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Rare earth elements (REEs) are used as powerful proxies for a variety of oceanic
processes. The understanding of their biogeochemical behaviour in the marine
environment is therefore essential. While the influence of OM-cycling on REE
patterns in seawater is considered as insignificant, it has been shown that algae
and bacteria provide good sorption surfaces for REEs and that components of
the dissolved OM pool are able to complex REEs, thus potentially altering their
behaviour. To investigate the impact of bio-associated processes on REEs in
the bio-productive marine environment, we conducted an indoor mesocosm
experiment that mimicked a phytoplankton spring bloom in the neritic coastal
North Sea. The incubation period of 38 days covered two distinct
phytoplankton bloom phases (diatoms followed by Phaeocystis sp.) and an
interjacent bacterioplankton maximum. All dissolved REEs (dREEs) except
samarium showed similar temporal concentration patterns, which were
closely connected to the bloom succession. The concentration patterns
were shaped by the ‘phytoplankton-shuttle’, which summarizes adsorption
processes on phytoplankton-derived particulate OM (POM) and resulted in
decreasing dREE concentrations alongside chlorophyll-a and POM maxima.
The 'heterotrophic-shuttle’ resulted in increasing dREE concentrations likely
linked to heterotrophically mediated regeneration of POM and associated
desorption processes. The effect of these processes on dREEs resulted in
enhanced fractionation of light REEs (LREEs) relative to heavy REEs (HREEs)
during adsorption processes and decreased fractionation as a result of
desorption. At times of high dissolved organic carbon (DOC) concentrations,
we observed a stabilization of especially dHREEs likely in organic complexes.
To test the potential influence of DOC on dREEs, we used a PHREEQC model
approach that revealed dREE complexation with components of the DOC pool
and an increase in complexation with atomic mass of the REEs. That is, at high
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DOC concentrations OM-dREE complexation leads to an effective and
preferential buffering of dHREE against adsorption. Our findings reveal that
OM-cycling influences concentration patterns of dREEs via ad- and desorption
processes as well as organic complexation with parts of the OM pool,
suggesting these processes can have a significant impact on dREE
concentrations in the natural marine environment under high OM conditions.

KEYWORDS

rare earth elements, coastal North Sea, metal organic complexation, biogeochemical
trace metal cycling, metal microbe interaction, biogeochemical modelling, PHREEQC

1 Introduction

Rare earth elements (REEs) are used as proxies to identify
and understand a variety of processes in the ocean, including
scavenging, the influence of terrestrial input, and provenance of
particles or water masses in the present and past. Considering
the wide field of applications for REE distributions and patterns
in marine science, detailed knowledge of their behaviour in the
marine environments is critical.

The group of REEs comprise the lanthanide elements from
lanthanum (La) to lutetium (Lu). Based on their atomic mass,
REEs can be classified in three different groups: (1) Light REEs
(LREEs), including the elements from La to samarium (Sm), (2)
middle REEs (MREEs), with the elements from europium (Eu)
to holmium (Ho) and (3) heavy REEs (HREEs), with the
elements from erbium (Er) to Lu. In general, REEs build a
very coherent group in terms of chemical and physical
properties. All REEs have a common oxidation state of +I1I, as
electrons only fill the strongly shielded 4f-orbitals. Exceptions
include cerium (Ce) with an additional oxidation state of +IV,
that leads to characteristic negative Ce anomalies in oxygenated
seawater, and europium (Eu), which also occurs in the oxidation
state +II. However, there are gradual changes in chemical
behaviour resulting from increasing electron count and atomic
mass, leading to decreasing ionic radii known as the lanthanide
contraction. This affects the solution and surface chemistry and
leads to process specific fractionation patterns within the REE
series (Henderson, 1984; Alibo and Nozaki, 1999; Nozaki, 2001).

In seawater, the fractionation across the REEs is shown via
normalization to a standard such as the Post Archean Australian
Shale (PAAS) (Taylor and McLennan, 1985; Rudnick and Gao,
2003) representing average crustal concentrations. Resulting
dissolved REE (dREE) patterns in seawater typically show an
enrichment of HREEs relative to LREEs. The high stability of
HREEs in the dissolved pool is the result of higher stability
constants compared to LREEs for carbonate complexes, leading
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to a higher particle association of LREE compared to HREE
(Turner et al., 1981; Byrne, 2002; Luo and Byrne, 2004).
Vertical concentration profiles of trivalent dREEs in the
open ocean follow a nutrient-type profile with low
concentrations in surface waters and increasing concentrations
with depth (Elderfield, 1988; Alibo and Nozaki, 1999; Nozaki,
2001). These profiles have been related to biological productivity
in surface waters leading to REE adsorption coupled to microbial
regeneration and associated dREE release in deeper waters
(Elderfield, 1988). Biological influences on dREEs in seawater
are discussed in recent studies, including dREE release by
microbial regeneration of particles within the open water
column (Stichel et al, 2015; Lagarde et al., 2020) and at the
sediment-water interface (Abbott et al., 2015), as well as a “bio-
reactive pool” of REEs in seawater (Haley et al., 2014). Detailed
information on the corresponding biological processes is,
however, still missing. It has been shown that organically
coated particles and phytoplankton have higher binding
constants for REEs than inorganic surfaces, with both showing
higher affinities for LREEs relative to HREEs (Byrne and Kim,
1990; Sholkovitz et al, 1994). Living macroalgae can remove
substantial amounts of dREEs via sorption processes, with
removal rates and fractionation patterns differing depending
on biological species (Ramasamy et al., 2019; Costa et al., 2020;
Pinto et al., 2020). Some studies suggest an uptake of REEs into
algal cells (Minoda et al., 2015), with diatoms preferentially
incorporating HREEs over LREEs into their opal frustules
(Akagi et al, 2011; Akagi, 2013). Binding on bacterial cell
walls shows a preferential adsorption of HREEs relative to
LREEs, opposite to most phytoplankton-associated affinities
(Takahashi et al., 2005; Tsuruta, 2006; Takahashi et al., 2007;
Moriwaki et al., 2013; Moriwaki and Yamamoto, 2013). The
potential complexing sites, likely carboxylates and phosphates,
seem to differ between phytoplankton and bacterial surfaces
(Strady et al,, 2015). The main inorganic scavengers of REEs are
metal oxides, such as iron- (Fe) and manganese- (Mn) (oxy)
hydroxides. Despite the assumption of biological inertness of
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REEs, recent studies showed that some bacteria carry
lanthanide-dependent proteins (Cotruvo, 2019 and references
therein). The LREEs are even essential for some bacteria growing
on simple carbon (C1) compounds, as they are needed as
cofactors in the enzymes alcoholdehydrogenase (Shiller et al.,
2017; Daumann, 2019; Huang et al., 2019; Glass et al., 2020). The
absorption of LREEs likely occurs via lanthanophores that are,
similar to siderophores for iron, excreted by the methanotrophs
for the sole reason to bind the LREEs and transport them into
the cells (Shiller et al., 2017; Cotruvo, 2019; Daumann, 2019).
The current understanding of the chemical speciation of
dREEs in seawater is challenged by recognizing the importance
of organic complexation (Schijf and Byrne, 2021 and references
therein). Model simulations paired with field studies in
terrestrial waters revealed that humic acids are able to complex
dREEs. These organic REE complexes can occur in large
quantities and in even higher abundances than inorganic
carbonate complexes (Tang and Johannesson, 2003; Sonke and
Salters, 2006; Pourret et al., 2007; Marsac et al., 2011; Marsac
et al.,, 2021). However, terrestrial waters have lower carbonate
concentrations than seawater, so that these findings of
competition between carbonate and OM as dissolved ligands
cannot be transferred directly to seawater. Studies on natural
groundwaters observed a correlation between dissolved organic
carbon (DOC) and REEs that increases with atomic number,
suggesting that the process of organic complexation is most
relevant for HREEs (Johannesson et al.,, 2004). Due to the
different structures and therefore possible binding sites of
terrestrial humic acids and bacterially produced dissolved OM
(DOM) in the ocean (Catrouillet et al., 2020), their effects on
REE complexation can be expected to differ. Experiments
conducted to determine the stability constants of organic REE
complexes and to model their relevance in the marine
environment showed that bacterially produced DOM is able to
strongly complex REEs (Christenson and Schijf, 2011). Specific
REE complexers, the lanthanophores, mainly bind LREEs
(Shiller et al., 2017; Cotruvo, 2019; Daumann, 2019). The
siderophore desferrioxamine B (DFOB), which is produced by
bacteria to specifically bind Fe and promote its transfer into their
cells (Boukhalfa and Crumbliss, 2002), has been identified to
complex REEs with high affinity for HREEs and only small
effects on LREEs in marine environments (Christenson and
Schijf, 2011; Schijf et al., 2015). Furthermore, DFOB seems to
enhance the transfer of REEs from volcanic ashes to waters by
formation of dissolved REE-DFOB complexes, resulting in
depletion of LREEs relative to MREEs and selective
enrichment of Ce in the water (Bau et al,, 2013). Organic REE
complexes are up to eight-fold more stable than carbonate
complexes and can therefore significantly alter REE
abundances and patterns (Christenson and Schijf, 2011; Schijf
etal, 2015). It was shown that typically present Ce-anomalies in
seawater are much smaller in open ocean waters with high
organic content, which is likely caused by organic complexes of
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Ce with DOM (Censi et al.,, 2010). However, systematic studies
evaluating the effect of organic REE complexation on dREE
patterns in the marine environment have not been conducted.

