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GENERAL INTRODUCTION

1.1 The Anthropocene

Human activities have a global impact on organisms and biogeochemical proces-
ses, causing changes in ecosystem functioning, biodiversity, and biogeochemical cycles.
Overexploitation of resources, loss and alterations of habitats, environmental pollution and
fossil-fuel burning, are examples of human activities, which have a severe impact on ecosy-
stems. The period and current times where humans alter the planet is called the recent age
of man or the “Anthropocene”.

Carbon cycle

One of the largest impacts of humans since the industrial revolution is alteration
of the global carbon (C) cycle. Carbon dioxide (CO,) release, primarily due to burning of
fossil fuels, has increased atmospheric pCO, with 30% to levels of ~390 ppmv compared
to ~280 ppmv in pre-industrial times (IPCC 2007). Changes in land use, like deforestation,
release CO, and reduce the earth’s capacity for CO, uptake. There is strong evidence that
the CO, rise together with an increase in other greenhouse gases caused global warming of
~0.6°C since 1861 (IPCC 2007). Temperature is such an important driver in biotic (pro-
duction, metabolism) and abiotic (hydrology, ice melting) processes, that global warming
became a primary focus in research and environmental policy.

The oceans act as a strong sink for CO, and have absorbed approximately one
third of the anthropogenic CO, (Sabine et al. 2004). CO, is soluble in (sea)water (CO,[aq])
and reacts with water molecules to carbonic acid (H,CO,), which dissociates to bicarbonate
(HCO:;-), and carbonate ions (COy’), while releasing protons (H"). The sum of CO, species
are collectively referred to as dissolved inorganic carbon (DIC) and is dominated by bicar-
bonate (>90 %) at normal seawater pH. The increase in ocean surface CO,[aq] increases
DIC and HCO;- concentrations, but lowers CO,* concentrations and sea water pH, and
the latter lead to the name ocean acidification (Fig. 1.1). The average pH of the ocean has
already decreased by about 0.1 units compared to pre-industrial levels from 8.2 to 8.1 and a
further decrease of about 0.3-0.4 units is predicted for the year 2100, when CO, emissions
continue at present rates (Caldeira and Wickett 2003) (Fig. 1.1).

Eutrophication

Also other elemental cycles, such as those of phosphorus (P) and nitrogen (N), are
altered by human activities. Especially the intensification of agriculture, but also increases
in industrial and urban wastewater production have dramatically increased the loading of N
and P in aquatic systems. Atmospheric deposition of the increased nitrogen concentrations
in the atmosphere, due to agriculture and fossil-fuel burning, additionally adds nutrients to
aquatic systems. The anthropogenic nutrient loading led to eutrophication, one of the most
severe and pertinent environmental problems, causing degradation of aquatic ecosystems
and deteriorating water quality. Increased nutrients stimulate phytoplankton productivity,
resulting in recurring harmful algae blooms. Due to the high primary production, the
water transparency decreases and sedimentation increases. The consequent degradation of
sedimented matter consumes oxygen and causes anoxia in the bottom waters, creating dead
zones and massive fish kills (reviewed by Carpenter et al. 1998). Cyanobacteria are the
most notorious bloom formers by their abilities to form surface scum and to produce toxic
compounds (reviewed in Paerl et al. 2001). The reduced transparency induced by these
organisms leads to disappearance of macrophytes (aquatic plants).
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Fig. 1.1. Predicted changes in the surface seawater chemistry in response to changes in atmospheric pCO,
assuming the “business as usual” scenario. Figure taken from Rost et al. 2008.

In the past decades, many shallow lakes shifted from a clear water, macrophyte dominated
state to a turbid, algal dominated state, often dominated by toxic cyanobacteria
(Scheffer et al. 1993).

Especially lakes are sentinels for anthropogenic disturbances, where global war-
ming, eutrophication, and land-use changes act in conjunction (Williamson et al. 2008). En-
vironmental problems often reinforce each other’s effect. For example, global warming is
expected to reinforce eutrophication effects, including an increase in cyanobacteria blooms
(Paerl and Huisman 2008) and to aggravate anoxia, due to increased water-column strati-
fication. Increased erosion and sediment input due changes in land use, amplify terrestrial
nutrient loading and enhances eutrophication effects.

1.2 Plankton community structure and the microbial food web

Environmental problems such as ocean acidification and eutrophication affect
the base of aquatic food webs: the structure and functioning of plankton communities. A
food web represents an ecological network of feeding interactions, where organisms can be
lumped into functional groups (i.e. producers, consumers) that perform at different trophic
levels (the position in the food chain). The base of aquatic food webs is formed by phyto-
plankton, the primary producers, which convert inorganic carbon (CO,) and nutrients into
organic matter (OM) during primary production.
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Marine phytoplankton accounts for roughly half of the global primary production, despite
their low biomass (Field et al. 1998). In a classical view of the aquatic food web, the phyto-
plankton produced particulate organic matter (POM) is grazed by zooplankton, which can
be subsequently consumed by higher trophic levels, called the herbivorous food web.

Microbial food web

About 10-15 % of phytoplankton primary production is released as dissolved
organic matter (DOM), a mechanism of phytoplankton to release the surplus of carbon-rich
photosynthates (Fogg 1983, Baines and Pace 1991) over nutrients. The exudated DOM is
a high-quality substrate for growth of heterotrophic bacteria, which are key players in the
recycling of organic matter and nutrients in aquatic food webs (Azam et al. 1983). Hete-
rotrophic bacteria (hereafter denoted by bacteria) dominate pelagic (water-column) food
webs in terms of respiration and secondary production and it is estimated that 30-60% of
phytoplankton primary production is finally processed by bacteria (Cole et al. 1988, Del
Giorgo et al. 1997). Bacterial production forms the base of the microbial loop, which starts
with the consumption of DOM by bacteria that are in turn grazed upon by small, unicel-
lular organisms, named protozoans. Protozoans can be grazed by (metazoan, multicellular)
zooplankton, which links the microbial loop with the classical food web (Fig. 1.2).
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Fig. 1.2. Schematic diagram of carbon flows between different components of planktonic food webs. Modified
after J.P. Torréton, IRD.

The importance of phytoplankton derived DOM as substrate for bacteria has been demon-
strated amongst others, through the existence of robust, general relationships between the
abundance and production of bacteria and phytoplankton (Cole et al. 1988).
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Dissolved organic carbon (DOC), the largest organic carbon pool in aquatic systems, also
originates from leakage of dead cells and organisms, from sloppy feeding by grazers, viral
lysis, through dissolution of detritus, and by input of allochthonous organic matter, i.e.
mainly terrestrial material produced outside the ecosystem. Both herbivorous and micro-
bial food webs are present in pelagic systems and their dominance changes along a trophic
continuum (Legendre and Rassoulzadegan 1995).

Plankton and the global carbon cycle

The processes in surface plankton communities largely determine the CO, uptake
capacity of aquatic systems. In the oceans, a vertical CO, gradient exists from surface to
deep, driven by physical and biological processes. About two third of the surface to deep in-
organic carbon gradient is caused by the biological pump (Volk 1985). The biological pump
is the sinking (export) of photosynthetically produced organic matter out of the euphotic
zone, which is the upper 100 m of the oceans. Community respiration (dominated by bac-
teria) in the euphotic zone converts organic matter back into CO, and thus counteracts the
pump. Integrated over the global oceans, export is ~15 % of primary production (Laws et
al. 2000). In the deep oceans, the material can be consumed and respired, thereby producing
CO, that is released very slowly back into the surface waters by physical mixing or upwel-
ling. It has been estimated that, without the biological pump, atmospheric pCO, would
increase to ~500 ppmv (Maier-Reimer et al 1996), thus small changes in performance of the
biological pump will have large impacts on carbon cycling. The balance between produc-
tion, export and in situ respiration determines the vertical flux of biogenic carbon
(Rivkin and Legendre 2001).

While oceans are overall net sinks for CO,, most lakes are net sources of CO,
(Cole et al. 1994) because of net heterotrophy, i.e. respiration exceeds production. The net
heterotrophy of most lakes is primarily caused by the high input of terrestrial carbon that
constitutes the majority of the respired carbon in lakes (Cole et al. 2006) and makes lakes
hotspots of organic matter remineralization. The plankton production balance in lakes is
more directly affected by anthropogenic disturbances, compared to oceans. For example,
the CO, balance of lakes is directly influenced by the relative balance between allochtho-
nous DOC loading and nutrient input (Del Giorgo and France 1994, Hanson et al. 2003).
Because of the strong feedback of planktonic food webs on atmospheric CO,, carbon is the
primary element to study food-web interactions in this thesis.

1.3 Plankton carbon flows in the anthropocene

The overall research question of this thesis is: “What are the effects of anthropo-
genic disturbances on carbon flows in plankton food webs?” Both marine and freshwater
systems were studied, but for marine systems we focused on the effects induced by rising
CO, levels, while in fresh water systems we focused on eutrophication effects.

CO, effects on marine plankton communities

CO, is the preferred substrate for photosynthesis by phytoplankton, despite the low
relative abundance of CO, in seawater (<1 % of DIC). Most phytoplankton groups (taxa)
have developed carbon concentrating mechanisms to increase the intracellular CO, concen-
trations (CCMs) above the ambient concentrations, but operation of these CCMs requires
energy and nutrients (Beardall and Giordano 2002).
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Increases in CO, therefore have a direct effect on photosynthesis and it can be postulated
that photosynthesis will increase due to higher substrate availability, if other factors remain
constant. There are indeed some indications of enhanced primary production at increasing
CO, in laboratory experiments, as well as natural plankton community studies (reviewed
in Doney et al. 2009, Riebesell and Tortell 2011). Enhanced biological CO, consumption
relative to nutrients by natural plankton communities was observed in a pelagic CO, en-
richment mesocosm study (Bergen 2005, Riebesell et al. 2007). The enhanced uptake was
not reflected in increased organic matter production (Schulz et al., 2008) nor in increased
bacterial activity (Allgaier et al., 2008) so enhanced export was the suggested sink for the
extra carbon consumed at elevated pCO,, although this was not measured directly (Riebe-
sell et al., 2007, Fig. 1.3).
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Fig. 1.3. CO; in the atmosphere and organic carbon in the ocean. The two panels show the relative size of
different carbon pools and carbon flows in (a) the present ocean and (b) in the future ocean according to the
hypothesis by Riebesell et al. 2007, where community CO, uptake and export is enhanced. Abbreviations are
explained in the text, the thermocline presents a temperature barrier that separates the upper ocean from the
deep ocean. Figure taken from Arrigo 2007.

The proposed mechanism was that the extra consumed CO, was exuded by phytoplankton
as DOC that coalesces into transparent exopolymeric particles, named TEP. These particles
can facilitate aggregation of particulate organic carbon (POC) and increase export (Engel

et al., 2004a, Fig. 1.3). However, there will only be an increased export when the material

is not remineralized by bacteria and other consumers in the euphotic zone. The response

of bacteria to increasing DOC depends largely on the state of the microbial loop, if it is
nutrient or carbon limited (Thingstad et al. 2008). Most studies have shown no direct effects
of increasing CO, and co-occurring decreasing pH on bacteria productivity and abundance,
so changes in the microbial community are likely to occur from changes in organic matter
and nutrients (reviewed in Weinbauer et al. 2011).
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Also zooplankton showed little direct response to increasing CO, (e.g. Niehoff et al 2012),
so the effect of ocean acidification on zooplankton is mainly indirect, through changes in
food availability.

Eutrophication effects on fresh water food webs

Eutrophication clearly influences the structure of plankton food webs. In general,
eutrophication stimulates production of phytoplankton, what subsequently stimulates secon-
dary production by consumers, like bacteria, zooplankton and higher trophic levels, due to
higher food availability. However, changes in food-web structure occur along a trophic con-
tinuum from oligotrophic (low nutrients) via mesotrophic (intermediate nutrients) to eutrop-
hic (high nutrients) systems. In oligotrophic lakes, most organic matter is in the dissolved
pool and phytoplankton biomass is low, while bacteria have a relative high biomass and do-
minate community respiration (Fig. 1.4, Del Giorgo and Peters 1994, Biddanda et al. 2001).
High bacterial biomass and production can be sustained by the subsidy of allochthonous
organic matter (Tranvik 1992) and other primary producers, such as macrophytes in the
littoral zone (Rooney and Kalff 2003). Furthermore, exudation of DOC by phytoplankton
could be higher under low nutrient availability, when nutrients limit phytoplankton growth,
but not photosynthesis (Bratbak and Thingstad 1985). When lakes move from oligotrophic
to mesotrophic, phytoplankton production increases, which stimulates zooplankton grazing
and production (herbivorous pathways) (Elser and Goldman 1991) such that the proportion
of bacteria respiration in community production declines (Fig. 1.4, Cotner and Biddanda
2002). Although bacteria biomass increases with increasing phytoplankton biomass (Cole
et al. 1988), the increase is disproportional and the relative abundance of bacteria declines
with increasing trophy (Gasol and Duarte 2000). Severe eutrophication effects develop
when lakes move from mesotrophic to eutrophic and the food web structure changes again.

Increasing nutrients

Oligotrophic Mesotrophic Eutrophic

"N N / /7R~

«TeTear

Clagsical food web  Microbialfood web  DOM paths

Fig. 1.4. The schematic food web of fig. 1.2 along a trophic gradient. The thickness of the arrows presents the
dominance of either herbivorous or microbial food webs at each trophic state.
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Because of an increasing dominance of cyanobacteria, which are considered poor food for
zooplankton (Haney 1987), herbivory declines and a shift in zooplankton community from
large-bodied zooplankton towards small zooplankton is often observed (Fig. 1.4, Gliwicz
1969, Haney 1987). Because of reduced herbivory, zooplankton is expected to start grazing
on the microbial food web, which dominates community respiration again (Fig. 1.4,
Sommaruga 1995).

Biomanipulation

The ecological concepts of aquatic food webs are used to combat eutrophication
effects and improve water conditions in a tool coined as biomanipulation (Shapiro et al.
1975). The concept of biomanipulation, primarily via manipulation of the planktivorous fish
community, is based on the herbivorous food web and a cascading food web. The removal
of planktivorous fish reduces grazing pressure on zooplankton, supposedly followed by an
increased dominance of large zooplankton that will control the production of phytoplank-
ton. Next to manual removal of planktivorous fish, piscivorous fish can be added to control
the planktivorous fish population. One of the preferred outcomes of biomanipulation is
an increase in submerged macrophytes that help to maintain the restored conditions by
consuming nutrients, stabilizing the sediments with their roots, and providing a refuge for
zooplankton. The success of biomanipulation depends on several factors, like lake size and
depth, external nutrients loading, climate, and plankton community structure (reviewed in
Hansson et al. 1998). For example, biomanipulation is expected to be less successful in
lakes where the microbial food web dominates aquatic energy flows.

1.4 Methodology —stable isotopes

A powerful and widely applied method to study energy and mass flows in plank-
ton food webs and infer dietary sources for consumers is stable isotope analysis (SIA)
(Fry 2006). Isotopes are forms of one element, which differ in numbers of neutrons and
therefore have a different atomic weight. While radioactive isotopes are unstable and decay
spontaneously, stable isotopes are not radioactive and are as their name suggests, stable. Of
the elements of life, C, N, H, S, O have at least two stable isotopes, from which the light
form presents >95 % of the total isotopes. Unfortunately, P has only one stable isotope and
cannot be used in SIA. The isotope composition of material is usually expressed in the o
notation, which is the deviation in isotope ratio of the material from the ratio of a certified
standard, and is expressed in parts per thousand (per mil, %o). The carbon isotope delta
value, §"°C (%o) = ([Fsample/Fstandard])-1) x 1000 and 7 is the ratio *C/"*C. The standard for
carbon is Vienna Pee Dee Belemnite (VPDB), which contains 1.1 % "*C. When a sample
contains relatively less of the heavy isotope it is depleted, and when it contains relatively
more of the heavy isotope it is enriched.

Fractionation

Biogeochemical reactions discriminate against the heavy isotope and reaction pro-
ducts are therefore depleted compared to the source, a process called isotope fractionation.
Isotope fractionation for carbon occurs during photosynthesis, resulting in photosynthates
that are depleted in *C compared to the inorganic carbon source.
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The §"°C of different primary producers is variable, amongst other things due to different
photosynthetic mechanisms: plants that use C, photosynthesis have a §"°C around -14 %o
and 6"C associated with C, plants is ~ -28 %o (Fig. 1.5). Also, phytoplankton §'*C is more
enriched in marine systems (-20 %o), compared to fresh water systems (-28 %o). Finally, the
actual §"°C of phytoplankton can be very variable, because it also depends on environmen-
tal and physiological conditions (Laws et al. 1995, Popp et al. 1998).
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Fig. 1.5. 5'*C distribution in ecosystems. Numbers for pools indicate the average ¢'*C (%o). The single arrows
represent carbon flows and the double arrow presents isotopic equilibrium. The numbers on the arrows indi-
cate the fraction in 5'°C during transfer. Figure taken from Fry 2006.

SIA in ecology uses the natural variety in isotope signatures (6'°C) at the base of the food
chain to trace carbon origins. Little trophic fractionation in 6°C occurs between food sour-
ces and grazers, so the 6"*C of consumers reflect their diet, according to the “you are what
you eat” principle (deNiro and Epstein 1978). Isotope ratios of nitrogen (6'°N) get enriched
along the food chain, on average 3.4 %o with each trophic step (deNiro and Epstein 1981,
Vander Zanden and Rasmussen 2001) and are therefore more suitable to determine trophic
positions.

Isotope labeling

An important condition to study food web interactions via SIA is that the sources
are isotopically distinctive. However, sources might overlap in 6"°C and often there are
multiple combinations of food sources possible that would result in a similar 5"*C of a con-
sumer. A valuable alternative to study natural stable isotopic composition is to add stable
isotopes ("*C, '°N) as deliberate tracers, thereby significantly enriching the isotope signature
of a potential food source.
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Subsequent tracing of the enriched isotopes in consumers in time, allows quantifying up-
take rates and food web interactions (Boschker and Middelburg 2002), for example addition
of *C-DIC to study primary production and subsequent transfer to consumers. A drawback
of isotope labeling is the requirement of semi-enclosed systems or experimental incubati-
ons. Furthermore, while isotope labeling reveals short term interaction, natural abundance
isotope studies show an integrated signal over a long term.

1.5 Methodology — fatty acid biomarkers

A challenge associated with SIA in plankton food webs is to obtain pure samples
of phytoplankton, bacteria and other functional groups from bulk organic matter. POM
contains a mixture of phytoplankton, bacteria, detritus, terrestrial material, protozoans, and
zooplankton. Zooplankton can be isolated by handpicking, but for e.g. bacteria this is an
unpractical task. Size fractionation by centrifugation can be used, but most organisms have
overlapping size ranges.

New perspectives for discriminating food web components opened when com-
pound-specific isotope analyses (CSIA) allowed quantifying the isotope signatures of
biomarkers (Hayes et al. 1990). Biomarkers are specific compounds that are produced by
certain groups of organisms only and can thus be used to identify the presence and abun-
dance of that group. Examples of biomarkers that are frequently used in ecology are photo-
synthetic pigments and certain types of lipids. Membrane lipids like phospholipid derived
fatty acids (PLFA), which are also known as polar lipid derived fatty acids (PLFA), have
suitable characteristics for ecological applications. They are part of the cell membrane and
therefore present in a rather constant fraction of the biomass, they are quickly degraded af-
ter cell death, so they are representative for living biomass, they are present in all organisms
and most important, there is taxonomic variety.

Fatty acids (FA) are notated as A:BoC, where A is the chain length (number of
C atoms), B is the number of double bonds and C is the position of the first double bond
relative to the (aliphatic) end of the tail. Saturated fatty acids have no double bonds and the
more double bonds, the higher the degree of unsaturation. Methyl branches are noted with
iso (i) or anteiso (ai) if they are present on the second and third carbon atom from the end
of the tail, respectively. Branched fatty acids (BFA) are produced by heterotrophic bacteria
(Kaneda 1991). Poly-unsaturated fatty acids, fatty acids with >1 double bond (PUFA) are
produced by phytoplankton in a wide variety that can also be used to distinguish different
phytoplankton taxa (Dijkman and Kromkamp 2006).

A valuable application of CSIA in ecology is the combined analysis of 513C and
concentrations of individual PLFA biomarkers, which provides information on abundance
and isotopic composition of certain groups of organisms. Especially in stable isotope tracer
studies with labeled compounds, the activity of different microbial groups can be deter-
mined by analyzing the "*C incorporation in specific fatty acid biomarkers (Boschker et al.
1998). The technique has also been successfully applied to infer the biomass and 6"°C of
bacteria and phytoplankton in aquatic food web studies (Boschker and Middelburg 2002).
For example, SIA of PLFA was applied to study autochthonous (phytoplankton derived)
and allochthonous (terrestrial) contributions to bacteria and zooplankton consumers in a
tidal river (Van den Meersche et al. 2009) and lake (Pace et al. 2007). In a "*C labeling ex-
periment of a phytoplankton bloom, "*C content of fatty acid biomarkers were used to study
carbon transfer from phytoplankton to bacteria (Van den Meersche et al. 2004).
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Fatty acids as trophic markers

The w3 and w6 PUFA and especially highly unsaturated fatty acids (HUFA, e.g.,
20:5w3 and 22:6w3) are considered essential fatty acids (EFA) for metazoan consumers,
such as zooplankton and fish. These organisms cannot synthesize unsaturated fatty acids
themselves and therefore require them from their diet. The conservative way in which fatty
acids are transferred along the food chain, makes them also suitable as qualitatively trophic
markers: the fatty acid trophic marker concept (FATM) (Dalsgaard et al. 2003). Further-
more, the amount of EFA in a potential food source can be used to predict the energy
transfer between the food source and metazoan consumers (Miiller-Navarra et al. 2000).
Eukaryotic algae are the main producers of EFA and are therefore considered high-quality
food for zooplankton. Cyanobacteria however hardly produce EFA, which is considered
one of the reasons for their poor food quality.

1.6 Ecological models

The next step to quantify the interactions and energy flows in (aquatic) food webs
is the application of ecological modeling. Models are simple representations of a complex
system or phenomenon (Soetaert and Herman 2009). For example, the food web scheme in
Fig. 1.2 represents a conceptual model, in which species are lumped into functional groups
that behave similarly and interactions are presented in simple arrows. The main advantages
of models are that they contribute to understand and quantify complex processes. Mathe-
matical models are useful in many ways, for example to extrapolate knowledge of small
ecosystems to global biogeochemical processes, or to predict the future effect of anthro-
pogenic disturbances (climate change models). In ecology, models are especially useful to
make budgets (i.e. CO, sink or source) and to quantify processes that cannot be measured
directly, which are often the arrows in Fig 1.2. By fitting a model to observed data, called
inverse modeling, parameters can be determined. A simple example of an inverse model is
the calculation of the intercept (b) and slope (a) from drawing a straight line (y = ax + b)
through the data points. In stable isotope labeling studies, uptake and transfer rates can be
quantified by fitting model equations to stable isotope data (Van den Meersche et al. 2011,
Van Engeland et al. 2012).
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1.7 Thesis outline

The aim of this thesis is to increase our understanding of how carbon flows in
plankton communities are altered in the Anthropocene. Chapter 2 and 3 describe the ef-
fects of increasing CO, on carbon flows in marine plankton communities. Chapter 4 and 5
describe carbon flows in fresh water communities, with eutrophication as most important
anthropogenic driver. Chapter 6 describes plankton carbon flows in a part of a lake that was
biomanipulated to combat eutrophication effects. In all chapters, we used stable isotope
analysis of carbon (5"°C), either at natural abundance or as tracer, to examine food web
interactions and carbon flows. Fatty acid biomarkers were used in all chapters to determine
the 5"°C of different groups of phytoplankton and bacteria.

Chapter 2 and 3 show the results of two mesocosm experiments where CO, was
added to mimic future CO, conditions. Mesocosms are large experimental water
enclosures that provide the ability to manipulate environmental factors (such as CO,),
while keeping other conditions close to natural. In both mesocosm experiments *C-DIC
was added as a deliberate tracer, to follow the uptake and transfer of *C within the
plankton community in time.

The mesocosm experiment in chapter 2 was conducted in Bergen, Norway, where
sets of mesocosms were kept under current and future CO, levels for 3 weeks. A phyto-
plankton bloom was initialized by nutrient additions. Here, we focused on the transfer from
DIC into phytoplankton and subsequently bacteria and the phytoplankton-bacteria coupling
for each CO, level was quantified with an isotope ratio model.

The mesocosm experiment in chapter 3 was carried out in an Arctic fjord (Sval-
bard), a region that is especially vulnerable to ocean acidification, because CO, dissolves
better in seawater under low temperatures. Over a period of 5 weeks, natural phytoplank-
ton communities in nine ~50 m*> mesocosms were studied under a range of CO, levels and
here, nutrients were added halfway through the experiment. In addition to the mesocosm
experiment of chapter 2, we also studied consumption by zooplankton and export (sinking)
of freshly produced organic matter. We constructed a nutrient-phytoplankton-zooplankton-
detritus (NPZD) model of carbon concentrations amended with *C dynamics and fitted it to
the data to quantify uptake and loss rates and carbon flows under different CO, levels.

Chapter 4 describes plankton food web structures in lakes along a trophic gradient
in a cross-system study. Twenty-two temperate lakes in Midwestern USA, which were clas-
sified as eutrophic and meso-oligotrophic, were sampled for inorganic and organic carbon
concentrations and §"°C. Correlation analyses were used to study food-web interactions and
planktonic drivers for lake metabolism. Autochthonous and allochthonous contributions to
bacterial and zooplankton consumers were determined with a two-source mixing model.

In chapter 5 the hypothesis was tested that cyanobacteria can be a carbon source
for zooplankton, but that most carbon flows via bacteria-mediated pathways rather than
via herbivory. The hypothesis was tested on plankton communities in lake Taihu, a shallow
eutrophic lake in China, by examining natural abundance §'°C in field samples and with
isotope enrichment experiments.
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13C enriched Microcystis was added as live cyanobacteria, cyanobacterial detritus and cya-
nobacterial DOM to lake water incubations and "*C was traced into bacteria and zooplank-
ton consumers.

Chapter 6 describes the effect of lake restoration with biomanipulation, consi-
sting of fish removal and macrophyte planting, on plankton carbon flows. Specifically, we
tested the subsidy of macrophyte-derived carbon to bacterial and zooplankton consumers by
comparing the restored part with unrestored parts of Huizhou West lake, a shallow eutrop-
hic lake in China. The contributions of macrophyte and phytoplankton to zooplankton and
bacteria were calculated using a two-source isotope mixing model.
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CO, EFFECTS ON PHYTOPLANKTON-BACTERIA COUPLING

Abstract

The potential impact of rising carbon dioxide (CO,) on carbon transfer from
phytoplankton to bacteria was investigated during the 2005 PeECE III mesocosm study in
Bergen, Norway. Sets of mesocosms, in which a phytoplankton bloom was induced by nu-
trient addition, were incubated under 1x (~350 patm), 2x (~700 patm), and 3x present day
CO, (~1050 patm) initial seawater and sustained atmospheric CO, levels for 3 weeks. *C
labeled bicarbonate was added to all mesocosms to follow the transfer of carbon from dis-
solved inorganic carbon (DIC) into phytoplankton and subsequently heterotrophic bacteria,
and settling particles. Isotope ratios of polar-lipid-derived fatty acids (PLFA) were used to
infer the biomass and production of phytoplankton and bacteria. Phytoplankton PLFA were
enriched within one day after label addition, whilst it took another 3 days before bacteria
showed substantial enrichment. Group-specific primary production measurements revealed
that coccolithophores showed higher primary production than green algae and diatoms.
Elevated CO, had a significant positive effect on post-bloom biomass of green algae,
diatoms, and bacteria. A simple model based on measured isotope ratios of phytoplankton
and bacteria revealed that CO, had no significant effect on the carbon transfer efficiency
from phytoplankton to bacteria during the bloom. There was no indication of CO, effects on
enhanced settling based on isotope mixing models during the phytoplankton bloom, but this
could not be determined in the post-bloom phase. Our results suggest that CO, effects are
most pronounced in the post-bloom phase, under nutrient limitation.
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2.1 Introduction

The ocean is one of the largest reservoirs of CO, on earth and one of the largest
sinks for anthropogenic CO, emissions (Sabine et al. 2004). The biologically mediated flux
of CO, into the oceans, called the biological pump, is the transport of organic matter (OM)
produced at the oceans’ surface to the ocean interior, sustaining a vertical CO, gradient. The
strength of the biological pump is largely controlled by three processes: primary produc-
tion, community respiration and the export rate of particulate organic matter (POM) into
the deep ocean. Community respiration in the euphotic zone, dominated by heterotrophic
bacteria, converts organic carbon back into CO, and thus decreases the oceans’ CO, uptake
capacity (Rivkin and Legendre 2001). The coupling between phytoplankton and hetero-
trophic bacteria is mainly via labile dissolved organic matter (DOM). In the upper ocean an
important source for labile DOM and subsequently for heterotrophic bacteria is the release
of carbon-rich substances by phytoplankton, further referred to as exudation (Larsson
and Hagstrom 1979). Phytoplankton exudation has been defined as the release of excess
photosynthates that accumulate when carbon fixation exceeds incorporation into new cell
material (Fogg 1983). The rate of exudation is linked to primary production and is highest
under nutrient-poor conditions, when nutrient limitation impedes phytoplankton growth, but
not photosynthetic carbon fixation (Fogg 1983). Changes in primary production can poten-
tially alter exudation and subsequently phytoplankton-bacteria coupling and the microbial
food-web. Increasing CO, levels could stimulate primary production (Riebesell et al. 1993),
which could result in an increased flow of inorganic carbon into carbon exudates. Carbon
exudates tend to accrete into transparent exopolymer particles (TEP), which facilitate ag-
gregation due to their sticky nature (Engel et al. 2004a). These aggregates can facilitate
carbon export to the deep ocean if the carbon is not remineralised (Fig. 2.1).

Increased inorganic carbon consumption relative to nitrogen uptake at higher CO,
levels was observed in natural plankton communities (Riebesell et al. 2007; Bellerby et al.,
2008). The additional community uptake of CO,, however, was not reflected in higher stan-
ding stocks of organic material in the surface layer (Fig. 2.1) (Riebesell et al. 2007; Schulz
et al. 2008; Egge et al. 2009). Although carbon export could not be quantified directly, the
authors proposed that the extra carbon was released as exudates that coalesced and sank to
the deep (Fig. 2.1). This implies that increasing CO, concentrations could strengthen the
biological pump and in this way act as a negative feedback on increasing atmospheric CO,
concentrations (Arrigo 2007). However, this requires that the additional organic material
escapes remineralization by heterotrophic bacteria in the upper layer, which could not be
quantified. The community uptake did not account for carbon flows in and from phyto-
plankton to bacteria to separate primary production from remineralization (Fig. 2.1).
Traditionally, the carbon coupling between phytoplankton and bacteria is derived from the
relationship between production and abundance of phytoplankton and bacteria (Cole et al.
1988). The drawback of these methods is that net processes are measured and that temporal
and spatial decoupling and grazing cannot be quantified. The use of carbon isotope tracers
("*C, "C) provides the possibility to directly quantify the flux of carbon from dissolved
inorganic carbon (DIC) to phytoplankton and subsequently bacteria and this method has
been successfully used in previous mesocosm experiments (Norrman et al. 1995; Lyche et
al. 1996) and in whole lake isotope tracer addition experiments (Kritzberg et al. 2004; Pace
et al. 2007).
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Since it is difficult to physically separate phytoplankton from bulk particulate organic mat-
ter (POM), the isotope signal of POM has often been used as a representative for phyto-
plankton, which can lead to an underestimation of phytoplankton carbon uptake. Similar
methodological limitations exist to determine the bacteria isotope signature. A valuable
alternative is the analysis of isotope label in biomarkers specific for bacteria and phyto-
plankton groups (polar-lipid-derived fatty acids, PLFA). The combined technique of isotope
labeling and biomarker analysis has proven a very powerful tool to study carbon flows in
natural communities, especially in perturbation experiments (Boschker and Middelburg
2002; Van Den Meersche et al. 2004; Pace et al. 2007). Furthermore, label incorporation
into phytoplankton biomarkers can be used to determine group-specific growth-rates (Dijk-
man et al. 2009). Here, we applied the isotope labeling technique to quantify phytoplank-
ton-bacteria coupling under different CO, levels. More specifically, we address potential
effects of CO, on phytoplankton production and growth, and transfer of freshly produced
organic matter to the microbial food web and into settling particles (Fig. 2.1). The results
contribute to the previous published results on PeECE III by unraveling the carbon interac-
tions between the major planktonic food-web compartments.

@ Significant CO, effect
0 No significant CO, effect
Inferred CO, effect

—> This study
3
[Phytoplankton | [Docjl jBacteria \
~ < Ty
Export Aggregates
(TEP)
v 1

Fig. 2.1. Carbon fluxes between the major food-web compartments of this study and the previous
published CO, effect on these compartments and fluxes in the PeECE III 2005 mesocosm study.

1 Riebesell et al. (2007) found increased cumulative DIC drawdown at increased pCO, during
the bloom and inferrend enhanced export at high pCO, Egge et al. (2008) demonstrated incre-
ased cumulative 'C incorporation at higher pCO; in the post-bloom phase; *Schulz et al. (2008);
“Allgaier et al. (2008).
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2.2 Material and methods

Set-up and sampling

The PeECE III mesocosm experiment was carried out at the Marine Biological
Station, University of Bergen, Norway, between May 16 and June 10, 2005. Nine meso-
cosms (M1 to M9) of 9.5 m deep and with a volume of 27 m® each were filled with unfil-
tered, nutrient-poor post-bloom water from the fjord, and manipulated to achieve 3 sets
of different CO, levels in mesocosms by aeration of the water column and the overlying
atmosphere with CO,-enriched air. The partial pressures of carbon dioxide (pCO,) at the
start of the experiment were about 350 patm (1x CO,, M7-9), 700 patm (2x CO,, M4-6),
and 1050 patm (3x CO,, M1-3). These concentrations are expected during to happen during
the first half and towards the end of this century under a business-as-usual CO, emission
scenario. Nitrate (final concentration 15 pmol L") and phosphate (final concentration 0.7
umol L) were added to the mesocosms to initiate a phytoplankton bloom. A more detailed
description of the experimental set-up can be found in (Schulz et al. 2008). *C-labeled
bicarbonate was added to the upper 5 meter of the mesocosms between day 0 and day 1 to a
final addition of ca 2.3 umol kg™, corresponding to about 0.1 % of total DIC. Water samples
for polar lipid fatty acids (PLFA) were taken from the upper layer of each mesocosm daily
(day 0 - 18) or every second day (day 20, 22 and 24). The samples were filtered on pre-
combusted GF/F filters and stored frozen until further analysis. Sediment traps were placed
in each mesocosm at 7.5 m depth and they were collected every 3 days, on day 4, 7, 10, 13,
16, and 19.

PLFA and DIC analysis

The lipids were extracted by a modified Bligh and Dyer method (Bligh and Dyer
1959; Boschker et al. 1998). The lipids were fractionated in different polarity classes by
column separation on a heat-activated-silicic acid column and subsequent elution with
chloroform, acetone and methanol. The methanol fractions, containing most of the polar-li-
pid fatty acids, were derivatised to fatty acid methyl esters (FAME). The standards 12:0 and
19:0 were used as internal standards. PLFA concentrations were determined by gas chroma-
tograph—flame ionization detection (GC-FID). The §"*C of individual PLFA were measu-
red using gas chromatography-combustion isotope ratio mass spectrometry (GC-C-IRMS
(Middelburg et al. 2000; Van Den Meersche et al. 2004). DIC was analyzed by coulometric
titration (Bellerby et al. 2008) and its isotope ratio by a Finnigan GasBench coupled to a
Mat 252 mass spectrometer.

Data analysis

Stable isotope data are expressed in the delta notation (5"°C) relative to VPDB
standard and the "*C fraction (*C/(**C+'*C)) = "*r was derived from the delta notation. Total
amount of labeled biomass (total *C) is calculated as

total »C=("rsample -"*7control) - concentration (ug C L) 2.1

where "*Ccontrol is the isotope fraction at day 0, see Middelburg et al. (2000) and Van Den
Meersche et al. (2004) for details.
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To be able to directly compare labeling of phytoplankton and bacteria biomass between

the different mesocosms, the data were corrected for small differences in initial *C-DIC
concentrations. This correction factor was calculated for each mesocosm as total *C-DIC at
day 1 relative to the average total *C-DIC of all mesocosms at day 1. The correction factor
ranged from 0.75 to 1.09.

