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Zusammenfassung




VI ZUSAMMENFASSUNG

Die Stoffkreislaufe im Ozean beginnen mit der Umwandlung anorganischer Nahrstoffe und Kohlen-
stoffdioxid (CO,) in Biomasse durch Primarproduzenten. Diese Organismen bestimmen somit das Ver-
héltnis der Elemente im partikuldren, organischen Material und die Menge an Kohlenstoff (C), die
pro Stickstoff- (N) und Phosphor- (P) Einheit organisch gebunden werden kann. Die Phytoplankton-
biomasse bildet die Grundlage des pelagischen Nahrungsnetzes, in welchem die Elemente zwischen

Organismen und trophischen Ebenen sowie zwischen geldsten und partikuldaren Formen zirkulieren.

Anthropogene Einfllisse, insbesondere die Verbrennung fossiler Brennstoffe, erhhen gegenwartig
die CO,-Konzentration in der Erdatmosphdre in einer noch nie dagewesenen Geschwindigkeit. Der
Ozean ist die zweitgrofSte Senke fiir anthropogenes CO, und absorbiert etwa ein Viertel der jahrlichen
Emissionen. Die Reaktion von CO, mit Meerwasser fiihrt jedoch zu einer tiefgreifenden Veranderung
des marinen Karbonatsystems, die als Ozeanversauerung bezeichnet wird. Es ist bereits bekannt, dass
die daraus resultierende Erhéhung der CO,-Konzentration und die Abnahme des pH-Wertes im Meer-
wasser das marine Plankton sowohl auf der Organismen- (Physiologie) als auch auf der Gemeinschaft-
sebene (Artenzusammensetzung und Wechselwirkungen im Nahrungsnetz) beeinflussen. Die poten-
tiellen Auswirkungen auf die Stoffkreislaufe im Ozean sind jedoch weitgehend unbekannt. Die Ser-
viceleistungen des Ozeans, anthropogenen Kohlenstoff aufzunehmen und Nahrung fur die Mensch-
heit zu produzieren, hangen jedoch von diesen marinen Stoffkreislaufen ab. Daher ist es essentiell zu
untersuchen, wie und in welchem Ausmal} die Stoffkreislaufe durch die zunehmende Versauerung
der Meere beeinflusst werden. Die ersten Studien zum Einfluss von Ozeanversauerung auf natirli-
che Planktongemeinschaften mit mehreren trophischen Ebenen wurden in pelagischen Mesokosmen
durchgefiihrt. Diese Studien waren jedoch begrenzt in ihrer Laufzeit (Tage bis Wochen) und oft fehlten
ausreichende Messungen der biogeochemischen Reservoirs und Stofffliisse, insbesondere des verti-

kalen Partikelflusses.

Ziel dieser Doktorarbeit war es daher, den Einfluss von Ozeanversauerung auf die biogeochemischen
Kreislaufe von C, N und P in natirlichen pelagischen Nahrungsnetzen mit mehreren trophischen
Ebenen (bis hin zu Fischlarven) tber Zeitraume von mehreren Wochen bis Monaten zu untersuchen.
Neben methodischen Verbesserungen zur Quantifizierung des vertikalen Partikel- und Stoffflusses
innerhalb von Mesokosmen, werden Ergebnisse von zwei unabhangigen pelagischen in situ Meso-
kosmenstudien vorgestellt und mit weiteren Ozeanversauerungsstudien aus verschiedenen Meeres-
gebieten verglichen. Darlber hinaus werden methodische Probleme bei biogeochemischen Messun-
gen in pelagischen Mesokosmen diskutiert, die fiir die Massenbilanzierung von Elementen verbessert

werden mussen.

Fir die effiziente und quantitative Probenahme und Verarbeitung von absinkendem Material inner-
halb von Mesokosmen wurde ein neues Protokoll entwickelt. Die Sedimentfallen kénnen ohne Ein-
fluss auf die dartiber liegende Wassersaule und mit minimaler Auswirkung auf das gesammelte Mate-
rial geleert werden. Durch Ausfdllung mittels Eisen(lll)chlorid und durch Zentrifugieren des gesam-

ten Probevolumens wurde eine hocheffiziente Konzentration von partikuldrem Material erreicht



ZUSAMMENFASSUNG IX

(>98% des partikuldren Kohlenstoffgehaltes). Der Feinheitsgrad des gefriergetrockneten und gemah-
lenen Probenmaterials erreichte den von feinem bis grobem Schluff, wodurch die Homogenitat des
Materials und eine vernachlassigbare Messvariabilitdt von biogeochemischen Parametern garantiert
wird. Dies wiederum ermoglicht eine hochgenaue quantitative biogeochemische Analyse des absin-
kenden partikuldren Materials, was als Grundlage fir die vertikalen Flussmessungen von Elementen

wahrend der Mesokosmenstudien dieser Arbeit diente.

Fir die erste Studie wurden zehn pelagische Mesokosmen im Gullmar Fjord (Schweden) verankert,
um den Einfluss von Ozeanversauerung auf eine kiistennahe Planktongemeinschaft wahrend der
natirlichen Planktonsukzession zwischen Winter und Sommer zu untersuchen. Die Entwicklung der
geldsten und partikuldren Reservoirs von C, N, P und Silikat (Si) wurde Gber einen Zeitraum von mehr
als 100 Tagen bei natirlich vorherrschenden und fiir das Jahr 2100 prognostizierten CO,-Konzentra-
tionen (~760 patm pCO,) beobachtet. Um durch Ozeanversauerung induzierte Verdnderungen in der
Partitionierung und dem Kreislauf dieser Elemente aufzudecken wurden Massenbilanzen berechnet.
Die wichtigste Beobachtung unter erhdhter CO,-Konzentration war ein signifikant verstarkter Transfer
von C, N und P vom Phyto- zum Zooplankton. Dies hatte sowohl eine verldngerte Retentionszeit der
drei Elemente im pelagischen Nahrungsnetz als auch eine um ca. ein Zehntel reduzierte Sedimenta-
tion von N und P zur Folge. Darliber hinaus wurde eine Tendenz zur verstarkten Kohlenstofffixierung
im Verhaltnis zur Stickstoffaufnahme in der dominierenden Diatomee Coscinodiscus concinnus unter
Ozeanversauerung beobachtet. Dies wirkte sich ebenfalls auf das C:N-Verhaltnis im suspendierten

partikularen Material sowie im absinkenden Partikelfluss aus.

Die zweite pelagische Mesokosmenstudie wurde im Raunefjord (Norwegen) durchgefiihrt. Ziel war die
Evaluierung des partikularen C:N-Verhaltnisses natlrlicher Planktongemeinschaften unter erhohten
CO,-Konzentrationen und in situ Bedingungen. Ein CO,-Gradient von 300 bis 1615 patm (durchschnitt-
licher fCO, wahrend der Studie) wurde in acht Mesokosmen generiert. Zur Mitte des 35 Tage andau-
ernden Experimentes wurden anorganische Nahrstoffe hinzugegeben, um eine Phytoplanktonbliite
zu erzeugen. Das C:N-Verhaltnis im partikuldren, organischen Material und absinkenden Partikeln kor-
relierte linear mit dem CO,-Gradienten, doch die Wirkungsrichtung des CO,-Effektes veranderte sich
im Verlauf der Studie. Dies geschah in Abhangigkeit von der Struktur und der Wachstumsphase der
Phytoplanktongemeinschaft. Diese Ergebnisse zeigen, dass die Veranderung der C:N-Verhaltnisse im
partikuldren, organischen Material eng mit der durch CO, verursachten Veranderungen in der Struktur

der Planktongemeinschaften und den C:N Signaturen einzelner Planktonarten verbunden sein wird.

Beide Studien weisen darauf hin, dass Ozeanversauerung die C:N-Verhaltnisse in Planktonbiomasse
und absinkenden Partikeln mit variabler Wirkungsrichtung und -starke beeinflussen kann. Dies ist wie-
derum abhangig, von der untersuchten Planktonzusammensetzung, Jahreszeit und Wachstumsphase
des Planktons. Zusammen mit der Mdglichkeit, die Partitionierung von C, N und P in der Oberflachen-
schicht der Meere zu verandern, hat Ozeanversauerung das Potenzial, den Kreislauf von Elementen

auf globaler Ebene im Ozean zu beeinflussen.
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The cycling of elements in the ocean begins with the transformation of inorganic nutrients and
carbon dioxide (CO,) into biomass by primary producers. These organisms determine the pro-
portion of the elements that are incorporated into particulate organic matter and the amount of
carbon (C) that can be organically bound per unit of nitrogen (N) and phosphorus (P). Phytoplank-
ton biomass is the basis of the pelagic food web in which the elements circulate between organ-

isms and trophic levels as well as dissolved and particulate forms.

Anthropogenic activities, primarily the burning of fossil fuels, currently increase the atmospheric
CO, concentration at a rate that is unprecedented in recent Earth’s history. The ocean is the second
largest sink of anthropogenic CO,, absorbing about one quarter of global annual CO, emissions.
The reaction of CO, with seawater leads to profound shifts in seawater carbonate chemistry,
commonly termed as ‘ocean acidification’ (OA). The resulting increase in CO, concentration and
decrease in seawater pH has already shown to impact marine plankton from the organism (physiol-
ogy) to the community level (species composition and food web effects), but with largely unknown
consequences for the cycling of elements in the ocean. However, the ocean services of absorb-
ing anthropogenic C and providing food for humankind depend on these oceanic material cycles.
Therefore, it is essential to assess how and to what extent the element cycles will be affected by
OA. The first OA studies that investigated entire plankton communities with several trophic levels
were conducted inside pelagic mesocosms, but were limited in their runtime (days to weeks) and
often lacked sufficient measurement of the biogeochemical pools and fluxes, especially the down-

ward flux of particulate organic matter.

Thus, the aim of this doctoral dissertation was to investigate the influence of OA on biogeochemi-
cal cycles of C, N, and P in natural pelagic food webs of several trophic levels (up to fish larvae) over
extended times scales of weeks to months. Methodological improvements for quantification of the
downward flux of particulate matter inside mesocosms as well as results from two independent
in situ pelagic mesocosm experiments (up to 75 m® per mesocosm unit) are presented and com-
pared with similar OA studies from different ocean regions. Furthermore, methodological issues
in biogeochemical measurements inside pelagic mesocosms that need to be improved for mass

balance calculation of elements are elucidated.

A new protocol was developed for efficient sample recovery and processing of quantitatively col-
lected sinking particulate matter inside mesocosms. The sediment traps can be sampled without
any disturbance of the overlying water column and with minimized impact on the collected mate-
rial. Highly efficient concentration of particulate matter (>98% of the particulate C content) was
achieved in large volume sediment trap samples by both ferric chloride flocculation and entire
sample centrifugation. Grain size of the freeze-dried and ground sample material ranged from fine
to coarse silt, which guarantees sample homogeneity and negligible measurement variability of

biogeochemical parameters. This allows for highly accurate quantitative biogeochemical analysis
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of the sinking particulate matter that was the basis for vertical flux measurements of elements
during the mesocosm studies of this thesis.

In the first study, ten pelagic mesocosms were deployed in Gullmar Fjord (Sweden) to investigate
the impact of OA on a coastal plankton community during the natural winter-to-summer plank-
ton succession. The development of particulate and dissolved element pools was monitored at
ambient and realistic end-of-the-century CO, concentrations (~760 patm pCO,) over a time span
of more than 100 days. Mass balances were calculated to uncover OA induced changes in the
partitioning and cycling of C, N, P, and silica (Si). The key observation under high CO, was a sig-
nificantly amplified transfer of C, N, and P from phytoplankton to mesozooplankton, resulting in
(1) a prolonged retention of all three elements in the pelagic food web and (2) a significantly
reduced N and P sedimentation by about one tenth. These observations provide some of the first
evidence that OA effects on primary producers can propagate through the food web and modify
partitioning of element pools and thus impact biogeochemical cycling in a future acidified ocean.
Furthermore a tendency towards enhanced C fixation relative to N utilisation in the dominant
diatom Coscinodiscus concinnus was observed, which created a signal of elevated C:N ratios in the
suspended particulate matter pool, as well as in the downward particle flux under OA.

The second pelagic mesocosm study consideredin this thesis was conducted in Raunefjord (Norway).
The goal was the assessment of the C:N response of natural plankton communities to increased
CO, concentrations at in situ conditions. A CO, gradient from 300 to 1615 patm (average fCO,
during study period) was established in eight mesocosm units and inorganic nutrients were added
to induce a phytoplankton bloom half way through the 35 days long study. The C:N stoichiometry
in particulate organic matter and sinking particles correlated linearly with CO, concentrations, but
the direction of this CO, response shifted over the course of the study depending on plankton com-
munity structure and phytoplankton growth phase. These findings illustrate that the CO, response
of C:N ratios in particulate organic matter will be closely linked to corresponding future changes in
plankton community structure and the C:N signatures of individual plankton species.

Both studies indicate that OA can influence the C:N stoichiometry of plankton biomass and sink-
ing particulate matter with variable effect direction and strength, depending on the investigated
plankton community composition, season, and plankton growth phase. Thus, together with the
potential to alter partitioning of C, N, and P in the surface ocean, OA has the potential to effect
oceanic cycling of elements on a global scale.
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1.1 Marine biogeochemical cycles

1.1.1 Primary production and organic matter stoichiometry

The vast majority of primary production in the ocean is mediated by free drifting, photosynthetic
microorganisms - the phytoplankton (Strickland, 1965). These pelagic photoautotrophs inhabit
the sunlit surface layer (i.e. the euphotic zone) of all marine ecosystems and represent the basis of
the marine food web. Through the process of photosynthesis, phytoplankton transforms inorganic
nutrients and carbon dioxide (CO,) into organic compounds and oxygen (O,) using sunlight energy
and water (H,0) as electron donor (Fig. 1.1). Estimations based on satellite (Chlorophyll a) data
indicate that phytoplankton net primary production, defined as the amount of photosynthetically
fixed carbon (C) available to the next trophic level, almost equals that of the terrestrial vegetation
(Field et al., 1998).

CO»

106 CO, + 16 HNO 3 + H3PO, + 122H,0 — (C;p6Hag3 O 170 Nqg P) + 1380,

. /s & " ST
& 1]

N ‘w

106C: 16N : 1P

Figure 1.1. Chemical equation for photosynthetic production of marine particulate organic matter following the
stoichiometric composition of the ‘Redfield ratio’ (106C:16N:1P) (Redfield et al., 1963). Phytoplankton organisms
modified from Rita Erven (GEOMAR).

The key nutrients required for and thus limiting phytoplankton organic matter production are
nitrogen (N), phosphorus (P), and trace metals such as iron or zinc. N is a key element in pro-
teins and nucleic acids, P is a major constituent of the cell membrane and organism’s DNA/RNA,

while trace metals are essential for diverse enzyme functionality (Geider and La Roche, 2002;
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Twining and Baines, 2013). Silica (Si) can furthermore limit growth of silicifying phytoplankton taxa
such as diatoms, which often dominate the phytoplankton community. According to Liebig’s Law
of the minimum (von Liebig, 1855) the nutrient element that is limiting at a particular site and time
mainly controls marine primary production (Falkowski et al., 1992).

Already in 1934, Alfred C. Redfield discovered a remarkable consistency in the proportion of the
three major elements C, N, and P in both marine phytoplankton biomass and in dissolved inorganic
nutrients (N and P) in the deep ocean (Redfield, 1934). The so-called ‘Redfield ratio” of 106C:16N:1P
(Fig. 1.1) is a tenet in marine biogeochemistry and is still used for calculation of nutrient-based
phytoplankton productivity, potential C sequestration through sinking organic matter, as well as
for definition of ecological niches for specific phytoplankton groups such as N, (nitrogen gas) fixing
cyanobacteria. However, the elemental composition of phytoplankton can vary strongly among dif-
ferent ocean regions, phytoplankton taxa, and even growth conditions of the same taxon (Geider
and La Roche, 2002; Ho et al., 2003; Klausmeier et al., 2004; Martiny et al., 2013; Rhee, 1978).
The observed plasticity of bulk C:N:P ratios is mainly driven by (1) the taxonomic composition of
phytoplankton assemblages, (2) the nutrient supply ratio influencing the cellular elemental ratios,
(3) the dominating phytoplankton growth strategy, and (4) detritus accumulating in the water
column and influencing bulk composition (Martiny et al., 2013). In fact, Quigg et al. (2003) found
evidence that the phylogenetic origin of phytoplankton, defined by their accessory photosynthetic
pigments, correlates with substantial differences in their elemental composition. Furthermore, the
condition of the N-rich light and nutrient acquisition machinery (proteins and chlorophyll) and the
N- and P-rich growth machinery (ribosomal RNA) are thought to impact cellular elemental compo-
sition (Arrigo, 2005; Falkowski, 2000; Geider and La Roche, 2002).

Despite the wide range of particulate C:N:P ratios found in the ocean (Martiny et al., 2014), the
Redfield ratio can be seen as a benchmark of global average particulate organic matter (POM)
elemental stoichiometry (Geider and La Roche, 2002).

1.1.2 Cycling of carbon and nutrients in the ocean

C and the key nutrients for phytoplankton growth (N, P, and Si) are cycled between three major
pools in the upper ocean: (1) the inorganic C and nutrients pool, (2) the dissolved organic matter
pool (DOM, only including C, N, and P), and (3) the particulate matter (PM) pool containing both

POM as well as biominerals such as biogenic opal and calcium carbonate (CaCO;) (Fig. 1.2).

As illustrated in Figure 1.2, the pool of PM can be further subdivided into three separate compo-
nents: (1) phytoplankton, i.e. primary producers, (2) zooplankton, i.e. primary and to some extent

secondary consumers, and (3) detritus, representing dead biomass from the two other pools.
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Bacteria are not shown separately as they contribute to both DOM and POM as well as to primary
producers and primary consumers.

air-sea gas exchange (CO,)

N N N\ N N N N R A N N N N

higher trophic
levels

dissolved inorg. C & nutrients

dissolved organic matter

phytoplankton (particulate)

zooplankton (particulate)

on

detritus (particulate)

sedimentation

Upwelling
(mixing)
Z00pl. migrati

upper ocean

winter mixed layer depth

bacterial
degradation

burial in ocean sediments

Figure 1.2. Main element pools and fluxes of carbon and nutrients within the upper ocean layer. Blue arrows indi-
cate the direction of exchange between different pools with the underlying mechanism described in white. The blue
dashed arrows illustrate the transfer of biomass from zooplankton to higher trophic levels (e.g. fish or jellyfish) and
the bacterial degradation or sedimentation of organic matter in the deep ocean. Larger arrows in green, white or blue
display fluxes leaving or entering the ocean surface layer. Organisms modified from Rita Erven (GEOMAR).
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Cycling of C, N, P, and Si within the surface layer of the ocean begins with the build-up of biomass
and silica shells (biogenic opal) by phytoplankton from CO, and dissolved inorganic nutrients. Pri-
mary producers thus form the basis of the marine food web. A significant proportion of C, N, and
P organically bound by primary producers is directly released and contributes to the DOM pool.
The percentage of DOM exuded by phytoplankton is usually in the range of 10 to 20% of pri-
mary production, but can reach up to 44% depending on the physiological state and phytoplank-
ton community composition (see review by Thornton, 2014). The basic principals behind this are
overproduction of carbohydrates at high light but low nutrient conditions and passive diffusion of
organic molecules leaking out of phytoplankton cells (Carlson and Hansell, 2015). DOM produced
by phytoplankton but also by grazer-mediated release and excretion, viral cell lysis or bacterial
degradation processes is a major food source for heterotrophic bacteria. These bacteria degrade
the organic compounds and return C and nutrients to the food chain (bacteria biomass) as well
as to primary producers (inorganic nutrients), a mechanism called the ‘microbial loop’ (Azam et
al., 1983). However, it became more and more clear in the last decades that probably most phy-
toplankton are also capable of directly using at least some dissolved organic compounds as N
and P sources (Bronk et al., 2007; Cotner and Wetzel, 1992; Granéli et al., 1999). Furthermore, a
considerable fraction of phytoplankton is known to be capable of mixotrophy, which enables these
primary producers to acquire nutrients to some extent from the POM pool (Stoecker et al., 2017).

Generally, a large proportion of autotrophic primary production is consumed by heterotrophic
micro- and mesozooplankton with 17-52% and approximately 23%, respectively (Calbet, 2001;
Landry and Hassett, 1982). In a classic description of the marine food web the zooplankton bio-
mass is than consumed by higher trophic levels for instance fish larvae or jellyfish although these
organisms also contribute significantly to the remineralisation of nutrients in the water column
(Fig. 1.2).

Both autotrophic and heterotrophic organisms contribute to the third component of the PM pool:
‘Suspended detritus’ consisting of dead organisms and zooplankton faecal pellets, as well as shells
of primary producers such as diatoms (biogenic opal) and coccolithophores (CaCO,) (Fenchel and
Jgrgensen, 1977). Detritus is another major food source for bacteria attached to suspended par-
ticles, degrading the POM and releasing DOM and ‘recycled’ inorganic nutrients (Ducklow and
Carlson, 1992).

