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Summary

Summary

Increasing nitrogen delivery into aquatic ecosystems has become a serious problem
worldwide and resulted in changes in habitat, food web structure and nutrient cycling.
Coastal waters are mainly affected by the high nutrient delivery because they are an
interface between terrestrial and marine ecosystems. Increasing blooms of phytoplank-
ton stimulated by eutrophication and loss of macrophytes are often observed. The latter
lose their habitat due to less light penetration. Macrophytes, however, are important
components of coastal ecosystems and directly influence sediment dynamics, hydrol-
ogy and biochemical cycles. These key functions are essential for a good ecological
status as it is stated in the European Water Frame Directive. To protect and promote
such macrophyte communities a profound knowledge on factors controlling distribu-
tion and growth are required. Variables like light, sedimentation and water motion have
been investigated in relation to macrophyte abundance but could not explain the patchy
occurrence. This is also the case for the Darss-Zingst Bodden Chain (DZBC), an inner
coastal water at the southern coast of the Baltic Sea. Despite high N inputs, the demand
on ammonium and nitrate can be higher than the supply, resulting in N-limitation and
competition for primary nutrients. Hence, the first aim of this study was to investigate
the uptake and translocation of DON as possible alternative N source for macrophytes
by means of N isotopes as tracer addition. DON was long believed to be only accessi-
ble by bacteria, but the labile part of DON was found to be assimilated also by phyto-
plankton and seagrasses. Experiments were designed to test the DON uptake and it was
shown that the macrophytes Stuckenia pectinata, Chara aspera and Chara tomentosa
were able to incorporate DON, which was preferred over nitrate but not over ammo-
nium. Moreover the uptake of nutrients was studied for both, the shoot/phylloids and
roots/rhiziods, which often comprise < 10 % of the total biomass and were therefore
assumed to have only anchor function in the sediment. In charophytes also transloca-
tion between rhizoids and phylloids could be detected. Macrophytes seemed to have
an advantage over phytoplankton by their ability to use the nutrient pool of sediments
and the water column.

To understand the growth of macrophytes over a seasonal cycle and how they rely on
available nutrients from different sources, the isotopic signatures of macrophytes in
comparison to nitrate and DON were measured at six stations along the DZBC. As
the major nitrate source the river Recknitz flows into the western end of the DZBC
delivering nitrate with high 6'3N values. The salinity gradient along the DZBC was
expected to also dilute the nutrient concentrations and impact the 6'°N values. First it
was ruled out that the stable isotope signature in different segments of one specimen

impacts the overall stable isotope values of a plant. However, a spatial heterogeneity
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among sampling sites exists and isotope ratios of macrophytes seem to reflect multiple
site specific factors like nutrient availability, land-use and hydrology.

DON concentrations and isotopic values do not change over an annual cycle or along
the salinity gradient of the DZBC and higher time-resolution may be required, since it
is known that the labile fraction of DON is utilized within hours to days. In the field,
the consumption of DON by macrophytes has been indirectly confirmed by a signif-
icant relationship between ¢'°N of DON in the water and 6'°N in the macrophytes.
Also the signature of nitrate and suspended PON were analysed to seek relations be-
tween those N pools. In contrary nitrate isotopic ratios were much lower and thus
indicate to be less a N source for macrophytes. Simultaneously occurring processes in
the highly variable inner coastal water lead to ambiguous signals and hamper to iden-
tify the sources of DON. Similarly, "> N-PON and 6'>N-DON values can be explained
by the assimilation of DON by phytoplankton or by degradation of PON to DON.
Overall it is strongly recommended that DON should be integrated into N loading bud-
gets to coastal systems not only for macrophytes but for the whole primary producer

community.



Zusammenfassung

Zusammenfassung

Zunehmende Stickstoffeintrige in aquatische Okosysteme sind ein ernst zunehmendes,
weltweites Problem geworden und resultieren in Habitat- und Nahrungsnetzénderung
als auch Nihrstoffkreisldufen. Vor allem Kiistengewisser sind besonders betroffen,
da sie als Ubergangszone sowohl von terrestrischen als auch marinen Okosystemen
be- einflusst werden. Ansteigende Phytoplanktonbliiten, angeregt durch die Eutro-
phierung, und der Verlust von Makrophyten wurde oft beobachtet. Letztere wer-
den durch geringe Lichttiefen verdringt. Makrophyten in Kiistengewissern sind je-
doch wichtige Komponenten und beeinflussen Sedimentdynamiken, Hydrologie und
biochemische Kreisldufe direkt. Derartige Schliisselfunktionen sind fiir das Erlan-
gen des guten dkologischen Zustandes, wie er von der Europdischen Wasserrahmen-
richtlinie gefordert ist, essentiell. Um solche Gemeinschaften zu schiitzen und un-
terstiitzen sind Grundkenntnisse zu Faktoren, die das Wachstum und die Verbreitung
kontrollieren, notwendig. Licht, Sedimentationsprozesse und Wasserbewegungen als
Variablen wurden untersucht und konnten das inhomogene Vorkommen von Makro-
phyten nicht erkldren. In der Darss-Zingster-Boddenkette (DZBK), einem inneren
Kiistengewdisser im Siiden der Ostsee, ist dieser Fall eingetreten. Trotz hoher Nihrstoff-
eintrage kann der Bedarf an Néhrstoffen, wie Ammonium und Nitrat das Angebot
iibersteigen, und resultiert in N-Limitation und damit Konkurrenz um Nahrstoffe. Er-
stes Ziel dieser Studie war Aufnahme und Transport von geldsten organischen Stick-
stoff (DON) als mogliche, alternative N-Quelle fiir Makrophyten mit Stickstoffisotopen
als Tracer zu untersuchen. Lange wurde geglaubt, dass DON der bakteriellen Gemein-
schaft vorbehalten ist, aber es konnte gezeigt werden, dass die labile Fraktion von
DON auch von Seegrisern und Phytoplankton assimiliert werden kann. Experiment
zur DON-Aufnahme wurden durchge- fiihrt und konnten nachweisen, dass die Makro-
phyten Stuckenia pectinata, Chara aspera und Chara tomentosa in der Lage waren,
DON, welches Nitrat nicht jedoch Ammonium bevorzugt wurde, zu inkorporieren.
Zusitzlich wurde gezeigt, dass die Nédhrstoffaufnahme der untersuchten Makrophyten
sowohl iiber Blitter als auch Wurzeln stattfindet, wobei letzere meist weniger als 10 %
Biomasse ausmachen und ihnen demzufolge nur Ankerfunktion zugesprochen wurde.
In Characeen wurden Translokationsprozesse zwischen Phylloiden und Rhizoiden de-
tektiert. Makrophyten haben dem Phytoplankton gegeniiber einen Vorteil, da sowohl
der Pool der Sedimente als auch der Wassersdule genutzt werden kann.

Um das Wachstum von Makrophyten und deren Bedarf an verfiigbaren Nihrstoffen,
verschiedener Quellen zu verstehen, wurden die Isotopensignaturen von Makrophyten,
Nitrat und DON an sechs Stationen der DZBK verglichen. Der Fluss Recknitz als

Hauptquelle fiir Nitrat mit hohen 6'>N Werten, transportiert dieses in die westliche
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DZBK. Entlang des Salinitétsgradienten der DZBK wurde erwartet, dass die Nahrstoff-
konzentrationen und auch die Beitriige an hohen 6! N Werten verdiinnt werden. Es
kam heraus, dass sich die stabile Isotopensignatur verschiedener Abschnitte einer einzel-
nen Pflanze, nicht unterscheidet. Dagegen existieren raumliche Unterschiede und die
Isotopenverhiltnisse von Makrophyten reflektieren scheinbar multiple Standort-spezi-
fische Faktoren wie die Néhrstoffverfiigbarkeit, Landnutzung und Hydrologie. Konzen-
trationen und Isotopenwerte von DON veridndern sich nicht {iber einen Jahresgang oder
entlang des Salinititsgradienten der DZBK und hohere Zeitauflésungen sind notwendig,
denn es ist bekannt, dass die labile Fraktion von DON innerhalb von Stunden bis Tagen
assimiliert wird. Im Freiland konnte die DON Aufnahme von Makrophyten indirekt
nachgewiesen werden, da die ¢ I5SN Werte von DON im Wasser und in den Makro-
phyten direkt in Beziehung zueinander standen. Zusétzlich wurden die Isotopenwerte
von Nitrat und suspendierten PON analysiert, um Verbindungen zwischen den N-pools
aufzudecken. Nitrat dagegen ist deutlich niedriger und spielt weniger eine Rolle als N-
Quelle fiir Makrophyten. Gleichzeitig ablaufende Prozesse in dem hoch dynamisch
Kiistengewdsser fithren zu mehrdeutigen Signalen und erschweren die Identifikation
von DON Quellen. Ahnlich Isotopenverhiltnisse in DON und PON koénnen durch
die Assimilation von DON von Phytoplankton oder der Zersetzung PON zu DON
erkldrt werden. Zusammenfassend wird daher empfohlen, DON bei N-Eintrdgen in

Kiistengewdsser fiir alle Primédrproduzenten mit zu beriicksichtigen.



Introduction

1 Introduction

1.1 Eutrophication and its consequences for coastal waters and
primary producers

Eutrophication is a global, increasing phenomenon in freshwater and marine systems
(Pearl, 1997), caused by nutrient enrichment from anthropogenic point and diffuse
sources (agriculture, fertilizers, combustion, industry, sewage). Elevated human activ-
ity, population density and land-use of the surrounding catchment areas induce nutri-
ent increases which lead to symptoms like anoxia (Diaz and Rosenberg, 2008; Karlson
et al., 2002), phytoplankton blooms, decreasing water clarity, developments of HAB’s
(harmful algal blooms) and shifts of pelagic and benthic communities and abundances
(Baastrup-Spohr et al., 2013; Blindow, 2000; Carpenter and Lodge, 1986). These ef-
fects of eutrophication are responsible for loss or degradation of habitats with conse-
quences to marine biodiversity and changes in ecosystem structure and function.
Especially coastal water, which are of economic and tourism interest, are concerned.
The resulting great pressure on coastal regions worldwide makes the development of
sustainable strategies of these sensitive ecosystems necessary. The Water Framework
Directive calls for an effort to reach and maintain the ecological good status and protec-
tion of coastal waters. The implementation of these aims is difficult, because coastal
systems are extremely dynamic, highly productive areas with biogeochemical gradi-
ents in salinity, temperature and primary productivity. As interface between land and
sea they are influenced by the marine and the freshwater inputs. Those transition zones
often have buffer capacity which means that terrestrial inputs will be stored and re-
tained in the systems and entering the open sea indirectly and with reduced intensity.
Due to the human activity, nitrogen and phosphorous contents via river inputs increased
(Galloway et al., 1996; Laznik et al., 1999; Nixon et al., 1996) and the limits of fil-
ter effects are nearly exhausted. Nutrients are one of the main factors initiating the
growth and production of primary producers and the mechanisms of nutrient cycles are
fundamental for the understanding of coastal waters processes and their management.
Primary producers (phytoplankton and macrophytobenthos) competing for nutrients
and the development of massive biomass production in the vegetation period can lead
to nutrient limitations. Since N and P-cycles have been altered by human activity,
it is important to understand the complex driving factors of primary production and
possible deficiencies. To stop massive biomass production, especially phytoplankton
blooms, and associated limitations the nutrient input has to be diminish. Selig et al.
(2006) demonstrated that a reduction in the nutrient load from rivers did not reduce
the nutrient content in the systems, because high internal nutrient loads and release
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of nutrients from the sediments can trigger phytoplankton blooms again. Phosphor,
which is mainly reported as limiting factor in freshwater systems, is well investigated
as a nutrient in aquatic systems. However, less well attention has been paid to nitro-
gen which can represent a limiting factor for primary producers especially in marine
systems. Other studies prove that freshwater, marine and coastal water can be both, N-
and P-limited (Elser et al., 2007; Guildford and Hecky, 2000; Schumann ez al., 2009).
Over the past few decades, many studies have used concentrations and the stable iso-
topic composition of nitrate (Nestler ef al., 2011) and ammonium e.g. in estuarine
systems to investigate sources and development of N pollution (Kroeger et al., 2006;
McClelland and Valiela, 1998). Other studies have shown that primary producers
(phytoplankton rather than macrophytes) as consumers of nitrogen are also good in-
dicators (Cole et al., 2004; Costanzo et al., 2001). Changes in abundances and di-
versity of sensitive species like seagrass meadows, macrophytes and reefs are good
indicators for coastal zones and estuaries. The question here is, how nitrogen is influ-
encing the growth of macrophytobenthos and which sanctions are necessary to reach
phytoplankton-poor and macrophytobenthos-rich systems, which are able to buffer nu-

trients.