Out-gassing of *C-DIC was calculated according to Delille et al. (2005) with
chemical enhancement factors. The concentration of *CO, (aq) was derived from *C-DIC
as described in Zeebe and Wolf-Gladrow (2001) with fractionation factors from Zhang et al.
(1995) with CO, concentrations measured by Bellerby et al. (2008). An approximation of
0CO,-air of -8 %o was used, because no exact measures were available (Fry 2006).

The sum of PLFA ail5:0 and i15:0 was used to characterize heterotrophic (gram-
positive) bacteria and in the section on methodological comparison, the PLFA 18:1w7c
(gram-negative bacteria) was included. The sum of PLFA 22:6w3, 20:5w3, 18:4w3, 18:5(n-
3,6,9,12,16), 18:5w3, and 18:3w3 were used to characterize phytoplankton dynamics
(Boschker and Middelburg 2002; Dijkman and Kromkamp 2006; Dijkman et al. 2009).
Phytoplankton communities were further divided into diatoms (PLFA 16:2w4, 16:4w1
and 20:5w3), coccolithophores (PLFA 18:5w3 and 18:5(n-3,6,9,12,16)), and green algae
(16:4w3 and 18:3w3) (Dijkman and Kromkamp 2006; Dijkman et al. 2009). Phytoplankton
composition based on PLFA was also estimated with the Bayesian compositional estimator
(Van Den Meersche et al. 2008) with the input ratio from (Dijkman and Kromkamp 2006).
The final step involved conversion from PLFA to cell biomass. Bacterial biomass was
calculated using a conversion factor of 0.0059 g C (ai+i)15:0 per g C biomass, which is the
product of 0.056 g C PLFA per g C biomass (Brinch Iversen and King 1990; Middelburg et
al. 2000) and 0.105 g C ail5:0+i15:0 per g C PLFA (calculated from Boschker et al. (1998)
and references cited therein). Calculated in the same way, the sum of ail5:0+i15:0+18:1w7c¢c
encompassed 25 % of PLFA and the final conversion factor was 0.0137 g C (ai+il5:0,
18:1w7c¢) per g C biomass. We used a carbon content of 20 fg cell” to convert bacterial bio-
mass to cells (Lee and Fuhrman 1987). The conversion factors for phytoplankton (groups)
were derived from data on fatty acid composition in (Dijkman and Kromkamp 2006). Chlo-
rophyll a (chl @) concentrations were converted to biomass assuming a C to chl a ratio of 45
based on literature values. Although conversion factors are disputable, they don’t affect the
general patterns nor inferred transfer dynamics from phytoplankton to bacteria. Group-spe-
cific growth rates (p, d™') during the bloom (from day 5 to day 9) were calculated as

C biomass; + A,

=In -
K "C biomass;

/At (2.2)

Data from sediment traps were only analyzed for isotope ratios of specific PLFA and not
for concentrations because these were biased due to significant over trapping (Schulz et al.
2008). The material in the traps was subdivided in phytoplankton and bacteria using PLFA,
similarly as for the suspended particulate matter. The fraction of material derived from the
upper layer in the settled material was calculated with the mixing equation (Fry 2006). The
equation used is:

fupper layer = (513Csediment - 513Ccontrol) / (513Cupper layer = 513Ccontrol) (23)
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where 6" Ceontrol is the isotope ratio at day 0 and 6" Cupper layer is the isotope ratio of the
pelagic PLFA, averaged over the days of settlement. This fraction provides a measure of
exchange between upper and deeper layer and can therefore be used as an indication of
sinking.

Within the PeECE I1I study, POC, inorganic nutrients, and chl a (Schulz et al.
2008), pigments (Riebesell et al. 2007; Schulz et al. 2008), and bacterial numbers (Allgaier
et al. 2008; Paulino et al. 2008) were published earlier and used for comparative purposes
in this study.

Model

A simple source-sink isotope ratio model was used to determine label transfer from
phytoplankton to bacteria (Hamilton et al. 2004; Van Oevelen et al. 2006). The following
equation was used

ds"c
Tm: Tbac °f};hyto . 513Cphyto -Thac 513Cbac (24)

where rvac = bacteria turnover (d") and Jyhyio = fraction of *C derived from phytoplankton.

The weighted Ad"*C of phytoplankton was used as a forcing function and the
weighted AJ"C of bacteria was used for model calibration. The original data were used
to fit the model, instead of *C-DIC normalized data, but they would give similar results.
The assumption for this model is that biomass is constant with time. The model equations
were implemented in R, using the packages FME and deSolve (Soetaert and Petzoldt 2009;
Soetaert et al. 2009).

The time sequence of the model was 0-24 days and initial conditions were set
to 0. Parameter calibration was done with pseudo-randomization followed by Levenberg
-Marquardt algorithm (Press et al. 2001). The parameters were further assessed with the
Markov-Chain-Monte-Carlo technique (MCMC) (Gelman et al. 1996). During the
MCMC, the model was run 5000 times for each mesocosm, resulting in approximately
1500-1750 accepted runs per mesocosm. The mean and standard deviation were
calculated for each parameter.

The dependency of heterotrophic bacteria on recently fixed carbon was also
calculated using mean isotope ratios over the last 10 days of the experiment (A5"*Cpac/
AS"Cphyto). This simple calculated ratio should approach fyhyto at steady-state (Van Oevelen
et al. 2006).

Statistics

Results are reported as mean =+ standard deviation. In order to test if measured con-
centrations of phytoplankton and bacteria differed significantly (p < 0.05) over time among
pCO, levels, repeated measures ANOVAs and Bonferroni post-hoc tests were applied using
the software Statistica® (stat Soft, Inc., U.S., 2009). Prior to analyses, data were checked
for normality, homogeneity of variance, and sphericity. Significant (p < 0.05) differences in
phytoplankton growth rates and model parameters were assessed using one-way ANOVA.
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Fig. 2.2. Concentration of (A) total phytoplankton carbon based on PLFA, (B) total phytoplankton based on
chlorophyll-a and PLFA derived carbon estimates for (C) diatoms, (D) coccolithophores, (E) green algae, (F)
bacteria. Concentrations of (G) dissolved inorganic nitrogen, (H) phosphate and silicate in the different CO,
treatments. Average and SD of the three replicates are shown.
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2.3 Results

Phytoplankton dynamics

PLFA specific for phytoplankton were used to depict phytoplankton dynamics
and their carbon concentrations were converted to total carbon biomass. The addition of
nutrients induced a phytoplankton bloom as depicted by both PLFA (Fig. 2.2A) and chlor-
ophyll-a (Fig. 2.2B). During the experiment 3 different phases in phytoplankton dynamics
could be observed: before the bloom (day 0-5), the bloom (day 5-9), and the post bloom (af-
ter day 9). Based on nutrient dynamics, 4 phases were identified by Riebesell et al. (2008)
and Tanaka et al. (2008). From start until day 6, there was no nutrient depletion, during day
7-9 silicate was depleted, during day 10-12 silicate and phosphate were depleted and from
day 13 onwards, all nutrients were depleted.

The development of the bloom as depicted by PLFA reflects the dynamics of
phosphate concentrations. When phosphate became depleted, the phytoplankton bloom col-
lapsed (Fig. 2.2A, 2.2H). Phytoplankton biomass (based on PLFA) was low in the first five
days of the experiment, with values < 0.2 mg C L. After day 5 the phytoplankton bloom
started and phytoplankton biomass rapidly increased up to 0.71 £ 0.10 mg C L' at day 9,
the peak of the bloom assessed using PLFA (Fig. 2.2A). The bloom collapsed after day 9 to
0.16 £ 0.043 mg C L' at day 10 and stayed around this concentration until the end of the
experiment. Phytoplankton biomass (based on chl-a) increased from 0.064 + 0.0091 mg
CL"'atday0to0.55=0.11 mg C L' at day 10, the peak of the bloom. From then on, the
bloom continuously decreased until starting values were reached again around day 16 (Fig.
2.2B) (Schulz et al. 2008).

No CO, effects on phytoplankton concentrations and dynamics were observed
before and during the bloom (day 0-9). During the post-bloom the phytoplankton biomass
based on PLFA was significantly lower in the 1x CO, treatment than in the 2x and 3x CO,
treatments (repeated measures ANOVA, F' (2,6) = 25.66, p < 0.005) (Table 2.1). The largest
differences in biomass occurred between day 12 and day 17. The development of phyto-
plankton biomass as determined with PLFA (Fig. 2.2A), chl-a (Fig. 2.2B) and particulate
organic carbon (POC) are summarized in Fig. 2.3A. The range in biomass is similar for all
methods, with values from 0 - 1.2 mg C L. The timing of the bloom, however, is different
for all methods. The peak of the bloom was at day 9 with PLFA, at day 10 with chl-a, and
at day 11 for POC.

Phytoplankton was further subdivided into the major phytoplankton groups.
Conversion of typical PLFA biomarkers for each group into biomass revealed that diatoms
were the most abundant taxa, followed by coccolithophores and a minority of green algae
(Fig. 2.2C, D, and E). The different taxa showed a similar response during the incubations,
peaking at day 9. Diatom biomass rapidly increased after day 5 up to 0.50 = 0.081 mg C
L' at the peak of the bloom on day 9. The bloom declined to 0.11 + 0.048 mg C L™ at day
10 and remained low until the end of the incubations (Fig. 2.2C). A significant CO, effect
could be detected in the post-bloom phase. The diatom biomass was significantly higher
in the 2x CO, and 3x CO, treatments than in the 1x CO, treatment, similar as for total
phytoplankton (repeated measures ANOVA, F (2,6) = 15.51, p <0.005) (Table 2.1). The
CO, effect was mainly effective from day 12 to day 17. Coccolithophore biomass rapidly
increased after day 5 and reached a peak of 0.19 = 0.066 mg C L™ at day 9.Coccolithopho-
res declined after the bloom peak to concentrations of 0.047 + 0.028 mg C L™ at day 10 and
remained low during the rest of the experiment (Fig. 2.2D).
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Table 2.1. Average non-labeled biomass (mg C L) and labeled biomass (ug C L") of major phytoplankton
groups and bacteria in the post-bloom phase (day 10-day 24) with p-values from post-hoc Bonferroni analyses
after repeated measures ANOVA.

Organism Value 1xCO, 2xCO, 3xCO, plx2x plx3x p2x,3x
Total phytoplankton Biomass 0.13 0.15 0.17 0.009 0.001 0.22
Labeled biomass ~ 0.12 0.14 0.15 0.061 0.010 0.49
Diatoms Biomass 0.066  0.085 0.090 0.017  0.006 0.96
Labeled biomass ~ 0.054  0.067 0.070  0.017  0.004 0.62
Coccolithophores Biomass 0.030 0.032 0.034 1.00 0.86 1.00
Labeled biomass ~ 0.027  0.028  0.029  1.00 1.00 1.00
Green algae Biomass 0.011 0.014 0.017  0.072  0.003 0.080
Labeled biomass ~ 0.0089 0.012  0.015 0.23 0.011 0.14
Bacteria Biomass 0.086 0.11 0.12 0.014 0.002 0.34

Labeled biomass 0.067 0.083  0.089 0.061 0.013 0.67

Values in bold are significant (p < 0.05)
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Fig. 2.3. Comparison of (A) phytoplankton biomass based on PLFA, Chl-a, and POC and (B) bacterial num-
bers based on PLFA, Flow Cytometry (FCM), and microscopy. Average and SD of all mesocosms are shown.
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The development of coccolithophores in the post-bloom phase was independent of CO,
(Table 2.1). The biomass of green algae was much lower than that of diatoms and coc-
colithophores with a maximum of 0.052 + 0.0071 mg C L-' at day 9 (Fig. 2.2E). The
development of green algae in the post-bloom phase was dependent on CO, levels. Green
algal biomass remained higher at elevated CO, levels, but only between the 1x and 3x CO,
treatments were differences significant (repeated measures ANOVA, F'(2,6) = 17.61, p <
0.005) (Table 2.1).

Bacterial dynamics

Bacterial dynamics showed more fluctuation during the experiment than phyto-
plankton (Fig 2.2F). Initially, the bacteria biomass declined to a minimum at day 5 of 0.018
+0.0060 mg C L', At the onset of the phytoplankton bloom, bacterial biomass started to
increase. The bacterial biomass based on PLFA reached concentrations of 0.16 = 0.051 mg
C L' at the bloom peak on day 9 followed by a rapid decline to 0.056 + 0.017 mg C L™ at
day 10 (Fig. 2.2F). After day 10, bacterial concentrations started to increase again to reach a
second peak of 0.18 + 0.030 mg C L' at day 18. In the post-bloom phase, the bacterial bio-
mass was significantly higher at 3x CO, and 2x CO, compared to 1x CO, (repeated measu-
res ANOVA, F (2,6) = 20.30, p < 0.005) (Table 2.1). The CO, effect was most pronounced
between day 12 and day 17.
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Fig. 2.4 Concentrations of '*C labeled (A) DIC, (B) phytoplankton, phytoplankton groups (C), and (D) bacte-
ria. Average and SD of the three replicates are shown for (A-C) and average and SD of all mesocosm data are
shown in (D).
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Bacterial cell abundances as determined by PLFA (this study, Fig. 2.2F), flow
cytometry (FCM) (Paulino et al. 2008), and microscopy (Allgaier et al. 2008) are summari-
zed in Fig. 2.3B. The range of cell numbers was similar for all methods (10°-10"° cells L),
indicating that bacteria were quantitatively retained on the GF/F filters used. However, the

development of bacteria during the experiment differed for the three methods. The most
striking difference occurred around the phytoplankton peak. While flow cytometry and

microscopy revealed a minimum in bacterial abundance, PLFA based numbers showed a
maximum in bacterial abundance.

Labeling

BC-labeled DIC addition resulted in an increase of §"*C-DIC with 100.5 = 11.9 %o,
from -1.73 + 1.01 %o at day 0 up to 98.8 = 12.5 %o at day 1. The large variation was caused
by addition of different amounts of "*C bicarbonate to individual mesocosms.

During the experiment, the isotope ratio of DIC gradually decreased in all mesocosms to
about 74 %o at day 25. Labeled DIC concentrations were 2.29 umol C L at day 1 and gra-
dually decreased to 1.62 + 0.05 umol C L™ at day 25 (Fig. 2.4A). The decrease in labeled
DIC was independent of CO, levels. The loss of label from gas exchange between water
and air was calculated only for the first 5 days, when biomass was still low. Label loss due
to gas exchange was negligible for all treatments (< 0.1 %). A large part of labeled DIC was
lost due to mixing with the deeper water layers. Assuming a mixing efficiency of 12% as
calculated in Schulz et al. (2008), mixing with the deeper layers could explain 63 + 10 %

of label loss.

The transfer from DIC to phytoplankton was very rapid; label enrichment in
phytoplankton-specific PLFA was already detectable at day 1. The labeling of phytoplank-
ton steadily increased from day 1 onwards and reached a maximum of 86.9 + 10.4 %o at
day 10, denoting that phytoplankton carbon reached steady-state with dissolved inorganic
carbon. The ratios of phytoplankton isotope signature relative to DIC isotope signature,
averaged over the last 10 days (day 15- 24), are presented in Table 2.2. The average value
was 1.04 £ 0.033 over all mesocosms, implying complete turnover of algal biomass during
the experimental period.

Table 2.2. Model parameters and steady-state ratios for each mesocosm =+ standard deviation.

Mesocosm Ibac (model) _/‘f!hyto (model) A(Sphytoplankton/A(sDIC* A(sbactcria/A(sphytop]ankton*
7 - 1x CO, 0.197 £ 0.0305 0.924 £ 0.0427 1.05 0.882

8- 1x CO, 0.197 £ 0.0291 0.908 £ 0.0434 1.03 0.857

9 - 1x CO, 0.208 £ 0.0230 0.942 +£0.0370 1.00 0.905

Average 1x CO2  0.201 £ 0.00667 0.925+0.0170 1.03 £0.023 0.8810 +0.0241
4 - 2x CO, 0.208 £ 0.0267 0.208 £ 0.0267 1.01 0.885

5-2xCO, 0.191 £0.0243 0.925 £0.0375 1.02 0.879

6 - 2x CO, 0.230+0.0516 0.888 +£0.0513 1.10 0.851

Average 2x CO2  0.209 +0.0195 0.911 £ 0.0203 1.04 £ 0.050 0.872+0.0181
1-3xCO; 0.270 £ 0.0475 0.860 £ 0.0371 1.04 0.857

2-3xCO, 0.223 £0.0258 0.904 £ 0.0258 1.02 0.873

3-3x CO, 0.192 +£0.0303 0.920 +0.0410 1.08 0.864

Average 3x CO,  0.228 +£0.0395 0.895 +0.0308 1.04+0.031 0.865 £0.00769

*average ratios over the last 10 days (day 15-24)
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The development of label incorporation into phytoplankton matched with total phytoplank-
ton dynamics; the labeled biomass was low in the first 5 days and then increased to a bloom
peak at day 9 of 0.67 £ 0.10 ug C L. The labeled biomass rapidly declined to 0.15 = 0.046
pg C L at day 10 and remained around this level until the end of the experiment (Fig.
2.4C). Labeled phytoplankton biomass in the post-bloom phase was significantly higher in
the 3x CO, treatment than in the 1x CO, treatment, similar as for non-labeled phytoplank-
ton biomass. The difference between the 1x CO, and 2x CO, treatments was not significant
for labeled biomass in contrast to non-labeled biomass (repeated measures ANOVA, F (2,6)
=11.51, p<0.01) (Table 2.1). The CO, effect was most pronounced from day 12 to day 17.

The labeling of the different phytoplankton groups was similar to labeling of total
phytoplankton. Labeling of the different phytoplankton groups is presented as an average
of all mesocosms in Fig. 2.4C. The CO, effects on the different phytoplankton groups were
similar as for non-labeled biomass. Significant CO, effects were found in the post-bloom
phase for diatoms, where biomass was higher in the 3x and 2x CO, treatments than in the
1x CO, incubations (repeated measures ANOVA, F (2,6) = 17.02, p < 0.005) and for green
algae, where biomass was significantly higher in the 3x CO, treatment compared to the 1x
CO, treatment (repeated measures ANOVA, F' (2,6) = 10.84, p = 0.01) (Table 2.1). The spe-
cific growth rate during the bloom, as determined from label incorporation in biomass from
day 5 to day 9, was highest for coccolithophores with a value of 0.76 = 0.11 d*, followed
by green algae (0.63 + 0.11 d™'), and diatoms (0.59 + 0.054 d") (Fig. 2.5). Total phytoplank-
ton growth rate was 0.64 + 0.075 d™'. The growth rate of coccolithophores was significantly
higher than the growth rates of green algae and diatoms (ANOVA, F' (2,24) = 7.40, p <
0.005). Although the growth rates for each single group were not significantly affected by
CO, treatment, it appeared that for coccolithophores, green algae and total phytoplankton,
the growth rate was highest under current CO, levels (1x CO,) (Fig. 2.5).

The transfer of label to bacteria was much slower than the label transfer from DIC
to phytoplankton. It was only at day 3 or 4, depending on the mesocosm, that enrichment
could be detected in bacterial specific PLFA (Fig. 2.4D and 2.6). Average enrichment was
3.9+ 3.1 %o on day 3 and 7.4 £ 5.8 %o on day 4. The isotope ratio steadily increased until
72.3 + 8.8 %o at day 14, denoting isotope equilibrium.
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Fig. 2.5. Phytoplankton group-specific growth rates during the bloom period, day 5-9. Average and SD are shown.
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The ratios of bacterial isotope signature to phytoplankton isotope signature over the last 10
days (day 15 - day 24) are presented in table 2.2 for each mesocosm. The average ratio over
all mesocosms was 0.87 £ 0.017 implying that 87 % of the bacterial carbon was derived
from recently fixed phytoplankton material. The other 13 % was derived from non-labeled
material. The dynamics of labeled bacteria were comparable with non-labeled bacteria; bio-
mass was low in the first 5 days and showed some fluctuation in time. The peak in biomass
was reached at day 18 with concentrations of 0.14 + 0.022 ng C L' and declined after-
wards (Fig. 2.4C). The labeled bacterial biomass was significantly higher in the post-bloom
phase in the 3x CO, treatment compared to 1x CO,, but not in the 2x CO, treatment as for
non-labeled biomass. The CO, effect was mainly present between day 12 and 17 (repeated
measures ANOVA, F (2,6) = 10.48, p < 0.05) (Table 2.1).

Model

The transfer from phytoplankton to bacteria was quantified using a simple source-
sink model (equation 2.1). The initial parameters range was 0-1 d”' for both 7bac and fphyto.
The Bayesian approach produced a good fit to the data of all mesocosms (Fig. 2.6) and we
were able to individually fit the parameters. Because of the large number of MCMC runs,
reliable parameter distributions were obtained. The solid black lines are the model output,
using the medians of the modeled bacterial ratios. The dark grey areas represent the 95 %
posterior limits of the model uncertainties. The light grey areas present the 95 % posterior
limits in predicting new observations (Malve et al. 2005; Malve et al. 2007). The turn-over
rates for bacteria (7vac) were 0.20 £ 0.01 d', 0.21 £ 0.02 d”!, and 0.23 £ 0.04 d”', for 1x
CO,, 2x CO,, 3x CO, treatments respectively (Table 2.2). The fractions of bacterial carbon
derived from phytoplankton (fphyto) were 0.92 +0.02 d™, 0.91 £ 0.02 d”', 0.89 +0.03 d”,
for 1x CO,, 2x CO,, 3x CO, treatments respectively (Table 2.2). The parameters were not
significantly different for the different CO, treatments, but a trend with CO, concentrations
could be observed. The value of fpnyto decreased with increasing CO, concentrations and the
value of rpac increased with increasing CO, concentrations.

Settled material

The isotope ratios of the material in the sediment traps were used to investigate
whether sinking of organic matter from the upper layer to the deeper layer in the meso-
cosms was affected by the different treatments. The average isotope ratios of biomarker
PLFA from the upper layer and the average isotope ratio of unlabeled PLFA (day 0) were
used in the isotope mixing model to calculate the fraction in the traps derived from the
upper layer. The fraction represents the exchange of material between upper and deeper
layers. The fraction increased in time and was 0.29 = 0.051 at day 4 and gradually increased
to 0.90 + 0.028 at day 16 for phytoplankton (Fig. 2.7A). Exchange was slightly faster in
the beginning for bacterial PLFA than for phytoplankton PLFA. The fraction for bacteria
was already 0.43 + 0.12 at day 7, while it was only 0.33 + 0.030 for phytoplankton. The
exchange for bacteria gradually increased to 0.80 £ 0.077 at day 19 (Fig. 2.7B). Isotope
mixing, which is an indication for sinking, was independent of CO, treatment.
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2.4 Discussion

The combined use of stable isotopes and biomarkers provides a powerful tool
to elucidate and quantify carbon fluxes in natural plankton communities (Boschker and
Middelburg 2002; Van Den Meersche et al. 2004; Pace et al. 2007). Here we applied the
combined technique to determine the uptake of dissolved inorganic carbon by phytoplank-
ton and subsequent transfer within the plankton community under different CO, levels.
To our best knowledge, this is the first time that this approach is used to directly examine
the transfer from phytoplankton to bacteria under changing CO, levels. The broad range
of measured parameters (Riebesell et al. 2008) provided the opportunity to adequately
describe the community response and to validate the use of PLFA as biomarkers. The high
reproducibility of data between the different mesocosms resulted in robust outcomes of this
experiment.

Phytoplankton and bacterial dynamics

The addition of inorganic nutrients initiated a phytoplankton bloom. The collapse
of the bloom coincided with phosphate depletion at day 10 (Fig. 2.2A, 2.2H). The phyto-
plankton biomass at the bloom peak based on PLFA was ~ 0.7 mg C L™, which corresponds
to a moderate bloom. The peak in phytoplankton biomass as observed with PLFA occur-
red earlier (day 9) than the observed peak with chlorophyll-a (day 10) and POC (day 11)
(Fig. 2.3A). The disagreement between bloom dynamics revealed with chlorophyll-a and
PLFA is most likely due to function and structure of biomarkers and their turn-over after
cell death. PLFA are structural components of the cell membrane that rapidly decay after
cell death. Consistent with pigment data (Riebesell et al. 2007; Schulz et al. 2008), PLFA
data revealed that the bloom was dominated by prymnesiophytes (or coccolithophores) and
diatoms (Fig. 2.2C, 2.2D, 2.2E). The group-specific dynamics, however, were different
between pigment and PLFA analysis. In our study, no difference in diatom and coccolithop-
hores succession was observed with PLFA. However, Riebesell et al. (2007), showed that
diatoms peaked 1-2 days before coccolithophores, based on pigment analyses. The diffe-
rence in succession of diatoms and coccolithophores with HPLC can be explained by earlier
depletion of silicate (day 7) compared to phosphate (day 10) (Fig. 2.2H) (Schulz et al.
2008). Phytoplankton cell numbers for different groups were determined in this study with
flow cytometry, but showed much more variability in time than PLFA and pigment analy-
ses. POC reflects the total organic carbon pool including extracellular polymeric substances
and phytoplankton detritus, which explains the ongoing build-up after the bloom peak (Fig.
2.3A) (Engel et al. 2002, Van den Meersche et al. 2004). Label incorporation into PLFA has
proven to be a valuable tool to determine group-specific growth rates (Dijkman et al. 2009).
High net growth rates were observed during the bloom with coccolithophores growing
significantly faster than green algae and diatoms (Fig. 2.4). Our findings agree with the
results obtained with the dilution method combined with pigment analysis during PeECE
III, where prymnesiophytes growth rates were higher than diatom growth rates during the
bloom (Suffrian et al. 2008).
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Fig. 2.6. Model simulations of *C transfer from phytoplankton to heterotrophic bacteria for individual meso-
cosms. Phytoplankton A6"3C data (dashed line) are used as forcing function for model prediction (solid line;
Bacteria (Bac) model) of bacterial Ad"*C data (open dots; Bac measured). Dark and light grey areas give 95 %
limits on model uncertainty and in predicting new observations, respectively (see text).

The collapse of the phytoplankton bloom did not result in a noticeable increase in
bacterial biomass and we did not observe a distinct heterotrophic phase in the second part
of the experiment (Fig. 2.3). Bacterial dynamics correlated with phytoplankton dynamics
during the phytoplankton bloom, with simultaneous higher concentrations of phytoplankton
and bacteria. Overall, bacterial biomass increased during the experiment. In the PeECE
IIT experiment, bacteria dynamics were also determined by microscopy (Allgaier et al.
2008) and flow cytometry (FCM) (Paulino et al. 2008). Bacterial dynamics based on PLFA
biomarkers revealed a different pattern compared to dynamics based on microscopy and
FCM. A striking difference between the different methods was between day 5 and 9. While
microscopy and flow cytometry showed a minimum in bacterial numbers during the bloom
build-up, PLFA showed a peak in bacterial abundance (Fig. 2.3B). This discrepancy can be
explained by underestimation of bacterial number by FCM and microscopy due to shading
by phytoplankton and a large number of phytoplankton-attached bacteria.
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We chose to assess the interactions with this simple model, with a few parameters, because
it was possible to directly test the effect of CO, on the parameters of the system. In the first
7 days the model slightly overestimates the isotope ratio of bacteria (Fig. 2.6). The explana-
tion for this is that fynyto 1S in fact not constant in time; it will change in response to phyto-
plankton abundance.
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Fig. 2.7. The fractions in the sediment traps derived from the upper layer for (A) phytoplankton and (B) bacte-
ria. Average and SD are shown for the triplicate mesocosms.

Phytoplankton —bacteria coupling

Phytoplankton derived organic matter is an important food-source for heterotrop-
hic bacteria, resulting in a tight coupling between phytoplankton and bacterial production
and abundance (Cole et al. 1988). Based on “*C label dynamics, we observed a transfer
from freshly produced phytoplankton material to heterotrophic bacteria. The label was
detected in bacteria 2-3 days after incorporation in phytoplankton. At the end of the expe-
riment 87 % of bacterial carbon was derived from newly produced phytoplankton material
(Fig. 2.4, Table 2.2). Overall the first part of the isotope curves mainly reflect uptake and
turn-over dynamics, whereas the latter parts of the labeling experiment reflect food source
clarification (Fry 2006). To quantify turn-over dynamics and food source clarification in
relation to CO, levels we applied a simple source-sink model as used in (Hamilton et al.
2004; Carpenter et al. 2005; Van Oevelen et al. 2006). In this model it is assumed that loss
processes do not affect the isotope ratio (Fig. 2.2F, Fig. 2.4d).
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This is correct only if losses (e.g. bacterial respiration) operate on the bulk tissue. The sour-
ces however enrich the isotopic composition of the bacteria with the signature of the source
compartment. We chose to assess the interactions with this simple model, with a few para-
meters, because it was possible to directly test the effect of CO, on the parameters of the
system. In the first 7 days the model slightly overestimates the isotope ratio of bacteria (Fig.
2.6). The explanation for this is that fphyto is in fact not constant in time; it will change in
response to phytoplankton abundance.

The parameters obtained with our model are consistent with values described pre-
viously and obtained in other ways. Bacterial turn-over rates based on phytoplankton pro-
duction ranged from 0.19 d' to 0.27 d"' with an average of 0.21 d! in this study (Table 2.2).
An average bacterial production of 20 % of primary production was found in a literature
survey by Cole et al. (1988). The fraction of bacterial biomass derived from phytoplankton
products ranged from 0.86 to 0.94 with an average of 0.91, meaning that 91 % of carbon
in bacteria was coming from freshly produced phytoplankton material. The model derived
dependency factors (fphyto) are slightly higher than those based on the ratio A"’ Cbac/
AS"3Cphyto (Table 2.2), because of a slight decrease in bacterial isotope ratios at the end
of the experiment. Dependency factors smaller than 1 indicate that bacteria also used the
unlabeled algal carbon just fixed prior to incubation or used the unlabeled, background
DOC pool, or the presence of an inactive bacteria population. Measurements of *C-DOC
are required to test for these possibilities.

Few studies have used tracer dynamics and combined modeling to estimate carbon
fluxes in natural plankton communities, making comparison limited. A similar experiment
was conducted by Norrman et al. (1995) who studied *C carbon transfer from phytoplank-
ton to bacteria in an estuarine mesocosm experiment. At the end of their incubations, iso-
tope ratios in bacteria were lower than those of POC, indicating that bacteria relied partly
on not freshly produced material. A similar estimation of fluxes has been reported by Lyche
et al. (1996) who traced *C in different size fractions as probes for primary and secondary
production in a mesocosm study with lake communities. Their values were slightly different
from ours (Table 2.2), with bacteria assimilation rates of 0.485 d' and a fraction of 0.704
derived from the phytoplankton. In contrast, Pace et al (2007) observed almost complete
dependence of heterotrophic (gram-positive) bacteria on phytoplankton in a clear-water
lake. In their study, the whole lake was enriched with *C-DIC and traced into phytoplank-
ton and bacteria, derived from "*C incorporation in PLFA biomarkers. Van Den Meersche et
al. (2004) studied phytoplankton-bacteria interactions in a tracer experiment with estuarine
water and also used PLFA biomarkers. They found a 100 % dependency of bacteria on
freshly produced phytoplankton material, revealed by similar isotope ratios in bacteria and
phytoplankton PLFA at the end of the experiment.

We found a delay of 2-3 days in carbon transfer from phytoplankton to bacteria
in all mesocosms (Fig. 2.6). The time lag is consistent with previous studies on phyto-
plankton-bacteria coupling. Duarte et al. (2005) observed a time-lag of 0-4 days between
phytoplankton production and bacterial production in Southern Ocean plankton incubati-
ons. Ducklow et al. (1999) also observed lag periods of several days in bacterial response
to phytoplankton bloom development in Southern Ocean plankton incubations. Van Den
Meersche et al. (2004) observed a ~1 day delay in labeling of bacteria compared to phyto-
plankton.
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Studies on biomass standing stocks of phytoplankton and bacteria during phytoplankton
spring blooms also revealed some uncoupling and delay in response of bacteria to phyto-
plankton, varying from several days to weeks (Kirchman et al. 1994; Lochte et al. 1997),
while a close coupling was observed by Lancelot and Billen (1984). There are several
possible explanations for these ‘lags’ or ‘uncoupling’. The most obvious explanation is

the presence of unlabeled DOM at the start of the experiment, which is later replenished

by labeled DOM. DOM release by phytoplankton can occur passively (leakage and viral
lysis) or actively under nutrient starvation (Van Den Meersche et al. 2004). Possibly, DOM
release was low in the first part of the experiment (before and during the bloom) because

it occurred mainly passively and the major DOM release took place during the bloom col-
lapse, although this was not reflected in standing-stock measurements of DOC (Schulz et
al. 2008). Other explanations that concern more the physiological state of the bacteria have
been summarized by Ducklow et al. (1999). They suggested that most, if not all, marine
bacteria exist predominantly in a state of dormancy, under severe carbon, phosphate, and/or
energy starvation. Another possibility is that the apparent lag phase reflects logistic (s-
shaped) growth curves. A third scenario concerns the hypothetical existence of non-dividing
subpopulations of cells which are progressively overgrown by the growing populations.
The high dependency of bacteria on phytoplankton (Table 2.2) and the small increase in
DOM standing stocks (Schulz et al. 2008) during the experiment indicate a strong coupling
between phytoplankton and heterotrophic bacteria. Probably there was strong grazing pres-
sure on bacteria that kept the bacterial standing stock low. Bacterivory was indeed high
during the experiment as determined by measuring uptake of fluorescent labeled bacteria by
protists (Tanaka and Levdal, unpublished data, 2005).

Sinking of fresh produced material

The establishment of the halocline separated the surface layer and deep layer and
the sediment traps were located in the deep layer. Unfortunately, windy conditions caused
mixing of the water in the mesocosms and resuspension of already settled material, espe-
cially on day 12 when a heavy storm occurred (Schulz et al. 2008). These circumstances
made it difficult to use absolute numbers of phytoplankton and bacterial biomass in the
sediment traps. Consequently we limit our analysis to isotope ratios and to the first 12
days, which can still give some insight in sinking of freshly produced material. Mixing
between the upper and deeper layer was not so important, since at day 10 only about half of
the material in the sediment traps was derived from the upper layer (Fig. 2.7). An interes-
ting observation is that bacteria derived material settled more rapidly than phytoplankton
material. Close relationships exist between bacteria and detritus. Bacteria rapidly colonize
detritus and enhance further aggregation of detritus and subsequent sinking (e.g. Biddanda
and Pomeroy 1988). Because of turnover of PLFA after phytoplankton death, the detritus
will contain less phytoplankton PLFA and there is thus a preferential sinking of bacteria
over phytoplankton (as determined with PLFA), which could be another explanation for the
low standing stock in bacteria (Fig. 2.2F and 2.3B). Because POC consists both of living
biomass and detritus, the stable isotope ratio of POC would be a better source for estima-
ting organic matter dynamics. During this study we did not measure *C content of POC, so
we could only use phytoplankton PLFA.
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CO, effects and implications for ocean acidification

In this study, we aimed to advance our understanding of the effect of elevated
pCO, levels on phytoplankton and bacterial dynamics and on the interactions between
them. Furthermore we aimed to gain insight on the effect of CO, on sinking of freshly
produced material. Our results clearly show an effect of CO, on total and labeled standing
stocks of bacteria and phytoplankton in the post-bloom phase, but not on carbon transfer
from DIC to phytoplankton and subsequently bacteria. Unfortunately, during the post-
bloom phase a heavy storm mixed the mesocosms, making it difficult to quantify settling
processes. The phytoplankton bloom was independent of CO, concentrations in this study
(Fig. 2.2 and 2.4). These results agree with other results obtained in PeECE III on phyto-
plankton bloom development. Phytoplankton bloom development based on pigments (Rie-
besell et al. 2007; Schulz et al. 2008), flow cytometry (Paulino et al. 2008), and
particulate organic carbon (Schulz et al. 2008) was also found to be CO, independent du-
ring the PeECE III mesocosm experiment. Previous CO, enrichment mesocosm studies also
showed little effect on particulate organic matter production, although the effect of
CO, is species dependent. In PeECE I, some phytoplankton groups like coccolithophores
were sensitive to changes in CO,, where other groups like diatoms were not (Delille et al.
2005; Engel et al. 2005).