Particles that are not remineralised in the upper ocean eventually sink below the winter mixed
layer depth where they are physically isolated from the surface ocean. This means that C and
nutrients released through degradation processes below this depth accumulate in the deep ocean
layer (Fig. 1.2) (Sarmiento and Gruber, 2006). The so-called ‘export’ of photosynthetically fixed C to
depth by settling particles, as well as downwelling of dissolved organic carbon (DOC) and zooplank-
ton vertical migration, leads to a surface to depth gradient in dissolved inorganic carbon (DIC). This

biologically mediated process, termed as the ‘biological carbon pump’ (Volk and Hoffert, 2013),
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increases the ocean’s uptake capacity for atmospheric CO,. Thus, the ocean biology plays an
important role in controlling atmospheric CO, concentrations, by sequestering C in the deep
ocean. The fraction of photosynthetically fixed C reaching the deep ocean below 1000 m water
depth (~¥15%) and the sediments (~0.8%) is relatively small (Sarmiento and Gruber, 2006) and
depends on particle remineralisation rates and sinking velocities. Remineralisation rates of set-
tling particles are driven by biology (organic matter) and chemical dissolution (biogenic opal and
CaCQ0;), while their sinking velocity mainly depends on their dimensions, structure, and density
(Kigrboe, 2000; Monroy et al., 2017; Ploug et al., 1999; Tréguer et al., 1995). The ‘ballast ratio
hypothesis’ implies that high-density (i.e. ballast) minerals such as biogenic opal and CaCO; mainly
drive deep ocean organic C sequestration by increasing the particle’s density and sinking velocity
(Armstrong et al., 2009). However, recent studies suggest that the most important factor determin-
ing export efficiency of organic matter (i.e. the fraction of newly produced biomass reaching the
deep ocean) is the tight packaging of settling particles, which has been strongly linked to plankton
community composition (phytoplankton cell size and repackaging by grazers) (Bach et al., 2016a;
Francois et al., 2002; Henson et al., 2012b; 2012a). While only a very small proportion of exported
organic matter is buried in deep-sea sediments for geological timescales (~0.3% with respect to C;
Sarmiento and Gruber, 2006), DIC and nutrients in the deep ocean are upwelled back to the sur-
face on timescales of decades to centuries or millennia, supporting new primary production and
closing the oceanic C and nutrient cycles.
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1.2 Ocean acidification

1.2.1 Origin and impact on ocean chemistry

During the past 420,000 years, atmospheric CO, concentration has varied naturally between
180 and 300 ppm (parts per million), correlating with glacial and interglacial periods of the
Earth (Joos and Spahni, 2008; Petit et al., 1999). Since the beginning of the industrial era in the
19t century, land-use-changes (i.a. deforestation and agriculture) and the burning of fossil fuels
have increased atmospheric CO, concentration from approximately 280 ppm to above 400 ppm
in 2017 (Joos and Spahni, 2008, The Keeling Curve). The rapid rate of increasing atmospheric
CO, concentration is unprecedented in at least the last 800,000 years of Earth’s history, as docu-
mented in Antarctic ice core records (LUthi et al., 2008; Petit et al., 1999; The Keeling Curve).
Since the 1960s, global CO, emissions have tripled from on average 3.1 + 0.2 Gt C yr?! to more
than 10 Gt Cyrtin 2015 (Fig. 1.3A) (Le Quéré et al., 2016). Future CO, emissions, and thus atmo-
spheric CO, levels, depend on socio-economic parameters and may reach levels of up to 1000 ppm
(RCP8.5; van Vuuren et al., 2011) by the end of the century, an almost four-fold increase compared
to pre-industrial levels (Fig. 1.3B) (IPCC, 2014: Synthesis Report).

RCP8.5
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1850-1900

10 1 Fossil fuels and instustry 100 - Scenario categories
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B Land sink 80 720 — 1000 ppm
Atmosphere 1 580 — 720 ppm
51 mm Ocean sink
480 — 580 ppm

D
o

Emissions ~ 430 — 480 ppm
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Figure 1.3. Global CO, emissions. (A) Emissions from fossil fuels and industry (grey) and land-use change (brown), as
well as their partitioning among the atmosphere (light blue), land (green), and the ocean (dark blue). Modified from
Le Quéré et al. (2016). (B) Annual emissions of carbon dioxide (CO,) alone in the Representative Concentration Path-
ways (RCPs) (lines) and the associated scenario categories of atmospheric CO, eq. concentrations. The scenario catego-
ries summarize the wide range of emission scenarios published in the scientific literature and are defined on the basis
of CO, eq. concentrations levels (ppm) in 2100. Modified from the Global Carbon Project.
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Besides the terrestrial vegetation, the ocean is the second largest sink of anthropogenic CO,,
absorbing more than 2 Gt C per year (Fig. 1.3A) (Le Quéré et al., 2016). In total the ocean has
already absorbed about one third of human CO, emissions, buffering atmospheric concentrations
and the greenhouse effect of CO, on Earth’s climate (Le Quéré et al., 2016). In contrast to other
gases that dissolve in seawater, the majority of CO, reacts with water (H,0), forming carbonic acid
(H,CO3), which then dissociates by losing hydrogen ions (H*) to form bicarbonate (HCO;’) and car-
bonate (CO;*) ions (Doney et al., 2009) (Eqg. 1.1).

CO; atmos) 5 CO, aq) + H,0 5 H,CO; 5 H' + HCO; 5 2H' + CO5™ (1.2)
Thus, with increasing atmospheric CO, concentration (ppm), both CO, partial pressure (pCO, (,,)

and concentration of H* ions in the surface ocean are increasing, which is expressed by a corres-

ponding decrease of the seawater pH (Fig. 1.4A).
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Figure 1.4. Seawater carbonate chemistry. (A) Smoothed time series of atmospheric CO, concentration (ppm) at the
atmospheric Mauna Loa Observatory (top red line), surface ocean partial pressure of CO, (pCO,; middle blue line) and
surface ocean pH (bottom green line) at Station ALOHA in the subtropical North Pacific north of Hawaii for the period
from 1990-2011. Modified after Rhein et al. (2013). (B) Bjerrum plot showing the pH depending relative proportions of
the three inorganic carbon species (CO,, HCO5, and CO;?) dissolved in seawater. The blue area represents the present
surface ocean pH range, while the blue arrow indicates the shift in inorganic carbon speciation under future ocean
acidification. Modified after concepts in Raven et al. (2005).

Since the beginning of the industrial era, global surface ocean pH has dropped by about 0.1
units from ~8.2 to ~8.1, which is equivalent to a ~30% increase in the concentration of H* ions
(Feely et al., 2009; Orr et al., 2005). This drop of the ocean’s pH caused by the uptake of anthro-
pogenic CO, over a period of several decades is termed as ‘ocean acidification’ (OA) (Caldeira
and Wickett, 2003; Gattuso and Hansson, 2011). By 2100 the ocean’s pH is expected to drop by
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another 0.1 to 0.4 units at projected atmospheric CO, concentrations of 421 to 936 ppm, refer-
ring to the Representative Concentration Pathways (RCPs) 2.6 and 8.5, shown in Figure 1.3B
(Portner et al., 2014). The shift in ocean pH is also accompanied by a shift in the inorganic C spe-
ciation (i.e the carbonate system), increasing [CO,] and [HCO;], but decreasing [CO,*] (Fig. 1.4B)
(Doney et al., 2009; Raven et al., 2005). The decrease in CO,> concentration reduces the ocean’s
buffer capacity for H* ions (both reacting to HCO;) and will amplify natural diurnal and sea-
sonal variations of seawater pH e.g. due to photosynthesis (CO, consumption) and respiration
(CO, release) (Egleston et al., 2010; Jury et al., 2013). Furthermore, the saturation state of CaCO,
decreases with a corresponding shallowing of the CaCO; saturation horizon, the depth at which
biogenic CaCO; becomes undersaturated and starts to dissolve (Feely et al., 2004; Orr et al., 2005).

Likewise as the CO, increase in the atmosphere, OA proceeds at a rate probably unprecedented in
Earth’s history (Honisch et al., 2012; Zeebe, 2012). The magnitude of human impact on the environ-
ment including the global C cycle and ocean’s pH, has initialised a new epoch with mankind being
the major environmental force: ‘The Anthropocene’ (Crutzen, 2002; Lewis and Maslin, 2015).

1.2.2 Plankton responses to ocean acidification

OA is a potential stressor for all plankton organisms (Kroeker et al., 2010) and their physiologi-
cal responses to increasing CO, concentration and decreasing pH have shown to be diverse and
non-uniform even within the same taxon (see reviews by Fabry et al., 2008; Kroeker et al., 2013;
Riebesell and Tortell, 2011). The enhancement of phytoplankton primary production is one of the
most consistent responses with only a few exceptions of neutral or negative responses found for
calcifying coccolithophores and cyanobacteria (Doney et al., 2009; Kroeker et al., 2013; Riebesell
and Tortell, 2011). This ‘fertilising’ effect of elevated CO, was also found in natural phytoplank-
ton assemblages and can be explained by reduced energy demand for C concentrating mecha-
nisms, which actively pump CO, into the cells against the CO, concentration gradient (Riebesell and
Tortell, 2011). However, this stimulating CO, effect is rather small and no reliable estimates of how
global ocean productivity will change in the future exist so far (Joint et al., 2010). Phytoplankton
growth rates (i.e. cell division rates) show a much more diverse range of responses to OA among
phytoplankton groups. Two independent meta-analyses of laboratory data (Dutkiewicz et al., 2015;
Kroeker et al., 2013) revealed increased growth rates of diatoms and in particular diazotrophs (i.e.
N, fixing plankton) but no significant response by coccolithophores. However, Riebesell et al. (2017)
found significantly reduced growth rates of the coccolithophore Emiliania huxleyi in natural plank-
ton assemblages exposed to increased CO,. Also the response in growth and N,-fixation rate of

diazotrophs does not seem to be entirely uniform in all taxa (Eichner et al., 2014).
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It would be expected, that the impact of OA on primary producers’ metabolic rates (e.g. CO, or
N, fixation rates) would impact their elemental composition. In most single-strain culture studies,
the cellular C:N ratio of coccolithophores and cyanobacteria significantly increased or remained
unaffected at high CO, (see reviews by Hutchins et al., 2009; Riebesell and Tortell, 2011). Diatoms
in contrast show a highly diverse response to OA in terms of the direction of changes in C:N stoi-
chiometry, even between closely related species (Burkhardt et al., 1999; Hutchins et al., 2009;
Riebesell and Tortell, 2011). However, the results from single species culture experiments are not
directly transferable to natural plankton communities of several trophic levels, where complex
species interactions such as concurrence for resources or grazing occur. Hutchins et al. (2009)
compared several OA studies on plankton assemblages (mainly small-scale incubations) and found
no general response pattern of POM C:N stoichiometry. First in situ OA studies in pelagic meso-
cosms, however, found generally increasing or stable C:N ratios of plankton communities under
high CO, (see review in Riebesell and Tortell, 2011). This was an important finding as changes in
C:N stoichiometry of the plankton biomass under OA are relevant for the future strength of the
‘biological carbon pump’, driving C sequestration in the deep ocean, and thus affecting atmospheric

CO, concentrations (Passow and Carlson, 2012).

Heterotrophic bacteria are present in the ocean over a wide range of pH levels and are often
already exposed to seawater pH projected for the end of the century (Joint et al., 2010). How-
ever, increasing bacterial enzyme activities and primary production, as well as bacterial commu-
nity shifts were found at pH levels projected for 2100 (Endres et al., 2014; Grossart et al., 2006;
Krause et al., 2012). These findings imply potential impact of OA on bacterial organic matter rem-
ineralisation rates that in turn could strongly effect elemental cycling in the ocean (see cycling of
elements in Sect. 1.1.2 of this chapter).

Changing seawater chemistry under OA (mainly decreasing pH and increasing CaCO; solubility, see
Sect. 1.2.1 of this chapter) directly affects calcifying plankton organisms in their ability to build up
CaCQO; shells and skeletons (Cyronak et al., 2016). Decreasing calcification rates, shell mass or sur-
vival rates were found for photoautotrophic coccolithophores and heterotrophic organisms such
as calcareous planktonic foraminifera (amoeboid protists), shell-bearing pteropoda (pelagic sea
snails), as well as larvae of crustaceans (e.g. copepods or barnacles), bivalve molluscs (mussels),
and echinoderms (e.g. sea stars or sea urchins) (Dupont and Thorndyke, 2009; Fabry et al., 2008;
Manno et al., 2017; Riebesell and Tortell, 2011). To date, the available data suggest that calcifica-
tion rate is the metabolic process most sensitive to OA (Hendriks et al., 2010). Decreasing CaCO,
ballasting of settling POM in the future would have substantial consequences for the efficiency of

the biological pump and thus biogeochemical cycling in the ocean (Passow and Carlson, 2012).

Apart from calcifiers, evidence for direct effects of OA on micro- and adult mesozooplankton are
scarce under realistic end of the century CO, scenarios. However, it is likely that indirect effects

via the food web like changing food supply or nutritional quality of prey organisms (e.g. changing
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C:nutrient ratios, biochemical stoichiometry or fatty acid composition) will play the key role for
performance of zooplankton organisms under OA (Bermudez et al., 2016; Cripps et al., 2016;
Rossoll et al., 2012; Schoo et al., 2012).

All the previously described impacts on marine plankton will likely change their individual com-
petitive fitness, which might lead to changes in community structure and functional diversity
of ecosystems under future OA (Doney et al., 2009; Dutkiewicz et al., 2015; Fabry et al., 2008).
There is consistent evidence for a shift to smaller phytoplankton taxa that seem to profit from
increased CO, concentrations (Finkel et al., 2010; Sala et al., 2015; Schulz et al., 2017). However, it
should be noted that recent studies have shown that certain phytoplankton taxa have the poten-
tial for evolutionary adaptation to future CO, levels (Collins et al., 2014; Lohbeck et al., 2012;
Scheinin et al., 2015). A factor that must be considered in predictions of future plankton commu-

nity structures.
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1.3 Pelagic mesocosms

1.3.1 The plankton’s ‘world’ in a test tube

Pelagic mesocosms (Greek for: medium sized worlds) are experimental enclosures designed to
study natural plankton communities (Odum, 1984; Riebesell et al., 2010). The moored or even
free-drifting enclosures can host multiple trophic levels of plankton organisms from autotrophic
phytoplankton (primary producers) and herbivorous zooplankton (primary consumers), up to car-
nivorous fish larvae and jelly-fish (secondary consumers) at self-sustaining conditions. Flexible-
wall mesocosms such as the ‘Kiel Off-Shore mesocosms for Ocean Simulation’ (Fig. 1.5; KOSMOS;
Riebesell et al., 2013) or the ‘Large Clean Mesocosms’ (Guieu et al., 2010) have proven that envi-
ronmental parameters such as light, temperature, salinity, and stratification of the surrounding

water can be mimicked inside the enclosures (Guieu et al., 2010; Schulz et al., 2013).

Figure 1.5. Kiel Off-Shore Mesocosm for Ocean Simulation (KOSMOS) and a natural plankton assemblage in a drop of
seawater. Technical drawing modified from Rita Erven (GEOMAR). Plankton photograph by David Liittschwager.
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One major advantage of isolating a water mass from the surrounding environment is the opportu-
nity to repeatedly sample the same plankton community over long periods of time and successive
phases of plankton development. Bach et al. (2016b) have shown that pelagic mesocosm systems
can be maintained for more than 100 days to study natural winter-to-summer plankton succes-
sions. The possibility to set up replicate mesocosms at a given study site allows for comparison
between natural (i.e. reference) conditions and in situ manipulated environmental parameters
such as nutrients, dust deposition, pollutants or pCO, (Guieu et al., 2014; Hattori et al., 1980;
Schulz et al., 2013; Taucher et al., 2017). Despite the exclusion of higher trophic levels such as adult
fish or life stages of organisms with annual life cycles, pelagic mesocosms represent an experimen-
tal platform as close as possible to the real ocean. These isolated plankton ‘worlds’ are therefore
ideal to investigate the impact of external stressors such as OA on entire plankton communities.

1.3.2 Pelagic mesocosm and sediment trap design and their application for
biogeochemical flux measurements

The lack of exchange with the surrounding ocean (e.g. nutrients, organisms or organic matter)
makes pelagic mesocosms perfectly suitable for tracking of changes in element pools over extended
periods (see element pools in Fig. 1.2 in Sect. 1.1.2. of this chapter). Accordingly, they are ideal for
elemental flux measurements and mass balance calculations. In contrast to the open ocean, any
changes in element pools or fluxes can be directly linked with the development of the enclosed

plankton community.

Previous work has highlighted three crucial points, which must be considered in mesocosm con-
struction for biogeochemical mass balancing studies: (1) A columnar shape to ensure representa-
tive sampling with integrated water samplers for successful quantification of elemental standing
stocks in the enclosed water body, (2) the exclusion of any ‘dead-volume’ with limited exchange
to the sampled water body, creating a hidden source or sink for dissolved and particulate ele-
ment pools, and (3) the quantitative collection of sinking PM for accurate vertical flux measure-
ments of elements (Czerny et al., 2013; Riebesell et al., 2013). A columnar shape was adapted
in almost all mesocosm designs since the ‘Large-Volume Plastic Sphere’ in the 1960’s (Strickland
and Terhune, 1961) and dead-volumes inside mesocosms have been a rarity (Czerny et al., 2013).
However, sinking PM inside the mesocosms was often not collected or not quantified. Cylin-
drical or funnel shaped particle collectors were suspended inside various mesocosm designs
(von Brockel, 1982; Svensen et al., 2001; Vadstein et al., 2012), but only covered a small frac-
tion of the mesocosm diameter. Thus, they were prone to collection bias as observed in a meso-
cosm study by Schulz et al. (2008). Conical sediment traps, quantitatively collecting particles

and sealing the lower end of columnar mesocosms, were implemented for the first time in the
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1970s (Gamble et al., 1977; Menzel and Case, 1977) and adapted in modern pelagic mesocosm
designs such as the second generation of the KOSMOS mesocosms (Riebesell et al., 2013) and the
‘Large Clean Mesocosms’ (Guieu et al., 2010). This sediment trap design guarantees quantitative
collection of the downward particle flux and allows for accurate vertical flux measurements of ele-

ments inside mesocosm enclosures.
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1.4 Thesis outline

1.4.1 Overview

The oceanic uptake of anthropogenic CO, slows down global warming but leads to gradual acidi-
fication of the ocean. OA is already known to affect marine biota from the organism to the eco-
system level but with largely unknown consequences for the cycling of elements. However, the
ocean’s ability to absorb anthropogenic C or to provide sufficient food for humankind depends on
these oceanic material cycles. Therefore, it is crucial to assess how and to what extent the element
cycles will be affected by OA.

Studies on the impact of OA on single plankton species or small-scale plankton assemblages have
given us a first insight into how the most important cycles of C, N, and P might be influenced in
the future. However, these studies largely ignored the interaction with natural stressors for plank-
ton organisms such as competition for resources or grazing pressure that are omnipresent in the
marine realm. Prediction of future biogeochemical cycling of elements requires involving as many
interacting effects as possible, as the impact of OA via complex food webs can be hardly foreseen.
The first studies that investigated OA effects on entire plankton communities in situ inside meso-
cosms were limited in their runtime (days to weeks) and often lacking sufficient measurement and

characterisation of the biogeochemical pools and fluxes, especially the downward flux of PM.

Thus, the aim of this doctoral dissertation was to assess the impact of OA on biogeochemical cycles
of C and nutrients in natural pelagic food webs of several trophic levels (up to fish larvae) and over
extended time scales of several weeks to months. Large-scale pelagic mesocosms (up to 75 m?® per
unit) that were deployed in different marine ecosystems were used and new methods were devel-
oped to quantify the downward flux of PM that allowed for mass balance calculations of elements

under simulated OA.

This thesis focuses on results of three lead author manuscripts (Chapters 2 to 4) but also refers
to several co-author papers (listed in the publication record, pp. 131 - 136) that are particularly

relevant for this thesis.

Chapter 2 reports on a newly developed protocol for efficient sample recovery and processing of
settling PM collected inside pelagic mesocosm sediment traps. The focus was set on quantitative
collection of the downward particle flux and sample processing for highly accurate biogeochemical
analysis and flux measurements. Different methods for sample concentration are described and
discussed to illustrate their individual advantages and efficiencies. The developed techniques rep-

resent the basis for vertical flux measurements during the mesocosm studies of this thesis.
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Chapter 3 presents an overview of the biogeochemical pools and fluxes during a long-term meso-
cosm study in Gullmar Fjord (Sweden). Here, the impact of OA on a coastal plankton community
was assessed using ten pelagic mesocosms, each enclosing 50 m3. The natural winter-to-summer
plankton succession and biogeochemical pool development was followed at ambient and realistic
end-of-the-century CO, concentrations (~760 patm pCO,) over a time span of more than 100 days.
For analysis we used a mass balance approach to investigate OA induced changes in the partition-
ing and cycling of C and nutrients. A particular focus was set on the transfer of biomass from pri-
mary producers to the higher trophic level of mesozooplankton and on the downward flux of the

major elements.

In Chapter 4 the C:N response of a natural plankton community to increasing CO, concentrations
was assessed in eight pelagic mesocosms (75 m3) that were deployed in Raunefjord (Norway).
We established a CO, gradient of up to 1615 patm (fCO,) and initiated a phytoplankton bloom.
C:N ratios of suspended particle size fractions corresponding to pico-, nano-, and microplankton
were measured as well as the C:N ratio of the downward particle flux collected at 25 m depth.
Changes in the C:N stoichiometry were linked to the development of the enclosed plankton com-
munity and phytoplankton growth phases.

1.4.2 Thesis manuscripts and declaration of contribution

The chapters of this doctoral thesis are based on the following three manuscripts with scientific
lead authorship:

Manuscript |

Boxhammer T, Bach LT, Czerny J, Riebesell U. Technical note: Sampling and processing of meso-
cosm sediment trap material for quantitative biogeochemical analysis. Biogeosciences. 2016;13:
2849-2858. d0i:10.5194/bg-13-2849-2016

Published in Biogeosciences

Idea and experimental design: Tim Boxhammer, Jan Czerny, Ulf Riebesell

Data acquisition: Tim Boxhammer

Data interpretation: Tim Boxhammer with comments from Lennart T. Bach,
UIf Riebesell

Manuscript preparation: Tim Boxhammer with comments from all co-authors
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Manuscript Il

Boxhammer T, Taucher J, Bach LT, Achterberg EP, Algueré-Muiiz M, Bellworthy J, Czerny J, Esposito
M, Haunost M, Hellemann D, Ludwig A, Yong JC, Maren Z, Riebesell U, and Anderson LG. Enhanced

transfer of organic matter to higher trophic levels caused by ocean acidification and its implications

for export production: A mass balance approach.

