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Abstract

Eurytemora affinis (Copepoda) were fed 15N-labeled Rhodomonas salina (Cryptophyta) or 15N-labeled
Nodularia spumigena (Cyanobacteria) in excess under controlled laboratory conditions. Zooplankton collected
from the Baltic Sea were fed natural phytoplankton amended with 15N-labeled N. spumigena. We quantified the
direct incorporation of 15N tracer from N2-fixing N. spumigena (diazotroph nitrogen) and ammonium-utilizing R.
salina into the amino acid nitrogen (AA-N) of zooplankton using complementary gas chromatography–
combustion–isotope ratio mass spectrometry, gas chromatography–mass spectrometry, and elemental analysis–
isotope ratio mass spectrometry approaches. Specific and mass-specific TN and AA-N incorporation rates of the
15N tracers were calculated for zooplankton. Highest incorporation of 15N was found in field zooplankton relying
on N. spumigena and in E. affinis relying on R. salina. Lowest incorporation was found in E. affinis relying on N.
spumigena. Decreasing specific and mass-specific rates during field experiments possibly were due to food
shortage, whereas decreasing rates in E. affinis grazing on R. salina were more likely due to satiation. Specific and
mass-specific rates were consistently low in E. affinis when exposed to N. spumigena, suggesting that these animals
were reluctant to feed on N. spumigena. Essential isoleucine received most of the diazotroph nitrogen in field
zooplankton, while nonessential amino acids received most 15N tracer in E. affinis. N. spumigena was clearly an
important amino acid nitrogen source for Baltic Sea zooplankton.

Global climate change and pronounced temperature
increases in the oceans may affect the abundance of
nitrogen-fixing organisms (diazotrophs) in the world’s
oceans, leading to N2 fixation as an increasingly important
component of oceanic primary production (Hutchins et al.
2007; Pearl and Huisman 2008). Cyanobacteria and other
diazotrophs dominate warm, oligotrophic waters where the
assimilation of atmospheric nitrogen is often the major
source of new nitrogen for biological production (Karl et
al. 1997; Tyrell 1999). Although a diverse community of
N2-fixing organisms are active in the ocean (Montoya et al.
2004; Moisander et al. 2010), we lack a good understanding
of the fate of the newly fixed nitrogen in the ocean
(Mulholland 2007). The movement of new nitrogen
through the pelagic food web is a critical aspect of marine
secondary production and one that may be especially
sensitive to changes in cyanobacterial abundances associ-
ated with climate change (Hutchins et al. 2007; Pearl and
Huisman 2008).

Unlike blooms of other primary producers such as
diatoms and dinoflagellates, cyanobacterial blooms are
generally thought to enter the food web via the microbial
loop following lysis or remineralization of diazotroph
particulate organic matter (Sellner 1997). Direct grazing
of diazotrophs via zooplankton appears to be uncommon;

however, some copepod species are known to graze on the
filamentous cyanobacteria Trichodesmium and Nodularia
(O’Neil et al. 1996; Koski et al. 2002). The factors
regulating rates of diazotroph consumption are not well
understood (O’Neil et al. 1996; Eberl and Carpenter 2007),
although a number of factors, including toxicity, large size,
and poor nutritional quality, tend to deter direct grazing by
zooplankton (O’Neil 1999; Koski et al. 2002). In contrast
to measurements of grazing rate, the nitrogen isotopic
composition of zooplankton in regions with high diazo-
troph abundance implies substantial transfer of diazotroph
nitrogen into the food web (Loick et al. 2007; Landrum et
al. 2011). This is also confirmed by molecule-specific stable
nitrogen isotope measurements in amino acids (AAs) by
which diazotroph nitrogen was identified in essential and
nonessential AAs of zooplankton from the tropical North
Atlantic (McClelland et al. 2003). Although cyanobacteria
are known to have a variety of negative effects on marine
zooplankton, including reduced feeding, reduced egg
production, and lethal effects due to toxicity, cyanobacteria
may increase copepod fecundity by enhancing the nitrogen
ration available to the animals (Schmidt and Jónasdóttir
1997; Koski et al. 2006). Food quality is often quantified in
terms of lipid rather than nitrogen content, leading to
classification of cyanobacteria as poor food sources (Porter
and Orcutt 1980) despite their high protein content (Vargas
et al. 1998).

Here we use a combination of laboratory and field
studies to test the hypothesis that diazotrophic cyanobac-
teria are an important nitrogen source that supports amino
acid metabolism in zooplankton. Specifically, we carried
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out laboratory experiments to measure the incorporation of
15N2- and 15N-NH z

4 –labeled diet by a single copepod
species. We used field-collected zooplankton from the
Baltic Sea to quantify the rates of incorporation of
diazotroph nitrogen into animal AAs. To our knowledge,
these are the first direct measurements of the transfer of
diazotroph nitrogen into amino acid nitrogen (AA-N) of
mesozooplankton.

