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summary

Stable isotope analysis of §"°C and 6'°N evolved into a favored tool for ecologists enabling
them, among others, to identify aquatic food web structures and nutritional pathways from
lower to higher trophic levels. Especially the ecological role of aquatic consumers, such as
fishes, can be uncovered as stable isotope analysis provides insights into their feeding
strategies, migrations, foraging habits and dietary niche overlaps. Estuarieslink marine and
freshwater ecosystems, forming isotopic imprints with distinct stable isotope signatures
along the salinity gradient and enabling them to be excellent study sites that can be
analyzed using stable isotopes (chapter 1).

In the Elbe estuary European smelt Osmerus eperlanus (Linnaeus, 1758) is the dominating
fish species that contributes up to 96% of the overall fish abundance, fulfilling a key
function. However, the smelt population has declined dramatically in recent years, leading
to a necessity to further improve our knowledge on its habitat exploitation in the estuary
(chapter 2). Due to smelt’sanadromous life cycle juveniles and adults share the same areas
and resources during springtime. In our study we conducted stomach content and stable
isotope analysis of both life stages, providing information on long-term and short-term
feeding preferences and isotopic niche overlaps along the salinity gradient. The dietary
preferences changed from smaller to larger prey during ontogeny with a cannibalistic
feeding habit, whereby feeding presumably depended on food availability. As we observed
both overlapped isotopic niches and prey items (mainly mysids and gammarids), the risk of
intraspecific competition in smelt can be discussed. However, as the species richness is
overall low in the estuary, but biomass rates are high, we assume minor competition
pressure within the smelt population. Along the salinity gradient we observed different
isotopic niche widths and overlaps, indicating spatial differences in food web structures.
Enriched 6N values in the maximum turbidity zone of the Elbe estuary revealed an
extended food chain in this area that mainly affected juvenile smelt. Based on our findings
we conclude that juveniles are exposed to the prevailing food supply and conditions, while
adults can leave areas when the environmental circumstances are unfavorable.

Various fishes developed different life cycle strategies to exploit estuarine resources,
whereby abiotic induced stressors, such as osmoregulation, may hamper their distribution
ranges. Ruffe Gymnocephalus cernua (Linnaeus, 1758) and European flounder Platichthys
flesus (Linnaeus, 1758) are eponymous for lower regions in temperate European rivers
(ruffe-flounder-region). We used stable isotope analysis of 6**C and 6'°N of fish data sampled
seasonally from spring 2021-2022 to track movements, habitat exploitation, spatial
connectivity and potential diet shifts during ontogeny (chapter 3). Our study revealed new
insights on fish migrations and habitat use in estuaries. Facultative catadromous flounder
use the Elbe estuary especially during early life stages, with juveniles occurring in summer
and autumn and migrating upstream of our sampling area. We found two isotopic patterns
of flounder throughout the year that indicate two North Sea populations exploiting this area



for nursery. The isotope data of ruffe, in contrast, showed residency in the estuary for its
entire life cycle, as hardly any marine and riverine isotope signatures were found in the
individuals examined. These findings might indicate a distinct brackish water population,
while a freshwater population exists further upstream. However, deeper knowledge is
needed to confirm our assumption.

Touncover trophicinteractions on lower trophic levels on a seasonal scale along the salinity
gradient of the Elbe estuary, we investigated 6"*C and 6'°N of particulate organic matter
(POM) and dominant meso- and microzooplankton species (chapter 4). High quality
carbon (C) was derived from freshwater sources upstream of the city of Hamburg, whereby
C sources further downstream were of lower quality (C:N > 8). Overall, the POM &§**C values
reflected a mixture of riverine and coastal C that was used by most taxa studied. Calanoid
copepods Eurytemora affinis contained a broader range in 6'*C than POM, suggesting that
this species fed selectively on POM components. Brackish mysid shrimps of Mesopodopsis
slabberi showed the least variation in its isotopic values which did not overlap with dietary
niches of other taxa. During winter and autumn zooplankton increased carnivorous
foraging (enriched "N values), especially in the middle section, due to high suspended
matter loads and the limitation of high-quality autochthonous phytoplankton.
Zooplankton of the Elbe can therefore deal with rapid changing environmental dynamics
through their trophic plasticity (e.g., feeding niches partioning, habitat shifting).