Under revision in PLoS ONE

Idea and experimental design:

Data acquisition:

Data interpretation:

Manuscript preparation:

Manuscript Il

UIf Riebesell, Tim Boxhammer, Leif G. Anderson

Tim Boxhammer, Maria Alguerd-Mufiiz, Jessica Bellworthy,
Jan Czerny, Mario Esposito, Mathias Haunost, Dana Helle-
mann, Andrea Ludwig, Jan Taucher, Jaw Chuen Yong,
Maren Zark, Leif G. Anderson

Tim Boxhammer with comments from Leif G. Anderson,
Lennart T. Bach, Jan Taucher, UIf Riebesell

Tim Boxhammer with comments from all co-authors

Boxhammer T, Bach LT, Taucher J, Bellerby RGJ, Bermudez Monsalve JR, Schulz KG, Schultz, H,

Sswat M, and Riebesell U. Plankton community structure controls the response of particulate orga-

nic matter stoichiometry to ocean acidification.

To be submitted

Idea and experimental design:

Data acquisition:

Data interpretation:

Manuscript preparation:

UIf Riebesell, Lennart T. Bach, Tim Boxhammer

Tim Boxhammer, Richard G. J. Bellerby, J. Rafael Bermudez
Monsalve, Kai G. Schulz, Hendrik Schultz, Michael Sswat
Tim Boxhammer with comments from Lennart T. Bach,

Kai G. Schulz, Jan Taucher, Ulf Riebesell

Tim Boxhammer with comments from all co-authors
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Abstract. Sediment traps are the most common tool to in-
vestigate vertical particle flux in the marine realm. How-
ever, the spatial and temporal decoupling between particle
formation in the surface ocean and particle collection in sed-
iment traps at depth often handicaps reconciliation of pro-
duction and sedimentation even within the euphotic zone.
Pelagic mesocosms are restricted to the surface ocean, but
have the advantage of being closed systems and are therefore
ideally suited to studying how processes in natural plankton
communities influence particle formation and settling in the
ocean’s surface. We therefore developed a protocol for effi-
cient sample recovery and processing of quantitatively col-
lected pelagic mesocosm sediment trap samples for biogeo-
chemical analysis. Sedimented material was recovered by
pumping it under gentle vacuum through a silicon tube to
the sea surface. The particulate matter of these samples was
subsequently separated from bulk seawater by passive set-
tling, centrifugation or flocculation with ferric chloride, and
we discuss the advantages and efficiencies of each approach.
After concentration, samples were freeze-dried and ground
with an easy to adapt procedure using standard lab equip-
ment. Grain size of the finely ground samples ranged from
fine to coarse silt (2—-63 ym), which guarantees homogene-
ity for representative subsampling, a widespread problem in
sediment trap research. Subsamples of the ground material
were perfectly suitable for a variety of biogeochemical mea-
surements, and even at very low particle fluxes we were able
to get a detailed insight into various parameters characteriz-
ing the sinking particles. The methods and recommendations
described here are a key improvement for sediment trap ap-
plications in mesocosms, as they facilitate the processing of
large amounts of samples and allow for high-quality biogeo-
chemical flux data.

1 Introduction

Sediment traps of various designs have been the most com-
mon tool to study vertical particle flux in the oceans since
the middle of the last century (Bloesch and Burns, 1980).
During this period, the impact of anthropogenic pollution
and climate change on marine biogeochemical cycles has
grown steadily (Doney, 2010). Pelagic mesocosm systems
enclose natural plankton communities in a controlled envi-
ronment (Lalli, 1990; Riebesell et al., 2011) and allow us to
investigate how changing environmental factors influence el-
emental cycling in the ocean’s surface. The closed nature of
these systems makes them particularly useful to investigate
plankton community processes that quantitatively and quali-
tatively determine particle formation and settling. Cylindrical
or funnel-shaped particle traps were suspended inside vari-
ous pelagic mesocosm designs (Schulz et al., 2008; Svensen
et al., 2001; Vadstein et al., 2012; von Brockel, 1982). Cov-
ering only a small section of the mesocosm’s diameter, they
were prone to potential collection bias also well-known from
oceanic particle traps, in particular in the upper ocean (Bues-
seler, 1991).

To study vertical particle flux in mesocosms it is essential
to achieve the collection of all particles settling to the bot-
tom. This not only improves the measurement accuracy but
also drains the material from the pelagic system, as is the
case in a naturally stratified water body. Different pelagic
mesocosm designs like the Controlled Ecosystem Enclo-
sures (CEE; Menzel and Case, 1977), the “large clean meso-
cosms” (Guieu et al., 2010), or the Kiel Off-Shore Meso-
cosms for future Ocean Simulations (KOSMOS; Riebesell et
al., 2013) achieved the quantitative collection of settling par-
ticles through the cone-shaped bottom of the columnar enclo-
sures. Two different techniques were generally used to sam-
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ple collected material of these sediment traps: (1) replaceable
collection cups or polyethylene bottles, regularly exchanged
by divers (Gamble et al., 1977; Guieu et al., 2010); (2) an ex-
traction tube reaching down to the particle collector (Jinping
et al., 1992; Menzel and Case, 1977; Riebesell et al., 2013).

The key difficulty of sediment trap applications in pelagic
mesocosms is the sample processing after recovery. Depend-
ing on the setup (number of enclosures, trap design, sampling
frequency, experiment duration), samples are high in number,
relatively large in volume (up to several litres), and can reach
extremely high particle densities during aggregation events.

In the past the collected material was usually only partly
characterized to answer specific questions (e.g. Harrison and
Davies, 1977; Huasheng et al., 1992; Olsen et al., 2007),
while the full potential of the samples remained unexplored
and the methodology of sample processing was commonly
described in little detail. To fill this gap and to facilitate a
broader biogeochemical analysis of the collected material,
we refined methods for efficient sampling, particle concen-
trating, and processing of quantitatively collected mesocosm
sediment trap samples. Our primary objective was the de-
velopment of an efficient and easy to adopt protocol, which
enables a comprehensive and accurate characterization of the
vertical particle flux within pelagic mesocosms. The methods
described in this paper were developed and applied during
KOSMOS studies from 2010 until spring 2014 covering five
different marine ecosystems at diverse stages in the succes-
sion of the enclosed plankton communities.

2 Protocol for sampling and processing
2.1 Sampling strategy

The sediment trap design of KOSMOS used since 2011 con-
sists of a flexible thermoplastic polyurethane (TPU) funnel
of 2m in diameter, connected to the cylindrical mesocosm
bag by a silicon-rubber-sealed glass fibre flange (Fig. la).
A detailed description of the KOSMOS setup and mainte-
nance requirements such as wall cleaning can be found in
Riebesell et al. (2013). Settling particles are quantitatively
collected on the 7 m? funnel surface, where they slide down
at a 63° angle into the collecting cylinder, which has a vol-
ume of 3.1 L (Fig. 1b). A silicon tube of 1cm inner diam-
eter reaches down to the collecting cylinder outside of the
mesocosm bag (Fig. 1a). A hose connector links the sili-
con tube to the conical bottom end of the collector, while
a wire helix hose coating the first 1.5m prevents current-
related bending of the tube (Fig. 1b). The silicon tube it-
self is only connected to the bottom of the mesocosm and
fixed to the floating frame above the sea surface to avoid
any kinks (Fig. 1a). To empty the collecting cylinders, we
connected 5 L Schott Duran® glass bottles via a Plexiglas®
pipe to the silicon tubes attached to the floating mesocosm
frames (Fig. 1b; Boxhammer et al., 2015). A slight vacuum
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Figure 1. Panel (a): technical drawing of the KOSMOS flotation
frame with unfolded TPU enclosure bag and attached funnel-shaped
sediment trap. Panel (b): a silicon tube connects the collecting cylin-
der at the tip of the sediment trap with a 5 L sampling flask. A wire-
reinforced hose prevents current-related bending of the first 1.5 m.
Particles can be easily detected in the Plexiglass® pipe linking the
silicon tube with the sampling flask.

of ~ 300 mbar was built up in the glass bottles by means of
a manual kite surf pump to cause gentle suction of the water
inside the silicon tubes (step 1 in Fig. 2). When first particles
appeared in the Plexiglas® pipe, the sampling process was
briefly interrupted and seawater in the bottles was screened
for particles and only discarded if clear. The dense particle
suspensions originating from the collecting cylinders were
then vacuum-pumped into the sampling flasks until no more
particles were passing through the Plexiglas® pipe in a sam-
pled extra volume of about 0.5 L (Boxhammer et al., 2015).

Subsamples of sediment trap material for measurements
such as zooplankton contribution (Niehoff et al., 2013), par-
ticle sinking velocity (Bach et al., 2012) or respiration rates
of particle-colonizing bacteria were taken with a pipette af-
ter sample collection but prior to the processing of the bulk
sample for biogeochemical analysis. For this the particle
suspension (~ 1-4 L) was gently mixed and subsample vol-
umes withdrawn immediately before resuspended particles
were able to settle down. The total volume of all subsam-
ples should be kept low (ideally below 5 %) in order to limit
the subsampling bias on the remaining sample that is pro-
cessed for quantitative biogeochemical analysis. We occa-
sionally noticed a patchy distribution of particles within the
sampling bottles despite the mixing, but we consider this sub-
sampling bias to be rather small because the subsample vol-
ume was usually large enough to tolerate a certain degree of
sample heterogeneity. Quantities of the main sample and all
subsamples were gravimetrically determined with an accu-
racy of 0.1 g for individual share calculations.
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Figure 2. Protocol of mesocosm sediment trap sampling (1), par-
ticle concentration (2-3), freeze-drying (4), and grinding (5-8) to
convert heterogeneous sediment trap samples into homogeneous
powder for biogeochemical analysis.

2.2 Separating particles from bulk seawater

Particulate material recovered from the mesocosm sediment
traps and transferred into sampling flasks needs to be sepa-
rated from bulk seawater collected during the sampling pro-
cedure. In this section we describe three different methods
for separating particles from bulk seawater, as this was the
most critical and time-intense step in the sampling procedure.

The particle concentration efficiency (%) of the three
methods (Sects. 2.2.1-2.2.3) was determined as the percent-
age of total particulate carbon (TPC) concentrated in the pro-
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cessed samples in relation to the sum of concentrated and
residual TPC in the remaining bulk water. Residual TPC in
the bulk water was determined from subsamples that were fil-
tered on combusted GF/F filters (Whatman; 0.7 ym pore size,
450 °C, 6 h) with a gentle vacuum (< 200 mbar) and stored in
combusted glass petri dishes (450 °C, 6 h) at —20 °C. Cope-
pods, which could occasionally be found in the liquid, were
carefully removed from the filters right after filtration. The
filters were oven-dried at 60 °C over night, packed into tin
foil, and stored in a desiccator until analysis. Combusted
GF/F filters without filtered supernatant were included as
blanks and measured alongside with the sample filters. The
carbon and nitrogen content of the concentrated and sub-
sequently dried and ground bulk material (processing pro-
cedure described in Sects. 2.3 and 2.4) was analysed from
subsamples of 2 +0.25 mg in tin capsules (5 x 9 mm, Hekat-
ech). For this, subsamples were directly transferred into the
tin capsules and weight was determined on a microbalance
(M2P, Satorius) with an accuracy of 0.001 mg. All samples
were measured with an elemental analyser (Euro EA-CN,
Hekatech), which was calibrated with acetanilide (CgH9NO)
and soil standard (Hekatech, catalogue no. HE33860101)
prior to each measurement run.

2.2.1 Separating particles from bulk seawater by
passive settling

Particles were allowed to settle for 2h in 5L glass bottles in
darkness at in situ water temperature before separating the
supernatant liquid. After this sedimentation period the su-
pernatant was removed and transferred into separate vacuum
bottles by means of a 10 mL pipette connected to a vacuum
pump (Czerny et al., 2013; Gamble et al., 1977). We found
the removal of the supernatant to be most efficient when glass
bottles were stored at a 60° angle so that particles could ac-
cumulate at the bottom edge of the bottles (step 2 in Fig. 2).
The dense particle suspension at the bottom of the glass bot-
tles was concentrated in 110 mL tubes by centrifugation for
10 min at 5039 x g (3K12 centrifuge, Sigma) to form com-
pact sediment pellets (step 3 in Fig. 2). These pellets were
then frozen at —30 °C. A cable tie with its tip bent at a 90°
angle was stuck into each sample before freezing in order to
enable easy recovery of the material from the centrifugation
tubes. The frozen samples were transferred to plastic screw
cap jars (40-80 mL) for preservation and storage in the dark
at —30 °C before freeze-drying (Sect. 2.3).

Separating particulate material from the liquid by passive
gravitational settling resulted in a median concentration effi-
ciency of 92.9 %. The relatively wide range of scores (99.3—
86.8 %) reflects a nonideal reproducibility of this particle
concentration method (Fig. 3, green). The applied sedimenta-
tion period of 2 h was occasionally not long enough for small
or low-density particles to settle. To increase the concentra-
tion efficiency of passive settling, longer sedimentation pe-
riods of up to 48h, e.g. for single plankton cells would be
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Figure 3. Box plot of the concentration efficiency (%) of three dif-
ferent methods for particle concentration of mesocosm sediment
trap samples. Concentration of particles by passive settling (green)
is compared with gravitational deposition of particulates by whole-
sample centrifugation (blue). The third option of flocculation and
coagulation with FeCl3 for enhanced particle settling is presented
in red. Concentration efficiency is defined as the percentage of TPC
concentrated in the processed sediment trap samples in relation to
the particulate carbon in the originally sampled suspensions (sum of
concentrated and residual TPC in the bulk water). Outliers (circles)
are defined as any data points below 1.5 x IQR (interquartile range)
of the first quartile hinge or above 1.5 x IQR of the third quartile
hinge.

required. However, this is not practical at high sampling fre-
quencies for a set of several mesocosms and would require
poisoning of the samples to inhibit microbial degradation of
organic matter.

2.2.2 Separating particles from bulk seawater by
whole-sample centrifugation

Centrifuging the entire sample volume, which is usually be-
tween 1 and 4 L, can considerably enhance gravitational sep-
aration of particles from bulk seawater. This procedure re-
quires a large-volume centrifuge that is not necessarily stan-
dard lab equipment and difficult to take out into the field due
to its high weight. For this approach we transferred parti-
cle suspensions originating from the sediment traps directly
from the 5 L sampling flasks into 800 mL centrifuge beakers.
The separation of particulate material was achieved within
10 min at 5236 x g using a 6-16KS centrifuge (Sigma), fol-
lowed by slow deceleration to avoid resuspension of parti-
cles (step 3 in Fig. 2). The supernatant was then carefully
decanted and collected for filtration, while the sample pellets
were transferred into 110 mL centrifuge tubes. This proce-
dure was repeated until the 5 L sampling flasks were emptied.
In a second step of centrifugation for 10 min at 5039 x g in
the small tubes (3K 12, Sigma) samples were compressed into
compact sediment pellets which can be frozen and stored in
plastic screw cap jars as described in Sect. 2.2.1.
Whole-sample centrifugation resulted in a high concentra-
tion efficiency of particles with a median of 98.9 % and a low
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variability (98.1-99.6 %), indicating the high reproducibility
of this method (Fig. 3, blue).

2.2.3 Concentrating samples by flocculation and
coagulation of particles

Ferric chloride (FeCls) is well known as a flocculant and co-
agulant in sewage treatment (Amokrane et al., 1997; Renou
et al., 2008) but can also be used for concentrating marine
viruses (John et al., 2011) or microalgae (Knuckey et al.,
2006; Sukenik et al., 1988). The iron ions form a series of
metal hydrolysis species aggregating to tridimensional poly-
meric structures (sweeping flock formation) and enhance the
adsorption characteristics of colloidal compounds by reduc-
ing or neutralizing their electrostatic charges (coagulation).
Best precipitation results at a salinity of 29.6 were obtained
by the addition of 300 uL. of 2.4 M FeCls solution per litre
of well-stirred particle suspension, resulting in a very clear
supernatant. The disadvantage of particle precipitation with
FeCl3, however, is that FeCls is a fairly strong Lewis acid and
therefore reduces the pH upon addition to a seawater sample.
A pH decline in sediment trap samples needs to be avoided
in order to prevent dissolution of collected calcium carbonate
(CaCO0s3).

To quantify the FeCls-related pH reduction we added
FeCl3 to (1) a seawater sample originating from mesocosms
deployed in Gullmar Fjord (Sweden 2013) and (2) a sea-
water sample of the same origin in which we resuspended
sediment trap material. This test was carried out in 500 mL
beakers at 25 °C using a stationary pH meter (NBS scale,
713, METROHM) to monitor changes in the seawater pH
(Fig. 4). As expected, the addition of 150 uL. FeCl3 (2.4 M)
solution resulted in a distinct drop in seawater pH of about
3 units in the absence of particles (Fig. 4, blue, filled boxes)
and 1.3 units in the presence of resuspended particles (Fig. 4,
red, empty boxes). The pH decrease was compensated by
stepwise titration with 3 M NaOH, reaching the initial sea-
water pH after the addition of ~ 330 L NaOH both in the
absence and the presence of particles. In both cases the calcu-
lated aragonite saturation state, representing the more soluble
form of biogenic CaCOs, was well above Q2 = 1 (Fig. 4, grey
dashed line), as calculated with CO2SYS MS Excel Macro
(Pierrot et al., 2006) at 25°C, Odbar, a salinity of 29.62,
and total alkalinity (TA) of 2206.1 (Bach et al., 2016) with
constants of Mehrbach et al. (1973), refitted by Dickson and
Millero (1987).

According to the test, 660 uL. NaOH (3 M) were simulta-
neously added with 300 uL. FeCl3 (2.4 M) to each litre of
particle suspension to stabilize the sample pH and to achieve
optimal particle precipitation (Supplement S1). The forma-
tion of dense and rapidly settling flocks allowed the separa-
tion of the supernatant and concentration of the deposit as
described in Sect. 2.2.1 after only 1 h of sedimentation. Even
though buffering the samples with NaOH, we still observed
shifts in seawater pH. Delta pH (ApH) was calculated from
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Figure 4. Titration of 500 mL sea water (blue, filled box and line)
and 500 mL particle suspension (red, empty box and line) with
3 M NaOH after addition of 150 L. 2.4 M FeClj solution. The grey
solid line indicates the pH of seawater before any manipulation. pH
(NBS scale) was measured at 25 °C with a stationary pH meter (713,
METROHM). Calculated aragonite saturation state of 2 = 1 is rep-
resented by the grey dashed line.

50 pH measurements before and after the addition of FeCl3
and NaOH to sediment trap samples (pH meter, 3310 WTW;
InLab Routine Pt1000 electrode, Mettler Toledo). The result-
ing ApH (Fig. 5) differed between individual samples of the
same day as well as between sampling days over the 107
days of the experiment. A maximum spread of 0.46 pH units
was observed on day 63, while the minimum difference of
0.15 units occurred on day 103. We did not detect a trend
towards a positive or negative shift in pH as the variation in
the data led to an average ApH of —0.01. It is likely that dif-
ferences in the amount and composition of particles in the
samples led to the observed pattern. Aragonite and calcite
saturation states of the samples after precipitation (Fig. 5)
were calculated as described above using in situ storage tem-
perature, pH measurements of the samples, and TA values
from mesocosm water column measurements (Bach et al.,
2016). Undersaturation of both carbonate species already oc-
curred in several samples prior to FeCls addition as ocean
acidification scenarios were established inside the mesocosm
bags and CO; released by biomass degradation likely further
reduced seawater pH. In fact the number of undersaturated
samples after precipitation was reduced by two and six sam-
ples with respect to aragonite and calcite. This method can
therefore also be used to eliminate undersaturation of CaCQOj3
in the samples as a consequence of CO, released by micro-
bial degradation of the collected organic matter.

The FeCls approach yielded the highest concentration ef-
ficiency among the three methods with a median of 99.6 %
and a narrow range of scores (98.2-99.9 %), indicating a re-
markable reproducibility (Fig. 3, red). The outliers seen in
the box plot are likely caused by extremely high amounts
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Figure 5. Delta pH of 50 sediment trap samples, calculated from
pH measurements before and after addition of FeClz (300 L. L1,
2.4M) and NaOH (660 uL L1, 3M) for precipitation of suspended
particulate material. Q2ARAGONITE after chemical treatment of the
samples is indicated by a colour gradient from red to grey to blue,
representing undersaturated, saturated, and oversaturated samples,
respectively. QcarcrTg <! is indicated by black edging of the
coloured data points.

of transparent exopolymer particles (TEP) in specific sam-
ples. We observed TEP in the supernatant of these samples
in the form of strings (Alldredge et al., 1993) likely promot-
ing buoyancy of attached particles (Azetsu-Scott and Passow,
2004) and thereby explaining the slightly decreased concen-
tration efficiency in these samples.

2.3 Freeze-drying samples

The water content of the frozen samples was removed by
freeze-drying for up to 72 h depending on pellet size (step 4
in Fig. 2). Lyophilization is preferable to drying the material
in the oven for better preservation of phytoplankton pigments
(McClymont et al., 2007) and a significant improvement of
pigment extraction (Buffan-Dubau and Carman, 2000; van
Leeuwe et al., 2006). Sedimentation rates within the meso-
cosms (expressed as collected dry weight per unit time) were
gravimetrically determined and should be corrected for sea
salt content. Residual sea salt can be estimated with the
known loss of water during freeze-drying and known salinity
of water in the respective samples. The alternative of remov-
ing sea salt before freeze-drying with ultra pure water has the
downside of potential osmotic cell rupture and loss of intra-
cellular compounds and should therefore be avoided.

24 Grinding the desiccated material

The desiccated sediment pellets were cryogenically ground
into a fine powder of homogeneous composition to guarantee
representative subsampling. We therefore developed a ball
mill to grind sample sizes from 0.1 to 7.0 g dry weight. Hol-
low spheres with volumes ranging from 11.5 to 65.5 mL were
cut out of blocks of stainless steel (V4A/1.4571). Each hol-
low sphere is divided into two hemispheres of exactly the
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Table 1. Depending on the dry weight of the freeze-dried sedi-
ment trap samples, different grinding sphere volumes and numbers
of grinding balls (10-20 mm) are recommended to achieve optimal
grinding results at a set run time of the ball mill (5 min). The optimal
combination of the different factors was determined empirically to
achieve a grain size smaller than 63 ym and to minimize frictional
heating of the samples.