Phytoplankton dynamics in the North Sea have a
characteristic succession, in which phases of high
phytoplankton biomass alternate with phases of low
phytoplankton biomass, which are dominated by heterotrophic
and in particular bacterial activity (Lunau et al., 2006; Meier,
2014; Teeling et al.,, 2016). The typical North Sea spring bloom
starts with a first phytoplankton bloom phase that is dominated
by diatoms. Their growth leads to a general scarcity of nutrients
that finally become insufficient for diatom growth. It follows a
second phytoplankton bloom phase, which is dominated by
Phaeocystis sp. (Lancelot and Mathot, 1987; Alderkamp et al,
2006; Degerlund and Eilertsen, 2010). A distinctive feature of
Phaeocystis sp. is its occurrence in colonies, typically composed
of a mucilaginous matrix (Lancelot and Mathot, 1987; Lancelot,
1995; Schoemann et al, 2005). This matrix builds an ideal
adsorption surface for trace metals and is capable of
significantly altering their cycling; a phenomenon observed for
Fe and Mn (Schoemann et al., 2005; Alderkamp et al., 2007).
Because of the high OM production, a phytoplankton bloom is
accompanied by high activities and biomass of heterotrophic
bacterioplankton and associated recycling of particulate organic
matter (POM) and DOM. Over the course of the spring bloom,
the amount, composition and diversity of OM (dissolved and
particulate) varies, depending on the biological activity
(autotrophic and heterotrophic) of the bloom-associated
organisms (Buchan et al.,, 2014; Osterholz et al., 2016; Teeling
et al., 2016).

Knowledge of the effects of biological productivity and
associated OM cycling on dREEs is important to fully
understand REE behaviour in seawater. Possible processes and
resulting implications for abundances and fractionation patterns
of dREEs in seawater are often overlooked in current studies.
The main motivation of the present study therefore is to gain a
better understanding of bio-associated processes of REEs in the
marine environment. Based on the previous findings stated
above, we hypothesize that in the course of the phytoplankton
bloom in our mesocosm study (1) REEs adsorb onto POM, with
higher relevance for LREEs relative to HREEs causing a high
fractionation of HREE over LREE in the dissolved pool, and (2)
DOM complexes REEs, with higher relevance for HREEs relative
to LREEs causing an enlarged fractionation (HREE over LREE)
within the dissolved pool.

These hypotheses were tested by coupling a mesocosm
experiment with model simulations. Using an experimental
mesocosm approach, we studied dREE concentrations during
an artificially induced spring bloom in an enclosed water body
that mimicked a neritic North Sea water mass. This approach
allows us to control the physical processes, suppress the
influence of lithogenic and refractory OM background on the
dREE pattern, and focus on the effect of bloom-associated
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processes on the dREE abundances and patterns in highly
productive seawater. The abundances of organic REE
complexes were simulated using PHREEQC, a geochemical
computer program for aquatic systems.

2 Mesocosms approach: ‘The
EcoMol Planktotron experiment’

The investigation of the dREEs was carried out in the
framework of the so called ‘EcoMol Planktotron Experiment’,
where an artificially induced phytoplankton spring bloom was
studied. This particular mesocosm approach aimed to
investigate a natural North Sea plankton community during
an artificially induced spring bloom by monitoring a variety of
parameters, identify intercorrelations by directly linking causes
and impacts, and assess effects of and on an annual spring
bloom. The details of the mesocosm approach including
experimental set-up, sampling and sample preparation, as well
as the analytical approaches applied for the characterization of
the basic environmental conditions are described by Mori et al.
(2021). Parameters discussed by these authors include bacterial
abundances, POM, phytoplankton community composition,
DOC, macronutrients (dissolved silica (dSi) and ammonia
(NH,")) as well as dissolved Fe (dFe) and dissolved Mn
(dMn). An overview of the mesocosm setup as well as the
most essential findings from Mori et al. (2021), which are
important in the context of the present study, are
described below.

The EcoMol Planktotron Experiment was carried out in
structurally identical indoor mesocosms (so called
‘Planktotrons’) — 600L water containers made of stainless steel
and fully controllable in terms of light, temperature and water
mixing (Gall et al., 2017). Three (P2-P4) of a total of 8 biological
replicates and two additional biota-free controls (C1, C2) were
investigated regarding the REE cycling. The described set-up,
sampling and results refer only to the above listed replicates (P2-
P4 as well as C1 and C2).

All mesocosms were filled with 600 L artificial seawater,
which was prepared by dissolving pre-blended salt (Pro-Reef Sea
Salt, Tropic Marine, Switzerland) in de-ionized water for each
Planktotron. The preparation of the artificial seawater was done
at room temperature (~17°C). Adjustment to ambient North Sea
temperatures (~7.5°C) prior to inoculation led to the
precipitation of inorganic particles, presumably Fe- and Mn-
oxides (Mori et al., 2021). A final salinity of ~33 was maintained
to match the salinity of the inoculum. A natural plankton
community prefiltered through 200 pm was retrieved in
March 2018 from the southern North Sea on board R/V
Heincke (Knust et al., 2017) and served as inoculum for the
biological replicates. While all trace metals were contained in the
salt itself, macronutrients (NO5", DIP and dSi) and vitamins (B1,
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B2, B5, B7 and B12) were added prior to the inoculation.
Incubations were carried out under a natural day-night cycle
(including dusk and dawn) of 14:10 h, which was simulated by
two controllable LED light units per Planktotron. The mean
incubation temperature was increased by 0.2°C daily (starting at
7.5°C) until a maximum temperature of 10°C was reached and
held constant at this level afterwards. In order to implement a
convection within the water column and to prevent sinking
losses, the bottom temperature was adjusted to 1°C above and
the surface temperature 1°C below the mean incubation
temperature. Hourly mixing for 10 min by built-in mixing
paddles further ensured the homogenization of the water
column. The final macronutrient concentrations, light as well
as temperature conditions were adapted to the 90% percentile of
the Helgoland Roads data from April 1962-2008 (Wiltshire
et al,, 2010).

The mesocosm experiment covered a total incubation time
of 38 days. The sampling for the parameters pH, in vivo
chlorophyll-a (Chl-a), bacterial abundance, POM, and
phytoplankton community composition was performed daily,
directly after the hourly mixing cycle. Sampling for DOC,
macronutrients, total alkalinity (TA), and trace metals was
conducted at 1-5 day intervals.

During the mesocosm experiment, a phytoplankton spring
bloom developed, which was comparable to typical coastal
North Sea blooms in terms of development and community
composition (Figure 1A) (Lancelot and Mathot, 1987;
Alderkamp et al., 2006; Degerlund and Eilertsen, 2010). While
the first phytoplankton bloom phase (days 1-11), dominated by
diatoms, was of similar intensity (based on Chl-a
concentrations) in all three replicates, the second Phaeocystis
sp. dominated phytoplankton bloom phase (days 20-38) was
significantly different in the replicates. Bloom intensity increased
from P3<P2<P4. Highest numbers of free-living bacteria were
observed in the transition phase between phytoplankton blooms
(days 11-20; shift from diatoms to Phaeocystis sp.), with highest
numbers in P2, followed by P3 and P4 (Figure 1A). The POM
concentrations (particulate organic carbon + particulate organic
nitrogen) generally reflected the temporal development of the
phytoplankton bloom itself. The DOC concentrations remained
low during the diatom bloom (29 + 5 pmol L). A significant
DOC increase occurred with increasing bacterioplankton
abundances, with a mean of +10 pmol L'/day and a
maximum daily increase of +70 pmol LY, and continued
during the exponential growth phase of the secondarily
occurring Phaeocystis sp. bloom. DOC concentrations levelled
off or slightly decreased afterwards. At the end of the incubation
(day 38), highest DOC concentrations ranged from 176 pmol L™
in P3 to 347 umol L™'in P2 (Figure 1B).