Interestingly, we did observe CO, related effects in the post-bloom phase of the ex-
periment. Green algae and diatoms seemed to benefit from increased pCO, as their biomass
was significantly higher under high CO, levels in the post-bloom phase (Fig. 2.2, Table
2.1). Current CO, levels are generally considered to be a non-limiting resource for diatoms
and green algae, because they have efficient carbon concentrating mechanisms (CCMs)
(Giordano et al. 2005). But the operation of these mechanisms requires energy, so when
energy becomes limited, higher CO, concentrations can be beneficial. In a recent study
from Feng et al. (2009), diatom abundance increased with increasing pCQO, in shipboard
community incubations. Moreover, Egge et al. (2009) reported higher total community
primary production rates in the post-bloom phase of the PeECE III experiments in high CO,
treatments (Fig. 2.1).

We found no indication of enhanced sinking of phytoplankton at increasing CO,
levels based on isotope ratios in the sediment traps (Fig. 2.7). However, the results should
be interpreted with caution. Sinking of freshly produced material would mainly occur
during and after the bloom collapse and we don’t have reliable sediment trap data for that
period due to the storm event. An enhanced carbon consumption was based on DIC budgets
(Riebesell et al. 2007; Bellerby et al. 2008), but was not reflected in standing stocks of
biological material. The concentrations of TEP (Egge et al. 2009), POC and DOC were
independent of CO, (Fig. 2.1) (Schulz et al. 2008). Riebesell et al. (2007) suggested that
the discrepancy may have been caused by an enhanced particle sinking. Unfortunately, our
sediment trap data could not be used to confirm or falsify this hypothesis.

The development of bacterial biomass showed a similar response to CO, as
phytoplankton, with a significantly higher biomass at higher CO, in the post-bloom phase
compared to present pCO, levels (Fig. 2.2F and 2.4D, table 2.1). In the post-bloom phase,
our results concerning bacterial dynamics differ from those of other bacteria results from
PeECE III studies. No differences in bacterial abundance under the different CO, levels
were observed with flow cytometry and with microscopy (Allgaier et al. 2008; Paulino et
al. 2008).
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Previous studies have shown that the response of heterotrophic bacteria to changing CO,
levels is linked to phytoplankton rather than being a direct effect of pH or CO, (e.g. Gros-
sart et al. 2006). The increased biomass at higher pCO, could be a direct result of incre-
ased phytoplankton biomass at higher pCO, in the post-bloom phase. We did not observe
enhanced coupling between phytoplankton and bacteria under higher pCO, with the isotope
transfer model during the bloom (Fig. 2.6, Table 2.2). Due to label saturation, the coupling
could only be studied before and during the bloom and not in the post-bloom phase. Phyto-
plankton carbon exudation generally increases at the end of a phytoplankton bloom when
nutrients become limited and a CO, effect is thus more likely to occur in this phase (Van
den Meersche et al. 2004; Engel et al. 2004b). For future CO, studies on phytoplankton-
bacteria coupling, it can be helpful to use nutrient-limited plankton incubations or to add
carbon tracer in the post-bloom phase.

Acknowledgements

The authors gratefully acknowledge the staff of the Espegrend Marine Biological
Station, University Bergen, in particular T. Serlie and A. Aadnesen, and the Bergen Marine
Research infrastructure (RI) for helping organize and set up the mesocosm experiment.
PeECEIII team members are thanked for the stimulating environment and for providing ac-
cess to data. We thank Ulysses S. Ninnemann for technical support on DIC analyses. Marco
Houtekamer and Pieter van Rijswijk are greatly acknowledged for their work on PLFA
extractions and analyses. We thank Dick van Oevelen, Frederik de Laender, Eric Boschker,
and Jacco Kromkamp for their help with data analyses. Thanks to Francesc Montserrat and
Peter Herman for helping with statistical analyses. This study received financial support
from the European Project on Ocean Acidification (EPOCA, FP7, 2211384), the Marine
Ecosystem Evolution in a Changing Environment project (MEECE, FP7, 212085), the
Marine Ecosystem Response to a Changing Climate (MERCLIM, NFR, 184860) and the
Darwin Center for Biogeosciences supported by the Netherlands Organisation for Scientific
Research.



Anna de Kluijver, Karline Soetaert, Jan Czerny, Kai G. Schulz, Tim Boxhammer,

Ulf Riebesell,and Jack J. Middelburg

Under review in Biogeosciences discussions for the special issue: Arctic ocean
acidification: pelagic ecosystem and biogeochemical responses during a mesocosm study

http://www.biogeosciences-discuss.net/9/8571/2012/bgd-9-8571-2012.html




... i e+ S g

o
©)
=
<
O
g
o
>
=
—
+~
95}
an
o
=
(]
O
<
—_—
@
on
<

fluxes in Arctic plankton commu-

nities under elevated CO» levels




CO, EFFECTS ON ARCTIC PLANKTON COMMUNITIES

Abstract

The effect of CO, on carbon fluxes in Arctic plankton communities was investiga-
ted during the 2010 EPOCA mesocosm study in Ny Alesund, Svalbard. Nine mesocosms
were set up with initial pCO, levels ranging from 185 to 1420 patm for 5 weeks. *C labeled
bicarbonate was added at the start of the experiment to follow the transfer of carbon from
dissolved inorganic carbon (DIC) into phytoplankton, bacteria, total particulate organic car-
bon (POC), zooplankton, and settling particles. Polar lipid derived fatty acids (PLFA) were
used to trace carbon dynamics of phytoplankton and bacteria and allowed distinction of two
groups of phytoplankton: phyto I (autotrophs) and phyto II (mixotrophs). Nutrients were
added on day 13. A nutrient-phytoplankton-zooplankton-detritus model amended with "*C
dynamics was constructed and fitted to the data to quantify uptake rates and carbon fluxes
in the plankton community during the phase prior to nutrient addition (phase 1, days 0-12).

During the first 12 days, a phytoplankton bloom developed that was characterized
by high growth rates (0.87 d”') for phyto I and lower growth rates (0.18 d™') for phyto II. A
large part of the carbon fixed by phytoplankton (~31 %) was transferred to bacteria, while
mesozooplankton grazed only ~6 % of the production. After 6 days, the bloom collapsed
and part of the organic matter subsequently settled into the sediment traps. The sedimenta-
tion losses of detritus in phase 1 were low (0.008 d') and overall export was only ~7 % of
production. Zooplankton grazing and detritus sinking losses prior to nutrient addition were
sensitive to CO,: grazing decreased with increasing CO,, while sinking increased.

Phytoplankton production increased again after nutrient addition on day 13.
Although phyto II showed initially higher growth rates with increasing CO, (days 14-22),
the overall production of POC after nutrient addition (phase 2, days 14-29) decreased with
increasing CO,. Significant sedimentation occurred towards the end of the experiment (after

day 24) and much more material settled down in the sediment traps at low CO.,.



CHAPTER 3

3.1 Introduction

About 30 % of anthropogenic CO, has accumulated in the oceans causing mo-
dification of the oceans’ chemistry. The most important impacts of anthropogenic CO, on
marine carbonate chemistry are higher concentrations of CO, and a concurrent drop in
pH, collectively referred to as ocean acidification. The CO, uptake capacity of the oceans
is influenced by the plankton organisms that live in the surface waters. The flux of CO,
from atmosphere to oceans is largely controlled by three biological processes: primary
production, community respiration, and export (biological pump). Primary production and
subsequent sinking of organic matter (OM) to depth increases the ocean’s uptake capacity
for CO,. Community respiration in the upper ocean, dominated by heterotrophic bacteria,
converts organic carbon back into CO, and thus decreases the ocean’s CO, uptake capacity
(Rivkin and Legendre 2001). Understanding the effects of increasing CO, levels on these
three processes is central to predict the ocean’s response to rising atmospheric pCQO,.
Particularly production and export showed to be potentially sensitive to changes
in CO, (Riebesell et al. 2009).

The high-latitude oceans are especially vulnerable for anthropogenic CO, dis-
turbances, because of lower temperatures. The solubility of CO, increases with decrea-
sing temperatures, so that polar oceans contain naturally high CO, and low carbonate ion
concentrations. With a lower buffer capacity, pH changes are considerably larger in the
polar regions than at lower latitudes for future climate scenarios (Steinacher et al. 2009).
Our knowledge about the potential effects of ocean acidification on plankton communities
in polar regions is limited, but plankton community studies have been done in mid-latitude
regions. In a mesocosm experiment in a Norwegian Fjord (Bergen in 2005) an increased
inorganic carbon consumption relative to nutrient (N,P) uptake was observed at higher CO,
levels in natural plankton communities (Riebesell et al. 2007; Bellerby et al. 2008). The en-
hanced uptake was not reflected in increased organic matter production (Schulz et al. 2008;
de Kluijver et al. 2010) nor in increased bacterial activity (Allgaier et al. 2008; de Kluijver
et al. 2010) so enhanced export was the suggested sink for the extra carbon consumed at
elevated pCO, (Riebesell et al. 2007). A proposed mechanism is that CO, induced carbon
overconsumption is exuded by phytoplankton as dissolved organic matter (DOM), which
aggregates with other particles and increases export (Engel et al. 2004a). In another meso-
cosm experiment (Bergen 2001) no CO, effects on primary production (DeLille et al. 2005)
were recorded, but a stimulating effect of CO, on bacterial activity was observed (Engel et
al. 2004b; Grossart et al. 2006). In the mesocosm studies mentioned above, nutrients were
added to stimulate phytoplankton production at the start of the experiments, so CO, effects
on a eutrophic, blooming community were observed. However, throughout most of the
year, plankton communities exist under low nutrient conditions dominated by regenerated
production, rather than new production (Legendre and Rassoulzadegan 1995).

This mesocosm study is the first to investigate the effects of elevated CO, on high-
latitude plankton communities and on plankton communities in a post-bloom, nutrient re-
generating state. In summer 2010, nine mesocosms were set up in Kongsfjorden, Svalbard,
with a range of CO, levels and monitored for changes in plankton community functioning.
To study the uptake of carbon by phytoplankton (primary production) and subsequent
transfer to bacteria and zooplankton (community respiration) and settling material (export),
BC-DIC was added as a tracer. The °C labeling dynamics of phytoplankton and bacteria
were determined by compound-specific isotope analyses of fatty acid biomarkers.



CO, EFFECTS ON ARCTIC PLANKTON COMMUNITIES

This technique has been successfully applied in the previous CO, enrichment mesocosm
experiment (in Bergen, year 2005) to study the interactions between phytoplankton and
bacteria (de Kluijver et al. 2010). In addition to the previous mesocosm experiment (Bergen
2005), *C POC and zooplankton analyses as well as quantitative sediment traps samples
were included in this mesocosm study. A nutrient-phytoplankton-zooplankton-detritus
model was constructed to quantify uptake and loss parameters and carbon flows in the
mesocosms. The obtained parameters and fluxes were tested for CO, sensitivity.

3.2 Materials and methods

Experimental setup and sampling

The mesocosm experiment was carried out in Kongsfjorden, Svalbard (78°56,2’
N; 11°53,6° E) in June-July 2010 as part of the 2010 EPOCA (European project on Ocean
Acidification) Arctic campaign. The experimental setup and mesocosm characteristics are
described in detail in (Czerny et al. 2012A). Briefly, 9 mesocosms of ~50 m® were deploy-
ed in the Kongsfjorden, about a mile off Ny Alesund, on 28 May, 2010. During lowering to
~15 m depth, the bags filled with nutrient-poor, post-bloom fjord water. A 3 mm mesh size
net was used to exclude large organisms. The bags were closed on 31 May, 2010, defined as
time t-7 and time steps (t) continued per day. The CO, manipulation was done in steps over
5 days, from t-1 to t4 by adding calculated amounts of CO, enriched seawater to each meso-
cosm. The main additions were done from t-1 to t2 and a final adjustment was done on t4. A
range of initial pCO, levels of ~185-1420 patm was achieved (exact CO, levels are provi-
ded in Bellerby et al. 2012). Due to gas exchange and photoautotrophic uptake pCO, levels
declined in the mesocosms, especially in the high CO, treatments, to a final pCO, range
from ~160-855 patm at the end of the experiment. *C-bicarbonate (10 g per mesocosm),
corresponding to ~0.1 % of DIC, was added to the mesocosms together with the first CO,
addition (t-1), increasing the 6"*C signature of DIC by ~100 %o. At t13, inorganic nutrients
were added to stimulate phytoplankton production. The total added concentrations were 5
UM nitrate, 0.32 uM phosphate, and 2.5 uM silicate. The experiment was terminated at t30.
The experimental period was divided into three phases based on the applied perturbations
and chl a dynamics. Phase 1 was before nutrient addition (t4-13). Phase 2 was after nutrient
addition until the 2™ chl @ minimum (t14-21) and phase 3 was from the 2™ chl ¢ minimum
until the end of the experiment (t22-29) (Schulz et al. 2012). In this manuscript we only
consider two phases, phase 1 before nutrient addition (t0-12) and phase 2 after nutrient
addition (t14-t29).

Depth-integrated samples (0-12 m) were taken with an integrating watersampler
(IWS; Hydrobios, Kiel, Germany) on each morning (9-11 h) for core parameters (nutrients,
chlorophyll, particulate organic carbon, phosphate, and nitrogen (POC, POP, PON), dis-
solved organic carbon, phosphate, and nitrogen (DOC, DOP, DON), dissolved inorganic
carbon (DIC), "*C content of carbon pools (DIC, DOC, POC, biomarkers) and many other
parameters (Riebesell et al. 2012). Daily samples for *C-DIC and "*C-DOC were taken
directly from the IWS and stored in dark, gas-tight glass bottles. The sediment traps were
emptied every other day before daily routine sampling and processed as described in
(Czerny et al. 2012A). Zooplankton samples were taken weekly in the afternoon by vertical
55 um mesh size Apstein net hauls over the upper 12 m.
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Daily "*C- polar lipid fatty acid (PLFA) samples were collected on pre-combus-
ted 47 mm GF/F filters by filtering ~3-4 L and filters were stored at -80°C. Daily *C-POC
samples were collected on pre-weighted and pre-combusted 25 mm GF/F filters by filtering
~0.5 L and filters were subsequently stored at -20°C and freeze-dried afterwards. From the
gas-tight water samples, headspace vials (20 mL) were filled using an overflow method and
sealed with gas-tight caps for DIC isotope analyses. Mercury chloride was added for
preservation and the samples were stored upside down at room temperature. Samples for
dissolved organic carbon (DOC) were GF/F filtered and stored frozen (-20°) in clean (HCI
and mQ rinsed) vials until further analyses. Zooplankton were transferred to filtered
seawater and kept there for a minimum of 3 hours, to empty their guts. On average, 7 (range
1-30) individuals of Calanus sp. and 30 (range 16-35) individuals of Cirripedia larvae
were handpicked and transferred to pre-combusted tin cups (200°C, min. 12h), which were
subsequently freeze-dried. Zooplankton samples were analyzed for organic *C content.
Subsamples of freeze-dried and homogenized sediment trap material were analyzed for
total organic *C. Sediment trap material of the last 8 days (t22-30) was additionally
analyzed for C-PLFA to characterize the nature of settling material.

Laboratory analyses

POC, sediment trap material and zooplankton samples were analyzed for orga-
nic carbon content and isotope ratios on a Thermo Electron Flash EA 1112 analyzer (EA)
coupled to a Delta V isotope ratio mass spectrometer (IRMS). For DIC isotope analyses, a
helium headspace was added to the headspace vials and samples were acidified with H,PO,
solution. After equilibration, the CO, concentration and isotope ratio in the headspace was
measured on EA-IRMS. PLFA were extracted using a modified Bligh and Dyer method
(Bligh and Dyer 1959; Middelburg et al. 2000). The lipids were fractionated in different
polarity classes by column separation on a heat activated silicic acid column and
subsequent elution with chloroform, acetone and methanol. The methanol fractions,
containing most of the polar lipid fatty acids were collected and derivatized to fatty acid
methyl esters (FAME). The standards 12:0 and 19:0 were used as internal standards.
Concentrations and 6"°C of individual PLFA were measured using gas chromatography-
combustion isotope ratio mass spectrometry (GC-C-IRMS) (Middelburg et al. 2000; de
Kluijver et al. 2010). *C-DOC samples were analysed in Hatch isotope laboratory (Ottawa,
Canada), using wet chemical oxidation with high amplification isotope ratio mass
spectrometry (WCO-IRMS) (Osburn and St Jean 2007). Unfortunately, the amount of *C
was too low to quantitatively determine "*C incorporation in DOC, but could be used to
provide an upper limit to DOC production.

Data analyses

Carbon stable isotope ratios are expressed in the delta notation relative to Vienna
Pee Dee Belemnite (VPDB) standard (6°C). Relative (**C) incorporation in carbon samples
is presented as A6"C (%o), calculated as 3" Csample - 0"*Coackground- Absolute label incorpo-
ration was calculated as *C concentration = A"F x concentration (umol C L"), with AF
being “Feample - "Fbackground, and "°F being the C fraction (C/(**C+"C)) derived from the
delta notation. 6"*Cpackground and "*Fhackground are the natural abundance isotope ratios, which
were sampled before label addition. To compare "*C concentrations of organic carbon pools
between mesocosms, the data were corrected for small differences in initial '*C-DIC
concentrations using a correction factor.
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The correction factor was calculated from deviations of '*C-DIC from the average *C-DIC
on day 3 (after main CO, additions) and ranged from 0.89 to 1.08. This correction is used
for clarity of presentation and was not used for model calculations. *C-DIC results were
corrected for gas exchange according to (Czerny et al. 2012B). The 6"°C of CO, [aq] was
calculated according to (Zhang et al. 1995) and the 6"°C of atmospheric CO, was assumed
-8 %o (Fry 2000).

AS"C PLFA of phytoplankton showed 2 responses of "*C incorporation: rapid
label incorporation and more graduate label incorporation. Phytoplankton were therefore
separated into 2 groups (phyto I and phyto II) (Fig. 3.1A). The rapidly incorporating PLFA
were 18:3w3, 18:4w3, 18:5w3(12-15), 18:5w3(12-16), and 16:4w3 and their weighted
average (A)0"°C was used to determine (A)5"C of phyto I . The PLFA with delayed incor-
poration were 20:503, 22:6w3 and 16:4w1 and their weighted average (A)6"°C was used
to determine (A)5"C of phyto II. PLFA presented in phyto I are characteristic for green
algae, chrysophytes, prymnesiophytes, and autotrophic dinoflagellates and PLFA of phyto
II are characteristic for diatoms and (heterotrophic) dinoflagellates (Cranwell et al. 1988;
Dijkman et al. 2009). It was possible to distinguish between autotrophic dinoflagellates and
total dinoflagellates, because 18:5w3 is considered a chloroplast fatty acid, while 22:6w3 is
a cell membrane lipid (Adolf et al. 2007). The branched fatty acids i15:0, ai15:0, and i17:0
were used to characterize heterotrophic bacteria. The last step involved conversion from
PLFA biomass to total organic carbon (OC) concentration for each group. The conversion
factor for phyto I was 0.06 (sum PLFA/OC), 0.05 (sum PLFA/OC) for phyto II, based on
phytoplankton culture and literature values (Dijkman and Kromkamp 2006). The conver-
sion factor for bacterial carbon was 0.01 (sum PLFA/OC) (van den Meersche et al. 2004).
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Fig. 3.1. The temporal change as averaged over all mesocosms (n=9) of A) isotope ratios (AJ'*C) of all
measured carbon pools, and B) of biomass (umol C L") of phyto I, phyto II, and bacteria.
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Group specific daily growth rates (u, d™') were calculated according to Dijkman et
al. (2009) as

SN 13Cconcentration t—At

Cconcentration ¢

Ao 12’Cphyto t

f= 1-
cf = mean ( Aa”CDICt

) toe et (3.2)

The correction factor (cf) is necessary to correct for label saturation and represents the dif-
ference between phyto and DIC labeling (A6"C) relative to the AJ"*C of DIC averaged over
the considered growth period for each mesocosm. Primary production rates were calculated
as

13
P (umol C L' @) = & Fphyto , Cphyio (3.3)
A Fpic t

Model

A nutrient-phytoplankton-zooplankton-detritus (NPZD) model amended with
isotope values was used to quantify carbon fluxes within the plankton food web. The
model is based on those of (de Kluijver et al. 2010) and (van den Meersche et al. 2011) and
a detailed description of the model and the equations can be found in (van Engeland et al.
2012). The model equations are also found in the appendix. The model code is incorporated
in an R-package, which is available upon request. Briefly, the concentrations of both *C
and "*C were modeled separately for the following carbon pools: phyto I, phyto II, labile
DOC (LDOC), bacteria, zooplankton, detritus, and sedimented OM. The nitrogen pools
explicitly described in the model were DIN and DON. Nitrogen fluxes relating to the other
pools were calculated from carbon fluxes with a fixed Redfield stoichiometry. POC and
PON were calculated in the model as the sum of phyto I and II, bacteria, zooplankton and
detritus. Light was used as forcing function for phytoplankton growth. The fractions of *C
and "2C in DIC were used as forcing functions for *C and '*C incorporation by phytoplank-
ton, but no growth dependency on DIC (or CO,) was built in the model. Bacterial biomass
(based on PLFA; Fig. 3.1B) and zooplankton biomass (Nichoff et al. 2012) did not show
large biomass changes during the experiment and were assumed to stay constant for model
simplicity. Half-saturation constants for DOC uptake by bacteria (epoc) and zooplankton
grazing on phytoplankton (g¢) were to set low values, with the assumption that substrate
limitation was of minor importance.

The model was implemented in the open source software R (R core team 2012),
using the packages FME and deSolve (Soetaert and Petzoldt 2009; Soetaert et al. 2009).
The output of the model was first manually fitted to the data to obtain good parameter fits.
The data that were used to fit the model (observed variables) were phyto I, phyto II, bac-
teria, zooplankton, DIN, DON, POC, PON, and sediment POC and PON. The model was
run separately before (phase 1) and after nutrient addition (phase 2). For both phases initial
conditions were based on the data. The fitted parameters were calibrated using the Markov
Chain Monte Carlo (MCMC) technique (Gelman 1996), as implemented in the FME
package. A subset of parameters, potentially CO, sensitive, was calibrated with MCMC for
each mesocosm.
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MCMC runs were accepted when they fell into the probability distribution centred around
the current value (for details see Gelman 1996). The model was run 5000 times for each
mesocosm, resulting in ~2000 accepted runs. The mean and standard

deviation of the MCMCs were calculated for each parameter. The calibrated parameters
were used to calculate fluxes (umol C L' d') between the carbon pools.

Statistics

Simple Pearson correlation tests were used to test the effect of CO, on growth ra-
tes (equation 3.1), production rates (equation 3.3), linear increase in *C concentrations, and
parameters and fluxes derived from the model. The results were tested and plotted against
the average pCQO, level in the corresponding phase. All statistical analyses were done in the
software (R development core team).

3.3 Results

BC-DIC dynamics

Addition of "*C bicarbonate together with the first CO, addition on t-1 caused
an increase in 6"°C of DIC of 117 + 6 %o in all mesocosms (Fig. 3.1A). The decrease in
AS"C-DIC in perturbed mesocosms during the first 4 days (t0-4) can be largely explained
by exchange with the dead volume, which was the space between the sediment traps and
the bottom of the mesocosms and comprised ~10 % of total mesocosm volume (Schulz et
al. 2012). Other processes that contributed to the initial label decrease were the subsequent
(unlabeled) CO, additions which diluted the *C-DIC pool and respiration of unlabeled or-
ganic material. The loss of *C-DIC due to air-sea exchange was low (<0.15 %). From day 7
onwards, the A6"*C of DIC remained quite stable (Fig. 3.1A). The labeled DIC concentrati-
ons were 2.6 + 0.1 umol C L™ at t0 and decreased during the first 9 days to 2.2 = 0.2 pmol
BC L at t10 and did not show large changes afterwards (Fig. 3.2A).

Phytoplankton dynamics

After enclosure of post-bloom water, a phytoplankton bloom developed, even
though nutrient concentrations were low (0.64 and 0.05 umol L' DIN and phosphate,
respectively). Phyto I rapidly incorporated *C; on t7 the whole phytoplankton commu-
nity had been turned-over, as indicated by the plateau (Fig. 3.1A), although phyto I never
reached the A6"*C of DIC. Phyto II showed clearly slower enrichment and never became
saturated with °C (Fig. 3.1A). Phyto I initially had low biomass (1.2 = 0.05 pumol C L™,
~6 % of POC) compared to phyto II (8.3 £ 1.2 umol C L', ~ 40 % of POC) (Fig. 3.1B).
Both groups contributed to the bloom during phase 1 in biomass and reached a bloom peak
at t6 and declined afterwards (Fig. 3.1B). The development of *C labeled biomass showed
that the bloom build-up and decline were more pronounced for phyto I compared to phyto
II (Fig. 3.2B, C). This was also reflected in higher growth rates (0.85 + 0.06 d') of phyto I
(w)compared to phyto IT (uy;, 0.48 + 0.04 d™') during bloom build-up (t0-6). (table 3.1).
The height of the bloom peak, as well as growth rates of phyto I and phyto II were
independent of CO,.

The production rates (P) of phyto I during the build-up (t0-6) were 0.56-0.78 pmol
C L' d"' and independent of CO, (Fig. 3.3A). Average net production rates in total phase 1
(t0-12) were much lower, 0.09-0.30 umol C L-' d"' and showed a positive relation with CO,
(Fig. 3.3A, r=0.81, p <0.01).
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The production rates of phyto II during the build-up (t0-6) were 0.45-0.62 pmol C L' d!
and showed a negative correlation with CO, (Fig. 3.3B, r=-0.79, p <0.05). Net production
rates of phyto II were 0.21-0.37 pmol C L' d"' and were independent of CO, (Fig. 3.3B).
So both phytoplankton groups had a significant loss in (particulate) production (AP) during
the bloom collapse, which was CO, dependent. The loss in (particulate) organic carbon
production (AP) during the collapse, was ~0.39 umol C L™ d' in high and ~0.97 pmol C L™
d"in low CO, treatments (+ = —0.70, p <0.05, Fig. 3.3C).

28 (LI EL

] A TN ) O | 1:1|mn:|ph| & 175 (M3
& 10 MTy
L
- ::* - | " WM
o " .00k oo | "™ 3un i (M)
. ' a . 4
3 ll L) ol grale g 425 (M8
g i -
2 hass i " 35, 4 5060 (M}
E l:IIIE: H ““H-: daa 4, ; .I b i [ 2, = § " 3 S0l
= 22 “I L N ] [ITCT ’I! ml‘" ‘ & R0 (M5}
24 n
"‘. .ﬁ . a” IS (M)
2 - "‘.‘ Ir I : [ITCETN | Il — —  Mutriers
y | addaon
I H
a3 T T T T T T T T . T T : T T T T
30 f.--[ <Phcin 11 { ool Lanozs oy eeoc !
EITEG
= [ [°] _,;, i : s @ .
T : .
A ' ;:l tg CE T | e l . :
Ellﬂﬂﬂ ‘l- . s | l L
= & ah R h Iﬂ.
= . il 'y L

[AEL T

""""“T“ T T T 1""'"'"'*" T T

1155

- g;,.;... e

|
]
(LIHES El"('-H:ﬂrm Fi ' CeZooplankion I
LI TEIET] | i
g |
_: [AELTY] a . hn2s | i 1
FRT sul i G 2HE | ! -
H is H | -
i '.. i) % | .
Sl L L1 - -"'q - i é
‘-"l'l- III!..[ & 1 81 b .: -
ELH ] I._ l 01 00K ] |
L
||1umil¥.‘ T T T T 1 I muumu-'—.l T | T T I -
TINE L "CeSedimented maticr a 5 14 15 i 25 1]
- vine: (dnsh
£ 14t T
- 1.3e4
= o 40 I |
o ’
= 65 ag
= i
5 0004 b ! |
Ir H i
0002 B LT .
-~ B 1
L
Iy e A e , L Y |
LU L] ik 1% 2 L 11}

time (s
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After nutrient addition phyto I and II increased again in biomass, but there was
more variation between mesocosms. Bloom peaks of phyto I were reached on t18-29,
depending on the mesocosm, but not on CO, (Fig. 3.2B). Bloom peaks of phyto II were
reached on t22-29 and were also independent of CO, (Fig. 3.2C). Although *C biomass of
phyto II kept increasing, the total biomass of phyto II after nutrient addition remained
similar to phase 1 (Fig. 3.1B). Average growth and production rates of phyto II after
nutrient addition were also similar to phase 1 (table 3.1). Production rates of phyto II were
initially higher in the high CO, treatments (t14-22, » = 0.72, p <0.05, Fig. 3D). However,
overall production rates in phase 2(t14-t29) showed an optimum around current CO, levels
(Fig. 3.3D). Because of label saturation (Fig. 3.1A), growth and production rates could not
be determined for phyto I after nutrient addition.

Table 3.1. Growth () and production (P) rates based on equation 3.1 and 3.3, respectively, for each phase.
Values are presented as average of all mesocosms + standard deviation (1#=9).

Growth rate (u, d') Production rate (P, pmol C L' d)
Phase 1 Phase 1 Phase 2 Phase 1 Phase 1 Phase 2
(t0-6) (t0-12) (t14-29) (t0-6) (t0-12) (t14-29)
Phyto I 0.85+£0.06 0.19+0.08 -- 0.65+0.08 0.19+0.08
Phyto II 048+0.04 023+0.02 0.22+0.06 0.55+0.06 0.30+0.06 0.40+0.13
BAC 0.68+0.11 0.33+0.02 0.13+£0.04 047+0.03 0.20+0.15
POC 0.80£0.13 0.75+0.22
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Fig. 3.3. Production rates vs. average pCO, levels of each phase based on data (equation 3.3) of A) Phyto I;
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POC and DOC production

The dynamics of phyto I and phyto II were reflected in the build-up of "*C enri-
ched POC with a peak on t8-11 and a subsequent decline (Fig. 3.2D). POC dynamics were
independent of CO, in phase 1. Addition of nutrients again stimulated organic matter pro-
duction and *C-POC kept on increasing until the end of the experiment (Fig. 3.2D). POC
production rates before and after nutrient addition were quite similar: 0.65-1.06 pmol C L™
d! before and 0.57-1.06 pmol C L' d!' after nutrient addition (table 3.1, Fig. 3.4A). The
average production rate of POC after nutrient addition (t14-29) decreased with increasing
CO, (r=-0.87, p <0.01, Fig. 3.4A). DO"C showed a maximum increase (A5"°C) of 3 %o.
Based on the small isotopic enrichment, the average DOC production during the whole ex-
periment (t0-t28) was < 0.06 pmol C L day™ and the total DOC build-up was < 6.2 pmol
C L' in phase 1 (t0-t11) and < 11 umol C L™ in phase 2 (t14-28).

BC labeling of bacteria and zooplankton consumers

Heterotrophic (gram-positive) bacterial followed the labeling pattern of POC
(Fig. 3.1A). Initial bacteria biomass was 4.6 = 0.6 pmol C L (~19 % of POC) and stayed
constant during phase 1 (Fig. 3.1B). Due to label incorporation, the *C-enriched bacteria
biomass increased in the first phase and peaked on t6-8 (Fig. 3.2E). Bacteria '*C biomass
increased again after nutrient addition until the end of the experiment. The average growth
rate of bacteria (upac) was 0.33 + 0.02 d”' before nutrient addition and 0.13 £ 0.04 d' after
nutrient addition (table 3.1). Bacteria production rates were also higher before nutrient ad-
dition (phase 1, 0.47 +0.03 umol C L d) than after nutrient addition (phase 2, 0.20 = 0.15
pumol C L d) (table 3.1). Bacteria growth and production were independent of CO, levels.

Zooplankton (Calanus sp. and Cirripedia) incorporated *C in a similar way and
the incorporation of tracer into copepods was used as representative for the mesozooplank-
ton community. The "*C incorporation into zooplankton was low (Fig. 3.1A). With a
constant biomass of ~5 pmol C L™ (Niehoff et al. 2012), the "*C incorporation until day 18
showed a negative correlation with CO, (» =—0.92, p <0.001, Fig. 3.2F, 3.4B). From day 24
onwards, the variance in "*C biomass increased and the CO, effect disappeared (Fig. 3.2F).

BC labeling of sedimented organic material

The label enrichment in sediment trap organic matter in the first 7 days was low,
indicating that little freshly produced material was sinking into the traps (Fig. 3.1A). After
day 7 the material became more enriched, probably because of the bloom collapse and
after day 20, the A6"C of sediment trap POC increased rapidly (Fig. 3.1A). After day 25,
the A6"C of sediment POC was higher than of water column POC, showing that there was
preferential sinking of freshly produced material. The cumulative "*C of sediment trap POC
is shown in Fig. 3.2G. The settling of °C enriched POC in the traps was very low in the
first phase (7.13 x 10 umol *C L' d*, ~7.13 x 10 pmol C L' d"') and increased with in-
creasing CO, (r = 0.75, p <0.05, Fig. 3.4C). After nutrient addition, the sinking of *C-POC
was much higher (1.14 x 10* umol *C L' d", ~0.11 umol C L' d') and the effect of CO,
on sedimentation was reversed compared to phase 1 (Fig. 3.2G, 3.4C); sedimentation of
freshly labeled ("*C enriched) POC decreased with increasing CO, (» = —0.78, p <0.05, Fig.
3.4C). The "*C increase in POC in the water column and sediment traps showed a non-line-
ar response to CO, in phase 2, which indicates a step-wise rather than a gradual CO, effect
(Figs. 3.4A,0C).
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Fig. 3.4. A) POC production (umol C L-' d-") before (phase 1) and after nutrient addition (phase 2); B) *C
increase in zooplankton (umol '*C L-' d-') from t0-18); C) '*C increase in cumulative sedimented organic
matter (umol *C L-' d-') before (phase 1) and after nutrient addition (phase 2) as function of average pCO,
levels of the corresponding phase.

Mesocosms with CO, levels below 340 patm had high POC production and sedimentation
rates, while mesocosms with CO, above 400 patm had low POC production and sedimen-
tation rates after nutrient addition (Figs. 3.4A,C). The exception was at 395 patm (average
pCO, in phase 2 in mesocosm 8) where there was high production and low sedimentation
(Figs. 3.3D, F). The fatty acid composition of settling material in phase 3 revealed that

all groups were present, but there were more phyto II markers than phyto I markers in the
sediment traps.

Model results: parameters

The construction of a model and subsequent fitting to the data provides the pos-
sibility to study the community as a whole, instead of studying carbon production in each
carbon pool separately as done above. Good model fits were obtained for the first phase
of the model (t0-12). Unfortunately, no good fits could be obtained for phase 2 (t14-29),
primarily because of label saturation in phyto I (Van Engeland et al. 2012) which precluded
fitting the growth rate and subsequent exudation and mortality of phyto I during this phase.
Fits for phase 1 of one mesocosm (M4, 375 patm) are shown in Fig. 3.5. The average para-
meter values of all mesocosms are given in table 3.2. The growth and build-up of plankton
biomass caused a decrease in DIN and DON.