Methods

Laboratory experiments—We assessed the influence of
food quality on nitrogen incorporation rates through
grazing experiments with the copepod Eurytemora affinis.
We used two different food types of different nutritional
quality, which we expected to yield a range of incorpora-
tion rates. To test the incorporation of diazotroph nitrogen,
Food Type I consisted of Nodularia spumigena, which has
been described as poor food for zooplankton (Porter and
Orcutt 1980). Food Type II consisted of Rhodomonas
salina, which is routinely used as monodiet for zooplankton
cultures. Control incubations were run with unlabeled R.
salina as reference for the calculations as well as crosscheck
that no tracer was spilled or affected the overall nitrogen
content in the animals.

N. spumigena and R. salina cultures were labeled
isotopically prior to the start of the grazing experiments
by growth on 15N2 or 15NH z

4 , respectively, as a sole

nitrogen source. Cultures of N. spumigena were labeled for
2 weeks, while R. salina required only 48 h of incubation to
acquire sufficient 15N for our experiments to get a clear
signal well above natural abundance levels in the grazers.
The laboratory experiments were performed in three arrays
of five 30-liter polypropylene incubation containers at 18uC
and under dim illumination (Fig. 1).

Unlabeled R. salina cells were added to one group of
containers, which served as experimental controls (LC). A
second set of containers received 15N2-labeled N. spumi-
gena, which was pre-filtered through a 10-mm Nitex mesh
to remove detritus particles (LN), and a third setup received
15NH z

4 -labeled R. salina (LR) (Table 1; Fig. 1). The
containers were initially filled with filtered (0.8 mm)
seawater, and food was added to saturating levels
(. 600 mg C L21) (Barthel 1983) at the start of the
experiment and again after 24 h of incubation (Table 1).

Samples of particulate organic matter (POM) were
collected from each container at the beginning and end of
the incubations to monitor the concentration and isotopic
composition of the food available during each grazing
experiment (Table 1). Adult E. affinis used in our
experiments were taken from a culture established from
adults collected in the southern Baltic Sea and reared for
three generations. The copepod culture was not fed for
the 2 d prior to our experiment, resulting in suboptimal
food conditions of 368 6 64 mg carbon (C) L21 prior to
the experiment. Animal density in the experiments was

Fig. 1. Schematic description of the field and laboratory incubations and methodological processing of zooplankton samples after
the experiments.
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, 200 ind L21, which is in the upper range for natural E.
affinis abundances in the Baltic, where maximum abun-
dances can exceed 350 ind L21, or an average dry weight
(dry wt) of 0.6 mg L21 (Feike and Heerkloss 2009). A
qualitative screening of the animals during the experiments
by light microscope showed that the mortality rate was
negligible. Over a 46-h time course, we collected samples at
six time points (0, 3, 6, 20, 30, and 46 h) to assess
zooplankton abundance and isotopic composition (Fig. 1).
Animals were isolated by gentle filtration through 100-mm
Nitex mesh and held in filtered seawater amended with
unlabeled R. salina for half an hour to allow clearance of
15N-labeled fecal pellets from their guts. The animals were
then transferred to 10-mm Nitex mesh, dried at 60uC for
48 h, then stored over desiccant for later gas chromatog-
raphy–combustion–isotope ratio mass spectrometry (GC-
C-IRMS), gas chromatography–mass spectrometry (GC-
MS), and elemental analysis–isotope ratio mass spectrom-
etry (EA-IRMS).

Field experiments—We also carried out experiments with
field-collected zooplankton during the R/V Poseidon cruise
371 in the Baltic Sea in August 2008. Our grazing
experiments allowed us to follow the transfer of diazotroph
nitrogen into total nitrogen (TN) as well as essential and
nonessential amino acid nitrogen (AA-N) of zooplankton.
Animals were presented with two different food types,
either the natural phytoplankton community that served as
a control (FieldControl 5 FC) or phytoplankton amended
with 15N2-labeled N. spumigena (FieldNodularia 5 FN)
(Table 1; Fig. 1).

