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A B S T R A C T

In spring 2016, two silos containing liquid nitrogen-containing fertilizer collapsed on a harbor in Fredericia,
Denmark. More than 2,750 tons of fertilizer spilled into inner Danish waters. A bloom of Pseudo-nitzschia oc-
curred approximately one month after the incident. The bloom caused a 5-week quarantine of numerous mussel-
harvesting areas along the eastern coast of Jutland. The levels of domoic acid measured up to 49 mg kg−1 in
mussel meat after the bloom. In the months following the event, the species diversity of phytoplankton was low,
while the abundance was high comprising few dominant species including Pseudo-nitzschia. The main part of the
liquid nitrogen-containing compound was urea, chemically produced for agricultural use.

To investigate the potential impact of urea on Pseudo-nitzschia, four strains, including one strain of P. deli-
catissima, two of P. seriata and one of P. obtusa, were exposed each to three concentrations of urea in a batch
culture experiment: 10 μM, 20 μM and 100 μM N urea, and for comparison one concentration of nitrate (10 μM).
Nitrate, ammonium, and urea were metabolized at different rates. Pseudo-nitzschia obtusa produced domoic acid
and grew best at low urea concentrations. Both P. seriata strains had a positive correlation between urea con-
centration and growth rate, and the highest growth rate in the nitrate treatment. One strain of P. seriata produced
domoic acid peaking at low N loads (10 µM N urea and 10 µM N nitrate). In conclusion, the ability to adapt to the
available nitrogen source and retain a high growth rate was exceedingly varying and not only species-specific
but also strain specific.

1. Introduction

1.1. Nitrogen spill and ecosystem response

On 3 February 2016, two silos containing a total of 4750 tons of
liquid nitrogen-containing fertilizer collapsed on the harbor of
Fredericia, close to Lillebælt, Denmark (Fig. 1). The amount of nitrogen-
containing fertilizer reaching the adjacent sea was at least 2750 tons
(Schjødt, 2018). The vast majority of the fertilizer consisted of urea
(Markager, 2016), but ammonium and nitrate were also a part of the
spill. The composition of the fertilizer included both N16 and N32

liquid nitrogen-containing fertilizer. N16, which consists of urea solely,
was in the magnitude of 750 tons. 2000 tons of the spill was N32, which
is a combination of N sources: 50% of the total N is from urea, 25%
from nitrate, 25% from ammonium (Markager, 2016). No inhibitor was
added to either of the fertilizer types. Inhibitors are chemical compo-
nents working against urease and other enzymes to decrease the rate
the fertilizer is utilized. The average yearly supply of nitrogen from land
in the Lillebælt area is 5517 tons N, the collapse thus constituted an
abrupt supply amounting over 50% of the annual terrestrial input in N
(Markager, 2016). The timing of the collapse was about two weeks prior
to the usual spring bloom in the area (Markager, 2016). In Danish

https://doi.org/10.1016/j.hal.2020.101817
Received 3 September 2019; Received in revised form 10 April 2020; Accepted 14 April 2020

Abbreviations: DA, Domoic Acid; PN, Pseudo-nitzschia; ASP, Amnesic Shellfish Poisoning; HAB, Harmful Algal Bloom; CDA, Cellular Domoic Acid; N, Nitrogen; PSP,
Paralytic Shellfish Poisoning; RFU, Relative Fluorescence Unit; TIN, Total Inorganic Nitrogen; TS, Total Silicate; TP, Total Phosphate

⁎ Corresponding author.
E-mail address: anna.olesen@snm.ku.dk (A.J. Olesen).

Harmful Algae 95 (2020) 101817

1568-9883/ © 2020 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/15689883
https://www.elsevier.com/locate/hal
https://doi.org/10.1016/j.hal.2020.101817
https://doi.org/10.1016/j.hal.2020.101817
mailto:anna.olesen@snm.ku.dk
https://doi.org/10.1016/j.hal.2020.101817
http://crossmark.crossref.org/dialog/?doi=10.1016/j.hal.2020.101817&domain=pdf


waters, phytoplankton growth is light limited from November to Jan-
uary. The spring bloom usually initiates in early February and utilizes
the majority of the available nitrogen and phosphate in February and
March. Hereafter growth is limited, mainly due to nutrient depletion,
until October (Markager, 2016). The additional supply of N hence most
likely favored phytoplankton growth, and notably, a bloom of domoic
acid-producing Pseudo-nitzschia (PN) occurred approximately one
month after the breakdown of the silos.

In Denmark, all mussel-harvesting areas are closed as soon as do-
moic acid (DA) or any other phycotoxin is detected. The decision on the
management action is based upon the on-going risk assessment carried
out by the authorities. The risk assessment takes into account the
combined information on algal toxins and the quantitative occurrence
of toxic algae. The mussel-harvesting areas are always to be closed if the
algal toxin concentrations exceed the international regulatory limit, for
DA of 20 mg DA kg−1. Levels of DA up to 49 mg kg−1 in mussel meat
were measured (Fig. 2). Detection of DA forced closure of numerous
mussel-harvesting areas along the eastern coast of Jutland and resulted
in an economical deficit of more than 1 million DKK. The added ni-
trogen was speculated to increase nitrogen availability during the fol-
lowing months and potentially years and lead to other ecosystem re-
sponses such as reduced underwater vegetation as a result of light
limitation (e.g. eelgrass) (Markager, 2016). The Lillebælt area is char-
acterized by strong currents and rapid water flow, which therefore
potentially distributed the added nitrogen, primarily to the north
(Kattegat). The area is characterized by estuarine circulation (Nielsen
et al., 2017). This phenomenon occurs when surface and bottom cur-
rents flow in opposite directions, meaning that even if the nitrogen load
was transported northwards with the surface waters, the uptake and
sedimentation in the bottom waters may have retained the nitrogen in
the area.

1.2. Global urea usage

Since the 1970s, the global use of nitrogen-containing fertilizer has
increased drastically (Galloway and Cowling, 2002). In 2013, the global
use of industrial N was of a magnitude of >170 megatons N yr−1

(Glibert et al., 2014). Since the 1970s, the use of urea has increased
more than 100-fold, and at the same time, the composition of the fer-
tilizer has changed, comprising a higher amount of urea. In 2005, urea
constituted >50% of the nitrogenous fertilizer used worldwide. As a
consequence of this change, urea has become a nitrogen source avail-
able to marine and coastal phytoplankton (Glibert et al., 2006).