CHAPTER 3

Mesocosm 4: 375 patm

DIN DON Phyto | 5'°C Phyto |
| o¥ _ 2 4
o ? ? =
Ew | \o% Eo WY b £
5° 009 i 5 O o
E o E Em o o
Eo £ o £ i =) . — model
s (] ped o 0 measured
L L T rrrnriri - rrrrrur T -
0 4 8 12 0 4 8 12 0 4 8 12 0 4 8 12
time(days) time(days) time(days) time(days)
Phyto Il 5"°C Phyto Il §"°c POC

1
10
20
1

30
]

mmol m~>
4 6 8
11
[+
o
3'°C (%o)
-10
L1
mmol m™
1
o
o o
q 0O
o
o
[+]
&% (%s)
0
| | 1

[*]

o
/
LI I I I I |
0 4 8 12

. 8 8 -
rrrrnri ? gu rrrrnriri T rnriT i
4 8 12 0 4 8 12 0 4 8 12
time(days) time(days) time(days) time(days)
5'°C Bacteria §'°C Zoop Sediment OC 5"°C Sediment OC
2 -
= -2 LI —o
g« 9 é ! £ o~ o é A P
(S o g S &)
o 7 o w e ] - w2
ﬁ — o =] E o | o -] °
' L L L LI L L L = T rnrir
4 8 12 0 4 8 12 0 4 8 12 0 4 8 12
time(days) time(days) time(days) time(days)
PON Sediment N
. [*]
? ? u
Ew — ° £ i °
© < /oa}"L‘ E P :
E. I o9 E_
1o 8
1T rnriri [=] 1T rrrnriri
4 8 12 0 4 8 12
time(days) time(days)
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To reach the high biomass of phyto I, phytoplankton mortality was set to 0 in the first six
days. The growth rate of phyto I (1) was 0.87 = 0.013 day™. After t6 phytoplankton morta-
lity was included to produce the decline in biomass. The mortality rate of phyto I (&) was
0.29 + 0.081 d"'. The growth rate of phyto II (un) was 0.18 = 0.010 d”'. The estimated loss
rate of phyto II (&) was low, only 0.045 & 0.025 d”'. Hence mortality mainly affected phyto
L. Part of the phytoplankton loss was assumed to be respired, part to end up in DOM, and
part to end as detritus. The loss part that went into detritus (fper) was 0.37 £ 0.050 and the
part that ended in DOM (fpom) was 0.056 + 0.037, meaning that the rest (0.57) of the dead
material was respired into the DIC pool (table 3.2). Both phytoplankton groups exudated
DOM that was assumed to have the isotope signature of phytoplankton. The exudation rate
of phytoplankton I (y1) was 0.31 £ 0.023 d”' and the exudation rate of phyto II (yi1) was 0.24
+0.017 d'. No build-up of labile DOC (LDOC) was observed, because the freshly produ-
ced DOM was rapidly consumed by bacteria. Bacteria biomass was assumed constant (Fig.
3.1B), meaning that growth and loss (respiration/mortality/grazing) were balanced.

Table 3.2. Parameter descriptions and values of the food web model for phase 1 (t0-12). Values are presented
as average of all mesocosms + standard deviation (n=9) derived from MCMC fitting procedures.

Parameters that were tested for different CO, levels

Parameter Unit Description Value

I d! growth rate of Phyto I 0.87+0.013

L d! growth rate of Phyto I 0.18+£0.010

& d! mortality rate of Phyto I 0.29 +0.081

& d’! mortality rate of Phyto II 0.045 +0.025

g d! grazing rate of Zooplankton 0.022 + 0.005

I d! exudation rate of Phyto I 0.31+0.023

i d! exudation rate of Phyto IT 0.24+0.017

T d! growth rate of Bacteria 0.36 +0.029

Fsink d! sinking rate of detritus 0.0082 + 0.0048

p d! mineralisation rate 0.020 + 0.004

foom - part of Phyto mortality to DOM 0.056 +0.037

foet - part of Phyto mortality to detritus 0.37 +0.05
Parameters that were kept constant for different CO, levels

Parameter Unit Description Value

en umol L' half saturation constant for DIN 0.5

& W m? half saturation constant for light 120

& pmol L' half saturation constant for phyto I+II 1

£poc pmol L'  half saturation constant for LDOC 0.001

Sacces - part of zooplankton grazing to faeces 0.149

200 - Zooplankton loss into sediement traps 0.654

NC - Stoichiometric ratio 16/106
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Bacteria maximum growth (ugac) was 0.36 = 0.029 d'. Mesozooplankton was assumed

to graze on phytoplankton and low grazing rates for zooplankton (ug) were observed,

only 0.022 £ 0.005 d”' and the fraction of grazing that went into faeces (fiaeces) Was 0.15.
Zooplankton biomass in the mesocosms stayed constant, but a large number of zooplank-
ton (cirripedia) was found in the sediment traps (Nichoff et al. 2012; Czerny et al. 2012A).
The part of zooplankton losses (which balanced zooplankton gains) that ended in the traps
(¢z00) Was 65 % and the other 35 % was respired. Detritus was mainly formed of dead
phytoplankton, so started to increase after day 6, when mortality of phytoplankton occurred.
The mineralisation rate (p) of detritus into DIN and DIC was 0.020 + 0.004 d' and sinking
rate of detritus (7sink) was 0.008 £ 0.005 d”' (table 3.2). Two of the twelve model parameters
potentially sensitive to CO, showed to be indeed affected by CO, treatments. Grazing rates
(ug) decreased with increasing CO, (Fig. 3.6A, r =-0.79, p <0.05). Sinking rates (7sink)
showed a positive correlation with pCO, (r = 0.81, p <0.01, Fig. 3.6B). The sinking was 5
times higher at high CO, (0.016 = 0.0034 d™') compared to lower CO, (0.0020 = 0.0014 d™).
For validation of the parameters, the model was also tested with ¢z, included as CO,
sensitive parameter. ¢zq, is the part of zooplankton carbon gain that ended in the sediment
traps. {zoo Was found to be CO, independent. The amount of zooplankters that ended in the
traps were also independent of CO, levels (Niehoff et al. 2012). As including the parameter
increased the model uncertainty it was therefore excluded from MCMC analysis.
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Fig. 3.6. Model parameters (d"') with uncertainties for A) zooplankton grazing rates and B) sinking rates vs.
average CO, levels in phase 1.

Model results: carbon fluxes

The set of parameters that was selected during the MCMC analysis was used to
calculate average carbon fluxes over phase 1 (t0-12). The flux from DIC to phytoplankton
was 1.78 £ 0.17 umol C L' d”', with a flux of 1.17 £ 0.10 umol C L' d"' to phyto I and a
flux of 0.61 £ 0.089 pmol C L d"! to phyto II (Fig. 3.7). Large parts from gross phyto-
plankton production were exudated as DOC, 0.36 + 0.05 umol C L' d"' and 0.19 + 0.03
pumol C L' d' from phyto I and II respectively, so 0.59 + 0.06 umol C L' d"! in total, and
30.7 £ 1.2 % of total primary production. DOC was assumed to be the only carbon source
for bacteria and the consumption rate of bacteria was 0.60 + 0.062 umol C L d”'.
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The small discrepancy between DOC production and bacteria production was covered by
an initial decrease in LDOC. Over phase 1, the ratio of bacterial production to primary
production (BP:PP) was 0.34. £ 0.032. The carbon consumption of zooplankton was much
lower, only 0.19 + 0.04 umol C L' d”' from which 0.028 + 0.007 pmol C L' d"! went into
faeces. Zooplankton consumed equal parts from phyto I and phyto II, because similar gra-
zing efficiency on phytoplankton was assumed (Fig. 3.7). The fractions of primary produc-
tion channeled into zooplankton production were 7.4 + 1.8 % and 16.7 £ 4.1 % for phyto I
and II respectively. Because grazing rates were CO, sensitive (Fig. 3.5A), the carbon flows
from phytoplankton to zooplankton were also CO, sensitive as indicated by the dashed lines
(Fig. 3.7). The mortality carbon flow was 0.60 + 0.062 umol C L d'for phyto I, i.e. 51.3
7.0 % of primary production. Mortality carbon flow of phyto II was only 0.21 = 0.11 pmol
CL"'d"or36.2+19.8 % of primary production. From the total carbon flow of dead phyto-
plankton (0.81 £ 0.16 pmol C L™ d*), 0.044 + 0.029 pmol CL™" d' went into DOM, 0.47 +
0.093 umol C L' d"! into respiration and 0.30 = 0.074 pmol C L' d!' into detritus (Fig. 3.7).
The carbon flow of detritus export was low, only 0.021 = 0.093 pmol C L' d'. Because
sinking rates were CO, sensitive, the flow from detritus to sediment traps was also CO,
sensitive, as indicated by the dashed line in Fig. 3.7. The total carbon flow into the sediment
traps was 0.13 £ 0.018 umol C L™ d”', so the majority came from zooplankton (Fig. 3.7).
The export of primary production was only 7.1 + 1.4 %, indicating a retention food chain
rather than an export food chain.
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Fig. 3.7. Model-based carbon flow chart of phase 1 (before nutrient addition). The thicknesses of the arrows
represent the size of the average carbon fluxes (umol C L' d') between the major carbon pools. The dashed
arrows indicate fluxes that were CO, sensitive (based on model). The grey arrows indicate fluxes that may
depend on CO; based on data analyses (Fig. 3.3).




CHAPTER 3

3.4 Discussion

Plankton carbon flows under low nutrients

While most of the CO, enrichment mesocosm experiments involved inorganic
nutrient addition and focussed on production and export food chains, this study investiga-
ted ocean acidification in a nutrient regenerating food chain, at least during phase 1 of the
experiment. The low nutrient concentrations, low chl a, and high heterotrophic biomass in
Kongsfjorden waters were characteristic for a post-bloom situation (Rokkan-Iversen and
Seuthe 2011). Although nutrient concentrations were low, a small phytoplankton started
right after enclosure, probably fueled by efficient recycling of nutrients accompanied with
remineralisation of DON. Total primary production rates in our experiment (21 mmol C
m™ d”', integrated over the 12 m sampling depth) were similar to the median particulate
primary production of 20 mmol C m? d"' in Arctic regions (synthesis by Kirchman et al.
2009a). However, particulate primary production in this study was lower, ~14 mmol C m™
d! (integrated over the 12 m sampling depth), suggesting nutrient limitation in our study.
The primary production during the bloom was dominated by autotrophs or nanoplankton
(comprised in phyto I) as indicated by their high growth and production rates (table 3.1,
3.2). Despite their low biomass, they were responsible for two thirds of the primary pro-
duction in phase I. The other third of primary production was contributed by the phyto II.
Although phyto II dominated in terms of biomass, they had lower growth and production
rates, likely attributable to the mixotrophic character of the group. The difference in model
based primary production and data based particulate primary production is the dissolved
primary production: exudation of recent fixed organic matter. Two thirds of GPP was used
for net particulate primary production (1.2 pmol C L' d”', table 3.1) and the other one third
was exuded as dissolved primary production to fuel bacterial production. Bacteria were an
important component of the pelagic food web and a rapid consumer of primary production,
as indicated by rapid transfer of label from phytoplankton to bacteria (Fig. 3.1A). Bacteria
production amounted to a third of total phytoplankton production (34 %). A remarkably si-
milar average BP:PP ratio (34 %) was observed in Arctic transect studies by Kirchman et al.
(2009b), although their absolute production rates were much lower. In a data synthesis by
(Cole et al. 1988), the BP:PP in the euphotic zone was typically 20-30 %. Bacterial growth
rates in phase 1 (0.33-0.36 d) were relatively high compared to average Arctic bacterial
growth rates (Kirchman et al. 2009a). Despite the high growth rates, the biomass of bacteria
did not increase (Fig. 3.1B), indicating a strong removal pressure (top-down control) on
bacteria e.g. by viruses or microzooplankton (heterotrophic dinoflagellates) grazing. The
high abundance of heterotrophic dinoflagellates indicates that microzooplankton grazing
likely controled bacterial biomass (Schulz et al. 2012). Also mesozooplankton had high
biomass, but grazing rates of mesozooplankton on primary production were very low, as
indicated by maximum daily grazing rates of 0.022 d' on phytoplankton biomass. In phase
1, only 11 % of primary production was consumed by mesozooplankton. Summarized, the
high BP:PP, high microzooplankton abundance, and low mesozooplankton grazing indicate
that the microbial food web was more important in this study than a herbivorous food web
(Legendre and Razouldagan 1995). Our results on plankton food web structure fit very well
with the previously described post-bloom (May-July) situation in Kongsfjorden (Rokkan
Iversen and Seuthe 2011) with high BP:PP production and a prominent role for the
microbial food web.
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However, they suggested a control of phytoplankton biomass by mesozooplankton grazing,
because of low phytoplankton biomass, high primary production, and high zooplankton
biomass, which is not supported by our findings. Viral infections likely caused the bloom

to collapse after t6, since phytoplankton decline coincided with a peak in virus abundance
(Brussaard et al. 2012). Mortality affected phyto I much more than phyto II, consistent with
virus-host specificity. Phytoplankton mortality rates of up to 0.3 d™', as observed for phyto
I, have been recorded during bloom declines as well as in oligotrophic systems (reviewed
in Brussaard 2004). When phytoplankton cells die, the cells lyse and a large portion is
released into DOM, which can be subsequently used by bacteria (reviewed in Brussaard
2004). In our study, phytoplankton mortality did not stimulating bacterial production per se,
since bacterial production declined after 6 as well. Possible explanations for the decline in
bacterial production are concurrent viral infections or a shift from microzooplankton gra-
zers from phyto I to bacteria. DOC accumulation after mortality was observed in the meso-
cosms (Czerny et al. 2012A, Engel et al. 2012). The material released by viral lysis is sticky
and viral induced mortality can enhance formation and persistence of large aggregates
(Peduzzi and Weinbauer 1993). Although it was difficult to constrain, we estimated that
approximately one third of dying phytoplankton ended up as detritus. Detritus formed only
a small part of total POC (10 %) and was thus mainly formed of dead algae. The sedimen-
tation losses of detritus were low (0.008 d') and in phase 1, sinking detritus comprised only
1% of primary production. In phase 1, zooplankton contributed substantially to sedimented
organic material (Niehoff et al. 2012). Together with zooplankton settling in the traps, the
average export corresponded to ~about 7 % of primary production. In contrast, the calcula-
ted export in a previous mesocosm experiment with nutrient addition was ~24 times higher
than the export rates in this experiment (Riebesell et al. 2007).

Plankton carbon flows after nutrient addition

The addition of nutrients did not increase phytoplankton and bacterial biomass in
the mesocosms (Fig. 3.1B). However, chl a increased after nutrient addition (Schulz et al.
2012), indicating that phyto II shifted towards an autrophic community. The production rate
of phyto II also slightly increased after nutrient addition (table 3.1). Interestingly, bacterial
production and growth decreased after nutrient addition (table 3.1), contrary to the gene-
rally observed positive relation between nutrient concentrations and growth efficiency (del
Giorgo and Cole 1998). Bacteria in phase 2 could have been limited by substrate (DOC)
availability, since extra cellular release decreased after nutrient addition (Engel et al. 2012).
In agreement with our findings, a similar decrease in bacterial growth after nutrient ad-
dition was found with radioactive leucine incorporation during the experiment (Piontek
et al. 2012). The largest change in phase 2 compared to phase 1 was an increase in sedi-
mentation. Large sedimentation of (freshly produced) organic matter occurred after day
24, when chain-forming diatoms started to dominate the mesocosms (Czerny et al. 2012
A). The diatoms probably formed aggregates that facilitated sinking of organic matter. The
higher isotopic enrichment of sedimented organic matter compared to the water column
(Fig. 3.1A) showed that the aggregates were formed of freshly produced organic matter and
the dominance of diatoms was confirmed by the high presence of phyto II markers in the
sediment trap material.
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Methodological considerations and assumptions

13C labeling combined with modelling has been used successfully in previous
mesocosm studies to quantify carbon flows and interactions in plankton food webs (van den
Meersche et al. 2004, 2011; de Kluijver et al. 2010). However, there are some assumptions
and potential errors that need attention. A main advantage of using a "*C tracer is that
production can be measured in sifu, in contrast to other methods like radioactive tracers that
require side incubations with perturbed environmental (e.g. light) conditions. Using PLFA
biomarkers, phytoplankton and bacteria group specific primary production can be estimated
in addition to total POC production (Dijkman et al. 2009). However, PLFA based produc-
tion (phyto I, II, bacteria) slightly overestimated the production of total POC (table 3.2),
what can be explained by potential errors in conversion factors and uncertainties arising
from averaging numbers. A comparison of community production measurements perfor-
med during the experiment with different methods (DIC, oxygen, "*C, °C) is presented by
(Tanaka et al. 2012). There was a good correlation between *C-POC and DIC based NCP,
as we expected, since they were both measured in situ (Tanaka et al. 2012).

Although PLFA can be used as taxonomic markers (Dijkman and Kromkamp
2006) the majority of PLFA markers do not allow distinction between heterotrophic and
autotrophic phytoplankton, like mixotrophic dinoflagellates, and therefore we had to
consider heterotrophic dinoflagellates as part of phyto II. Phyto II had the largest biomass
(36 % of POC) and comparison with chl a as a proxy for autotrophic biomass, after
subtraction of phyto I, indicated that >65 % of phyto II in phase I was heterotrophic (Czer-
ny et al. 2012A). The "*C incorporation method is limited when phytoplankton is saturated
with tracer, i.e. it has taken the signature of the source, corrected for fractionation, in which
case uptake of substrate will not cause further changes in '*C. Saturation was observed in
phyto I after the first six days precluding growth estimates after this period and precluding
model application for phase II. For future experiments an additional "*C spike with nutrient
addition is recommended (van Engeland et al. 2012). The other carbon pools did not get
saturated with tracer (Fig. 3.1A) and bacteria never reached the isotope labeling of
phytoplankton (Fig. 3.1A). Assuming that phytoplankton is the only carbon source for
bacteria, this implies a senescent or dorming pool of bacteria that did not grow during the
experiment. Another explanation is that bacteria grew on total POC, which is likely, since
they closely followed the labeling of POC (Fig. 3.1A). Zooplankton never reached label en-
richment of any carbon pool (Fig. 3.1A). Mesozooplankton has a slow turnover in response
to dietary changes, what contributes to low labeling pattterns. A study on carbon turnover in
Arctic crustaceans showed low turnover in stable isotopes, with a half life of 14 days (Kauf-
man et al. 2008). For simplicity, one grazing rate on phytoplankton was assumed in the
model, but there was probably selective grazing on different phytoplankton groups. Due to
the labeling differences between phyto I and II, grazing rates would decrease if zooplankton
primarily grazes on phyto I and increase if zooplankton primarily grazes on phyto II.

Production processes are relatively easy to determine with "*C incorporation, but it
is more challenging to quantify and allocate loss processes. The partitioning of carbon from
phytoplankton mortality was difficult to constrain (van Engeland. et al. 2012). The
partitioning in the particulate fraction was relatively easy to determine, because of direct
POC measurements, but partitioning into dissolved material was more difficult, because of
lack of accurate *C-DOC measurements. Measuring isotope labeling in DOC is challenging
because of methodological constraints (Osburn and St Jean 2007; van den Meersche et al.
2011) and because of the high background concentrations of total DOC (4 times POC).
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Moreover, it is expected that freshly produced DOC is rapidly consumed rather than ac-
cumulating in the DOC pool. DOC production derived from the model to fuel bacteria
production was 10 times higher than DOC production based on *C incorporation. For suf-
ficient *C enrichment in DOC, the amount of added tracer should be >10 times higher.

The data from the sediment trap samples have to be considered with care. The
sediment traps were positioned only ~15 m deep, so the material in the sediment traps can-
not quantitatively considered to be exported compared to studies were traps were placed
below the euphotic zone. The sediment traps were also within the daily migration zone of
zooplankton and there were a large number of Cirripedia settling in the sediment traps.
Zooplankton can contribute largely to settling material, especially in shallow traps and
contributions of 14-90 % of zooplankton to POC in traps were reported by Buesseler et al.
(2007). In the model a 82 % contribution of zooplankton to sediment trap material was ne-
cessary to achieve the low labeling of sediment material in phase 1. Preferential settling of
old, unlabeled material in the traps could have contributed to the low labeling as well, but
this was not considered in the model. Although above processes can cause potential errors
in the estimated carbon fluxes, they do not explain the observed CO, effects, since they are
expected to occur in all mesocosms.

CO, effects

In this study, we aimed to increase our understanding of CO, effects on primary
production, community respiration, and export in Arctic communities by looking at indivi-
dual uptake and loss rates and by quantifying the interactions between food web compart-
ments with a food web model. Some of the CO, effects in phase 1 that were observed in
individual fluxes (grey arrows in Fig. 3.7) were not shown in the integrated food web, so we
consider them with care.

Although it was not captured by the model, the data suggest that loss in
phytoplankton production due to mortality can be CO, sensitive. When the bloom
collapsed (after t6), the loss in particulate primary production was significantly lower at
higher CO, levels (Fig. 3.3C). Furthermore, both simple regression (Fig. 3.4C) and model
inference (Fig. 3.6B) showed that sedimentation of fresh organic matter increased with
increasing CO,. These observations suggest the presence of CO, effects on phytoplankton
mortality in phase 1. Since mortality rates were not sensitive to CO, and viral numbers were
not CO, dependent (Brussaard et al. 2012), we speculate that there were CO, effects on the
partitioning of dead phytoplankton in particulate and dissolved organic matter fractions.
The organic material released at high CO, could be of more sticky nature serving as
precursor of transparent exopolymer particles (TEP) or less degradable (Engel et al. 2002;
Czerny et al. 2012A; Engel et al. 2012). When more phytoplankton mortality ends in ag-
gregates or particles, it could lead to enhanced sinking at high CO,, as observed in phase
1. Future research on CO, effects on partitioning of phytoplankton mortality is needed to
support our hypotheses.

Both simple regression (Fig. 3.4B) and model output (Fig. 3.6A), showed reduced
zooplankton grazing in phase I with increasing CO,. There was no CO, effect found on
zooplankton numbers (Niehoff et al. 2012) and we can only speculate about the
mechanisms. One potential explanation is that reduced grazing is a direct consequence of
higher sedimentation at higher CO, during phase 1. Reduced grazing could also result from
the reduced initial production of phyto II at higher CO, (Fig. 3.3B).
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Other possible explanations for reduced grazing could be CO, induced changes in food qua-
lity, i.e. the production of less essential fatty acids. However, there were no CO, dependent
shifts in fatty acid compositions observed in phase 1 (this study, Leu et al. 2012). A ham-
pering CO, effect on Cirripedia development to the next stage was observed (Niechoff et al.
2012), but whether this was related to lower grazing, needs to be further addressed.

In this study, no CO, effect on bacteria growth and production were observed.
There was also no CO, effect on carbon exudation by phytoplankton as source for
bacteria, although this process is considered potentially CO, sensitive. It has been
hypothesized that increasing CO, could stimulate carbon overconsumption and subsequent
extracellular release, but most studies done so far showed no effects on DOC production in
community-level CO, enrichment studies (e.g. Engel et al. 2004b). Previous mesocosm
studies focussed on nutrient replete situations and it was suggested that CO, effects on
extracellular release would be more pronounced under nutrient limitation (Thingstad et al.
2008; de Kluijver et al. 2010). The results here show that bacterial production on
phytoplankton exudation is also not enhanced with CO, in a post bloom situation. However,
when bacterial growth is limited by nutrient availability, a lack of bacterial response does
not necessary mean that there was no stimulation of extracellular release. Exudates are also
important players in formation of TEP and marine snow and subsequent export
(Engel et al. 2004a).

After nutrient addition phytoplankton production (phyto II) was initially
stimulated by higher CO, (t14-22), but showed an optimum around current CO, levels of
340 patm over the whole phase after nutrient addition (t14-t28; Fig. 3.3C). The response of
phyto II was likely an indirect effect of CO, due to competition with other phytoplankton
groups. The proposed mechanism (based on pigments and flow cytometry) is that
increasing CO, stimulated production of picoplankton directly after nutrient addition and
outcompeted larger phytoplankton like diatoms in the final stage of the experiment (Schulz
et al. 2012). The response to CO, after nutrient addition was also not gradual for POC
production and sedimentation. POC production after nutrient addition showed a non-linear
response to CO, with a transition point around current CO, levels (Fig. 3.4A). Production
was lower at CO, levels above 400 patm and because of the large export in phase 3, the
CO, effect on POC production was directly reflected in settling material (Fig 3.4C). Our
findings suggest that CO, effects on some processes are stepwise rather than gradual, which
can be of interest for future research.

3.5 Conclusions

This mesocosm study is the first to study ocean acidification effects on Arctic
plankton communities, in a system dominated by regenerated production. Before nutrient
addition (phase 1) the pelagic food web was characterized by high BP:PP, high micro-
zooplankton abundance, low mesozooplankton grazing and low export. Comparable
production rates, but increased export were observed after nutrient addition (phase 2). CO,
effects were subtle and different for each phase. We observed a stimulating effect of CO, on
export and a hampering effect on community (mesozooplankton) respiration in phase 1 and
a hampering effect of CO, on production and export in phase 2. Generally, more research
on plankton communities with different composition and nutrient states are necessary to
improve our understanding of pelagic food web processes under future CO, conditions.
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Appendix: Model formulations

Table 3.1: State variables, model forcings, and derived output variables for which calibration data were
available. The * indicates availability of a data counterpart for calibration. The subscript i refers to the two
phytoplankton groups (i 1,/]) (after Van Engeland et al. 2012).

State variables

DIN dissolved inorganic nitrogen pmol I *

DON dissolved organic nitrogen pmol 1! *
C Phyto, 13C in phytoplankton group i pmol I

2c Phyto, "2C in phytoplankton group i pmol I

Bc Zoo C in zooplankton pmol I!

l3CDez 13C in detritus pmol I

IZCDe, 12C in detritus pmol I

Be Bac 1C in bacteria pmol 1"

Bce LDOC 13C in labile dissolved organic carbon pmol I!

2c LDOC 12C in labile dissolved organic carbon pmol 1!

Bc Sed 13C in sediment pmol I

2c Sed "C in sediment pmol I

forcing functions

Bce pIC 13C in dissolved inorganic carbon pmol I
2c pIC 12C in dissolved inorganic carbon pmol 1!
1 irradiance Wm?

derived output variables for calibration

DOC,, total DOC (labile + refractory background) pmol I! *
POC particulate organic carbon pmol I'! *
PON particulate organic nitrogen pmol 1! *
Cphyw[ carbon in phytoplankton group i pmol 1! *
Coou carbon in sedimented detritus pmol I' *
N Sed nitrogen in sedimented detritus pmol 1! *
e Phyto; 3"3C of phytoplankton group i %0 *
613C Zo0 5'3C of zooplankton %o *
613C Bac 513C of bacteria %o *
8¢ ‘Sed 3"3C of sedimented detritus %o *

8"Cpoc 3"C of POC %o *
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Table 3.2: Rate equations, mass balance equations for the state variables, and equations for the calculation of

derived output variables. The subscript i refers to the phytoplankton groups (i D L1I). The superscript x refers
to the carbon isotope (x 12,13) (after Van Engeland et al. 2012).

Rate equations

13
3 C Det _
F;f;: pref x % LOSSZoo_ ffaeces x Zgrazl’hym,
“Cpict Coic i
DIN 1 Sed _
grOWthPhyto =W XX ———XCpyy,, L0s5700= & 200 > Z 874z phyto;
! DIN +ksy I+ks; o i
LDOC
mort p, = & x Cmeo, grOWthBae =Hpac X LDOC + ks x CBaz'
DpOC
Loss Phyto = fpou X MOrt pyy,. respga = §rowthg,,
Loss Phym f Der X MOTT . minpey = px DON
18P piyio, = (1= fer = oo )% Z MOT pyy, ming,, =pxCp,,
exud pyy, = V; X rowthpy, sinking =1y X Cp,,
C
Phyto =
8TZppyrg, =My X—————xCyy, resp, ZreSpPhyto,- +respzoo + €SP pac
i CPhyto + ksg l

respzoo = - ffaaces - E.>Zon )% z 87az pyyro,
i

dDIN
4 ( z growthpy, +minp,, + resp] x NC +minp,y
t i
dDON DOM ;
P [z Xl phyro; — §TOWihpge ] x NC + Z Loss Phyto, xNC —minpoyn
1 2
d*Cpy, x x
Y10; C C
T’ =F pjcxgrowthppy,. —F Phyw‘x(mortphymi + 8raz ppyro; + €XUppyso, )
d'C ¥ . .
dDe' Z [F Pyig XLOSS port "+ F ,CxLoss 2 |- F ;Sx(minp,, + sinking)
d°Cpoc.
dt z F Ph)to “xLoss Phyto -F LDOCXgr owthg,,
d'C
y :"d =F pCxsinking +F ,CxLoss 5
a’c c e
TBM = (F 1poc—F pac) X 8rowthy,,
13
d CZoo

l]C |3C
a = z (FPhym,_ono) X (1= [ faeces) X 87AZ ppyro,
i
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Additional output variables

C phyro, :lscPhytoi +12CPhyto,-
CDa:BCDa+nCDa

CSed =]3CSed +I2CSed

Nseq =Cgeq X NC

LDOC:13CLD0C +ncwoc

POC = Z Cthtoi +CZoo + CDet + CBac

PON =POCxNC
DOC,,, = DOC+ LDOC

Tot
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FOODWEB STRUCTURE ALONG A TROPHIC GRADIENT

Abstract

Carbon isotope variability in planktonic producers and consumers were studied in
a survey of 22 North-American meso-oligotrophic to eutrophic lakes that were classified as
meso-oligotrophic and eutrophic to assess food-web interactions along a trophic gradient.
Carbon isotope ratios (6*C) of dissolved inorganic and organic carbon (DIC and DOC),
particulate organic carbon (POC), phytoplankton, allochthonous material, and bacterial and
zooplankton consumers were analyzed. The 6"C of phytoplankton producers and bacterial
consumers were determined from §'°C of fatty acid biomarkers. Lake pCO, was primarily
determined by autochthonous production (phytoplankton biomass), especially in eutrophic
lakes, and governed 6"*C of DIC. All organic-carbon pools showed larger variability in 6"*C
in eutrophic lakes compared to meso-oligotrophic lakes caused by high variability in 6"°C
at the base of the food web (both autochthonous and allochthonous carbon). Phytoplankton
6"C was negatively related to lake pCO, over all lakes and positively related to phytoplank-
ton biomass in eutrophic lakes, which was also reflected in a large range in photosynthetic
isotope fractionation (€co,-phytos 8-25 %e0). Carbon isotope ratios of bacteria matched those
of POC, but not those of DOC in all lakes. In meso-oligotrophic lakes, bacteria used a mix-
ture of carbon from various sources, while they depended more on phytoplankton in eutrop-
hic lakes. The 6"°C of zooplankton showed strong correlation with 6"°C of phytoplankton in
all lakes, independent of trophic state, suggesting that phytoplankton were the main carbon
source for zooplankton. Additionally, we calculated autochthonous and allochthonous car-
bon contributions to bacteria and zooplankton and found higher autochthonous contributi-
ons to zooplankton (59 %) than to bacteria (48 %), which were independent of trophic state.
Overall, our results underline the importance of lake trophy in controlling plankton food
web structure.
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4.1 Introduction

Recent studies suggest that lakes, in disproportion to their relative surface area,
contribute significantly to the carbon budget of terrestrial ecosystems and vent a considera-
ble amount of CO, to the atmosphere (Cole et al. 2007). Freshwater systems are very active
in processing terrestrial carbon and a large part is respired in lakes, making many lake
overall heterotrophic (Cole et al. 1994). The food-web composition of lakes largely governs
carbon cycling and the balance between primary production and community respiration
(lake metabolism) determines whether lakes are possibly sources or sinks of CO,. Primary
(autochthonous) production increases with increasing trophy (nutrient concentrations) and
lakes with high autochthonous carbon production, i.e. eutrophic lakes, are considered to be
sinks for CO, (Schindler et al. 1997). The loading of allochthonous (terrestrial) carbon is
a key factor controlling community respiration of lakes. The metabolic balance of lakes is
directly influenced by allochthonous organic carbon loading and trophic state (Del Giorgio
and Peters 1994, Hanson et al. 2003).

The contribution of allochthonous vs. autochthonous carbon to plankton food
webs has therefore been a primary research focus in recent years. Heterotrophic bacteria
(shortly bacteria) are key players in processing organic matter from autochthonous (Cole et
al. 1988) and allochthonous origin (Tranvik 1992), primarily as dissolved organic carbon
(DOQ). It is estimated that bacteria process 30-60 % of primary production and bacteria
production often exceeds primary production, especially in unproductive systems (Del
Giorgio et al. 1997). Phytoplankton is considered the primary food source for zooplankton,
via herbivory, but zooplankton can also obtain energy from bacteria (Wylie and Currie
2001) and terrestrial carbon (Cole et al. 2006). Plankton food-web structure, with multiple
interactions is known to change along a trophic continuum (Legendre and Rassoulzade-
gan 1995). Especially in oligotrophic, humic lakes with low primary production and high
input of terrestrial carbon, bacteria have high biomass and dominate community respiration
(Tranvik 1992, Biddanda et al. 2001). When lakes move from oligotrophic towards eutrop-
hic, with higher primary production, the herbivorous food web becomes more important
and the relative contribution of bacteria as heterotrophs declines (Cotner and Biddanda
2002). Continuing towards the other side of the spectrum from eutrophic towards hyper-eu-
trophication, the microbial food web starts to dominate again, what can be explained by an
increasing dominance of cyanobacteria and a co-occurring shift in zooplankton community
structure (Gliwicz 1969). Thus, both allochthonous input into lakes and trophic state deter-
mine plankton food-web structure, which in return has a large impact on lake metabolism.

Stable isotope analyses (SIA) of organic matter are a powerful tool to study food
web interactions in lakes. The stable carbon isotope variability in sources and consumers
has been used to trace carbon flows and origins in plankton food webs (Fry 2006). A major
challenge in SIA is to elucidate the isotope signatures (6'°C) of the different carbon sources,
especially 6"*C of microbial organisms, such as phytoplankton and bacteria. Because it is
difficult to separate these potential carbon sources from bulk particulate organic carbon
(POC), most studies use indirect methods to determine §"°C of phytoplankton (6"*Cphyto),
allochthonous material, and bacteria. Common methods to determine §'*Cphyto are the use
of §"*C of particulate organic carbon (POC) with correction for non-phytoplankton carbon
and estimates based on ¢"*C of dissolved inorganic carbon (DIC) with a fractionation factor

(e).
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Other methods are the use of zooplankton consumers as proxy for ¢"*Cpnyto Or size
fractionation of organic matter and subsequent determination of 6"*C of different size
classes. A comparison and evaluation of the different methods can be found in Marty and
Planas (2008).

Bacteria isotope signatures in field studies have been derived from re-growing
bacteria in bioassays (Coffin et al. 1989) or dialysis cultures (Kritzberg et al. 2004), with
measurement of *C in POC or respired CO, (McCallister et al. 2008) and from biomar-
kers like nucleic acids (Coffin et al. 1990) and lipids (Bontes et al. 2006, Pace et al. 2007).
Some studies used 6"*C of DOC as proxy for 6"°C of bacteria, assuming that DOC was
the primary carbon source for bacteria (Taipale et al. 2008). A commonly used proxy for
allochthonous ¢'*C is the 6"*C of terrestrial C, plants, which dominates most terrestrial
vegetation and has a 6"°C of ~ -28 %o (Fry 2006). However, when vegetation is dominated
by C, plants, which are common in tropical areas and agricultural areas with corn produc-
tion and have a §"°C of ~ -14 %o (Fry 2006), the isotope signature of allochthonous carbon
can be significantly enriched. In lakes with large terrestrial input, 6"*C of DOC can be used
as a proxy for allochthonous 6"°C, since terrestrial carbon forms the largest fraction of DOC
(Kritzberg et al. 2004).

Compound specific isotope analysis (CSIA) of polar lipid fatty acid biomarkers
(PLFA) has shown to be a valuable tool to determine the isotope signature of plankton
producers and consumers (Boschker and Middelburg 2002). Groups of phytoplankton and
bacteria have different fatty acids (FA) compositions, so by analyzing the 6"*C of specific
FA, the 6"C of phytoplankton and bacteria can be inferred. The combined use of stable
isotopes and FA biomarkers has been successfully applied to study autochthonous and
allochthonous carbon contributions to zooplankton in a tidal river (Van den Meersche et
al. 2009). Few studies have applied CSIA to study carbon flows in plankton food webs
in lakes. Examples are a phytoplankton-zooplankton interaction study in a eutrophic lake
(Pel et al. 2003), a biomanipulation effect study (Bontes et al. 2006), a *C lake enrichment
study (Pace et al. 2007) and a cyanobacteria-zooplankton interaction study (de Kluijver et
al. 2012). To our best knowledge, none has applied natural abundance compound-specific
6"C to study carbon flows in plankton food webs along a trophic gradient.

In this study, we used compound-specific isotope analyses to examine carbon
flows in plankton food webs in temperate (North-American) lakes. The lake survey en-
compassed a range in trophic states from meso-oligotrophic lakes, with an expected larger
allochthonous input, to eutrophic lakes, with an expected lower allochthonous input. In this
trophic range, we explored patterns of isotopic variability in DIC, phytoplankton,
allochthonous carbon, heterotrophic bacteria and zooplankton consumers and their
relationships. Further, we looked at autochthonous and allochthonous contributions to
bacteria and zooplankton consumers and to food web control on lake pCO,.