1.2 Macrophytes

Macrophytes are aquatic, photosynthetic and conspicuous plants. They are a functional
rather than phylogenetic group and are represented in two kingdoms and span at least
six major divisions (Rhodophyta, Phaeophyta, Chlorophyta, Cyanophyta, Bryophyta
and Spermatophyta) with worldwide distribution (wetlands, shallow lakes, streams,
estuaries and coastal zones). Diverse forms exist from simple chains of prokaryotic
cells, single-celled yet multinucleate thalli and members with complex internal struc-
tures analogous to vascular plants. Limiting factors for growth and geographic distri-
bution of submerged rooted vegetation are salinity (Bonis et al., 1993; Grillas, 1990),
temperature, light (Blindow, 1992), herbivory, epiphytes (Gross et al., 2003) and phys-
ical disturbance (Kovtun et al., 2011; Zhang et al., 2014). Bornette and Puijalon (2011)
reviewed the influence of environmental parameters of aquatic systems on species oc-
currence, life-history traits and community dynamics among aquatic plants. Biotic
interaction and competition among phototrophs (macrophytes, phytoplankton, peri-
phyton) with respect to turbidity and nutrients were studied in estuarine systems by
Sand-Jensen and Borum (1991). A short overview of nutrients regulating the macro-
phytobenthos dispersal is given in Fig. 1.

The importance of N in supporting coastal primary production has been established
(citations in Fong (2008)). Sources of nitrogen to macrophytes are in general new (al-
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lochthonous = terrestrial inputs via rivers, upwelling, N-fixation, groundwater, aerial
deposition) or in sifu sources (autochhtonous = regeneration of N from primary pro-
ducers during decomposition, recycling of N from sediments and biota) (Fong, 2008).
O’Brien et al. (2014) found that the demand of nutrients for macrophytes is much lower
than the supply available from the water column and consequently their metabolism has
limited influence on water nutrient concentrations. But it was shown also that stocks
of rooted submerged macrophytes can affect chemical, physical and biological mecha-
nisms contributing to the removal and degradation of nutrients (Carpenter and Lodge,
1986; O’Brien et al., 2014) and large oscillations of macrophyte biomass can alter
the system directly or indirectly. Caffrey and Kemp (1990) reported indirect positive
effects for the N cycle and their associated microbial community. Microbes were re-
sponsible for increasing ammonification and nitrification rates, whereas macrophytes
supported these processes by release of oxygen. Denitrification and thus the loss of
nitrogen out of the system, were found to be significantly greater in vegetated (with P.
perfoliatus) than bare sediments (Caffrey and Kemp, 1992). Charophytes, a class of
green algae with the habitus of higher plants, restrict sediment resuspension (Kufel and
Kufel, 2002).

Macrophytes diversity regulate metabolism, nutrient cycling and turbidity and enhance
the functioning and associated services (Engelhardt and Ritchie, 2001; Evrard et al.,
2005; Fonseca et al., 1982). The potential of macrohytes play an important role by en-
suring a favourable environment, better ecology and general constitution of the aquatic
systems (Gumbricht, 1993). Not only the abilities of macrophytes are of interest for
science and practical management. Submerged marine vegetation, especially charo-
phytes, sensitively react to elevated nutrient contents and were early identified as indi-
cators for good ecological status and low nutrient levels (Krause, 1981). Most charo-
phyte species were found to be limited to concentrations of < 0.02 mg L~! for or-
thophosphate (Forsberg, 1965) and < 0.2 mg L~! for ammonium. Higher concentra-
tions are not toxic (Blindow, 1988) but but they usually coincide with an increased phy-
toplankton growth, decreasing light availability and nutrient limitation for the macro-
phytes, thereby hampering their growth. The application of macrophytes as indicator
for eutrophication, were unfortunately first integrated at the beginning of 20th century
in coastal waters (Selig et al., 2007; Selig and Sagert, 2008). This delayed implemen-
tation is explained due to the missing knowledge of relations among macrophytes and
their environmental factors.
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assimilitaion — Excretion/mineralization ==~ process - -

Figure 1: Factors influencing the distribution and growth of macrophytobenthos in coastal water.

1.3 The Darss-Zingst Bodden Chain (DZBC) - an inner coastal wa-
ter of the Baltic Sea

The Baltic Sea is one of the worlds most eutrophied aquatic system and the anthro-
pogenic eutrophication effects are well studied (Elmgren, 2001). Nitrogen enters the
Baltic Sea via rivers (Oder, Vista, Neva, Neman, Daugava, 265-979 kt N year‘1 ), atmo-
spheric deposition (185 kt N year™!), N,-fixation (926 kt N year™!) and point sources
(Grimvall and Stalnacke, 2001). Especially concerned are the coastal zones which
are affected by direct or diffuse nutrient loads from the surrounding drainage systems.
Consequences of eutrophication are hypoxia, occurrence of cyanobacteria and other
phytoplankton blooms as well as shifts in abundance and diversity of benthic flora and
fauna. The DZBC is an inner coastal water of Germany and one of many estuaries of
the Baltic Sea affected and altered in the last decades by eutrophication. The DZBC is
classified as a typical shallow water estuary with pronounced spatio-temporal variabil-
ities in salinity, primary production and nutrient contents (Schlungbaum et al., 1994).
Investigations of the DZBC started 1968 (Schiewer, 2004) and raising nutrient content
confirms strong eutrophication (Schlungbaum ez al., 1994). First changes began 1972
with a massive reduction of submerged macrophytes in the western parts of the bodden
chain and 10-15 years later in the eastern parts (Schiewer, 1998). Since then phyto-
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plankton became dominant and dead biomass led to higher denitrifaction rates. The
absence of rooted vegetation increased turbidity and resuspension of sediments. At the
beginning of the 90ies with sewage and waste-water management, remesotrophication
could be achieved with a reduction of P load of 60 % and N of 20-30 %. Nitrogen
concentrations did not reach the goal of a reduction of 50 % which is because of re-
mobilized sediments and internal recycling processes(Bachor, 2005). Until today the
system is phytoplankton dominated (Fig. 2) and light and nutrients are in bad condi-
tions. Even though the submerged vegetation starts to recover in the DZBC, although
with lower depth limit as result of light competition (Porsche er al., 2008). Selig et al.
(2009) studied the annual and spatial distribution of macrophytobenthos from 2001—
2007 and found strongly varying vegetation communities within this investigation pe-
riod. This patchiness could not be explained and there is still a gap of knowledge about

the distribution and success of macrophytobenthos.

oligotroph macropyhte-dominated system

N, P light

terrestrial zone estuary marine zone

eutrophied phytoplankton-dominated system
N, P

> light

Figure 2: Development of an inner coastal water of the Baltic Sea, the DZBC, during nutrient enrichment in
the last decades. First stage was macrophyte-dominated system with great light penetration, clear-water and
high buffer capacity for entering nutrients from rivers. Primary producers were mainly charophytes and some
vascular macrophytes. With increasing nutrient enrichment not only charophytes were replaced by Stuckenia
pectinata but also the whole macrophytobenthos nearly disappeared to the benefit of phytoplankton blooms.
The light penetration and buffer capacity drastically decrease. Internal processes (biomass into dead material,
bacterial decomposition) and release of nutrients from sediments amplify the water pollution.
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1.4 Dissolved organic nitrogen as part of the N-cycle

Nitrogen in aquatic systems exists in the particulate and dissolved form where the latter
one is defined as the fraction passing through a filter with a pore size of 0.7 um (typi-
cally glass fibre) (Fong, 2008). Dissolved nitrogen consists of inorganic (ammonium,
nitrate and nitrite) and organic compartments. The first ones are easy to measure and
well investigated for different aquatic environments (Boynton and Kemp, 2008; Gru-
ber, 2008). Until today the quantification and determination of chemical composition
of DON is a great challenge. This is due to the complex and heterogeneous composi-
tion of DON containing biologically labile and refractory components like urea (LMW
= low molecular weight organic compound), DCAA (dissolved combined amino acids
including proteins, oligopeptides, amino acids), DFAA (dissolved free amino acids),
DPA (dissolved primary amines), nuclein acids (DNA and RNA), methylamines, and
humic and fulvic substances (humic acids, fulvic acids) (Alluhihare and Meador, 2008;
Benner, 2002; McCarthy et al., 1997). The turnover rate of single molecules vary
strongly from hours and days of the labile fraction to month and hundreds of years
of the refractory fraction, which comprise in general the bulk of DON (Bronk, 1997).
Determination of concentrations of DON and isotopic values are not easy (Antia et al.,
1991; Bronk et al., 2000; Sharp, 2002) because direct measurements are not possible.

Concentrations of DON at coastal zones are around 10 uM, at estuaries around 25 uM
and in rivers around 35 uM (Bronk, 1997). In estuaries and coastal zones the DON pool
amount to 13 and 18 %, respectively in contrast, 83 % DON has been determined for
the surface waters of the open ocean and thus representing the biggest pool (Berman
and Bronk, 2003). For example, in the Golf of Riga DON concentrations of 5-20 uM
were found by Jgrgensen et al. (1999) and 29.8-34.8 uM in 5 rivers entering the Baltic
Sea (Stepanauskas et al., 2002). The seasonality of DON concentrations is poorly
investigated (Thomas, 1997) and seems to be very individual for different aquatic sys-
tems. DON exceeds dissolved inorganic nitrogen (DIN) concentrations frequently in
marine and freshwaters even in N-limited systems (Berman and Bronk, 2003; Bronk
et al., 2007). Those concentrations of DON, which were persistently high, led to the
erroneous view that the DON pool was largely refractory and only utilised for bacterial
production. But in the last decades there were raising evidences for DON uptake by
bacteria and phytoplankton (Berman and Bronk, 2003; Bronk and Glibert, 1993; Ko-
rth et al., 2012). Since these findings, many suggested to include DON in N loading
budgets to coastal zones and estuaries, particularly as they may contribute to growth of
the primary producers (Bronk et al., 2007). Sources of DON come from allochthonous
(terrestrial run-off, leaching from plant detritus and soils into streams and rivers, sedi-
ments, groundwater and atmospheric deposition) or autochthonous (release by primary

10
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producers and bacteria, excretion from micro- and mesozooplankton, viral lysis of bac-
teria and eukaryotic cells and particle solubilisation) (Berman and Bronk, 2003). The
bulk of DON undergoes chemical processes like phototransformation by sunlight and
biological processes (assimilation, release, bacterial degradation) (Fig. 3).