Apart from organic urea, nitrogen in the ocean mainly occurs as
inorganic nitrate and ammonium. The different forms of nitrogen may
be utilized with varying efficiency by different phytoplankton species,

affecting species competition and thus phytoplankton composition (e.g.
Antia et al., 1991). In general, diatoms are considered mainly to utilize
nitrate whereas most other phytoplankton is better adapted for using
ammonium (Glibert et al. 2016), but the majority of studies regarding
nitrogen sources confirm the capability of both freshwater and marine
phytoplankton species to utilize urea, either partly or as a sole nitrogen

Fig. 1. Map of Denmark showing loca-
tion of the city Fredericia (●) where
the two silos collapsed on the harbor.
The location of the 4 mussel farms is
also indicted (63, 66, 68 and 71). These
were quarantined after the bloom of P.
seriata in March and April 2016. The
Lillebælt Nord (VEJ0006870) mon-
itoring station (*) is located near
mussel harvesting area 66.

Fig. 2. Contents of domoic acid (A) in mussel meat and Pseudo-nitzschia cell
abundances (B) in Lillebælt (catchment sites 63, 66, 68 and 71, see Fig. 1)
during March and April 2016. A dotted gray line (20 mg kg−1) on A indicates
the international regulatory limit (WHO) of domoic acid in mussel meat.
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source (e.g. Cira et al., 2016; Cochlan et al., 2008; Donald et al., 2013,
Glibert et al., 2014).

The impact of the changing nitrogen composition in agricultural
fertilizer along with the increasing use of fertilizer is gaining attention.
There is ample evidence for the detrimental impact of the increasing
nitrogen usage in aquatic ecosystems (Howarth et al., 2002). The in-
creasing use of urea in fertilizer has been coupled with an increase in
documented incidences of Paralytic Shellfish Poisoning (PSP) (Glibert
et al., 2006) caused by several toxic dinoflagellate Harmful Algal Bloom
(HAB) species. No investigation has yet linked this with Amnesic
Shellfish Poisoning (ASP) incidents in the field.

Growth and toxin content of HAB species have also been in-
vestigated in the laboratory in relation to nitrogen sources. The dino-
flagellate Alexandrium catanella showed e.g. no increase in toxin pro-
duction related to nitrogen type (Griffin et al., 2019). Contrary the same
species (reported as A. tamarense) had a higher toxin content when
grown on urea than compared to nitrate, but highest on ammonium
(Leong et al., 2004). Another dinoflagellate, Karenia brevis, also showed
much higher toxin content when supplied with urea than without urea
supplement (Shimizu et al., 1993).

In general, the urea concentration in aquatic ecosystems is lower
than the concentration of the inorganic N-sources (nitrate and ammo-
nium), but in a few instances, concentrations up to 25–50 µM N have
been reported (Glibert et al., 2005). The fact that each molecule of urea
contains two atoms of nitrogen contributes to some confusion, as some
refer to units of urea (e.g. 10 µM urea) and some to the nitrogen content
in urea (e.g. 20 µM N urea), both examples are equivalent to the same
concentration of urea. In the current study, nitrogen content in urea is
used, as this unit is dominant in the literature.

1.3. Pseudo-nitzschia toxicity - impact and induction

The diatom genus PN comprises 52 marine species of which 26 are
confirmed toxigenic (Bates et al., 2018). Pseudo-nitzschia is a globally
distributed pennate diatom genus. Cells are efficient in utilizing nu-
trients in upwelling systems as well as during spring and autumn
mixing of waters (Lelong et al., 2012), and some species of PN can cause
major toxic blooms. The toxin is a simple neurotoxic amino acid called
domoic acid (DA). The chemical compounds, metabolic precursors, and
the penultimate enzymatic steps for the biosynthesis of DA were re-
cently described (Maeno et al., 2018; Brunson et al., 2018; Harðardóttir
et al., 2019) but the final isomerization reaction, sources, and com-
partmentalization are yet to be elucidated.

Toxic blooms may have severe impacts on marine ecosystems as DA
can accumulate in primary consumers, e.g. filtrating mussels, zoo-
plankton, and smaller fish. This can cause intoxication and mortality of
secondary consumers like marine mammals, seabirds and humans
(Teitelbaum et al., 1990; Lefebvre et al., 2016; Nash et al., 2017).
Furthermore, HABs have large economic effects on the mussel industry
and fisheries, due to closure of the fishery, lost revenue and discard of
already harvested mussels (Fehling et al., 2006; McCabe et al., 2016;
Bates et al., 2018).

Domoic acid production is affected by various factors, and it has
been suggested that dissimilar species are affected differently (Gai
et al., 2018). Nutrient composition and levels have a major influence on
DA production. Changes in nitrogen have been found to affect DA
production, but notably, nitrogen is a component in DA synthesis, and
deficiency may, therefore, limit DA production (Trainer et al., 2012 and
references therein). Depletion of silicate and phosphate generally in-
duces high cellular DA (Ryan et al., 2017), and species and strain
variation in cellular DA content in response to several environmental
changes have been observed for iron concentration, salinity, tempera-
ture, pH, light, and presence of bacteria and grazers (Bates et al., 2018).

In addition to the variety of inducing environmental factors, the
impact of different growth stages on DA production, is still unclear.
Some studies have revealed how PN only produces DA in the stationary

growth phase, while other studies have shown that DA production is
active in the exponential growth phase (Lelong et al., 2012 and refer-
ences therein).

1.4. Nitrogen and pseudo-nitzschia

From field studies, it is well established that PN benefits from en-
vironmental nitrogen loading, both with regard to growth and toxicity
(e.g. Downes-Tettmar et al., 2013; Husson et al., 2016; Thorel et al.,
2017). Studies assessing the impact of inorganic nitrogen on PN are
increasing in number (Auro and Cochlan, 2013; Bates et al., 1993; Bates
and Trainer, 2006; Thessen et al., 2009), as are those focusing on or-
ganic nitrogen sources such as urea and amino-acids (Auro and
Cochlan, 2013; Hillebrand and Sommer, 1996; Howard et al., 2007;
Kudela et al., 2008; Martin-Jézéquel et al., 2015.; Radan and Cochlan,
2018). Different nitrogen sources seem to affect PN differently and
presently no general pattern in growth, biomass and DA production has
been established.

