 (carbon biomass data from elemental analy-
ses as well as the calculated zooplankton biomass from
microscopic countings) showed a declining relationship
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Table 5 Composition of the zooplankton community of the lakes
Brunnsee, Klostersee and Thalersee

Brunnsee (%) Klostersee (%) Thalersee (%)

Calanoid copepods ~ 30.3 16.1 3.7
Cyclopoid copepods 11.7 6 14.7
Nauplii 16 8.4 29.6
Daphnia sp 14.6 14 6.3
Bosmina longirostris 3.8 36.4 40.9
Ceriodaphnia sp 39 34 2
Pseudochydorus sp - 1.2 0.6
Rotifers 19.7 14.5 22

Given are percentages of most abundant species and taxonomical
groups. Rotifers comprised mainly of the species Kellicottia sp., Fil-
inia longiseta, Keratella sp., and Asplanchna sp.

rotifers
A

Ncladocerans

0,5 1

0,0 1

20,5

Axis 2

dissN o
-1,5 4 ® Brunnsee
B Klostersee
A nauplii O Thalersee
-2,0 T T T T
2 -1 0 1 2
Axis 1

Fig. 4 Canonical correspondence analysis of the log transformed
absolute zooplankton abundances (Ind 17!) (calanoid copepods, clad-
ocerans, rotifers, nauplii) and the explanatory variables (TP, dissolved
N:TP ratios, dissolved reactive N) over the entire experimental dura-
tion (n=252, P<0.01). Black squares Lake Klostersee, circles Lake
Thalersee, dots Lake Brunnsee

over all of the lakes across a wide range of dissolved N:P
ratios (wider than experimentally achieved within each
lake) (Table 7; Fig. 3b, dry weight ug 17! versus dis-
solved N:P: R°= 0.72, P<0.001). This overarching pattern
was observed in the total carbon biomass of cladocerans
(Fig. 3c) but not in the total carbon biomass of copepods
(Fig. 3d).

Discussion

Our study indicates that an increased N load influences
the food-web dynamics in pelagic ecosystems that are P
deficient. All mesocosm experiments showed measurable
effects of N enrichment, although they were conducted

in three lakes with differences in nutrient concentrations,
dissolved N:P ratios ranging from >50:1-1000:1, and dif-
ferences in other lake parameters such as depth, water
exchange and plankton community assemblages. An in situ
bioassay study (Ilic 2014) characterized the lakes Brunn-
see and Klostersee as primary P limited (classification of
Andersen et al. 2007) with synergistic N+P co-limitation
effects. This characterization is in accordance with find-
ings in most freshwater systems (Elser et al. 1990, 2007).
The experiments showed effects on zooplankton and chlo-
rophyll a, although they received much lower N fertiliza-
tion amounts in contrast to previous eutrophication studies
(0.33 mg 17! N per week in the highest 32 N treatment com-
pared to 6 mg 17! N per week in Donald et al. 2013). The
resulting N concentrations lie within the naturally observed
total N concentrations in Scandinavian lake systems under
an increased N deposition (Elser et al. 2009a).

It was not necessarily expected that under the already
high environmental N:P conditions effects of N enrichment
on the zooplankton would be measurable. During spring
succession each individual lake experiences a diversity
of interacting mechanisms, which are affecting the lake’s
biology over all trophic levels (Sommer et al. 2012). Nev-
ertheless, we observed declines of zooplankton at high
fertilization levels in all lake experiments. The qualita-
tive relationships of N load and zooplankton were mark-
edly lake specific (two were linear, one was unimodal) and
restricted to distinct zooplankton parameters (2-times peak,
once average biomass). Thereby, Lake Brunnsee, with
highest dissolved N:P ratios, showed weakest responses of
zooplankton to N fertilization, and Lake Klostersee, with
lowest dissolved N:P ratios, showed strongest responses
compared to the other lakes (Table 6). Additionally, a nega-
tive correlation of the total zooplankton biomass with dis-
solved N:P ratios was seen over the entire data set includ-
ing all treatments from the three lakes (Table 7; Fig. 3b).
Despite this experimental variability, the observed relation-
ship of N load and zooplankton also seems to occur across
all three investigated lakes. This general relationship sup-
ports the idea that trophic transfer of increasing N load to
the zooplankton community follows an overarching trend
but does so via lake-specific mechanisms.