For coastal areas terrestrial inputs via rivers dominate and highest concentrations of
DON are found close to the mouth of rivers (Bronk, 1997; Stepanauskas et al., 2002).
Primary producers can use the labile fraction of the additional nitrogen sources. For
example, bioassay experiments in nine US rivers indicated that up to 23 % of DON is
bioavailable (Wiegner et al., 2006). In general, the bioavailability of terrestrially de-
rived DON is variable between 2-70 % (Seitzinger and Sanders, 1997; Stepanauskas
et al., 2002; Wiegner et al., 2006; Wiegner and Seitzinger, 2004). It is speculated that
the bioavailability and the composition of DON may depend on the source (McCal-
lister et al., 2006). DON from anthropogenic sources seems to be more bioavailable
than DON exported from forested regions and wetlands (Seitzinger, 2002). Especially
in summer DON may significantly enhance primary production and its impact on the
primary producers community and contribution to eutrophication seems to be greater
than thought(Berman and Bronk, 2003; Stepanauskas et al., 2002, 1999).
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Figure 3: Dissolved organic nitrogen in the N-cycle (by Berman and Bronk (2003))

1.5 Stable isotopes

Stable isotopes and their application in ecological studies

Isotopes are variations of elements with the same atomic number (protons), but dif-
fer in the mass number due to different numbers of neutrons. The term is deduced
from the greek words "iso” (equal) and “topos” (place) and refer to the periodic table
of elements. Around 1500 isotopes exist, whereas only around 300 are stable. That

means decaying processes are accomplished on geological time-scale in contrary to
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non-stable isotope, which decay in extremely shorter periods based on their instability
and therefore, are radioactive (Hoefs, 1997). Exceedingly small differences in mass
number (with one neutron more or less) can be detected as ratio between the heavy
to light isotopes. These ratios are measured against international accepted reference
standard gases in the isotope ratio mass spectrometer (IRMS). So stable isotopes are
not expressed as absolute number but relative to a standard as delta notation with %o as

unit:

15N/ 14Nsample

6N = [—
15]\]/ 14]\/standard

- l)xlOOO (1)

This equation is often used for naturally occurring stable isotope ratios, but it should
be noted that isotopes are also used as tracers. With tracers isotopes are at elevated

levels, and so are often expressed in atom %:

Ruample
Atom% = 100x(L”") )
I+ Rsample)

where R is the ratio of heavy to light isotopes. In ecological research stable isotope data
of nitrogen, carbon and oxygen are most important to understand biological and asso-
ciated processes. In Tab. 1 the stable isotopes, abundances and international standards
are presented. Nitrogen isotopes are useful to trace nitrogen in biogeochemical pro-
cesses (Bedard-Haughn et al., 2003), to identify sources of nitrogen (Costanzo et al.,
2001), to map gradients and give informations on trophic positions (Minagawa and
Wada, 1984). Also carbon isotopes were used in food web analyses (DeNiro and Ep-
stein, 1978). In general in elements with low atomic number like carbon and nitrogen
isotope effects are possible. Fractionation is a process changing the ratios of stable iso-
topes in substrate and product. Mechanism behind this effect are the physical reaction
velocity (heavier isotopes react slower), strength between chemical bonds in molecules
and equilibrium or kinetic processes (diffusion, biological processes e.g. assimilation
or other enzymatic effects). For example, during uptake processes the lighter isotopes
are preferred over the heavier ones, leading to an enrichment of heavy isotopes in the
remaining substrate and the organisms becomes progressively lighter. This fractiona-
tion is reported as isotope fractionation factor £ and can be described by the "Rayleigh

equation’:

Oreactant = Oinitial — €LIN(f)] 3)

where f is the fraction of reactant remaining (nitrate/nitrate;y;siq;) and diniriq 1S the iso-
tope value of initial reactant pool. In practice € is the negative slope of the linear

relation of the heavy isotope vs. the natural logarithm of the fraction of the reactant
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remaining.

Table 1: Stable isotopes common in ecological research, their relative abundances and international stan-
dards in order of increasing mass.

Element Isotope Abundance [%] International Absolute abundance of
standard the standard (R gundard)

Carbon  12C 98.892 Vienna Pee Dee ~ 13C:!2C =0.0112372
3¢ 1.108 Belemnite (VPDB)

Nitrogen 4N 99.635 Atmospheric SN:14N = 0.0036765
5N 0.365 nitrogen

Oxygen 160 99.759 VSMOW in water VSMOW = 0.0020052
170 0.037 generally VPDB in ~ VPDB = 0.0020672
180 0.204 CO, or carbonate

Stable isotope signatures of aquatic plants

Nutrient sources of primary producers can be estimated with stable isotope data assum-
ing that stable isotope values reflect the sources in a predictable manner and with little
variations (Bunn et al., 2013; Cohen and Fong, 2005). ¢ 3Cin aquatic plants (Tab. 2)
ranges widely from -47 to -8 %o with a typical range of -30 to -20 %o. Ranges of 6°N
are -15 to 20 %o (Cloern et al., 2002; Fry and Sherr, 1984; Kendall et al., 2001). This
great variability results from isotopic fractionation of '3C and "N in aquatic plants,
which is mainly dependent on their photosynthetic pathway (Cz- vs. Cy-plants and
crassulacean acid metabolism (CAM)), the isotopic composition of the source (DIN
and dissolved inorganic carbon (DIC)) and the intracellular concentrations (Evans,
2001; Fry and Sherr, 1984; Handley and Raven, 1992; Hogberg, 1997; O’Leary, 1981).
The carbon isotopic fractionation during photosynthesis is dependent on several fac-
tors, e.g. the concentrations of DIC, the form (hydrogen carbonate (HCO3) or carbon
dioxide (COy)), differents (all 3 exist in aquatic plants), associated enzymes, the pH
(regulate carbonate system), temperature and respiratory quotient (Carvalho and Eyre,
2011; Fogel and Cifuentes, 1993; Fry and Sherr, 1984; Hecky and Hesslein, 1995).

In general Cy4-plants fix CO, via the enzyme phosphoenolpyruvate (PEP) carboxylase
which lead to a fractionation factor from -17 to -9 %o in terrestrial plants. In contrary,
Ribulose-1,5-bisphosphate carboxylase/oxygenase (RUBISCO) is the responsible en-
zyme for CO; fixation during the Calvin-cycle in Csz-plants and is responsible for a
fractionation factor of -32 to -20 %o in terrestrial plants. The third photosynthetic path-
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way - the CAM separate the uptake and fixation of CO, temporally. CO, is fixed
at night in form of malate and stored in the vacuoles. At day malate is transformed to
CO; and released out of the vacuoles in chloroplasts, where the Calvin cycle proceeded
with RUBISCO. Due to their similarity carbon stable isotope data can not be used to
distinguish between CAM and Cjy.

Table 2: General range of isotopic values [%o] in coastal ecosystem (adapted from Fry and Sherr (1984)).

Source 613C [%e] 6N [%c]
terrestrial Cs plants -23t0-30 -10to 10
terrestrial C4 plants -10to-14 -10to 10
river seston (POM) -25 to -27

peat deposits -12to -28

C3 marsh plants -23 to -26

C4 marsh plants -12to-14

seagrasses -3to-15

macroalgae -8 to -27

macrophytes -20to -30 -15to +20
benthic unicellular algae -10 to -20

temperate marine phytoplankton -18 to -24
river-estuarine phytoplankton -24 to -30

autotrophic sulfur bacteria -20 to -38
methane-oxidizing bacteria -62

Fractionation factors in aquatic plants vary more widely from -11 to -50 %o (Keeley
and Sandquist, 1992). Also in contrast to terrestrial plants, aquatic primary producers
derive inorganic carbon from DIC in form of HCO3, which can be -7 to -11 less neg-
ative than CO, (Keeley and Sandquist, 1992). Keeley et al. (1986) tested 22 aquatic
plants and could not find different photosynthetic pathways based on ¢13C and sug-
gested to use hydrogen isotopes for separating CAM- and non-CAM-plants. Aquatic
CAM species accumulate greater levels of deuterium than non-CAM species. Benedict
et al. (1980) found similar 6;3C values in seagrasses and C4-plants.

Nitrogen stable isotope in plants are not so well established like carbon stable isotopes
due to the complexity of the N-cycle and the analytical challenges in measuring ni-
trogen stable isotopes. Robinson (2001) reviewed the application of nitrogen stable
isotopes in ecology and predict that isotopic values of plants reflect something more

than the nitrogen source. Fogel and Cifuentes (1993) found that fractionation during
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ammonium assimilation in aquatic algae is dependent on whether algae cells are nitro-
gen limited, enzyme limited, or diffusion limited, respectively (-4, -17, -27 %o). Table 3
gives a short overview of fractionation factors during N assimilation of aquatic plants.

In general fractionation in macrophytes is much lower compared to phytoplankton.

Table 3: Nitrogen isotopic fractionation during assimilation in aquatic primary producers. Fractionation of
NO;3 assimilation or NH} assimilation was investigated for species marked with o and e, respectively. For
species without a symbol, authors provide no information.

Species Isotope effect () Source

macrophytes:
Spartina alterinfolia 1.1-3.5 (Martinetto et al., 2006)
Zostera marina -0.2
Ulva sp. ~3.0 (Carvalho and Eyre, 2011)
Ulva lactuca 34 (Teichberg et al., 2006)
Potamogeton, Vallisneria 1.9-3.6 (Brabandere et al., 2007)

and Myriophyllum o

Enteromorpha intestinalis

no fractionation

(Cohen and Fong, 2005)

phytoplankton:
different phytoplankton taxa 2.2-6.2 (Needoba et al., 2003)
Skeletonema costatum o -9.0+0.7 (Pennock et al., 1996)
Skeletonema costatum e -7.8--27.2
Emiliania huxleyi o 4-5 (Waser et al., 1998)
Emiliania huxleyi o 15-19
Thalassiosira weissflogii 1.4+04 (Karsh et al., 2014)
periphyton 0.7-2.5
phytoplankton e -14 to -20 (Cifuentes et al., 1989)

As with carbon, nitrogen fractionation is dependent on the substrate (DIN), which
derives from different sources (allochthonous vs autochthonous) and can be changed
during nitrogen cycle (e.g. nitrification, denitrification). The responsible enzyme for
nitrogen assimilation is nitrate-reductase. Little isotopic discrimination of DIC and
DIN occurs, when pool sizes are low and growth rate/supply is high and plants assim-
ilate all the available C and N (Kendall et al., 2001). Vice versa when pool sizes are
large and the supply low isotopic fractionation is greatest. More details can be found in
the review of of Kendall ez al. (2007), Montoya (2007) and Finlay and Kendall (2007).
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1.6 Framework

The goal of this dissertation is an evaluation of the impact of DON as possible nitrogen
source for macrophytes in coastal waters. Also the isotopic signature of macrophytes
and DON were investigated to test their application as index for water management.
The discussion is divided into three parts. Chapter 3 to 5 are presented in a manuscript-
like structure and a statement on my contribution to the manuscript in detail can be
found at the end of the thesis. Material and methods descriptions were explained in
Chapter 2 to avoid repetition. Chapter 6 summarizes the results of this dissertation and
gives an outlook for future research. Chapter 3 focus on the ability of macrophytes to
use dissolved organic nitrogen as nitrogen source. Laboratory §'°N tracer experiment
were carried out to examine and compare the uptake and translocation of nitrate, am-
monium and DON (an amino acid mixture as labile fraction of DON was applied) of
three macrophytes (Chara aspera, Chara tomentosa and Stuckenia pectinata). Species
were selected and cultivated according to their abundance at the study site. Moreover,
the contribution of roots/rhizoids and shoots/phylloids on nitrogen uptake was identi-
fied. This part provides fundamental findings for macrophytes signatures and DON as
arelevant part of the nitrogen cycle will be discussed in chapter 4 and 5. The chapter is
published 2016 in ”Journal of Experimental Marine Biology and Ecology, 477:23-30”
and co-authored by Susanne Halbedel, Maren Voss and Hendrik Schubert. Chapter 4
addresses the identifications of stable isotope signals as well as C:N ratios of macro-
phytes and their spatio-temporal pattern. Also the intra-variability and segments of
single plants are investigated. Natural abundances of §'N and 6'3C and the C:N ratio
of macrophytes of the DZBC were analysed over an annual cycle. Chapter 5 combines
the natural abundance of signatures of macrophytes with the signature of DON, nitrate
and particulate organic matter (POM) to identify the source of nitrogen and the impact
of DON to the growth of aquatic primary producers in an eutrophied inner coastal wa-
ter. Also 6N, 6'3C and C:N ratio of POM were investigated. Isotope signatures and
concentrations of DON and nitrate were analysed at five dates over an annual cycle.
Concentrations of nutrients and water parameters were investigated in order to provide

an interpretation of isotopic values.
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2 Material and Methods

2.1 Application of methods

The following subsections one by one desribe the methods or equipment used in this
investigations. Methods used for one single chapter are listed in particular in the Ex-

perimental Setup section.