The effect of urea on DA production is, like other DA-inducing
factors, unclear in the few studies performed. Urea has been shown to
result in higher or lower cellular DA content when compared with other
N-sources. When exposing P. cuspidata to different N-sources, an in-
crease in DA content was found when grown with nitrate or ammonium
as N-source compared to urea (Auro and Cochlan, 2013). On the con-
trary, higher DA content was found when P. australis was grown on urea
rather than on inorganic N substrates (Howard et al., 2007). Similarly,
P. multiseries contained more DA when growing on urea compared to
inorganic N-sources (Radan and Cochlan, 2018).

Among PN species, there also seems to be a considerable variation
in growth rates in response to N-sources (Radan and Cochlan, 2018). In
some, although not all, strains of P. multiseries, P. calliantha and P.
fraudulenta, a significant decrease in growth rate was found when
growing on urea as the sole nitrogen source compared to ammonium or
nitrate (Thessen et al., 2009). On the contrary in another study, P.
multiseries and P. australis had similar growth rates when growing on
nitrate, ammonium, and urea (Martin-Jézéquel et al., 2015)

The effects of different nitrogen sources have been compared,
whereas the effects of different concentrations of urea have presently not
been assessed in PN. As urea contains nitrogen, crucial for cell growth
and DA production, variations in urea concentration are, however,
expected to have an impact on both cell growth and DA content.

1.5. North Atlantic Pseudo-nitzschia species for testing effects of urea

A wide variety of PN species are confirmed present in Danish waters
and other parts of the North Atlantic area (Lundholm et al., 2010; re-
cently reviewed in Bates et al., 2018), and several have been confirmed
as toxigenic: P. seriata (Lundholm et al., 1994), P. pungens (Rhodes
et al., 1996), P. fraudulenta (Rhodes et al., 1998), P. australis (Fehling
et al., 2004) and P. granii (Trick et al., 2010). The presence of toxigenic
PN-species in Danish and neighboring waters poses a risk for toxic
events. In 2005, a bloom of P. seriata caused a closure of mussel har-
vesting areas in Denmark, close to the areas affected in 2016 (Lundholm
et al., 2005), and in other North Atlantic areas, several bivalve fishery
areas have previously been quarantined e.g. in western Scotland
(Fehling et al., 2006, and references therein).

Data were gathered on the phytoplankton community, DA in mus-
sels and the environmental conditions in the months before and fol-
lowing the collapse of the fertilizer silo. The aim was to explore whether
urea can induce growth and affect DA content in PN species and hence
explain the development of the observed toxic bloom. Did the fertilizer
spill have any quantitative or qualitative impact on the phytoplankton
community? Can urea induce growth and hence initiate a P. seriata
bloom? Can urea induce toxin production in P. seriata and other PN
species? To answer these questions, batch culture experiments with
strains of P. seriata, P. delicatissima, and P. obtusa were performed.
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Pseudo-nitzschia seriata (Fig. S2) have previously been shown toxic in
Danish, Scottish and Greenlandic waters (Lundholm et al., 1994;
Fehling et al., 2004; Hansen et al., 2011) and recently strains from
Iceland were tested positive for DA (Lundholm et al., 2018). Pseudo-
nitzschia delicatissima has not been found toxic in Danish-, and adjacent
waters, but isolates from other geographical regions have been recorded
toxic (Bates et al., 2018). Pseudo-nitzschia obtusa strains from Greenland
are known to produce DA in the presence of copepods (Harðardóttir
et al., 2015), but no other inducing factor is confirmed for this species.

2. Materials and methods

2.1. Spring 2016 monitoring data

Toxin in mussel meat: Monitoring data on DA content in mussel meat
(Mytilus edulis) from four mussel harvesting areas (areas 63, 66, 68 and
71) (Fig. 1) were gathered. All areas are connected to the water at the
location of the silo collapse. By including data from all four areas, we
ensure a good temporal and areal resolution for improved under-
standing of DA accumulation in the environment. Toxin data for each
harvesting area is restricted as, in Denmark, toxin analyses on fresh
mussel meat are performed only when a harvesting area is designated
for industrial harvesting. Therefor data is not obtained regularly, in-
dependent of the mussel industry. Toxins levels in mussels are mea-
sured every week during harvesting periods. Toxin data (from Union of
Danish Mussel Fishery) and relating phytoplankton data (from Or-
bicon/NIRAS) on P. seriata type cells were monitored with a frequency
of 7–35 days from February to April 2016.

Phytoplankton diversity and abundance, as well as chemical (nutrient
levels) and physical (temperature and salinity) parameters: Data was
gathered monthly from the monitoring station “Lillebælt Nord
Vej0006870” (located close to mussel harvesting area 66, see Fig. 1).
The Danish Ministry of Environment and the consulting companies
Orbicon and NIRAS provided data. The phytoplankton monitoring
station “Lillebælt Nord VEJ0006870”, being the monitoring station
geographically closest to the silos (on the harbor of Frederica), was
chosen as the focus area for the data analyses (Fig. 1). The mussel
harvesting area 71 was located even closer to the silos (Fig. 1).

Data on salinity, temperature and nutrients were acquired for 1 m
depth from January to April in the period 2010–2016 from the national
monitoring program. Monitoring data on the phytoplankton community
was gathered from January to April 2013–2016 and was afterward
edited by pooling all observations including size fractions of different
“species” e.g. cryptophytes <10 µm or >10 µm or by unclear species
denotations. Furthermore, the group “unidentified flagellates” was ex-
cluded from the analyses as they were not a part of the monitoring data
in all years. On occasions with data, they represented a stable high
abundance. Phytoplankton samples were studied by electron micro-
scopy to identify PN cells following the procedure of Lundholm et al.
(2002) and examined using a transmission electron microscope (TEM)
(JEOL, JEM 1010, Tokyo, Japan) to obtain the necessary morpho-
metrics as well as qualitative morphological characters for species
identification (see Fig. S1 for detailed micrograph).