Sample Hollow sphere  No. of grinding ~ Run time of
dry weight  volume balls and size the ball mill
(@ (mL) (mm) (min)

<15 115 1x10 5

1.5-2.5 244 Ix154+2%x10 5

25-50 477 2x1542x10 5

5.0-70 65.5 1x20 5

same shape and only connected by two guide pins and sealed
by a metal sealing (Fig. S1 in Supplement). The size of the
grinding sphere was selected according to the dry weight of
the freeze-dried sediment pellets (Table 1). A set number and
size of grinding balls (stainless steal, 1.3541) ranging from
10 to 20 mm in diameter is transferred into the hemisphere
containing the sample pellet (Table 1). The second hemi-
sphere is then put on top of the other so that the two hemi-
spheres form a hollow sphere with the sample and the grind-
ing balls locked inside. Sediment pellets heavier than 7.0 g
have to be split up into multiple spheres and require homog-
enization after grinding. After loading the grinding spheres
we cooled them down in liquid nitrogen (step 5 in Fig. 2)
until the liquid stopped boiling (—196 °C). We observed that
deep-freezing of the samples is essential for embrittlement of
lipids in the organic matter and additionally protects phyto-
plankton pigments from frictional heating during the grind-
ing process. The deep-frozen spheres (ca. —196°C) were
clamped on a cell mill (Vibrogen VI 6, Edmund Biihler) and
shaken at 75 Hz for 5 min (step 6 in Fig. 2), thereby grind-
ing the material by impact and friction. Before opening the
grinding spheres they needed to be warmed up to room tem-
perature to avoid condensation of air moisture on the ground
sample material. This was done by means of infrared light
bulbs (150 W) installed at about 5cm distance (step 7 in
Fig. 2). The very finely ground samples were then recovered
from the opened spheres with a spoon and transferred into
gas tight glass vials to protect the powder from air moisture
(step 8 in Fig. 2). Samples were stored in the dark at —80 °C
to minimize pigment degradation. All handling of the sam-
ples during the grinding process was done over a mirror for
complete recovery of the ground material.

We evaluated the homogeneity of finely ground sediment
trap samples by five repetitive carbon and nitrogen measure-
ments of samples collected during experiments in different
ocean regions between 2010 and 2014 (Table 2). The repro-
ducibility of the measurements was expressed by the coeffi-
cient of variation in percent (CV %) reflecting the dispersion
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Figure 6. Scanning electron microscopy (SEM) photographs of two
sediment trap samples before (a, b) and after grinding (c—f). Panels
(c) and (d) represent the average grain size of the ground samples,
while (e) and (f) reveal details visible at 2500-fold magnification.

of measurements relative to the mean:

CV% = x 100. 1)

MEAN

The CV % estimates demonstrated that carbon (CV %: 0.15—
0.99) and nitrogen (CV %: 0.28-1.86) measurements of the
ground samples were at least equally reproducible as mea-
surements of the two calibration standards acetanilide and a
soil standard with a CV % of 0.34 and 4.17 for carbon and
0.97 and 1.55 for nitrogen, respectively (Table 2).

The homogeneity of ground samples is mainly determined
by the grain size, which is therefore crucial for representa-
tive subsampling. Scanning electron microscopy (SEM) pho-
tographs of fresh sediment trap samples (Fig. 6a, b) show that
the collected material consists of a heterogeneous mixture
of all kind of debris particles, such as agglutinated diatom
chains, faecal pellets, and macroscopic aggregates. None of
these macroscopic structures were visible after the grinding
procedure (Fig. 6¢, d). Only at 2500—fold magnification did
details such as pores of former diatom frustules become de-
tectable in tiny fragments (Fig. 6e, f). Grain size, represent-
ing grinding quality, was in the range of fine to coarse silt
(2-63 um, international scale), independently of the sample
origin and primary composition (Fig. 6¢c, d).
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Table 2. Results from replicate carbon and nitrogen measurements of ground sediment trap material used to test its homogeneity. Powdered
samples originating from different pelagic mesocosm experiments were tested and compared with commercially available standards com-
monly used for calibration of elemental analysers (soil standard (std), acetanilide standard (std)). Homogeneity is expressed by the coefficient
of variation in percent (CV %). Also presented are the number of measured aliquots, the amount of material analysed, average carbon content,
calculated standard deviation (SD), and grain size derived from scanning electron microscopy. ND: grain size not determined.

Sample Measured  Aliquot  Grain  Average SD CV % Average SD CV %

origin aliquots weight size carbon (carbon)  (carbon) nitrogen (nitrogen)  (nitrogen)
no. (mg) (ym)  (umol mg’l) (umolmg™1)

Soil std 5 4+025 ND 2.83 0.12 4.17 0.16 0.00 1.55

C=3429%

Acetanilide std 5 1+0.15 ND 58.81 0.20 0.34 7.34 0.07 097

C =71.089%

Svalbard 2010 5 2+025 ND 22.74 0.12 0.51 377 0.01 0.39

No. SV106

Norway 2011 5 24+025 <63 19.57 0.09 048 2.53 0.01 0.54

No.NO124

Finland 2012 5 24025 <63 2253 0.03 0.15 3.58 0.01 0.28

No. FI114

Sweden 2013 5 24025 <63 2903 0.23 0.80 1.65 0.03 1.86

No. SE502

Gran Canaria 2014 5 24025 <63 17.15 0.17 0.99 0.94 0.00 0.28

No. GC68

3 Conclusions and recommendations

3.1 Sediment trap design and sample recovery

The quantitative collection of settling particles, as realized
in several pelagic mesocosm designs (e.g. CEE, KOSMOS,
Large Clean Mesocosms), combines the advantage of sam-
pling all settling particles produced by the enclosed plankton
community with the removal of settled organic matter from
the bottom of the enclosures. Collecting all settling parti-
cles avoids the potential sampling bias of suspended parti-
cle traps in mesocosm enclosures and leads to more accurate
particle flux rates. Removing the accumulating material pre-
vents resuspension and non-quantified resupply of nutrients
and other dissolved compounds released by degradation back
into the water column.

We applied the vacuum sampling method to allow easy
sample recovery at short time intervals and to keep the sys-
tems sealed for minimal disturbance of the enclosed water
bodies. Opening of the sediment traps even for a very short
time can lead to water exchange due to density gradients be-
tween the enclosed and the surrounding water. The vacuum
sampling method is therefore ideal to keep the mesocosm
enclosures completely sealed and thereby exclude the intro-
duction of plankton seed populations and to allow for the
proper budgeting of elements. Furthermore, the extraction of
the collected material from the sea surface does not require
diving activities. Only in case of a nonreversible blockage of
the outlet of the collecting cylinder by artificial objects do
divers need to open up the collecting cylinder at the top or
the bottom.

www.biogeosciences.net/13/2849/2016/

Sediment traps of mesocosms can obviously not be poi-
soned to prevent organic matter degradation, raising the im-
portance of frequent sampling. Sampling intervals of the
traps should be kept short — 2 days or less — to limit bacterial-
and zooplankton-mediated remineralization of the settled
material and to avoid or minimize the time of possible car-
bonate undersaturation or anoxic conditions.

3.2 Particle concentration

Centrifuging the entire sample volume (Sect. 2.2.2) as well
as precipitating particles with FeClsz (Sect. 2.2.3) was shown
to effectively concentrate sediment trap samples containing
large amounts of bulk seawater without the need for separate
analysis of the supernatant. In contrast, particle concentration
by passive settling (Sect. 2.2.1) should be complemented by
additional measurements of material remaining in the super-
natant as mean concentration efficiency is much lower and
more dependent on particle characteristics.

The simplest method to use in the field was centrifugation
of the whole sample volume. We therefore recommend this
method for sample volumes of up to 3L, as it avoids sepa-
rate supernatant analysis or readjustment of the samples’ pH
and undesired enrichment with iron. Concentration of sam-
ples larger than 3L can be accelerated by precipitation of
particles with FeCls prior to centrifugation and is advisable
during bloom and post-bloom events of high particle fluxes.
If applied in the future, we strongly advise adjusting pH after
FeCls addition with NaOH in each sample individually to en-
sure CaCO3 preservation. FeCls is also known to precipitate
dissolved inorganic phosphate (PO?{) (Jenkins et al., 1971),

Biogeosciences, 13, 28492858, 2016
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Table 3. List of parameters measured from ground sediment trap samples originating from KOSMOS experiments. The methods or instru-
ments applied and the corresponding references with data sets and detailed descriptions of the methods are also provided.

Parameter

Method or instrument

Corresponding publications

Total carbon

Organic carbon

Inorganic carbon

Total nitrogen

Phosphorus

Biogenic silica

Isotopic tracers (13C, 15N)

Phytoplankton pigments

Elemental analyser

Removal of inorganic carbon by
direct addition of hydrochloric
acid (Bisutti et al., 2004);
elemental analyser

Calculated from total and org.
carbon

Elemental analyser

Spectrophotometry

(Hansen and Koroleff, 1999)
Spectrophotometry

(Hansen and Koroleff, 1999)
Mass spectrometry,
elemental analyser
High-pressure liquid
chromatography

Czerny et al. (2013),
Paul et al. (2015b)
Riebesell et al. (2016)

Riebesell et al. (2016)

Czerny et al. (2013),
Paul et al. (2015b)
Czerny et al. (2013),
Paul et al. (2015b)
Czerny et al. (2013),
Paul et al. (2015b)

de Kluijver et al. (2013),
Paul et al. (2015a)

Paul et al. (2015a)

but the relative contribution of precipitated POi_ to partic-
ulate phosphorus in the samples is likely to be negligible.
The potential of iron to interfere with the spectrophotomet-
ric analysis of biogenic silica or particulate phosphorus lead-
ing to increased absorption at very high iron concentrations
(Hansen and Koroleff, 1999) can not be confirmed based on
our observations (author’s unpublished data).

3.3 Sample analyses

Processing of the sediment trap material to a finely ground
and homogeneous powder proved to be ideally suited for re-
producible elemental composition analysis. So far we suc-
cessfully measured the content of major bioactive elements
such as total, organic, and inorganic carbon, nitrogen, phos-
phorus, and biogenic silica using standard methods for par-
ticulates in seawater (Table 3). Isotopic tracers such as B¢
and N added to the mesocosms as well as natural iso-
tope signals were additionally measured in settled organic
matter (de Kluijver et al., 2013; Paul et al., 2015a). Fur-
thermore, phytoplankton pigments extracted from the ground
samples were analysed revealing the contribution of key phy-
toplankton groups to settling particle formation (Paul et al.,
2015a). As only a few milligram of material are needed for
these analyses, the measurement of further parameters such
as lithogenic material or amino acids should be tested in the
future.

3.4 Recommendations

This section highlights the most important recommendations
for improving particle collection in pelagic mesocosms along
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with sampling and processing of the collected material for
biogeochemical analysis. The recommendations are as fol-
lows.

— Quantitative collection of settling particles with full-
size funnel traps leads to accurate flux measurements
and minimizes the impact of organic matter degradation
on the enclosed water columns.

— Vacuum sampling of the sediment traps via an extrac-
tion tube allows keeping the mesocosms sealed, exclud-
ing seawater and organism exchange.

— High sampling frequency limits organic matter degrada-
tion and potential carbonate undersaturation or anoxia
in the traps.

— Separation of particles and bulk seawater in the samples
is highly efficient when achieved by centrifugation or
chemical precipitation with FeCl3.

— Freeze-drying the collected material is preferable to
drying the samples in the oven to better preserve phy-
toplankton pigments.

— Grinding of the entire samples guarantees representative
subsampling for biogeochemical analysis.

Following our successfully applied protocol (Fig. 2, Sect. 2)
and the above recommendations will lead to accurate biogeo-
chemical flux data of mesocosm sediment traps, irrespective
of the magnitude of the particle flux.

The Supplement related to this article is available online
at doi:10.5194/bg-13-2849-2016-supplement.
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Abstract

Ongoing acidification of the ocean through uptake of anthropogenic CO, is known to affect marine
biota and ecosystems with largely unknown consequences for marine food webs. Changes in food
web structure have the potential to alter trophic transfer, partitioning, and biogeochemical cyc-
ling of elements in the ocean. Here we investigated the impact of realistic end-of-the-century CO,
concentrations on the development and partitioning of the carbon, nitrogen, phosphorus, and
silica pools in a coastal pelagic ecosystem (Gullmar Fjord, Sweden). We covered the entire winter-
to-summer plankton succession (100 days) in two sets of five pelagic mesocosms, with one set
being CO, enriched (~760 patm pCO,) and the other one left at ambient CO, concentrations. Our
key observations under high CO, were: (1) Enhanced carbon fixation (relative to nitrogen) that
appeared in the particulate matter pool, as well as in the downward particle flux. (2) A significantly
amplified transfer of carbon, nitrogen, and phosphorus from primary producers to higher trophic
levels, particularly during times of regenerated primary production. (3) A prolonged retention of
all three elements in the water column that significantly reduced nitrogen and phosphorus sedi-
mentation by about 11 and 9%, respectively. Our findings highlight the potential for ocean acidifi-
cation to alter partitioning and cycling of carbon and nutrients in the surface ocean but also show
that impacts are temporarily variable and likely depending upon the structure of the plankton food

web.

3.1 Introduction

The ocean is a major sink for anthropogenic carbon dioxide (CO,) by absorbing more than 2 Pg
carbon per year from the atmosphere [1,2]. This uptake of atmospheric CO, leads to both car-
bonation (increasing CO, concentration) and acidification (decreasing seawater pH) of the surface
ocean [3,4]. Changes of both environmental factors are expected to impact marine biota from the
organism [5] to the ecosystem level [6,7]. Phytoplankton groups belonging to the picoeukaryotes
will likely benefit from increased inorganic carbon availability [8,9], while calcifying phyto- and
zooplankton groups such as coccolithophores or pteropods will likely be impaired by decreas-
ing seawater pH [10,11]. Presumed shifts in plankton community composition, e.g. to smaller
(medium-sized) phytoplankton organisms [12] with different elemental stoichiometry can modify
marine element cycling [13-15]. Recent studies have further revealed the potential of CO, to alter
the partitioning of carbon between dissolved and particulate organic matter pools in the eupho-
tic ocean zone [16-18]. Increasing proportions of dissolved organic carbon can stimulate bacte-

rial growth and recycling of organic matter [17,19,20], but are also known to promote particle
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formation and organic matter export by increasing particle stickiness [19,21]. While our knowledge
about the impact of CO, on carbon cycling in the ocean is continuously growing, the potential
effects on cycling of macronutrients (inorganic nitrogen, phosphorus, and silica) through changes
in the marine food webs require more in-depth investigation. In fact, the partitioning of macronu-
trients between different pools and trophic levels determines their turnover rates and can thereby
feedback on ecosystem structure and functioning [22]. For instance changes in stoichiometry and
fatty acid composition of primary producers as a consequence of increasing CO, have already been
shown to impact mesozooplankton reproduction and development [23,24]. This implies direct

consequences for element cycling within the ocean’s food webs.

Calculating the mass balance of carbon and macronutrients is one of the best approaches to esti-
mate their partitioning and cycling. However, such approaches are prone to high uncertainties in
open ocean regions. Availability of essential parameters (e.g. gas exchange of CO, or settling par-
ticulate matter) is often limited, while vertical mixing and lateral advection permanently exchange
the investigated water masses. Pelagic mesocosms have the advantage of isolating a water mass
from the surrounding ocean and hence allow us to investigate natural plankton assemblages of
several trophic levels at close to natural conditions. The enclosed water bodies can be character-
ised with respect to element pools and plankton community, while repetitive sampling of the same
water parcel allows monitoring of changes over long timescales and successive phases of plankton

development.

Here we present results from a pelagic in situ mesocosm CO, perturbation study in Gullmar Fjord
(Sweden) covering the full winter-to-summer plankton succession typical for the coastal sea in
mid-latitudes. The mid-latitude regions are of particular importance to global element cycling
due to the annual formation of large phytoplankton spring blooms characterised by high export
efficiency [25]. We monitored the enclosed plankton communities (from viruses to fish larvae)
over more than 100 days in two sets of five mesocosms representing ambient and projected year
2100 pCO, (partial pressure of CO,), respectively [26]. Element pools of carbon, nitrogen, phos-
phorus, and silica (C, N, P, and Si) were measured to compute mass balances and estimates of net
community production, thereby assessing the impact of ocean acidification on the partitioning

and cycling of major elements within the ocean surface layer.
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3.2 Materials and methods

3.2.1 Mesocosm setup and maintenance

Ten ‘Kiel Off-Shore Mesocosms for Ocean Simulations’ (KOSMOS; [27]) were deployed on
January 29, 2013 in Gullmar Fjord on the west coast of Sweden (58.26635 °N, 11.47832 °E). Sea
ice drift and technical problems described in Bach et al. [26] delayed the start of the experiment
until March 7 (day 2 = t,, i.e. 2 days before homogenization of the water column; see Sect. 3.2.2).
Each cylindrical mesocosm bag (2 m diameter) enclosed a 17 m deep water column, sealed at the
bottom end by a two meter long, funnel-shaped sediment trap (Fig 3.1A).

Enclosed nekton and large mesozooplankton (e.g. fish larvae or jelly fish) were removed during
the initial period of the study by a full-diameter-size net (1 mm mesh) that was pulled through
each mesocosm (ts; Fig 3.2). Samples relevant for mass balancing of elements were taken over a
period of more than 100 days until June 22 (t,,s; Fig 3.2). Biofilm formation on the inner and outer
walls of the cylindrical mesocosm bags was prevented by regular cleaning [26] (Fig 3.2). Settled
material adhering to the inner surface of the sediment trap funnels was removed at the very end
of the experiment (t,4,). A detailed description of the study site, the initiation of the experiment,

and mesocosm cleaning can be found in Bach et al. [26].

A s‘&‘ B air-sea gas exchange (CO,)
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Fig 3.1. KOSMOS mesocosm unit and conceptual figure of element pools and fluxes. (A) Schematic illustration of a
KOSMOS unit, including the floatation frame at the sea surface and the enclosure bag reaching down to the sediment
trap at the bottom. (B) Element pools (IN, DOM, PM, PMcp) and fluxes (air-sea gas exchange of CO,, sedimentation of
PMysgp) included in the mass balances of carbon, nitrogen, phosphorus, and silica (C, N, P, and Si). Grey arrows indicate
exchange between the individual element pools in the water column. lllustration of the KOSMOS unit modified from
Rita Erven (GEOMAR).
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Fig 3.2. Manipulation, sampling, and maintenance schedule. Days of experiment are relative to the
day of water column homogenization (day 0 = t,).
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3.2.2 System manipulations and volume determination

The natural salinity gradient enclosed inside the mesocosms was homogenized by injecting air
to the bottom of the enclosures in two stages (t, and ty; Fig 3.2; [26]). A ‘high CO, treatment’ of
initially 961 patm pCO, (t;) was established in five of the ten mesocosms (M2, M4, M6, M7, M8)
by stepwise addition of CO,-saturated seawater (t;, t,, t,, t,). The other five mesocosms served
as untreated controls (M1, M3, M5, M9, M10), representing ambient CO, conditions. pCO, levels
were re-adjusted four times in the high CO, mesocosms (t;,, ti + tas, tes, tss; Fig 3.2) to counteract

the loss from outgassing and biological uptake.

Seed populations of organisms from the surrounding fjord were introduced to the mesocosms by
adding 22 L of fjord water on every fourth day (Fig 3.2). In total, the regular fjord water additions
summed up to about 1% of the mesocosms’ volume [26]. In early May, we introduced green sea-
urchin larvae (Strongylocentrotus droebachiensis; ts¢) and herring eggs (Clupea harengus; t,5), that

hatched two weeks later on tg,.

The volume of each mesocosm was determined by adding a known amount of calibrated sodium
chloride brine solution and by measuring the salinity increase as described in Czerny et al. [28].
The brine solution was evenly dispersed inside the mesocosms on April 24 (t,), elevating salinity
by about 0.1 units from on average 29.2 to 29.3. Mesocosm volumes were converted from kilo-

grams of seawater to litres using individual seawater density of each mesocosm on t,.

3.2.3 Sampling procedures and CTD operations

The mesocosm water columns and sediment traps were sampled every second day starting at
t, with the exception of one additional inorganic nutrient sampling on t, (Fig 3.2). The sediment
traps at 19 m water depth were emptied with a vacuum system following Boxhammer et al. [29].
Water column samples were taken with depth-integrating water samplers (IWS, Hydro-Bios) which
collected equal amounts of water from all depth levels between 0 and 17 m. Samples sensitive for
contamination or gas exchange such as inorganic nutrients (including dissolved inorganic nitrogen
(DIN = nitrate (NOy’) + nitrite (NO,) + ammonium (NH,*)), phosphorus (DIP = phosphate (PO,*)) and
silica (DSi = Si(OH),)), dissolved organic matter (DOM; DOC (carbon), DON (nitrogen), DOP (phos-
phorus)) and carbonate chemistry samples (dissolved inorganic carbon (DIC), pH) were directly
transferred from the IWS samplers into corresponding sample bottles. DOC/DON samples were
gravity filtered through glass fibre filters (pore size 0.7 um, Whatman) during transfer into pre-
combusted glass vials on board of the sampling boats and acidified in the lab (HCI, 25%, analysis

grade, Carl Roth) to pH 2 as described in Zark et al. [30]. DOP samples were collected in acid-rinsed
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polycarbonate bottles (Nalgene) and filtered in the lab trough 0.7 um (GF/F, Whatman) into low-
density polyethylene vials (LDPE, Roth) using gentle vacuum filtration (<200 mbar). Until ts; DOP
samples were only collected on 12 out of 30 sampling days (see Fig 3.2) and were poisoned with
mercury chloride following Kattner [31]. DOP samples collected after t;; were taken alongside the

48 hours sampling routine (apart from tg; - tg;) and stored frozen at 20°C.

Carbonate chemistry samples were taken as described in Bach et al. [26] and sterile-filtered
(0.2 um) for a maximum of three days storage (dark and cold) before analysis.

Particulate matter (PM) was sampled from seawater pooled in 10 L carboys that were subsampled
within a few hours at in-situ water temperatures. Water from these carboys was used for analysis
of biogenic silica (BSi), total particulate carbon (TPC), nitrogen (TPN), and phosphorus (TPP), as
well as Chlorophyll a (Chl a) concentrations.