Plankton for the grazing experiments were collected at
Sta. AB Boje (54u529N, 13u509E) on 22 August 2008. Net
phytoplankton were collected in multiple surface hauls with
a 10-mm net (30-cm net diameter) and resuspended in
surface water. Zooplankton were collected with a conical
WP2 net of 200-mm mesh size (circular 0.25-m2 opening)
that was towed vertically at a rate of 0.5 m s21 through the
upper 20 m of the water column. Animals were immediately
transferred into two 100-liter containers filled with surface
seawater. After 15 h, living animals were collected using a
light trap and transferred to another 100-liter container
filled with filtered seawater. This water was well mixed, and
2-liter aliquots were transferred into each of the ten 25-liter
experimental containers for a final zooplankton concen-
tration of 0.8 mg dry wt L21, which is comparable to the
average value for natural mesozooplankton dry mass in the
Arkona Sea in August (L. Postel pers. comm.). At the start
of the experiment, animals were transferred into 25-liter
polycarbonate carboys two-thirds filled with 0.8-mm-
filtered surface water amended with either 200 mL of a
suspension of net phytoplankton (. 10 mm) containing
95 mg chlorophyll a (Chl a) L21 for the control. For the FN

experiments, 385 mL of an N. spumigena culture containing
295 mg Chl a L21 was added. The Nodularia culture was
pre-labeled by incubation with 15N2 for 48 h prior to the
experiments. The experimental containers were completely
filled with filtered seawater after addition of the zooplank-
ton and phytoplankton.
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Zooplankton samples were collected at five time points
(3, 6, 18, 24, and 36 h) by passing the entire contents of one
container, including any detritus or sedimented phyto-
plankton, through a 200-mm net with a filtering cod end.
The animals were then transferred into fresh filtered
seawater to allow gut clearance, while the filtrate was used
to determine final food concentration. Seston from gut
clearance was quantified on pre-weighed, pre-combusted
(450uC for 2 h) 4.5-mm glass fiber (GF) filters. Animals
were not fed during this period, and some 15N-labeled
undigested food may have remained in the gut. After
30 min, the animals were collected on 10-mm-mesh pieces
and then dried at 60uC for 48 h for later EA-MS, GC-C-
IRMS, and GC-MS analysis.

POM samples were collected from each container at the
beginning and end of each grazing experiment to monitor
the concentrations of food particle and tracers (Table 1).
The initial POM concentrations were measured by filtering
1 liter of sample water onto pre-combusted (450uC for 2 h)
2.5-mm GF filters before the animals were inserted. For the
POM end values, the entire filtrate from the 200-mm
zooplankton filtration was concentrated by first pouring it
through a 10-mm Nitex mesh and then filtering it onto 10-
mm Nitex filters. All samples were dried at 60uC and stored
for analysis in the laboratory onshore.

Sample preparation and analysis—GF filters containing
POM samples were wrapped in tin capsules for EA-IRMS
analysis. POM samples from the end of our incubations
were removed from the Nitex disks and weighed into tin
capsules. This approach may have led to an underestimate
of final POM concentrations.

Dried zooplankton samples were homogenized and
weighed, then subsamples of 1 to 2 mg were used for the
total d15N and TN concentration measurements by
continuous-flow isotope mass spectrometry using a Flash
EA 1112 elemental analyzer coupled to a Finnigan Delta
Plus mass spectrometer via a Conflow II open split
interface (Loick et al. 2007). All isotope abundances are
expressed in d notation as per mil deviations from the
15N : 14N ratio (Rreference) in atmospheric N2:

d15N~
Rsample

Rreference
{1

� �
|1000 ð1Þ

with an overall analytical precision of 0.1%.

For the analysis of AA concentrations and stable
nitrogen isotope composition, subsamples of 10 to 30 mg
of dry weight were prepared for GC-MS and GC-C-IRMS
analysis by acid hydrolysis followed by derivatization to
trifluoro-acetylated (TFA) isopropyl AA esters (Hofmann
et al. 2003). During the initial hydrolysis, glutamine and
asparagine are converted to glutamic and aspartic acids,
respectively. As a result, our measurements of the
concentration and d15N of glutamic and aspartic acids
include contributions from glutamine and asparagines and
we will refer to these mixtures as Glx and Asx, respectively.
AA concentrations include hydrolyzable AAs from pro-
teins as well as from free AA pools. For AA concentration
measurements, isopropyl-TFA-derivates were separated by

gas chromatography on an HP 6890 gas chromatograph
(Hewlett Packard) equipped with a 5% phenyl column
(BPX-5, 30 m 3 0.32, 0.25 mm, Scientific Glass Engineer-
ing) and an HP 5973 mass selective detector. For
quantification we used an internal standard (trans-4-
(aminomethyl)-cyclohexanecarboxylic acid, Fluka) which
was added to the samples before hydrolysis. The GC
temperature program for each run was as follows: Initially
50uC, ramp at 15uC min21 to 100uC, dwell for 10 min; ramp
to 130uC at 3uC min21, ramp to 175uC at 2uC min21, dwell
for 5 min; ramp to 220uC at 10uC min21; ramp to 300uC at
30uC min21, and dwell for 5 min. In all, 13 individual AAs
were quantified, including the essential AAs threonine
(Thr), valine (Val), serine (Ser), leucine (Leu), isoleucine
(Ile), methionine (Met), phenylalanine (Phe), and lysine
(Lys). The nonessential AAs quantified included alanine
(Ala), glycine (Gly), proline (Pro), aspartic acid and
asparagine (Asx), and glutamic acid and glutamine (Glx).
We measured AA concentrations in all 14 laboratory
samples but in only five field samples due to lack of
material. Field samples included samples t6 and t36 from the
tracer setup FN and samples t6, t24, and t36 from the control
setup FC.