2.2. Culturing and species identification

To establish cultures of PN for the experiments, live phytoplankton
samples were collected from three different locations in Greenland,
Iceland and Denmark in spring 2017 and 2018 (Table 1). The phyto-
plankton samples were collected using a 20-μm plankton net, hauled
through the upper 0–5 m of the water column. Single cells or chains of
PN spp. were isolated by micro-pipetting using a hand-drawn Pasteur
pipette under an inverted light microscope (CKX53, Olympus, Tokyo
Japan) and placed in 96 well plates with L1 medium. The cultures were
kept at 4 °C at a light:dark cycle 16:8 h and 100 µmol photons m − 2

s − 1 using cool white light bulbs (550 nm wavelength). These

conditions were the same as for the experiment.
Identification of PN cultures was performed as mentioned above for

phytoplankton samples (see Table S1 and Fig. S2 for detailed micro-
graphs and data). The strains were identified as P. delicatissima (strain
S5 from 2018, Denmark), two P. seriata strains (I1 and I9 from 2018,
Iceland) and P. obtusa (CA2 from 2017, Greenland) (Fig. S2). See
Table 1 for specific locations. Molecular identification (ITS rDNA re-
gion) was established for the strain S5 of P. delicatissima strain and
confirmed the morphological identification (data not shown) as the ITS
regions clustered with other P. delicatissimaa. Light micrographs were
taken with a Zeiss Axio Imager.M2 microscope (Zeis, Oberkochen,
Germany) equipped with a 63X oil immersion lens and a Zeiss AxioCam
HRc digital camera.

2.3. Experimental setup

Growth and toxicity of four PN strains (P. delicatissima (S5), two P.
seriata strains (I1 and I9) and P. obtusa (CA2) was studied in batch
culture experiments using three concentrations of urea (10 μM, 20 μM,
and 100 μM N urea) and one concentration of nitrate (10 μM N). The
nitrogen levels were chosen to depict concentrations, that can be found
in coastal waters (10 μM N and 20 μM N) and a high concentration
(100 μM N) similar to that of extreme situations such as following the
breakdown of the fertilizer silos.

The medium used in the experiment: L1 medium was prepared based
on seawater with a salinity of 30, and nitrogen in the medium was
added to the desired concentrations of urea or nitrate in addition to the
N content present in the natural seawater. pH in the medium was
measured using a VWR pHenomenal pH meter and adjusted to pH 7 by
adding minute amounts of HCl (10 M).

Initiation of the experiment: All experiments (for each strain and ni-
trogen treatment) were performed in triplicates in 655 mL flasks with
280 mL medium and either approximately 2000 cells mL−1 of P. seriata
(setup A and B) or P. obtusa (setup D), whereas 3500 cells mL−1 of P.
delicatissima were used (setup C), as this is a smaller species. Ten days
before the experiments, the cultures were diluted to be in the ex-
ponential growth phase at the initiation of the experiment.

To monitor temperature stability throughout the experiments, a
data logger (Omega OM-SQ204, Manchester, UK) was set up to measure
temperature every 5 min for 48 h. Four sensors were placed near the
experimental setup in a temperature-controlled room. The average
temperature was stable at 4 °C ± 0.5 °C.

2.4. Sampling during experiments

Cell density was monitored every second or third day, and before
every sampling, the flasks were carefully rotated to ensure equal mixing
of the culture.

Sampling frequency: Due to fast growth, P. delicatissima (C) was
sampled every other day for relative fluorescence units (RFU) and cell
counts. RFU and cell counts were sampled every third day for P. seriata
(A and B) and P. obtusa (D). For all species, sampling for nutrient
analysis was obtained once at the initiation of the experiment (D0),
once during the exponential growth phase [P. seriata (A): Day 13 for all
treatments, P. seriata (B): Day 14 for 10 µM N nitrate and 100 µM urea,
and day 19 for 10 and 20 µM N urea, P. delicatissima (C): Day 12 and P.
obtusa (D): Day 13] and once in stationary growth phase [P. seriata (A):
Day 19, P. seriata (B): Day 19 for 10 µM N nitrate and 100 µM urea, and
day 21 for 10 and 20 µM N urea, P. delicatissima (C): Day 15, and P.
obtusa (D): Day 19]. Sampling for DA was obtained in the stationary
growth phase, on the same days as sampling for nutrients. To assess if
pH was the limiting factor for cell growth in the assays, pH was mea-
sured at the end of the experiments.
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2.5. Methods for cell density and growth rates

Cell densities: 1.5 mL of each replicate was fixed in 2–3% acidic
Lugol's solution. One of the triplicates was counted using a Sedgewick-
Rafter counting chamber (S52). A minimum of 400 cells was counted.

RFU: 1.5 mL sample was transferred to a clear glass flask and
measured using a Triology fluorometer (San Jose, CA, USA). Triplicates
of all treatments of all strains were measured by RFU, and based on
standard curves, RFU measurements were translated into cell densities.

Maximum growth rate calculation: These were based on data points
when batch cultures were in the exponential growth phase. See Table
S4 for specific days.

The calculation of growth rates was based on the formula:

= ×
×N N eb a

μ tb

Where Nb and Na are cell concentrations at time b and an (in hours). μ is
a specific growth rate hour−1. Subsequently, growth rates (GRd) (cell
divisions day−1) was calculated as follows:

=GR μ h*24d

2.6. Nutrient analysis

60 mL subsamples were centrifuged (1811 G for 15 min at 4 °C)
separating cells and supernatant and 40 mL supernatant was used.
Analyses were performed at the Terrestrial Ecology Section, Dept of
Biology, University of Copenhagen. Urea measurements followed the
method by Alam et al. (2017) using a photometer (V-1200VWR,
Avantor, Radnor, Pennsylvania, US). Ammonium, nitrate and total in-
organic nitrogen (a total of nitrate, nitrite, and ammonium) were ana-
lyzed using the methods by Foss Tecator 5201 and 5220 2001, using
FOSS FIAstar 5000 and Shimadzu TOC-L.

2.7. Toxin analyses

For cellular DA (CDA), 60 mL subsamples were centrifuged (1811 G
for 15 min at 4 °C) separating cells and supernatant and the pellet
collected in a 1.5 mL centrifugation tube (Eppendorf, Hamburg,
Germany). The pellets were frozen and kept at −20 °C until further
analysis for CDA.