Some aquatic organisms bind biogenic carbon, e.g., in their shells, bones or exoskeletons,
that reflect inorganic carbon from the surrounding environment rather than assimilated
carbon derived from their diet, which can be problematic while conducting stable isotope
analyses. However, the removal of inorganic carbon (IC) is often neglected in aquatic food
web studies. Therefore, we analyzed the effects of acidification versus no acid treatment on
both 62C and &N ratios of four common estuarine macroinvertebrates (chapter 5). Our
results showed that the necessity of acid treatment prior to stable isotope analysis depends
on the species-specific carbonate content. As carbonate is especially high in Gammarus
spec. and Palaemon longirostris, we here recommend a removal of IC either by acid or
mechanical procedures. In contrast, mysid shrimps showed no strong effect in stable
isotope values. We further discussed other options to remove IC based on previous studies
as a general protocol on how to proceed is missing,

As estuaries are often affected by anthropogenic threats, environmental conditions may
change over time, thus shaping fish community compositions, life cycle guilds and
abundances. In our 40-year long-term study we compared four seasonal fish monitoring
periods from 1980s-2020s (chapter 6). Generally, we observed changes in fish life cycle
guilds, especially in marine-estuarine opportunists, anadromous and catadromous species.
Overall low fish abundances in the 1980s were potentially induced by poor water quality,
due to high concentration of nitrogen compounds, such as NOz and NHa that negatively
affected fish health and recruitment success. As water quality improved during the 1990s,
fish abundances started to increase until 2010. Recently, we observed declining trends in



fish stocks again, especially in smelt, flounder, twaite shad and ruffe. Marine-estuarine
opportunists, such as herring and whiting, on the other hand increased as they potentially
benefit from widening and deepening of the main channel leading to an amplified inflow of
saline water. Recent declines in fish abundances were mainly triggered by increased
suspended organic matter (SPM) concentrations, reduced river runoff and low oxygen
concentrations. We found most significant changes of abiotic parameters and fish stocks in
the freshwater and oligohaline areas of the Elbe estuary, where important nursery areas of
certain fish species are located.

Movements between habitats can lead to certain stress responses in fish and can further
affect fish health (chapter 7). Fish gills are in direct connection with the surrounding water,
so the microbial composition of gill mucus reflect environmental conditions and represent
a major entry for pathogens. We compared gill microbiota using prokaryotic sequencing of
resident ruffe and anadromous smelt in space and time to further establish fish health
indicators. To estimate migratory behavior, we integrated a stable isotope approach based
on 5"C. Ruffe microbiota composition was mainly influenced by spatial drivers with
bacterial indicator taxa Verticiella, Polynucleobacter and Candidatur Megaira, reflecting
freshwater residency. Anadromous smelt arriving from the adjacent North Sea in autumn
showed a stepwise adaptation of the gill microbiome, whereby Luteolibacter became
dominant and hampered bacterial dysbiosis in the host. We found an overall small core
biome containing ~30 genera that can cope with estuarine conditions. Hypoxia and high
nutrient loads lead to dysbiosis states, largely driven by takeover of opportunistic pathogens
(Acinetobacter, Shewanella, Aeromonas).

In conclusion, we revealed new insights into trophic relationships and habitat exploitation
of aquatic consumers in the Elbe estuary on a spatial and temporal scale (chapter 8). Based
on our study we were able to prove the efficiency of stable isotope analysis in an estuarine
ecosystem to track migration patterns and population dynamics of the most important fish
species that has not been investigated before. We found four areas along the salinity
gradient that are of crucial relevance in understanding the food web of the Elbe estuary.
Especially shallow habitats are important for early fish life stages, such as smelt, flounder
and ruffe. Therefore, we conclude that our findings could contribute to future conservation
strategies in the Elbe estuary.