The pH values fluctuated between 8.1 and 10.5 over the course
of the incubation in all replicates with values in the biological
replicates increasing with the phytoplankton bloom phases
(Supplementary Figure 1A). The initially added dSi decreased
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FIGURE 1
Ecological framework within the three biological replicates (P2-P4) covering the incubation time of 38 days. (A) Temporal development of the
two consecutive phytoplankton blooms (diatoms followed by Phaeocystis sp.) represented by Chlorophyll-a (Chl-a) concentrations in green,
and the bacterioplankton maximum represented by cell numbers of free-living bacteria in blue. (B) Temporal course of the concentrations of
particulate organic matter (POM) concentrations represented by the grey area, and of dissolved organic carbon (DOC) represented by black
squares/line. The purple area indicates the moving average of DOC (averaged by five points). (C) Temporal course of ammonium (NH,*) and
dissolved silicon (dSi) concentrations represented by the grey squares/line and black dots/line, respectively. (D) Temporal course of dissolved
iron (dFe) and manganese (dMn) concentrations normalized to initial (TO) concentrations represented by the grey squares/line and black dots/

line, respectively. Note that all data shown in this figures have previously been published by Mori et al. (2021).

with the onset of the diatom bloom, reaching concentrations
around and below the detection limit of 0.3 umol L™ at day 6 and
remained constant until the end of the incubation, except for a
minor increase in P4. Concentrations of ammonium (NH,")
reflected the course of the bacterial activity, with high
concentrations during the transition phase between the
phytoplankton blooms (Figure 1C).

Although Mn and Fe are both known to be redox-sensitive
and bio-associated elements (Bruland et al.,, 2014), their
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behaviour differed over the course of the incubation and for
dFe additionally between the biological replicates and the biota-
free controls. While dMn concentrations remained constant in
the biota-free controls (1297 + 30 nmol L), dFe showed a
steady decrease (mean of -13 nmol L '/day) over the course of
the incubation, which was most likely associated with adsorption
on the mesocosm walls. This dFe trend was not observed in the
biological replicates, where small changes with overall increasing
concentrations occurred. This indicates a possible shielding
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from precipitation as Fe-oxides as a result of complexation with
various organic matter pools (Mori et al, 2021). Slight dFe
increases throughout the incubation time in the biological
replicates (Figure 1D) were attributed to the release of dFe
from the mesocosm walls or from the particulate matter
precipitated prior to the incubation (see above). In contrast,
the almost constant dMn concentrations during the first
occurring diatom bloom followed by a shift to decreasing
concentrations with the onset of the Phaeocystis sp. bloom
(Figure 1D), were suggested to reflect a mixed signal of active
Mn-accumulation and passive adsorption by the mucilaginous
matrix of Phaeocystis sp. as well as Mn-oxide precipitation (Mori
et al., 2021).

3 Material and methods

3.1 Total alkalinity

Total alkalinity (TA) was determined on the same samples as
dissolved nutrients (Mori et al., 2021). The respective samples
were taken daily after the hourly mixing via ultrapure water
(purified on the Milli-Q system Millipore, 18.2 MQ x cm) and
sample rinsed syringes attached to low density polyethylene
(LDPE) tubing. Samples were filtered directly through 0.45 pm
pore size Surfactant-Free Cellulose Acetate (SFCA) membrane
filters, collected into pre-cleaned 5mL Eppendorf tubes and
toxified with HgCl, to a final concentration of 0.01 vol%. Until
further analysis, samples were stored in the cool and dark. For
TA analysis we used a multiscan GO microplate
spectrophotometer (Thermo Scientific) and followed a
modified method by Sarazin et al. (1999).

3.2 Dissolved REEs

Samples for dREE analyses were taken in three replicates (P2
to P4) at intervals of 1-5 days after the hourly mixing from a
depth of about 30-40 cm below surface. Sampling was performed
using LDPE tubes and syringes (25 mL), pre-rinsed with
ultrapure water and sample. Samples were filtered directly
through 0.45 pm pore size SFCA membrane filters, collected
into acid pre-cleaned LDPE bottles and acidified with ultra-clean
concentrated HNO; to 2 vol. % and a final pH of <2.

For the analysis of dREEs, we diluted 3 mL of each sample
with 8 mL ultrapure water, which was acidified to pH 2 by
adding ultraclean HNO; The diluted sample was then further
adjusted to pH 2, if necessary, using ultraclean HNO; and/or
NH,OH The sample handling was carried out in a clean lab.
Nitric acid was purified by single sub-boiling distillation and
NH,OH was purified by evaporation and absorption into
ultrapure water under ultraclean conditions. Preconcentration,
analysis and quantification of dREEs followed the method
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described in Behrens et al. (2016). In brief, all samples were
spiked with a multi-element REE isotope spike (DKM, prepared
by Gilbert N. Handson of SUNY Stony Brook). After an
equilibration time of at least 48 hrs, the samples were purified
and preconcentrated using the seaFast—picoTM.system (Elemental
Scientific) in offline mode. Elemental analyses were carried out
via inductively coupled plasma mass spectrometry (ICP-MS,
Thermo Finnigan Element II). We introduced the samples into
the ICP-MS using an autosampler (CETAC ASX-100) and a
desolvation introduction system (CETAC Aridus II) to enhance
sensitivity and lower oxide formation rates (<0.05% for Ce). We
therefore did not apply any correction for oxide formation to the
measured values. Concentrations of dREEs were quantified via
isotope dilution and additional measurements of external
standards (Coral Sea Standard in concentrations of 40, 55, 65,
80 and 100 ppt). Seawater standard SAFe 3,000 m (North
Pacific) was purified and analysed regularly (about 2-3 times)
in each seaFAST and ICP-MS session. Procedural blanks were
prepared and analysed in the same manner as samples using
11 mL of ultrapure water at pH 2.

External reproducibility, that we determined by repeated
preconcentration and analysis of seawater samples from North
Pacific station SAFe 3,000 m, was <3% for all elements except Gd
(3.5%) and Ce (8.1%). Apart from La, all REEs were within the
confidence interval of the long-term laboratory mean of SAFe
3,000 m measurements published by Behrens et al. (2016), even
though our values for Ce were much lower than previously
reported (Table 1). Procedural blanks accounted for <0.5% of
sample concentrations (Table 1), sample concentrations were
therefore not blank-corrected.

3.3 Data processing

The group of REEs was subdivided into three individual
subgroups: LREEs (La, Ce, Pr, Nd), MREEs (Eu, Gd, Tb, Dy, Ho)
and HREEs (Er, Tm, Yb, Lu). This is possible without losing
valuable information, since the behaviour of individual REEs
within the subgroups is quite similar, which was confirmed
within this study. The element Sm was excluded from all
calculations and discussions since its concentration over time
was significantly different compared to the other REEs (see also
results below). In this study, we want to emphasise the common
observations for REEs and focus on more general processes
between REEs and OM.

In order to illustrate changes throughout the incubation
period, we normalized the dREE concentrations of each time
point to its initial concentration (T0) in the respective replicate.
Fractionation was calculated via the ratio of HREE/LREE = (Lu
+Yb+Tm)/(La+Pr+Nd) using values normalized to PAAS
(Rudnick and Gao, 2003). The uncertainties for HREE/LREE,
as calculated from the SAFe 3,000m replicates, was on
average 0.06
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TABLE 1 Dissolved REE concentrations (pmol kg™) of SAFe 3000 m (n=7), and long-term laboratory mean and intercomparison value from

Behrens et al. (2016).

La Ce Pr Nd Sm

SAFe Average 58 3.1 10.6 45.4 9.1
1SD 1 0.3 0.3 0.8 0.2
1 RSD % 1.89 8.08 2.77 1.78 1.70
Laboratory mean' 64.2 45 10.83 46.4 9.12
Intercomparison' 65.3 3.8 10.3 459 9.0

Blanks  Average 0.067 0.138 0.001 0.054 0.009
P3 T-055 68.166  93.167 17246 68224  30.565
% 0.099 0.148 0.003 0.079 0.028

! (Behrens et al., 2016).