Each sample was vortexed for 30 s after 10 min of sonication
(Sonorex Digitec, Bandelin, Berlin, Germany). The water phase was
subsequently separated from the residual cellular particulates by cen-
trifuging the samples for 10 min at 16,100 G. 500 μL supernatant were
transferred to centrifugal filters (Merck Millipore, Ultrafree MC HV,
Durapore PVDF 0.45 μm) and centrifuged for 1 min at 16,100 G. At last,
the filtrates were transferred to 2-mL crimp cap vials and sealed.
Analyses of the extracts were performed using a method coupling liquid
chromatography to tandem mass spectrometry (LC–MS/MS) as de-
scribed in Krock et al. (2008). The limit of detection of CDA acid de-
pends on analyzed biomass and is given as pg cell−1 in Table S2.

2.8. Statistics

Statistical analyses were conducted using Graphpad Prism (ver. 8).

Comparisons were conducted with one-way ANOVA. A significance
level (α) was accepted at p < 0.05 for all statistical analyses.

3. Results

3.1. Domoic acid in mussels during Pseudo-nitzschia bloom after fertilizer
spill

Domoic acid was measured in mussel meat at four locations (area
63, 66, 68 and 71; Fig. 1) approximately five weeks (on 13 March 2016)
after the fertilizer spill (Fig. 2). The highest level of DA were measured
on 21 March in area 63, on 29 March in area 66, on 14 March in area
68, and on 4 April in area 71 reaching 49, 45, 4.9 and 20 mg DA kg−1,
respectively. Domoic acid contents of mussels were well above the
World Health Organization regulatory limit of 20 mg DA kg−1. In area
66, cell abundance peaked approximately 14 days before the corre-
sponding DA peak in mussel meat, but conclusions are somewhat
hampered by a few data points. At station 63, DA in mussel meat and
cell abundances peaked simultaneously. Cell abundances reached the
highest level in area 66 (~110,000 cells L−1), and in all areas, a decline
in cell abundance was accompanied by a decrease of DA levels in the
mussels (Fig. 2). In the national monitoring program sampling fre-
quencies are limited. Thus, we acknowledge that cell abundances could
have fluctuated between sampling, unrecorded.

3.2. Nutrient concentrations at Lillebælt Nord

The concentrations of inorganic nutrients for the first four months of
2010–2016 at Lillebælt Nord (VEJ0006870, see Fig. 1), is shown in
Fig. 3. Total Inorganic Nitrogen (TIN): In January and February
2010–2015, TIN was on average high (~250 μg L−1), thereafter TIN
decreased in March and April. The year 2016 was markedly different

Table 1
Date, origin and position of strains of Pseudo-nitzschia spp. used in this study. The salinity of the water body from which the strain was isolated is also indicated.

Date Species (strains) Origin Latitude Longitude Salinity

11 April 2018 P. delicatissima
(strain S5)

Denmark
Helsingør

56° 02′ 35.7″ N 12° 37′ 07.2″ E 24

1 May 2018 P. seriata (strain I9)
P. seriata (strain I1)

Iceland
Hvalfjörður

64° 22′ 10.8″ N 21° 34′ 4.6″ W 32

23 June 2017 P. obtusa
(strain CA2)

Greenland
Disko Bay

69° 11′ 1″ N 53° 31′ 1″ W 30

Fig 3. Average levels of total phosphate, total silicate, and total inorganic ni-
trogen given as µg L−1 from January to April 2010–2016 from the monitoring
station VEJ0006870. Data are from 1-meter depth. Measurements of the 2016
nutrient levels are indicated separately.
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Fig. 4. Abundance of dominant taxonomic groups of phytoplankton in March and April 2013–2016, by monitoring station VEJ0006870. Phytoplankton species and
groups representing less than 10,000 cells L−1 are clustered in the groups entitled “other species”. Total number of cells L−1 are given below each diagram.
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compared to previous years: In January, the concentration of TIN was
similar to 2010–2015, but in February TIN increased to a high level
(880 μg L−1). Notably, TIN afterward decreased rapidly and already in
March 2016, it was similar to the level measured in March 2010–2015
(Fig. 3).

Total silicate (TS) content decreased from January to February. In
spring 2016, silicate levels were similar to previous years (Fig. 3). For
all years, total phosphate (TP) concentration was in the range of
1–30 μg L−1; highest in January followed by a slight decrease in the
following three months (Fig. 3). The patterns were somewhat similar
for all years and nothing exceptional was observed for 2016. Salinity
and temperature did not reveal any irregularity in 2016 to explain the
development of the phytoplankton community in 2016 (Table S3).

3.3. Phytoplankton community at Lillebælt Nord

From January to March 2013–2015, the phytoplankton community
at the Lillebælt Nord station generally developed with a 1 - 4.4-fold
increase in cell abundance (Fig. 4). The year 2016 differed significantly
from the previous years, as cell densities escalated, increasing 22-fold,
from 1.71 × 105 cells L−1 in January to 3.8 × 106 cells L−1 in March
(Fig. 4). The number of taxonomic groups was lower in 2016 than the
previous years. In March 2016, five major phytoplankton groups (major
defined as >10,000 cells L−1) accounted for the high cell density.
Phaeocystis sp. was dominant in March 2016 (Fig. 4A) but contributed
less than 10,000 cells L−1 at the same time in 2013–15. Similarly, and
in contrast to the previous years, PN was one of the major phyto-
plankton groups in March 2016 (Fig. 4A). The TEM analysis revealed
that the PN community solely consisted of P. seriata (Fig. S1).

April was for all years characterized by a phytoplankton community
with high cell densities, but April 2016 was distinct because the ex-
tremely high cell density was combined with low species diversity (only
five groups exceeding 10,000 cells L−1) (Fig. 4B). In April 2015, the cell
densities were similar to those of April 2016 (app. 21,000.000 cells
L−1), but in 2015 this accounted for 11 major phytoplankton groups
(with more than 10,000 cells L−1) (Fig 4D).

Hence overall, the phytoplankton community in 2016 was highly
unusual compared to the previous years at the monitoring station with
a particularly low diversity for March, and April (Fig. 4). The approx-
imate timing of the increasing density of P. seriata was at the beginning
of March; one month after the breakdown of the silos. This is expected
for winter-early spring in Denmark, as most phytoplankton species
grow slower at low temperatures and few hours of daylight.