4.2 Material and Methods

Field sampling

A total of 22 lakes in lowa and Minnesota (USA) were sampled in July - August
2009 as part of the ongoing lake monitoring program of the Limnological laboratory of
Iowa State University. Key parameters, such as temperature, pH, secchi depth, inorganic
nutrients, oxygen, and carbon concentrations were measured as part of and according to the
lake monitoring program.
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All samples were taken of the upper 2 m of the deepest point of each lake. More informa-
tion on data collection, lake characteristics, and methods can be found on http://limnoweb.
ecob.iastate.edu/itascalakes and http://limnology.ecob.iastate.edu/lakereport.

Triplicate water samples were taken for stable isotope analyses and concentrati-
ons of the major carbon pools. Headspace vials (20 ml and 2 ml) were filled on board with
sampled water using the overflow method and sealed with gas-tight caps for DIC isotope
analyses and concentrations, respectively. Mercury chloride was added for preservation and
the samples were stored upside down at room temperature. For DOC analyses, 20 ml
sampled water was filtered over GF/F (0.7 um pore size, 25 mm diameter) and stored
frozen in clean (acid and milli-Q rinsed) vials until further analyses.

Seston samples for particulate organic carbon (POC) and carbohydrates were
collected by filtering 0.4 to 1 L of sampled water on pre-weighted and pre-combusted GF/F
filters (0.7 um pore size, 47 mm diameter), which were subsequently dried at 60° (POC) or
freeze-dried (carbohydrates); PLFA samples were collected by filtering ~2 L sampled water
on pre-combusted GF/F filters (0.7 pm, 47 mm) and filters were stored frozen. Pigment
samples were taken for concentrations only and collected by filtering ~600 ml sampled
water on GF/F filters (0.7 um, 47 mm) in the dark and filters were stored frozen. Zooplank-
ton was collected with a Wisconsin (63 pm mesh-size) net. In the laboratory, they were
transferred to demineralized water to empty their guts. Total zooplankton, and if there was
enough, ~20 individuals of individual groups, were handpicked and transferred to
pre-weighted and pre-combusted tin cups, which were subsequently freeze-dried.

Laboratory analyses

POC and zooplankton samples were analyzed for carbon content and isotope ratios
on a Thermo Electron Flash EA 1112 analyzer (EA) coupled to a Delta V isotope ratio mass
spectrometer (IRMS) (Nieuwenhuize et al. 1994). For DIC isotope analyses, a helium
headspace was created in the headspace vials and samples were acidified with H;PO,
solution. After equilibration, the CO, concentration and isotope ratio in the headspace was
measured using EA-IRMS (Gilikin and Bouillon 2007). DIC concentrations were measured
using spectrophotometry according to Stoll et al. (2001). For DOC analyses, the samples
were acidified and flushed with helium to remove DIC and subsequently oxidized with
sodium persulfate (Na,S,0g); the produced isotope ratio and concentration of CO, was
measured using high performance liquid chromatography - isotope ratio mass spectrome-
try (HPLC-IRMS) (Boschker et al. 2008). PLFA samples were extracted according to a
modified Bligh and Dyer method (Bligh and Dyer 1959, Middelburg et al. 2000). The lipids
were fractionated in different polarity classes by column separation on a heat activated silic
acid column and subsequent elution with chloroform, acetone and methanol. The methanol
fractions, containing most of the PLFA were collected and derivatized to fatty acid methyl
esters (FAME). The 12:0 and 19:0 FAME were added as internal standards. Concentrations
and 5"°C of individual PLFA were measured using gas chromatography-combustion isotope
ratio mass spectrometry (GC-C-IRMS) (Middelburg et al. 2000). Pigment samples were
extracted with 90 % acetone in purified (miliQ) water with intense shaking and concentra-
tions of individual pigments were measured on HPLC (Wright et al. 1991). Carbohydrate
samples were hydrolyzed in H,SO,, neutralized with SrCO; and precipitated with BaSO,.
The supernatant was collected and measured using HPLC-IRMS according to Boschker et
al. (2008).
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Data analyses

The lakes were divided into eutrophic and meso-oligotrophic lakes based on aver-
age summer total phosphorus (TP) concentrations. Lakes with TP values >24 ug L' and
a corresponding trophic state index >50 were classified as eutrophic, and lakes with TP
values < 24 nug L' as meso-oligotrophic (Carlson 1977). All lakes in Iowa and one lake in
Minnesota were classified as eutrophic, while all meso-oligotrophic lakes were located in
Minnesota. The different components of the CO, system were calculated from temperature,
laboratory pH, and DIC concentrations using a salinity of 0 using R package AquaEnv
(Hofmann et al. 2010). Stable isotope ratios are expressed in the delta notation (5'°C),
which is the *C/**C ratio relative to VPDB standard, in permille (%o). The isotope ratio of
CO, (aq) (6" Cco,) was calculated from 6" Cpic according to Zhang et al. (1995). The used
formula was

§"Cco, = 0"Cpic - 0.0144 x T(°C) x fCO% +0.107 x T (°C) - 10.53 @.1)

fCO% is the fraction of CO7 in total DIC, calculated from pH and DIC concentrations.

Poly-unsaturated fatty acids (PUFA) are abundant in and can be used as chemotaxonomic
markers for phytoplankton (Dijkman and Kromkamp 2006). The most abundant PUFA in
all lakes were 18:3w3, 18:4w3, 20:5w3, 22:6w3 and 20:4w6 and their concentration-weigh-
ted 6"°C were used to determine phytoplankton isotope ratios (6"*Cphyto). Phytoplankton is
considered a mixture of eukaryotic algae and cyanobacteria. Branched fatty acids (BFA)
are abundant in heterotrophic bacteria (Kaneda 1991). The most abundant BFA were i15:0,
ail5:0 and 117:0 and their weighted 6"*C were used to determine heterotrophic bacteria
isotope ratios (6'*Cpac), which we further consider bacteria. Isotope fractionation (&)
between CO, and phytoplankton was calculated as

13, 13
0 CC02 -0 Cphytofcor

(4.2)
1+ 6" Cppyto_cor/ 1000

8COZ-phy(o (%0) =

6" Cphyto_cor was derived from 5" Cphyto with a correction of +3 %o for the isotopic offset bet-
ween FA and total cells (Ad"*Cra-ceil) (Hayes 2001), although isotopic offset can be variable
(Schouten et al. 1998). Two proxies for allochthonous carbon (5"*Cayio) were used, the iso-
tope signatures of DOC (6"*Cpoc) and detritus (6> Cget). 0"°Caet Was calculated from a mass
balance and mixing model, similar to Marty and Planas (2008) amended with zooplankton
and bacteria. We assumed that POC consists of phytoplankton, detritus,

bacteria and zooplankton and that the 6"°C of POC represents a mixture of the weighted
6"C of the individual groups. Subsequently, 6"*Cqget was derived from §"*Cpoc:

513Cdel (%0) = (POC X 513CP0C - Cphyto X 513Cphytoicnr - Cbac X 513Cbac - Czoo X 513Czoo) / Cdet (43)

Cdet (mg C L_l) =POC = Cphyto = Cbac = Czo0 (4.4)
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Phytoplankton carbon (Cphyto) (mg C L) was calculated as the average of chl a derived
biomass (C:chl a = 50) and phytoplankton FA derived biomass, to minimize the error as-
sociated with each method. Phytoplankton FA biomass was calculated from the sum of
phytoplankton PLFA (3 18:3w3, 18:4w3, 20:5w3, 22:6w3, and 20:4w6) and a C: specific
FA ratio of 60 based on culture studies, summarized in (Dijkman and Kromkamp 2006).
The two approaches yielded similar results. Bacterial carbon (Cpac) (mg C L) was calcula-
ted from the summed concentrations of bacteria specific FA (i15:0, ail5:0, and i117:0) and a
Chac:FA ratio of 50 (Middelburg et al. 2000). Zooplankton carbon (C00) used in equation 3
was estimated to be ~10 % of Cphyto (Del Giorgio and Gasol 1995). Uncertainty in 5"°C and
biomass of phytoplankton and bacteria were not included in calculating 5"*Cget.

The contributions of autochthonous carbon (fauto) and allochthonous carbon (fao) to
zooplankton and bacteria consumers were calculated as

13 13

o Callo -0 Cconsumer
13 13

0" Callo = 0 Conyto_cor

Sauto (%) = x 100 ; faro (%) = 100 - fauto 4.5)

The uncertainty in 6"*C in carbon sources and consumers were considered in the calcula-
tions by creating normal distributions with average and standard deviation (sd) for each
value and taking random samples (n=1000) from the normal distributions. Only values with
outcome between 0 and 100 % were accepted. Standard deviations for 5" Cphyto cor and

6" Cpac Were based on uncertainty in A6"*Cra-cen, which was 1 %o, around a correction factor
of 3 %o and 1 %o, respectively. For allochthonous carbon, average values of ¢'*Caio + sd of
lakes located in Iowa (n=10) and in Minnesota (n=12) were used, because we expected that
d13Callo should be rather uniform in each state and standard deviations based on individual
measurements should cover the variation. For zooplankton consumers, the mean + sd based
on individual samples in each lake was used.

Data that were part of the lake monitoring program and pCO, values represent
single samples of each lake. Data on carbon concentrations and isotope signatures in each
lake convey averages of triplicate samples. Average values for eutrophic lakes (n=11) and
oligotrophic lakes (n=11) are presented + sd. Statistical analyses were done with software
package “R”. Prior to correlation analyses, data were checked for normal distribution
(Shapiro test) and log-transformed when necessary to achieve normal distribution.
Correlation coefficients were calculated using Pearson product-moment correlation coeffi-
cient (normal distribution) or Spearman’s rank correlation coefficient (non-normal
distribution). The correlations were tested for total lakes (n=22) and for eutrophic lakes
(n=11) and meso-oligotrophic lakes (n=11). Differences between eutrophic and meso-oligo-
trophic lakes were statistically tested using student t-tests.

4.3 Results

Lake chemistry

The sampled lakes covered a large range of nutrients and CO, system characteris-
tics (Table 4.1). TP concentrations ranged from 1.9 to 209 pg L' and total nitrogen (TN)
concentrations ranged from 5.0 to 9320 ug L' (Table 4.1). DIC values ranged from 0.052 to
4.6 mmol L, alkalinity values ranged from 0.07 to 2.4 mmol L and pH ranged from 6.1 to
9.8 (Table 4.1). The calculated pCO, values were in the range from 10-4500 patm, covering
a broad range from under- to supersaturation.
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Fig. 4.1. The relation of pCO, in eutropic lakes (filled circles, n=11) and meso-oligotrophic lakes (open cir-
cles, n=11) to A) DIC; B) pH; C) Cphyto; D) DOC. The dashed line indicates atmospheric pCO, (385 patm)

The CO, system in eutrophic and meso-oligotrophic lakes showed a very different charac-
ter. The eutrophic lakes had on average higher DIC, alkalinity, and pH than the meso-oli-
gotrophic lakes (Fig. 4.1). In the eutrophic lakes, there were positive correlations between
alkalinity and DIC and pCO, values (» = 0.79 and r = 0.82 respectively; p <0.01 for both)
(Fig. 4.1A, Table 4.2) and a negative correlation between pH and pCO, (Fig. 4.1B; r =
-0.98, p <0.001). The pCO, values were not related to pH, alkalinity, or DIC in the meso-
oligotrophic lakes. Both lake systems showed supersaturation (average pCO, 838 patm in
both), but the pCO, range was much larger in eutrophic lakes (10-4500 patm) compared to
meso-oligotrophic lakes (310-3200 patm) (Fig. 4.1).

Organic Carbon and fatty acid concentrations

POC, Cpnyto and Cpac concentrations were higher and DOC concentrations were lo-
wer in the eutrophic lakes compared to the meso-oligotrophic lakes (Table 4.1). Cpnyto Was
on average 1.3+ 1.1 mg C L' and 0.11 £ 0.03 mg C L"', corresponding to 44 % + 17 % and
10 % £ 5 % of POC in eutrophic and oligotrophic lakes, respectively. Cphyto and Cpac Were
significantly related to phosphorus (» = 0.89 and r = 0.82 respectively, p <0.001 for both),
but not to nitrogen concentrations and there was a good correlation between Cpnyto and Cpac
in both systems (= 0.89, p <0.0001, Fig. 4.2).
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Table 4.1. Limnological characteristics of the sampled lakes. pCO, was determined from temperature, DIC
and pH. Cpnyto presents the average of chl ¢ and fatty acid based phytoplankton biomass. Cpac presents fatty
acid derived bacteria carbon biomass.
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: |52 & & T % & % E B 58 R g & ¢
Beaver I Eu 241 95 103 170 30 169 1528 72.6 2.10 507 226 0251
Beeds I Eu 238 85 228 415 835 932 361 91 097 093 038 0.023
BigCreek | 1 Eu 250 85 197 389 795 612 213 80 156 130 032 0.047
Coralville | I Eu 242 7.8 237 455 4545 650 207.1 109 1.16 191 049 0.074
g;)t]?;and M Eu 192 82 1.04 1.69 635 001 295 195 3.70 207 058 0.026
LowerPine | 1 Eu 241 86 144 251 400 4.5 1283 602 146 400 232 0213
McBride I Eu 220 88 118 198 195 127 679 426 171 2.84 1.80 0.103
Meyers I Eu 271 98 108 149 10 2.14 2087 862 270 991 3.65 0.190
E;igers I FEu 243 84 182 334 855 681 506 54 120 0.68 023 0.038
Saylorville | I Eu 253 85 205 403 830 490 1163 230 1.80 130 096 0.165
ThreeMile | I  Bu 213 9.1 098 169 80 100 449 378 190 2.66 148 0.122
Beaver M MO 197 69 009 009 520 012 162 3.6 434 150 0.13 0017

Brush
Shanty M MO 203 74 028 029 655 034 10 14 475 056 006 0014
Hatch M MO 203 84 181 304 735 055 19 08 208 030 0.04 0008
Horsehead |M M-O 199 67 007 006 460 009 69 1.8 291 211 009 0.033
Kelly M MO 202 69 008 005 310 00l 89 26 250 122 009 0017
Leighon |M M-O 194 84 184 299 715 049 81 24 262 067 007 0.007
LitleSand |M M-O 228 82 075 188 745 0.19 119 49 3.68 124 0.17 0.023
O’Leary M MO 192 67 009 008 655 044 138 2.6 3.8 228 0.10 0029
SandLake |M M-O 199 7.7 118 061 710 066 204 3.1 381 085 0.2 0016

South
Sturgeon | M MO 186 61 022 020 3200 003 144 36 671 055 011 0005
Thirty M MO 220 7. 013 012 525 010 157 63 3.65 3.02 023 0066

This relation between phytoplankton and bacteria carbon can be described by a power law:
Cbac=0.09 x Cphyto”’®, showing a non-linear increase of bacteria with increasing phytoplank-
ton. However, the amount of bacteria carbon relative to POC was significantly lower in

the meso-oligotrophic lakes than in the eutrophic lakes (t-test, p <0.05). Average Cpac Was
0.11 £0.08 mg C L' and 0.021 + 0.017 mg C L' in eutrophic and meso-oligotrophic lakes,
respectively.
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Overall, lake pCO, decreased with increasing Cphyto (# = -0.59, p <0.01), but the
effect was strongest in eutrophic lakes (» = -0.80; p <0.01) (Fig. 4.1C). In the meso-oligo-
trophic lakes, lake pCO, increased with increasing DOC (r = 0.75, p <0.01), but this effect
was caused by one point: the high pCO, at high DOC in lake Sturgeon. The negative trend
between pCO, and DOC in eutrophic lakes (Fig. 4.1D) can be explained by an observed
common increase of DOC and phytoplankton concentrations.

Table 4.2. Significant correlation coefficients () between tested variables in all lakes and in eutrophic and
meso-oligotrophic lakes separately. Significance levels: *p <0.05, **p <0.01, ***p <0.001.

Variables Eutrophic lakes (n=11) | Meso-oligotrophic lakes | overall (n=22) r
r (n=11)r

log alkalinity and log pCO, | 0.79**

DIC and log pCO, 0.82%%*

pH and log pCO, -0.98***

log Cphyto and log pCO, -0.80** -0.59%**

DOC and log pCO, 0.75%*

log TP and log Cphyto 0.61* 0.77** 0.89%***

log TP and log Cpac 0.74%* 0.82%**

log Cphyto and log Cpac 0.85%** 0.61* 0.89%**

log pCO, and 6"*Cpyc -0.63* -0.81%* -0.48%*

POC and 6"Cpyc 0.61*

DOC and §"*Cpyc -0.62*

log TP and A(Jgiuc-Ora) 0.52*

log Cphyto and 6"*Cphyto 0.90%**

log pCO; and 6"*Cphyto -0.79%* -0.90%** -0.73%%%

3"Cco2 and 6" Cphyto 0.82%* 0.54%*

log Cphyto and & -0.70*

3"Cpoc and 5 Cphyto 0.86%** 0.78%* 0.78%**

6"Cpoc and 6"*Cpoc 0.76%* 0.43*

5"Cpoc and 6" Chac 0.93%** 0.63* 0.86%**

6"Cphyto and 6"Cpac 0.85%%** 0.69%**

5" Cgluc and 6"*Cpac 0.78** 0.76%***

6"Cpoc and 6"Cyoo 0.80%* 0.85%* 0.82%**

3" Cphyton and 6" Czo0 0.95%%% 0.93 %% 0.86%**

6"Chac and 6"*Cyoo 0.78%* 0.73%%*

6"Cpoc and 6"Cetritus 0.79%* 0.54*

6"Cetritus and 6" Cpac 0.72% 0.60* 0.72%**

0" Cewritus and 6" Co0 0.71* 0.49%

log Chac and fauo bac 0.61*

DOC and fauo bac -0.62*

fauto bac and log pCO, -0.68* -049*
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Figure 4.2. Phytoplankton and bacteria carbon biomass in eutrophic lakes (filled circles, n=11) and meso-oligo-
trophic lakes (open circles, n=11). The line represents best fit (+*= 0.80, p <0.001).

6"C of DIC and CO,

d"*Cpic ranged from -9.3 to +1.5 %o and 9"*C,_ (derived from 6"°Cpic) was on
average 10.9 + 0.3 %o depleted relative to DIC, with a range of -20.8 to -8.9 %o. 6"*Cpic and
513Cc02 showed no correlation with alkalinity, DIC, pH, temperature and lake area. A weak
negative relation between pCO, and §"*Cpic was observed (r = -0.48, p <0.05), which was
stronger in meso-oligotrophic lakes (» = -0.82, p <0.01) than in eutrophic lakes (r = -0.63,
p <0.05) (Fig. 4.4A). The highest pCO, lakes had the most depleted 6"*Cpic, what suggest
that respiration of organic matter influenced 5"*Cpjc. Low CO, lakes had enriched 6"*Cpic,
indicating influence of primary production. Weak, but significant relations were observed
for POC and DOC with §"*Cpyc. In eutrophic lakes, §"*Cpic increased with increasing POC
(Fig. 4.4B; r=0.61, p < 0.05), while in meso-oligotrophic lakes, 5"*Cpic decreased with
increasing DOC (Fig. 4.4C; r = -0.62, p <0.05).

6"C of organic carbon pools

The isotope ratios of the major carbon pools in each lake are presented in Ta-
ble 4.3 and in boxplots (median and percentiles) in Figure 4.3. The isotope signature of
DOC (6"Cpoc) had the narrowest range of all carbon pools, only -28.8 to -27.0 %o (mean
-28.0 %o) in the meso-oligotrophic lakes (Fig. 4.3B) and a slightly larger range of -27.6
to -23.7 %o (mean -25.4 %o) in the eutrophic lakes (Fig. 4.3A). The §"*C isotopic range of
POC (6"*Cpoc) was larger than of DOC in both lake types and on average 2.0 %o depleted
compared to 6"*Cpoc, with mean values of -27.8 + 3.6 %o in eutrophic and -29.7 £ 2.8 %o in
meso-oligotrophic lakes. §"°C of particulate carbohydrates are represented by 6°C of glu-
cose (0" Cgluc), the most abundant carbohydrate. "°Cgiuc was always enriched compared to
6"Cpoc and the enrichment was similar in eutrophic (3.1 % 1.7 %o) and meso-oligotrophic
lakes (2.8 = 1.5 %o). In contrary, the concentration-weighted average 6" °C of all fatty acids
9"Cpa,,, Was always depleted compared to 9"*Cpoc (Fig. 4.3). The depletion of 6"°Cp
relative to POC was higher in eutrophic lakes (5.2 £ 1.8 %o) than in meso-oligotrophic lakes
(3.1 £ 1.1 %o).
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Table 4.3. Isotope values of sampled lakes. Isotope data are presented as average + sd (n=3). 5'*Cco, was cal-

culated from §"*Cpyc (equation 1). §3Cppyo and 6"*Cuy are not corrected for the offset between fatty acids and
total cells, but £co-pryo (€quation 2) used the corrected 6'°C of phytoplankton. Autochthonous contributions

present average + sd from a normal sampling distribution (n=1000).
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Fig. 4.3. Box and whisker plot of the §"*C of inorganic and organic carbon pools in A) eutrophic lakes (n=11)
and B) and meso-oligotrophic lakes (n=11).
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Fig. 4.4. The relation of 5'*Cpyc in eutrophic lakes (filled circles, n=11) and meso-oligotrophic lakes (open
circles, n=11) to A) pCO,; B) Cypyio; C) DOC.
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Fig. 4.5. The relation of 6"*Cypy, in eutrophic lakes (filled circles, n=11) and meso-oligotrophic lakes (open
circles, n=11) to A) Cypyo and B) pCO,. Panel C presents a box whisker plot of calculated ecoz-aigae in eutrophic
(Eu) and meso-oligotrophic (Meso-oli) lakes.
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The isotopic difference between glucose and 9"°Cra: A" *Cgyc.Fa,,, Was highly variable
with a range of 1.6 to 14.6 %.. The isotopic differences between glucose and cS”CFAmt did
not correlated with CO,, but with nutrient levels, i.e. Aéanluc—FAtm increased with increa-
sing TP (= 0.53, p <0.05).

There was a large variability among ¢'°C of different FA with some consistent dif-
ferences over all lakes. Compared to the 6"C of 16:0 (the most abundant FA), the bacterial
FA markers were always enriched by 1.4 - 5.0 %o, therefore the overall 5"°C of bacterial FA
(0"Cpac) was more enriched than 6"°Cgp  in both lake systems (Fig. 4.3). The poly-unsa-
turated fatty acids (PUFA) used as markers for phytoplankton showed consistent differen-
ces throughout the lakes. The 22:6w3, common in dinoflagellates (Dalsgaard et al. 2003),
was found to be enriched with 4.6 %o compared to 16:0 while PLFA 18:3w3, common in
cyanobacteria (de Kluijver et al. 2012), was 4.7 %o depleted compared to 16:0. The other
phytoplankton markers were not statistically different from 16:0. The weighted 5"°C of
phytoplankton FA (6" Cphyto) was the most depleted of all carbon pools (Fig. 4.3) with an
average of -33.8 £ 5.3 %o in eutrophic lakes and -33.4 = 3.5 %o in meso-oligotrophic lakes.
6" Cpac were on average 4.7 %o enriched compared to 5" Cphyto.
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Fig. 4.6. Relation of §'*Cy,. in eutrophic (filled circles, n=11) and meso-oligotrophic lakes (open circles, n=11)
to A) 6"Cpoc; B) 0"Croc; C) 8*Cppyto; D) 6" Caiuc 3 E) 6"*Cuer. The solid line presents isotopic similarity (1:1
line) and the dashed line presents the 1:1 line with 6"*Cyyto cor-
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Carbon isotopic composition of phytoplankton

9" Cphyto depends on the 6"°C, and the isotope fractionation £co,-phyto associa-
ted with primary production. 6" Cphyio in the eutrophic lakes became more enriched with
increasing Cpnyto (= 0.90; p <0.001; Fig. 4.5A) and decreasing pCO, (r =-0.79; p <0.01;
Fig. 4.5B). No relation between d"*Cphyto and Cphyto Was observed in the meso-oligotrophic
lakes (Fig. 4.5A), but there was a strong negative relation with pCO, (r =-0.90, p <0.001;
Fig. 4.5B). The influence of Cphyto 0n "*Cphyto in the eutrophic lakes was also reflected in
fractionation; &co,phyto Was highly variable in eutrophic lakes, while it was less variable in
oligotrophic lakes (Fig. 4.5C). The range of &co,phyto Was 7.8 to 24.7 %o (mean 16.9 %o) in
eutrophic and 11.7 to 18.8 %o (mean 17.1 %o) in meso-oligotrophic lakes, when 513Cphyto_cor
was used (Table 4.3). The less variable € in meso-oligotrophic lakes resulted in a good
correlation between 6'°Ce,, and 6" Cpnyto (= 0.82, p <0.005), which was absent in the
eutrophic lakes. However, &co,phyto correlated negatively with Cpnyto (= -0.70, p <0.05)
in eutrophic lakes. The variability in 6"*Cphyto in eutrophic lakes can be mainly attributed
to the presence of two clusters: a *C-enriched cluster at the highest Cpnyio and a depleted
cluster at lower Cpnyto (Fig. 4.5A). The eutrophic lakes within the enriched cluster also had
relative high concentrations of zeaxanthin, a marker pigment for cyanobacteria (data not
shown here).

Carbon isotopic composition of bacteria

Although DOC is the proximate carbon substrate for bacteria, 5"*Cpac Was unre-
lated to the 5"*Cpoc in both lake systems (Fig. 4.6A). An overall strong relation between
6"Crac and §"*Cpoc was observed (= 0.86, p <0.001; Fig. 4.6B). §"*Cpac showed an overall
good correlation with 6" *Cphyio in all lakes (= 0.69, p <0.001), indicating that phyto-
plankton were an important carbon source for bacteria (Fig. 4.6C). Particulate glucose is a
potential important carbon source for bacteria and a good correlation of §"*Cgiye With §"°Cpac
was observed (r = 0.76, p <0.001; Fig. 4.6D). However, when the lakes were analyzed
separately for trophic state (eutrophic and meso-oligotrophic), the correlations of "*Cpac
in meso-oligotrophic lakes were lower (6"*Cpoc) or not significant anymore (6" *Cphyto and
6"Cgluc), compared to eutrophic lakes (Table 4.2). Likely, all pools were largely influenced
by phytoplankton carbon in eutrophic lakes, while bacteria in meso-oligotrophic lakes were
feeding on a mixture of organic carbon sources.

Carbon isotopic composition of zooplankton

Because the §"°C of cladocerans and copepods did not differ significantly from
each other in most of the lakes, total zooplankton was considered. Exceptions were Meyers
lake and South Sturgeon, which were the most productive lake (highest chl a and P) and
the lake with the highest DOC, respectively, but in the correlation analyses total zooplank-
ton was considered for consistency. The average isotope signatures of total zooplankton
(6"Cz00) in the different lakes displayed quite a large range from -34.4 to -23.9 %o (Fig.
4.3). §"C,00 showed a strong correlation with 5*Cpoc (r = 0.82, p <0.001) (Fig. 4.7A) and
an even stronger relation with 6" Cpnyto (= 0.86, p <0.001) hinting that phytoplankton or
phytoplankton derived material was their most important carbon source (Fig. 4.7B). In
the eutrophic lakes, §"*C,00 did not show a significant correlation with individual PUFA,
indicating selective grazing on phytoplankton. 6"°C,o, was most related to 6"°C of 20:5w3
(abundant in diatoms, Volkman et al. 1989) (» = 0.90, p <0.001), while no relation with 6"*C
of 18:3w3 (abundant in cyanobacteria) was observed.
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Fig. 4.7. Relation of §'*C,q, in eutrophic (filled circles, n=10) and meso-oligotrophic lakes (open circles, n=9)
to A) 6"Cpoc; B) 0" Cppyto; C) "*Cac; D) 6"*Cyer. The solid line presents isotopic similarity (1:1 line) and the
dashed line presents the 1:1 line with 0"*Cppyo cor-

Good correlations of zooplankton with all PUFA were found in the meso-oligotrophic lakes.
A relation between §'*Chac and 6"°C,o0 could be seen in the eutrophic lakes (= 0.73, p
<0.001), but not in the meso-oligotrophic lakes (Fig. 4.7C). This correlation could indicate
grazing of zooplankton on bacteria, but might as well be the result of their common depen-
dence on phytoplankton.

Carbon isotopic composition of allochthonous carbon

6"Cpoc and §"*Cqet (equation 4.3) were both used and compared as a proxy for
6"Cailo. Detritus, calculated from POC, formed a large part of POC, 47 % + 20 % and 87
% = 5 % in eutrophic and meso-oligotrophic lakes, respectively. In the meso-oligotrophic
lakes, 6"*Cpoc was -28.0 = 0.5 %o, corresponding to a C; vegetation signal and average
6"Cqet was slightly more negative (-29.6 + 2.1 %o). There was a good correlation between
6"Cpoc and 6"*Cget (7 = 0.79, p <0.01). Allochthonous carbon proxies in eutrophic lakes,
6"Cpoc and §"Cqet, were more enriched with -25.4 £ 1.1 %o and -26.6 =+ 4.2 %o respecti-
vely. The enrichment in eutrophic lakes can be partly explained by land use in the water
shed; almost all eutrophic lakes were located in Iowa state, where corn (C, plants, -14 %) is
cultivated.
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6"Cpoc and 6"*Cget did not relate to each other in eutrophic lakes. While bacteria did not
correlate with 6"*Cpoc (Fig. 4.6A), they did with 6"*Cyge; (Fig. 4.6E; r = 0.72, p <0.001),
probably due to higher amounts of labile material in POC compared to DOC. Zooplankton
did not show a significant relation to detritus in eutrophic lakes, but did in meso-oligotrop-
hic lakes (Fig. 4.7D; r=0.71, p <0.05).

Autochthonous carbon contributions

The estimated contribution of autochthonous carbon to zooplankton (fauto zp) and
bacteria (fauto_bac) are presented per lake in Table 4.3. Autochthonous and allochthonous car-
bon contributed roughly half to bacteria and zooplankton consumers in all lakes. The two
different estimates of allochthonous carbon (DOC and detritus) were rather similar fauto zp:
59 % + 11 % and 58 % = 16 %, respectively and fauto_bac: 50 % £ 16 % and 45 % + 15 %,
respectively, so their average was used. Overall, there was a higher autochthonous
contribution to zooplankton (59 % + 12 %) compared to bacteria (48 % + 15 %) (t-test, p
<0.05). Despite higher concentrations of autochthonous carbon in eutrophic lakes
compared to meso-oligotrophic lakes (Fig. 4.2) and differences in correlations (Table 4.3),
Sauto_zp and fauo bac Were not significantly different between the trophic states. There were no
relations between fauto zp and any carbon pool, but there were for fauto_bac. In the eutrophic
lakes, fauto_bac increased with increasing bacteria biomass (» = 0.69, p <0.05). In the meso-
oligotrophic lakes, fauto bac decreased with increasing DOC (r = -0.62, p <0.05). An overall
weakly negative correlation was found between pCO, and fauto_bac (* = -0.49, p <0.05),
which was only significant for meso-oligotrophic lakes (» = -0.68, p <0.05), when lakes
were considered separately for trophic state (Fig. 4.8). There were also interesting obser-
vations when looking into the lakes individually. The lowest fauto_bac Was observed in the
highest DOC lake (South Sturgeon, Table 4.3), while the highest fauto bac Was observed in
the 2" highest chl a lake (Beaver, Table 4.3). The three highest fauto zp (> 70 %) were found
in oligotrophic lakes, characterized by low chl a.

5000 f °

= 1000
2 500
o{I
o
Q -
& 100 .

50

[
10 ' @ :
20 40 60 80
-f'\\llllt‘_l\ﬂ\; {C%)}

Fig. 4.8. Relation between fauo bae and pCO; in eutrophic lakes (filled circles, n=11) and meso-oligotrophic
lakes (open circles, n=11). The line presents the best fit (> = 0.24, p <0.05).
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The highest DOC lake (South Sturgeon) was one of the two lakes with an isotopic differen-
ce between cladocerans and copepods, what was reflected in different fauw zp. Copepods had
significantly higher autochthonous contributions (74 % =+ 14 %) compared to cladocerans
(36 % £ 14 %). The other lake was Meyers, the most eutrophic lake; here copepods had
lower autochthonous contributions (41 % + 26 %) than cladocerans (59 % + 26 %).

4.4 Discussion

CO, dynamics

In our study 3/4 of the lakes were supersaturated with pCO,, consistent with lite-
rature (Cole et al. 1994). Despite the supersaturation, what should be caused by community
respiration, lake productivity (phytoplankton biomass) was found the most important factor
in determining lake pCO, (Fig. 4.1C,D). Phytoplankton biomass decreased the pCO,, as
expected because of CO, consumption during algal growth. Bacteria often dominate com-
munity respiration and bacterial to phytoplankton production has been proposed as a good
predictor for pCO, dynamics (Del Giorgio et al. 1997). In our study, absolute or relative
bacterial carbon did not relate with pCO,, but the relative bacterial consumption of autocht-
honous and allochthonous carbon did influence lake pCO, (Fig. 4.8). The pCO, increased
when allochthonous contributions to bacteria became more important and this was most
evident in the meso-oligotrophic lakes.

Inorganic carbon 6°C

Lake metabolic activity also impacted 5"*Cpic dynamics. Previous studies showed
that 6"*C composition of DIC in lakes is driven by carbonate chemistry, hydrology (i.e.
groundwater inflow), and metabolic activity. Primary production enriches §"*Cpjc because
of the preferential uptake of °C (isotope fractionation), while organic matter respiration de-
pletes 6"*Cpic. Similar to the pCO, control in our lakes, "*Cpic was most depleted at the hi-
ghest DOC in meso-oligotrophic lakes (Fig. 4.4C). The depletion of §'*Cpic with increasing
DOC, as an indication of the importance of respiration, in meso-oligotrophic lakes has been
shown by a number of studies (Lennon et al. 2006). Beside community respiration, metha-
notrophic bacteria in high DOC lakes could decrease d"*Cpic (Jones et al. 1999). However,
based on the fatty acid patterns, we did not find support for any influence of methanotrophs,
i.e. 6"°C of fatty acids, abundant in or specific to methanotrophs, were not more depleted
than other fatty acids and their 6"°C was independent of DOC. The relation between pCO,
and 6"*Cpc can likely be attributed to lake metabolism.