AA-N concentrations were calculated from total AA
concentrations. We assumed only one rather than two
nitrogen atoms for Glx as well as for Asx. The sum of all
measured AA-N was termed total amino acid nitrogen
(TAA-N).

We measured AA-N stable isotopes by GC-C-IRMS
using the same GC temperature program as for the GC-MS
measurements. All GC-C-IRMS samples were analyzed
twice, yielding good results for nine AAs including Ala,
Gly, Leu, Ile, Pro, Asx, Glx, Phe, and Lys. The precision of
our isotopic measurements varied among experiments, but
the standard deviation of replicate measurements typically
was on the order of 1% to 2%.

Rate calculations—This study allowed us to calculate the
movement of 15N-tracers from a specific food source (N.
spumigena and R. salina) into TN and AA-N of different
zooplankton. The incorporation of nitrogen (N) from food
into the TN pool of zooplankton can be expressed as
transport rate V (h21) or as specific rate based upon the TN
concentration of the sample r (mg N [100 mg N]21 h21). We
calculated incorporation rates for the nonessential AAs
Glx, Asx, Ala, Gly, and Pro, as well as for the essential AAs
Lys, Leu, Ile, and Phe (Guillaume 1997) using the mass
balance approach of Montoya et al. (1996):

V(T{1)~
1

Dt

� �
Azootx

{Azoot0

Aphytot0
{Azoot0

� �
ð2Þ

where V represents the specific rate of nitrogen incorpora-
tion of 15N from phytoplankton by zooplankton in the
experiment, Dt is the duration of the experiment, and A is
the absolute abundance of 15N (atom%) from TN stable
isotope measurements in zooplankton (zoo) and phyto-
plankton or cyanobacteria (phyto). The subscript t0

indicates values at the start of the incubations, and tx

represents the following sampling points after 3, 6, 20, 30,
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and 46 h for the laboratory experiments and for 3, 6, 18, 24,
and 36 h for the field experiments. The starting 15N values
for phytoplankton were corrected for isotope dilution
through grazing by using the exponential average of the
starting and ending atom% enrichment of the phytoplank-
ton pool after Glibert et al. (1982). The mass-specific rate
of N incorporation r (mol N mg21 T21) is then:

r(mol N mg{1 T{1)~V|TNzootx
ð3Þ

where TNzootx
is the concentration of TN in zooplankton at

time point tx. We normalized our rates to animal nitrogen
content (in mg N [100 mg N] h21) for easier comparison to
prior studies (Cowie and Hedges 1992; Kleppel et al. 1998).

We calculated the flux of nitrogen into individual AAs
by comparing the isotopic composition of individual AAs
in zooplankton with that of the available total food:

V(T{1)~
1

Dt

� �
Aamino acidtx

{Aamino acidt0

Aphytot0
{Aamino acidt0

� �
ð4Þ

We did not use the isotopic composition of individual
AAs in the phytoplankton as the source term in our
calculation because AA-N can be translocated via intra-
cellular transamination processes inside the cells. Our
approach does not allow us to distinguish whether
individual AAs acquired their label through incorporation
of intact AAs directly from the food or via internal
reprocessing of ingested AAs. We then estimated the mass-
specific rate of nitrogen incorporation into individual AAs
as:

r(mol N mg{1 T{1)~V|TNamino acidtx
ð5Þ

where TNamino acidtx
represents the concentration of nitro-

gen in a specific zooplankton AA at time point tx. We
calculated the specific AA-N incorporation rates (V) for all
time points during LR, LN, and FN. Mass-specific
incorporation rates (r) of 15N into AA-N were calculated
for all sampling points from tracer setups LN and LR but
only for t6 and t36 from setup FN due to a lack of sample
material at the other sampling points.

Results

The laboratory experiments were conducted with a
single copepod species, E. affinis, while the field experi-
ments involved a diverse zooplankton community that was
dominated by calanoid copepods of the genera Centro-
pages, Acartia, Pseudocalanus, Temora, and cladocerans
belonging to the genera Evadne and Bosmina. No large
diazotrophs (. 10 mm) were observed in the natural
phytoplankton, which mainly contained the Bacillariophy-
ceae Coscinodiscus spp., Chaetoceros spp., and the
Dinophycea Ceratium spp. In the field control FC, the
initial particulate organic carbon (POC) concentration was
402 6 39 mg C L21 and in the Nodularia-amended
treatment FN the POC concentration was 1584 6
159 mg C L21 (Table 1). Animals were not refed during
field experiments and the average final POC concentra-

tions from all time points of 124 6 39 mg C L21 in FC and
19 6 11 mg C L21 in FN reflect significant loss of
phytoplankton material through grazing in all containers.