Zusammenfassung

Die stabile [sotopenanalyse von §°C and 6'°N hat sich zu einem beliebten Instrument fir
Okologen entwickelt, das es ihnen u.a. ermoglicht, die Strukturen des aquatischen
Nahrungsnetzes und die Ernahrungswege von der unteren zur oberen trophischen Ebene
zu ermitteln. Insbesondere die ckologische Rolle aquatischer Konsumenten, wie z. B. von
Fischen, kann so untersucht werden, da die Analyse Einblicke in ihre
Erndhrungsstrategien, Wanderungen, Nahrungsgewohnheiten und Uberschneidungen
von Nahrungsnischen gewahrt. Astuare verbinden Meeres- und Siifwasser-Okosysteme
und formen Isotopensignaturen entlang des Salinitdtsgradienten, wodurch sie sich
hervorragend als Untersuchungsgebiete eignen, die mit dieser Methode analysiert werden
konnen (Kapitel 1).

Im Elbedstuar ist der Stint Osmerus eperlanus (Linnaeus, 1758) die dominierende Fischart,
die bis zu 96 % des Gesamtfischbestandes ausmacht und damit eine Schlisselfunktion
erfillt. Da die Stintpopulation in den letzten Jahren dramatisch zurtickgegangen ist, bedarf
es einer weiteren Verbesserung unserer Kenntnisse tiber die Nutzung der Lebensraume im
Flusseinzugsgebiet (Kapitel 2). Aufgrund seines anadromen Lebenszyklus, teilen sich
Jungfische und Adulte im Frithjahr dieselben Gebiete und Ressourcen im Astuar. In unserer
Studie fuhrten wir Mageninhalts- und stabile Isotopenanalysen beider Lebensstadien
durch, die Informationen tber lang- und kurzfristige Erndhrungsprdferenzen und
isotopische Nischentiberschneidungen entlang des Salzgradienten liefern. Die
Nahrungspraferenzen anderten sich im Laufe der Ontogenese von kleineren zu grofieren
Beutetieren mit steigender kannibalistischer Erndhrung. Die Wahl der Beuteorganismen
hing dabei primdr von der Nahrungsverfligbarkeit ab. Da wir sowohl iberlappende
[sotopennischen als auch Beutetiere (hauptsdchlich Mysiden und Gammariden) finden
konnten, kann tiber eine mogliche intraspezifische Konkurrenz diskutiert werden. Durch
den geringen Artenreichtum im Astuar und der hohen Biomasse von Beuteorganismen
gehenwirjedoch von einem geringen Konkurrenzdruck innerhalb der Stintpopulation aus.
Entlang des Salinitdtsgradienten beobachteten wir unterschiedliche isotopische
Nischenbreiten und Uberlappungen, was auf raumliche Unterschiede in den Strukturen
des Nahrungsnetzes hinweist. Angereicherte 6"°N -Werte in der maximalen Tritbungszone
des Elbedstuars zeigten eine verldngerte Nahrungskette in diesem Gebiet, die
hauptsdchlich juvenile Stinte betraf. Aus unseren Ergebnissen schlieféen wir, dass
Jungfische dem vorherrschenden Nahrungsangebot und Bedingungen ausgesetzt sind,
wdhrend ausgewachsene Stinte Gebiete mit schlechten Umweltbedingungen aktiv
verlassen konnen.

Verschiedene Fische haben unterschiedliche Lebenszyklusstrategien entwickelt, um die
Ressourcen eines Astuars zu nutzen, wobel abiotisch bedingte Stressfaktoren, wie die
Osmoregulation, ihre Verbreitungsgebiete behindern konnen. Der Kaulbarsch
Gymnocephalus cernua (Linnaeus, 1758) und die Flunder Platichthys flesus (Linnaeus, 1758)