Mesozooplankton was collected with an Apstein net (55 um mesh size, 17 cm diameter opening)
by vertical net hauls (17 to 0 m water depth), representing a sampled volume of about 386 L. We
restricted the sampling frequency to every eighth day to minimize the impact on the mesozoo-
plankton community (Fig 3.2). A subsample of 4% was used for high-resolution plankton imaging
with the ZooScan method (see Sect. 3.2.4.6), while the majority of the sample was preserved with
sodium tetraborate-buffered formalin (4% v/v) for taxonomic abundance analyses [32].

CTD casts, providing salinity and temperature profiles, were performed with a CTD60M (Sea & Sun
Technology) on every sampling day between 11 a.m. and 3 p.m. (local time; Fig 3.2), covering a

water depth from 0.3 to 18 m.

3.2.4 Sample analysis

3.2.4.1 Carbonate chemistry measurements and calculations

DIC was determined by colorimetric titration following Johnson et al. [33], with an estimated preci-
sion of 3 umol kg? (standard deviation of duplicate measurements). Measurement accuracy was
ensured by calibration against certified reference materials (CRM, supplied by A. Dickson, Scripps
Institution of Oceanography, USA). pH_ (total scale) was determined spectrophotometrically, based
on the absorption ratio of the sulphonephthalien dye, mcresol purple [34], with a precision of
~0.002 pH units (SD of duplicates), while the accuracy was set by the equilibrium constants of the
indicator. pCO, was calculated from the combination of pH_ and DIC using CO2SYS [35] with the
carbonate dissociation constants (K, and K,) of Lueker et al. [36]. The input data included salinity,
temperature, and inorganic nutrient concentrations (PO,* and Si(OH),).



CHAPTER 3. MANUSCRIPT Il 53

3.2.4.2 Inorganic nutrient measurements

Inorganic nutrient samples (NO; + NO,, PO,*, and Si(OH),,) were filtered as triplicates through
0.45 um cellulose acetate syringe filters (Whatman) before measuring them with a QuAAtro
AutoAnalyzer (Seal Analytical) as described in Bach et al. [26]. When concentrations of NO; + NO,
and PO,* dropped below 0.1 umol L (t3; and t5s, respectively) we switched to using the nanomolar
system described by Patey et al. [37]. NH," concentrations were determined according to Holmes
et al. [38]. Inorganic nutrient measurements were stopped after tys as concentrations were close

to or below their detection limits.

3.2.4.3 DOM measurements

Concentrations of DOC and total dissolved nitrogen (TDN) were analysed of duplicate samples
using high-temperature catalytic oxidation on a Shimadzu TOC-VCPH/CPN Total Organic Carbon
Analyser, equipped with an ASI-V autosampler and a TNM-1 module for TDN determination as
described in Zark et al. [30]. Samples with concentrations of DOC and TDN exceeding the measure-
ment of their duplicate by 30% or more were considered being contaminated and were excluded
from the dataset. Measurements from the high and ambient CO, mesocosms were subsequently
pooled for identification and removal of outliers using the Dixon-Dean test (p < 0.05). DON concen-
trations were calculated by subtracting the concentration of DIN (see Sect. 3.2.4.2) from average
TDN values.

DOP was converted to orthophosphate by autoclaving for 30 minutes in an oxidizing decomposi-
tion solution (Merck, catalogue no. 112936). Concentration of total dissolved phosphate (TDP)
was then determined from triplicate subsamples with a QuAAtro AutoAnalyzer (Seal Analytical) as
described for PO,* in Sect. 3.2.4.2. DOP concentrations were calculated by subtracting DIP from
TDP concentrations. DON and DOP datasets ended on t,s because measurements of DIN and DIP
were discontinued after this day.

3.2.4.4 Particulate matter and Chlorophyll @ measurements

Size fractions of PM smaller and greater than 200 um (separated with a 200 um mesh) were col-
lected using gentle vacuum filtration (< 200 mbar) on pre-combusted (6 h at 450°C) glass fibre fil-
ters (GF/F, 0.7 um pore size, Whatman) or cellulose acetate filters (0.65 um, Whatman) for analysis
of TPC, TPN, TPP or BSi, respectively. Glass fibre filters were stored at 20°C in pre-combusted
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(6 h at 450°C) glass petri dishes until analysis, while cellulose acetate filters were also frozen at
20°C but stored in plastic petri dishes. TPC/TPN filters were oven-dried over night at 60°C, packed
in tin foil and analysed alongside blank filters on an acetanilide calibrated CN analyser following
Sharp [39]. We refrained from acidifying the filters to remove inorganic C, as pelagic calcifying
organisms were very low in abundance. Accordingly, all particulate C data are presented as TPC
but are assumed to represent particulate organic carbon (POC). TPP collected on the filters was
converted to orthophosphate as described for TDP in Sect. 3.2.4.3. Concentration of inorganic
phosphate was then determined spectrophotometrically according to Hansen and Koroleff [40].
BSi was leached from the collected particulate matter by alkaline pulping with 0.1 M NaOH at 85°C.
After 135 minutes the leaching process was terminated with 0.05 M H,SO, and DSi was measured
by spectrophotometry following Hansen and Koroleff [40]. If not indicated differently, presented
PM values are the sum of the two measured size fractions (< and > 200 um). Exceptions are TPP
and BSi samples that were filtered as bulk samples before t; and t,,, respectively. BSi data of t,4
were removed from the dataset due to a systematic error made during size fractionation on this

specific day.

Water column samples for Chl a concentration analysis were filtered as described for PM, taking care
to minimize light exposure during filtration. Chl a content of the collected particles was extracted

and analysed by high-performance liquid chromatography (HPLC) as described in Bach et al. [26].

3.2.4.5 Elemental analysis of sediment trap samples

The sediment trap samples were collected in 5 L Schott Duran glass bottles. To separate PM from
bulk seawater, particles were concentrated by flocculation and coagulation with ferric chloride
(FeCl;) as described by Boxhammer et al. [29]. Briefly, FeCl; and NaOH (for pH stabilisation) were
added simultaneously to the well-stirred samples. The clear supernatant water was removed after
one hour of particle sedimentation. Mean concentration efficiency of this method was 99.6% with
respect to samples’ TPC content [29]. The concentrated samples were centrifuged, deep-frozen
at 30°C and lyophilised for 72 hours. The desiccated material was then ground in a ball mill to a
homogeneous powder of 2 - 60 um particle size [29]. TPC, TPN, TPP, and BSi content of the finely
ground sample material was determined from subsamples of 1 - 2 mg as described for PM of water
column samples (see Sect. 3.2.4.4). The cumulative mass flux of all four elements was expressed in

umol L by dividing the summed up mass flux by the calculated mesocosm volumes (Sect. 3.2.2).

From May 25 (t;;) onwards we screened the freshly taken samples for dead herring larvae that
hatched inside the mesocosms on tg, (see Sect. 3.2.2). All larvae found were removed for separate
analysis, thus they did not contribute to the vertical flux.
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3.2.4.6 Calculation of mesozooplankton biomass

Biomass of the mesozooplankton community was calculated based on abundance data obtained
from counting with a stereomicroscope [32]. The community was strongly dominated by the
copepod species Pseudocalanus acuspes, which represented about 97% of the mesozooplank-
ton counts. Therefore, we only considered copepod biomass for mesozooplankton PM. Copepod
nauplii were sufficiently abundant (up to 100 ind. L) to be sampled quantitatively on PM filters
(Sect. 3.2.4.4). Adult copepods and copepodites, however, were much lower in abundance and
naturally escape sampling by the IWS. Thus they were not represented in PM analysis. To avoid
double counting of nauplii biomass, only adult copepod and copepodite biomass were included
in the calculation of copepod PM (PM»). We applied the image-based ZooScan approach to esti-
mate biomass for the different copepod size classes [41], since biomass measurements of indi-
vidual organisms have not been conducted. Therefore, subsamples from the mesozooplankton net
tows (4% of the total sample) were evenly distributed on a flat-bed scanner (Perfection Pro V750,
Epson) to provide high-resolution images (10.6 um pixel size) of all particles and organisms in the
sample. Subsequent image processing with ZooProcess [41] provided a large number of variables
for object characterization, including several measures of size such as length or area. For estima-
tion of copepod biomass we then converted measured area of each individual imaged organism to

dry-weight (dw) by applying the empirical relationship of [42]:
dw = 43.97 x area>* (3.1)

The dry-weight was subsequently converted to C and N content (umol) using the data for body
mass composition of zooplankton from Kigrboe [43]. For copepods, the applied C:dw and N:dw
ratios were 0.48 and 0.10, respectively. The resulting conversion factors for C and N biomass per
individual organism were applied to the complete time series of abundance data for adult cope-
pods and copepodites. P content was calculated using a conversion factor of C:P of 52:1 derived
from Pseudocalanus sp. caught in Oslofjord (Norway) during the same time of the year (average
ratio of individuals caught between March and May) by Gismervik [44].

Similar procedures for image-based biomass estimation of mesozooplankton have been applied in
previous studies and showed generally reliable results [45-47]. It should be noted, however, that
this approach assumes constant size ranges of copepod life stages and can thus not account for

shifts in size structure within a community or population.
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3.2.5 Calculation of net changes in element pools and net community production

The relevant pools for mass balancing C, N, P, and Si are dissolved inorganic nutrients (IN¢//e/si),
dissolved organic matter (DOM¢ys), suspended particulate matter (PMcy/p/s), and the sum of par-
ticulate matter collected in the sediment traps (2PMsgp (¢/np/si))- Mesozooplankton, strongly domi-
nated by copepods, was treated as a separate PM pool (Sect. 3.2.4.6), and defined as PM¢y/p (cop)-
A summary of all pools and fluxes considered in the mass balances are shown in the conceptual
Fig 3.1B. Net changes of the element pools (IN, DOM, PM, and PMy,;) were calculated as delta (A)
values relative to conditions at the start of the experiment. We defined the starting conditions
as the average value of the first seven sampling days (t; - t;;). Averaging over this relatively long
period was necessary to minimize the influence of data variability. This was well justifiable as rela-
tive changes of the element pools were small before t;; (Sect. 3.3.1). However, some exceptions
(listed in the following text) had to be made for distinct element pools. The first two data points
of DSi (t; and t;) were excluded due to a methodological measurement problem. The reference
value of ADIC in the high CO, treatment is based on a single sampling day t;, since before DIC was
increased by stepwise CO, additions (Sect. 3.2.2) and afterwards CO, rapidly outgassed to the
atmosphere (super-saturation of the water column). DOC and DON data of t; were removed from
the datasets as measurements displayed substantial unexplainable variability with strong impact
on calculated starting conditions. Reference values for DOP were calculated from three data points
(ty, t; and t,), as those days were the only days when DOP was sampled during the initial phase of
the experiment (Fig 3.2). The first mesozooplankton sampling on t; served as the reference point
for net changes in PMcy/p (cop)- The start and end point of the individual reference periods, as well
as the calculated reference values of each element pool within the water column are summarized
in Table S3.1.

Net community production (NCP) is most commonly estimated by measuring the biological draw-
down of DIC or NO; [48,49]. In the present study, we derived NCP from the actual build-up of
biogenic C, N, P, and Si following Hansell and Carlson [48] and Spilling et al. [18]. This total NCP
theoretically equals the cumulative drawdown of inorganic nutrients (AIN) and is therefore given
in moles per litre and not as a rate. We calculated net community production in (1) high temporal
resolution lacking mesozooplankton contribution (eq. 3.2) and (2) in reduced temporal resolution

but including mesozooplankton contribution (eq. 3.3):

NCP¢/n/pssi = APMe/njpssi + ADOMcynjp + ZPMsep (/nyeysiy (3.2)

NCP¢/n/p (cor) = APMeynsp + APMensp (cop) + ADOMcynjp + ZPMsep (/nyp) (3.3)
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Thus, NCP./y,s was calculated for every second day (Table 3.1), while NCP, followed the irregular
sampling of DOP described in Sect. 3.2.3 and illustrated in Fig 3.2. NCP¢/y/p (cor) Was calculated for
usually every 8" day (Table 3.1) following the mesozooplankton sampling regime (Fig 3.2).

Table 3.1. Colour code, symbols, and abbreviations of the different element pools and their calculated net commu-
nity production.

Colour Symbol Abbreviation Element pool Elements SF

/ net community production (days)

dark grey  mo— IN inorganic nutrients C, N, P Si 2

orange DOM dissolved organic matter C,N, P *2

green —— PM suspended particulate matter C, N, P Si 2

brown — PMseo sedimented particulate matter C, N, P,Si 2

light red —— PMcop calculated copepod organic matter C,N,P 8
NCPe/nse (cor) net community production of the element "

blue ambient CO, at ambient CO, incl. PMcop GNP 8
blue (dot- NCPenpssi net community production of the element . "

ted) rEmEd ambient CO, at ambient CO, excl. PMcop CN, RS 2
NCPe/nse (cor) net community production of the element "

darkred e ohco, at high CO, incl. PMcop GNP 8
dark red NCP¢/npssi net community production of the element . "

(dotted) "™ high CO, at high CO, excl. PMcop G N, PSi 2

Sampling frequency (SF) indicates the time resolution of the respective data set. *Samples for DOP determination were
taken irregularly, reducing the time resolution of DOP, NCP;, and NCP; (o) (see Sect. 3.2.3).

3.2.6 Data analysis and statistics

Data shown in tables and figures represent average treatment values (ambient and high CO,) of
the five treatment replicates. Datasets of C and Si pools encompassed the entire duration of the
experiment until t;o; and t,qs, respectively. Datasets of N and P, however, ended on t4 as this was
the last day where DON and DOP data were available (see Sect. 3.2.4.3).

Two sample t-tests using R software [50] were performed for detection of differences in the initial
concentrations of element pools between ambient and high CO, mesocosms (average values used
for delta calculations; Table S3.1).
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For detection of CO, treatment effects on net changes of element pools and calculated net com-
munity production, univariate permutational analysis of variance (PERMANOVA) tests were run in
R software [50], using Euclidean distances matrices with 99,999 permutations [51,52]. PERMANOVA
was chosen, as assumption of homogeneity of variances was not met for all analysed parameters
in all experimental phases. CO, effects were evaluated for average values of each experimental
phase (see Sect. 3.3) or in the case of sedimented PM for cumulative values at the end of the four

experimental phases.
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3.3 Results and discussion

The experiment was divided into four phases based on the development of Chl a concentrations
(Fig 3.3A; [26]): Phase | (t;- t;g), Phase Il (t;5 - t4o), Phase lll (t,; - tgo), Phase IV (tg; - t145). These phases
were used for the interpretation of net changes in the C, N, P and Si pools inside the mesocosms
(Fig 3.1B). Average pCO, values of the four experimental phases and the entire experiment at

ambient and high CO, (t; - t,,5) are given in Table 3.2.
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Fig 3.3. Temporal development of Chlorophyll a, inorganic nutrients, and dissolved inorganic carbon. Solid lines show
mean values of (A) Chlorophyll a (Chl a), (B) dissolved inorganic nitrogen (DIN), (C) dissolved inorganic phosphorus
(DIP), (D) dissolved silica (DSi), and (E) dissolved inorganic carbon (DIC) in the ambient (blue) and high (red) CO, treat-
ment. Coloured areas indicate the standard deviation of the five treatment replicates. Roman numbers denote the

different phases of the experiment.
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Table 3.2. Overview of the CO, treatments.

Color code Volume pCO, pCO, pCO, pCO, pCO,
| ] ]| \Y -1V
m3+ SD -t 117 -t T4 - tso s, - tios T, -tis
48.2+15 366 <= 329 i<+ 367 - 447 i-» 377 i<
51.0+2.4 762 i-» 641 {-» 747 s 878  i-» 756 i -»

=

Average mesocosm volume was determined on t;5 of the experiment. pCO, values are averages of the four phases and
- ..

of the entire experiment. The two symbols (= and L% represent out- and in-gassing conditions of CO,, respectively
(presumed atmospheric pCO, of 395 patm).

3.3.1 Temporaldevelopment of the C, N, P,and Si pools during the phytoplankton
spring-bloom

The first (pre-bloom) phase of the experiment was characterised by relatively stable environmen-
tal conditions with high concentrations of DIN, DIP, and DSi (~7.0, ~0.76, and ~9.8 umol L, respec-
tively; Fig 3.3B-D) and short day length [26]. The enclosed water columns were entirely mixed
due to thermal convection inside the mesocosm bags [26]. Enclosed plankton assemblages were
relatively similar among the ten mesocosms although small differences were detected [26]. No
significant differences in initial concentrations of inorganic nutrients as well as the other element
pools (PM, PMo,, DOM) were found between CO, treatments apart from DIC, as a direct conse-
quence of the CO, manipulation (see reference values in Table S3.1). Net changes in the pools of
all four elements (C, N, P, Si) were relatively small underlining the pre-bloom character of Phase |
(Fig 3.4). The decline of DOC in this early phase was not reflected in changes of any other C pool
and is therefore more likely associated with sampling induced artefacts than with real changes in

the DOC pool. Thus, we do not draw any conclusion from this trend.

The second phase covers the first major build-up and decrease of Chl a during the phytoplank-
ton spring-bloom (Fig 3.3A). Primary production was fuelled by inorganic nutrients that rapidly
decreased during the bloom development (Fig 3.3B-D). Small silicifiers (2 - 5 um, mostly diatoms)
as well as the large diatom Coscinodiscus concinnus (>200 um) dominated the bloom-forming auto-
trophic community during this phase. Low DIN and DIP concentrations limited primary production
after t;; and thus terminated the exponential growth of phytoplankton (Fig 3.3B, C). The decrease
of DSi, however, just slowed down according to uptake kinetics of diatoms [53,54]. Thus, DSi was

still available in low concentrations after the first bloom (>1 umol L at the end of Phase II; Fig 3.3D).
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Fig 3.4. Mass balances of silica, carbon, nitrogen, and phosphorus. Solid lines indicate temporal net changes of the
silica, carbon, nitrogen, and phosphorus (Si, C, N, and P) pools and of their respective net community production as
average values of ambient and high CO, mesocosms respectively (see Table 3.1 for a detailed symbol description). DIC is
only included at ambient CO, (grey, dotted line), lacking correction for CO, air-sea gas exchange (see Sect. 3.3.2). Roman
numbers denote the different phases of the experiment. Percentages indicate the approximate discrepancy between
net community production and inorganic nutrient consumption during Phases Ill and IV.
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Peak values of PM were reached between t;; and t;; with average net build-up of TPC, TPN, TPP, and
BSi of ~33.6, ~4.7, ~0.33 and ~3.3 umol L?, respectively (Fig 3.4). Sedimentation of PM of all four
elements and build-up of DOM,, started to increase right from the onset of the first phytoplank-
ton bloom (Fig 3.4). Highest sedimentation rates were observed during the bloom peak, imply-
ing a close temporal coupling between primary production and sinking particle flux. In contrast
to particulate C, N, and P, the amount of BSi removed from the water column during this period
equalled the net build-up in the water column (Fig 3.4). BSi:C ratios in the sediment trap samples
were four times higher than those in the water column (Fig $3.1), suggesting a strong decoupling
of the two elements when it comes to settling from the productive surface layer. A phenomenon

also observed in the open ocean [55,56].

The strong decline of Chl a concentrations at the end of Phase Il was much less pronounced in
the PM pools (compare Figs 3A and 4). TPC, TPN, and TPP remained relatively high even though
Chl a strongly decreased. This suggests a highly efficient transfer of autotrophic into heterotrophic
biomass and/or non-sinking phytodetritus accumulating in the water column. Indeed, bacterial as
well as micro- and mesozooplankton abundances increased parallel to the Chl a decrease [32,57].
Phase lll encompassed the second and slightly less pronounced build-up and decrease of Chl a
during the spring-bloom (Fig 3.3A). Small diatoms and flagellates (2 - 5 um), but mainly the giant
diatom C. concinnus (up to 50% Chl a contribution) dominated the phytoplankton community
during this phase. The shift in dominance from small diatom species (< 200 um) to the large cells of
C. concinnus (> 200 um) is clearly reflected in the temporal development of the two size fractions
of BSi (Fig S3.2). Regenerated N and P, as well as the remaining DSi likely fueled primary production
during this second bloom. Peak values of PM were reached between t,, and ts; with average net
build-up of TPC, TPN, and TPP of ~36.8, ~5.1, and ~0.25 umol L?, respectively (Fig 3.4C-H). A peak
in net build-up of BSi was absent due to the high loss through sedimentation and only very low DSi
concentrations available (Figs 4A, B and 3D). The high variability in DON and DOP concentrations
likely masked consumption of both pools by the plankton community (Fig 3.4E-H). We suspect that
considerable proportions of DON and DOP were rather refractory and only a small fraction of these
pools, composed of labile compounds, was used and turned over by bacteria and phytoplankton
on time scales that could not be resolved by our 48 h sampling regime. This assumption is consis-
tent with field observations [58,59] and is supported by relatively high background concentrations
of (likely refractory) DON and DOP right after mesocosm closure (see Table S3.1). Labile DOP is
known to be recycled within hours to days [58,60], therefore often fuelling primary production
under DIP depletion. In contrast to the relatively stable concentrations of DON and DOP (Phases llI
and 1V), DOC concentrations showed a decreasing trend during the second phytoplankton bloom,

reaching values lower than the initial ones by the end of Phase .

Adult copepod and copepodite biomass (PMce cor) decreased directly after mesocosm closure
(Fig 3.4C-H), but increased again during the phytoplankton blooms with highest values reached
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during and after the second bloom peak in Phase Ill. Predation by herring larvae that hatched
inside the mesocosms (tg,; see Sect. 3.2.2) and started feeding on larger mesozooplankton around
tgo were most likely responsible for the decline of PMy (cop) in the post-bloom Phase IV. The rela-
tive change in the PMc,, pool was most pronounced in the P mass balance due to the relatively
high P content of copepods. With abundances much lower than those of primary producers and
usually relatively small sample volumes for PM analysis the pool of mesozooplankton is likely often
not accounted for in mass balance approaches. We observed a temporal contribution of up to 20%

to TPP build-up, which emphasizes that this pool should not be neglected.