2.2 Sampling site - Darss-Zingst bodden chain

Studying inner coastal waters, the Darss-Zingst Bodden Chain (DZBC) in the Southern
Baltic Sea has been selected, which is located in Mecklenburg-Vorpommern (North
Eastern Germany). Four bodden (Saaler bodden, Bodstedter bodden, Barther bod-
den and Grabow), connected via narrow channels, provide a surface area of 197 km?
(Fig. 4). The water body affected by the rivers Recknitz (= 42 %), Barthe (= 19 %)
(Schlungbaum et al., 1994) and other small rivers and brooks, constitute a mainly

agricultural- and forestry-, as well as touristic-influenced catchment area of 1578 km?.

M 54,20
9°E  10°E 11°E 12°E 13°E€ 14°E 12.4°E 12.6°E 12.8°E 13°E

Figure 4: Map of the DZBC at the south-west of the Baltic Sea with four basins: 1-Saaler bodden, 2-
Bodstedter bodden, 3-Barther bodden and 4-Grabow and the sampling stations: Recknitz (R), Piitnitz (P),
Michaelsdorf (MI), Meiningerbriicke (MB), Dabitz (DA) and Nisdorf (NI). Dierhagen and Zingst were taken
as reference stations from the Baltic Sea outside of the DZBC.The map was modified from Ocean Data View
Version 4.7.4 (Schlitzer, 2004).

Today the only access to the Baltic Sea is provided by the Gellenstrom, which is a
narrow and shallow passage. That is why the inflow of saltier and nutrient-poor water
from the Baltic Sea is minimized. The exchange between the marine and fresh water re-
sulted in an increasing salinity range from 0—10 and decreasing eutrophication-gradient
(hyper-eutroph) (Bachor, 2005) from west to east. The DZBC is a highly eutrophied
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shallow water estuary with an average depth of 2 m. Increasing urbanization 35 years
ago led to a change from clear water with large stocks of macrophytes to phytoplankton
dominated system with Secchi depth < 0.5 m and increasing nutrient loads (Schiewer
et al., 1999). In the period from 1993-1997 the nitrogen load of the Recknitz were
12347t N a~! and 37.4 t P a~! whereby 97.7 % and 91.8 %, respectively were diffuse
(Mewes, 2004). The annual average value for nutrients in Barther bodden from 2000-
2010 were 116 pmol L~ TN and 3 pumol Ll TP (Blindow and Meyer, 2015; LUNG,
2013).

2.3 Nutrient measurements
2.3.1 Photometric measurements and sample preparation

Concentrations of dissolved nutrients ammonium (NHZ), NO; and nitrite (NO,)) were
measured colorimetrically with a spectrophotometer (UVmini-1240, Shimadzu) based

on Lambert-Beer’s law:

E:lg(;—?)zs-c-d “)

where E is the extinction, I the initial light intensity, I; the intensity after passage
through the sample solution, ¢ and & are the concentration and the molar absorptivity,
respectively, of the absorbing compound and d the optical path length (cuvette length).
All measurements were performed with blanks and standards. After sampling water
samples were quickly transported to the laboratory where they were filtered (com-
busted GF/F-filters, 25 mm @, 0.7 wm) and frozen at -20 °C until measurements. In the
presence of oxygen bacterial transformation processes of NHJ start very fast. In this

case reagents were added on-site to the unfiltered sample.

2.3.2 Nitrate

NO;3 and NO; concentrations were measured simultaneously using the method with
spongy cadmium after Jones (1984). It is based on the reduction of nitrate to nitrite with
spongy cadmium as reducing agent. Because of its toxicity, this method was replaced
by the method after Doane and Horwdth (2003) and Miranda et al. (2001), where
vanadium chloride (VCl3) acts as the reducing agent. No differences between accuracy
and detections limits of the two methods existed. All water samples taken after Febru-
ary 2014 from field and samples of the uptake-experiment were measured with the
new method. Except samples from persulfate oxidation were still, measured with the

spongy cadmium method. Extinction at 543 nm and potassium nitrate (KNO3) as stan-
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dard solution were used in both cases. Accuracy for the method was + 0.011 wmol L~}

and the detection limit was + 0.033 umol L.

2.3.3 Nitrite

Standard method for the determination of NO; concentrations based on the reaction
of NOE and an aromatic amine to a diazonium salt, which react with another aromatic
amine. Product is a red-coloured azo dye (adapted for sea water by Bendschneider and
Robinson (1952)). Extinction at 543 nm and sodium nitrite (NaNQO5) as standard solu-
tion were used. Limits of detection for this method was 0—10 umol L~! and accuracy

was 0.1 pmol L1,

2.3.4 Ammonium

Measurements of ammonia independent of method were reported always as sum of
ammonia (NH3) and NH}. Reactions are complex and cannot be explained fully,
but principal based on the creation of the blue color of indophenol by phenol and
hypochlorite (or Trichloroisocyanuric acid) in presence of NHI ((Berthelot, 1859) as
cited in Grasshoff and Johannsen (1972)). Extinction at 630 nm and ammonium chlo-
ride (NH4Cl) as standard solution were used. Accuracy and detection limit was +

0.2 umol L~! and + 0.01 umol L1, respectively.

2.3.5 Total dissolved nitrogen

The oxidation of organic nitrogen compounds with potassium peroxodisulphate to
NO; is described in Grasshoff and Johannsen (1972). 40 ml of a filtered sample
was filled in a Teflon-tube. 10 ml of new oxidation solution - potassium peroxodisul-
phate (K2S,0g) with low nitrogen contents (Merck Milipore 105091) - was added to
the sample and the tube was closed immediately to avoid leakage of developing gases.
Samples, standards and blinds run trough a program in a microwave(CEM), which was
navigated via a PC-program (Synprep.). Ethylenediaminetetraacetic acid (EDTA) was
used as standard solution. Detection limit was + 0.2 umol L™!. After treatment NO;

in samples was analysed with the spongy-cadmium method.

2.4 Isotope measurements

Measurements of isotope ratios (heavy to light) were conducted in an isotope ratio mass
spectrometer (IRMS). Solid samples, wrapped in capsules, were converted into gases
by combustion in the elemental analyser (EA). Oxidation were done at 1020 °C in a

helium gas stream while adding oxygen. The resulting gases (CO;, N3, nitrous oxides
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and SO») were transported with a helium gas stream to a reduction tube (650 °C) where
nitrous oxides were reduced to elemental nitrogen (N,). Water from the combustion
step is retained by a water-trap filled with a desiccant and the remaining gases (CO; and
Ny) were separated in a GC-column at 50 °C. Amounts of CO; and N, were reduced in
the split interface, so < 1 % reach the IRMS. In the IRMS ionisation of the gases may
be achieved using electron ionisation. The ionised gases were accelerated, focused as
a beam and separated in a single magnetic sector analyser by their mass. Detected ions
were used to calculate the final stable isotope ratio which was calculated relative to
a standard of known isotopic composition (Fig. 5). Isotope analyses were done with
the IRMS Delta plus (Thermo Finnigan), where an EA Flash (Thermo 1112) was con-
nected. Standards were injected via an Interface Conflow III. A second system include
an IRMS Delta V Advantage (Thermo Scientific) with an Flash 2000 and an Interface
Conflow IV (Finnigan) was also used. At last the GCPal Autosampler and Gasbench II
were used for denitrified samples. The precision of the analyses was + 0.2 %o for iso-
tope ratios and 1 % for the elemental analysis. Isotope values were reported relative to
reference gases (N, CO,, CO), which were calibrated against international standards
and were measured along with every sample. Furthermore, measurements of internal
lab standards after every fifth sample allowed a correction of small equipment specific
variations. The standard used for measurements are shown in Tab. 4.

Autosampler|

[Combusionoven

Reductionoven

Open split lon

trwaater accelerator
p
Magnetic
analyser
Gas chromatograph 7o
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Electron  |enses

Computer

Figure 5: Schematic analysis in an isotope ratio mass spectrometer (redrawn after Muccio and Jackson
(2009)).
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Table 4: International and internal standards for the measurements of stable isotopes (from Deutsch (2005)).

Standards SN [%o] S13C [%0] 5180 [%o0]
IAEA-N1 0.4 + 0.07
IAEA-N2 20.3 + 0.09
IAEA C6 -10.43 + 0.13
NBS 22 -29.74 + 0.12
USGS 24 -15.99 + 0.11
IAEA KNO; 25.1+0.6
IAEA C3 322+02
USGS 34 27.9+0.75
Peptone 5.8 +£0.02 -22.11 £ 0.17
Acetanilide -1.7+02 -29.81 +0.19
Merck-KNO3 0.4 +0.16 24.6 +0.7

24.1 POM and macrophytes

To measure the isotopic composition (6'°N and §'3C), particulate organic carbon (POC)-
and particulate organic nitrogen (PON)-content as well as CN-ratios, a defined volume
of water samples was filtrated on combusted (450 °C, 4 h) GF/F-filters (Whatman®,
25 mm @, 0.7 um). Filters were dried in an oven overnight at 60 °C, wrapped in tin
capsules and pressed to a pellet. Samples of macrophytes were rinsed with deionized
water and dried in a furnace overnight at 60 °C. For measurements, the macrophytes
were ground to a fine powder, weighed, wrapped into tin capsules and pressed to a pel-
let. Tin capsules were combusted in the EA-analyser and isotopes of gases determined
in the IRMS.

24.2 N;O from NO3

5'5N and 6'80 in dissolved nitrogen (N O; and NO;) of seawater were measured with
the denitrifier method after Sigman et al. (2001) and Casciotti et al. (2002). This
method based on the conversion of NO5 to nitrite oxid (N20) by the denitrifying bac-
teria Pseudomonas aureofaciens, which is missing the NOE reductase and conduct
only an incomplete denitrification until N,O. Colonies of bacteria were transferred to
medium. After two days of incubation the culture was divided into 50 ml aliquots and
centrifuged (8 min, 5000 rpm). The supernatant medium was decanted and then each
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cell pellet was resuspended in spent medium. Concentrated cells were aliquotted into
20 ml headspace vials (2 ml per vial) with each vial presenting one analysis. Vials
were capped with Teflon-backed silicone septa and crimp seals. Remaining NO;, was
removed and anaerobic conditions were guaranteed by purging at 10-20 ml min~! for
2 h with N; or helium. Purging gas was introduced through a 26-gauge needle. At the
end of purging time the vent needle was removed. Sample addition was adjusted to
a final sample size of 10-20 nmoles N. Incubations over night allowed the complete
conversion of NO;5 to N>O. Vials were stored inverted to reduce leakage of N>O. After
the incubation, 0.1-0.2 ml of 10 N sodium hydroxide solution (NaOH) was injected
into each headspace, which led to a pH > 12, lysed bacteria and the termination of the
reaction. Measurements were proceeded in the IRMS. The precision of this method is
+ 0.2 %o at concentration < 0.1 pM.