sind namensgebend fiir untere Regionen in gemafligten europdischen Fliissen (Kaulbarsch-
Flunder-Region). Um Bewegungen, Habitatnutzung, rdumliche Konnektivitdit und
potenzielle Erndhrungsumstellungen wahrend der Ontogenese zu verfolgen, nutzten wir
stabile Isotopenanalysen von 6**C and 6N von Individuen, die innerhalb eines Jahres vom
Frihjahr 2021-2022 entnommen wurden (Kapitel 3). Die fakultativ katadrome Flunder
nutzt das Elbedstuar vor allem wahrend der frithen Lebensstadien, wobei Jungfische primdr
im Sommer und Herbst vorkamen und die Uberwinterungsgebiete weiter stromaufwarts
von unserem Probenahmegebiet lagen. Wir fanden zwei Isotopenmuster der Flunder im
Jahresverlauf, die auf zwei Nordseepopulationen hinweisen, die dieses Gebiet als
Aufwuchsgebiet nutzen. Die Isotopendaten des Kaulbarsches hingegen zeigen, dass dieser
sich wahrend seines gesamten Lebenszyklus im Astuar aufhalt, da bei den untersuchten
Individuen kaum marine und fluviale Isotopensignaturen gefunden wurden. Diese
Ergebnisse konnten auf eine ausgeprdgte Brackwasserpopulation hinweisen, wahrend
weiter flussaufwarts eine StifSwasserpopulation existiert. Um diese Annahme zu bestatigen,
sind jedoch weitere Erkenntnisse erforderlich. Unsere Ergebnisse haben gezeigt, dass die
Bewegungsmuster von Fischen in Flussmiindungen komplexer sind als zundchst vermutet.
Um trophische Wechselwirkungen auf niedrigeren trophischen Ebenen auf einer
saisonalen Skala entlang des Salinitdtsgradienten des Elbedstuars aufzudecken,
untersuchten wir 6"C and 6N von partikuldrem organischem Material (POM) und
dominanten Meso- und Mikrozooplanktonarten (Kapitel 4). Hochwertiger Kohlenstoff (C)
stammte aus Stiféwasserquellen flussaufwarts der Stadt Hamburg, wahrend C-Quellen
weiter flussabwarts von geringerer Qualitat waren (C:N > 8). Insgesamt spiegeln die 6*C-
Werte der POM eine Mischung aus Fluss- und Kistenkohlenstoff wider, der von den
meisten untersuchten Taxa genutzt wurde. Die calanoide Copepoden Eurytemora affinis
wiesen eine grofiere §”C-Spanne auf als POM, was darauf hindeutet, dass sich diese Art
selektiv. von POM-Komponenten erndhrte. Brackwasser-Mysidenkrebse der Art
Mesopodopsis slabberi zeigten die geringste Variation in ihren Isotopenwerten, die sich
nicht mitden Nahrungsnischen anderer Taxa tiberschnitten. Wahrend des Winters und im
Herbst nahm das Zooplankton aufgrund der hohen Schwebstoffbelastung und der
Begrenzung des hochwertigen autochthonen Phytoplanktons vor allem im mittleren
Abschnitt verstarkt karnivoren Nahrung auf (angereicherte 6°N -Werte). Das Zooplankton
der Elbe kann also durch seine trophische Plastizitat (z.B. Aufteilung von Nahrungsnischen,
Verlagerung von Lebensraumen) mit einer sich schnell andernden Umweltdynamik an die
gegebenen Umstdnde anpassen.

Einige aquatische Organismen binden biogenen Kohlenstoff, z.B. in ihren Schalen,
Knochen oder Exoskeletten, der eher anorganischen Kohlenstoff aus der Umgebung als
assimilierten Kohlenstoff aus ihrer Nahrung widerspiegelt, was bel der Durchfihrung von
stabilen Isotopenanalysen problematisch sein kann. Der Abbau von anorganischem
Kohlenstoff (AC) wird jedoch in Studien beziiglich des aquatischen Nahrungsnetzes oft
vernachldssigt. Daher haben wir die Auswirkungen einer Ansduerungim Vergleich zu einer



Behandlung ohne Siure auf die 6"C- und 6'"N-Verhdltnisse von vier haufigen
Makroinvertebraten im Astuar untersucht (Kapitel 5). Unsere Ergebnisse zeigten, dass die
Notwendigkeit einer Sdurebehandlung wvor der Analyse stabiler Isotope vom
artspezifischen Carbonatgehalt abhdngt. Da der Carbonatgehalt bei Gammarus spec. und
Palaemon longirostris besonders hoch ist, empfehlen wir hier eine Entfernung von AC
entweder durch Sdure oder mechanische Verfahren. Im Gegensatz dazu fanden wir kaum
Auswirkungen auf die stabilen Isotopenwerte von Mysiden. Auf der Grundlage friherer
Studien haben wir weitere Moglichkeiten zur Entfernung von AC ercrtert, da ein
allgemeines Protokoll fur die Vorgehensweise fehlt.