3.4. Pseudo-nitzschia experiments using different concentrations of urea

3.4.1. Maximum growth rates
For P. seriata strain I9, a positive correlation was found between

the maximum growth rate and urea concentration (R2 = 0.83)
(Fig. 5A). The treatments with 10 µM N nitrate and 100 µM N urea had
the highest growth rate. Overall, the other P. seriata strain (strain I1)
had a similar response to P. seriata (strain I9), although with lower cell
densities and growth rate (Fig. 5B). For strain P. seriata (I1), no actual
exponential phase was observed in treatment 10 and 20 µM N urea and
therefore the growth rate is based on the two days where an increase in
cell density was observed. (Fig. 5B and Table S4). There was no dif-
ference in growth rate between the 100 µM N urea and 10 µM N nitrate
treatment, but both of them were significantly higher than the growth
rates at 10 and 20 µM N urea (p < 0.001).

For P. delicatissima (strain S5) (Fig. 5C), the growth rate at 20 µM
N urea was higher than at 100 µM N urea and 10 µM N nitrate (p <
0.05), and the difference between 10 and 20 µM N urea was not sig-
nificant. The cell densities reached high levels in all four treatments
(Fig. S3).

For P. obtusa (strain CA2) (Fig. 5D), the growth rates showed a
pattern similar to P. delicatissima, with the two highest growth rates

found in the 10 and 20 µM N urea treatments, but with 20 µM N urea
being significantly higher than 10 µM N urea (p < 0.05) (Fig. 5D).
Growth rates at 20 µM N urea was significantly higher than both
100 µM N urea (p < 0.0001) and 10 µM N nitrate (p < 0.001). No
significant difference was found between the growth rates in 100 µM N
urea and 10 µM N nitrate and the 10 µM N urea and 10 µM N nitrate.
The highest cell densities were reached in 100 µM N urea, and the
lowest in 10 µM N nitrate (See Fig. S3).

When comparing growth rate responses of the different taxa with
similar amounts of different sources of nitrogen, 10 µM N nitrate and
10 µM N urea, P. seriata had significantly higher growth rate when
grown on nitrate, whereas P. delicatissima and P. obtusa had similar
growth rates grown on the two types of nitrogen, although there was a
trend of a higher growth rates when grown on urea (Fig. 5).

3.4.2. Domoic acid content
One of the P. seriata strains (strain I1) and the P. obtusa strain

contained DA. Pseudo-nitzschia seriata (strain I1) cells contained DA in
three of the four treatments (Fig. 6A). The highest DA content was
found in the 10 µM N nitrate treatment (0.22 pg cell−1), but a slightly
lower content, although not significantly different, was found in 10 and
20 µM N urea. The cells grown at 10 µM N urea contained
0.04 pg DA cell−1. No significant difference was found between the
three treatments, due to the very high variability among triplicates,
especially in 20 µM N urea. P. seriata did not contain DA above de-
tection limit when grown in 100 µM N urea.

Pseudo-nitzschia obtusa (strain CA2) contained DA in all four treat-
ments (Fig. 6B). The highest DA content was found in the treatments 10
and 20 µM N urea and 10 µM N nitrate (p > 0.05). The cells in 100 µM
N urea had the lowest DA content which was significantly less than in
all other treatments (p < 0.05). Hence in both strains, the 100 µM
treatment resulted in the lowest (or no) DA content, and cells grown in
10 µM N nitrate had in the highest DA content though this was not
significant (Fig. 6), probably because of the high variability of among
triplicates.

3.4.3. pH changes during the experiment
The initial pH was 7.8 in all treatments for all strains, whereas pH at

the end of the experiments varied (see details in Table 2). For all strains,
100 µM N urea treatments resulted in the highest pH at the end of the
experiments. pH in P. obtusa was significantly higher than all other
strains in the 100 µM N urea treatments (p > 0.05).

3.4.4. Nutrients
In all treatments and for most of the strains, the urea concentrations

were depleted the latest on day 12 or 13, except for P. seriata strain I1
(Fig. 7). Strain I1 utilized the available urea slowly in the 10 and
100 µM N urea treatments, in agreement with the slower growth rates,
depleting it on day 19 (100 µM N urea) or not at all.

Total inorganic nitrogen (TIN) was more or less stable throughout
the experiment (Fig. 8), except for the 100 µM N urea treatment which
for all strains showed a decrease in TIN level during the first 12–14
days. The detailed evolution in TIN in all strains and all treatments
varied and the result are hampered by the long period between nutrient
assessments. In P. seriata (strain I1), TIN levels increased towards the
end of the experiment.

Ammonium (Fig. S4) and nitrate (Fig. S5) was utilized at different
speeds. Nitrate was rapidly depleted in all strains except P. seriata
(strain I1), before or latest by day 12–14, although the starting level
was higher than that of ammonium. Ammonium was approaching de-
pletion by the end of the experiment in all, but one strain (P. seriata
strain I1).
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4. Discussion

4.1. The collapse of the silos and the phytoplankton community

Compared to previous years, the total inorganic nitrogen

concentrations measured in mid-February 2016, revealed the impact of
the preceding spill (Fig. 3). Nitrogen and light levels are usually the
limiting factors for spring phytoplankton blooms (Granéli et al., 1990),
also in Danish waters. Hence the supplement of nitrogen and specifi-
cally urea, to the seawater adjacent to the harbor of Frederica, could

Fig. 5. Maximum growth rates of P.
seriata (strain I9) (A), P. seriata (strain
I1) (B), P. delicatissima (strain S5) (C)
and P. obtusa (strain CA2) (D) as a
function of N-sources (four treatments).
Statistically significant differences
from One-Way ANOVA analyses be-
tween treatments are marked by dif-
ferent letters, whereas statistically non-
significant differences are marked by
identical letters.

Fig. 6. Domoic acid content of P. seriata (strain I1) (A) and P. obtusa (strain CA2) (B) as a function of N-sources. Different letters mark statistically significant
differences (One-Way ANOVA analyses) between treatments, whereas identical letters mark statistically non-significant differences.

Table 2
Final pH level in experiment. Initial pH was 7.8. Significant differences between treatments within a strain is marked with different letters. Similar pH levels between
treatments of a strain is marked with similar letters. pH for P. obtusa in treatment 100 µM N urea was significantly higher than all other strains in all treatments.