Eu Gd Tb Dy Ho Er Tm Yb Lu

2.37 13.1 2.00 14.8 3.71 12.7 1.98 13.7 2.48
0.02 0.5 0.04 0.4 0.09 0.4 0.06 0.2 0.04
0.94 3.51 222 2.71 2.41 297 2.90 1.33 1.62
2.41 13.40 2.02 14.91 3.74 12.76 1.97 13.80 2.53
2.4 12.7 2.0 14.7 3.7 12.7 1.9 13.4 2.4
0.010 0.025 0.005 0.020 -0.003 0.010 0.005 0.004 0.002
3.625 16.380 1.978 13.338 3.175 9.862 1212 6.829 1.079
0.276 0.153 0.238 0.150 0.097 0.097 0.411 0.064 0.159

Procedural blanks (n=13; pmol kg) and dREE concentrations of the blanks expressed in % of sample P3 T-055.

Losses and gains of dREEs were calculated by dividing the
minimal (maximal) concentration by the maximum (minimum)
of each phase. A phase is defined as a period within the total
incubation time, where the dREE concentration trend is
consistent, i.e., no shift from decreasing (increasing)
concentrations to the opposite occurred (see section 4.2).

3.4 Statistical approach

The intercorrelations of the various biogeochemical
parameters presented in the context of this study were
determined by a three-step approach combining a Spearman
correlation analysis with a cluster and a non-metric
multidimensional scaling (NMDS). All statistical analyses were
carried out using R version 4.1.0 (R Core Team, 2016) and
performed on a combined dataset for all three biological
replicates (P2-P4).

In a first step, we performed a correlation analysis, where we
correlated each biogeochemical parameter (n) with each other,
creating a n x n similarity matrix, based on Spearman’s rho
(rho), using the rcorr function of the Hmisc Rpackage (Harrel
and Dupont, 2019). The corresponding correlation matrix was
visualized using the corrplot function by corrplot R-Package
(Wei and Simko, 2007). The parameter rho indicates
correlation based on ranks, where +1 indicates a strong
positive and -1 indicates a strong negative correlation
(Spearman, 1904). As significant, we considered correlations
with a p value of <0.1.

In a second step we combined a hierarchical clustering
analysis with a NMDS using the complete linkage algorithm.
Clusters are classically shown as dendrograms a NMDS,
however, is able to visualize intercorrelations of parameters in
a two-dimensional space. We used a 1-|rho| distance matrix, so
that parameters with strong positive and negative correlations
plot close to each other. To determine the optimal number of
clusters (Koptimar), we used the maximal average silhouette value
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(Kaufman and Rousseeuw, 2005; Borcard et al., 2018). Setting a
maximum of k;,,,=9 clusters, the optimal number of clusters for
the present dataset was Koptimai=4 (Supplementary Figure 2 and
3). We visualized the resulting dendrogram using the dendextend
package (Galili, 2015). The NDMS was calculated using the
metaMDS function of the vegan package (Oksanen et al., 2019).

3.5 PHREEQC model: Organic
complexation

The interplay between dREEs and dissolved ligands, with
special emphasis on organic complexation, was determined
based on a model approach using the aqueous geochemical
modelling program PHREEQC version 3 (Parkhurst, 1995). This
program can simulate aqueous species of a specified solution
composition by using equilibrium chemistry. The needed
thermodynamic data is defined in an associated database.
Since no predefined database contained all the stability
constants needed for the modelling of chemical speciation of
dREEs under differing elemental concentrations, we constructed
a new database following Schijf et al. (2015), including
desferrioxamine B (DFOB) as the representative of a strong
organic ligand. A detailed description of the database as well as
the applied model script is outlined in the supplementary
material B. Many studies have modelled the organic
complexation of dREEs with terrestrial humic and fulvic acids
(HFAs) (Tang and Johannesson, 2003; Sonke and Salters, 2006;
Pourret et al., 2007). Catrouillet et al. (2020) showed that
microbiologically produced HFAs, in contrast to those of
terrestrial origin, preferentially complex HREEs and thus show
different complexation patterns with dREEs. Since the existence
of terrestrial HFAs can be excluded in our mesocosm approach
and the DOC pool in general is probably less complex than in
natural coastal waters due to the absence of large algae and a
refractory DOC pool, we decided to use only one well described
microbially produced organic ligand, DFOB, in our model. This
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one molecule is not able to reproduce the complexity of DOC,
but Schijf et al. (2015) mention that its REE complexation
pattern is likely to be typical for various organic ligands.
Therefore, the model is expected to be able to show general
trends in the complexation of REEs with microbially
produced DOC.

The initial modelling step is to characterize the artificial
seawater, based on concentrations of the main seawater ions, as
well as TA and pH. Each dREE data point is considered in the
model as a separate reaction step and the measured dREE
concentrations with it entered. The parameters TA and pH are
re-defined for each individual reaction step due to their high
importance in chemical REE speciation (Byrne, 2002; Liu and
Millero, 2002; Luo and Byrne, 2004). In order to focus on the
complexation of dREEs, precipitation of particulate phases as
well as gas exchange and interfering elements (i.e., Fe and Mn)
were not considered in this approach. With entry of the
measured dREE concentrations via the individual reaction
steps, inorganic REE-complexes with the seawater components
and free dREE ions were calculated. To account for and calculate
additional REE-DOC complexes, we entered DOC-
concentrations to the model by equating parts of the DOC
pool with the strong organic ligand DFOB. The final output of a
model simulation run were concentrations of inorganic and
organic complexes, and free ions, as well as the total
concentration for each respective dREE for each reaction step
and thereby each data point.

Since the specific fraction of the complex DOC pool, which
contains strong organic ligands for REEs and therefore equals
DFOB, is not known, we used two different assumptions
following Schijf et al. (2015). Thereafter, the definition of the
‘High-DOC’ and ‘Low-DOC’ approach follows maximal
simulated REE-DOC proportions to the dREE pool. The
‘High-DOC’ approach results in a maximum of 40% Lu-DOC
of total dLu by assuming that strong organic ligands occur with a
concentration of ¢ = 10°® * ¢, (¢, = measured DOC
concentration at specific sampling point, that is reaction step).
The ‘Low-DOC’ approach results in a maximum of 10% Lu-
DOC by assuming concentrations of ¢ = 2¥107 * ¢, for strong
organic ligands. These assumptions and associated calculation of
concentrations were not changed throughout the incubation
period, assuming that the parts of the DOC pool acting as
strong REE ligands were stable over the entire incubation period.

4 Results
4.1 Total alkalinity
Values for TA fluctuated between 2.6 and 2.9 mmol L™ with

a peak around day 8 to 15 in all biological replicates
(Supplementary Figure 1B).
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4.2 Dissolved REE concentrations

In comparison to spring conditions in the coastal North Sea
(Paffrath et al., 2020), the mesocosm matrix was up to 4-times
higher in dLREE concentrations, while dHREEs were half the
natural concentrations. Overall, however, the dREE
concentrations in the mesocosms were in line with natural
relative abundances with enrichment of PAAS-normalized
dHREEs relative to dLREEs (Supplementary Figure 4).

In general, the concentrations of dLREEs, dMREEs and
dHREEs showed a similar time course, with the largest
changes over time with respect to TO for dLREEs and smallest
for dHREEs. The temporal concentration course of dSm differed
distinctly from the other dREEs, with concentrations increasing
constantly from around day 20 onwards (Supplementary
Figure 5). In previous studies dissolved Sm anomalies have
been attributed to contamination either during analysis (Moller
et al., 2003; Zhu et al., 2006; Lawrence and Kamber, 2007; Takata
et al., 2009) or to anthropogenic sources (Kulaksiz and Bau,
2013). In the present study, external anthropogenic
contamination is, based on the closed incubation set-up,
unlikely. Contamination from the set-up itself and the
analytical procedures can be excluded since neither the control
experiments nor the REE standards show positive Sm anomalies.
Thus based on the available dataset, any statement regarding the
reason for high or rather increasing Sm concentrations in the
biological replicates are highly speculative and are thus not
further discussed within the framework of this study. The
focus of the present study, is solely on the common REE
trends and the drivers responsible for those. Thus, as
mentioned above, Sm was not included in the LREE subgroup
and will not be discussed further in the context of this study. The
general pattern for dREEs can be described as decreasing
concentrations during the diatom bloom followed by
increasing concentrations during the subsequent
bacterioplankton maximum. Concentrations decreased again
during the Phaeocystis sp. bloom. During its stationary phase,
dREE concentrations increased again in P2 and P4, while
concentrations continued to decrease in P3 (Figure 3A).

Within the biota-free controls (Cl1 and C2), dREE
concentrations were slightly higher compared to the biological
replicates at TO. At the end of the incubation in the controls, we
observed a 40% and 21% loss of dLREEs and dHREEs,
respectively (Supplementary Figure 5).