Da Astuare hdufig von anthropogenen Bedrohungen betroffen sind, konnen sich die
Umweltbedingungen im Laufe der Zeit dndern und so die Zusammensetzung der
Fischgemeinschaften, die Lebenszyklusgilden und die Abundanzen beeinflussen. In
unserer 40-jdhrigen Langzeitstudie haben wir vier saisonale Fischmonitoring-Perioden aus
den 1980erbis 2020er Jahren verglichen (Kapitel 6). Wir beobachteten Veranderungen bei
den Lebenszyklusgilden der Fische, insbesondere bei den marin-dstuarinen Opportunisten,
anadromen und katadromen Arten. Die insgesamt geringen Fischvorkommen in den
1980er Jahren sind vermutlich auf die schlechte Wasserqualitat zurtickzuftihren, die durch
hohe Konzentrationen von Stickstoffverbindungen wie NO2 und NHa verursacht wurde und
sich negativ auf die Gesundheit der Fische und deren Rekrutierungserfolg auswirkte. Mit
steigender Wasserqualitdt im Laufe der 1990er Jahre erholten sich die Fischbestande und
stiegen bis 2010 an. In jungster Zeit wurden wieder riickldufige Trends bei den
Fischbestanden beobachtet, insbesondere bei Stint, Flunder, Finte und Kaulbarsch. Die
Bestdnde von marinen und dstuarinen Opportunisten wie Hering und Wittling nahmen
dagegen zu, da sie moglicherweise von den durch den Menschen verursachten
Verdnderungen des Hauptkanals profitieren, die zu einem erhchten Einstrom von
salzhaltigem Wasser fithren. Der Riickgang der Fischbestdnde in jlingster Zeit wurde
hauptsadchlich durch erhohte Konzentrationen organischer Schwebstoffe (SPM), einen
geringeren Abfluss und niedrige Sauerstoffkonzentrationen verursacht. Die deutlichsten
Verdnderungen der abiotischen Parameter und der Fischbestdnde fanden wir in den
StifSwasser-und oligohalinen Bereichen des Elbedstuars, wo sich wichtige Aufwuchsgebiete
von zahlreichen Fischarten befinden.

Der Wechsel zwischen verschiedenen Lebensrdumen kann zu bestimmten
Stressreaktionen bei Fischen fiihren und deren Gesundheit beeintrachtigen (Kapitel 7). Die
Kiemen von Fischen stehen in direkter Verbindung mit dem umgebenden Wasser, sodass
die mikrobielle Zusammensetzung des Kiemenschleims die Umweltbedingungen
widerspiegelt und eine wichtige Eintrittspforte fur Krankheitserreger darstellt. Wir
verglichen die Kiemenmikrobiota mittels prokaryotischer Sequenzierung von
ortsansdssigen Kaulbarschen und anadromen Stinten in Raum und Zeit, um daraus
Indikatoren fiir die Fischgesundheit zu ermitteln. Um das Wanderverhalten abzuschdtzen,
integrierten wir 6°C Daten der jeweiligen Fischarten. Die Zusammensetzung der



Kaulbarsch-Mikrobiota wurde hauptsachlich durch raumliche Faktoren beeinflusst, wobei
die bakteriellen Indikatortaxa Verticiella, Polynucleobacter und Candidatur Megaira den
Aufenthalt im SufSwasser widerspiegeln. Anadrome Stinte, die im Herbst aus der
angrenzenden Nordsee eintrafen, zeigten eine schrittweise Anpassung des
Kiemenmikrobioms, wobei Luteolibacter dominant wurde und die bakterielle Dysbiose im
Wirt behinderte. Insgesamt fanden wir ein kleines Kernbiom mit ~30 Gattungen, die im
Astuar tberleben konnen. Hypoxie und hohe Nahrstoffbelastungen fithren zu
Dysbiosezustinden, die weitgehend durch die Ubernahme von opportunistischen
Pathogenen (Acinetobacter, Shewanella, Aeromonas) verursacht werden.