2.4.3 Isotope composition of DON

To determine 6'>N-DON it was necessary to remove the inorganic nitrogen compounds
like ammonium and nitrate (Sigman et al., 1997), whose concentrations in comparison
to the concentrations of DON were to high to neglect them. The sample volume was
dependent on NO3 concentration per applied volume (1-7 umol). Hence, a defined
volume of a filtered sample was transferred into a 250 ml DURAN® flask. In two
steps ammonium and nitrate were trapped in combusted (450 °C, 4 h) GF/D filters
(Whatman®, @ 1 cm). These filters were sandwiched between two prepared Teflon-
filters, which were washed with 10 % HCI and deionised water and dried in furnace at
60 °C overnight. To remove NHJ in the first step the samples were treated to a salinity
of 30. 1 g combusted magnesium oxide (MgO) (450 °C, 4 h) was added to each sample.
pH had to be adjusted with 10 %-NaOH at least to 10.5. Finally filter-packages were
transferred to DURAN flask, which were closed with a screw cap (including Teflon
lip seal). The DURAN flasks were shaken (60 rpm) at 30 °C in a water bath for a
week. During this time dissolved ammonium is formed to gaseous NH3, which could
diffuse into the Teflon-package. In this package the acidified GF-F filter shifted the
NH}-NH; equilibrium back to NH}, which was trapped in the filter. In a second
step, the ammonium-filter-package was replaced by a new one. pH was controlled
before and after the addition of 150 mg combusted (450 °C, 4 h) Dervadas Alloy (DA)
and adjusted again, if necessary. After another week of shaking the DURAN flasks,
the pH was finally recorded. After every treatment all filter-packages were dried for
two days in a desiccator with open sulphuric acid (H,SOj4) and then in a furnace at
60 °C overnight. Teflon-filters were rejected and GF-D filters were wrapped into silver
capsules, pressed to pellets and 5]5N—NH2 and o0 ]5N—NO§ were measured in IRMS.
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Resulting filtrates, just remaining DON, were filtered to reject chemicals and frozen at

-20 °C until further measurements.

2.5 Water parameters

Temperature [°C], salinity, pH and dissolved oxygen [mg L~!] were measured with the
multiparameter meter HQ40d (Hach) in the field. Oxygen saturation [%] was calcu-
lated allowing for temperature-depending solubility of oxygen (Weiss, 1970).

2.6 Cultivation of macrophytes

Representative species of the three most abundant communities of macrophytes were
collected at the DZBC, an inner coastal basin of the southern Baltic Sea: Chara as-
pera C.L.Willdenow, 1809 (small Characeae community), Chara tomentosa Linnaeus,
1753 (large Characeae community), and Stuckenia pectinata (L.) Borner, 1912 (syn.
Potamogeton pectinatus) (Potamogeton-Myriophyllum community) (Schubert et al.,
2003). The plants were collected in spring, when the presence of undesirable epi-
phyton and bacterial biofilm is relatively low. These macrophytes were grown in the
laboratory under controlled conditions (light:dark 12:12 h, temperature 15.5 °C). Habi-
tat water instead of medium, was used and filtered (mesh width 55 um) at least every
2nd week in all treatments. Species were planted in sediment in a cylindrical glass
vessel. A fragment of Characeae, which is less demanding for nutrients, was embed-
ded in artificial, autoclaved pure sea sand (AppliChem). Only phosphate was added to
the sand (12 g P kg™! sand). A thin layer of phosphate-free sand was spread on top
as a barrier to inhibit the development of phytoplankton and bacteria in the water col-
umn (Wiistenberg et al., 2011). A minimum of two knots of Characeae were planted
to ensure growth. Rhizoid development required the removal of the apical part above
the first developed ring of branchlets. S. pectinata was cultivated using roots, which
were planted in natural sediment, because it is impossible to grow the plants on pure

nutrient-free sediment.

2.7 Bacterial biofilm on macrophytes

The plants were placed in sterile 15-ml polypropylene tubes with 9 ml of sodium py-
rophosphate (0.1 M NagP,07 x 10 H,O, NaPP;). The associated biofilm was detached
by ultrasonication for 60 s, followed by 15 min of vigorous shaking (110 rpm) and a
second round of 60-s ultrasonication (Hempel et al., 2008). The samples were fixed
with of 1 ml formaldehyde (37 % final concentration in samples) and bacterial abun-

dance (cells cm™?) was determined using DAPI-fluorescence-microscopy. The surface
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area of the macrophytes, necessary for calculations, was determined gravimetrically,

as described by Steubing and Fangmeier (1992).

2.8 Statistical analysis

When necessary, the data set was constituted by logarithmical transformation to ac-
complish normality(Kolmogorov-Smirnov test) and equality of variances for a variable
(Levene’s test). Differences between group means were tested with the t-test or with
analysis of variance (ANOVA). Post-hoc tests for multivariate analysis were done with
Tukey’s HSD or Bonferoni. All tests were done at the 5 % significance level. Pearson
correlation coefficient was calculated to consider a linear relation between two vari-
ables. All statistical analyses were done with IBM SPSS Statistics 22.

2.9 EOF analysis

Empirical orthogonal function (EOF) analysis is a multivariate method for data com-
pressions noise and dimensionality reduction broadly used in meteorology and oceanog-
raphy. EOF are looking for pattern that explain the maximum amount of variance in a
dimensional data set. Variables which are a function of space (r - number of stations)
and time (t - number of observations) are expanded into a finite series of EOFs and can

be expressed as:

K
G(r,f) = Z i#i(r)ai(t) + noise (5)
i=1

where 7;(r) is the pattern fixed in space and «;(t) is the time coefficient. K is the
number of EOFs and G are the variables. Canonical correlation analysis (CCA) is a
way of measuring the linear relationship between two multidimensional variables and

were also performed with the EOF analysis.

24



Chapter 3

3 DON - a potential nitrogen source for macrophytes

3.1 Introduction

The nutritional pollution through human activity and agriculture in catchment areas of
coastal zones and estuaries have led to the increasing eutrophication of coastal waters
and thus to a shift in plant communities, from macrophytes to phytoplankton dom-
inated systems (Gocke et al., 2003; Kovtun et al., 2009; Munkes, 2005; Schumann
et al., 2006). Macrophytes can therefore, be used as an indicator species in assess-
ments of the good environmental status of a water body. However, to do so requires a
detailed understanding of the mechanisms underlying nutrient uptake and the growth
of these key species.

Abiotic factors such as light limitation and sedimentation were shown to indirectly
influence growth (Angelstein et al., 2009; Kovtun-Kante et al., 2014; Schaible and
Schubert, 2008). Another important aspect is the competition for nutrients between
macrophytes and phytoplankton. A number of studies have examined the role of phos-
phorus as a limiting factor (Angelstein and Schubert, 2009; Reid et al., 2000; Rip et al.,
2007). Although nitrogen limitation is less well explored, it has been documented in
freshwater and marine environments (Bianchi et al., 2000). In examining the mech-
anisms of nitrogen limitation, both the sources (sediment vs. water column) of the
different nitrogen species and the ability of primary producers to assimilate them must
be considered.

The two forms of nitrogen, dissolved organic nitrogen (DON) and dissolved inorganic
nitrogen (DIN), differ in their availability (Stepanauskas et al., 2000). DON accounts
for anywhere between 20 and 90 % of the total nitrogen pool (Petrone et al., 2009;
Seitzinger and Sanders, 1997). However, its concentration was previously thought to
be small and was usually not included in studies of the nitrogen uptake by phototrophic
organism. In addition, 20-30 years ago DON was considered to be largely refractory
and was thus ignored as a nutrient source. This erroneous conclusion was based on
the complex composition of DON (Bronk, 1997), which includes the poorly decom-
posable humic and fulvic fractions. However, once DON was identified as a nutrient
source the conversion of DON into biomass by phytoplankton and microorganisms
was demonstrated on short time by several groups (Andersson et al., 2006; Berg et al.,
1997; Berman and Chava, 1999; Bronk et al., 1994; Fiedler et al., 2015). The uptake
of DON by macrophytes is of particular interest given that Tyler et al. (2005) showed
that the nitrogen requirement of non-rooted red and green algae can be satisfied to a
significant extent by DON. Subsequently, the uptake of DON was also demonstrated
in sea grasses (La Nafie ef al., 2014; Van Engeland et al., 2011; Vonk et al., 2008), but

25



Chapter 3

whether it also occurs in other rooted macrophytes is unknown.

Unlike phytoplankton, which derives their nutrients only from the water column, rooted
submerged macrophytes are also able to use nutrients from the sediments. Thus, stud-
ies of the uptake of nutrients by macrophytes must consider both the roots and shoots.
Nutrient uptake by the roots of submerged aquatic plants and the mechanism of nutri-
ent transport has been often discussed, but are still, subjects of debate in the literature
(Agami and Waisel, 1986; Takayanagi et al., 2012; Wilson et al., 1988). In compara-
tive terms, the rhizoids of rooted macrophytes often comprise < 10 % of the total algal
biomass (Brenkert and Amundsen, 1982). The low biomass of rhizoids compared to
phylloids suggests that their main function is to anchor plants in the sediments, with
nutrient acquisition playing only a minor role (Sutcliffe, 1959). Many studies have pro-
vided support for this hypothesis, by showing that the nitrogen requirement of macro-
phytes can be fulfilled solely by uptake via the shoots (Madsen and Cedergreen, 2002).
In contrast, others have shown that both shoots and roots substantially contribute to the
nutrient supply (Carignan and Kalff, 1980; Nichols and Keeney, 1976), albeit in differ-
ent, species-specific proportions. Hence, both the role of rhizoids and the mechanisms
of nutrient transport are subjects of debate in the literature (Agami and Waisel, 1986;
Takayanagi et al., 2012).

Due to the lack of transpiration in submerged plants, nutrient transport must rely on
alternative mechanisms (Raven, 1981) as, e. g., cytoplasmatic streaming. Most sub-
merged macrophytes have vascular bundles, which in rooted macrophytes allow the
transport of phosphorus e. g. in both directions, downwards (basipetal) and upwards
(acropetal) (Angelstein and Schubert, 2009; Littlefield and Forsberg, 1965). In plants
such as Characeae, which lack vascular bundles, nutrient acquisition remains to be ex-
plained. Previous studies on uptake of nutrients have either disregarded or at least tried
to remove the biofilm before the experiments. To our knowledge, there is no possibility
to obtain the macrophytes axenic. In this study, naturally occurring biofilm is quantita-
tively contributed to nutrient uptake. A phenomenon that also happens in nature, how-
ever, we did not aim to determine the proportions of the bacterial biofilm (belong to the
bacteria, diatoms and attached algae) involved in the uptake of nitrogen compounds.
Macrophytes and its bacterial biofilm were considered together. We hypothesized that:
(1) DON provides an alternative to DIN as a nitrogen source that allows the successful
growth of macrophytes, as suggested in other studies (Mozdzer et al., 2010). (2) The
uptake of each nitrogen source via the roots is as important as via the shoots. Thus,
the aims of this study were (1) to demonstrate the uptake of DON vs. DIN (nitrate and
ammonium) by rooted submerged macrophytes and (2) to determine whether shoots
and roots are largely responsible for nutrient uptake and whether transport in fact, oc-

curs. We therefore, used 1°N-labelled ammonium, nitrate, and an amino-acid mixture
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(as DON) and examined the uptake and translocation of these nitrogen sources in three
common macrophytes found in inner coastal, heavily eutrophied waters. In addition,

the microbial biofilm and its role in nutrient uptake was considered.