Based on the overall course of dREE concentrations in P2-
P4, the incubation time is subdivided into four characteristic
phases (Figure 2A):

Phase I: dREE concentrations decrease in P2, P3, P4; day 1-11
Phase II: dREE concentrations increase in P2, P3, P4; day 11-23
(P2, P4), day 11-26 (P3)

Phase III: dREE concentrations decrease in P2, P3, P4; day 23-
30(P2, P4); day 26-38 (P3)
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Phase IV: dREE concentrations increase in P2 and P4; day 30-38

A normalization to TO displays enrichments (gains) and
depletions (losses) over the total incubation time relative to the
starting point, with values of under 1 showing a general loss of
dREEs during the experiment. Values of above 1 show a gain of
dREEs and were observed for dLREEs and dMREEs from phase
IT onwards in all biological replicates (Figure 2A). The losses
and gains of dREEs within each phase throughout the incubation
time show differences within and between replicates. One
notable observation is the variations in dHREE behaviour in
P2. During phase III (Phaeocystis sp. bloom), the loss of dHREEs
in P2 was distinctly lower (-4%) than during phase I (-17%),
while the loss of dLREEs (~ -37%) was similar in both phases. In
contrast, in phase IV (stationary Phaeocystis sp. bloom) dHREEs
increased strongly (+9%), while dLREEs were roughly stagnant
(-2%) (Figure 2B).

The HREE/LREE ratios mirrored the overall temporal
dREE concentrations, with increasing HREE/LREE ratios for
increasing dREE concentrations and vice versa (Figure 3A).
Comparison of HREE/LREE ratios with dNd concentrations, as
the representative for the LREEs, revealed a linear relationship
for the data points with DOC concentrations <200 umol L™ (R?
=0.98, p=1.1x10"° (P2); R* ~ 0.93, p= 4.9x10°® (P3); R* = 0.09, p=
0.24 (P4)). At times with DOC concentrations >200 pmol L,
reached during the end of phase III and during phase IV in P2
and P4, the HREE/LREE ratios were above the linear regression
line (Figure 3B).

10.3389/fmars.2022.895723

4.3 Statistical correlation

The correlation analysis based on Spearman’s rho (Figure 4)
revealed weak positive correlations (0.1<rho <0.4) between the
dREEs (especially dHREEs) and directly spring bloom-associated
parameters, like POM, DOC and Chl-a. Additionally, positive
correlations (rho > 0.4) of the dREE pools with the dFe pool were
identified. The combinatorial statistical approach of cluster and
NMDS analyses showed an intercorrelation between the three
individual dREE subgroups and the dFe pool, that are grouped in
one cluster and plotted close to each other and far from other
parameters in the NMDS (Figure 5).

4.4 PHREEQC: Organic complexation
with DOC

The simulations of the applied PHREEQC model showed
variations in the proportions of organic complexes (DOC as
ligand, REE-DOC complexes) to the dREE pool, that seem to be
driven by DOC concentrations and the atomic mass of REEs
(Figure 6). In general, the proportions of REE-DOC complexes
increased with the onset of the Phaeocystis sp. bloom, in line
with increasing DOC concentrations. Depending on the DOC
concentration, the proportions of the REE-DOC complexes
differed among the three individual biological replicates and
over the temporal course. Highest proportions were simulated
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FIGURE 2

(A) Temporal pattern of dREE concentrations normalized to initial concentrations (TO) for the three REE-subgroups (dLREEs, dMREEs, dHREEs)
indicated by black squares/line, red circles/line, yellow triangles/line, respectively, in the three biological replicates (P2-P4). Error bars denote
1SD and are mostly smaller than the symbols. Phytoplankton and bacterioplankton successions covered by the incubation time are represented
by the Chlorophyll-a (Chl-a) and free-living bacteria cell numbers and are shown by the green and blue area, respectively. The four individual
phases characterized by dREE behaviour, that occur over the course of the incubation, are indicated by the black vertical lines and by the roman
numbers |-1V. (B) Losses and gains of dLREE, dMREE and dHREE concentrations, which were calculated by dividing final by initial concentrations
in each phase, are shown by the black, red and yellow bars, respectively within the individual REE-characteristic phases. Error bars denote 1SD.
Note that samarium is left out of the subgroup of dLREEs due to its anomalously high concentrations and unique temporal pattern.
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FIGURE 3

(A) HREE/LREE ratios (black triangles/line) throughout the incubation time of 38 days for the three biological replicates (P2-P4). Dotted black
vertical lines show phases with characteristic REE behaviour (phase I-1V). Error bars denote 1SD. (B) HREE/LREE ratios in relation to dissolved
neodymium (dNd) (normalized to Post Archean Australian Shale (PAAS) (Rudnick and Gao, 2003), which represents LREEs, for each measuring
point over the course of the incubation in the three biological replicates (P2-P4). Each data point is categorized based on the present dissolved
organic carbon (DOC) concentration with red triangles representing DOC concentrations > 200 umol L™* and violet squares representing DOC
concentrations < 200 umol L™ The dashed line displays a linear regression between HREE/LREE ratios and dNd for the data points with DOC

<200 pmol L™,

for the incubation end in P2, which showed highest DOC
concentration. While the proportion of REE-DOC were of
minor importance for the dLREE pool, it increased for the
dMREEs and dHREEs, with highest proportions simulated for
ytterbium, the second heaviest element. The ‘Low-DOC’
(Figure 6B) and ‘High-DOC’ approaches (Figure 6A) showed
the same temporal and element-specific variations in organic
complexation, only differing in the overall proportion of REE-
DOC complexes to the total dREE pool. Organic complexes
displaced carbonate complexes, which were identified to be the
dominant inorganic species.

5 Discussion

The mesocosm approach applied in the present study
mimics one enclosed water body located in the neritic
environment of the North Sea. External input or output of
REEs into or from the mesocosms is not possible and
exchange with other adjacent compartments, such as a
sediment reservoir or different water masses, is also excluded.
The changes in dREE concentrations and fractionation patterns
are solely driven by internal processes and caused by the transfer
between the dissolved and particulate pools present in the
enclosed water mass. This transfer between the different
organic and inorganic matter pools can result from a variety
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of possible organic and/or inorganic processes, and can be
associated with different ‘transfer-shuttles’. The identification
of the respective shuttles over the course of a phytoplankton
spring bloom, as well as their relative impact for the overall
dREE concentrations and patterns, will contribute to the
understanding of REE cycling/behaviour in marine systems.

As possible processes that might mediate the transfer of
REEs between the dissolved and particulate matter pools, the
following six major mechanisms will be considered and
discussed in the context of this study: (1) the adsorption of
REEs onto particle surfaces of organic or lithogenic origin
(Elderfield, 1988; Byrne and Kim, 1990; Sholkovitz et al., 1994;
Nozaki and Alibo, 2003; Takahashi et al., 2005; Strady et al.,
2015; Costa et al., 2020), (2) the co-precipitation of REEs with
authigenic minerals (Sholkovitz et al., 1994; Pearce et al., 2013),
(3) the incorporation of REEs into particles of biogenic origin
(De Baar et al., 1985; Akagi et al., 2011; Minoda et al., 2015), (4)
the desorption of REEs from organic and inorganic particles
(Elderfield, 1988; Sholkovitz et al., 1994; Nozaki and Alibo, 2003;
Hara et al., 2009; Costa et al,, 2020), (5) the disaggregation of
inorganic particles and associated release of previously bound
REEs (Elderfield, 1988; Byrne and Kim, 1990; Sholkovitz et al.,
1994; Nozaki and Alibo, 2003), and (6) the regeneration of OM
by heterotrophic microbial activity and associated release of
REEs (Hara et al., 2009). The major advantage of the mesocosm
approach, compared to a classical field approach, is the enclosed
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PHREEQC-derived proportions of organic complexes (REE-DOC) relative to the total dREE pool. Data are shown for each element in the three
biological replicates (P2-P4) at five different time points marking the start (black squares/line) and end (grey rhombus/line) point of the
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violet triangles/lines, respectively. (A) Simulations using the ‘High-DOC" approach characterized by reaching a maximal REE-DOC proportion of
~40%. (B) Simulations using the ‘Low-DOC" approach characterized by reaching a maximal REE-DOC proportion of ~10%.

nature of the mesocosm that excludes exchange with lithogenic
particles and sediments and external in- and outputs from the
system, facilitating a focus on the influence of the spring bloom
and associated OM cycling on the REE concentrations
and patterns.