The fourth phase (post-bloom) was characterized by typical summer conditions in the coastal
mid-latitudes. Inorganic nutrient concentrations were depleted (Fig 3.3B-D), the water column
was stratified [26], and PM concentrations had almost declined to those of the pre-bloom phase
(Fig 3.4).

3.3.2 Mass balances of Si, C, N, and P

The NCP of all four investigated elements (see eqs. 2 and 3) should in theory match the con-
sumption of their inorganic nutrients over time. This worked out well for Si, where NCP was only
slightly overestimated with on average ~5% during Phases Il and IV (2"* bloom and post-bloom;
Fig 3.4A, B). This is well within the range one would expect from combining measurement uncer-
tainties of three different pools (DSi, BSi, BSis,; Fig 3.1B). Interestingly, we observed a temporal
mismatch of DSi consumption and NCPg; shortly before and during the onset of the spring-bloom
(between Phases | and Il). Wall growth, a common artefact in enclosure experiments [61-63], can
be excluded as a sink for DSi, as mesocosm inside walls were frequently cleaned (see Sect. 3.2.1;
Fig 3.2) and we have not observed a comparable pattern in the mass balances of N or P (Fig 3.4E-H).
Thus, we assume that this mismatch at the end of Phase | can be explained by the internal stor-
age of DSi in diatoms. We observed that the dominating diatom taxon Arcocellulus sp. during that
time has very fragile frustules that potentially released internal DSi through breakage, during the
filtration process for BSi analysis. Apart from this specific period the Si mass balance was virtually
closed.

When attempting to calculate the mass balance of C, we faced two major difficulties. These were
(1) the unexplainable day-to-day variability in DOC data (up to ~50 umol L* within 48 hours;
Fig 3.4C, D) and (2) the poorly constrained gas exchange of CO, with the atmosphere. Both made
it ultimately impossible to calculate a reasonable mass balance of C. Achieving accurate DOC
data in an experimental setup like pelagic mesocosms has shown to be challenging [63], but not
impossible [9,64]. Measurement precision and accuracy in the present study was high [30], so
that the variability is more likely to originate from artifacts which were induced during sampling.
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We refrained from smoothing the data by calculating moving averages since potential contamina-
tions can only increase not decrease the mean and would have led to an overestimation of DOC
build-up and NCP. (see Fig S3.3).

Tocorrect DICfortheair-sea flux of CO, we have followed the approach described by Czerny etal. [65],
using the injected tracer gas N,O to infer the exchange rate (‘gas transfer velocity’) of CO,. This
technique has been shown to yield good estimates of CO, transfer velocity in past mesocosm
experiments under relatively stable physical conditions [18,63]. However, in the present study,
the hydrographic situation within the mesocosms was highly dynamic with initial thermal circu-
lation of the entire water columns, followed by variable thermal stratification and surface layer
mixing depth [26]. The complex physical conditions impeded reasonable estimates of N,O and
consequently CO, gas transfer velocities. Hence, DIC concentrations could not be corrected appro-
priately for CO, air-sea gas exchange. To illustrate the discrepancy of un-corrected DIC data with
NCP. we have included the measured net change in DIC into Figure 4C (dotted grey line, ambient
treatment). In Phase IV the cumulative sedimentation of C alone exceeds net drawdown of DIC by
a factor of three. Including CO, gas exchange with the atmosphere is therefore clearly crucial for
mass balance calculations of C or when net organic C build-up is calculated from DIC drawdown.
Hence, the exclusion of the CO, air-sea gas exchange in DIC drawdown [66] should be seen as very
critical.

Balancing the NCP of N and P with DIN and DIP drawdown was not as easy as for Si but not as dif-
ficult as for C. The offset between inorganic nutrient consumption and NCP during build-up of the
first bloom (Phase 1) was highly variable in the case of N (40% to +13%) and relatively constant for
P (approx. 7%; Fig 3.4E-H). The offset stabilised during Phases Ill and IV at values of about +30%
and 15% for N and P, respectively, when the phytoplankton community had taken up all inorganic
nutrients. NCP, can theoretically be increased above DIN consumption by N,-fixation, a significant
external N source in the close-by Baltic Sea [67-69]. However, this explanation for the overes-
timated NCP, was excluded in the present study, as the corresponding organisms (diazotrophic
cyanobacteria) were not present in the mesocosms. The pronounced overestimation of NCPy is
therefore more likely a result of accumulated measurement inaccuracies of the N pools. Similar to
DOC, build-up of DON showed strong variability of up to 4 umol L'* within 48 hours, not reflected in
any other N pool (Fig 3.4E, F). Thus, the DON pool was the source of the largest uncertainty within
the N mass balance.

The underestimation of NCP, was unexpected as uncertainties in sampling of DOM and PM
(e.g. clogging of filters or bursting phytoplankton cells) rather result in a certain overestimation of
the two pools, than leading to their underestimation (Fig 3.4G, H). The discrepancy in DIP consump-
tion and NCP; might be caused by variability in DIP measurements during the reference period
used for calculation of net changes (see Table S3.1 and Sect. 3.2.5). During this period, DIP con-

centrations varied by about 0.1 pmol L'? within 48 hours with only low primary production going
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on [70]. A potential overestimation of the background concentration of DIP by about 0.1 umol L™
could have led to an overestimated consumption of DIP, possibly explaining the observed offset in
the P mass balance.

Altogether, our study has shown that mass balance calculations of elements in marine ecosystems
are challenging even in enclosed mesocosm systems with discrete measurements of all relevant
parameters. Precise determination of the DOM pools and in the case of C the accurate correction
of DIC by the CO, air-sea gas exchange turned out to be most critical. This highlights the enormous
challenge of mass balancing elements in open systems (e.g. the coastal ocean, estuaries or eddies)

where even more uncertainties emerge due to permanent exchange of water masses.

3.3.3 Impact of CO, on partitioning of C, N, and P

TPC was the only PM pool influenced by increased CO, (Fig 3.5A, F, and K). We observed enhanced
TPC build-up at high CO, during both phytoplankton blooms (up to 7 and 9 umol L?, respectively),
although this observation was statistically non-significant in all phases due to high within-treat-
ment variability (Table 3.3).

The tendency of increased C-fixation was likely caused by enhanced ‘carbon overconsumption’
[71,72], which was also indicated by an elevated C:N ratio of particulate matter at high CO, (Fig 3.6A;
non-significant in all Phases, see Table 3.4). This trend was most prominent in the size fraction
larger than 200 um, which was mainly constituted by the diatom C. concinnus (Fig 3.6C, D). The
CO,-dependent C:N signal in the water column was also found in sedimented PM, indicating that
the excess C fixed by C. concinnus was not transferred into higher trophic levels or re-mineralized
by bacteria in the water column (Fig 3.6B). In contrast to other plankton community CO, perturba-
tion studies [16,17], we have not detected an increase in DOC build-up at high CO,, although the

high variability in the present data set may have masked small differences (Fig 3.5B).

Surprisingly, we found that copepod biomass was significantly elevated under high CO, during
times of regenerated production (Phase IlI; Table 3.3). Between the peak of the first phytoplankton
bloom and mid of the post-bloom Phase IV (t;s - tg), PMcop Was increased on average by 2.7, 0.5
and 0.05 pumol L't with respect to C, N, and P (Fig 3.5C, H, M). Enhanced primary production at high
CO, [70] must have caused this amplified transfer of biomass from primary producers (phytoplank-
ton) to the higher trophic level of mesozooplankton [73]. A potential further transfer into biomass
of herring larvae, showing higher survival rates at high CO,, can likely explain the disappearance of
the CO, effect on copepod biomass towards the end of the study (Phase IV). The amplified transfer
of C, N, and P to higher trophic levels at high CO, has caused a prolonged retention of biomass in

the water column, which significantly reduced the downward flux of N and P (Table 3.3).
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Fig 3.5. Time course of net changes of the element pools at ambient and high CO,. Solid lines show average values of
the element pools and net community production (see Table 3.1) of (A - E) carbon, (F - J) nitrogen, and (K - O) phospho-
rus in the ambient (blue) and high (red) CO, treatments. Coloured areas indicate the standard deviation of replicated
(n =5) treatments. Roman numbers denote the four different phases of the experiment. Black asterisks identify signifi-
cant CO, effects (PERMANOVA, p < 0.05).
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Table 3.3. Tested CO, effects on selected pools and net community production.

Parameter ambient CO, high CO, SS Pseudo-F p (perm)
pmol L't £ SD pmol LT+ SD
ATPC
| 0.6+0.4 0.5+0.3 0.001 0.010 0.897
1 16.4+7.1 17.6+4.6 3.536 0.100 0.755
1] 229+12.4 276+7.1 55.450 0.540 0.477
\% 10.3+5.0 11.8+4.3 6.015 0.280 0.587
ATPCcop
| -09+1.2 -1.4+0.5 0.478 0.561 0.595
1 -3.0+1.7 -2.5+0.9 0.496 0.277 0.619
1] 0.7+1.0 28+1.6 10.588 5.946 0,047
tas- tao 0.4+0.8 3.1+1.8 18.399 9.145 +0.016
\Y) -2.7+1.7 -09+13 8.187 3.507 0.087
ATPNcop
| -0.2+£0.2 -0.3+0.1 0.016 0.561 0.595
1 -0.5+0.3 -0.5+0.2 0.016 0.277 0.621
1] 0.1+0.2 0.5+0.3 0.351 5.946 +0.047
t35- tso 0.1+0.1 0.6+0.3 0.589 9.014 +0.016
\% -0.5+0.3 -0.2+0.2 0.272 3.507 0.088
ATPPop
| -0.02 £ 0.02 -0.03+£0.01 <0.001 0.561 0.595
1] -0.06 £ 0.03 -0.05+£0.02 <0.001 0.277 0.618
1] 0.01 £0.02 0.05+0.03 0.004 5.946 0,046
t3s5- teo 0.01 £0.02 0.06 £ 0.04 0.007 9.145 0,015
\Y) -0.05+0.03 -0.02+£0.03 0.003 3.507 0.088
ITPNsep
tis 0.1+<0.1 0.1+<0.1 <0.001 0.939 0.358
39 1.8+0.3 1.7+0.1 0.065 1.074 0.355
teo 41+0.5 3.4+0.1 1.116 8.352 0 0.047
t79 46+0.5 4.1+0.2 0.725 4.883 0.063
tios 7.0+0.6 6.3+0.6 1.438 4.367 0.088
ITPPsep
tis 0.01 £<0.01 0.01 £<0.01 <0.001 0.083 0.786
139 0.12£0.03 0.12+0.01 <0.001 0.196 0.683
teo 0.29+£0.03 0.25+0.01 0.004 7.903 ©0.040
tr 0.33+0.04 0.30+0.02 0.002 2.297 0.174
tios 0.47 £0.05 0.43 £ 0.05 0.005 1.844 0.189
NCP.
| -45+14.4 -5.1+13.6 1.040 0.005 0.939
1 7.0t16.0 -49+12.3 352.050 1.741 0.239
1] 60.6 £9.3 74.1+17.6 456.040 2.305 0.152
[\ 63.7+6.8 67.6 +15.9 36.600 0.245 0.653

Values are average values of the different phases (I - IV) in the ambient and high CO, treatments + standard devia-

tion (SD). Effects of CO, were assessed by PERMANOVA, giving the sum of squares (SS), the F value by permutation

(Pseudo-F), and the p-value (p (perm)). Significant effects detected are highlighted in bold, while positive or negative

trends are indicated by ) and V), respectively.
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Fig 3.6. Time course the particulate carbon to nitrogen ratio at ambient and high CO,. Solid lines show mean values of
the particulate carbon (TPC) to nitrogen (TPN) ratio in (A) the water column, (B) collected sediment trap samples, and
of the suspended particle size fractions (C) larger and (D) smaller than 200 um in the ambient (blue) and high (red) CO,
treatment. Coloured areas indicate standard deviation of replicated (n = 5) treatments. Roman numbers denote the
four different phases of the experiment. Vertical dashed lines represent the Redfield ratio of carbon to nitrogen (6.6).

Cumulative sedimentation of both elements started to differ between treated and control meso-
cosms at the same time when CO, driven trends in PMg» occurred (Fig 3.5H, I, M, N). The observed
difference between treatments constantly increased until ts (0.7 and 0.04 umol L for N and P,
respectively) and remained at this level until the end of the experiment. On t,,s the deposition of
N and P at high CO, was reduced by about 11 and 9%, respectively. Due to increasing within-treat-
ment variability, cumulative sedimentation of both elements was significantly different on tg, but
not on the last day of experiment (t,qs; Table 3.3). In the case of C, increased relative C content of
settling C. concinnus cells under high CO, compensated for a theoretically reduced sedimentation
of C analogue to N and P (Figs 5D and 6B). The large cell size of C. concinnus (> 200 um) prevented
grazing by the dominating copepod species P. acuspes and therefore likely excluded transition of

its biomass into higher trophic levels.

Our findings show that increased retention of N and P within the pelagic food web under high
CO, can lead to a significant and equivalent reduction of their sedimentation. The plankton com-
munity composition in the present study has furthermore shown that a mismatch between phyto-
and mesozooplankton taxa can strongly impact element cycling. Together with changes of phyto-
plankton C:N ratios, the observed impacts of ocean acidification on element partitioning have the

potential to alter cycling of carbon and nutrients in the marine realm.
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Table 3.4. Tested CO, effects on the total particulate carbon to nitrogen ratio.

Parameter ambient CO, high CO, SS Pseudo-F p (perm)
mol:mol + SD mol:mol + SD
C:Nguwk
Pl 7.4+0.2 7.5+0.3 0.027 0.433 0.515
Pl 6.4+0.5 6.7+0.4 0.198 0.909 0.353
Pl 73+13 81+1.1 1.438 1.042 0.324
PIV 89+23 89+1.2 0.001 <0.001 0.984
C:N<200 um
Pl 8.0+0.3 79+03 0.002 0.029 0.864
Pl 6.5+0.5 6.6+0.4 0.055 0.250 0.614
Pl 6.3+0.5 6.4+0.4 0.029 0.132 0.634
PIV 7.4+0.5 7.1+0.2 0.155 1.241 0.315
C:N.200 um
Pl 6.2+0.3 6.4+0.4 0.110 1.035 0.332
Pl 6.3+0.7 7.0+£0.6 1.242 2.685 0.158
Pl 10.2+3.0 12.5+2.7 12.757 1.583 0.302
PIV 15.8+9.6 21.2+5.8 74.100 1.183 0.308
C:Nsep
Pl 10.1+£0.5 10.6 0.4 0.661 3.409 0.105
Pl 9.2+04 9.6+0.4 0.399 2.683 0.143
Pl 11.6+1.6 13.9+25 14.315 3.139 0.135
PIV 10.8+1.1 122+1.1 4.699 3.759 0.095

Values are average values of the different phases (I - IV) in the ambient and high CO, treatments * standard devia-
tion (SD). Effects of CO, were assessed by PERMANOVA, giving the sum of squares (SS), the F value by permutation
(Pseudo-F), and the p-value (p (perm)). Significant effects detected are highlighted in bold, while positive or negative
trends are indicated by ) and V), respectively.
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3.4 Conclusions

In this study we investigated the influence of simulated ocean acidification on the development
and partitioning of the C, N, P, and Si pools in a coastal pelagic ecosystem. Our mass balance
approach over 100 days, covering a natural winter-to-summer plankton succession, has high-
lighted important challenges and uncertainties in elemental mass balance calculations, but also
revealed significant changes of element pool partitioning under realistic end-of-the-century CO,

concentrations (~760 patm pCO,):

o Even in a closed mesocosm system we experienced high uncertainties and methodological
challenges for our mass balance approach that highlight potential uncertainties in balance
calculations of major biogeochemical elements in the open ocean. Accurate determination

of the DOM pools and the CO, air-sea gas exchange were most critical in the current study.

o C-fixation relative to N was slightly enhanced at high CO,, correlating with the time of inor-
ganic nutrient depletion and the bloom of the large diatom C. concinnus. The excess C fixed
by C. concinnus was not available for higher trophic levels due to its large cell size (>200 um)

and was removed from the water column by settling of the diatom cells.

o Transfer of C, N, and P from primary producers to higher trophic levels during times of rege-
nerated production was significantly amplified at high CO,, leading to prolonged retention of
biomass in the water column. Retention of N and P within the pelagic food web resulted in

reduced sedimentation of both elements by about 11 and 9%, respectively.

Even though the observed impacts were temporarily variable and likely dependant on the food
web structure, our findings show that ocean acidification has the potential to change the biogeo-

chemical cycles of C, N, and P by retaining C and nutrients in the sea surface food web.
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Supporting information

Table S3.1. Conditions of the element pools during the reference period of the experiment.

t-test
start end pumol L+ SD start end umol Lt £ SD p-value
DIC ta tu 2079.3£3.2 ts ts 21843143 <0.001
> DIN ta tu 7.0+0.1 ta tu 6.9+0.1 0.380
~ pIp ta tu 0.76 £0.01 t tn 0.76 £0.01 0.242
Si t, tu 99+0.3 t, ti 9.8+0.1 0.572
DOC t tn 189.0+10.8 t tn 190.1+5.7 0.840
=
8 DON t tu 8.8+0.6 t t 89104 0.804
DOP ta t 0.16 £0.02 t t 0.14 £ 0.02 0.238
TPC ts ti 14.4+£0.7 ta ti 14.7 £ 0.8 0.613
s TPN ta tu 19+0.1 t ti 2.0+<0.1 0.554
 TpP ta tu 0.08 £0.01 t tn 0.09 £0.01 0.665
BSi ta tn 0.4 +<0.1 t, t11 0.4 +<0.1 0.679
. TPCcop t t, 7.5+25 t, t1 6.8+0.9 0.590
Q
§u TPNcop t ty 1.4+0.5 ty t; 1.2+0.2 0.590
o
TPPcop t t 0.14 £ 0.05 t t 0.13+£0.02 0.590

Reference values of both CO, treatments are average values + standard deviation (SD) of the indicated reference peri-
ods for calculation of net changes in the respective element pools (see Table 3.1 for abbreviations of the element
pools). If start and end point of the reference period are identical, reference period is limited to only one data point.
t-tests performed on average values of all ambient and high CO, mesocosms are indicated by p-values (bold values
indicate significant difference, p < 0.05).
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Fig S3.1. Time course of the biogenic silica to total particulate carbon ratio. Solid lines show mean values of the bio-
genic silica (BSi) to particulate carbon (TPC) ratio in (A) the water column and (B) sediment trap samples of the ambient
(blue) and high (red) CO, treatment. Coloured areas indicate standard deviation of the replicated (n = 5) treatments.

Roman numbers denote the different phases of the experiment.
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Fig $3.2. Time course of different size classes of biogenic silica. Solid lines, dotted lines, and dashed lines represent the

three size classes of total biogenic silica (BSi), the fraction > 200 um, and the fraction < 200 um respectively. All lines

represent mean values of the (A) ambient and (B) high CO, treatment. Roman numbers denote the different phases of

the experiment.



CHAPTER 3. MANUSCRIPT Il 81

[ il il VA
o 100+ : L0 : I
—
S 50F .
2
- Of I
o : :
2 5ol ; : i : s :
8 : ‘DOC (mov. avg: 9) =— = NCF; (mov. avg: 9)
< 100t DOC (raw data) g == == NCF; (raw data)

0 20 40 60 80 100 0 20 40 60 80 100
day of experiment day of experiment
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of (A) ambient and (B) high CO, mesocosms. Solid lines of the same colour code show strongly smoothed data (moving
average of nine), with an adjusted reference period for calculation of net changes to t; - t;;. Accordingly, smoothed data
sets do not start before day 9. Roman numbers denote the different phases of the experiment.
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Abstract

The carbon to nitrogen (C:N) ratio of particulate organic matter plays a central role in ocean bio-
geochemistry. Previous in situ plankton community studies reported an increase of C:N ratios with
rising seawater CO, concentrations. Here, we present results from an in-situ mesocosm CO, per-
turbation study with natural plankton communities, which call for a reconsideration of this con-
cept. Instead of a positive correlation between C:N and CO,, we find shifting correlations depend-
ing on the plankton community structure and phytoplankton growth phase. The observation is
consistent with elemental ratios in settling particulate matter and results from similar experiments
in different ocean regions. Our results show that C:N ratios in a high CO, ocean will be depending
on the composition of future plankton communities and their inherent C:N signatures rather than
increasing linearly with CO,.

Main Text

The Redfield ratio, the global average elemental stoichiometry of marine plankton (106C: 16N : 1P)
(1), is commonly used for calculating nutrient-based primary production, potential carbon seques-
tration, as well as global distribution and cycling of biogeochemical tracers. The elemental compo-
sition of phytoplankton is known, however, to vary among ocean regions, phytoplankton taxa, and
even growth conditions of the same taxon (2-4). Excess carbon fixation above the Redfield ratio by
phytoplankton has been observed in response to nutrient limitation, increasing temperature, as
well as rising carbon dioxide (CO,) concentrations (5-7). As the ocean is a major sink for anthropo-
genic CO, emissions, CO, will likely become one of the most important factors modulating marine
organic matter stoichiometry in the future (8, 9). Enhanced carbon fixation of plankton commu-
nities observed under high CO, suggested significant implications for future ocean sequestration
of anthropogenic carbon emissions with consequences for global carbon cycling and oxygen con-

sumption in subsurface ocean layers (10, 11).

To assess the C:N response at the community level under close to natural conditions, we conduc-
ted a large scale mesocosm CO, perturbation study in Raunefjord, Norway (60.265° N, 5.205° E) in
2011 (12, 13). We used eight pelagic mesocosms, each enclosing about 75 m? of seawater, contai-
ning natural plankton assemblages from viruses to mesozooplankton (14). The initial fCO, gradient
(fugacity of CO,) of 300 to 3050 patm between mesocosms continuously decreased in response
to CO, air-sea gas exchange and biological activity, leading to average values of 300 to 1615 patm

(Fig. 4.1A). The two highest CO, treatments are well above projected CO, scenarios and were
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chosen as a ‘proof of concept’ (15). Based on the plankton biomass development and the day of
significant CO, manipulation (day 3) we divided the experiment into five consecutive phases (13).