Diese Arbeit ermdglichte uns neue Einblicke in die trophischen Beziehungen und
Habitatnutzung im Elbe-Astuar auf rdumlicher und zeitlicher Ebene (Kapitel 8). Auf der
Grundlage unserer Studie konnten wir die Effizienz der Analyse stabiler Isotope in einem
Astuar-Okosystem nachweisen, um Migrationsmuster und Populationsdynamiken der
wichtigsten Fischarten zu verfolgen, die bisher nicht untersucht wurden. Wir fanden vier
Bereiche entlang des Salinitdtsgradienten, die fiir das Verstandnis des Nahrungsnetzes des
Elbedstuars von entscheidender Bedeutung sind. Besonders flache Gebiete sind fiir frithe
Fischlebensstadien von u.a. Stint, Flunder und Kaulbarsch wichtig. Wir kommen daher zu
dem Schluss, dass unsere Ergebnisse einen Beitrag zu kunftigen Schutzstrategien im
Elbdstuar leisten konnten.



Chapter 1

General introduction

“Elbe, stadtstinkende kaiklatschende schilfschaukelnde sandsabbelnde mowenmiitzige graugriine grofée
gute Elbe! Links Hamburg, rechts die Nordsee, vorn Finkenwerder und hinten bald Danemark. Um uns
Blankenese. Uber uns der Himmel. Unter uns die Elbe. Und wir: Mittendrin!"

Wolfgang Borchert - Die Elbe - Blick von Blankenese

Old Harbor Tidal Creek (2016)
© Wolfgang Hauten; used with permission



Chapter 1 - Introduction

1.1 Estuaries

1.1.1 Importance and threats

Estuaries provide a multiple collection of ecosystems, offering various habitats for estuarine
flora and fauna but also great ecosystem services for humans. The network of different
habitats (e.g., salt marshes, intertidal flats, seagrass meadows) and topographic structures
(e.g., mud flats, rocky substrates) connect marine, freshwater and terrestrial worlds and
form special intermediate and complex environments (Bulmer et al. 2020, Colombano et
al. 2021b, Lal et al. 2023).

The term “estuary” dates back to the 16™ century and originates from the Latin word
aestuarium, which stands for “marsh” or “channel” (Collins 1979, Elliot and McLusky 2002).
Although “estuary” isa common term in science, there is no coherent definition of the exact
terminology. Faibridge (1980) claims that “anestuaryisaninlet of the sea reaching into a river
valley as far as the upper limit of tidal rise, normally being divisible into three sectors: (a) a marine
or lower estuary, in free connection with the open sea; (b) a middle estuary subject to strong salt
and freshwater mixing; and (c) an upper or fluvial estuary, characterized by freshwater but
subject to strong tidal action. The limits between these sectors are variable and subject to
constant changes in the river discharges”. Hence, estuaries are commonly transitional
regions where marine and riverine waters are mixed up, which is usually reflected by strong
biogeochemical gradients such as salinity (Bauer et al. 2013). Besides the controversial
discussion on how to define estuaries, it is known that these aquatic transition zones
transport large amounts of energy and carbon from allochthonous and autochthonous
sourceswithin and outside the system on alongitudinal and lateral scale (Ricart etal. 2020).
Due to the connection of different carbon pools, shaped by prevailing natural processes
(e.g., photosynthetic pathways, temperature and salinity fluctuations) (Michener and
Kaufman 2007), ecologists can track carbon transport isotopically as 6°C values change
over the course of the estuary with decreasing isotope values from marine to riverine waters
(Fry 2002) (Fig. 1.1, see section 1.3 for further information). The high productivity of
estuaries is mainly driven by (1) year-round primary production units such as marsh grass,
benthic algae, and phytoplankton, (2) the continuously water movement due to tidal
fluctuations, (3) high nutrient supply and (4) the effective recycling of nutrients by
microorganisms and filter feeders (Schelske and Odum 1962, Day etal. 2013).
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Marine Fluvial

Heavy 5'°C (%) ‘:— - Light 8'C (%)

Fig. 1.1 General characteristics of an estuary with lower, middle, and upper sections as well as river area which

are mainly shaped by a salinity gradient (blue shaded arrow), water mixing and distinct 6"°C ratios based on
individual C pools (modified from Fairbridge 1980, RTG2530 2021).