Phytoplankton 6"*C

The determination of §"Cphyto is one of the major challenges in aquatic ecology.
Fatty acid biomarkers as proxy for §"*Cphyto have the advantage that there is a large certain-
ty that measured 6"°C values represent parts of phytoplankton carbon . The main uncer-
tainty using "*Cra as marker for 5"*Cphyto comes from the isotopic offset between lipids and
total cells (AS"*Cra-cen) which depends on species composition (summarized in e.g. Hayes
2001) and growth conditions (e.g. Riebesell et al. 2000). The §"*C of zooplankton, POC and
phytoplankton FA correlated very well, with only a slight depletion of 6"*Cphyto_cor (2 %o)
relative to 6"*Cpoc and 6"*Cye0. Isotope fractionation between CO, and phytoplankton was
variable (8-25 %o) in our study, so reverse wise, determination of 5"*Cphyto using 513CCO2 and
a constant fractionation factor, produces values that strongly deviate from the other me-
thods.
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A similar deviation of ¢"°Cpnyto based on §"*C,, and a single fixed fractionation factor from
the other methods was observed in a methodological comparison by Marty and Planas
(2008) and McCallister et al. (2008). The historically used value for photosynthetic frac-
tionation in phytoplankton is ~20 %o, based on C; photosynthesis (Fry 2006), but several
studies that determined ¢ in lakes showed that actual fractionation is usually lower than this
value (Cole et al. 2002; Bade et al. 2006). Also in our study, fractionation was lower (17
%o) in most of the lakes, and very variable, especially in eutrophic lakes. There are several
explanations to explain this variability. 1) Actual fractionation has shown to be dependent
on several variables, including growth rate (Bidigare et al., 1997), and CO, availability
(Laws et al. 1995). Fractionation is highest under high CO, availability and low growth
rates. In the less productive meso-oligotrophic lakes, the conditions favor optimal fractiona-
tion and therefore, fractionation was rather constant (Fig. 4.5C). In the productive, eutrop-
hic lakes, actual fractionation was influenced by pCO, and Cpnyto, With lowest fractionation
in the most productive (low CO, and high Cphyto) lakes (Fig. 4.5) .Two clusters in 6"*Cphyto
were present (Fig. 4.5) and the shift occurred when lakes were below 20 umol L™ CO, in
the eutrophic lakes. When CO, becomes limiting, phytoplankton can also shift to bicarbo-
nate, which is isotopically enriched by ~8 %o compared to CO,. 2) Variability may come
from diversity in phytoplankton community, because different taxa have different isotope
signatures (Bontes et al. 2006, Vuorio et al. 2006, Van den Meersche et al. 2009). The lakes
with enriched phytoplankton had high zeaxanthin to chl a ratios. Cyanobacteria are known
to be able to fix atmospheric CO, and bicarbonate, which are isotopically enriched. Conse-
quently, scum forming cyanobacteria can be enriched by 10 %0 compared to water column
cyanobacteria (Bontes et al. 2006, de Kluijver et al. 2012). However, the enrichment in

6" Cphyto in high zeaxanthin lakes was not a direct consequence of enrichment in cyano-
bacteria. FA that are abundant in cyanobacteria were not more enriched than FA that are
absent in cyanobacteria; in fact, they were the most depleted of all FA. The most enriched
phytoplankton FA was 22:6w3, which is abundant in dinoflagellates (Dalsgaard et al. 2003).
Dinoflagellates were also more enriched compared to other phytoplankton in a subtropical
lake (Zohary et al. 1994). One reason for enriched dinoflagellates can be their mixotrophic
character, so that part of their isotope signature reflects consumer 6"°C. 3) Finally, variabi-
lity in A6"*Cra-cenn can contribute to the observed variability. In laboratory studies, the offset
between lipids and bulk material has shown to be variable (van Dongen et al. 2002, Fiorini
et al. 2011). However, one can expect that in field studies, with several species, these cel-
lular variations would disappear in overall, larger trends. If we assume an overall mean
AJ"Cra-cell, then the uncertainty on the actual value does affect the fractionation values, but
not the observed variability in fractionation.

Allochthonous 6°C

While variability of 6"*Cphyto has been a focus of many studies, variability in
6"Callo, has received less attention. The isotope signature of allochthonous carbon depends
on land use and vegetation in lake catchments and ground-water input. The results of this
study argue against a fixed value for allochthonous carbon, especially in areas with abun-
dant C, vegetation. In those areas, 5> Cpoc or 6"*Cqet might be better proxies.
The meso-oligotrophic lakes were surrounded by forest (C, vegetation) and both §"*Cpoc
and 5" Cget correlated well and reflected a terrestrial C, signal. There was more uncer-
tainty in 6"*Calio in the eutrophic lakes for two main reasons. First, we expect a substantial
autochthonous contribution to DOC and detritus in productive lakes, what contributes to the
larger range in 6" Cpoc and 0" Cae; (Fig. 4.3).
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Second, the presence of C, and C, vegetation with their distinct isotope signatures can
create a variable 6"*Caio. 5"*Cet Was slightly more enriched than 6" *Cpoc (+0.6 %o). In
lakes, detritus is often found to be enriched in "*C, due to preferential mineralization of '*C
leaving enriched detritus or to subsidies from littoral vegetation or to the presence of enri-
ched allochthonous material, e.g. from corn.

Carbohydrates and bacteria 6"*C

The enrichment of carbohydrates and depletion of lipids relative to total cells
(mainly amino acids) has been shown in culture studies of phytoplankton (Van Dongen et
al. 2002) and in culture studies of several primary producers and consumers (Teece and
Fogel 2007). Results of this study show that the enrichment in carbohydrates as well as the
depletion in fatty acids relative to bulk material can also be detected in field samples (Fig.
4.3). We observed that increased with TP, but whether this represents a general trend or a
coincidence needs further exploration.

Bacterial FA were more enriched than phytoplankton FA in all lakes (Fig. 4.3).
This observation can be explained by 1) differences in carbon source or 2) differences in
AS"Cracenl between phytoplankton and bacteria. Carbohydrates, present in high concentra-
tions in DOC, form an important carbon source for bacteria. Since carbohydrates were the
most enriched carbon source, a preferential use of carbohydrates, would result in '*C enri-
ched bacteria (Figs. 4.3 and 4.6C). Another explanation is that isotope fractionation during
FA synthesis was smaller in bacteria compared to phytoplankton. There are no field studies
on A6"*Cracenl in fresh-water bacteria, but field studies on sediment and marine bacteria
report a range of 0-5 %o in A6 Cra-ceil (Burke et al. 2003, Bouillon and Boschker 2006).
Burke et al. (2003) suggested that in field samples, with complex communities and substra-
tes, Ad"*Cra-cen would be ~0 %o. The results of our study support this idea, since bacterial
FA had a similar "°C as POC (Fig. 4.6B). If a similar A6"*Cga-ceni for phytoplankton and
bacteria would be used, bacteria would be more enriched than its potential carbon sources
in half of the studied lakes, which is rather unlikely. Our study argues against using DOC
as proxy for §"°C of bacteria, since there was no correlation between 6"*Cpoc and §"*Cpac
(Fig. 4.6A). The measured DOC reflects the refractory pool, which is not the labile organic
carbon pool used by bacteria.

Food-web structure

In agreement with the traditional view of an herbivorous food web, phytoplankton
was the most important carbon source for zooplankton, independent of trophic state. Ho-
wever, there were indications of allochthonous contributions, in agreement with literature
(Carpenter et al. 2005, Cole et al. 2011). The mean allochthonous contribution to zooplank-
ton in our study (41 %, range 23-67 %) was in the upper end of the range of 20-40 % that
was calculated from natural abundance hydrogen, carbon, and nitrogen isotopes in a cross-
system survey (Cole et al. 2011), but slightly lower than the contributions (47 %) recently
shown for a humic lake (Karlsson et al. 2012) . Large ranges in terrestrial contributions to
zooplankton have been reported. For example, allochthonous contributions to zooplankton
were <10 % in a clear water lake (Pace et al. 2007), while allochthonous subsidies were
>50 % in a small, humic lake (Taipale et al. 2008). In both studies, *Cpjc was added to
enrich autochthonous production (Pace et al. 2007, Taipale et al. 2008). In a recent study
of Karlsson et al. (2012), allochthonous carbon supported half of zooplankton biomass in a
humic lake.
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The transfer of allochthonous carbon to zooplankton can be directly, by zooplankton
grazing on detrital particles or via bacteria utilizing external DOC. Our results indicate that
zooplankton in meso-oligotrophic lakes grazed on allochthonous carbon directly rather
than on bacteria (Fig. 4.7C, Table 4.1). Allochthonous POC was also found to be more
important than allochthonous DOC as carbon source for zooplankton in a model study on
four "*C enriched lakes (Cole et al. 2006). Van den Meersche et al. (2009) reported that
zooplankton relied primarily on direct consumption of allochthonous POC rather than
DOC via bacteria in a tidal river. There was a relation between bacteria and zooplankton

in eutrophic lakes, what can be explained by their common dependence by phytoplankton
or that zooplankton feeds on bacteria (Fig. 4.7C). In cyanobacteria dominated lakes, the
transfer of phytoplankton carbon to zooplankton via bacteria can be a significant pathway
(de Kluijver et al. 2012). The dominance of cyanobacteria (having low nutritional value) in
the eutrophic lakes can also explain the rather low autochthonous contributions, even with
high phytoplankton biomass. There was no indication of zooplankton grazing on cyanobac-
teria directly in our study. The zooplankton isotope values did not correlate with the isotope
signatures of cyanobacteria FA, while they did agree with long chain PUFA present in
other phytoplankton. The long chain PUFA (e.g. 20:5w3, 22:6w3) are considered essential
fatty acids (EFA) and the lack of EFA is one of the main reasons why cyanobacteria and
allochthonous carbon are poor quality food sources for zooplankton. Even if zooplankton
was fed with large fraction of allochthonous POC, it selectively incorporated EFA (Brett et
al. 2009). This can also explain the high correlations between 6"*Cphyio (Which is based on
these fatty acids) and zooplankton in this study, even if zooplankton would be feeding on

a mixture of organic carbon sources. The higher autochthonous contribution to copepods
compared to cladocerans in the high DOC lake fits well to the common observation that
copepods are selective feeders that preferentially feed on living phytoplankton and larger
particles, while cladocerans are more general filter-feeders, who feed on phytoplankton,
detritus and bacteria (DeMott 1988, de Kluijver et al. 2012).

Bacteria depend less on phytoplankton than zooplankton as seen by isotopic simi-
larities and food-source contribution calculations. Although the food-source calculations
did not show significant difference between the different trophic states, isotope correlations
did. In eutrophic lakes, bacteria isotope signatures matched best with POC, subsequently
followed by phytoplankton, particulate glucose, and detritus, but were not related to DOC
(Fig. 4.6, Table 4.2). Bacteria in the meso-oligotrophic lakes, matched less with all carbon
pools compared to eutrophic lakes. The best relation was with POC and detritus, but not
with phytoplankton, particulate glucose, and DOC (Fig. 4.6, Table 4.2). The correlations in
our study showed that bacteria were mainly fuelled by phytoplankton in eutrophic lakes,
while they consumed a mixture of organic carbon pools in meso-oligotrophic lakes. These
findings can explain the relative higher Cpac:Cphyto in meso-oligotrophic lakes compared
to eutrophic lakes, which is represented in the non-linear increase of Cpac With Cppnyto (Fig.
4.2). Decreasing bacterial production relative to primary production with increasing trophy
is commonly observed (Cotner and Biddanda 2002). Our calculated fauto_bac (mean 48 %)
was rather similar to autochthonous subsidies of 30-65 % in small forested lakes where
BC-DIC was added (Kritzberg et al. 2004, Cole et al. 2006). In these lakes, terrestrial DOC
was observed to be more important for bacteria than terrestrial POC (Cole et al. 2006). The
high correlation between POC and bacteria and the lack of correlation between DOC and
bacteria, suggest that particulate material was more important for bacteria in our study.
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4.5 Conclusions

To conclude, our results show that trophic state has a large influence on lake
metabolism and carbon cycling in plankton food webs. Overall, eutrophic lakes had larger
variability in 6"°C in all organic carbon pools than meso-oligotrophic lakes, caused by
larger isotopic variability in the base of the food web in eutrophic lakes (both allochtho-
nous and autochthonous carbon). In eutrophic lakes, 6"*Cphyo showed that two clusters of
phytoplankton were present, with the most enriched phytoplankton at high CO, and phyto-
plankton biomass. Dominance of cyanobacteria played a role, but enrichment was present
in all phytoplankton, as seen in specific PLFA. Generally, bacteria showed more response to
changes in trophic state in carbon uptake pathways than zooplankton. In meso-oligotrophic
lakes bacteria used a mixture of carbon from various sources, while they depended more on
phytoplankton in eutrophic lakes. Zooplankton was primarily feeding on phytoplankton, but
probably not on cyanobacteria in eutrophic lakes.
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Cyanobacteria as a carbon source
for zooplankton in eutrophic Lake

Taihu, China, measured bij 13C
labeling and fatty acid biomarkers



CYANOBACTERIA TO ZOOPLANKTON CARBON FLOW

Abstract

Using a combined stable isotope and fatty acid approach we examined carbon
transfer routes from the cyanobacterium Microcystis to zooplankton in eutrophic Lake
Taihu, China. Microcystis is generally considered poor food for zooplankton and we
hypothesized that most Microcystis carbon flows to zooplankton via dissolved organic
matter (DOM)-bacteria and detritus-bacteria pathways rather than via direct grazing. The
hypothesis was tested by analyzing '*C isotopes at natural abundance in field samples and
in tracer experiments with *C enriched Microcystis. *C enriched Microcystis was added as
live Microcystis, Microcystis detritus, or Microcystis DOM to lake water incubations with
Bosmina sp. and Daphnia similis as the dominant species. The "*C isotope signatures of
Microcystis, heterotrophic bacteria, and eukaryotic algae in seston were determined from
isotope analyses of specific fatty acids, and the presence and labeling of these fatty acids
were also analyzed in zooplankton consumers. Bosmina and Daphnia consumed carbon via
all pathways, but the amount of carbon transfer from the Microcystis DOM was the highest,
followed by the Microcystis detritus. Bosmina consumed relative more live Microcystis
than Daphnia. The presence and high "*C enrichment of bacteria-specific fatty acids in the
zooplankton consumers showed that heterotrophic bacteria were an important link between
Microcystis and zooplankton. Microbial pathways dominate the energy flow from cyano-
bacteria to zooplankton in eutrophic lakes with heavy cyanobacteria blooms such as Lake
Taihu.
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5.1 Introduction

Eutrophication is one of the most widespread and pertinent environmental pro-
blems in aquatic environments; it often results in degradation of aquatic ecosystems, cau-
sing shifts in primary producers, bacterial, and zooplankton communities (Carpenter et al.
1998). Severe eutrophication in freshwater ecosystems causes extensive and recurrent cya-
nobacteria blooms, which are expected to occur more frequently in a future warmer climate.
Studies on zooplankton-cyanobacteria interactions have generally shown that cyanobac-
teria cause rapid decrease of large crustaceans in favor of smaller crustaceans and rotifers
(Fulton and Paerl 1988). Such studies have primarily examined herbivory and proposed
poor nutritional value, filtering rate interference and toxicity as important adverse factors
(Haney 1987; Lampert 1987). Grazing on cyanobacteria, or herbivory, is however, only
one of the energy pathways from primary producers to consumers. Zooplankton can also
acquire carbon via the microbial food web by grazing on heterotrophic bacteria directly or
on protists (ciliates and heterotrophic flagellates) as intermediate trophic link. Some earlier
laboratory studies indicated that cladocerans are efficient grazers on bacteria (Peterson et al.
1978; Porter et al. 1983). Field studies confirmed that zooplankton can meet a large part of
their carbon requirement via the microbial food web (Hessen et al. 1990; Wylie and Currie
1991; Koshikawa et al. 1996).The importance of the microbial food web as a food source
for zooplankton depends largely on lake productivity and on plankton community structure
(Pace et al. 1983). Generally, the microbial food web becomes more important when lakes
move towards eutrophic systems and this phenomenon can be explained by an increasing
dominance of cyanobacteria and a co-occurring shift in zooplankton community struc-
ture (Gliwicz 1969). Based on this knowledge, we hypothesize that in eutrophic systems,
cyanobacteria are an important carbon source for zooplankton, but that much more carbon
flows via the microbial food web rather than via the herbivory pathway. The importance of
the microbial food web as carbon source for zooplankton during and after a cyanobacteria
bloom was previously demonstrated by Christoffersen et al. (1990). Their results were
based on carbon budgets combined with modeling. Here we present an integrated stable-
isotope, biomarker approach to trace the importance of Microcystis carbon for zooplankton
nutrition.

Stable isotope analysis (SIA) of carbon at natural abundance is a powerful tool that
enables us to trace organic carbon flows and examine food web interactions in ecosystems.
Zooplankton consumers generally reflect the carbon isotope signature (6"°C) of their diet,
so portions of resources in the diet of zooplankton can be determined when carbon sources
are sufficient isotopically distinctive. A major challenge in aquatic ecology is to separate the
6"C of potential carbon sources at the base of the food web from bulk particulate organic
carbon (POC). Compound specific isotope analysis (CSIA) of fatty acid biomarkers is a
valuable method to determine the isotope signature of certain groups of organisms (Bosch-
ker and Middelburg 2002) and was used in this study to determine §'°C of eukaryotic algae,
cyanobacteria, and heterotrophic bacteria. Although, SIA of carbon at natural abundance
can be used to identify carbon origins, it is limited in resolving pathways from basal resour-
ces to consumers. It is for example difficult to distinguish direct grazing by zooplankton
on phytoplankton from indirect grazing on phytoplankton-derived detritus or bacteria that
grew on phytoplankton carbon. Furthermore, the isotope signatures of Microcystis and eu-
karyotic algae are likely to overlap, although large isotopic differences have been reported
for different phytoplankton groups (Bontes et al. 2006; Vuorio et al. 2006).
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A valuable alternative to avoid the problem of overlapping resources is to manipulate the
isotope signature of a potential carbon source by "*C enrichment and subsequently trace
the incorporation into consumers (Middelburg et al. 2000; Pel et al. 2003). In this study,
we combine a natural abundance and tracer *C study with fatty acid measurements to as-
sess the importance of carbon from Microcystis in zooplankton nutrition. We first analyzed
natural abundance isotope composition of carbon sources and zooplankton consumers in
field samples. Then, we examined the assimilation of *C enriched carbon sources derived
from Microcystis within the plankton food web in lake water incubations, with the clado-
cerans Bosmina sp. and Daphnia similis as end-consumers. These species are representa-
tives for small and large cladocerans respectively, and we expected higher consumption of
Microcystis carbon by Bosmina than by Daphnia. The different labeled substrates were 1)
live Microcystis to test for herbivory, 2) Microcystis derived (particulate) detritus and, 3)
Microcystis derived dissolved organic matter (DOM) to test for carbon flow via the mi-
crobial food web. Fatty acids were used to quantify biomass and isotope composition of Mi-
crocystis, algae, and bacteria in the seston. We also examined the presence of labeled fatty
acids in zooplankton, to retrieve additional information on zooplankton grazing on labeled
Microcystis and bacteria. Finally, fatty acid profiles were used to retrieve dietary informa-
tion. This fatty acid trophic marker approach (FATM) is based on the conservative incorpo-
ration of fatty acids from the food source into primary consumers like zooplankton (Dals-
gaard et al. 2003; Brett et al. 2006). FATM has been succesfully applied to show feeding of
zooplankton on phytoplankton and bacteria in previous studies (Taipale et al. 2009).

5.2 Methods

Site description

The study was conducted in Lake Taihu, the third biggest fresh water lake of
China with a total area of 2338 km?. The lake is located in the Yangtze Delta in eastern
China (30°55°-31°32°N, 119°52°-126°36’E) and has economic and social important values
in the region. The lake is shallow, with an average depth of ~2 m. Increased nutrient inputs
into the lake during the last decades caused eutrophication of Lake Taihu, leading to mas-
sive, toxic and recurring blooms of Microcystis (cyanobacteria) in summers. Meiliang Bay,
located in the northern part of the lake, is perhaps the most eutrophic part of the lake: it
is characterized by high densities of Microcystis sp., of up to 98 % of total phytoplankton
biovolume in summer (Chen et al. 2003).

The study was conducted in May 2009 in Meiliang Bay; at the time of sampling,
the phytoplankton community in Meiliang Bay was dominated by the cryptophyte Crypto-
monas erosa (3.94 £ 2.24 mm’ L"), and Microcystis sp. (1.63 £2.24 mm* L™"). Cyanobac-
teria bloom or surface scum was absent during our sampling. The zooplankton community
was dominated by Bosmina sp. (152 + 10 individuals (ind.) L'"). Other zooplankton genera
included Ceriodaphnia (34 + 10 ind. L"), rotifers (24 + 4 ind. L"), and Cyclopoid copepods
(22+9ind. L.

BC labeled substrate production

Floating Microcystis was collected using a 200 pm net from the surface of Lake
Taihu and concentrated by subsequent collection of the upper layer. The concentrate was
transferred to GF/C filtered lake water. Microcystis was labeled in two different cultures;
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the first culture was used to produce the detritus and DOM substrates and the second culture
was labeled closely before the experiment and used to produce live Microcystis substrate.
The final Microcystis concentration was 21.3 g fresh weight L™ and 10.6 g fresh weight L™
in the first and second culture respectively. The cultures were incubated outside in air-tight
and magnetically stirred bottles for 24 h with 20 % 13C-bicarbonate (> 98 % pure "*C) and
30 % "“*C-bicarbonate in the first and second culture, respectively. To check for physical
label uptake and non-photosynthetic or dark uptake, a small part of the culture was filtered
immediately after label addition and the other part was incubated in the dark. There was

no physical or dark uptake of label. After incubation, Microcystis was rinsed at least three
times using a 30um sieve to remove the label adhering to the surface of the cells. Size-dis-
tribution analysis of Microcystis collected with the same method revealed that Microcystis
consisted for 55 % of colonies smaller than 25 um and for 39 % of colonies in the range of
25-60 pm (Wang 2008).

Labeled Microcystis for DOM and detritus production (first culture) was concen-
trated by centrifugation (10 min, 4500 g) and freeze-dried. The freeze-dried culture was re-
suspended in demi water to induce osmosis-induced lysis of the cells (Kim et al. 2009). The
particulate and dissolved fractions were separated by centrifugation (15 min, 4500 g). The
pellet was again resuspended in demi water, split into dissolved and particulate fractions
and this was repeated a couple of times. The pooled dissolved fraction was GF/F filtered
and the particulate fraction was additionally rinsed and both fractions were freeze-dried
again and stored frozen until used in the experiments. Live Microcystis (second culture)
was rinsed and concentrated and could be used directly in the experiments. A subsample of
each substrate was kept for carbon content and isotope labeling analyses and a subsample
from live Microcystis was kept for composition and isotope labeling of fatty acids.

Incubation experiments

The incubation experiments were carried out at the Taihu research station, Wuxi,
China between 28 and 31 May 2009. Daphnia similis was added to natural lake water of
Meiliang Bay to a final concentration of 30 individuals L. The water was divided over 12
twelve buckets with 6 liters each. The buckets were floating in a pond to avoid large tempe-
rature changes, tight with ropes, and covered with nets. Triplicate buckets were used for the
three treatments and control. Live Microcystis (treatment 1) was added to a final concentra-
tion of 2 g L' fresh weight, i.e., 86 mg L' dry weight, corresponding to a bloom situation
(Qin et al. 2010). Microcystis detritus (treatment 2) and Microcystis DOM (treatment 3)
were both added to a final concentration of 8.6 mg L' dry weight. This corresponds to a
DOM concentration increase of ~25 %. In the control treatment (treatment 4), no substrate
was added. The incubations were run for 3 days and water in the buckets was mixed ~4
times a day. As a result of differences in substrate additions, the final POC concentrations
were 8.6 times higher in treatment 1 (30.6 + 3.6 mg C L") compared to treatments 2 (3.8 =
0.8mgCL")and3(3.3+£0.5mgCL").

Sampling

Field sampling was done in the center of Meiliang Bay, where triplicate water
samples were taken with a 5 liter Plexiglas water-sampler from the upper 0.5 m of the water
column and triplicate zooplankton samples were taken with a 64 um mesh-size net from the
upper 1 m of the water column. Triplicate water samples for t, or control measurements of
the experiment were taken before the water was divided over the different buckets.



CYANOBACTERIA TO ZOOPLANKTON CARBON FLOW

Water samples of the incubations were only taken at the end of the experiment (t.,q). Start
and end samples of the incubations for zooplankton were collected using a 64 um mesh-
size net. Both field and experiment water samples were subdivided for particulate organic
carbon (POC), dissolved organic carbon (DOC), polar lipid fatty acids in seston (PLFA),
and dissolved inorganic carbon (DIC) analyses. Start and end samples from the experiment
were also taken for counting algae, bacteria and zooplankton numbers (data not shown) and
for temperature, pH, alkalinity, chlorophyll @, and inorganic nutrients (data not shown).

Analyses

For POC analyses, ~400 mL water was filtered over pre-combusted and pre-weigh-
ted GF/F filters, which were dried at 60°C. The carbon concentration and isotopic compo-
sition of POC were analyzed on a Thermo Electron Flash EA 1112 elemental analyzer (EA)
coupled to a Delta V isotope ratio mass spectrometer (IRMS). Headspace vials (10 mL)
were filled with GF/F filtered water, preserved with mercury chloride and stored at room
temperature for DIC analyses. In the lab, a helium headspace was created and samples were
acidified with H;PO, solution. The CO, concentration and isotope ratio in the headspace
were measured on the same EA-IRMS. GF/F filtered water was stored frozen in clean vials
for DOC analysis. In the laboratory, the samples were acidified and flushed with helium to
remove DIC and subsequently the DOC was measured with liquid chromatography-isolink-
IRMS (Boschker et al. 2008). Individual zooplankters were sampled for measurements of
carbon content and isotope ratios, and fatty acid concentrations and isotope ratios. For the
incubation experiments, the zooplankters were collected on a 112 um sieve and transferred
to clean, demi water and made to stay for a minimum of 4 hours to remove label adhering
onto the animals and to clear their gut contents. About 15 Daphnia and 50 Bosmina were
handpicked for each analysis. About 15 cyclopoids and 50 Bosmina were handpicked from
the field samples. The zooplankton samples were dried at 60°C for total carbon analyses
and those for fatty acids (FA) analyses were stored frozen. The carbon content and isotopic
composition of zooplankton was measured in the same way as for POC. Zooplankton and
seston lipids were extracted by a modified Bligh and Dyer method (Middelburg et al. 2000).
For seston, the lipids were fractionated in different polarity classes by column separation
on a heat activated silic acid column and subsequent elution with chloroform, acetone and
methanol. The methanol fractions, containing the polar lipid fatty acids, were collected
and derivatized to fatty acid methyl esters (FAME). For zooplankton, total fatty acids were
analyzed. 12:0 and 19:0 fatty acids were used as internal standards. (PL)FA were separa-
ted on the non-polar HP5 column (60 m x 0.32 mm x 0.25 um) and the 6"°C of individual
(PL)FA were measured using gas chromatography-combustion isotope ratio mass spectro-
metry (GC-C-IRMS) (Middelburg et al. 2000). As Bosmina FA concentrations were low,
the extracts were analyzed using large volume (20 pL) injection with a Cis4 PTV injector
(Gerstel, Germany). The GC settings used were: start temperature 35°C for 0.5 minutes,
warm up by 16°C s to 150°C for 0 minutes and finally warm up by 12°C s™' to 300°C for 3
minutes. The injection speed was 2.5 pL s with the solven vent mode of injection. In this
way, sample injections could be increased to 100 pL.
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Data analyses

Stable isotope ratios are expressed in the delta notation (6"°C), which is the isotope
ratio of 1*C : ’C relative to Vienna- PeeDee Belemnite standard (VPDB) standard. The
weighted isotope ratio of specific fatty acids was used to determine the isotope signature
of the carbon source. Microcystis in this study, contained high amounts of 16:0, followed
by relatively high concentrations of C18 mono-unsaturated fatty acids (e.g., 18:1w7c,
18:1w9c) and C18 poly-unsaturated fatty acids (PUFA) (e.g., 18:4w3, 18:3w3), in agree-
ment with other studies on fatty acid composition of Microcystis (Ahlgren et al. 1992; Gug-
ger et al. 2002). Some of the abundant Microcystis fatty acids are also present in bacteria
(e.g., 18:1w7c) or cryptophytes (e.g., 18:4w3), the most important algae in our samples,
and these FA were not used as markers. The weighted §'°C of fatty acids 18:3w3, 18:36,
18:2wb6c, and 18:1w9c were used to determine Microcystis isotope ratios. Long Chain (C20,
C22) PUFA are generally absent in cyanobacteria (Ahlgren et al. 1992), so the weighted
ratio of PUFA 20:5w3, 20:4w6, and 20:3w6 were used to determine (eukaryotic) algae.
Branched fatty acids are characteristic for heterotrophic (gram-positive) bacteria, so the
weighted 6°C of the branched FA i14:0, ail5:0, and i15:0 were used to determine bacteria
isotope ratios. Because fatty acids are generally depleted relative to other structural compo-
nents, a fractionation factor of 3 %o was applied to obtain ¢'*C values for whole cells in the
natural abundance analyses (Hayes 2001).

Table 5.1. Average natural-abundance §'°C values (= SD; n = 3) of carbon pools in Lake Taihu during spring
2009.

Carbon pool Isotope ratio 6"*C (%o)
POC -26.5 + 0.5 %o
Bacteria in seston -26.1 + 0.5 %o
Algae in seston -29.2 £ 0.6 %o
Microcystis in seston -30.6 = 0.5 %o
Microcystis of surface bloom -20.9 £ 0.4 %o
Bosmina -26.9 + 0.2 %o
Copepods -29.0 £ 3.4 %o
Bacteria in Bosmina -24.6 £0.1 %o
Algae in Bosmina -28.9 £ 0.6 %o
Microcystis in Bosmina -29.5 + 0.6 %o

Label uptake is reflected in enrichment in §"*C and is calculated as AJ"C (%o) =
3"Cmple = 0" Chgergrouna- Label uptake in consumers reflects relative consumption: uptake of
the enriched carbon source relative to consumer carbon biomass. To compare labeling in the
different treatments, the data were normalized for the amount of '*C that was added to each
of the incubations.

All results are presented as average + SD (#n=3). The contribution of potential car-
bon sources to zooplankton was examined using natural-abundance isotope ratios with the
Isosource computer program, with 1 % increment and 0.01 % tolerance (Phillips and Gregg
2003). Bacteria, algae, and Microcystis were used as potential carbon sources for both cy-
clopoid copepods and Bosmina sp. To test for statistically significant (p <0.05) differences
between zooplankton species and treatments in the labeling experiment, (factorial) analyses
of variance (ANOVAs) and Bonferroni post-hoc tests were applied to the data.
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5.3 Results

Natural abundance isotope ratios

The average 6"°C of the different carbon pools in Meiliang bay are summarized in
Table 5.1. POC and bacteria had similar 6"*C values of -26.5 + 0.48 %o and -26.1 = 0.53 %o.
Both algae and Microcystis were more depleted with isotope values of -29.2 + 0.64 %o and
-30.6 £ 0.48 %o respectively. This implies the presence of '*C enriched detritus in POC. The
carbon sources of *C enriched detritus were unknown, but scum-forming Microcystis could
be a possible source. The floating, scum forming Microcystis we collected for substrate
production, had much more enriched "*C values than Microcystis in the field samples. The
isotope signature of scum Microcystis was -20.9 + 0.36 %o when analyzed in total or -22.6
%o based on fatty acids. The isotope value of Bosmina (-26.9 + 0.20 %o) was similar to those
of POC and bacteria, while 6"*C of cyclopoid copepods (-29.0 £ 3.4 %o) reflects a more
mixed diet. Overall, the isotope range of carbon sources was quite narrow, from -26.1 %o
to -30.6 %o, what makes it difficult to precisely allocate the contribution of each source to
zooplankton consumers. Isotope mixing models using isosource indicate that Bosmina re-
ceived 77 £ 2.5 % of their carbon via bacteria, 14 + 8.3 % from algae and 9.2 + 5.7 % from
Microcystis. Copepods received 21 + 8 % of their carbon from bacteria, 31 + 19 % from
Microcystis and 48 + 27 % from algae. Bosmina contained bacteria, Microcystis, and algae
specific fatty acids and they had similar §"°C values as the corresponding fatty acids in the
seston (Table 5.1). The similarity of §"°C in seston and zooplankton fatty acids indicates a
coupling between zooplankton consumers and the measured carbon sources.
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Fig. 5.1. 3C enrichment (A6'">C) of Bosmina and Daphnia for the three different labeled Microcystis substrates
added. Data are presented as average with SD error bars (n=3). Note that Bosmina has significantly higher
labeling than Daphnia when fed live Microcystis (first treatment).
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Tracer assimilation

After three days of lake water incubation with '*C enriched Microcystis substrates,
BC enrichment (A6"C) could be detected in all major organic carbon pools. Both Bosmina
and Daphnia incorporated '*C of the Microcystis substrates, but the uptake differed per
substrate (Fig. 5.1). Zooplankton showed the highest incorporation of Microcystis when it
was added in the form of DOM, with A6"*C values of 31.4 + 3.2 %o for Bosmina and 29.1 +
0.5 %o for Daphnia, followed by Microcystis added as detritus with 24.2 + 2.7 %o and 24.5
+ 4.2 %o for Bosmina and Daphnia respectively (Fig. 5.1). Tracer assimilation was lowest
for both species in the live Microcystis incubations, and Daphnia consumed significantly
less live Microcystis (7.17 £ 0.11 %o) than Bosmina (20.0 £ 1.4 %o) (ANOVA, F; ,= 243, p
<0.0005) relative to their carbon biomass.

13C incorporation into fatty acids (FA) in the seston was used to determine bac-
teria, Microcystis and algae tracer assimilation. Heterotrophic bacterial FA showed high
13C labeling in all treatments, showing that Microcystis is an important carbon source
for bacteria (Fig. 5.2). Part of the observed labeling can be explained by the presence of
labeled bacterial markers in Microcystis substrates (Table 5.2). However, the concentrations
of substrate bacteria FA were too low to cause the observed enrichment in bacterial FA in
the incubations. Microcystis FA showed expected high °C labeling in the live Microcystis
incubations followed by the detritus incubations (Fig. 5.2), because of their presence in the
Microcystis substrates. Small °C enrichment was detected in algae in the live Microcystis
and DOM treatments (Fig. 5.2). Part of their labeling can be explained by presence of algae
biomarkers in the substrate (Table 5.2) and by growth on respired *C-DIC; DIC was enri-
ched in all treatments, ranging from 5.7 %o (live treatments) to 15.2 %o (DOM treatments).
DOC also showed "*C enrichment in all treatments and the enrichment was highest in the
additions where labeled Microcystis DOM was added, with 33.7 %o, as expected. POC was
also enriched in all treatments, with highest enrichment in the detritus additions (19.4 %o).
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Fig. 5.2. 13C enrichment (AJ"3C) of algae, bacteria, and Microcystis in the seston for the three different labeled
Microcystis substrates added. Data are presented as average with SD error bars (n=3).
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Fatty acid labeling in zooplankton

The presence and isotope enrichment of the bacteria, algae, and Microcystis fatty
acids in zooplankton enabled us to combine Microcystis carbon incorporation with fatty
acids as trophic markers. Both Bosmina (Fig. 5.3A) and Daphnia (Fig. 5.3B) contained
fatty acids representative for each resource. The bacterial fatty acids in zooplankton showed
the highest labeling in the Microcystis DOM additions, clearly showing that Bosmina and
Daphnia grazed on the bacteria that grew on Microcystis DOM (Fig. 5.3). Zooplankters in
the detritus treatments also contained relatively high labeled bacterial fatty acids, showing
that zooplankton grazed on bacteria living on Microcystis detritus (Fig. 5.3). Even Bosmina
in the live treatments contained labeled bacterial fatty acids, demonstrating that part of the
live Microcystis that Bosmina consumed was shuttled via bacteria (Fig. 5.3A). The bacte-
ria might have been attached to Microcystis, since there were no labeled bacterial markers
found in Daphnia in the live Microcystis treatments (Fig. 5.3B). Consumption of live Mi-
crocystis by Bosmina was confirmed by the presence of labeled Microcystis markers in the
zooplankters (Fig. 5.3A).

Table 5.2. Average percentages of marker fatty acids to total fatty acids (+ SD, n=3) in zooplankton (1,2) and
seston (3) in control incubations (without substrate) and in Microcystis used to produce the substrates (4).

live

detritus

DOM

Carbon pool % Algae (PUFA) % Bacteria FA % Microcystis FA
1) Bosmina 59+1.1 0.7+£0.3 89+1.8
2) Daphnia 99+04 42+04 214+1.1
3) Seston 4.6+1.6 2.8+0.2 27.8+2.0
4) Microcystis 0.8 0.6 28.5
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Fig. 5.3. 13C enrichment (A6'C) of algae, bacteria, and Microcystis specific fatty acids within zooplankton for
the three different labeled Microcystis substrates added; (A) Bosmina and (B) Daphnia. Data are presented as
average with SD error bars (n=3).
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Fatty acid concentrations

The results on fatty acid composition are only presented for control incubations,
where substrate addition did not influence fatty acid composition of the seston. Although
the fatty acids found in zooplankton matched the fatty acids in seston, the relative abundan-
ce of fatty acids differed (Table 5.2). The percentage of long-chain PUFA or algac markers
was higher in zooplankton than in seston (ANOVA, F,s =19, p <0.05), indicating a prefe-
rential uptake or incorporation of those markers (Table 5.2). Microcystis markers however
were more abundant in seston than in zooplankton (ANOVA, F, (=99, p <0.05) (Table
5.2). Daphnia contained relatively more algae and Microcystis markers than Bosmina.
Bacterial markers were most abundant in Daphnia, followed by seston and they were least
abundant in Bosmina (ANOVA, F, ;= 103, p <0.05) (Table 5.2). Overall, Bosmina had
lower percentages of marker FA than Daphnia, because Bosmina contained relative more
unsaturated fatty acids like C18:0 than Daphnia and had an overall higher diversity of fatty
acids. The percentages of bacteria and algae markers in Bosmina and Daphnia were similar
between the different treatments, but the percentage of Microcystis FA differed between
treatments. Microcystis FA were lower in Daphnia in the DOM treatment compared to the
other treatments (ANOVA, F;3= 13, p <0.05) and higher in Bosmina in the Microcystis
additions compared to the other treatments (ANOVA, F;3=28.3 , p <0.01).
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Fig. 5.4. A scheme of carbon flows from Microcystis and Microcystis derived substrates to zooplankton based
on our study in Meilang Bay, Lake Taihu, China during spring 2009. Thickness of the arrow indicates the
relative importance, the dashed arrows could not be confirmed.