3.2 Experimental set-up

The uptake and translocation of nutrients were investigated using three different PN-
labelled substrates. Sodium nitrate and ammonium chloride (both 99 % SN) were
added as inorganic compounds. An amino-acid solution (Sigma Aldrich, 17 amino
acids, 99 % 'PN) represented easily accessible DON (Fig. 6). In the following, we
refer to the upper and lower compartments of all species as the shoots and roots, even
though in charophytes they are correctly denoted as phylloids and rhizoids. To compare
the different substrates directly, the same concentrations were used in all treatments.
In the highly eutrophied Darss-Zingst Bodden Chain (DZBC), the typical ammonium
concentration in the water column during the growing season is «~10 wmol L', which
was therefore, the concentration used in all treatments, with 10 % of each solution
enriched with '>N. Incubation time was based on uptake kinetics determined in pre-
liminary experiments and were set to 5 h. Subsamples of macrophytes were taken at
the beginning of the experiment (natural abundance) and after 5 h of incubation (en-

richment determinations).

i Chara Chara Stuckenia
species . control
aspera tomentosa pectinata

treatment Above | Below Above | Below Above | Below Above | Below

[l

N
F
;

Figure 6: Overview of substrates, species and treatments used for the experiment.

The samples were briefly rinsed with deionized water and dried in an oven overnight
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at 60 °C. For measurements, the macrophytes were ground to a fine powder, weighed,
and wrapped into tin caps. Nitrogen stable isotope measurements were done with
Thermo Scientific instruments. The isotope ratio mass spectrometer (IRMS) (Delta V
Advantage) was connected to an elemental analyser (Flash 2000) via an open split in-
terface (Interface Conflow IV). N-contents were determined along with the § I5N anal-
ysis (EA-IRMS). The standard substance acetanilide (Merck) was used for calibration
of particulate nitrogen measurements. Ny as standard gas was calibrated against the
TAEA standard substances (N1, N2, N3). The precision of the analyses was better than
0.2 %0 6 N and 1 % for the elemental analysis.

To compare the uptake and translocation of roots and shoots, a two-compartment ap-
paratus (Frank and Hodgson, 1964) made up of an Erlenmeyer flask and glass fun-
nel with an impermeable plug (Fig. 7), was assembled. The macrophytes were care-
fully inserted into the plug. We used two different treatments, mimicking above- and
below-ground. For the former, '’ N-labelled substrates were added to the upper (shoot)
compartment at a concentration of 10 pmol L™!. To get a defined diffusion gradient,
non-labelled substrates were added to the roots at a concentration of 1 umol L~!. The
opposite was done for the below-ground (roots) treatment. Substrate uptake was deter-
mined by measurements of the labelled tissues (above-ground: shoots, below-ground:
roots), and translocation by analysing the non-labelled compartments (above-ground:
roots, below-ground: shoots). Controls were performed by inserting glass rods, instead

of plants, into the setup.

below-ground above-ground

[ ——————————=1]------ Petri plate -

----- glass funnel -

“upper compartement”
(above)

“lower compartement”
(below)

............. roots [XTTITTTTTITTY FPPRs

............. Erlenmeyer flask ssseeseeeees

Figure 7: Experimental set-up for the below-ground (left) and above-ground (right) treatments. An Erlen-
meyer flask (lower compartment) containing the roots and a glass funnel (upper compartment) containing
the shoots were separated with an inverted plug. The macrophytes were inserted into the plug, which was
then sealed with the fat Glisseal N to ensure its impermeability. A Petri plate was used to protect against
evaporation. Image adapted from Angelstein and Schubert (2009).
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3.2.1 Preliminary test

Before the actual experiment, several test runs were performed to determine the ap-
propriate incubation time and to confirm the complete separation of the two reservoirs

(above and below the plug).
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Figure 8: Control treatments were carried out using nitrate (upper panel), ammonium (middle panel), amino
acid (lower panel). The impermeability of the plugs was confirmed by inserting glass rods instead of macro-
phytes. The start (striped, dark gray bars) and end (solid, light gray bars) values determined after 5 h of
incubation are shown for above-ground (samples from upper and below part) and below-ground (samples
from upper and below part) treatments. B - Preliminary test of the impermeability of the plug over a 2-week
period (start values: dark gray bars, end values: light gray bars). Above-ground (nitrate added to the funnel)
were performed with control, C. tomentosa and C. aspera and below-ground treatment only with control (ni-
trate added below to the flask). Control treatments were performed using a glass rod rather than the plants.
Samples were taken from the upper (solid bars) and lower (striped bars) compartments. C - Uptake kinetics
of the species Chara aspera, Chara tomentosa, and Stuckenia pectinata. The dotted line marks the end of
the 5-h incubation time.

The incubation time was set based on the uptake kinetics of the three species. It needed

to be long enough to obtain a clear signal while avoiding the risk of damaging the
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plants. In accordance with the results of the test runs, the incubation time was set at
5 h, which allowed comparisons among the tested species (Fig. 8C). In preliminary
tests of the permeability of the plug, nitrate was added to the upper (above-ground)
or lower (below-ground) compartment at a concentration of 10 umol L™! and the ap-
paratus was monitored for two weeks. No exchange between the two compartments
occurred in flasks where glass rods were inserted. A decrease in nitrate concentra-
tions occurred only in C. fomentosa and C. aspera. As there was no increase in nitrate
in the lower compartment, its consumption by shoots of Characeae as a nutrient was
assumed (Fig. 8B). Additional controls during the experiment were carried out as de-
scribed above, by placing glass rods instead of the macrophytes, into the apparatus.
Nitrate, ammonium, and the amino-acid mixture were added to the above-ground and
below-ground compartments at concentrations of 10 pmol L™!. Samples were taken
from upper and lower compartment in both treatments. In all tests, the results showed

no statistically significant exchange (Fig. 8A).

3.2.2 Data treatment

Isotopic fractions, instead of d-values, were used according to Van Engeland et al.
(2011). Isotope enrichment (Eqppie) [atom %] was based on the difference between
the end (F,,,4) and start (Fg,,) values of subsamples of the macrophyte, where Fy+ 1S

the natural abundance of N:

Esample = Fend — Fstare (6)

Due to the adsorption of NH;r onto any surfaces slight enrichment of >N were re-
vealed, which is a well-known but often neglected experimental problem. Tests to
minimize the enrichment of 15NH:lr on plant surfaces and to reduce the resulting errors
in calculations of the uptake rates were performed (Fig. 9). Based on these measure-
ments a correction factor for every species was determined 3 min after ammonium

addition:

Esample = Fenda—Fcorr — Fstart @)

where F,,,, is the isotope fraction of plant tissue after 3 min or more specifically the as-
sumed absorption of PN HI onto macrophyte surfaces. Specific nitrogen uptake rates,
defined as V sample [umollSN mg DW~! h™1], were calculated as:
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PON - sample
V. = 8
sample time - dryweight ®)

where PON is the nitrogen content of combusted macrophyte sample (umol), the incu-

bation time is 5 h, and the dry weight (DW) is the biomass of the plant tissue (mg).
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Figure 9: A — Preliminary test of the adsorption capacity of labelled 15 N-NH:&r after 15 min (left) and 3
min (right) of incubation. The macrophytes were incubated in 100 % 15NH:{(solid bars) or 10 % 15NHI
(striped bars) solutions. Then the macrophytes were rinsed with hydrochloric acid (HCI) (dark gray bars)
or deionized water (light gray bars). After a 15-min incubation, the macrophytes were rinsed immediately
(A) or stored for 10 (B) or 20 (C) min in HCI solution and then rinsed. B - The change in ISN after a
3-min incubation as a correction factor for ammonium adsorption by the shoots of Chara aspera (A), Chara
tomentosa (B) and Stuckenia pectinata (C) and by the roots of S. pectinata (D). Error bars indicate the
standard error.

Specific uptake rates were compared between different species and individuals with
varying biomass. Corrections for available substrate concentration at the beginning of
the experiment (t = 0) were achieved as follows:

100- Vsample

%Vsample = W ®
adde
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where Nggqeq is the available substrate and %V smple [% mg DW-lh1] represents the

uptake rate per amount of available substrate (henceforth termed as uptake rate).

3.2.3 Statistical analyses

SN enrichment in subsamples of macrophytes was calculated as the difference be-
tween the natural abundance of !N and the abundance after the incubation (paired t-
test). Nitrogen uptake and translocation (presence of N in non-labelled tissue) were
determined based on comparisons of the start and end values of 19N (t-test) of subsam-
ples for the tested macrophytes. Translocation was detected based on the accumulation
of PN at the start vs. the end of the incubation in the non-labelled compartment (roots
in the above-ground and shoots in the below-ground experiments). Translocation rates
were calculated just as uptake rates. Positive translocation rates per amount evidenced
an enrichment of N in tissues not directly in contact with the labelled substrate. Neg-
ative translocation rates per amount, were defined as those in which the starting value
of PN in the tissues was greater than the final value after incubation, defined as no
translocation. Normality (Kolmogorov-Smirnov test) was constituted by logarithmi-
cal transformation of '>N enrichments and uptake/translocation rates. Significant dif-
ferences in the uptake/translocation rate (%V sqmpie) of the different substrates by the
macrophyte species and their compartments (roots vs. shoots) were investigated us-
ing an analysis of variance (ANOVA). Differences between group means within the
ANOVA were tested using Tukey’s HSD test (species X treatment X substrate). All
tests were done at the 5 % significance level. All statistical analyses were done with
IBM SPSS Statistics 22.

3.3 Results
3.3.1 Uptake of nitrogen components

The results showed that >N enrichment occurred in all treatments except in the case of
nitrate in the roots of C. aspera and of ammonium in roots of C. tomentosa (p > 0.05,
t-test). For all other treatments 15N enrichment occurred and based on these values, up-
take rates could be calculated. These uptake rates (with respect to biomass, incubation
time, available substrate concentrations) ranged from 0.07 to 0.3 %N mg DW-lh1,
representing the uptake rate per amount of available substrate (henceforth termed as
uptake rate) (Fig. 10). In general, ammonium showed the highest uptake rates with a
mean of 0.116 %" N mg DW~! h™! (p < 0.05 vs. nitrate and AA, ANOVA, Tukey’s
HSD). Amino acids with a mean of 0.024 %">N mg DW~! h™! were preferred over
nitrate with a mean of 0.007 %' N mg DW~! h™! (p < 0.001, ANOVA, Tukey’s HSD).

32



Chapter 3

0.10

0.08

0.06

0.04

%V [mg DW-1 - h-1]

0.02

0.00
0.10

0.08

0.06

0.04

0.02

%V [mg DW-1 - h-1]

0.00

0.10

%V [mg DW-1 - h-1]

0.00

0.08

0.06

0.04

0.02 1

NH,

eladse eiey)

AA NO3
; 0.10 - 0.35 -
0.30 -
] 0.08 1
0.25 1
7 006 7 020 J
] 0.04 | 0.15 1
0.10 1
] 0.02 1
’—T—‘ m 0.05 -
0.00 0.00 -
: — 010 0.35 -
0.30 1
] 0.08
0.25 1
] 0.06 0.20 1
4 0.04 0-15 T
0.10 1
] 0.02
0.05 1
| ‘I[j 000 M o 0.00
0.10 - 0.35 -
0.30 1
0.08 1
0.25
0.06 - 0.20
0.04 1 0.15 4
0.10 1
0.02 1
0.05 1
0.00 0.00

i

esojuswo} eieyd

‘ds uojabowejod

Figure 10: Normalized uptake rates (%V) of shoots (dark gray bars) and roots (light gray bars) of Chara
aspera (top; n = 4), Chara tomentosa (middle; n = 4), and Stuckenia pectinata (bottom; n = 5). Three
different !9N-labelled substrates, an amino acids mixture (AA), nitrate (NO;) and ammonium (NHZ) were
tested. Note the different scale of the y-axis on the right side for the uptake rates of ammonium. Error bars
indicate the standard error.