A negative effect of the N enrichment was primarily
expected for the cladocerans, which have typically higher P
requirements, but to a lesser degree for the copepods with
typically higher N requirements (Sterner and Hessen 1994).
Indeed, a negative relationship between N load (and dis-
solved N:P ratios) and cladocerans existed over all of the
lakes (Table 7; Fig. 3c) but was expressed in different mag-
nitudes in two lakes (Table 6). Strongest effects of N enrich-
ment on cladoceran dry weights were observed in the peak
biomass of the mesotrophic Lake Klostersee (Table 6). The
generally supposed constraints of the N and P requirements
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Table 6 Zooplankton

e . Brunnsee
statistics of the taxonomic

Zooplankton

Klostersee

Thalersee

groups: regression results of Data Model Slope R?> P Model Slope R*> P Model Slope R?> P

the biomass (ug 17!) versus N

fertilization (log-transformed) Average

of average and peak densities Total 2 0.50 * 1 - 0.17 0.19 1*° - 0.17 0.21

(N=12) Copepoda cal 1 - 003 061 1 - 0.01 080 1 - 0.11 033
Nauplii 1 - 0.15 021 1 - 043 * 1 - 0.19 0.18
Cladocera 1 - 0.07 042 1 - 042 * 1? - 0.18 0.19
Rotifera 1 + 025 01 1 + 0.58 ** 1 + 0.01 0.73

Peak

Total 1 + 004 053 1 - 0.51 * 1? - 045 *
Copepoda cal 1 - 0.09 036 1 - 0.14 023 1 - 030 +
Nauplii 1 0.11 029 1 - 007 042 1 - 0.19 0.19
Cladocera 1 - 0.00 0.80 1 - 0.77 wxx 12 - 045 *
Rotifera 1 + 041 * 1 + 0.80 *** 1 + 0.03 0.62

Regression models are either linear regression (1) or Gauss fit (2). Gauss fit was used when Levene’s test
failed for the linear regression assumption. Leading signs of linear regression slopes are indicated as posi-
tive (+) or negative (—). The coefficient of determination (R? as well as the P-value (+: <0.1, *<0.05,
**%<0.01, ¥***<0.001) for the regression fit is given

2Qutlier (enclosure 8) removed

of cladocerans compared to copepods are supported by the
multivariate analysis. In the data set over all three lakes,
the cladocerans clearly correlate to a low N:P ratio and the
copepods to higher N:P conditions (Fig. 4). Subsequently,
with increasing N:P ratios, the cladocerans are expected
to be the first zooplankton group to be negatively affected.
This is indeed true for Lake Thalersee and Lake Klostersee
(Table 6, adjoining lakes in Fig. 4), which were richer in
cladocerans (Table 5). In case of Lake Brunnsee and Lake
Klostersee (adjoining lakes in Fig. 4) nauplii were sensitive
to increased N load (Table 6, Supplementary Table S3 ).
There is evidence for commonalities between the cladocer-
ans and the nauplii, which both have low N:P body stoi-
chiometry (<12:1), indicating high P demands (Andersen
and Hessen 1991; Carrillo et al. 2001; Sterner and Elser
2002; Meunier et al. 2015), and similar optimal food size
spectra (Hansen et al. 1994). The seston N:P ratios in this
study were >44:1 (Table 3) indicating non-favourable food

Table 7 Linear regression results of the mesozooplankton biomass
data over all the lakes (Brunnsee, Klostersee and Thalersee) (N=36)
versus the dissolved inorganic N (DIN mmol 1) and the dissolved
N:P ratios (log-transformed)

C g/l N N:P

R? P R? P
All Mesozoo 0.21 <0.01 0.13 <0.05
All Copepoda 0.01 0.12 0.02 0.47
All Cladocera 0.40 <0.001 0.53 <0.001

Given are R* and the P values (bold: significant)

@ Springer

conditions for filter feeders with low biomass N:P ratios.
Therefore, by increasing the P deficiency due to N enrich-
ment, it is conceivable that this directly affects these two
zooplankton groups, although it remains to be verified if
the copepod egg production and/or the hatching success
indirectly affect the nauplii abundances.