P. seriata I9
Av± Sd

P. seriata I1
Av± Sd

P. delicatissima S5
Av± Sd

P. obtusa CA2
Av± Sd

10 µM N urea 8.40 ± 0.00a 8.00 ± 0.00a 8.17 ± 0.05a 8.23 ± 0.10a

20 µM N urea 8.47 ± 0.05a 7.83 ± 0.05a 8.52 ± 0.00b 8.61 ± 0.00b

100 µM N urea 8.72 ± 0.00b 8.61 ± 0.00b 8.67 ± 0.05b 9.17 ± 0.05c

10 µM N nitrate 8.27 ± 0.12a 7.93 ± 0.05a 8.12 ± 0.00a 8.23 ± 0.05a
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have caused the increased abundance and the lower diversity of the
spring bloom in 2016, compared to the years before.

It has been suggested that growth rates vary greatly depending on
the N-source, advocating that a change in the composition of N has a
significant impact on a diatom community composition (reviewed in
Radan and Cochlan, 2018). An An increasing availability of nitrate can

favor the growth of P. pungens over P. multiseries, and similarly in-
creasing abundance of P. americana has been linked to increased am-
monium concentrations (Lundholm et al., 2010). It is clear from all
investigations conducted that phytoplankton species take up and pro-
cess nitrogen differently and with varying efficiency (Hillebrand and
Sommer, 1996; Martin-Jézéquel et al., 2015).

Fig. 7. Concentrations of urea (µM N urea) sampled during the experiments with P. seriata (I9) (A), P. delicatissima (S5) (C) and P. obtusa (CA2) (D) P. seriata (strain
I1) (B) as a function of time (days). The experimental period was between 15 and 21 days.

Fig. 8. Concentrations of total inorganic nitrogen (mg N L−1) sampled during the experiment with P. seriata (strain I9) (A), P. seriata strain I1) (B), P. delicatissima
(strain S5) (C) and P. obtusa (strain CA2) (D) as a function of time (days). The experimental period was between 15 and 21 days.
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A report published right after the collapse of the silos by Markager
(2016) predicted a vast increase in density of the spring phytoplankton
bloom depending on the mixing of the heavy fertilizer liquid in the
water column in the area adjacent to the harbor. Compared to the
magnitudes of the spring blooms of 2013, 2014 and 2015, the year
2016 was undoubtedly a contrasting year, with a phytoplankton density
escalating 22-fold faster than previous years and a particular low spe-
cies diversity (Fig. 4). The Lillebælt area, adjacent to the harbor, is
characterized by a frequent and pronounced halocline separating the
brackish water entering from the Baltic and the saline water from
Skagerrak and the North Sea. The liquid fertilizer had a density of
1320 kg m−3, much heavier than both the upper (~1010 kg m−3) and
the lower (~1025 kg m−3) water layers (Markager, 2016). The velocity
of the infusion of fertilizer into the water layers would influence the
area quite differently. Slow mixing into the water column would have
allowed the majority of the fertilizer to settle in the bottom waters,
below the photic zone. If this was the case, immediate effects seen in
phytoplankton densities would have been limited. Contrary, if the
spilled fertilizer was mixed into the water column a massive phyto-
plankton bloom would theoretically follow it after the collapse, as we
could observe from the phytoplankton community analysis (Fig. 4).

The finding of DA in blue-mussel meat in March 2016 and an ex-
tensive bloom of P. seriata after exposure to a high load of urea-based
fertilizer led to the questions assessed with the experiments; how does
urea affect growth and toxicity of P. seriata and are other species of PN
similarly affected?

4.2. Growth related to nitrogen source

The two tested P. seriata strains showed a somewhat similar pattern
in growth rates in response to the different N treatments; increasing
growth rates responding to the increased amount of urea (10–100 µM N
urea), with only the exception of strain I1 growth rate was higher in
10 µM N urea than in 20 µM N. The highest growth rate of both strains
was found at 10 µM N nitrate, proposing a preference for nitrate over
both urea and ammonium (as ammonium concentration increased with
urea content) (Figs. S4, S5, and 7). Following the collapse of the ferti-
lizer silo, high TIN concentrations were measured in the area adjacent
to the harbor of Frederica. This possibly leading to favorable conditions
for P. seriata, corresponding well to the results obtained here that P.
seriata can utilize any N-form and grow fast at high N-levels.

The P. obtusa strain (CA2), had higher growth rates in the 20 μM N
urea treatment compared to 100 μM N urea and 10 μM N nitrate,
suggesting that at least this strain of P. obtusa is good at utilizing urea.
According to a review by Radan and Cochlan (2018), no studies have
found an increase in the growth rate of PN species when growing on
urea compared to similar concentrations of other N-sources. Several
other studies have, however, found similar growth rates among nitrate,
ammonium, and urea (Hillebrand and Sommer, 1996; Martin-Jézéquel
et al., 2015; Radan and Cochlan, 2018), as was observed in the current
study for P. delicatissima and P. obtusa (Fig. 5). Thessen et al. (2009)
found a significant decrease in growth rate in some, but not all, strains
of P. multiseries, P. calliantha and P. fraudulenta when grown on urea as
the sole nitrogen source compared to ammonium or nitrate. This is si-
milar to both P. seriata strains in the present study (Fig. 5). Overall the
result imply that urea is equally or less efficient as a nitrogen source for
PN species compared to nitrate. Even though it was shown here that N-
type and load can be a determining factor for growth and toxin pro-
duction in PN strains additional studies are needed to fully explore the
inter- and intra-specific variation.

4.3. Toxin content related to nitrogen source in Pseudo-nitzschia spp

Notably, P. obtusa contained DA in all the N treatments (Fig. 6). This
is the first report of P. obtusa containing DA without it being induced by
the presence of copepods. In Hasle and Lundholm (2005) P. obtusa did

not contain DA as a response to changes in temperature, pH and nu-
trient levels. In Harðardóttir et al., 2015, P. obtusa contained DA as a
response to the presence of copepod grazers. In the present study, pH
increased to 8.23–9.17 at the end of the experiment, which is not higher
than pH levels tested on P. obtusa (Hasle and Lundholm, 2005). The
difference in DA content in response to environmental factors of P.
obtusa could be related to strain variation of the same species, as pre-
viously shown for other PN species (e.g. Bates et al., 2018). Or as the
toxin content is low compared to e.g. P. seriata it might be due to the
detection levels.