Only in C. aspera preferences for nitrate and amino acids were determined (p > 0.05,
1-way ANOVA, Tukey’s HSD). As shown in Tab. 5, the preferential uptake of different
substrates depended on the species and the tissue (roots or shoots). There were no
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significant differences in uptake rates by the roots (above-ground) and shoots (below-
ground). The exceptions were nitrate and ammonium (p < 0.05, t-test) uptake in S.
pectinata and amino acids (p < 0.05, t-test) uptake in C. aspera, in which the rates were
always higher in the shoots than in the roots. A comparison of the three species showed
that uptake rates were lowest in C. tomentosa (Fig. 10) whereas those of C. aspera and
S. pectinata were in the same range (p > 0.05, 3-way ANOVA, Tukey’s HSD). Two
bars for uptake rates and no standard deviation of ammonium in C. aspera and amino
acids in C. fomentosa, are shown in Fig. 10, because we were forced to minimize the
number of replicates to n = 2. The biomass of each replicate (n > 2) was too low, to get
a clear signal from IRMS so we combined some subsamples to one sample. Although
these data were excluded from statistical analysis, they are presented to demonstrate

the wide variation in the responses of the same species to the same substrate.

Table 5: Results of the univariate ANOVA using the factors species, substrate, and treatment (above- and
below-ground).

df F Significance
Species 2 3.985 .260
Treatment 1 9.816 .003
Substrate 2 84.819 .000
Species + treatment 2 6.919 .003
Species + substrate 4 1.375 259
Treatment + substrate 2 0.541 .586
Species + treatment + substrate 4 3.691 .012

3.3.2 Translocation of nitrogen components

5N enrichment was determined in the roots of C. aspera for ammonium and nitrate
(p < 0.05, t-test) and in the roots of C. fomentosa also for ammonium and nitrate
(p < 0.05, t-test). The shoots of C. tomentosa did not show significant ammonium
enrichment (p > 0.05), in contrast to the translocation rates (presence of I5N), which

were was statistically significant.
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Figure 11: Normalized uptake rates (%V) of Chara aspera (top), Chara tomentosa (middle), and Stuckenia
pectinata (bottom). Three different I5N-labelled substrates, an amino acids mixture (AA), nitrate (NO;)
and ammonium (NHZ’) were added to the above-ground (dark gray bars) and below-ground compartments
(light gray bars). Macrophyte samples from above-ground were taken from the roots vs. below-ground from
the shoots. Uptake in this form represented the detection of I5N in the non labelled part of the plants. Error
bars indicate the standard error.

Accordingly, in C. aspera positive translocation for ammonium (21.5-107 + 5.5-1073
umol >N mg DW~! h™!) and nitrate (2.3-107 + 0.6-1073 pmol’>N mg DW~! h™1)
were determined only in the roots (Fig. 11), whereas in C. fomentosa ammonium
translocation was positive in both the roots (15.1-1073 + 8.1-1073 umol >N mg DW~! h~!)
and the shoots (5.3:1072 + 2.0-107> umol'>N mg DW~! h~!) (Fig. 11). For S. pecti-
nata, the translocation rates in both compartments were below the detection limit for
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all of the tested substrates (Fig. 11). Also no translocation could be detected for amino

acids in any species.

3.3.3 Quantification of the bacterial biofilm

The biofilm was quantified as bacterial counts per unit cm~2 (Fig. 12A+B), with one
count equal to one bacterial cell. The bacterial abundances of C. tomentosa and C.
aspera were 7.0-10° + 3.4-10% and 7.1-10% + 2.6-10° cells cm™2, respectively (n = 6
each). S. pectinata seems to have much lower bacterial abundances with only 3.2-10°
+ 2.6:10° cells cm™2, but differences between species were not significant (p > 0.05,
df =2, F =3.209, 1-way ANOVA).
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Figure 12: A - Bacterial abundance of Chara tomentosa, Stuckenia pectinata, and Chara aspera. Error bars
indicate the standard error (n = 6). B - Surface area (in cmz) of C. tomentosa, C. aspera, and S. pectinata,
showing the regression line and equation (n = 10).

3.4 Discussion
3.4.1 Uptake rates and translocation of DIN and DON

Nitrogen is an essential macronutrient and potentially a limiting factor for the growth
and distribution of submerged rooted aquatic plants (Kosten e? al., 2009; Meyer et al.,
2013). This study examined the uptake and translocation of dissolved organic and in-
organic nitrogen compounds by the roots and shoots of three common species of the
Baltic Sea and quantified for the first time the microbial biofilm of non-vascular root-
ing charophytes.

All three species of rooted macrophytes were able to take up organic and inorganic

substrates, as determined by the enrichment of 15N 1abelled compounds. However,
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the uptake rates differed for the three substrates and ammonium was the preferred ni-
trogen source, as shown in previous studies (Bornette and Puijalon, 2011; Ozimek
et al., 1993), followed by the amino-acid mixture, representing DON sources. The
lowest uptake rates were those of nitrate. Overall, the uptake rates determined in
our study are similar to those reported by other authors. For example, Van Engeland
et al. (2011) found uptake rates of up to 0.25 %N mg DW~! h~! ammonium and
0.05 %5N mg DW! h~! amino acids. Nonetheless, the amino-acid mixture reflected
an essential but only minor fraction of DON, which is more heterogeneous in natural
ecosystems and dominated by refractory compounds (Bronk, 1997). Therefore, the
uptake rates for amino acids in comparison with uptake under natural conditions may
have been overestimated.

Uptake rates differed not only between substrates but also between species and were
significantly lower for C. tomentosa than for C. aspera and S. pectinata. By no means
this should be interpreted as a difference in their potential capability for DON uptake.
The results should be interpreted with care because the rates might not represent the
potential DON uptake capabilities. The differences in uptake rates between species
could also be explained by the absence of a nutrient depletion. Retained nutrients orig-
inating from the habitat water despite the long cultivation period and the low nutrient
demand of charophytes (O’Brien et al., 2014) might have contributed to a sufficient
nutrient supply, suppressing labelled DON uptake.

Our study demonstrated that the uptake of nitrogen by shoots and roots was, in most
cases, statistically significant, as also shown in other experiments investigating inor-
ganic nitrogen (Box, 1987; Shardendu and Ambasht, 1991) and phosphate (Littlefield
and Forsberg, 1965). The two compartments are in same ratios capable for nutrient up-
take, consistent with the nutritional independence of the roots. Andrews et al. (1984)
showed that the shoots of C. hispida are able to assimilate 3—4 times more '*C than
the roots (both compartments were illuminated). They also found that the uptake of
phosphate by shoots or roots depends on its external concentration. At external con-
centrations of up to 100 mmol m™3 phosphate uptake by the roots exceeded that by
the shoots (Andrews, 1987). Thus, in general, while both roots and shoots are respon-
sible for satisfying nutrient requirements, in our experiment there was little tendency
of greater uptake by shoots than by roots. For S. pectinata (nitrate and ammonium)
and C. aspera (AA), root and shoot uptake rates differed significantly, suggesting the
existence of translocation mechanisms in these species.

In macrophytes, acropetal translocation may give these plants a clear advantage over
phytoplankton, which can only access nutrients in the water column. The transloca-
tion values in our experiments were ten times lower than the uptake rates. This can

be attributed to the absence of nutrient depletion during the cultivation period and the
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short incubation time, such that the maximum rate for transport could not be achieved.
However, translocation was not detected in S. pectinata although translocation should
be physiologically possible as it is a vascular plant. By contrast, in both C. fomentosa
and C. aspera the basipetal translocation of nitrate and ammonium was detected. In
addition, a signal indicating the acropetal transport of ammonium was seen in C. fo-
mentosa. Translocation in both directions was shown in other studies for Characeae
(Box et al., 1984; Littlefield and Forsberg, 1965). For example, Vermeer et al. (2003)
reported acropetal rather than basipetal transport in Chara spp.. However, translo-
cation of complex nitrogen substances in these species was not expected because the
mechanism in charophytes has yet not been understood completely. Characeae, as non-
vascular plants, differ from higher macrophytes in that they lack vascular bundles for
translocation. The translocation mechanism of N compounds in charophytes is poorly
understood, although diffusion is known to be involved in intercellular transport, and
cytoplasmic streaming in the axial direction in intracellular transport (Bostrom and
Walker, 1976; Goldstein and van de Meent, 2015; Mimura et al., 1998; Raven, 2013;
Smith, 1966). The latter has been well-documented in plants with very large cells and
sufficient differentiation (Raven, 2003). Nutrient transfer takes place between intern-
odal cells (which can be several centimetres long); these are linked with one another
by small nodular cells and plasmodesmata. The driving force for nutrient transport via
cytoplasmic streaming is the myosin-actin system (Shimmen and Yokota, 2004).

While our study did not investigate the mechanism of translocation, it did confirm the
translocation of DIN by Characeae. Moreover, our results demonstrated a potential
compensation of a nutrient deficiency in one of the two possible nutrient pools, the
sediment or the water column, with the other. Macrophytes thus possess a growth

advantage over phytoplankton.

3.4.2 Impact of bacterial biofilm

Whether DON is taken up directly or indirectly after bacterial conversion to inorganic
nitrogen could not be determined in our experiments. Bacterial growth is a well-known
problem in macrophyte experiments and it complicates the handling of sensitive and
fragile species like those of the Characeae. Despite the controlled conditions in the lab-
oratory during the macrophyte growth period, there was considerable bacterial growth
as well. However, observations in the field of optically dense biofilm on macrophytes
indicate a far higher number of bacteria per surface area of the plant under natural
conditions. Despite our efforts to keep bacterial growth as low as possible during the
study, the presence of bacteria on the plants may have facilitated the conversion of

amino acids to NHI; however, this should have been equal in all experiments and for
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all species, allowing comparisons of the uptake rates. Cotner and Gardner (1993) found
bacterial ammonium regeneration rates of 17-112 nM h~! and assumed that dissolved
free amino acids were the main substrate for ammonium regeneration. In the study of
Kirchman et al. (1989), the direct metabolism of ’N-labelled amino acids accounted
for 50 % of total ammonium production. The association between macrophytes and
bacterial biofilm and their mutual influence have long been recognized (Prowse, 1959).
Caffrey and Kemp (1990) demonstrated that microbial communities regulate nitrogen
availability for plant growth. Other studies followed the transfer of nitrogen from the
sediment (roots of macrophytes) to shoot-colonized epiphytes (McRoy and Goering,
1974). According to Riis et al. (2012), 30 % of the available ammonium is taken up
by epiphytes (including diatoms). The experimental conditions used in our study did
not allow us to determine whether the biofilm on the three macrophyte species exerted

positive (remineralization of DON to DIN) or negative (competition) effects.