In stoichiometric theory, a trophic transfer effect of an
N enrichment to the zooplankton can be related to a decre-
ment of food quality in terms of seston stoichiometry (Hes-
sen et al. 2013). This negatively affected the zooplankton
in Lake Brunnsee, since in this lake increasing seston C:P
ratios were observed. However, previous investigations of
other lakes also revealed that higher dissolved N:P resource
supply ratios, together with an increased P deficiency, were
not necessarily reflected in a significantly higher seston N:P
stoichiometry (Elser et al. 2009a). Similarly, it has been
shown that zooplankton nutrient recycling can diminish the
seston stoichiometric signatures despite having very dif-
ferent initial nutrient supply ratios (Trommer et al. 2012).
Therefore, the absence of clear responses of seston stoi-
chiometry to an N enrichment within the lakes Klostersee
and Thalersee, does not necessarily mean that trophic food
quality effects were not present. The role of seston stoi-
chiometry as an underlying ecological mechanism for the
observed negative zooplankton response in our study was
supported by the increasing C:P (and N:P) ratios with dis-
solved N:P ratios over all of the lakes (Table 4; Fig. 3a).
The negative effects of seston C:P ratios >300:1 (Urabe
et al. 1997) and across a range of similar seston C: P
ratios of natural lakes (Brett et al. 2000) have already been
observed for the growth of the daphnid species.
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Other than the seston stoichiometry, the food quality
transfer to the higher trophic levels can also be related to
other energetic pathways. It is for example known that the
fatty acid composition of algae plays an essential role for
food quality and can significantly influence the growth of
Daphnia sp. (Miiller-Navarra et al. 2000; Wacker and Elert
2001). There are indications that the abundance of fatty
acids correlates with the relative P availability for algae to
some extent, since some species grown in P-limited media
produce less essential fatty acids than in P saturated media
(Miiller-Navarra 1995). Additionally, Daphnia growth is
seasonally stronger correlated to specific fatty acid con-
centrations than seston C:P ratios (Wacker and Elert 2001),
which might also be related to physiological adaptations to
high energy and low nutrient environments (Mulder and
Bowden 2007). Higher metabolic costs from higher feeding
activity (Plath and Boersma 2001), higher respiration rates
(Darchambeau et al. 2003) or higher alkaline phosphatase
activity (Elser et al. 2010; McCarthy et al. 2010) could also
have contributed to an energetic mismatch for cladocerans
in the lakes Klostersee and Thalersee through an increasing
P deficiency.

The immediate causes for unfavourable growth con-
ditions for the zooplankton under a high N fertilization
might also be related to the toxic effects of high N con-
centrations. However, the highest NO; concentrations
(5.7 mg 1! NO;-N in the Lake Brunnsee) did not reach
critical values for the cladocerans (>14 mg 17! NO;—N,
Camargo et al. 2005). In terms of an NH, toxicity, concen-
trations >0.6 mg 1~ ammonia nitrogen (NH;-N) can result
in chronic toxicity for Daphnia magna (Gersich and Hop-
kins 1986). These are higher than the NH;—N concentra-
tions in our experiments (<0.2 mg 1! NH;-N at 1.7 mg 17!
NH,—N, pH 8, <20 °C).

In terms of effects of food quantity for zooplankton, the
phytoplankton biomass was hypothesised not to change
with higher N fertilization, since the dissolved N:P ratios
were clearly above Redfield ratios in all of the lakes. Nev-
ertheless, we found positive relationships of chlorophyll a
with N fertilization in Lake Brunnsee and Lake Thalersee.
However, the chlorophyll a content per cell can be varia-
ble (Paasche 1971; Levasseur et al. 1993; Poxleitner et al.
2016), and chlorophyll a per phytoplankton biomass does
vary with the community composition (Felip and Catalan
2000; Schindler et al. 2008). Besides the indirect responses
of phytoplankton to herbivore grazing pressure (Sommer
et al. 1986), the addition of NH, in our fertilization solu-
tion might have promoted the growth of certain algal taxa
(Donald et al. 2013; Glibert et al. 2016) or altered the chlo-
rophyll a content per cell (Collos and Harrison 2014). It is
known that the utilisation of NH, and NO; is highly spe-
cies specific. It can range from a preference of NH, to the
inhibition of the NO; uptake (Dortch 1990), and thus, may

change the community depending on the original phyto-
plankton composition. Therefore, detailed investigations on
the phytoplankton community composition shifts that are
caused by different NO;:NH, supply ratios are required.

This study suggests that N amounts in the range of an
increased atmospheric deposition can lead to changes of
food-web dynamics in P deficient ecosystems. Effects of
increased N load are well known with focus on phytoplank-
ton; mainly in studies with regard to eutrophication (e.g.
Paerl 2009; Rabalais et al. 2009; Donald et al. 2013) with
fewer studies in unproductive systems (Bergstrom et al.
2005; Poxleitner et al. 2016). Here, we observed a decline
in the mesozooplankton with N enrichment across all of
the three lakes and within the experimental manipulations.
The data indicate that increasing dissolved N:P ratios due
to N enrichment are able to negatively affect zooplankton,
most notably, the cladocerans. The observed lake-specific
responses of the different taxa would imply that N enrich-
ment could result in community composition changes,
towards a more copepod and rotifer dominated commu-
nity, containing fewer cladocerans. Since the cladocerans
typically represent the most convenient food source for the
planktivorous fish (Brooks 1968; Vanni et al. 1987), the
predicted progressing P deficiency in ecosystems (Vitousek
et al. 2010; Goll et al. 2012) may cause deteriorating food
conditions for fish populations.
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