5.4 Discussion

Carbon can flow from Microcystis to zooplankton via various pathways (Fig. 5.4)
and it is not simple to identify and disentangle these routes under natural field conditions.
Here we combined stable carbon isotope at natural abundance, fatty acids as trophic trans-
fer markers and *C as a deliberately added tracer as complementary tools. Each approach
has its strengths and weaknesses, but together they provide clear evidence for multiple
pathways from Microcystis to zooplankton, and specifically for the dominance of microbial
pathways.
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Natural abundance stable isotope analyses

Carbon stable isotope analysis is a powerful tool to study food web interactions
and has been successfully applied to allocate carbon sources of zooplankton. The natural
values of carbon isotope ratios have been used to calculate the contribution of Microcystis
carbon to zooplankton diets with bacteria and eukaryotic algae as the other potential carbon
sources. While stable isotope signatures of metazoan consumers can be easily determined
by handpicking the organisms, determination of the isotope signatures of the potential
food sources remains challenging. By using compound specific isotope analyses, we
could resolve the isotope signatures of bacteria, Microcystis and eukaryotic algae. Another
pitfall is the natural variability of carbon isotope signatures within sources and the overlap
between sources. Phytoplankton cells are known to have variable isotope signatures, which
are partly taxa dependent, but are also influenced by physiology (e.g., growth) and environ-
mental characteristics like temperature and CO, availability (Laws et al 1995; Vuorio et al.
2006). Cyanobacteria display especially large variability in isotope signatures, which can
be partly explained by colony cell density and subsequently CO, availability. Furthermore,
cyanobacteria are known to be able to fix aqueous CO,, atmospheric CO,, and bicarbonate,
which have distinct isotope signatures and thus contribute to variability. In this study, the
isotopic difference within Microcystis was larger (8 %o) than that between Microcystis and
other algae (<1 %o) (Table 5.1), complicating resolution of eukaryotic algae vs. cyanobac-
teria contributions to zooplankton diets. A very large range in isotope signatures of cyano-
bacteria, from -32 %o to -5.9 %o, was also found in Finnish lakes (Vurio et al. 2006). Similar
to our study, Bontes et al. (2006) observed higher 6"°C in scum-forming Microcystis than
in water-column Microcystis in a shallow Dutch eutrophic lake. Enrichment in the scum-
forming Microcystis can be partly explained by CO, limitation due to higher density and
fixation of atmospheric CO, or bicarbonate.

The carbon isotope signature of bacteria resembled more that of POM than that of
phytoplankton, indicating that carbon of the total POM pool was utilized by bacteria rather
than phytoplankton only (Table 5.1). The enrichment of POM relative to phytoplankton can
be explained by the presence of detritus. In lakes, detritus is often found to be enriched in
C, due to preferential mineralization of '2C or presence of enriched allochthonous mate-
rial (Del Giorgio and France 1996). In Taihu, enriched-scum forming Microcystis probably
contributed to enriched detritus.

In spite of overlapping resources it was still possible to differentiate between bac-
teria-POM vs. phytoplankton (algae and Microcystis) contributions to zooplankton diets. In
our study, Bosmina received a high (average 77 %) carbon contribution from POM-bacteria,
while copepods were feeding more on algae (average 48 %). This is in agreement with the
general consensus that cladocerans can graze effectively on bacteria, while copepods gene-
rally feed selectively on larger particles (Wylie and Currie 1991). Due to overlap in isotope
signatures, feeding of the cladoceran Bosmina on bacteria could not be distinguished from
consumption of bulk POM. However, the presence of bacterial fatty acids in Bosmina
indicated that they were grazing on bacteria. The §"°C of fatty acids in Bosmina matched
the 5"°C of seston fatty acids, providing additional evidence that the zooplankter feeds on
bacteria.
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Fatty acid biomarkers

The presence of fatty acids in zooplankton consumers can be used to infer dietary
information, specifically feeding on different types of algae and bacteria. Fatty acids present
in the food are often directly incorporated into consumers and the zooplankton fatty acid
profile therefore mimics the diet (Dalsgaard 2003; Taipale et al. 2009). However, zooplank-
ton can selectively assimilate certain fatty acids, making it difficult to apply them in a
quantitative way. The poly-unsaturated fatty acids (PUFA) are physiological essential and
cannot be synthesized by zooplankton; therefore they are considered essential fatty acids
(EFA). The long chain PUFAs 20:5w3, 20:4w6, and 22:6w3 are high-quality fatty acids for
zooplankton and their absence in the diet can limit growth and reproduction of cladocerans
(Von Elert 2002). These fatty acids will be preferentially assimilated by zooplankton and
stored. However, when these fatty acids are short in supply, zooplankton can convert 18w3
PUFA, present in Microcystis, into the necessary long-chain PUFAs, although this would
be at higher energetic costs. In agreement with previous studies on PUFA concentrations in
zooplankton (Brett et al. 2006), zooplankton PUFA content was higher than seston PUFA
concentrations in this study, indicating a preferential assimilation of PUFA (Table 5.2). Less
attention has been paid to the trophic transfer of bacterial fatty acids within the plankton
food web (Taipale et al. 2009; Kiirten et al. 2011). Bacterial fatty acids are not essential
for zooplankton and whether they semi-quantitatively reflect the bacterial contribution to
zooplankton diets remains to be tested, because these fatty acids are likely metabolized
rather than stored or assimilated.

Fatty acid labeling

In addition to higher concentrations in zooplankton, the algae markers in
zooplankton also showed higher labeling than algae markers in the seston. There are at least
three possible explanations for accumulation of labeled algae markers in zooplankton. 1)
Zooplankton could selectively assimilate fatty acids of newly produced and thus labeled
algae. During the experiment, °C present in the substrates got respired, resulting in '*C
increase in DIC, which was subsequently assimilated by primary producers. This can also
explain the labeling of algae in the seston (Fig. 5.2). 2) The algae markers could have been
produced by the zooplankton itself, by transformation of 18C-PUFA (18:3w3, 18:4w3,
18:2w6, and 18:3w6), which were present in Microcystis and Microcystis derived substra-
tes. 3) They could have been produced by protists (ciliates and heterotrophic nanoflagel-
lates) as part of the microbial food web, which were subsequently consumed by zooplank-
ton. Protists feeding on bacteria are known to produce PUFA and other essential molecules,
causing trophic upgrading of food quality along the food chain (Zhukova and Kharlamenko
1999). In this study we cannot distinguish transfer of carbon via protists from direct uptake
of bacteria by zooplankton and we considered them all to be part of the microbial food
web. The high labeling of bacterial markers in the seston showed that Microcystis and
Microcystis derived substrates were an important carbon source for bacteria (Fig. 5.2). The
high labeling of bacterial FA in zooplankton suggests consumption of bacteria or bacteri-
vorous protists by zooplankton (Fig. 5.3). Comparison of fatty acid labeling between the
zooplankton species is difficult, because of their different fatty acid profiles (Table 5.2). For
example, higher labeling of bacterial markers in Bosmina compared to Daphnia could result
from higher bacterial consumption, but also because of lower concentrations in Bosmina
compared to Daphnia.
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It should also be noted that the produced substrates were not from axenic Microcystis cultu-
res, but from field concentrates, where other organisms were present as well. Trace amounts
of labeled algae PUFA were present in our labeled Microcystis cultures and can potentially
explain the relative high labeling of algae in the seston in the live treatments (Fig. 5.2).
Microcystis has been shown to be a hot-spot for bacterial activity (Worm and Sendergaard
1998) and bacterial markers were labeled in the same way as Microcystis markers during
substrate production. A small part of the measured bacterial labeling can thus be due to
substrate labeling.

Bacteria as carbon source

The importance of bacteria as a food source for zooplankton has been long known,
from laboratory studies with bacteria as single food source (Peterson et al. 1978; Porter et
al. 1983) or labeled bacteria in mixed assemblages (Gophen et al. 1974) and studies under
more natural conditions (Pace et al. 1983). The general consensus is that cladocerans are
bacterivores, while copepods are not, so the importance of the microbial loop as a carbon
source for zooplankton depends on zooplankton composition (Karlsson et al. 2007; Sanders
et al. 1989; Wylie and Currie 1991) i.e., the presence of cladocerans that feed on bacteria, in
addition to algae. Our findings of ~77 % of carbon coming from bacteria in cladocerans and
~23 % in copepods, based on an isotope mixing model with natural abundance data, sup-
ports these earlier works. Although copepods are not grazing directly on bacteria, cyclopoid
and calonoid copepods can be effective grazers on larger bacterivores like ciliates (Sanders
and Wickham 1993). The importance of the microbial loop as food source for zooplankton
also depends on the amount of bacterial production relative to primary production (Pace et
al. 1983; Sanders et al. 1989). Wylie and Currie (1991) calculated that bacterial carbon con-
tributed 16-21 % of carbon ingested by cladocerans in an oligotrophic lake based on isotope
labeling combined with modeling. In a marine mesocosm experiment with labeled carbon
compounds, an equal contribution of bacterial and algae carbon to zooplankton (copepods
and doliolida) was found (Koshikawa et al. 1996). In humic lakes, which are largely fuel-
led by allochthonous carbon, detritus and bacteria can have a high carbon contribution to
zooplankton (Hessen et al. 1990). In an isotope labeling experiment in a humic lake, Hessen
et al. (1990), found bacteria growing on labeled DOM to contribute 11-42 % to zooplank-
ton carbon, with an even higher contribution of (unlabeled) detritus (46-82 %) that could
have passed through bacteria as well. The significance of bacteria and the microbial food
web as a food source for zooplankton increases with increasing eutrophication (Gliwicz
1969). This phenomenon can be largely explained by the observed phytoplankton commu-
nity shifts with lake eutrophication towards cyanobacteria. Still, there are few studies that
showed a direct link from cyanobacteria carbon to zooplankton via bacteria and the micro-
bial food web. Christoffersen et al. (1990) studied carbon fluxes in a plankton community
during a cyanobacteria bloom, based on carbon budgets and causal relationships. They
showed that macrozooplankton (mainly Daphnia) were assimilating carbon when cyano-
bacteria dominated the phytoplankton community and that this carbon apparently originated
from phytoplankton and thus cyanobacteria. Christoffersen et al. (1990) also calculated that
cyanobacteria were an important carbon source for bacteria and that macrozooplankton
were more important bacterivores than microzooplankton. Work and Havens (2003) showed
that macrozooplankton were grazing extensively on cyanobacteria and on bacteria in a
eutrophic lake, but the authors did not show a link between cyanobacteria and bacteria as is
shown here with the help of isotope labeling.
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Decomposed Microcystis and other cyanobacteria were found to be a more important
carbon source for zooplankton than living ones in a laboratory study by Hanazato and
Yasuno (1987) and a labeling study by Gulati et al. (2001). In our study, the pathway from
Microcystis DOM to bacteria and subsequently to zooplankton was more important than the
Microcystis detritus-bacteria-zooplankton pathway (Figs. 5.1,3). It is generally not known
what fraction of Microcystis ends up in particulate or dissolved form, but both fractions

are expected to be significant. Hansen et al. (1986) showed that cyanobacteria dominated
phytoplankton communities lost up to 43 % of the cellular carbon content as dissolved car-
bon within 24 hours after cell death and that a large part of the fresh DOM (71 %) was used
by bacteria in 24 hours.

Zooplankton competition

The effect of cyanobacteria on different types of zooplankton and their competitive
relations have been extensively studied over the past decades. Traditionally, most studies
have focused on food quality of bloom-forming cyanobacteria for grazing zooplankton,
thus on the herbivory pathway. Our result support that zooplankton community changes
are mainly caused by differences in grazing behavior, since only treatments with live
Microcystis showed a significant difference in carbon assimilation between Bosmina and
Daphnia, with 48 % for Bosmina vs. 17 % for Daphnia (Fig. 5.1). Microcystis is generally
considered ‘poor’ food for herbivorous zooplankton; it produces toxic substances, lacks es-
sential nutrients and can form inedible colonies and filaments (reviewed in Debernardi and
Giussani 1990). In laboratory feeding experiments, cladocerans showed reduced survivor-
ship, growth, and reproduction when they were fed solely with cyanobacteria (reviewed
in Lampert 1987). Consistent with our results, Fulton and Pearl (1987) showed higher use
efficiency of Microcystis carbon by Bosmina than by Daphnia. The morphology of Micro-
cystis colonies has shown to be the most important intrinsic property in grazing inhibition
of Daphnia, because it interferes with the filtering system (Fulton and Pearl 1987). In the
treatment with live Microcystis feeding inhibition in both Bosmina and Daphnia likely
contributed partially to their low consumption due to high densities of Microcystis colonies,
which are common in Lake Taihu (Qin et al. 2010). Field studies also showed that larger
cladocerans are more susceptible to the inhibiting effects than smaller ones (DeMott et
al. 2001; Ghadouani et al. 2006), consistent with the observed lower carbon use in Daph-
nia than Bosmina in the experiments with live Microcystis. The body size of cladocerans
is not a good predictor of ability to graze on bacteria, especially on free living bacteria.
DeMott (1982) studied consumption of bacteria and green algae by Bosmina and Daphnia
and observed that Bosmina consumed fewer bacteria than Daphnia relative to green algae.
This could be explained by differences in feeding strategies: Bosmina is a more selective
feeder than Daphnia (DeMott and Kerfoot 1982). The results of our study on the other hand
indicate that Daphnia and Bosmina are both efficient grazers on total (solitary and attached)
bacteria (Figs. 5.1,3).

A shift in zooplankton community from large cladocerans towards small-bodied
cladocerans is generally observed in eutrophic systems with cyanobacteria blooms (Gliwicz
1969). One important cause is feeding on large zooplankters by planktivorous fish,
especially in lakes that are shallow and/or lack a hypolimnetic or macrophyte- bed refuge.
As described above, the cyanobacteria bloom itself can contribute to the shift in
zooplankton species due to feeding inhibition of larger cladocerans (DeMott et al. 2001;
Ghadouani et al. 20006).
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The conceptual diagram in Fig. 5.4 shows the major findings of this study; 1) the
cyanobacterium Microcystis is an important carbon source for zooplankton growth in Taihu,
2) Microcystis carbon flows to zooplankton mainly via DOM and detritus, and 3) hete-
rotrophic bacteria play a key role in the carbon flow from Microcystis DOM and detritus
to zooplankton. Moreover, Bosmina assimilated relatively more Microcystis carbon than
Daphnia, mainly because Bosmina grazed more on live Microcystis than Daphnia.
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MACROPHYTE CARBON SUBSIDIES IN A RESTORED LAKE

Abstract

The subsidy of macrophyte-derived carbon to bacterial and zooplankton consu-
mers was assessed using stable isotope analyses in a biomanipulation project. Part of a shal-
low, eutrophic lake in China was restored with submerged macrophytes after fish removal
and compared to the unrestored part for plankton carbon flows. Macrophyte presence alters
pelagic energy flows, yet their subsidy to pelagic food webs is not fully understood. Ma-
crophytes, seston, and zooplankton were bimonthly sampled for natural abundance isotope
ratios of carbon (6"°C) and nitrogen (6'°N) over a whole year period (2010). The 6"°C of
phytoplankton and heterotrophic bacteria in seston (bacterioplankton) were determined
from §"C of fatty acid biomarkers. Macrophyte and attached periphyton were the most §"°C
enriched of all organic carbon pools and were considered together as macrophytes. Macrop-
hyte carbon signal was detected in particulate organic carbon (POC), bacterioplankton, and
zooplankton in the restored part (M+), which were significantly enriched in 6"°C compared
to the unrestored part (M-), while phytoplankton and dissolved organic carbon had simi-
lar 6°C in both parts. The zooplankton community in both M+ and M- was dominated by
copepods with only few cladocerans, which had similar §"*C, but different 6'°N. Copepods
were more enriched in §"°N than cladocerans, indicating that they were feeding on the same
carbon source, but at a higher trophic position. A two-source (macrophytes and phyto-
plankton) mixing model showed that macrophytes contributed 14-86 % to bacterioplankton
(average 55 %) in M+ depending on the season. Macrophyte contribution to zooplankton
in M+ was 26-87 % (average 47 %) depending on the season. Our study demonstrates that
lake restoration with submerged macrophytes clearly influences energy flows in the lowest

parts of planktonic food webs.
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6.1 Introduction

Many shallow lakes have shifted from a clear, macrophyte rich state to a turbid,
phytoplankton dominated state during the last century, due to ongoing eutrophication. Both
states are maintained by stabilizing feedback mechanisms; in the turbid state, low light
prevents macrophytes from growing and resuspension of unprotected sediments by fish
and waves further decreases water transparency. Since macrophytes are natural refuges for
zooplankton, the absence of macrophytes causes high grazing of zooplankton by plankti-
vorous fish to abundances that are too low to control phytoplankton development (Schef-
fer et al.1993). The reversion of turbid lakes back into clear-water lakes is a difficult task.
Biomanipulation, including fish removal or macrophyte planting, became a popular tool in
lake restoration. Biomanipulation focuses primarily on cascading trophic interactions and
the classical food web: the consumption of nutrients by phytoplankton, which are grazed by
zooplankton, which are then preyed upon by planktivorous fish (Shapiro et al. 1975).

Because biomanipulation measures are based on the classical food chain and
cascading food webs, less attention has been paid to the role and importance of bacterio-
plankton and the microbial food web in biomanipulation studies. However, bacterioplank-
ton dominate pelagic food webs in terms of respiration and secondary production (Cole
1999). Phytoplankton derived dissolved organic carbon (DOC), produced either directly
via exudation or indirectly via grazing and cell lysis, is considered a primary carbon source
for bacterioplankton, but other sources of DOC, like terrestrial carbon (Tranvik 1992)
and macrophyte carbon (Rooney and Kalff 2003) can fuel bacterial metabolism as well.
Bacterioplankton are primarily grazed upon by protists, like heterotrophic flagellates and
ciliates, which are part of the microbial food web and considered trophic intermediates
between small particles and large zooplankton. Large zooplankton can graze directly on
bacterioplankton, which can be a substantial part of zooplankton diet (Wylie and Currie
1991). Especially cladocerans, like Daphnia showed to be effective bacterivores in mul-
tiple studies (Pace et al. 1983, Wylie and Currie 1991, Karlsson et al. 2007, de Kluijver et
al. 2012). Copepods are selective feeders that feed on larger particles and generally don’t
graze on bacterioplankton directly, but do graze on bacterivores, such as protists (Sanders
and Wickham 1993). Protists can synthesize essential molecules, like poly-unsaturated fatty
acids (PUFA), thereby upgrading food quality within the microbial food web and provi-
ding compensation for nutritional shortcomings of herbivory (Klein-Breteler et al. 1999,
Zhukova and Kharlamenko 1999).

Whether macrophyte carbon subsidizes bacterioplankton and subsequent
zooplankton in macrophyte restored, eutrophic lakes is not fully understood, but we hy-
pothesized that contributions might be substantial. Macrophytes are known to release part
of their organic carbon as DOC (Penhale and Smith 1979, Sendergaard 1981) that can be
subsequently consumed by bacteria (Findlay et al. 1986). Theil-Nielsen and Sendergaard
(1999) compared twin lakes with and without macrophytes and observed high production
of epiphytic bacteria (bacteria attached to macrophytes) and higher production rates per unit
of bacterioplankton in the macrophyte lake compared to lakes without macrophytes. An
increase in bacterioplankton production relative to phytoplankton biomass with increasing
macrophyte coverage was observed by Rooney and Kalff (2003). However, it is challenging
to unravel if bacterioplankton is supported by macrophytes directly or if changes in bacte-
rioplankton are due to indirect changes in nutrients and pelagic food web structure.
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Stable isotope analysis (SIA) revealed that carbon stable isotope ratios (6°C) in
zooplankton were more enriched during periods with high macrophyte coverage (Boll et al.
2012). Although the enrichment was suggested to be due to changes in §"*C of phytoplank-
ton (Boll et al. 2012), it could also indicate carbon subsidy of macrophytes, since macrop-
hytes are usually enriched in 6"*C compared to phytoplankton (Fry 2006). Little trophic
fractionation in ¢"*C occurs between consumers and their diet, so 6'*C of sources and
consumers can be used to reveal dietary pathways and calculate food source contributions
(DeNiro and Epstein 1978). Additional SIA of nitrogen (6'°N) can help establishing trophic
positions of consumers, since J'°N gets enriched along the food chain due trophic fracti-
onation (Minagawa and Wada 1984). A major challenge in aquatic ecology is to separate
the 5"°C of plankton sources and consumers from bulk particulate organic carbon (POC).
Compound specific isotope analysis (CSIA) of fatty acid biomarkers is a valuable method
to determine the isotope signature of certain groups of organisms and has been frequently
used to determine the §'°C of phytoplankton and bacterioplankton (Boschker and Middel-
burg 2002).

Here we applied SIA to assess the subsidy of macrophyte derived carbon to bac-
terioplankton and zooplankton in a restored part compared to unrestored parts of a shal-
low, eutrophic lake. Using two-source mixing model we could determine macrophyte and
phytoplankton carbon contributions to bacterioplankton and zooplankton consumers. The
6"N of particulate organic nitrogen (PON) and zooplankton was additionally analysed to
retrieve information on trophic positions. The results revealed a clear macrophyte subsidy
to bacterioplankton and zooplankton.

6.2 Methods

Site description

Huizhou West Lake is a tropical urban lake in southern China (23° 06’ N, 114°
23’ E). The total surface area of the lake is about 1.6 km* and the mean depth is about 1.6
m. The lake consists of several basins which are connected through waterways. Due to the
increased waste water input, the lake became eutrophic and submerged macrophytes have
been absent since 1980s (Li et al. 2007). In order to improve water quality, a large-scale
biomanipulation was carried out in a 12 ha basin in Huizhou West Lake in May of 2007
(Fig. 6.1). The biomanipulation measures included fish removal, followed by submerged
macrophyte planting. The coverage of submerged macrophytes reached about 80% in 2009
in the restored part (M+). The concentrations of phosphorus, nitrogen and chl a were redu-
ced to much lower levels in M+ compared to the unrestored part (M-). The phytoplankton
community in Huizhou West lake was dominated by cyanobacteria, which were significant-
ly reduced in M+ compared to M- (Chen et al. 2010).

Copepods were the main crustacean both in M+ and M- while cladocerans were
present in extremely low proportion. For the composition of copepods, the unrestored lake
was dominated by cyclops such as Thermocyclops taihokuensis while the restored lake was
dominated by calanoids Neodiaptomus schmackeri. Dominant cladocerans included Diap-
hanosoma brachyurum, Moina micrura and Bosmina spp. The species richness, abundance,
biomass and biodiversity of crustacean plankton were all higher in restored lake than in the
unrestored lake.
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Fig. 6.1. Map of Huizou West Lake, with the restored lake (blue) and unrestored lakes (grey). The arrows
point the sampling locations.

Sampling

The restored lake (M+) and unrestored lake (M-) were bimonthly sampled from
February 2010 to February 2011 at the locations shown in Fig. 6.1. All samples were taken
0.5 m below surface from each lake. Chl a concentrations were determined spectrophoto-
metrically after filtration of sampled water on cellulose acetate filters and extraction into 90
% acetone. Triplicate samples were taken for stable isotope analyses and concentrations of
the major carbon pools. Headspace vials (20 ml and 2 ml) were filled on board with sample
water using the overflow method and sealed with gas-tight caps for DIC isotope analyses.
Mercury chloride was added for preservation and the samples were stored upside down at
room temperature. Samples for DOC were GF/F filtered and stored frozen in clean vials un-
til further analyses. Seston samples for particulate organic matter (POM) were taken on pre-
weighted and pre-combusted GF/F filters and dried at 60°; Polar lipid fatty acids (PLFA)
samples were collected on pre-combusted GF/F filters and freeze-dried. Zooplankton was
collected with a 63 pm mesh-size net. Back in the laboratory, they were transferred to demi-
neralized water to empty their guts. ~98 individual copepods (range 15-370), and 20-50
individual cladocerans were handpicked and transferred to pre-weighted and pre-combusted
tin cups, which were subsequently freeze-dried.

Samples of macrophytes were collected for each species. Periphyton was collected
from macrophytes with a wire or nylon brush in a plastic container filled with clean water.
All visible non-periphyton particles were removed manually and samples were then filtered
through a 100 pm mesh, followed by filtration onto pre-combusted GF/F filters. Macrop-
hyte leaves were subsequently chopped. Sediment samples were collected with a Peterson
grab sampler, and the top cm of sediment was scraped off with a metal spoon. Finally, lea-
ves and soil were sampled nearby the lake. Samples of leave material from some common
types of vegetation were collected and subsequently chopped. All samples were rinsed with
distilled water and dried at 60°C. Then, samples were ground with a mortar and pestle and
stored in desiccators until further analyses.
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Stable isotope analyses

Stable isotope ratios are expressed in the delta (0) notation, defined as parts
per thousand (per mil, %o) deviation from a certified standard; 6"°C or §"°N = ([Rsample/
Ritandard])-1) x 1000 and R is the ratio *C/"*C and '"N/"N. The standards for §"*C and 6"°N
were VPDB (Vienna Pee Dee Belemnite) and atmospheric nitrogen, respectively. Isotopic
enrichment means that the sample contains relatively more of the heavy isotope, resulting
in a more positive (less negative for carbon) isotope ratio and isotopic depletion means the
opposite. POM, macrophytes, periphyton, soil, sediment, leaves, and zooplankton samples
were analyzed for carbon and nitrogen content and §"°C and 6"°N on a Thermo Electron
Flash EA 1112 analyzer (EA) coupled to a Delta V isotope ratio mass spectrometer (IRMS).
For DIC 6"C analyses, a helium headspace was created in the headspace vials and samples
were acidified with H;PO, solution. After equilibration, the CO, concentration and isotope
ratio in the headspace was measured using EA-IRMS. For DOC 6"C analyses, the samples
were acidified and flushed with helium to remove DIC and subsequently oxidized with
sodium persulfate (Na,S,0y); the produced isotopes were measured using high performance
liquid chromatography - isotope ratio mass spectrometry (HPLC-IRMS) (Boschker et al.
2008). PLFA samples were extracted according using a modified Bligh and Dyer method
(Middelburg et al. 2000). The lipids were fractionated in different polarity classes by co-
lumn separation on a heat activated silic acid column and subsequent elution with chloro-
form, acetone and methanol. The methanol fractions, containing most of the polar lipid fatty
acids were collected and derivatized to fatty acid methyl esters (FAME). The standards 12:0
and 19:0 were used as internal standards. Concentrations and §'°C of individual PLFA were
measured using gas chromatography-combustion isotope ratio mass spectrometry (GC-C-
IRMS) (Middelburg et al. 2000).

Data analyses

PLFA were used as chemotaxonomic markers for phytoplankton and heterotrophic
bacteria (hereafter bacterioplankton). The most abundant branched fatty acids in both M+
and M- were 114:0, 115:0, and ail5:0, which are characteristic for heterotrophic, gram-
positive bacteria (Kaneda 1991). Their concentration-weighted 6'°C was used as marker
for 5"C of heterotrophic bacteria (6*Cpac) and their sum of concentrations was used as
marker for bacterioplankton abundance. The most abundant PUFA in both M+ and M- were
18:3w3, 18:4w3, 20:5w3, and 22:6w3, which are markers for phytoplankton (both cyano-
bacteria and eukaryotic algae). Their concentration-weighted §'°C was used as marker for
6"C of phytoplankton (6"*Cphyto). The biomass of phytoplankton was calculated from chl a
concentrations and a C:chl a ratio of 40, a commonly used value (Middelburg et al. 2000).

Data of each month are shown as mean + standard deviation (sd) of triplicate
samples. Total annual averages (ta) are presented as mean + sd of the means of each sam-
pling event (n=7). Differences between M+ and M- were statistically tested using the mean
values of each sampling event (n=7) with student t-tests.

For food source calculations, the 6"*Cphyo Was corrected for the depletion in fatty
acids (FA) compared to total cells (A" Cra-cell). Ad"*Cra-cell is variable, but a value of
3 %o is often used and was adopted in this study (Hayes 2001), s0 6"*Cphyto_cor = 0"*Cphyto
+3 %o. For bacterioplankton, it is suggested that in field samples A5"*Cra-cell would be ~0 %o
(Burke et al. 2003), a value we adopted.
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The contributions of macrophyte carbon and phytoplankton carbon as carbon source for
zooplankton (fmacro_zoo and fphyto zoo, respectively) and bacterioplankton (fmacro_bac and fohyto_
bac, respectively) in the restored lake were calculated using an isotope mixing model:

f (‘V) — 513Ct>hvto - 513Cconsumer x 100 f (‘V) =100 _f (6 1)
macro { /0 513 Cphyto _ 513 Cmacro > Jphyto L 70 macro .

The uncertainties in 5"*C of carbon sources and consumers were considered in
the calculations using random sampling (n=1000) from a normal distribution. The normal
distribution was created from the mean value = sd of sources and consumers. For macrop-
hytes and zooplankton, the mean §'°C + sd of all genera were used. Only outcomes between
0 and 100 % was accepted and contributions are presented as average + sd of the accepted
outcomes. Correlation coefficients of normally distributed data were calculated using Pear-
son product-moment correlation. Random sampling and statistical analyses were done in R
software (R development core team 2011).

6.3 Results and discussion

Organic carbon concentrations

POC concentrations were ~2 mg C L™ lower in M+ compared to M- (Fig. 6.2A),
what is largely caused by the difference in phytoplankton (chl a based) biomass, which
was ~1.2 mg C L' lower in M+ compared to M- (Fig. 6.2B). Phytoplankton made up 13
+ 14 % (M+) and 23 + 12 % (M-) of POC. The decrease in phytoplankton in macrophyte-
restored lakes can have several causes, including nutrient and light competition and release
of inhibitory substances by macrophytes (reviewed in Van Donk and Van De Bund 2002).
The decrease in phytoplankton in M+ shows the desired effect of biomanipulation (Shapiro
1975). The concentrations of bacterial FA were ~5 times higher in the M- compared M+
(Fig. 6.2C). The decrease in bacterial abundance in M+ lakes can be explained by several
mechanisms. 1) Because of the importance of phytoplankton DOC as carbon source for
bacteria, the observed decrease in phytoplankton in M+ resulted in a decrease of bacterio-
plankton. 2) The observed decrease of nutrients in M+ could induce nutrient limitation in
bacterioplankton. A decrease in bacterial abundance in macrophyte dominated lakes due to

nutrient limitation and nutrient competition with macrophytes was demonstrated by Huss
and Wehr (2004).
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Fig. 6.2. Temporal development of concentrations of A) POC, B) Phytoplankton (from chl a), C) Bacteria FA

in the restored (M+, open circles) and unrestored (M-, closed circles) lake. Points present the average + sd
(n=3).
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3) The decrease could be due to higher number of zooplankton in M+, so stronger grazing
pressure (top-down control). In biomanipulation studies on temperate lakes, the decrease
in bacterioplankton was ascribed to increased Daphnia abundance that controlled bacterial
abundance (Jiirgens and Jeppesen 1998, Sendergaard et al. 1998). Large cladocerans, such
as Daphnia were nearly absent in our study. Cascading effects of zooplankton extending
to bacterioplankton seems to occur only when Daphnia is present, and not with abundant
copepods (Wickham 1995), so top-down control seems unlikely. Despite the decrease in
bacterial abundance, the ratio of bacteria to phytoplankton abundance was higher in M+
compared to M-, what could indicate macrophyte carbon support.

Nitrogen stable isotopes (6'°N)

Lake restoration had a clear influence on nitrogen stable isotope signatures of
PON and zooplankton consumers (Fig. 6.3). 6"°N of PON and zooplankton had significantly
lower in M+ than in M- (Table 6.1).
There are several drivers for variability in "°N of PON, such as external loading, nitrogen
cycling processes, and fractionation processes (reviewed in Gu 2009). External loading is
expected to be similar in M+ and M-, because they are located in the same watershed, so
variability is probably due to within lake processes. Beside differences in nitrogen cycling
processes (such as nitrogen fixation and denitrification) which were not determined in
this study, 6"°N of PON increases with increasing phytoplankton productivity, because of
reduced isotopic fractionation at higher production and nitrogen uptake rates (Gu 2009).
Periphyton and macrophytes were slightly more enriched than PON (Table 6.1). Zooplank-
ton (dominated by copepods) was generally more enriched in §'°N than PON, as expected
due to trophic fractionation.
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Fig. 6.3. 5"°C and 5°C of POC and zooplankton in restored M+, open symbols) and unrestored (M-, closed
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symbols) and average of all macrophytes in M+. Single data points present the mean of each sampling event +
sd (n=3).
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The average difference in 5'°N between copepods and PON was 3.5 + 1.6 %o (n=7) in M+
and 3.6 £ 1.8 %o (n=5) in M- (Fig. 6.3), which are trophic fractionation values expected for
carnivorous zooplankton (Vander Zanden and Rasmussen 2001). Cladocerans were rarely
observed and showed less or no trophic fractionation: 2.4 %o in M+ in April (n=1) and -0.7
+ 2.3 %o in M- (n=4) (Fig. 6.3). The fractionation in M+ is indicative for herbivory (Vander
Zanden and Rasmussen 2001) and the low fractionation in M- suggests that cladocerans
feed selectively on parts of the PON, what were suggested to be bacteria by Karlsson et

al. 2004). Enrichment in 5'°N of copepods compared to cladocerans has been observed in
several studies (Karlsson et al. 2004, Sommer and Sommer 2006), showing that copepods
are grazing at a higher trophic level. Because copepods are selective and omnivorous fee-
ders, they can selectively feed on the trophic intermediates of the microbial food web, like
ciliates, and on other zooplankton, like rotifers, small copepods, and cladocerans (Wickham
1995). The low fractionation in cladocerans in M- supports the idea of bacteria mediated
carbon flow from cyanobacteria to cladocerans, which is a major pathway in cyanobacteria
dominated systems (De Kluijver et al. 2012).

Table 6.1. Average (ta) isotope ratios + sd of nitrogen (6'°N) and carbon (6'*C) of analysed organic and inor-
ganic carbon and nitrogen pools in restored (M+) and unrestored (M-) parts of Huizhou West lake. N gives the
number of samples over the year and p gives the significance level of differences between M+ and M- from
t-tests (*p <0.05,**p <0.01,***p <0.001).

8N (%o0) 313C (%)

ta M+ ta M- N P ta M+ ta M- N P
POM 48414 112+1.0 7,7 **| 241£15 27911 7,7 ***
Macrophytes 55+1.2 7,- - | -17.8+£1.8 7,- -
Periphyton 63+22 7,- - | -192+1.7 7,- -
Copepods 83+ 1.4 149+23 75 0| 241+20 -266+13 75 *
Cladocerans 5.2 102+15 14 - -24 284+1.0 14 -
Total 82+ 1.5 137+25 7,7 **| 237£20 2701+13 7,7 **
zooplankton
DOC 262+28 -279+24 77 NS
Bacterial FA 22610 290+13 7,7
Phytoplankton 318+53 -336+54 7,7 NS
FA
DIC A47+£12  15+13 7,7

Carbon stable isotopes (6"*C)

Macrophytes and attached periphyton were the most *C enriched of all organic
carbon pools and were considered together as macrophytes (Fig. 6.3). The presence of
macrophytes resulted in a significant enrichment in 6*C of POC in M+ compared to M and
in total zooplankton (Table 6.1). In M+, cladocerans (n=1) and copepods (n=7) had similar
6"C, indicating that the carbon was ultimately derived from the same carbon source (Table
6.1, Fig. 6.3). Therefore, total zooplankton (5"°Ce0) Was used in the food source calcula-
tions. In M-, copepods were slightly more enriched than cladocerans, but the difference
was not significant (Table 6.1). Zooplankton was more enriched in M+ than in M- in most
sampling periods, except October and December, where §'°C were similar or even more
depleted (Fig 6.4A).
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Carbon isotope analyses of FA showed that bacterioplankton were significantly en-
riched in 6"°C in M+ compared to M- throughout the year (Fig. 6.4B, Table 6.1), indicating
that macrophytes were subsidizing bacterioplankton. After macrophytes (with periphyton),
bacterioplankton were the most enriched organic carbon pool in M+ (Table 6.1). The
6" Cphyto values were not statistically different between M+ and M- (Fig. 6.4C, Table 6.1),
showing that §"*Cphy was not directly related to phytoplankton biomass (chl @) as shown in
other studies (Laws et al. 1995), or to the presence of macrophytes.