3.5 Conclusion

This study demonstrates the uptake of DON originating from the water column and
also the sediment in charophytes and the angiosperm macrophyte S. pectinata. More-
over, the ability to translocate inorganic nitrogen up- and downwards is important in
a limiting system and leads to a competitive advantage over phytoplankton. Bacte-
rial biofilm was considered qualitatively, but its negative or positive impact on uptake
and hence growth of macrophytes has to be investigated further. However, the fact that
amino acids as part of DON can be used directly or indirectly by the three tested macro-
phytes as a nitrogen source prove that DON compounds can significantly contribute to

the overall nitrogen demand of the tested macrophytes.
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4 Mapping macrophyte isotopic composition and C:N

ratios in the Darss-Zingst Bodden Chain

4.1 Motivation

An increase in human population and associated changes in land use have caused in-
creased nutrient loads to estuarine environments. In regions impacted by eutrophica-
tion, abundances of aquatic plants often decreased (Blindow, 2000; Castro and Freitas,
2006; Costanzo et al., 2001; Kovtun et al., 2009; Munkes, 2005). Macrophytes, es-
pecially charophytes, were found to be sensitive species and disappear first when the
nutrient balance is disturbed. Their relevance as key species of polluted waters were
precociously recognized (Krause, 1981).

Submerged macrophyte vegetation nearly vanished around 30-40 years ago in the
DZBC (Schiewer, 2006) due to increasing nutrient inputs, decreasing water clarity
and competition of shading and fast-growing phytoplankton blooms. The pressure on
macrophytes is great and many studies were conducted to explain the relation regard-
ing the light conditions and inorganic nutrients (Blindow et al., 2003, 2002; Kiister
et al., 2004; Schaible and Schubert, 2008; Selig et al., 2009). Today, macrophytes
reoccur and abundances irregularly increase again (Selig et al., 2009). However, the
water quality, despite great efforts, is still not ideal for macrophytes and the trigger
explaining the patchy distribution and occurrence of macrophytes in the DZBC could
still not be identified.

Physicochemical data like nutrient concentrations in the water column, salinity and
phytoplankton biomass are authorized parameters, which were usually used to quan-
tify levels of eutrophication. In many cases, relationships between the aforementioned
parameters and the productivity or abundance of primary producers are not clear (Cas-
tro et al., 2007). Another disadvantage of these techniques is that e. g. nutrient con-
centrations are rapidly lost as the pollutant is diluted and at best, provide only an in-
stantaneous view of nutrient input (Gartner et al., 2002). Additionally, the analysis
of nutrients and phytoplankton biomass are laborious, time-consuming and costly and
often only provide a pattern of effluent dispersal.

Modern techniques use carbon and nitrogen stable isotope compositions of DIC and
DIN (like nitrate or ammonium), POM and primary producers to identify biologi-
cal processes and environmental changes. Furthermore, stable isotope composition
of aquatic plants where shown to reflect the origin of nutrients and their alterations
(Chang et al., 2009; Deutsch and Voss, 2006; Fry and Sherr, 1984; Kendall et al.,
2001). Since then stable isotope signatures were investigated in various aquatic sys-
tems for a numerous of taxonomic groups (e. g. phytoplankton, macroalgae, seagrasses
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and macrophytes) in order to reveal photosynthetic or physiological pathways (Bronk
and Glibert, 1991; Maberly et al., 1992; McMillan et al., 1980) which cause high vari-
ations in 6'3C and "N composition. Other studies evaluate whether stable isotopes
of primary producers were useful indicators of environmental changes (Chang et al.,
2009; Cole et al., 2004; Costanzo et al., 2003, 2001), determine food web dynamics
(Bode et al., 2006; Deegan and Garritt, 1997) or identify sources of POM (Kendall
et al., 2001; Nakatsuka et al., 1992).

At the coast of Galicia (Spain) 6'°N of stored samples of the macroalgae Fucus sp. as
an indicator of eutrophication were measured to monitor contamination of coastal areas
from 1990-2007. Results of this investigation showed that 6'N in macroalgae could
be used for evaluating success of environmental policies, such as those outlined in the
European Water Framework Directives (Water Framework Directive 2000/60/EC) and
aimed at supporting the creation of programmes that determine the state of aquatic
environments (Viana et al., 2011). Also Costanzo et al. (2001) used nitrogen iso-
tope signatures of macrophytes within an estuary to localize anthropogenic impacts.
They established maps of stable isotope compositions of macrophytes as bioindicators
for nitrogen sewage distribution for protection of aquatic systems in Australia. Such
contoured results are important tools for nutrient reduction strategies and help to un-
derstand the wide range of stable isotopic variation in macrophytes. The range of §'°N
is —15 to 20 %o (Bode et al., 2006) and of §'3C -30 to -20 %o (Kendall er al., 2001).
This great variability in isotope ratios of nitrogen and carbon in macrophytes are based
on (1) different sources of dissolved inorganic carbon and dissolved inorganic nitrogen,
(2) possible fractionation processes and (3) intracellular concentrations (Fry and Sherr,
1984). These factors can lead to a great variation in isotope ratios in space, time and
species.

Based on this background the goal of this work was analyse isotopic signatures and
also the C:N ratio of existing macrophytes in the DZBC in detail over a year to find
pattern. Possible variations and obvious pattern must be considered when relating iso-
topic composition of macrophytes to environmental variables and ¢'> and 6'° values in
carbon and nitrogen sources. Macrophytes isotope composition were analysed to eval-
uate whether they are additional indicators of eutrophication to the existing indexes
like chlorophyll, nutrient concentrations or Secchi depth. The following patterns were

investigated:
A. Different parts of individual plants:

e Younger plant parts are expected to discriminate more against "N and '3C com-

pared to older parts or the roots.
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B. Annual pattern in relation with primary production:

o A seasonal pattern (similar to nutrient concentrations and phytoplankton devel-

opment) is expected for stable isotope composition in macrophytes.

e During summer when macrophytes grow and assimilate isotopic values were

expected to be higher than in winter, because they reflect the sources.
C. Changes across a salinity gradient:

e Along the salinity gradient of the estuary the impact of anthropogenic nutrient

inputs and also isotope composition were expected to decrease gradually.

e Stations with high nutrient inputs like the river Recknitz are expected to be en-
riched in heavy isotopes.

e Marine, nutrient-poor sites were expected to have lower isotopic ratios.
D. Intra-specific physiological pathways:

o Differences between species of one genus are expected to have small, if any
differences in isotopic composition, because they use the same physiological
pathways.

o Greater differences in isotopic composition are expected between different gen-
era or groups like the non-vascular and vascular plants, where different translo-

cation or uptake mechanism can lead to isotopic discrimination.
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4.2 Sampling

Macrophyte samples were collected bi-weekly (June—October 2013 and March—June
2014) to monthly (November 2013-February 2014) over a whole year and analysed
for nitrogen and carbon stable isotopic compositions as well as C:N ratios. Four
sites along the salinity gradient of the Darss-Zingst Bodden Chain were investigated:
Piitnitz, Michaelsdorf, Dabitz and Nisdorf, which represent every single bodden. Sta-
tion Piitnitz is a decommissioned airport around 5 km remote from the city Piitnitz.
Samples were taken near shore in a water depth < 1 m. The angiosperm, vascular plants
Stuckenia pectinata and Myriophyllum spicatum and also the non-vascular Characeae
- Chara aspera, Chara baltica, Chara tomentosa and Chara canescens were species
found in the DZBC and collected for analysis (Fig. 13).
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Figure 13: Distribution of Chara aspera (Ca), Chara baltica (Cb), Chara canescens (Cc), Chara tomentosa
(Ca), Myriophyllum spicatum (Ms) and Stuckenia pectinata (Sp) in the Darss-Zingst Bodden Chain. The
map was modified from Ocean Data View Version 4.7.4 (Schlitzer, 2004).

Species determination was done morphologically by identification keys of Krause (1997)
for charophytes and Van de Weyer and Schmidt (2011) for vascular plants. Analysis of
nitrogen and carbon stable isotopic compositions and C:N ratios of dried macrophytes

were conducted in the IRMS. For further details see section "Material and Methods’.
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4.3 Results
4.3.1 Variability among plant parts

Differences in isotopic composition and C:N ratios among individual plants were stud-
ied. Therefore, macrophytes were cut in four nearly identical parts: the apical top,
two segments under the apical top and the root/rhizoid. Distinct differences were ex-
pected between segments. To see pattern, measured values were given as a ratio of
one part to the mean of all four parts. In general the §'"°N, 6'3C and C:N ratio of the
apical top, second part, third part and root did not differ significantly to the mean of all
parts (p > 0.05, ANOVA). Fig. 14 illustrates this exemplary for the §'°N values in S.
pectinata at the station Dabitz.
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Figure 14: Comparison of parts from individual macrophyte plants with 1st = apical tip, 2nd = segment
under apical tip, 3rd = segment under 2nd, roots and flowers for S. pectinata at station Dabitz. Grey bar
indicates a ratio of part to mean of all parts of 1. Values are given as ratio of a part to the mean of all parts.

With a few exceptions significant differences among plant parts (p < 0.05) existed for
813C and C:N ratio for some species at certain stations (Tab. 6). Based on the total data
set, these exceptions are negligible and for further analysis the average of all parts will
be used.

Additionally samples of flowers, if available, were compared to the other plant parts.
Flowers were only found in summer for S.pecitnata at station Piitnitz, Dabitz and Nis-
dorf and for M. spicatum (species only at Piitnitz). Flowers of M. spicatum were sig-
nificantly different compared to the mean of other plants for §'°N, §'3C and C:N ratio.
Results for S. pectinata were non-homogeneous. For §'2C no significant differences
could be shown. §'°N values in flowers differ from other plant parts at station Dabitz
(Fig. 14) and Nisdorf, but not at the Piitnitz. C:N ratio in flowers differ from other plant
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parts at station Dabitz and Piitnitz, but not at Michaelsdorf.

Table 6: Exceptions for significant differences in segments of macrophytes.

Station Species variable segments p
Dabitz Stuckenia sp. root vs. apical top s13c 0.011
Nisdorf Stuckenia sp. root vs. second part s13c 0.037
Piitnitz M. spicatum root vs. second part si3c 0.048
M. spicatum root vs. apical top C:N 0.037
M. spicatum root vs. second part C:N 0.000
M. spicatum root vs. third part C:N 0.001
Michaelsdorf ~ Chara aspera  root vs. second part C:N 0.002
root vs. third part C:N 0.003

4.3.2 Seasonal pattern

To study the seasonal pattern of isotopic and C:N ratios in macrophytes, samples (n =
147) were taken bi-weekly to monthly from June 2013 to July 2014. Fig. 15 shows the
development of isotopic and elemental values of different species, but for further anal-
ysis, the whole community of macrophytes and not single species were considered.
The 6N and 6'3C values in macrophytes over an annual cycle ranged from -4.2 to
13.5 %o and from -17.6 to -6.7 %o, respectively. With a range of 18.9 %o the variability
of 6N was greater than §'3C with only 10.91 %e. Due to the high variability of iso-
topic ratios over the year, data were pooled to test for seasons (summer versus winter).
Samples collected from June to September 2013 represent the summer period (n = 73)
and December 2013 to March 2014 the winter period (n = 22). Independent of species
and stations the §'°N ratio in summer ranged from 0.4 to 13.5 %o and in winter from
-0.3 t0 9.5 %o. The mean of 6!°N values in winter was 6.3 + 2.2 %o and in summer
6.4 £ 2.7 %o. A high variation but no seasonal patterns between summer and winter
could be found for 6N (p > 0.05; F = 0.936; independent t-test). The §'3C values of
macrophytes were also not significantly different in summer and winter (p > 0.05; F
= 0.041; independent t-test). The mean in summer was -12.3 + 2.0 %o and in winter
-13.6 + 2.0 %o. 6'3C values in summer ranged from -6.7 to -17.4 %c and in winter from
-10.4 to -17.5 %o. In contrast, the C:N ratios were significantly higher in summer with
a mean of 30.5 + 1.3 compared to winter with a mean of 20.9 + 4.7 (p < 0.05; F =
8.469; independent t-test). The C:N ratios in summer ranged from 9.0 to 65.8 and in
winter from 16.0 to 33.2 (Fig. 15).
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