In the laboratory experiments with R. salina and N.
spumigena, the POC concentration was approximately
constant at levels above 600 mg C L21 (Table 1). This
was achieved by food replenishment after 24 h and
intended avoidance of food limitation.

Seston collected from the filtered seawater in which the
field zooplankton were allowed to clear their guts
contained on average 4% nitrogen and 26% carbon (6
0.3, n 5 10) and had C : N ratios of 7.9 6 0.9 (n 5 10). It
made up in average 39% of TN and 58% of total carbon in
zooplankton. The average d15N value of seston from FN

ranged from 99% to 156% and was always greater than the
d15N of the zooplankton. It reflected the amount of 15N
tracer ingested from N. spumigena that was not assimilated
by zooplankton. Seston from the unlabeled control had
average d15N values of 5.1 6 0.5%.

C : N ratios, TN, and TAA-N concentrations of zooplank-
ton—C : N ratios in zooplankton remained stable during all
incubations and ranged from 4.2 to 5.5 during both field
and laboratory studies, with some variation among
treatments (Fig. 2a). The TN concentration ranged from
95.2 to 108.3 mg N (mg dry wt)21 in all samples (Fig. 2b).

Large increases in AA-N concentrations were apparent
in the limited data set for field zooplankton, while AA-N
concentrations stayed constant in LC and LR and tended to
decrease in LN (r2 5 0.68, p 5 0.08) (Fig. 2c). The AA-N
concentrations from field animals increased from 33 mg N
(mg dry wt)21 to 82 mg N (mg dry wt)21 in FN and from
26 mg N (mg dry wt)21 to 51 mg N (mg dry wt)21 in FC.
These AA-N values correspond to total amino acid (TAA)
values of 281 and 227 mg (mg dry wt)21 in FN and FC,
respectively, at t6 and to 711 and 443 mg (mg dry wt)21 in
FN and FC, respectively, at t36. TAA concentrations during
the laboratory experiments were on average 418 6 23 mg
(mg dry wt)21 (n 5 15) with a significantly lower value of
357 mg (mg dry wt)21 in LN after 46 h (Fig. 2c).

Individual AA-N concentrations—We saw little variation
in the concentration of individual AAs in the laboratory
experiments (Fig. 3). In contrast AA-N from field animals
was low at the beginning of the experiments and increased
twofold in FC and tripled in FN after 36 h (Fig. 3). The
relative abundance of individual AAs was generally similar
in field and laboratory zooplankton. The AAs present in
the highest concentrations included Glx-N, Lys-N, Asx-N,
and Gly-N, while the lowest AA-N concentrations were
found for Ile-N, Phe-N, and Met-N (Fig. 3). Ala was found
in higher concentrations in E. affinis than in field
zooplankton (average 6.7 6 0.5 mg N [100 mg N]21 vs.
average 4.0 6 1.8 mg [100 mg N]21). Ser and Thr were partly
not detectable in some of the animals.

15N enrichment—The labeling of algae with 15N tracer in
the treatments LR, LN, and FN substantially increased the d
15N values of R. salina and N. spumigena above the natural
d15N values of 25.3 6 0.7% in R. salina and of 21.7% in
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Fig. 3. AA-N concentrations (in mg N [100 mg N]21) of 13 AAs in zooplankton given as
average from all time points of the laboratory incubations (LC, LR, LN)all, as average from both t6

field incubations (FC, FN)t6, and as single measurements from t36 for FC and FN, respectively.
Glutamine and asparagine were converted to glutamic and aspartic acids during hydrolysis and
are displaced as mixtures termed Glx and Asx, respectively.

Fig. 2. (a) C : N ratios, (b) TN concentrations (in mg N [mg dry wt]21), and (c) TAA-N concentrations (in mg N [mg dry wt]21) of E.
affinis in LC, LR, and LN and of zooplankton in FC and FN.
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N. spumigena (Fig. 4a). When 15N-labeled algae were fed to
E. affinis in the laboratory, the d15N values of E. affinis
increased significantly from 25.3 6 0.7% to 325.34% (r2 5
0.93; p 5 0.002) in LR and to 23.4% (r2 5 0.68; p 5 0.04) in
LN (Fig. 4b).