5.1 Abiotic shuttles

The chemical speciation of trace metals, including REEs, has
a strong influence on their behaviour in aquatic systems. The
speciation itself is highly dependent on temperature and pH as
well as salinity and TA, as they influence the stability constants
of solution complexes as well as the availability of ligands in the
respective water mass (Henderson, 1984; Byrne, 2002; Liu and
Millero, 2002; Luo and Byrne, 2004; Quinn et al., 2006; Quinn
et al., 2007). For the speciation of dREEs, TA is particularly
important, as it determines the availability of carbonate
complexes, the dominating inorganic dREE complexes. In the
present study, the initial salinity (at TO) as well as the temporal
course of pH and TA showed small temporal changes that were
similar in all biological replicates (Supplementary Figure 1).
Our simulations of the chemical speciation of dREEs using the
PHREEQC model showed, that the small changes of the
measured TA of +0.3 mmol L' did not influence the existence
of REE-carbonate complexes. A model approach with the
measured TA entered and fixed for each individual sampling
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point/reaction step simulated the exact same results as one using
a constant mean TA throughout the simulations. The pH values
increased from <8.5 up to 9.5 throughout the biological
experiment. For dREEs, studies show that the sorption ability
on iron hydroxides, one of the main inorganic scavengers for
REEs in seawater, increases with higher pH (Quinn et al., 2006).
Solubility of iron oxides appear to stay constant at the pH range
observed in our experiments (Liu and Millero, 2002). Moreover,
contrary to an expected rise in dREE with decreasing pH, we
observe a concentration increase in dREE with increasing pH
(phase III in P2 and P4). These observations therefore argue
against a major role of pH in dREE behaviour in this study.
(Supplementary Figure 1), even though we do not rule out any
influence of pH variability.

The main inorganic scavengers for REEs in seawater are Fe
and Mn oxides (Elderfield and Greaves, 1982; Nozaki, 2001) due
to their large surface area. They can adsorb REEs, acting as a
transfer shuttle between the dissolved and particulate REE pool.
To investigate the transfer processes associated exclusively with
the “abiotic shuttles” and their effects on the dREE pool, in
addition to the biotic incubations, two biota-free controls were
studied in parallel. The absence of OM in the mesocosms makes
it possible to study the influence of abiotic drivers on dREE
behaviour. The controls further served to identify possible
contamination processes of the stainless steel tanks regarding
trace elements. No contaminating input of dREEs or dFe was
observed. Iron as well as the dLREEs decreased over the control
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experiment by 40%, while dHREEs decreased by 20%. Dissolved
Mn, on the other hand, increased by 7%. For Fe it was suggested
that the loss is driven by adsorption directly onto the mesocosm
walls or by precipitation as oxides in the water column (Mori
et al,, 2021). Similar processes or co-precipitation might also
influence the dREEs. The observed dREE fractionation is in line
with the higher particle reactivity of LREEs compared to HREEs
(e.g. Elderfield and Greaves, 1982; Nozaki, 2001). The biota-
containing replicates, in contrast, did not show overall
decreasing dREE concentrations, which would indicate
adsorption processes on mesocosm walls or on oxides.

These metal oxides were likely formed prior to TO (see
section 2 above) and partly dissolved during phase II. Release
of dFe during the same time frame was also attributed to oxide
solution (Mori et al., 2021). The behaviour of dMn and dFe in
the biological replicates do not support the production of
significant amounts of oxides (Mori et al., 2021, see also
section 2 above) and thereby limits the possibility of
adsorption on inorganic particles as a main transfer-shuttle of
the REEs within the mesocosms.

In summary, we conclude that the observed dREE
concentration trends are only marginally influenced by abiotic
processes/shuttles and that other processes must be more
important for driving the overall dREE changes over the
incubation period.

5.2 Bio-associated shuttles

Given the dominance of biological cycling and exclusion of
other abiotic processes and external influences in the
mesocosms, we have to consider bio- or rather bloom-
associated processes/transfer shuttles to explain the behaviour
of REEs. To determine the nature and effects of these bio-
associated shuttles in the mesocosms, we discuss the biological
processes which have a possible influence on REEs in the
following. Since individual bloom-phases coincided with the
identified phases of REE behaviour (phase I-IV), each phase is
discussed separately.

5.2.1 Phase | — Diatom bloom

Phase I is characterized by decreasing dREE concentrations
and coincides with the occurring diatom bloom and its collapse
(Figure 2A). During this phase, there are two possible pathways
which could transfer dREE from the dissolved to the particulate
pool and cause a loss of dREEs concentrations: (1) the transport
into phytoplankton cells and (2) the adsorption onto the
phytoplankton cell surfaces. The highest losses were
determined for dCe followed by the remaining dLREEs while
the lowest losses were determined for dHREEs (Figure 2B),
resulting in an increase in HREE/LREE (Figure 3A). Previous
studies hypothesised, that diatoms may be able to incorporate
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REE:s into their opal skeleton (Akagi, 2013). The finding of this
study regarding dREE and dSi concentrations contradict this
hypothesis. Concentrations of dSi decreased during the diatom
bloom and were below the detection limit at day 6 until near the
incubation end (Figure 1C). Yet, dREE concentrations increased
after the diatom bloom in phase II, indicating that REEs are not
incorporated into the opal frustules and that the opal skeleton is
not recycled during the incubation period.

We therefore suggest that adsorption onto diatom bloom
derived POM cause the initial decrease in dREEs and increase in
the HREE/LREE ratio. Both living macroalgae (Ramasamy et al.,
2019; Costa et al., 2020; Pinto et al,, 2020) and phytoplankton
(Akagietal., 2011; Strady et al., 2015) are known as scavengers of
REEs. The identified dREE losses in all three biological replicates
were consistent with previously described higher affinities for
LREEs relative to HREEs on phytoplankton surfaces (Strady
et al, 2015) (Figure 3A). We define this transfer-shuttle for
REEs, that shows a preference for LREESs, as the ‘phytoplankton-
shuttle’ in this study.

5.2.2 Phase Il- Bacterioplankton maximum
Phase II is characterized by increasing dREE concentrations
and coincides with the high abundance of bacterioplankton
between both phytoplankton blooms (Figure 2A). Hara et al.
(2009) observed similar concentration trends during an Fe-
induced phytoplankton bloom in the western subarctic Pacific.
They showed that the decrease in dREE concentrations during
the phytoplankton bloom in the Pacific (similar to phase I) was
followed by a period of (re-)introduction of dREEs back to pre-
bloom conditions (similar to phase II). The latter was explained
by the release of REEs as a result of disaggregation of large OM
particles, desorption from the particulate pool, and the
regeneration of POM. During phase II of our incubation, we
observed increasing NH," concentrations, which indicate the
prevalence of heterotrophic activity (Figure 1C). This
assumption is further supported by the co-occurrence of low
Chl-a concentrations (as a proxy for photosynthesis) and high
abundances of free-living bacteria (Figure 1A; Mori et al., 2021).
For Fe it has been shown that heterotrophic activity and the
associated regeneration processes can release particle-associated
Fe (Hutchins and Bruland, 1994; Schoemann et al., 1998).
Regarding the dREEs in the present study, concentrations
decreased further during the collapse of the diatom bloom.
The switch to increasing concentrations did not occur until
Chl-a concentrations reached near zero, suggesting a dominance
of heterotrophic over autotropic activity. The release-
mechanisms for REEs are likely the same as described for Fe:
disaggregation and remineralisation of POM and release of
adsorbed REEs (Hutchins and Bruland, 1994; Schoemann
et al., 1998; Schoemann et al,, 2001). The late timing of the
dREE increase could be caused by the direct (re-)adsorption of
REEs after their release, as long as sufficient particulate
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adsorptive sites are still available. The highest gains were
observed for dLREEs, especially for Ce and lowest for dHREEs
(Figure 2B), as also reflected in a decrease in HREE/LREE ratio
(Figure 3A) The preferential adsorption of LREEs on particles is
typically followed by higher releases of LREEs during recycling
processes (Sholkovitz et al., 1994).

Adsorption of REE on bacterial surfaces and/or
incorporation, as suggested by previous studies, would lead to
a preferential dHREE loss (Takahashi et al., 2005; Takahashi
et al., 2007; Moriwaki and Yamamoto, 2013). Since we did not
observe a preferential dHREE depletion at the time of increasing
bacterial abundances, we cannot confirm these previous
findings. The (re-)dissolution of elements caused by
heterotrophic activity seems to superimpose any effect of
adsorption on bacterial surfaces. Another possible reaction
between bacteria and REEs could be the sequestration of
LREEs by lanthanide-dependent bacteria (see above;
Daumann, 2019; Huang et al.,, 2019; Glass et al., 2020; Meyer
et al, 2021), leading to LREE removal from seawater. Even
though methane was not determined during the experiment, its
production during this incubation phase is unlikely since the
developing phytoplankton are not known to produce methane
(Klintzsch et al., 2019). Diatoms, however, build macro
aggregates which might include euxinic zones (Bianchi et al,
2018)in which methanotrophic bacteria could potentially be
present. We however classify the overall importance of
methanotrophic bacteria in the incubations to be minor as
well as their influence on the dREE behaviour. We do not see
losses in the dLREEs that would support their bacterial
sequestration, but instead observed high gains.