There was one carbon pool, DIC, which showed an opposite result with signifi-
cant depletion in §'*C in M+ compared to M- (Fig. 6.4D, Table 6.1). This can probably be
attributed to a biomanipulation effect on the respiration-production balance. Respiration
of organic matter (OM) causes depletion of "*Cpic due to addition of depleted OM-de-
rived C, while production causes enrichment in 6"*Cpic due to preferential uptake of '*C by
phytoplankton. The higher phytoplankton biomass (as indication of higher productivity)
in M- can thus explain the enriched 6"°C of DIC. The enrichment in §"°C in macrophytes
compared to phytoplankton can be attributed to 1) substrate availability and 2) different
photosynthetic pathways. All macrophyte genera in M+ were submerged plants and there-
fore used aquatic CO,. 1) In lakes with low turbulence, stagnant boundary layers of water
may form around macrophytes, restricting DIC diffusion and trapping enriched §"*Cpyc
around the macrophytes (Smith and Walker 1980). This also explains the enrichment in the
periphyton, since it grows attached to macrophytes and uses the same DIC pool. 2) Most
macrophyte species, including the ones present in this study, have plastic photosynthetic
mechanisms that allow them to survive under low CO, conditions.
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They possess mechanisms characteristic of C,, C, metabolism, including bicarbonate up-
take, root CO, uptake, and C, enzymes (reviewed in Bowes and Salvucci 1989). Variability
in substrate availability and application of different photosynthetic mechanisms can also
explain the variability in "*C between macrophyte genera (Fig. 6.4E). Hydrilla verticillata
was the most enriched macrophyte (-16.4 £+ 1.7 %o) and Vallisneria sp. the most depleted
(-21.1 £+ 2.4 %o) and Ceratophyllum demersum and Myriophyllum spicatum had values in
between.

Macrophytes as a carbon source for bacterioplankton

The carbon contributions of phytoplankton (f, pac) and macrophytes (£,.cro bac) t0
bacterioplankton in M+ were calculated for each sampling period (equation 6.1). Values of
Jinacro bac WETE ON average 55 + 29 % and showed seasonal variability (Fig. 6.5). The highest
Jinacro bac (84 and 86 %) were observed in October and February (2011) and the lowest (14 %)
was found in February (2010). The differences in February among years can be attributed
to the start of the phytoplankton bloom. In February 2010, phytoplankton concentrations
and temperature were higher than in February 2011, indicating an earlier start of the bloom
(Fig. 6.1B). Overall, f,,,cro vac Showed a significant negative correlation with POC concentra-
tions (r = -0.82, p <0.05), what suggests that macrophyte carbon was mainly released and
consumed as DOC. Interestingly, the 6"*C of DOC in M+ was only more enriched than 6"°C
of DOC in M- in August and in February 2011, but not in the other months (Fig 6.4F) and
there was no overall enrichment in §"*C of DOC (Table 6.1). The macrophyte carbon signal
could be masked by a large refractory DOC pool and macrophyte carbon could be more
labile and thus preferentially consumed. The macrophyte contribution was more visible in
POC, what can be due to physical aggregation of macrophyte DOC into POC, the conver-
sion of DOC into POC by bacterioplankton, and release of macrophyte particles (detritus)
(Mann 1988). Throughout most of the year macrophytes contributed more to bacterioplank-
ton than phytoplankton. Our estimates were rather conservative, because of the assumption
that 5"°C of bacterial FA were representative for bacterial cells. When a correction of +3 %o
for A6"Cy .y would be applied (6" °Cppye cor)> 0" Chae becomes more enriched (-19.6 %o) and
Jinacro bac WoUld be 74 £ 18 % on average, ranging from 45 to 94 %.
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Fig. 6.5. The contribution of macrophyte carbon (%) in each sampled month to bacteria (black fills) and
zooplankton (grey fills) in the restored lake (M+). The other carbon source is phytoplankton and together they
sum to 100 %. The error bars present the uncertainty on the calculations.
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Macrophytes as a carbon source for zooplankton

The average contribution of macrophytes to zooplankton (f;,,cro z0,) Was 47 £
21 %, and varied per month. The lowest f,,,.;, .., Was observed in February (2010) with only
26 % and the highest in February (2011), 87 % (Fig. 6.5), similar as f, .o vae- AS discussed
above, the differences among years can be attributed to the start of the bloom. Even though
phytoplankton are considered the primary food source for zooplankton, almost half of the
zooplankton carbon was derived from macrophytes. In most months, f,.cro bae 1A finacro 200
were rather similar; supporting the idea of bacterioplankton mediated carbon flow from
macrophytes to zooplankton (Fig. 6.5). The zooplankton community was dominated by
copepods, so direct consumption of bacterioplankton is not expected. However, by selective
grazing on protists, bacterioplankton mediated carbon flow to copepods can still be impor-
tant (Sanders and Wickham 1993). In marine systems, ciliates were found to support ~30 %
of daily carbon consumption of copepods (Calbet and Saiz 2005). In addition, zooplankton
could have grazed directly on macrophyte derived particles, aggregates and detritus, present
in seston. The second pathway is expected to be less important, because copepods are ex-
pected to select for high food quality like phytoplankton and protists that have high PUFA
rather than for macrophyte detritus of low nutritional quality. In autumn (October, Decem-
ber) there was a strong decoupling between /., pac a0 frraero 200 (Fig. 6.5). In those months,
Jracro 200 Was low and 6"°C of zooplankton in M+ and M- were rather similar (Fig. 6.3),
suggesting that zooplankton grazing on phytoplankton was more important than grazing on
bacterioplankton. Based on §'"°C signatures, we cannot distinguish consumption of detri-
tus, bacterioplankton, or bacterivores, but we can conclude that macrophytes constituted a
substantial part to the base of the food web.

The contribution of allochthonous or terrestrial carbon to bacterioplankton and
zooplankton were not considered in the calculations, although a large part of POC can be
derived from terrestrial carbon. Studies that looked into autochthonous vs. allochthonous
contributions found substantial terrestrial support (20-40 %) to zooplankton (Cole et al.
2011). In our study, the average 6"°C of surrounding vegetation and soil was -28.9 = 2.4
%o.This is rather close to the corrected 6"°C,,, in M+ (-29.8 + 5.2 %o) and can therefore not
explain the observed enrichment in bacterioplankton and zooplankton in M+.

6.4 Conclusions

Lake restoration with macrophyte planting resulted in a significant decrease of
phytoplankton (mainly cyanobacteria) and bacterioplankton. The presence of macrophytes
resulted in a significant enrichment in 6"*C of POC, zooplankton, and bacterioplankton, but
not of phytoplankton. Macrophytes contributed substantially to the carbon diet of bacte-
rioplankton and zooplankton, ~50 % over all seasons and the other half was provided by
phytoplankton. Similar macrophyte subsidies to bacterioplankton and zooplankton in most
months indicated bacteria mediated carbon flows, from macrophytes via DOC and bacte-
rioplankton to zooplankton. The trophic (J'°N) enrichment of copepods suggests that they
were likely feeding on bacterivorous protists, rather than on bacterioplankton directly. Our
results underline the importance of microbial food web mediated carbon flows seen in shal-
low eutrophic lakes.
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SUMMARY

Introduction

Human activities have a major impact on global biodiversity, ecosystem
functioning and biogeochemical processes and the current times were coined the age of
man or the Anthropocene. One of the largest impacts since the industrial revolution is
alteration of the global carbon (C) cycle, what lead to a rapid increase of CO, in the
atmosphere. Around one third of human released CO, has been absorbed by the oceans,
causing changes in seawater chemistry. When CO, dissolves in seawater, hydrogen ions are
released and seawater pH decreases, which is called “ocean acidification”. Ocean
acidification has a brief research history (~10 years), but has shown to affect marine
organisms and ecosystems. Another pertinent environmental problem is eutrophication
due to ongoing nutrient loading of aquatic systems, causing degradation of ecosystems and
deteriorating water quality. Especially lakes are affected by eutrophication and many lakes
turned from a clear, macrophyte-dominated state into turbid, phytoplankton-dominated
state, often with reoccurring cyanobacterial blooms.

These environmental problems affect the base of the food web, formed by
plankton communities. Phytoplankton are the main primary producers in aquatic systems,
converting CO, and nutrients into organic matter. In a classical food-web view,
phytoplankton are eaten by zooplankton, which can be grazed upon by higher trophic
levels, such as fish. Heterotrophic bacteria play a key role in the recycling of organic matter
and nutrients in aquatic systems, processing roughly half of the primary production.
Bacteria can be grazed by zooplankton, coupling the bacterial pathways (called microbial
loop) with the classical food chain. The balance between phytoplankton production and
community respiration (often dominated by bacteria) largely determines if aquatic
systems are net sinks or sources for CO,. Therefore changes in plankton food web structure
can have large feedback on the global carbon cycle and human impact on carbon flows in
plankton communities was the main research theme of this thesis. Both marine and
freshwater systems were studied, but for marine systems we focused on the effects
induced by rising atmospheric and oceanic CO, levels (chapter 2 and 3), while in fresh-
water systems we focused on eutrophication effects (chapter 4,5 and 6).

Methodology

The tool used to study carbon flows was carbon stable isotope analysis (SIA), both
in natural abundance studies (chapter 4 and 6) and in deliberate tracer experiments (chapter
2, 3 and 5). Natural abundance SIA uses the natural variation in isotope ratios (5"°C, ratio
BC/"C relative to a standard) of sources to infer dietary information of consumers. For
example, in chapter 6 the natural variety in carbon isotopic composition of phytoplank-
ton and macrophytes was used to quantify their contributions to the diet of bacteria and
zooplankton. In tracer or labeling experiments, *C is added as a deliberate tracer and the
uptake and transfer of label in different food web compartments can be monitored in time.
Isotope labeling experiments allow quantification of carbon flows among compartments,
especially when combined with ecological modeling. In chapters 2 and 3, the CO, pool
was enriched with "*C and uptake by phytoplankton and subsequent transfer to bacteria and
zooplankton was monitored in time and the carbon flows were quantified with a food web
model.
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The carbon isotope ratios of phytoplankton and bacteria were derived from ¢'*C
measurements of fatty-acid biomarkers. Polar-lipid derived fatty acids (PLFA) are part of
the membranes of most organisms and show taxonomic variety, meaning that phytoplank-
ton and bacteria possess distinct PLFA. Thus, by analyzing §'°C of group-specific PLFA,
6"C of bacteria and phytoplankton could be estimated.

Ocean acidification

The effects of increasing CO, levels on natural plankton communities were studied
in mesocosm experiments, which are large experimental units, where CO, was added to
mimic future CO, conditions. "*C was added to the dissolved inorganic carbon (DIC) pool
and transfers among the plankton communities were followed in time.

The mesocosm experiment of chapter 2, carried out in Bergen (Norway) with
North-Atlantic seawater, was focused on CO, effects during a phytoplankton bloom that
was initiated by nutrient additions. We found a high dependence of bacteria on phytoplank-
ton, bacteria "*C uptake and biomass closely followed those of phytoplankton and after 2
weeks, bacteria had obtained ~90 % of their carbon from phytoplankton. We found no CO,
effect on the carbon transfer from DIC to phytoplankton and subsequently bacteria. When
nutrients became exhausted, the phytoplankton bloom collapsed and CO, effects appeared.
In the post-bloom phase, phytoplankton biomass was higher at high CO,, what could be due
to enhanced production with elevated CO, under low nutrients. The operation of carbon-
concentrating mechanisms requires energy and nutrients, so when nutrients become limited,
higher CO, concentrations can be beneficial. Also bacteria biomass was higher at high CO,
in the post-bloom phase, probably due to increased phytoplankton.

The mesocosm experiment of chapter 3 was carried out in Svalbard, the Arctic,
chosen because of the vulnerability of high-latitude seawater to ocean acidification. Here
we used a food- web model that comprised both concentrations and isotope ratios of phyto-
plankton, bacteria, zooplankton and detritus or export material. The plankton community
structure was characteristic of a post-bloom situation, with efficient recycling of low nu-
trients and a dominance of a microbial food web. This was confirmed by high bacterial pro-
duction (one third of primary production), low zooplankton grazing and export of organic
matter (both less than 10% of primary production). However, in the post-bloom situation a
small phytoplankton bloom developed and CO, effects were visible on the bloom decline.
Even though export was low, it was about 10 times higher at high CO, levels compared to
low CO, levels. We speculated that material released under high CO, was of more sticky
nature and facilitated aggregation. Zooplankton grazing however was negatively affected
by increased CO, levels, but we could not unravel the mechanisms behind it. There was
neither effect on phytoplankton and bacterial production nor on their coupling. Interes-
tingly, nutrient addition, halfway through the experiment, did not result in a large increase
in organic carbon production, but export increased greatly. We found a hampering effect of
CO, on both particulate organic carbon production and export after nutrient addition what
was explained by changes in phytoplankton community composition.

Both mesocosm experiments showed that CO, effects on plankton communities
are very subtle and often on the edge of significance. Furthermore, the response on CO,
strongly depends on the structure of the food web, including community composition and
nutrient state. Although these experiments help to understand plankton community respon-
ses to CO,, it will be difficult to predict a future, global response to future CO, conditions.
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In addition, temperature is expected to increase together with CO, (global warming), which
can amplify or reduce ocean acidification. Future research should also focus on the com-
bined effects that are expected to occur in a high CO, world and that have been documented
in small-scale laboratory experiments.

Eutrophication

Food-web interactions in lakes along a trophic gradient, ranging from oligotrophic
to hyper-eutrophic, were studied in a cross-system analysis of 22 temperate lakes in USA.
Confirmative of general knowledge, we found that both phytoplankton and bacterial bio-
mass increased with increasing trophy, but the ratio of bacteria to phytoplankton decreased
with increasing trophy. Lake metabolism was mainly determined by productivity, indicated
by phytoplankton biomass, rather than DOC concentrations. The isotope ratios (6"°C) of
organic carbon pools were more variable in eutrophic compared to meso-oligotrophic lakes,
due to larger variability in isotope composition of phytoplankton and allochthonous carbon.
Phytoplankton 6"*C was governed by lake CO, concentrations in all lakes and by phyto-
plankton biomass in eutrophic lakes. Phytoplankton isotope fractionation factors were low
(average of 17 %o) and showed a large range (8-25 %o). The most enriched phytoplankton
were found in the hyper-eutrophic lakes that were dominated by cyanobacteria. Carbon
isotope ratios of bacteria matched best with those of POC but not with DOC, although DOC
is the approximate primary carbon source for bacteria. In meso-oligotrophic lakes, bacteria
used a mixture of carbon from various sources, but they depended more on phytoplankton
in eutrophic lakes. Zooplankton §"°C showed a strong relation to 6°C of phytoplankton,
indicating that phytoplankton were the primary carbon source for zooplankton, indepen-
dent of trophic state. Generally, bacteria showed more response to changes in trophic
state in carbon uptake pathways than zooplankton. Additionally, we calculated autochtho-
nous (phytoplankton) and allochthonous (terrestrial) carbon contributions to bacteria and
zooplankton and found higher autochthonous contributions to zooplankton than to bacteria,
which were independent of trophic state. Interestingly, zooplankton §"°C did not match with
6"C of fatty acids that are abundant in cyanobacteria in the eutrophic lakes, what suggests
that zooplankton was avoiding cyanobacteria.

Cyanobacteria are considered poor food for zooplankton, because of filtering
interference, low nutritional quality and toxicity. Still zooplankton are present in lakes that
are almost entirely dominated by cyanobacteria (98 % of phytoplankton), such as eutrop-
hic lake Taihu in China. In chapter 5 the hypothesis was tested that cyanobacteria can be a
carbon source for zooplankton, but that most carbon flows via bacteria-mediated pathways
rather than via herbivory. Cyanobacteria were enriched with '*C and added to natural lake
water as living cyanobacteria, cyanobacteria detritus or cyanobacteria DOM. After three
days "*C label was found in zooplankton in all treatments, but label transfer was highest in
DOM additions, followed by detritus and lowest live forms. High labeling of bacteria fatty
acids in the incubations and in the zooplankton showed that bacteria were an important link
between cyanobacteria and zooplankton.

Eutrophication effects can be combated by biomanipulation, a commonly used
tool in lake restoration. A eutrophic lake in China was partial restored by fish removal and
macrophyte planting and plankton communities in the restored and unrestored parts were
monitored over a year. Nutrients, phytoplankton (mainly cyanobacteria) and bacteria were
significantly reduced in the restored part, a desired effect on lake restoration. Natural abun-
dance 6"C of macrophytes were higher than those of phytoplankton.
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Macrophyte presence resulted in a significant enrichment in zooplankton and bacteria, in-
dicating macrophyte carbon subsidies to pelagic food webs. Macrophytes carbon subsidies
were on average 55 % to bacteria and 47 % to zooplankton, derived from a mixing model
where we assumed that phytoplankton was the other carbon source. Similar macrophyte
subsidies to bacteria and zooplankton in each month, suggested bacteria mediated carbon
flows.

Summarized, we found that phytoplankton (including cyanobacteria), terrestrial
organic material, and macrophytes were all carbon sources for bacterial consumers and
can thus (partially) sustain the microbial food web. Also zooplankton was sustained by the
different carbon sources, although eukaryotic algae were always preferred. This is confir-
mative, since eukaryotic algae, representing the non-cyanobacteria part of phytoplankton,
are considered high quality or even crucial food for zooplankton. However, in all study
systems, zooplankton received a substantial part of their carbon from other, non-algae
sources, with bacteria as important trophic link. In this thesis we only focused on two or
three carbon sources at the same time. There is still a need to integrate the contributions of
multiple carbon sources to plankton communities to understand plankton food web func-
tioning in the Anthropocene. Since natural abundance carbon isotope signatures of basal
sources may overlap, isotope labeling and additional isotope analyses should be included
in research. Another missing link is the role of protozoans in food web studies, since they
are too small to be handpicked and generally lack specific biomarkers. New methods like
molecular techniques or NanoSims (a sophisticated machine that combines sub-micrometer
microscopy with multiple stable isotope analyses) can be used to study their role in food-
web carbon cycling.
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Introductie

Menselijke activiteiten hebben grote invloed op wereldwijde biodiversiteit, eco-
systemen en biogeochemische processen en het huidige tijdperk wordt daarom aangeduid
als de Anthropoceen, de tijd van de mens. Een van de grootste menselijke invloeden sinds
de industriéle revolutie is de verandering van de mondiale koolstof (C) cyclus, waardoor
de hoeveelheid koolstofdioxide (CO,) in de atmosfeer sterk is toegenomen. Ongeveer
een derde van de door mensen uitgestoten CO, is opgenomen door de oceanen, wat leidt
tot veranderingen in de zeewaterchemie. Als CO, in water oplost reageert het met water
tot koolzuur en komen er waterstof ionen vrij. Hierdoor wordt de zuurgraad (pH) van het
zeewater verlaagd, wat betekent dat het water zuurder wordt. Dit proces wordt oceaan-
verzuring genoemd. Er wordt pas sinds kort (ca. 10 jaar) onderzoek naar oceaanverzuring
gedaan, waaruit blijkt dat oceaanverzuring negatieve effecten kan hebben op zoutwater
(mariene) organismen en ecosystemen. Een ander langdurig milieuprobleem is eutrofiéring
(overbemesting) van oppervlaktewateren door de continue toevoer van voedingsstoffen (nu-
triénten), met verslechterde waterkwaliteit en verarmde ecosystemen met minder soorten tot
gevolg. Vooral zoetwatersystemen zijn aangetast door eutrofiéring en veel meren zijn van
heldere, met waterplanten begroeide wateren veranderd in een troebele, groene soep, vaak
gedomineerd door blauwalgen.

Deze milieuproblemen beinvloeden de basis van aquatische voedselwebben die
gevormd wordt door planktongemeenschappen. Algen (fytoplankton) zijn de primaire
producenten en zetten CO, en nutriénten om in organisch materiaal. In een klassiek
voedselweb worden de algen gegeten door zooplankton, dat op zijn beurt weer gegeten
wordt door grotere organismen, zoals vissen. Een belangrijk onderdeel van planktonvoed-
selwebben zijn bacterién, die organisch materiaal verwerken en nutri€nten recyclen. De
schatting is dat ongeveer de helft van de primaire productie door bacterién wordt verwerkt.
Bacterién vormen de basis van het microbiéle voedselweb en kunnen weer worden gegeten
door zooplankton en worden zo onderdeel van het klassieke voedselweb. De balans tussen
primaire productie door algen en respiratie (afbraak van organisch materiaal) doorconsu-
menten (gedomineerd door bacterién), bepaalt in grote mate of watersystemen netto CO,
opnemen of afgeven aan de atmosfeer. Daardoor kunnen veranderingen in de structuur
van planktonvoedselwebben grote gevolgen hebben voor de globale koolstofkringloop.

De menselijke invloed op de structuur van planktonvoedselwebben en de koolstofstromen
hierin zijn de belangrijkste thema’s van dit proefschrift. Zowel zoetwater als mariene syste-
men werden bestudeerd, maar in mariene planktongemeenschappen werd vooral gekeken
naar de effecten van oceaanverzuring (chapter 1 en 2), terwijl de focus in zoetwaterplankton
op eutrofiéring lag (chapter 4, 5 en 6).

Methodes

De onderzoekstechniek in dit proefschrift om koolstofstromen te bestuderen en
kwantificeren was analyse van koolstof isotopen, die twee stabiele (niet radioactieve) vor-
men kent: '2C en "*C. Er bestaat een natuurlijke variatie in de ratio van deze isotopen (5"°C)
in verschillende primaire voedselbronnen, zoals algen, terrestrisch materiaal en water-
planten. Dat komt doordat planten tijdens fotosynthese bij voorkeur de lichte isotoop ('2C)
inbouwen, oftewel fractioneren tegen "°C.
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De mate van fractionatie hangt af van biologische processen en omgevingsfactoren, zoals
temperatuur en CO, beschikbaarheid. De ratio in consumenten reflecteert de ratio van de
voedselbronnen en kan dus gebruikt worden om te bepalen wat het dieet van consumen-
ten is. In chapter 6 bijvoorbeeld werd het verschil in isotopen ratio tussen fytoplankton en
waterplanten gebruikt om te kwantificeren hoeveel koolstof in bacterién en zooplankton
afkomstig was van beide bronnen. Ook in chapter 4 zijn natuurlijke koolstofverhoudingen
gebruikt om voedselweb-interacties te bestuderen. Wanneer de isotopensamenstellingen van
verschillende voedselbronnen te veel op elkaar lijken of wanneer voedselweb-interacties op
korte tijdschaal bekeken worden, kan de zware stabiele isotoop ("*C) gericht worden toege-
voegd. Door de opname en overdracht van "*C in het voedselweb in de tijd te volgen, kun-
nen ecologische processen gemeten worden, zeker als het gecombineerd wordt met ecolo-
gische modellen. In chapter 2 en 3 bijvoorbeeld werd de CO, verrijkt met *C en de opname
daarvan door phytoplankton en doorgifte aan bacterién en zooplankton werd gevolgd in de
tijd. De koolstofstromen werden gekwantificeerd met een voedselwebmodel.

De koolstofisotopenratio van fytoplankton en bacterién werden bepaald door het
meten van de 6"°C biomarkers (moleculen specifiek voor bepaalde organismen), omdat
het erg lastig is deze organismen handmatig te isoleren. De gebruikte biomarkers waren
vetzuren van polaire lipiden (PLFA) die onderdeel zijn van de membranen van de meeste
organismen en die verschillend zijn in diverse taxonomische groepen, zoals soorten phyto-
plankton en bacterién. Door de isotopenratio van deze vetzuurmoleculen te meten, konden
de isotopenratio van fytoplankton en bacterién worden ingeschat.

Oceaanverzuring

De effecten van toenemende CO, concentraties op natuurlijke planktongemeen-
schappen werden bestudeerd in mesocosms. Dit zijn grote experimentele opstellingen
waarin de condities zo natuurlijk mogelijk gehouden worden. Hieraan werd CO, toege-
voegd in verschillende concentraties om zo de toekomst te simuleren. *C werd toegevoegd
aan de CO, and de doorgifte van "*C in de plankton voedselwebben werd gevolgd door de
tijd. Op de bodems van de mesocosms waren sedimentvallen geplaatst om dood organisch
materiaal op te vangen.

Het mesocosm experiment, beschreven in chapter 2, vond plaats in Bergen (Noor-
wegen) in Noord-Atlantisch zeewater en richtte zich op CO, effecten op een algenbloei
die werd gestart door nutriénten toe te voegen. We vonden dat bacterién sterk athankelijk
waren van fytoplankton, de '*C opname en veranderingen in bacteriéle biomassa volgden
die van fytoplankton op korte afstand. Na twee weken hadden bacterién 90 % van hun
koolstof van fytoplankton verkregen. We vonden geen CO, effecten op de opname van CO,
door fytoplankton en de overdracht van fytoplankton naar bacterién. CO, effecten ontston-
den toen de nutriénten op raakten en de algenbloei instortte. In deze nabloeiperiode was
de biomassa van fytoplankton hoger bij hogere CO, concentraties, wat kan komen doordat
hoger CO, fotosynthese kan vergemakkelijken. Fytoplankton hebben mechanismen om CO,
in hun cellen te concentreren, maar deze mechanismen kosten energie en nutriénten, dus
onder nutriéntentekort kan hoog CO, voordelig zijn. Ook bacteri€le biomassa was hoger in
de nabloei bij hogere CO, concentraties, waarschijnlijk als gevolg van de hogere fytoplank-
ton biomassa.

Chapter 3 bevat de resultaten van een mesocosm experiment dat werd uitgevoerd
op Spitsbergen, in de Arctische oceaan.
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De reden om het onderzoek op de Noordpool uit te voeren was dat de pooloceanen zeer
kwetsbaar zijn voor oceaanverzuring, omdat CO, beter oplost in water bij lagere tempera-
tuur. Hier gebruikten we een voedselwebmodel waarin naast '*C incorporatie ook biomas-
sa’s en concentraties van de componenten meegenomen waren. De componenten waren
fytoplankton, bacterién, zooplankton en dood materiaal dat uitzonk naar de bodem van de
mesocosms. De plankton voedselweb structuur was kenmerkend voor een nabloeiperiode,
met efficiénte recycling van nutriénten en een dominerende rol van het microbiéle voed-
selweb. Deze structuur werd bevestigd door onze resultaten die hoge bacteriéle productie
(een derde van de primaire productie) en lage zooplankton begrazing en export van dood
materiaal (beide minder dan 10 % van de primaire productie) lieten zien. Maar ook in deze
nabloeisituatie ontwikkelde zich een kleine fytoplanktonbloei en CO, effecten werden
zichtbaar toen deze bloei weer instortte. Alhoewel de export van dood materiaal laag was,
was het ca. tien keer hoger bij hoge dan bij lage CO, concentraties. We speculeerden dat
het organisch materiaal dat vrij kwam bij hoog CO, tijdens de bloeiafname plakkeriger
was (bijvoorbeeld doordat het meer suikers bevatte) en daardoor sneller aaneen plakte en
uitzonk. Zooplankton begrazing was juist lager bij hogere CO, concentraties, maar we kon-
den niet de precieze oorzaken achterhalen. Er was geen effect van CO, op fytoplankton en
bacteriéle productie en ook niet op de koppeling tussen fytoplankton en bacterién. Opmer-
kelijk was dat de toevoeging van nutriénten, halverwege het experiment, niet leidde tot een
sterke toename in de productie van organisch materiaal, maar dat export van dood materiaal
sterk toenam. Tegenovergesteld aan het eerste deel van het experiment, nam de export af
met toenemende CO, concentraties en ook de productie van organisch materiaal nam af met
toenemende CO,, wat waarschijnlijk veroorzaakt werd door een verandering in de soorten-
samenstelling van fytoplankton.

Beide mesocosm experimenten lieten zien dat CO, effecten op planktongemeen-
schappen erg subtiel zijn en vaak maar net significant. Daarnaast hangt de respons op CO,
sterk af van de structuur van het voedselweb, waaronder de soortensamenstelling en de
nutriéntenstatus. Alhoewel deze experimenten bijdragen om mogelijke CO, effecten op
planktongemeenschappen te begrijpen, is het moeilijk om een globale toekomstrespons van
plankton te voorspellen. Daarnaast wordt verwacht dat ook de temperatuur van zeewater zal
stijgen (mondiale opwarming), wat het effect van CO, kan versterken of juist tegengaan.
Toekomstig onderzoek zou daarom ook naar de gecombineerde effecten van temperatuur en
CO, moeten kijken.

Eutrofiéring

Voedselwebinteracties en CO, balans in meren met verschillende trofische staat
(nutriéntenstatus), van oligotroof naar hypereutroof, werden bestudeerd in een cross-sy-
steemanalyse van 22 gematigde meren in de Verenigde Staten (VS). Als bevestiging van
algemene kennis vonden we dat zowel fytoplankton als bacteriénbiomassa toenamen met
toenemende nutriéntenconcentraties (trofy), maar de ratio bacterién: fytoplankton nam af.
De CO, balans in de meren werd vooral bepaald door productiviteit, gemeten als fyto-
plankton biomassa, en minder door opgeloste organische koolstof (DOC) concentraties,
die dienen als indicatie voor de input van allochtoon materiaal (materiaal dat geproduceerd
wordt buiten een meer). De isotopenratio’s (6'°C) van de verschillende componenten van
het voedselweb waren meer variabel in eutrofe dan in meso-oligotrofe meren. Dit kwam
doordat er meer variabiliteit in de ¢"*C van fytoplankton en allochtoon materiaal was in de
eutrofe meren.
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De isotoop fractionatiefactoren tussen CO, en fytoplankton waren laag (gemiddeld 17 %o)
en lieten een grote variatie zien (8-25 %o). De meest verrijkte fytoplankton (dus met de
laagste fractionatie) bevonden zich in de hypereutrofe meren, met veel blauwalgen. Kool-
stof isotopen compositie van bacterién kwam overeen met die van organisch koolstof in
partikels (POC), maar niet met die van opgelost organisch koolstof (DOC), alhoewel DOC
de voornaamste koolstofbron is voor bacterién. Bacterién in de meso-oligotrofe meren
gebruikten een mengsel van koolstof uit verschillende bronnen en meer fytoplankton in de
eutrofe meren. Zooplankton 6"°C toonde een sterke correlatie met de 5"°C van fytoplankton.
Dat toonde aan dat fytoplankton de belangrijkste koolstofbron voor zooplankton was, onaf-
hankelijk van de nutriéntenstatus. Over het algemeen toonde bacterién een sterkere respons
op veranderingen in trofische staat dan zooplankton in hun koolstofopnamepatronen. Daar-
naast berekenden we ook de bijdragen van autochtoon (door fytoplankton geproduceerd)
en allochtoon koolstof aan bacterién en zooplankton met behulp van een koolstof meng-
model. We vonden hogere autochtone bijdragen aan zooplankton dan aan bacterién. Een
interessante bevinding was dat de 6°C van zooplankton niet overeenkwam met de §"°C van
vetzuren die rijk zijn in blauwalgen in de eutrofe meren, wat er op duidde dat zooplankton
de blauwalgen vermeed.

Blauwalgen worden gezien als slecht voedsel voor zooplankton, omdat ze het
filtersysteem van zooplankton blokkeren doordat ze kolonies vormen en omdat ze lage
voedingswaarde hebben en giftig kunnen zijn. Maar nog steeds komt zooplankton voor in
meren, waarbij de fytoplanktonpopulatie bijna geheel uit blauwalgen bestaat (98 % van alle
fytoplankton), zoals in het eutrofe Taihu meer in China. In chapter 5 werd de hypothese
getest dat blauwalgen een koolstofbron voor zooplankton kunnen zijn, maar dat de meeste
koolstof wordt doorgegeven via bacteri€le routes, in plaats van via directe begrazing.
Hiervoor werden blauwalgen verrijkt met *C en in verschillende vormen aan emmers met
natuurlijk water uit het Taihu meer toegevoegd. De verschillende verrijkte substraten ware
levende blauwalgen, dode blauwalgen (detritus) en opgelost koolstof (DOC). Na drie dagen
kon er "*C van alle toevoegingen in zooplankton teruggevonden worden, maar de meeste
blauwalg "*C werd opgenomen als DOC, gevolgd door detritus en als laatste in levende
vorm. Bacterién in het water, zowel als bacterién die waren opgegeten door zooplankton
bevatten veel van de "°C label, wat aantoonde dat bacterién een belangrijke schakel waren
tussen blauwalgen en zooplankton. De hypothese werd bevestigd dat zooplankton niet
graag blauwalgen eten, maar dat er wel energie kan worden doorgegeven via bacterién.

De effecten van eutrofiéring kunnen worden tegengegaan met behulp van bio-
logische manipulatie (biomanipulatie). Dit is een veel gebruikte techniek om meren te
restaureren. Een eutroof meer in Zuid-China werd gedeeltelijk gerestaurcerd door de vissen
te verwijderen en macrofyten (waterplanten) te planten. De plankton gemeenschappen in
het gerestaureerde en ongerestaureerde deel van het meer werden gevolgd gedurende een
jaar. De concentraties van nutriénten, fytoplankton (vooral blauwalgen) en bacterién waren
significant lager in het gerestaureerde deel, wat een gewenst effect is van restauratie van
meren. De natuurlijke 6"°C van macrofyten waren hoger (meer verrijkt) dan die van fyto-
plankton. De aanwezigheid van de macrofyten leidde er toe dat de §"°C van zooplankton en
bacterién ook significant verrijkt waren in 6"°C, wat er op duidde dat macrofyten koolstof
bijdroegen aan het voedselweb. De bijdrages van koolstof afkomstig van macrofyten wer-
den getest met een isotopen mengmodel met twee bronnen, waarbij we fytoplankton als de
andere koolstofbron beschouwden. De bijdrages van macrofyten waren gemiddeld over het
jaar 55 % naar bacterién en 47 % naar zooplankton.
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Gelijke bijdragen naar bacterién en zooplankton in iedere maand suggereerden dat de bacte-
rién een intermediair vormden tussen macrofyten en zooplankton.

Samenvattend vonden we dat fytoplankton (inclusief blauwalgen), allochtoon
(terrestrisch) materiaal en macrofyten allemaal koolstofbronnen waren voor bacteriéle
consumenten en dus (gedeeltelijk) het microbiéle voedselweb subsidiéren. Ook zooplank-
ton werd ondersteund door de verschillende koolstofbronnen, alhoewel eukaryote algen
(fytoplankton zonder blauwalgen) altijd de voornaamste voedselbron waren. Dit bevestigt
de bestaande kennis, omdat eukaryote algen gezien worden als voedsel van hoge kwaliteit
en zelfs als cruciaal voor zooplankton. Maar in alle studiesystemen verschaften andere
bronnen een substantieel deel van de koolstofbehoefte van zooplankton, met bacterién als
belangrijke trofische intermediair. In dit proefschrift richtten we ons op maximaal twee of
drie mogelijke koolstofbronnen per keer. Het is daarom nog nodig om alle contributies van
meer koolstofbronnen voor planktongemeenschappen te integreren, om het functioneren
van planktonvoedselwebben in het Anthropoceen te begrijpen. Omdat natuurlijke isotopen
samenstellingen van basale koolstofbronnen vaak overlappen, zouden isotoopverrijking
en analyses van andere isotopen (zoals waterstof en stikstof) meegenomen moeten worden
in het onderzoek. Een andere missende link is de rol van protozoa in voedselwebstudies,
omdat ze te klein zijn om met de hand gepikt te worden en in het algemeen geen specifieke
biomarkers bevatten. Nieuwe moleculaire technieken en microscopie gecombineerd met
isotopenanalyse kunnen worden gebruikt om hun rol in de koolstofstromen in plankton-
voedselwebben te bepalen.
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