In the field experiments, 15N-labeled N. spumigena had
an average d15N value of 380 6 84% and grazing on it
significantly increased the d15N value of zooplankton from
4.4 6 0.06% to 78% after 36 h (r2 5 0.86; p 5 0.007). In the
control treatment, the d15N values of phytoplankton and
zooplankton were similar with an average value of 4.7 6
0.2% for phytoplankton and an average d15N value of 4.4
6 0.06% for zooplankton.

The incorporation of 15N was detected in nitrogen of all
AAs, with AA-N d15N values increasing along with total
d15N values. The maximum AA-N d15N values at the end
of the experiments in LR, LN, and FN, and the d15N values

from the non-labeled controls LC and FC are shown in
Fig. 5.

TN incorporation rates—A maximum specific TN
incorporation rate of 0.03 h21 occurred after 3 h in LR

and FN, and both rates decreased to 0.01 h21 and 0.008 h21

after 46 and 36 h, respectively (Fig. 6). Specific TN
incorporation in LN was initially 0.005 h21 and decreased
to 0.0001 h21 after 46 h. Rates in LN were not significantly
different from zero and have to be considered with care.

Mass-specific TN incorporation followed the same trend
as the specific rates because nitrogen made up a relatively
constant 10% of zooplankton dry weight (Fig. 6).

AA-N incorporation rates—The AA-N incorporation
rates by E. affinis from N. spumigena were 10-fold lower
than from R. salina with an average value of 0.0022 6

Fig. 4. (a) Initial bulk d15N values (in %) of the phytoplankton food from all treatments at the beginning of the experiments, (b)
bulk d15N values (in %) of the zooplankton from all treatments during the experiments. Please note the different scales. The precision of
the measurements was 0.1%.

Fig. 5. Natural and labeled AA-N d15N values (in %) of the zooplankton from the non-
tracer treatments LC and FC (given as average from all time points) and the 15N-labeled
treatments LR, LN, and FN for the final time points (t46 and t36, respectively). Glutamine and
asparagine were converted to glutamic and aspartic acids during hydrolysis and are displaced as
mixtures termed Glx and Asx, respectively.
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0.0011 h21 (Fig. 7). In the other treatments (LR, FN), the
incorporation rates were initially high and decreased with
time. The range of specific incorporation rates was similar
in LR and FN, with clear differences among individual AAs.
In treatment LR, specific AA-N incorporation rates of
0.043 6 0.001 h21 were high for Ala and Glx, intermediate
for Lys, Leu, Gly, Pro, Ile, and Phe (0.030 6 0.004 h21),
and low for nitrogen moving into Asx (0.015 h21; Fig. 7).
In the field (FN), zooplankton incorporated diazotroph
nitrogen most intensively into Ile with a rate of 0.040 h21,
while intermediate rates of 0.028 6 0.003 h21 were
measured for Glx, Ala, Lys, Leu, Gly, Asx, and Phe. Pro,
with a low rate of 0.018 h21, received the least nitrogen in
field zooplankton (Fig. 7).

The limited data set for mass-specific rates in FN showed
considerably lower rates for Glx and Ala compared to LR

and only clearly higher rates for Asx (Fig. 8).

Discussion

Through a combination of laboratory and field exper-
iments, we demonstrate that N2-fixing cyanobacteria can
be a direct source of nitrogen supporting the AA
metabolism of zooplankton. The trophic transfer of this
nitrogen likely depends, however, on the species composi-
tion of zooplankton, which has strong implications for the
incorporation of essential and nonessential AAs into the
body nitrogen of copepods.

The assimilation rate of food particles in copepods
depends on a variety of factors, including the concentra-
tion, quality, size spectrum, nutritional quality of the food,
as well as the feeding history and nutritional state of the
animals (Mauchline 1998). Assimilation is described as the
intestinal absorption of a molecule from digested food into
a metabolic pool after food ingestion and before defecation
(Mayzaud and Conover 1988). Incorporation means that
an isotopic tracer like 15N is followed after its assimilation
from a labeled food into a biochemical end product like an
AA (Roman 1991).

In our study, we found high incorporation rates of
nitrogen from R. salina by E. affinis in the laboratory, but
obtained contrasting results regarding the incorporation of

diazotroph nitrogen of N. spumigena by E. affinis and a
mixed-zooplankton assemblage. The high incorporation of
TN and AA-N from R. salina is in accordance with its
adequate size and nutritional quality for copepod growth
(Klein Breteler et al. 1982). The low incorporation of
nitrogen from N. spumigena by E. affinis in contrast to the
mixed assemblage of copepods and cladocerans might
reflect the reluctance of these species to feed on this
cyanobacterium at high rates. Low feeding rates have been
observed in earlier investigations, and the avoidance has
been related to different abilities to feed size selectively on
filaments or to discriminate against toxic strains among
zooplankton (Sellner 1997). The size of N. spumigena,
however (filament length: 100–200 mm), appeared generally
suitable for the ingestion by E. affinis in our experiments
and toxicity as the factor determining feeding acceptance is
contradicted by other studies (Koski et al. 2002). The
incubation time may also have been too short to stimulate
feeding or to allow full physiological acclimation of
digestive enzymes to the new food (Hassett and Landry
1988; Mayzaud et al. 1998). The reason for the low
incorporation rates in E. affinis remains unresolved, as the
study was not designed to evaluate the feeding behavior.