The dLREEs and dMREEs during phase II reached
concentrations which were elevated with respect to the initial
(T0) concentrations (Figure 2A). Since external sources as well as
contamination from the mesocosm-setup itself are unlikely,
internally present (particulate) pools and therewith associated
processes are probably mediating the gains in the dREE pool.
As outlined above (section 2), we observed precipitation of
particles, likely metal oxides, before TO. It is likely that the
precipitation of these inorganic particles was accompanied by
the co-precipitation of REEs, as also observed over the course of
the experiment in the biota-free controls. The REEs associated
with these particles were missing from the dissolved pool initially,
but can be transferred back by particle transformation/dissolution
during the incubation time. Since we only saw these dREE gains in
the biological replicates but not in the biota-free controls, the
dissolution/transformation of inorganic particles and associated
REE releases to surrounding waters seems to be driven by bloom-
associated processes likely by heterotrophically mediated particle
transformations. This dREE gain from metal oxides accounts for
up to 32% of the total dREE increase in P2 and P3 and 90% in P4.
The remaining, associated with high gains of dLREEs, smaller
gains of dHREEs and decreasing HREE/LREE ratios, can be
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attributed to disaggregation and remineralisation of POM
driven by heterotrophic activity. This study therefore defines
this process as the ‘heterotrophic-shuttle’.

5.2.3 Phase lllI- Phaeocystis sp. bloom peak

Phase IIT is characterized by decreasing dREE concentrations
and coincides with the peak of the Phaeocystis sp. bloom
(Figure 2A). Phaeocystis sp. blooms and their colonial life
form embedded in mucilaginous matrices seem to provide
exceptionally good adsorption surfaces, as previously shown
for Fe and Mn (Schoemann et al, 2001). Accordingly, the
dREE losses, which are higher for dLREEs than dHREEs
leading to increasing HREE/LREE fractionation (Figure 3A),
are likely associated with adsorption processes onto
phytoplankton bloom derived POM, the ‘phytoplankton-
shuttle’, similar to phase L.

The losses in each respective mesocosm, as well as the
changes in HREE/LREE ratios, seem to be dependent on the
intensities of the Phaeocystis sp. bloom, which is in the present
study evaluated based on the Chl-a and POM concentrations.
Highest loss and steepest rise in fractionation were observed in
P4 that shows the most intense bloom, followed by P2 and P3.
Yet, despite the high binding affinity of the Phaeocystis
sp. mucilaginous matrix for metals and high POM content,
minimum dREE concentrations reached at the end of phase III
are comparable to those in phase I. A mechanism other than
REE removal through adsorption must be in place, that keeps
REEs in solution despite high potential for scavenging. This
could be related to the increasing DOC concentrations (max.
+64 umol L™'/day in P2) and the associated increasing potential
for organic complexation, similar to what has been suggested for
Fe (Mori et al,, 2021). The existence of this potential additional
mechanism influencing dREEs becomes even more evident in
the final phase of the incubation and can be supported by our
model approach that simulates organic dREE complexation (see
discussion below).

5.2.4 Phase IV - Stationary Phaeocystis sp.
bloom

Only P2 and P4 emerged into phase IV, that is characterized
by increasing concentrations (Figure 2A) and coincides with the
stationary Phaeocystis sp. bloom stage, characterized by already
decreasing Chl-a but high POM concentrations (Figures 1A, B).
In P3, dREE concentrations did not increase with the onset of
the Phaeocystis sp. collapse, and in P2 only dMREE and dHREE
concentrations increased. Since Chl-a concentrations and
bacterial numbers reached a similar state at the end of the
mesocosm study in all replicates (decreasing Chl-a, high
bacterial abundances), it is possible, that we missed the dREE
minimum in P3 due to a too low sampling resolution, in which
case the last data point could already represent a dREE
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concentration increase. On the other hand, the incubation was
terminated before the full collapse of the Phaeocystis bloom.
During the collapse of the diatom bloom, increasing dREE
concentrations were only observed with full collapse, indicated
by Chl-a concentrations reaching pre-bloom conditions, and a
clear dominance of heterotrophic over autotrophic activity. This
behaviour of the REEs could be explained by (re-)adsorption of
released REEs on particles as long as particulate adsorptive sites
are still available in adequate numbers. This mechanism can
explain the continuing decrease in dREE concentrations in phase
I in P3, since POM stayed at high levels despite increasing
bacterial numbers.

In P2 and P4 (phase IV), the situation towards the
incubation end was similar to that in P3 (end of phase III)
with increasing bacterial numbers but stagnating POM
concentrations. However, despite high POM concentrations,
we observed increasing dREE concentrations that indicate that
the release of REEs dominated over possible (re-)adsorption
processes. This could be explained on the one hand by the high
intensity of the previous Phaeocystis sp. blooms (based on Chl-a
and POM concentrations) and associated strong dREE removal
in phase III, especially in P4 (Figure 1A). In phase IV, recycling
of the Phaeocystis mucilaginous matrix could therefore release
large amounts of previously adsorbed REEs as previously
described for Mn and Fe (Schoemann et al., 1998; Schoemann
et al, 2001), only a portion of which can possibly be (re-)
adsorbed. This would lead to higher dLREE gains compared to
dHREE and decreasing HREE/LREE ratios, as we observed in
P4, typical for the ‘heterotrophic-shuttle’ as described in phase
II. The difference between the senescent bloom phase of the
Phaeocystis sp. and the diatom bloom and their respective
influence on REE cycling argue, however, for an additional
mechanism buffering dREE from (re-)adsorption in phase III
and IV. This becomes particularly evident in P2, where highest
gains were observed for dHREEs, whereas dLREEs stagnated
resulting in increasing HREE/LREE ratios that cannot be
explained by pure release of adsorbed REEs. Similarly, HREE/
LREE ratios in P4 reached much higher values than in phase II,
potentially indicating that dHREESs are shielded from adsorption
in addition to preferential scavenging of dLREEs.

The striking feature of phase IIl and IV in P2 and P4 are high
DOC concentrations (> 200 umol L™). Organic complexation
and the associated buffering from precipitation was described for
Fe in the biological replicates (Mori et al., 2021). In natural
marine environments, dFe is likely dominated by organic
complexes, so that the availability of organic ligands plays a
key role in its behaviour (Wagener et al., 2008; Gledhill and
Buck, 2012). Since dREE and dFe are significantly positively
correlated (rho <0.4), assigned to the same cluster, and in close
distance in the NMDS (Figures 4, 5), it seems likely that these
elements are influenced by similar processes, suggesting a
component of organically complexed dREEs in the
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mesocosms. Studies showed that Fe-complexing organic
ligands are also able to complex REEs, especially when the
number of organic ligands outnumbers Fe (Christenson and
Schijf, 2011; Schijf et al., 2015) as it is common during
phytoplankton blooms (Wagener et al., 2008). Additionally,
the rather weak significant correlation of DOC with dHREEs
(rho=0.21) (Figures 4) indicates a possible link between the two
parameters. In groundwater and laboratory studies, especially
dHREEs seemed to be influenced by organic complexation
(Johannesson et al., 2004; Sonke and Salters, 2006; Christenson
and Schijf, 2011; Schijf et al,, 2015). This would lead to
preferential buffering of dHREEs from adsorption resulting in
further retention of HREEs in the dissolved phase and an
additional increase in HREE/LREE ratios. We therefore
assume that complexation of REEs with components in the
DOC pool plays an important role in cycling of REEs under high
DOC concentrations (>200 pmol LY. In order to test this
hypothesis, we performed model simulations using a
PHREEQC model approach.

Previous studies reported that Phaeocystis sp. are capable of
methane production (Klintzsch et al., 2019), which could lead to
the establishment of methanotrophic bacteria. They have a
variety of methanol-dehydrogenase that use LREEs as
cofactors. The elements are transported into the cells via
lanthanophores, proteins that specialize in binding LREEs
(Cotruvo, 2019; Daumann, 2019; Huang et al,, 2019; Glass
et al., 2020; Meyer et al, 2021). Thus, at this state of the
spring bloom (stationary Phaeocystis), the utilization of LREEs
as essential co-factors in enzymes of methanotrophic bacteria
might be possible. The highest Chl-a concentrations were
observed in P4, making it likely that also the highest amount
of methane was produced. However, the simultaneously
occurring high gains of dLREEs in P4 make their active
incorporation into bacterial cells unlikely. The effect of
desorption processes associated with heterotrophic activity
might, as already assumed for phase II in all mesocosms,
(5.2.2 Phase II- Bacterioplankton maximum) overpower the
effect of bacterial sorption on the dREEs patterns. Even though
in a mixed and overall oxic water column the influence of active
methanotropic bacteria is likely to be insignificant, at this stage
of the spring bloom the utilization of LREEs as essential co-
factors in enzymes of methanotropic bacteria might theoretically
be possible.