A phytoplankton bloom, based on nutrients present in the enclosed water, developed right from
the beginning of the study (Phase 0, Fig. 4.1B-D). The bloom was dominated by pico- and nano-
phytoplankton, mostly chlorophytes and small diatoms (12), which contributed most to particulate
organic carbon and nitrogen (POC and PON, Fig. 4.2A and B).
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Fig. 4.1. Time course of key parameters in the mesocosms. (A) fCO,, (B) NO; = Nitrate concentration, (C) PO,* = phos-
phate concentration, (D) Chlorophyll a concentration, (E) POC = particulate organic carbon concentration, and (F) PON =
particulate organic nitrogen concentration. Colours and symbols indicate the CO, treatment. Roman numbers denote
the different phases of the experiment (13). On day 14, panel B and C show two data points of each mesocosm, one
before and one after the addition of inorganic nitrate and phosphorus. Red and blue asterisks denote a significantly
positive or negative CO, effect of phase specific average values, respectively, published in (12).

Significantly higherbuild-up of POCand PON atelevated CO,duringthisbloom (Phasel, Fig.4.1EandF)
can be attributed to elevated pico-phytoplankton abundances (12). Fourteen days after the first CO,
addition (day 14, Fig. S4.1), we added inorganic nitrate and phosphate to the systems to induce a
second phytoplankton bloom (Phase I, Fig. 4.1B-D). As before, POC and PON build-up was driven

by growth of pico- and nano-plankton, mainly small diatoms, cryptophytes, and chlorophytes (12),
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but in contrast to the first bloom biomass build-up was not significantly stimulated by CO,
(Fig. 4.2A and B). A subsequent bloom by coccolithophores at ambient CO, and cyanobacteria at
elevated CO, levels (12) had only a moderate impact on plankton biomass (Phase IV, Fig. 4.1E and F).
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Fig. 4.2. Particle size class contribution to POC and PON. Average relative contribution of pico- (0.3 - 2.7 um), nano-
(2.7 - 10 um), and microplankton-sized (10 - 100 um) particles to (A) particulate organic carbon (POC) and to (B) parti-
culate organic nitrogen (PON). Roman numbers denote the different phases of the experiment (13).

The stoichiometry of particulate organic matter was tightly coupled to phytoplankton growth
phases and changing phytoplankton community composition. Substantially elevated carbon to nit-
rogen (C:N) ratios of microplankton-sized particles at elevated CO, initially determined the trend
of bulk C:N (Phase |, Table 4.1, Fig. 4.3A and E). This is consistent with increased inorganic C to
nitrogen consumption at high CO, during a former study by Riebesell et al. (10) in the same Nor-

wegian fjord where microplankton-sized diatoms dominated.
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Fig. 4.3. Correlation of carbon to nitrogen ratios with fCO,. Phase specific average carbon to nitrogen (C:N) ratios of
(A-D) suspended and settling particulate organic matter (POM), as well as (E-H) suspended POM size fractions of pico-
(0.3 - 2.7 um), nano- (2.7 - 10 um), and microplankton (10 - 100 um) are correlated with the average fCO, of the res-
pective experimental phase (Table S4.1) (13). Asterisks denote a statistically significant CO, effect (p < 0.05; Table 4.1).
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Table 4.1. Summary of linear regression analysis. Statistical significance of potential CO, effects on elemental stoichi-
ometry of suspended and sedimented particulate organic matter was tested for each experimental phase (0 - IV) (13)
using a linear model. Size classes of pico-, nano-, and microplankton represent particulate matter of 0.3 - 2.7 um,
2.7 - 10 um, and 10 - 100 um, respectively. Significant effects detected are highlighted in bold, while the positive or
negative trends are indicated by ¥ and V), respectively. Degrees of freedom = 6.

Phase Suspended POM Settling POM

Multiple R? F-statistic p Multiple R? F-statistic p

0 0.095 0.629 0.458 0.067 0.430 0.536

[ 0.894 50.630 *<0.001 <0.001 0.003 0.959

E Il 0.027 0.165 0.699 0.387 3.791 0.099

1l 0.635 10.430 +0.018 0.308 2.671 0.153

v 0.694 13.640 +0.010 0.818 26.870 +10.002

0 0.078 0.507 0.503 0.011 0.065 0.807

[ 0.097 0.645 0.453 0.593 8.755 +0.025

E Il 0.616 9.616 +0.021 0.812 25.830 +10.002

1l 0.120 0.818 0.401 0.663 11.790 +0.014

\Y) 0.796 23.360 +0.003 0.600 8.986 +0.024
0 <0.001 <0.001 0.996
g [ 0.093 0.619 0.461
_Z’_L 1] 0.527 6.691 +0.041
° 1l 0.004 0.025 0.881
\Y) 0.595 8.830 +0.025
0 0.018 0.091 0.775
% | 0.398 3.973 0.093

]

E 1] 0.087 0.573 0.478
© 1l 0.041 0.259 0.629
\Y) 0.522 6.543 +0.043
0 0.222 1.715 0.238
g | 0.521 6.527 10,043
zE Il 0.017 0.102 0.761
o 1 0.387 3.794 0.099
\Y) 0.641 10.700 +0.017

The picture progressively changed during the post-bloom phase and with the shift of dominating
phytoplankton groups and their individual responses to increasing CO, levels during the second
phytoplankton bloom (Phases Il and Ill, Fig. 4.3B, C, F, and G). From the second bloom on, bulk
C:N correlated negatively with CO,, which we consider to be due to a reduced dominance of dia-
toms at high CO, (12) (Table 4.1, Fig. 4.3C). The subsequent CO,-controlled intensity of the cocco-
lithophore and cyanobacteria blooms further amplified the negative correlation of C:N with CO,,
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now consistent in all three particle size classes (Table 4.1, Fig. 4.3D and H). A corresponding trend
in settling particulate matter, collected in sediment traps at the bottom of the mesocosms, was
already visible since the post-bloom phase (II), but only got significant in the presence of bloo-
ming coccolithophores and cyanobacteria (Table 4.1, Fig. 4.3B-D). However, about one third of the
measured vertical POC flux occurred in this last phase, emphasizing the relevance of this obser-
vation for potential future ocean carbon sequestration (16). Carbon to phosphorus (C:P) ratios of
bulk suspended as well as settling particulate matter mirror the observed pattern of C:N ratios,
with significant negative correlation in settling particles throughout the experiment (Table 4.1,
Fig. S4.2A-D). Previous studies have shown enhanced production of carbon rich transparent exo-
polymer particles (TEP) at increased CO, concentrations, which were thought to potentially incre-
ase carbon load of settling particles (17). Surprisingly, enhanced production of TEP at increased
CO, levels in the present study (18) did not increase the relative carbon content of settling POM.

Our findings indicate that under close to natural conditions, elevated CO, does not necessarily
enhance carbon consumption and C:N ratios of marine organic matter. In contrast, we show that
the POM stoichiometry is tightly linked to plankton community structure and can even result in
lower C:N ratios under high CO, levels. However, individual responses of phytoplankton groups or
species cannot be totally excluded. Indeed, CO, perturbation studies with natural plankton assem-
blages during the last decade have shown diverse responses of plankton community structure and
POM stoichiometry to increasing CO, (19-24). Furthermore, we have shown that the shifting C:N
signal of suspended organic matter carries on to settling POM, likely impacting carbon sequestra-
tion. These results call for reconsidering the concept that natural plankton communities show a
unidirectional response of elevated C:N to increasing CO,, especially with respect to global bio-
geochemical models. Therefore we emphasize the need to understand CO,-driven plankton com-
munity shifts in order to predict the response of elemental ratios and biogeochemical cycling in a

high CO, ocean.
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Materials and Methods

Experimental design

Nine ‘Kiel Off-Shore Mesocosms for Ocean Simulations’ (KOSMQOS; (25) were deployed in Raune-
fiord at the west coast of Norway (60.265° N, 5.205° E) on April 30 2011 (day -8; Fig. S4.1). The
cylindrical mesocosm bags were initially covered with a 3 mm screen on both ends and were left
open fully submerged for free water exchange for four days. On May 4 (day -4) the screens were
removed, the top of the bags pulled above sea surface and the bottoms sealed by two meter long,
conical sediment traps. After mesocosm closure, each unit enclosed a 25 m long and two meter in
diameter water column of on average volume of 74.5 m? (12). A salinity gradient present inside the
mesocosms was homogenized by injecting air to the bottom of the mesocosms in two consecutive

steps (days -4 and -3).

For the CO, treatment, we established an fCO, gradient between mesocosms of initially 311 to
3045 patm (day 5; Table S4.1), by stepwise addition of CO, saturated seawater over five consecu-
tive days (days 0 to 4) following procedures described in Riebesell et al. (25). One mesocosm (M4)
served as an untreated control, while a second ‘control mesocosm’ (M2) was excluded from the
current data set due to water exchange of several cubic meters with the surrounding fjord (12).
After initial addition, the fCO, was left free drifting in response to air-sea CO, gas exchange and
biological activity. On day 14 inorganic nutrients were added to all mesocosms to induce a phyto-
plankton bloom based on new production. We only increased nitrate and phosphate concentra-
tions (5 and 0.16 umol L* respectively) to favor a bloom of the coccolithophore Emiliania huxleyi
(16). A detailed description of the experiment setup, manipulations and maintenance can be found

in Schulz et al. (12), while a timeline of the experiment is shown in Fig. S1.

Sampling and processing

Sampling procedures of the mesocosm water columns and sediment traps were carried out as
described in Schulz et al. (19) and Boxhammer et al. (26), respectively. Briefly, water samples from
0 - 23 m were taken on a daily basis using depth-integrating water samplers (IWS, HYDROBIOS).
Suspended particulate mater (PM) for organic carbon, nitrogen, and phosphorus (POC, PON,
POP) analysis were collected on pre-combusted glass fibre filters (GF/F, Whatman) using gentle
vacuum filtration (< 200 mbar). Water samples for carbon and nitrogen analysis of fractionated
particle size classes were only taken on every fourth day between day 2 and 26 and additionally

on day 28 (Fig. S4.1). Each of these water samples passed three filters, connected in series that
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were corresponding approximately to the size classes of micro (10 - 100 um), nano (2.7 - 10), and
pico (0.3 - 2.7 um) plankton. A detailed description can be found in Bermudez et al. (27). Inorganic
carbon on filters was removed by fuming with 37% HCl in a desiccator for 2 h prior to drying them
over night at 60°C and packing them into tin foil.

The sediment traps were also emptied on a daily basis by a vacuum pump system connected to
silicon tubes reaching down to the collecting cylinders of the traps. The collected material was
concentrated via passive sedimentation and centrifugation, freeze-dried and ground to fine and
homogeneous powder (grain size < 63 um) following methods described in Boxhammer et al. (26).
Subsamples of the supernatant after sedimentation were collected on filters as described for water
column samples. The inorganic carbon fraction in ground sediment trap samples was removed by

direct exposure of 2 mg subsamples to 50 pL 1 M HCl inside silver cartridges.

Particulate matter and Chl g analysis

POC and PON collected on filters and of the ground sediment trap subsamples was analysed with an
acetanilide calibrated CN analyser following Sharp (28). TPP of both sample types was converted to
orthophosphate by autoclaving the samples for 30 minutes in an oxidizing decomposition solution
(Merck, catalogue no. 112936). Inorganic phosphate concentration was then determined spectro-
photometrically according to Hansen and Koroleff (29). Water column samples for Chl a concentra-
tion analysis were collected and filtered as described for PM, minimizing light exposure during fil-
tration. Chl a content of the collected PM was extracted and analysed by high-performance liquid
chromatography (HPLC) following Barlow et al. (30).

Nutrient measurements

Dissolved inorganic nutrients including nitrate (NO;), phosphate (PO,*), and silicate (Si(OH),)
were analysed from integrated water samples using standard methods described in Hansen and
Koroleff (29).
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Carbonate system analysis

Samples for dissolved inorganic carbon (DIC) and pH measurements were taken and analysed as
described in Schulz et al. (12). Shortly, samples were directly drawn from the integrated water
samplers without gas exchange and filled headspace free into sample bottles. DIC was then mea-
sured coulometrically following Johnson et al. (31), while seawater pH was determined spectro-
photometrically as described by Carter et al. (32). Seawater fCO, for in-situ temperature and sali-
nity was calculated from DIC and pH measurements using the dissociation constants of carbonic
acid from Mehrbach et al. (33) as refitted by Lueker et al.(34).

Data analysis and statistics

Based on the CO, and nutrient manipulation, as well as the Chlorophyll a (Chl a) development,
we divided the experiment into five consecutive phases described in detail in Schulz et al. (12)
(Table S4.1; Fig. 4.1B). Briefly, Phase 0 encompasses the time before a significant CO, gradient was
established (days -1 to 2), Phase | covers the peak and decline of the first phytoplankton bloom
(days 3 - 8), Phase Il represents the first post-bloom phase (days 9 - 14), Phase Il includes the

second phytoplankton bloom, while the last Phase IV covers the second post-bloom.

Similar to other mesocosm CO, perturbation studies with a CO, gradient established (19, 21, 35),
we applied linear regression analysis to detect significant correlations between average fCO, and
average elemental ratio during each experimental phase. R software (36) was used to perform

statistical analysis.

Additional author notes:

UR designed and coordinated the mesocosm experiment that was carried out by TB, LTB, RGJB,
JRBM, KGS, HS, MS, and UR. Dissolved inorganic carbon, and pH were measured and carbonate
chemistry calculated by RGJB and KGS. JRBM, HS, and MS measured elemental stoichiometry of
bulk and size fractionated suspended particulate matter. Settling organic matter composition was
analysed by TB, who also visualized the data and wrote the manuscript. All authors contributed to

the data analysis and commented on the manuscript.
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Supplementary tables and figures

Table S4.1. Phase specific mesocosm CO, treatments. fCO, represents average values of each of the five experimental
phases (0 - 1V, (13) and the initial CO, levels on day 5. Mesocosm 2 was excluded from the current data set due to water
exchange of several cubic meters with the surrounding fjord through an un-mendable hole (12).

Mesocosm fco, fco, fco, fco, fco, fco,
initial Phase 0 Phase | Phase I Phase Il Phase IV

# onday5 day-1-2 day 3-8 day 9-14 day 15 - 25 day 26 - 34
4 311 326 310 312 306 293

6 393 351 378 387 369 348

8 593 427 578 565 497 467

1 888 460 850 792 653 590

3 1164 453 1059 968 792 693

5 1425 462 1270 1152 884 784

7 2058 443 1813 1586 1167 980

9 3045 462 2596 2202 1534 1279
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Fig. S4.1. Manipulation, sampling and maintenance schedule. Days of experiment are related to the day of the first
CO, addition (day 0 = 8 May 2011). P 0 - IV, indicate the four consecutive phases of the experiment (13).
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Fig. S4.2. Correlation of carbon to phosphorus ratios with fCO,. (A-D) Phase specific average ratios of carbon to phos-
phorus (C:P) in suspended and settling particulate organic matter (POM) are correlated with the average fCO, of the res-
pective experimental phase (Table $4.1) (13). Asterisks denote a statistically significant CO, effect (p < 0.05; Table 4.1).
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Fig. S4.3. Time course of additional key parameters in the mesocosms. (A) Si(OH), = dissolved silicate and (B) POP =

particulate organic phosphorus. Colours and symbols of the CO, treatments and the control mesocosm as described in
Fig. 4.1. Roman numbers denote the different phases of the experiment (13).
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Figure $4.4. Time course of elemental ratios. Ratios of suspended particulate (A) C:N = carbon to nitrogen and (B) C:P =
carbon to phosphorus, as well as ratios of settling particulate (C) C:N = carbon to nitrogen and (D) C:P = carbon to

phosphorus. The horizontal dashed line indicates the Redfield ratio of 106C : 16N : 1P. CO, treatments are indicated by
colours and symbols shown in Fig. 4.1. Roman numbers denote the different phases of the experiment (13).
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Fig. S4.5. Time course of the carbon to nitrogen ratio in different particle size classes. Ratio of carbon to nitrogen (C:N)
of particles corresponding to the size class of (A) pico-, (B) nano-, and (C) microplankton. The horizontal dashed line
indicates the Redfield ratio of 106C : 16N : 1P. CO, treatments are indicated by colours and symbols shown in Fig. 4.1.
Roman numbers denote the different phases of the experiment (13).
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In this chapter, | synthesize methodological insights from eight years of biogeochemical research
with pelagic mesocosms and discuss impacts of OA on C:N stoichiometry of POM and transfer of
biomass to higher trophic levels. Based on this, | then suggest methodological improvements for
mesocosm research and highlight open questions and perspectives of future OA research focus-

sing on the biogeochemical impact of entire plankton communities with multi-trophic levels.

5.1 Pitfalls of elemental mass balance calculations in mesocosm
enclosures and methodological improvements

Chapter 3 has shown that the closed nature of pelagic mesocosms makes them a very suitable plat-
form for calculating elemental mass balances in water bodies hosting entire plankton communities
over extended time scales. The limited exchange with the surrounding environment allowed us
to follow the biologically driven cycling of elements and to assess the impact of CO, perturbation
in the theoretical absence of any hidden sources or sinks. However, the experiences described in
Chapter 3 and collected during in total seven KOSMOS mesocosm studies between 2010 to 2017
have revealed several pitfalls that can handicap calculation of elemental mass balances, even in

such a largely controlled environment.

5.1.1 Mesocosm sediment trap design and sampling

The quantitative collection and removal of settling PM is not only essential for accurate vertical flux
measurements inside mesocosms, but also to avoid bacterial degradation of accumulating organic
matter that would otherwise consume oxygen and release unquantifiable recycled nutrients and
CO, to the systems. Both factors are critical to allow closing of elemental mass balance calculations.
The sampling method for sediment traps of KOSMOS mesocosms described in Chapter 2, was
developed for daily sampling of quantitative sediment traps without any disturbance of the water
column and with minimal impact on the collected PM. The main advantage of using an extraction
tube to recover the samples (Fig. 2.1B in Chapter 2) over systems using replaceable collection cups
or bottles (e.g. Gamble et al., 1977; Guieu et al., 2010) is that the otherwise sealed mesocosms do
not need to be opened for emptying the sediment traps. Every opening of the sediment traps could
cause exchange of water and PM driven by salinity differences between the internal and external
water masses. When summed up over a longer period, this exchange could potentially influence

element pools and mass balance calculations. Salinity differences often develop over time due to
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evaporation inside the mesocosms (Taucher et al., 2017a) or exchange of the surrounding water
masses, particularly in regions with freshwater inflows (Bach et al., 2016). The developed sedi-
ment trap design of KOSMOS mesocosms and sampling technique was to date applied in seven
mesocosm studies and has proven highly reliable performance. Only solid objects larger than 1 cm
in diameter can block the extraction tube, a problem that can be solved by opening the tube con-
nector (Chapter 2). The downside of quantitative sediment traps is the handling of large sample
volumes during times of high primary production with up to 4 L of dense particle suspension that
could contain more than 450 mol of C (Boxhammer et al., 2017). The newly developed processing
of such samples described in Chapter 2 has proven to successfully concentrate (C concentration
efficiency >98%) and process these samples for highly accurate vertical flux measurements of ele-

ments.

5.1.2 Wall growth

Wall growth is a common artefact in enclosure experiments (Chen et al., 1997) limiting their run-
time and representing a sink for carbon and nutrients that prevents closure of mass balance cal-
culations (Czerny et al., 2013a). The closed silica mass balance in Chapter 3 has shown that wall
growth of cylindrical mesocosms can be overcome by regular cleaning of the inside mesocosm
walls. This allowed for calculation of element mass balances over more than 100 days of experi-
ment (Chapter 3). However, the applied ring-shaped cleaning device (Riebesell et al., 2013) does
not clean the funnel shaped sediment trap in the KOSMOS setup, which is also prone to fouling and
growth of epiphytes when light penetration is sufficiently deep. In eutrophic regions with relatively
low light penetration depths this was found to be negligible at mesocosm lengths between 15 to
25 m (e.g. mesocosm studies in Chapters 3 and 4). In oligotrophic regions with high light penetra-
tion depths it was found that growth and related accumulation of biomass on the sediment trap
funnel (13-15 m below sea surface) can be in the same order of magnitude as the measured verti-
cal particle flux making mass balance calculations obsolete (Stange et al., accepted). Thus, in case
of high light penetration depth, the regular cleaning of the sediment trap surface is essential for
successful mass balance calculation of elements. The only tested solution to date is the use of a
brush that is magnetically hand-operated by a diver outside of the sediment trap and needs to be

improved in terms of efficiency.
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5.1.3 Correction of dissolved inorganic carbon for the air-sea gas exchange of CO,

The discrepancy between net community production of organic C and dissolved inorganic carbon
(DIC) drawdown described in Chapter 3 highlights the importance of correcting the DIC pool for
CO, air-sea gas exchange. As shown in Fig. 3.4 (Chapter 3), cumulative sedimentation of C alone
exceeded the net drawdown of DIC at the end of the study by a factor of three at ambient CO,.

Theoretically, the air-sea flux of CO, can be calculated from (1) the difference in partial pressure
of CO, across the air-sea interface (ApCO,), which is the thermodynamic driver of the flux, (2) the
solubility constant of CO, at a given temperature and salinity, and (2) the exchange rate that deter-
mines the actual flux, a kinetic parameter termed as the ‘gas transfer velocity’. While ApCO, can
be easily calculated from known atmospheric pCO, and carbonate chemistry measurements inside
mesocosms, the gas transfer velocity is usually parameterized as a function of wind speed causing
turbulence in the open ocean (Wanninkhof, 1992). However, since mesocosm enclosures strongly
influence wind and wave driven convection, relationships between wind speed and gas transfer
velocity are likely very different inside pelagic mesocosms (Czerny et al., 2013b). In Chapter 3,
an attempt was made to estimate the gas transfer velocity of CO, from the outgassing rate of
the injected tracer gas, N,O, following (Czerny et al. (2013b). In previous KOSMOS mesocosms
studies with stable hydrographical conditions this technique achieved good estimates of CO, gas
transfer velocity and exchange rates (Czerny et al., 2013a; Spilling et al., 2016). However, in the
study described in Chapter 3 the complex and highly dynamic hydrographical conditions inside
the mesocosms seemed to limit the applicability of this method. As illustrated in Figure 5.1, a first
phase of thermal mixing caused by heat exchange with surrounding warmer bottom water was
followed by a second phase of strongly varying thermal stratification caused by increasing solar
heating and exchanging surrounding water masses with different temperature signature from the
Baltic and the North Sea (Bach et al., 2016).