In the present study of P. obtusa, a reverse correlation between DA
content and urea concentration (Fig. 6). This is surprising, as N is
needed for biosynthesis of DA and thus a positive correlation between N
availability and DA content would be expected. We find the treatment
with the lowest concentration of urea (10 µM N urea) resulting in the
highest cellular content of DA, but it is impossible to determine whether
the cells were nitrogen depleted because of the remains of inorganic
nitrogen. No other study has compared the effect of different con-
centrations of urea on DA content, but a recent study revealed that
nitrogen and urea affect both phytoplankton community dominance
and DA content in three PN species (Tatters et al., 2018). The com-
munity composition changed depending on CO2 levels, temperature,
and nitrogen source. Tatters et al., (2018) showed nitrogen source to be
the most determining factor for the dominance and composition of the
phytoplankton community and confirmed that CDA content varies de-
pending on the nitrogen source, in agreement with; Cochlan et al.
(2008) and Radan and Cochlan (2018). Previous studies testing the
impact of urea on DA content have shown urea resulting in higher DA
content than similar N-concentrations of nitrate in P. multiseries and P.
australis (Howard et al., 2007; Radan and Cochlan, 2018), but in lower
DA content in P. cuspidata (Auro and Cochlan, 2013). In the present
study, similar concentrations (10 µM N urea and nitrate) of different N
sources resulted in similar DA content (Fig. 6B). This illustrates that the
responses to nitrogen sources are completely species-dependent and
that caution should be taken when extending conclusions on responses
to environmental factors based on one species to explain correlations in
other species.

One of the two P. seriata strains contained DA.. I In this strain the
cellular DA content was similar in all treatments but undetectable in
100 µM urea. As demonstrated, the N concentration has a great impact
on both growth and toxicity (Tatters et al., 2018), but as indicated here,
the correlation between nitrogen load, DA content, and growth rate is
variable both between species and among strains. It is therefore not
possible to draw concrete conclusions and we emphasize a need for
further studies including several strains of the same species. In P. ser-
iata, a high growth rate at the highest urea concentration was related to
the lowest DA content (Fig. 6). On the contrary, nitrate resulted in both
the highest growth rate of all and the highest DA content (Fig. 5 and
Fig. 6). One may speculate, if the result are different responses to the
two N-sources, with DA being “diluted” in cells with high growth rates
when utilizing urea, while nitrate supports high growth rates and ac-
cumulation of DA. The growth response in P. obtusa to increasing urea
concentrations was, on the contrary different (see above) with no such
correlation deduced. Compared with studies including several N
sources, the results are in discrepancy; Martin-Jézéquel et al. (2015)
and Radan and Cochlan (2018) both included one strain of P. multiseries
and both found high growth rates and high DA content when growing
with urea, i.e. no dilution of DA when utilizing urea for growth. Martin-
Jézéquel et al. (2015) also tested one strain of P. australis using several
N tsources. Here high mean biomass in the stationary phase, linked to
low DA content when growing on urea. However, no other N-source
sustained high biomass and high DA. We see no support for the spec-
ulation on N- source being related to CDA dilution or accumulation.

Domoic acid content has been related to different higher N con-
centrations in P. multiseries (55–880 μM N of nitrate and ammonium)
(Bates et al., 1993) demonstrating a limited effect of N-concentrations
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until a maximum concentration was reached (at app. 880 μM N). This
agrees with the current results in P. seriata where N-concentration had
almost no effect on the DA content, while in P. obtusa DA content was
highest in 10 μM N (correlating to 10 μM N urea and 10 μM nitrate) and
DA content decreased with increasing urea N concentration (20 and
100 µM N urea). These results support the indications of interspecificity
related to responses to nitrogen type and nitrogen concentrations.

4.4. Nitrogen source preferences and Pseudo-nitzschia

Previous studies have demonstrated the ability of diatoms to take up
urea, but most studies report inhibitory effects on urea uptake in the
presence of nitrate (Thessen et al., 2009; Solomon et al., 2010; Radan
and Cochlan, 2018). It has been suggested that nitrate suppress urea
uptake in Pseudo-nitzschia cf. seriata and P. calliantha (Garali et al.,
2016), and in P. multiseries urea uptake was completely inhibited until
the nitrate concentrations were below approximately 2 μM N nitrate
(Radan and Cochlan, 2018). The diatom Cylindrotheca fusiformis de-
monstrated a complete arrest in growth when urea was the sole N-
source and it was suggested that transporters of nitrate were upregu-
lated to a similar level as seen in N-starved cultures, proposing that the
strain did not even register urea as a possible N-source (Hildebrand and
Dahlin, 2000). In the current study, urea was depleted in most cultures
(except in P. seriata I1). Depletion of urea could be due to ammonifi-
cation by bacteria, possibly transforming urea to ammonium, as was
probably the case in the adjacent area of the spill leading to high TIN, or
simply direct urea uptake by the PN cells. As bacterial driven ammo-
nification of urea could have changed the available N source in this
experiment, we suspect the same process could have happened after the
spill in 2016.

4.5. Interaction between nitrogen source and other factors

An interesting correlation between growth rates, N-sources and ir-
radiance levels was shown by Radan and Cochlan (2018). P. cuspidata
grew significantly faster using ammonium than using both urea and
nitrate when irradiance was saturated (120 µmol photons m−2 s−1).
But when growing with unsaturated light (40 µmol photons m−2 s−1)
the same strain grew significantly faster with urea as the N-source in
comparison to both ammonium and nitrate. This relationship poten-
tially explains P. seriata growing well after the fertilizer spill in spring
2016, a period characterized by low irradiance and high urea levels
(due to the spill). Low irradiance may, if affecting P. seriata similar to P.
cuspidata, have induced fast growth of P. seriata, resulting in a bloom.
This suggests additional studies of Pseudo-nitzschia growth rates at
varying irradiance levels and different urea concentrations would be of
interest.

5. Conclusion

The phytoplankton community composition exhibited traces of the
anthropogenic interference caused by the fertilizer spill and revealed
fragility to disturbances in the nutrient balance in Lillebælt in spring
2016. The magnitude of the following spring bloom escalated faster
than previous years and species diversity was especially low in 2016
compared to other years. We cannot prove that the PN species were
affected by the available nitrogen composition and hence that the re-
ported DA in mussel meat was related to the fertilizer spill. The ex-
periments revealed a variation in growth rate and toxicity between
species and among strains dependent on nitrogen source and load.
Although all strains were able to utilize urea and some increased in
maximum growth rate with higher urea concentration. The results
stress both species and strain variability in growth and DA content in
the HAB genus PN in response to environmental conditions and call for
further investigations increasing the number of strains and/or species.
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