5.3 Organic complexation

The organic complexation of dREEs with parts of the
complex DOC pool and the potential influence on dREE
abundances and fractionation patterns were evaluated using
the dREE speciation model in PHREEQC. The model results
show that organic REE-DOC complexes can make up a large
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proportion of the dREE pool. The simulated proportion of REE-
DOC complexes significantly increased over the course of the
incubation, in line with increasing DOC concentrations, as well
as with atomic mass of the REEs. Modelled organic
complexation of LREEs thereby seemed irrelevant for the total
dLREE pool, contrasting the high relevance of organic
complexation for dHREEs. This is in good accordance with
previous model studies (Christenson and Schijf, 2011; Schijf
et al., 2015) as well as field studies (Johannesson et al., 2004), in
which organic complexation increases in relevance with atomic
number of REEs. It confirms that OM-cycling and associated
existence of DOC influences the distribution and fractionation
of dREEs in marine environments.

Stability constants of organic complexes with DFOB, the
organic component that was used as a representative for strong
organic REE ligands in the applied model, exceed the ones for
inorganic carbonate complexes by a factor of 10® (Christenson
and Schijf, 2011). As a result, REE-DOC complexes are highly
stable and buffered from adsorption processes. Since the
HREEs show highest potential for organic complexation,
dHREEs are strongly stabilized while LREEs are not
influenced by the presence of organic ligands. This explains
the gain of dHREEs in P2 and P4 during phase IV, where high
DOC concentrations (>200 pmol L") were reached, and the
reduced loss of dHREEs in P2 during phase III with high DOC
concentrations (mean of 215 pmol L) compared to phase I
(mean of 40 pmol LY.

Additionally, stabilization of dHREEs in organic complexes
explains the HREE/LREE ratios in P2 and P4 at the end of phase
III and in phase IV that are strongly elevated over those in phase
II, indicating organic HREE complexation in addition to
preferential LREE scavenging. This is also evident in HREE/
LREE vs. dNd plots, with Nd representing the LREEs
(Figure 3B). While in general a linear relationship is observed,
indicating that the fractionation is mainly driven by scavenging
of LREEs, HREE/LREE ratios for DOC concentrations >200
umol L' (end of phase III and phase IV) lie above the linear
trend line. Based on our results, the concentration of DOC has to
exceed a threshold level of 200 pmol L™ to cause an alteration in
REE patterns. However, we did not observe a fractionation
pattern specific to REE-DOC complexation that would allow
identification of organic REE complexation in nature.

Many organic ligands may be able to complex other trace
metals with higher affinities for the respective binding agent
besides the REEs. The organic ligand used in the model
approach is DFOB, a siderophore that is bacterially produced
to bind iron and specifically mediate its transport inside the cell
(Boukhalfa and Crumbliss, 2002). Complexation of REEs by
DFOB could occur, if the siderophore is available in excess of
free dFe (Christenson and Schijf, 2011; Schijf et al., 2015). In
marine environments, this condition seems to be associated with
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maxima in Chl-a, occurring during phytoplankton blooms
(Wagener et al., 2008). The model does not consider the
influence of Fe or other trace metals on REE cycling, so this
competition effect is not included in the simulations. We
assume, that the DOC we enter into the model, is available for
dREE complexation without any competition with dFe. Further
model limitations are the fact that we only work with
hypothetical numbers of strong organic complexes within the
DOC pool without being able to identify which parts and
structures of the DOC pool actually occur in the mesocosms
and which complex dREEs. The two different approaches, ‘High-
DOC’ and ‘Low-DOC’, do however show that the concentration
of DOC only influences the proportions of REE-DOC, but not
the variations within the REE series (Figure 5). Schijf et al.
(2015) stated, that the effect of DFOB on REEs and the
associated fractionation is likely to be typical for a large variety
of organic ligands. Therefore, regardless of the true structure of
the organic ligands, the modelled organic complexes can display
a natural scenario. We are, however, aware of the fact that DFOB
is not able to mirror the complexity of the DOC pool and that
some organic ligands could have different effects on the REEs.
Lanthanide-binding proteins excreted from bacteria that need
LREEs to grow seem, in contrast to the organic ligands described
above (Cotruvo, 2019), to preferentially complex LREEs. These
are, however, as stated above (section 5.2.4) likely to be of minor
importance given the small niche of bacteria producing these
lanthanophores (Huang et al., 2019). The model is an important
first step to assess the influence of dissolved organic ligands
within the DOC pool on REEs without a claim to
quantitative conclusions.

The threshold of 200 umol L™ DOC is above the mean DOC
concentration in the southern North Sea of around 130 umol L™
(Van Engeland et al., 2010). It seems that only in highly
productive waters either at specific locations or days during
the year, as for instance during phytoplankton spring blooms, as
presented in this study, the required ligand concentrations may
be reached to cause significant changes in REE fractionation and
temporal concentration patterns. It is important to notice, that
the DOC threshold presented here is not a fixed number, which
can be directly applied to any natural system, but it is rather
specific to the studied mesocosm approach. In general, the DOC
concentrations are more likely to act in a continuum, with more
DOC available, leading to an increase in dREE complexation. If,
however, REEs compete with other metals like Fe for the
siderophores, dREE complexation might only be possible if
organic ligands are available in excess to dFe (Schijf et al,
2015). Thus, a threshold of DOC, or rather a threshold of
organic complexing agents, needs to be exceeded in order to
significantly complex dREEs and outcompete inorganic REE
binding ligands. This threshold then would depend on trace
metal concentrations other than REEs, as well as structure and
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complexity of the DOC pool. To further address this issue, future
modelling approaches should include a molecular analysis of the
DOC pool to identify the potential REE-ligands within this pool
and their temporal variations and to predict their influence on
the respective REE concentration patterns in seawater.

6 Conclusions and implications for
natural systems

Our findings reveal that the abundances and fractionation
patterns of dREEs in highly productive marine environments
seem highly altered by POM-associated adsorption and
desorption processes as well as organic complexation with
DOC. We confirmed two bio-associated shuttles dominating
the reactions between POM and dREEs. First, the
‘phytoplankton-shuttle’ is characterized by adsorption
processes on diatoms and Phaeocystis sp. bloom derived POM.
Indication for transport into phytoplankton cells could not be
determined based on the present data. This ‘phytoplankton-
shuttle’ showed highest impacts on the LREEs in comparison to
the group of HREEs, which resulted in high HREE/LREE ratios
in the surrounding seawater. The second bio-associated shuttle
identified here is the ‘heterotrophic shuttle’. This shuttle
describes the transfer of previously (POM-)bound REEs back
to the dissolved pool. This process is likely associated with
heterotrophic bacterial activity, which mediates the
regeneration of POM and release of REEs, resulting in a
higher gain of dLREEs relative to HREEs and decreasing
HREE/LREE ratios.

Parts of the phytoplankton bloom derived DOC can
complex REEs, if the respective bulk concentrations, or rather
the abundance of potential ligands, exceeds a specific threshold
value. A model approach revealed that the relevance of organic
complexation on dREE increases with atomic mass and has only
minor relevance for dLREEs. Since organic complexes can be
much more stable than inorganic ones, these organometallic
complexes particularly buffer the dHREEs from adsorption,
leading to an additional increase in the fractionation of HREE/
LREE in areas/at times of high DOC concentrations.

Mesocosm experiments can, however, only mimic but never
completely portray natural systems. In natural systems,
additional aspects such as water mass mixing, sinking
processes, interactions with sediment compartments, influence
of lithogenic processes and possible aeolian input, need to be
considered. This means that the absolute influence of OM
cycling on the REE pattern, which was determined in the
present study, cannot be directly transferred to a natural
system but needs further evaluation. The relative influence and
tendencies observed here are, however, likely valid for the
natural marine environment and therefore should be
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considered in future studies. The effect of OM on REE
distribution and fractionation patterns is likely a ubiquitous
feature in seawater with high OM content, e.g., during
phytoplankton blooms and/or in coastal environments, where
this influence may outcompete abiotic factors.
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