Despite the absence of evidence for N. spumigena
assimilation by E. affinis, the detection of 15N in the
mixed-zooplankton assemblage emphasizes the direct
utilization of diazotroph nitrogen by zooplankton. The
15N incorporation rates were potentially overestimated, as
the chosen time for the complete evacuation of gut contents
defecation was short. However, the increase in 15N with
time despite the complete clearance of food, and the
recovery of excreted 15N in the filtered seawater suggest
that the bodily 15N was indeed incorporated. This clearly
shows that N. spumigena was a source of AA-N for
zooplankton in the Baltic Sea and strengthens earlier
hypotheses that cyanobacteria supplement AAs to the diet
of copepods (Schmidt and Jónasdóttir 1997; O’Neil 1999).

The initially high mass-specific TN incorporation rates
around 3.0 mg N (100 mg N)21 from LR and FN in our study
compare well with high rates of 1.2–3.25 mg N (mg dry
wt)21 reported for Acartia spp. and Pseudocalanus spp.
from the eastern Pacific coast of Hokkaido, Japan

Fig. 6. Mass-specific TN incorporation rates (rTN) in mg N (100 mg N)21 h21 and nitrogen-specific TN incorporation rates (VTN)
per hour of zooplankton from (a) LR, (b) LN, and (c) FN. Dotted lines indicate logarithmic decrease of TN incorporation rates. The error
range associated with the mass-specific and the specific TN rates was 0.09 and 0.009, respectively.
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Fig. 7. Specific nitrogen incorporation V (3 1023 h21) in the AAs Glx, Ala, Lys, Leu, Gly, Pro, Ile, Asx, and Phe of zooplankton
from treatments LR, LN, and FN. The error range associated with the specific nitrogen incorporation into AA-N was 0.0002.

Fig. 8. Zooplankton mass-specific AA-N incorporation rates (r) in mg N (100 mg N)21 h21 into the amino acids Glx, Ala, and Asx,
in LR, LN, and FN. Please note the different scales. The error range associated with the mass-specific AA-N rates was 0.0006.

Diazotroph nitrogen in amino acids 207



(Hasegawa et al. 2001), for Acartia discaudata and Calanus
helgolandicus feeding on diatoms during a laboratory study
(Vincent et al. 2007), and for Macrosetella gracilis feeding
on Trichodesmium thiebautii from the tropical North
Atlantic (O’Neil et al. 1996). The exponential decrease of
our rates compared to stable rates in Vincent et al. (2007)
can be explained by methodology because animals were
unsaturated with food when entering our experiments. The
lower final rates between 0.8 and 1.0 mg N (100 mg N)21 in
treatments LR and FN may point to a lower basic
incorporation rate of nitrogen in brackish E. affinis and
Baltic Sea zooplankton compared to the marine species.
Copepods need AAs for growth and for osmoregulation
(Goolish and Burton 1989) and lower basic TN mass-
specific incorporation rates therefore may be related to
lower growth rates or to lower requirements of AAs as
osmotic solute.

The specific TN incorporation rates were initially high
but decreased strongly with time, which likely was due to
increased food clearance following starvation typically
observed in starved copepods (Runge 1980). The low AA
concentrations of zooplankton from the Baltic suggest that
animals must have been severely starved at the beginning of
our field experiments and replenished their bodily N by
feeding on N. spumigena. Their AA content contributed
30% to their dry weight, which was much lower than the
average of 48% found in laboratory E. affinis or reported
for marine copepods (Steinberg and Saba 2008). Such low
AA content likely indicates starvation and a dietary
shortage of protein that cause a continuous removal of
nitrogen from the free AA pool (Mayzaud and Conover
1988). In our study, the nitrogen deficiency was apparently
rapidly compensated by the intense feeding as indicated by
the depletion of the initially very abundant food concen-
tration and the associated increase in TAA concentration.
After 36 h TAA levels increased to 50% of TN in FC and
even to 80% of TN when N. spumigena was amended
(Fig. 2c), which is explained by the higher concentration
with which this cyanobacterium was offered in experi-
ments.