The homogeneously mixed water column of the first phase led to continuous outgassing of N,O
and reliable estimation of gas transfer velocity rates. However, the thermal stratification during the
second phase physically divided the mesocosm water columns into a surface and a bottom layer,
whereby only the surface layer was in gas exchange with the atmosphere. The limiting factor for
the ‘N,O tracer method’ (Czerny et al., 2013b) was the high day-to-day variability of the surface
layer mixing depth (i.e. depth of the thermocline) and hence the vertical distribution of N,O, which
could not be resolved with the applied sampling techniques. As a consequence, measured pN,O (sa)
in the surface layer did not display a continuous decrease but instead fluctuated strongly, depend-
ing on irregular and pulsed inputs of N,O from the bottom layer of the mesocosm. Ultimately, this
impeded an accurate and representative exponential fit of N,O outgassing over several sampling

days and a corresponding conversion into CO, gas transfer velocity. This demonstrates the limita-
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tions on the hydrographical conditions where the ‘N,O tracer method’ can currently be success-

fully applied.
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Figure 5.1. Development of the vertical temperature profile inside the mesocosms of the 2013 KOSMOS campaign in
Gullmar Fjord, Sweden (Chapter 3), derived from every 2" day CTD casts. The white dashed arrows illustrate thermal
convection of the entire water column. The white solid line separates the two phases of (1) thermal convection and (2)
highly variable thermal stratification of the water column.

5.1.4 Dissolved organic matter

Two mass balance approaches of KOSMOS mesocosm studies, presented in Chapter 3 as well as
in Czerny et al. (2013a), have shown that DOM is highly sensitive to sample contamination. This
had strong impact on elemental mass balance calculations due to DOM'’s relatively large contribu-
tion to the elements net community production (see Fig. 3.4 in Chapter 3). In contrast to the open
ocean, contamination is easily detected in repeatedly taken samples from enclosed water bodies.
Changes in DOM concentration that are (1) not reflected in the other element pools as sources or
sinks and (2) cannot be explained by biological activity in the observed order of magnitude (e.g. by

rates of net primary production) are questionable for sample contamination.

In principle, measured DOM concentrations can be artificially increased during three critical steps:
(1) Handling of sampling gear and samples during sampling, (2) sample processing, mainly filtra-
tion to separate DOM from POM, and (3) the analysis of the samples. While analytical accuracy
can be controlled with Deep Atlantic Seawater Reference Material (DSR, D. A. Hansell, University
of Miami, Miami, Florida, USA), sample collection, handling, and filtration hold greater poten-
tial for contamination. In past KOSMOS mesocosm studies, samples for DOM measurements

have been taken directly from integrated water samplers (Paul et al., 2015; Schulz et al., 2017;
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Zark et al., 2017; 2015) as well as pooled water samples (Czerny et al., 2013a; Schulz et al., 2013),
resulting in substantial differences in data quality. In particular, DOC measurements from pooled
water samples showed unexplainable day-to-day variability of up to 40 umol L. This was likely
due to insufficient cleaning of the carboys where water samples were pooled. When samples
were taken directly from the water sampler, DOM data quality depended on the applied filtra-
tion protocol. Zark et al. (2015) have gravity filtered the DOM samples on board of the sampling
boat. This resulted in strongly variable DOM data, which prevented closing of the mass balance
calculations of C, N, and P in Chapter 3. Here, DOC concentrations between sampling days varied
by up to 50 umol C L* within 48 hours (Fig. 3.4 in Chapter 3). This was probably due contamina-
tion during the filtration process and sample handling on board of the boat. In Paul et al. (2015),
Zark et al. (2017), and Schulz et al. (2017) samples were transferred from the water sampler into
acid rinsed sample bottles and filtered later on in a clean laboratory environment. This technique
has led to the most reliable DOM data from KOSMOS mesocosms so far. In this case, DOC day-to-
day variability was usually < 10 umol C L't with only very few exceptions. The latter technique obvi-
ously minimises sources of contamination for DOM samples and thus should be applied in future

studies to also minimise the impact of these artefacts on mass balance calculations.

5.1.5 Relevance of the mesozooplankton pool for particulate organic matter

During the KOSMOS long-term experiment described in Chapter 3, the relative contribution of
mesozooplankton to bulk particulate organic carbon in the water column fluctuated between 10
to 40% over the course of the study (Fig. 5.2). This strongly highlights the role of mesozooplankton
within the POM pool (Fig. 1.2 in Chapter 1) and their importance for successful mass balance cal-

culations that otherwise likely underestimate the pool of particulate organic matter.

While the contribution of mesozooplankton to the POM pool is clearly substantial, it is unlikely
that mesozooplankton biomass is accurately accounted for by standard sampling methods for sus-
pended POM, which collect organisms and particles on 0.7 um pore size filters. It is known that
copepods, often dominating mesozooplankton assemblages (Kigrboe, 2011), exhibit escape reac-
tions to hydrodynamic stimuli (Fields and Yen, 1997; Waggett and Buskey, 2007), which can be
triggered by predators as well as sampling gear for water samples. Thus, their behaviour prevents
representative sampling of mesozooplankton biomass with water samplers, especially those that
take integrating water samples. Furthermore, the typically used filtration volume of 0.5 to 2 L for
POM analysis (Ehrhardt and Koeve, 2007) does not sufficiently account for the relatively low con-
centrations of mesozooplankton organisms and their patchy distribution. Therefore, quantification

of elements in suspended POM needs to include standard filtration of water samples as well as
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separate determination of elements in mesozooplankton biomass using large volume net catches.
This is especially critical for elemental mass balance approaches but also when biomass in the
water column is related to sedimentation fluxes measured at depth.
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Figure 5.2. Time course of the relative contribution of individual carbon pools to total particulate carbon during the
KOSMOS long-term experiment in Gullmar Fjord (Sweden) (Chapter 3). Values represent an average of the ambient
CO, mesocosms. Phytoplankton carbon (light green) was calculated from flow cytometer counts (0.8-50 um in diam-
eter) based on measurements of size-fractionated samples and subsequent conversion of forward-scatter to particle
diameter (Taucher et al., 2017b), Coscinodiscus concinnus carbon (dark green) was calculated from cell abundance
(Bach et al., 2017) and a species specific conversion factor of 0.35 ug C cell* (Wiltshire and Dirselen, 2004), microzoo-
plankton carbon (light red) data originate from Horn et al. (2016), mesozooplankton biomass (dark red) was calculated
as described in Chapter 3, detritus and bacterial biomass (ochre) reflects the bulk organic carbon collected on 0.7 um
pore size filters (GFF, Whatman) subtracting calculated phytoplankton, C. concinnus, and microzooplankton carbon.
It should be noted that C content of C. concinnus was likely underestimated after day 30, as their cellular C:N ratio
strongly increased after inorganic nutrients were used up (Fig. 3.5C in Chapter 3).
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5.2 Ocean acidification effects on carbon and nutrient cycling

5.2.1 Impact of ocean acidification on the carbon to nitrogen ratio of particulate
organic matter

Both Chapters 3 and 4 have shown that OA can affect the C:N stoichiometry of POM with dif-
ferent and even variable responses over time. This observation is in line with a review by
Hutchins et al. (2009) that compared mainly small-scale and short-term plankton community
incubations with early in situ mesocosm OA studies (Engel et al., 2005; Riebesell et al., 2007).
These first in situ OA studies gave the impression that the C:N ratio of natural plankton assem-
blages might generally increase or remain stable under high CO, (Riebesell and Tortell, 2011). This
was also the case during the long-term community study in Chapter 3, where the increase of C:N
in bulk POM under OA was driven by only one phytoplankton species C. concinnus (see Fig. 3.6
in Chapter 3). In contrast, the plankton community in Chapter 4 showed a variable OA induced
response of POM C:N over time (Fig. 4.3 in Chapter 4) that was associated with shifting dominance
of phytoplankton groups during bloom and post-bloom phases as well as between CO, treatments.
Comparing these results with three other OA in situ mesocosm studies in different oceanic regions
and ecosystems between 2010 and 2014, reveals a highly diverse response of the POM C:N ratio
to increasing CO, levels (Table 5.1). Effect sign and strength vary between oceanic regions and eco-
systems (i.e. plankton assemblages), phytoplankton growth phases (pre-bloom, bloom, and post-
bloom), successive phytoplankton blooms during the same study, and between suspended POM in

the water column and sinking particles collected in the mesocosm sediment traps.

Two major mechanisms and their interaction likely drive the C:N responses to OA in suspended
POM: (1) Physiological responses by the dominating phytoplankton species, such as the enhanced
excess C fixation by C. concinnus in Chapter 3, (2) a shift in dominating phytoplankton groups or
species with different inherent C:N ratios, or a mixture of mechanisms (1) and (2) with a simultane-
ous shift of dominating species that show physiologically driven changes in their cellular C:N ratios.
In Chapter 4 it was concluded that the OA induced changes in the bulk POM C:N ratio was mainly
caused by shifting dominance of different phytoplankton groups (mechanism 2). However, indi-
vidual responses of phytoplankton groups or species (mechanism 1) cannot be totally excluded as
suspended particle size classes of pico-, nano- and microplankton showed differently pronounced
trends (Fig. 4.3 in Chapter 4). It should also be noted that this interpretation focuses on the photo-
autotrophic community and thus disregards the heterotrophic biomass (e.g. bacteria or zooplank-
ton organisms) that also influences the bulk POM C:N ratio, especially during pre- and post-bloom
phases of the phytoplankton (Fig. 5.3). In Chapter 3 any potential responses of the heterotro-
phic community was likely masked by the response of the photoautotrophic diatom C. concinnus,

favoured by the fact that this diatom species was too large to be grazed on by any heterotrophs



114  CHAPTER 5. SYNTHESIS

(see Sect. 5.2.2 of this chapter). In contrast, during the 2012 Finland’ study listed in Table 5.1 it
seems likely that heterotrophic organisms caused a significant increase of the POM C:N ratio under
high CO,. The CO, effect was only observed during the second half of the study, when biomass was
shifted from autotrophic to heterotrophic organisms (Paul et al., 2015). Heterotrophic organisms
also play a major role in the transformation of sinking POM, capable to alter OA induced ten-
dencies and effects on the C:N ratio during the particles descent, as visible from Table 5.1. Their
influence became most obvious in the ‘2014 Gran Canaria’ study, where the ‘tendency’ (i.e. an
insignificant linear trend) of increasing POM C:N stoichiometry at high CO, in the water column
was reversed into a significantly negative CO, effect on C:N ratios found in sinking particles during
the post-bloom phase (Table 5.1). Stange et al. (accepted) explained this reversal of the C:N trend
from suspended POM to sinking particles with OA induced differences in micro- and mesozoo-
plankton abundances and thus differences in particle transformation by phytoplankton grazers.
Their example suggests that depending on the food web structure, enhanced C fixation by phyto-
plankton under high CO, does not necessarily enhance C export. This should be considered when

modelling C cycling under future OA.

From all five OA studies listed in Table 5.1, it is clear that the modification of POM elemental stoi-
chiometry by the plankton community in response to OA is highly variable (in sign and strength)
and depends on the investigated plankton community composition in the specific oceanic region.
Furthermore, OA induced changes in C:N stoichiometry of POM in the surface ocean may not
directly translate into similar changes of sinking POM, but are often transformed by the heterotro-
phic plankton community. Thus, for prediction of C and N cycling under future OA both stoichio-
metric changes in POM in the water column and further transformations in sinking particles need

to be taken into account.

The high variability of the C:N responses to OA found under different plankton community settings
(Table 5.1), complicates prediction for the future C:N ratio of bulk suspended POM or sinking par-
ticles. However, it is likely that under OA the C:N stoichiometry of POM will be influenced on a local
scale, regionally impacting C:N dependent processes such as C sequestration, which in turn might
impact global cycling of C and N.

The CO, effects on the POM C:N ratio listed in Table 5.1 were in most cases driven by CO, levels
higher then 480 ppm. This CO, concentration is the maximum concentration predicted by the
global CO, emissions scenario RCP2.6 that leads to global warming of in maximum 2.3°C by the
year 2100 (see Fig. 1.3B in Chapter 1). Thus, our results suggest limited effects of OA on C:N stoi-
chiometry if humankind successfully restricts CO, emissions to keep global warming below the 2°C

goal of the ‘Paris Agreement’ (see Epilogue).
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5.2.2 Impact of ocean acidification on transfer of photoautotrophic biomass to
higher trophic levels

The results presented in Chapter 3 provide one of the first evidences that physiological OA effects
on primary producers can cascade through the food web, modifying the partitioning of element
pools and thus impacting biogeochemical cycling. The amplified transfer of biomass from photo-
autotrophs to higher trophic levels significantly impacted retention time of elements such as C, N,
and P in the water column as well as their downward flux.

Generally, there are two mechanisms by which OA could influence the transfer of biomass from
primary producers to higher trophic levels: (1) CO, induced changes in primary production and thus
food availability for herbivorous predators, or (2) CO, related changes in trophic transfer efficiency,
defined as the energy or biomass that is transferred from one trophic level to the next, which could
be altered by the prey’s nutritional quality or predator energy demand. In Chapter 3, the ampli-
fied transfer of biomass from phytoplankton to mesozooplankton (dominated by copepods) under
high CO, was attributed to increased primary production of about 20 umol C L summed up over
the course of the study (Eberlein et al., 2017). This likely promoted the food supply for copepods,
resulting in elevated copepod biomass of about 2.5 umol C L™ under high CO, (Fig. 3.5 in Chapter 3).
Assuming a direct transfer of C from primary producers to copepods this would correspond to a
theoretical C transfer efficiency of roughly 12.5%, which agrees well with the commonly assumed
trophic transfer efficiency of ~10% per trophic level. Picophytoplankton as well as C. concinnus
abundances were temporarily increased under high CO, (Bach et al., 2017), but both were either
too small (<2 um) or too large (>200 um) to be directly grazed on by the dominant copepod species
Pseudocalanus ascuspes. This exposes a bottleneck for transfer of OA induced changes on primary
producers through the food web: The size match or mismatch of predator (mesozooplankton) and
prey (phytoplankton). Thus, primarily nanophytoplankton must have fuelled the amplified transfer
of biomass in terms of C and nutrients to mesozooplankton under high CO,, despite the absence of
a visible CO, effect on the abundance of this phytoplankton group. However, it cannot be excluded
that to some extend P. ascuspes was also feeding on microzooplankton that in turn could feed on
picophytoplankton, but microzooplankton also did not show any CO, effect on their abundance
(Horn et al., 2016). The question of the exact origin of indirect food web effects underscores the
difficulty of understanding mechanistic principles behind biogeochemical changes observed in

plankton community experiments.

To date, Cripps et al. (2016) is the only published study that actually measured the impact of OA
on trophic transfer efficiency of C by calculating the C allocation budgets of adult copepods. At
1000 patm pCO, they found a reduction in C transfer efficiency of more than 50% from three
different phytoplankton species to the copepod species Arcartia tonsa. This was attributed to

OA induced changes of the biochemical stoichiometry (carbohydrate : lipid : protein ratio) of
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phytoplankton prey organisms indirectly impacting the copepods. In fact, changing phytoplankton
nutritional quality in terms of algal fatty acid composition and C to nutrient ratios under OA were
also found in other studies (Bermudez et al., 2016; Rossoll et al., 2012; Schoo et al., 2012), showing
decreased growth, development, fatty acid composition or egg production of herbivorous cope-

pods, but lacking measurement of the actual trophic transfer efficiency.

Unfortunately, neither direct measurements of trophic transfer efficiency nor phytoplankton nutri-
tional quality (e.g. fatty acid or biochemical composition) were conducted during the plankton
community study in Chapter 3. Likely reduced nutritional quality in terms of increased C to nutri-
ent content under high CO, was only found in cells of C. concinnus but the size mismatch with the
present grazers prevented trophic transfer of this OA effect through the food web. If nutritional
quality of phytoplankton grazed by P. ascuspes was reduced, the potentially negative impact was

outbalanced by increased primary production and thus food availability.

Thus an open question for future OA studies is if changing primary production or changing trophic
transfer efficiency will dominate and determine the transfer of biomass from primary producers to

higher trophic levels in a future high CO, ocean.
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5.3 Future perspectives

5.3.1 Future methodological improvements for biogeochemical research with
pelagic mesocosms

As evident from previous sections and chapters of this thesis, there is still considerable limita-
tion in measurement accuracy of numerous biogeochemical parameters measured inside pelagic
mesocosms. These require methodological improvements to increase their measurement accu-

racy in the future for successful closure of elemental mass balance calculations.

To assess the CO, air-sea gas exchange under highly variable thermal stratification inside meso-
cosms, N,O sensors that are currently under development should be tested for high temporal and
small-scale resolution of the vertical tracer gas concentration gradients and partial pressures. This
would likely allow us to develop a box model for daily N,O and corresponding CO, gas exchange
rates between (1) layers in the water column that are separated by a pycnocline and (2) between
the actual surface layer of the water column and the atmosphere. A comparable approach was
successfully applied by Kock et al. (2012) to assess the diapycnal flux of N,O in a field study off the
coast of Mauretania.

Although the best practice for DOM sampling in pelagic mesocosms to date was pointed out in
Sect. 5.1.4 of this chapter, alternative sampling methods should be tested to further minimise the
contamination of DOM samples. This could be the use of ultra-clean acid rinsed samplers that are
directly transported back from each mesocosm to the lab for both subsampling and filtration in a

clean environment.

Furthermore, the mesozooplankton biomass in future studies should be investigated in the same
temporal resolution as the other element pools to better resolve temporal dynamics in the meso-
zooplankton pool and to increase the temporal resolution of calculated net community production.
This should ideally be done with in-situ camera systems to avoid an artificial top down control on
mesozooplankton created by net catches. Additionally, the element content and stoichiometry of
mesozooplankton individuals should be measured and not calculated in future studies to consider
potential changes in elemental composition over time that might be caused by changing elemental
stoichiometry of the prey organisms. All these improvements would contribute to successful mass
balance calculations of elements inside mesocosms that could give us further insights into element

cycling under manipulated environmental factors such as OA or varying nutrient regime.

The methodological improvements in flux assessment inside mesocosms (Chapter 2) were to date
applied for bulk flux measurements of elements. However, the contribution of different ‘particle

classes’ such as faecal pellet, mesozooplankton carcasses, vertical migrating mesozooplankton
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(swimmers), and phytoplankton groups or detritus have been poorly investigated. A detailed analy-
sis of their individual contributions to sinking PM could improve our mechanistic understanding of
the role of phytoplankton and mesozooplankton for the downward flux of PM and their individual
relevance for the sinking POM stoichiometry. Image based analysis using a flatbed scanner and
subsamples of sediment trap samples were unsuccessful in the past due to the strong aggregation
of the collected material and the associated optical particle overlay. This in turn made automated
evaluation with the available software impossible. However, rapidly evolving machine learning for
object detection will likely be able to also distinguish overlying objects in the future and should
be tested as soon as it this software is available. Until then, ‘gel traps’ collecting particles in situ
in polyacrylamide gels (e.g. Durkin et al., 2016) or manual analysis of the sediment trap sample
composition should be considered in future mesocosm studies.

5.3.2 Future perspectives of ocean acidification research on biogeochemical
cycling of elements

One of the main tasks of future studies on the biogeochemical impact of OA will be to improve
our mechanistic understanding of the highly diverse C:N stoichiometry response observed to date
in plankton community experiments. This is mandatory to allow us to transfer the insights from
mesocosm ‘test tubes’ to the open ocean and to make predictions for future element cycling not
only on local and temporally limited scales. The in situ mesocosm studies on effects of OA con-
ducted to date mainly opened a small window to the future of a very specific plankton community
composition that was enclosed at the beginning of the experiment. The response of plankton
elemental stoichiometry in these experiments is often seen as a change in elemental composition
of bulk POM, which is not clearly attributable to certain plankton groups or changes in community
composition. It is therefore essential to distinguish individual C:N stoichiometry responses of func-
tional plankton groups to OA, and their contribution to bulk POM elemental composition to eluci-
date the community response. This could be achieved by using a cell-sorting flow cytometer and
subsequent elemental analysis of the sorted samples (e.g. Graff et al., 2012; Martiny et al., 2013).
Furthermore, the function of heterotrophic organisms in the transformation of OA induced changes
in elemental composition of photoautotrophic biomass should be a focus of future research. Their
capability to transform and even reverse OA effects on POM elemental stoichiometry illustrates
their great importance in driving changes in composition of sinking POM and thus in export of C

and nutrients at increasing CO, concentrations.

The question of who eats whom also needs deeper investigation in plankton community studies,

to better understand the pathway of direct CO, effects on primary producers that cascade through
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the food web. The potential impacts on biogeochemical cycling of elements through changes in
biomass transfer between trophic levels can be significant and also antagonistic to other OA effects
as seen for the vertical C flux in Chapter 3. Therefore a thorough investigation of these indirect

impacts is as important as any direct CO, effect on the plankton community.

Epilogue

Research on the impacts of OA has been going on for well over a decade. Nonetheless, we still
cannot accurately predict the impact of OA on all marine ecosystems and elemental cycling in the
ocean. The ‘Paris Agreement’ of the United Nations Framework Convention on Climate Change
from December 2015 was ratified by 170 nations (as of December 6%, 2017) and aims to mitigate
CO, emissions to limit global warming below 2°C and minimise OA (UNFCCC). However, this goal
can only be achieved within IPCC’s CO, emission scenario RCP2.6 that predicts decreasing CO,
emissions already by 2030 (Fig. 3B in Chapter 3) and includes geo-engineering to actively reduce
atmospheric CO, concentration (Williamson, 2016). It is therefore the task of the scientific com-
munity to find solutions that reduce atmospheric CO, concentration to prevent the known and still

unknown changes of marine ecosystems and their functioning under OA to become reality.
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