In contrast to field zooplankton, body TAA concentra-
tions in E. affinis were already high at the beginning of the
laboratory experiment. This is explained by the optimal
food conditions in culture prior to the experiments, and a
less severe reduction of food to only suboptimal but not
starvation levels during experimental preconditioning.
Although incorporation rates of nitrogen in treatment LR

were as high as in treatment FN, TAA concentrations
remained stable (Fig. 3). This suggests a saturation level for
body nitrogen, which is independent of nitrogen turnover.
Assimilated AAs may not have been used to build up
proteins but rather may have been used to synthesize
nonprotein molecules such as carbohydrates or lipids
(Sargent and Henderson 1986; Lehninger 1987), or for
energy production via the oxidation of their carbon
skeletons in the citrate cycle (Mayzaud and Conover
1988). Large parts of the AAs also may have been
deaminated and the nitrogen excreted without making use
of a-keto-acids in the energy production pathways (May-
zaud and Conover 1988). N. spumigena-nitrogen was

incorporated by E. affinis at a 7 times lower rate
(0.0026 h21) than R. salina-nitrogen. AA-N concentrations
in LN treatments tended to decrease after 36 h (Fig. 2c).
This indicates degradation of body protein due to
starvation.

To our knowledge, these are the first direct measure-
ments of the specific rate of nitrogen incorporation into
zooplankton proteins. The preferential incorporation of
one AA over another, such as Ile over Pro in field
zooplankton and Glx over Asp in E. affinis, may reflect
the animals’ physiological attempt to maintain or restore
an optimal AA balance. Animals obtain the AAs for
protein synthesis and energy production from their internal
free AA pool, which is replenished from food sources by
gut absorption or, in case of starvation, from tissue
degradation (Mayzaud and Conover 1988). We found clear
differences in mass-specific incorporation rates between
zooplankton from LR and FN for Glx, Ala, and Asx, but
not for Ile (Fig. 8). All of these AAs showed clear, and at
times large, differences in specific incorporation rate
(Fig. 7), suggesting that specific rates provide a more
sensitive index to the movement of nitrogen into zooplank-
ton biomass.

E. affinis had the highest demand for the nonessential
AAs Ala and Glx, which were assimilated at maximum
rates of 0.044 and 0.042 h21, respectively, and the lowest
demand for Asx as indicated by a low rate of 0.015 h21

(Fig. 7). Glutamic acid, glutamine, alanine, and aspartic
acid are among the most abundant AAs in zooplankton
(Cowie and Hedges 1992) and their molar ratios were
between 11 and 16 : 1 in our samples. Before proteins from
tissues are catabolized, crustaceans selectively dispose of
nonessential AAs in the internal free AA pool, and should
first catabolize AAs such as Ala, Glx, and Asx that enter
the citric acid cycle via a-ketoglutarate, oxaloacetate, or
pyruvate (Mayzaud and Conover 1988). The intense
incorporation of Ala and Glx that we observed may
therefore reflect Glx and Ala depletion in the free AA pool
due to short time starvation in E. affinis, which was not
severe enough to cause degradation of body proteins.
However, this does not explain why Asx-N incorporation
was so low. According to Campbell (1973), most L-AAs
can undergo transamination reactions either via gluta-
mate-pyruvate transaminase (GPT) or via glutamate-
oxaloacetate transaminase (GOT). Aspartic acid and
asparagine are transaminated by GOT, while Ala and
Glx are transaminated by GPT (Mayzaud and Conover
1988). The low incorporation of 15N into Asx therefore
may have been the result of a lower activity of GOT
compared to GPT.

Ile-N showed the highest incorporation rate in field
zooplankton, suggesting that this AA was most limiting
among the nine AAs for which AA-N rates were measured.
Ile is an essential AA for crustaceans (Guillaume 1997) and
an important component of muscular tissue (Lehninger
1987). The high initial rates we observed suggest muscle
anabolism after severe starvation, which is also consistent
with the low overall protein concentrations in these
animals. The lowest incorporation in field animals was
found for Pro-N (0.018 h21). Pro is a nonessential AA in
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crustaceans that can be synthesized from glutamic acid
(Lehninger 1987), allowing the animals to meet their needs
independently of incorporation.

Specific incorporation rates were 10-fold lower in LN,
but it is interesting to note that all three treatments showed
similar patterns of high, middle, and low incorporation
rates among the AAs measured. As noted earlier, these rate
ranges may have been set by aminotransferase activities,
though more data are needed to test this idea.

This study allowed us to explore the incorporation
kinetics of dietary nitrogen into AA-N of laboratory-reared
and field-collected zooplankton with similar nitrogen
content. Our data suggest that protein depletion in
zooplankton may enhance the incorporation of diazotroph
nitrogen. Further studies concentrating on the incorpora-
tion of nitrogen from globally significant diazotrophs such
as Trichodesmium into zooplankton AAs are necessary to
support the data presented here.
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