Estuaries are globally important as they fulfil multiple ecosystem services (e.g., carbon
storage, fish nursery), facilitate international trade and economic competitiveness through
inland ports, and serve as cooling water reservoirs for power plants (Wetzel et al. 2013).
During the industrialization process, people started modifying estuaries for economic
purposes, such as dike constructions as well as straightening and deepening of main
channels to optimize commercial ship traffic (Wetzel et al. 2013). Agricultural use of
adjacent landmarks fuel nutrient load in estuaries that is assumed to increase in the future,
enhancing eutrophication and oxygen minimum zones (Statham 2011, Altieri and Gedan
2015). The impacts of climate change will lead further to changes in nutrient loads due to
rapid changes in temperature, wind patterns and sea level rise, among others, that force
changes in community structures of biota (Statham 2011). The spread of hypoxic dead
zones, which have been shown to double every decade since the 1950s in coastal
ecosystems, also intensifies the pressure on estuarine communities, leading to an
associated reduction in native biodiversity and biomass as well as their functionality (Diaz
and Rosenberg 2008, Altieri and Gedan 2015, Francescangeli et al. 2021). It can therefore
be assumed that the consequences of increasing anthropogenic impacts will further
exacerbate the pressure on estuarine communities in the future.

1.1.2 Fishesin estuaries

As estuaries are known to be enormous productive ecosystems with high food availability,
they offer ideal conditions for fish and crustaceans supporting large populations (Haedrich,
1983, Elliot and Hemingway 2002). Various fish species exploit estuaries in multiple ways:
as nursery and feeding areas as well as migratory routes (Whitfield et al. 2022). However,
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Chapter 1 - Introduction

they also represent a challenging habitat for aquatic consumers due to constantly
fluctuating natural conditions and other stresses that affect the aquatic community
structure supporting an overall low species richness (Whitfield and Harrison 2020,
Mosman et al. 2023). That, in turn, leads to higher importance of individual species, a
common generalist feeding pattern and competitive pressure among species (Whitfield
and Harrison 2020). Fishesand other organisms that are well-adapted to this variability and
can cope with estuarine-induced stresses without harmful effects are referred to as
Environmental Homeostasis (Elliot and Quintino 2006). Varying spatial environmental
conditions and rapid temporary fluctuations (e.g., in salinity, temperature) cause marine
fish species to dominate in the transitional zone of the estuary and decrease markedly
towards the inland. Limnic species, on the other hand, use the habitat further upstream,
with their abundance declining downstream (Thiel and Potter 2011). For both marine and
limnic organisms, the estuary is an exceptionally stressful environment, though, the
resident species take the benefits of the habitat and incur extra physiological and energetic
costs to achieve them (Elliot and Quintino 2006, Whitfield 2021).

The estuarine fish community structure is shaped by various types of life strategies. Overall,
fish migration can be divided into: oceanodromy, potamodromy and diadromy (Myers
1949, Magath 2013). Oceanodromous and potamodromous fishes spend their lives
exclusively in the ocean respectively in freshwater (Morais and Daverat 2016). Diadromy
describes the migration by fish between freshwater and the sea and is further subdivided
into anadromy, catadromy and amphidromy (Morais and Daverat 2016). While
anadromous and catadromous species migrate between freshwater and saltwater for
spawning (see section below for a more detailed description), amphidromous species move
between these habitats, but not with the aim of reproducing (McDowall 1992). In general,
the movement radius of fish underlies individual variability, which is referred to as partial
migration (Chapman et al. 2012, Morais and Daverat 2016).
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The further classification of fishes into life cycle guilds based on their distinct migration
patterns enhances the understanding of habitat exploitation at specific life-stages and
furtherillustrates spatial and temporal distributions of fishes in estuaries (Elliot et al. 2007).
Elliot et al. (2007) defined 11 life cycle guilds (or categories) of estuarine fish: marine
straggler, freshwater straggler, marine migrant, catadromous species, anadromous species,
semi-catadromous species, semi-anadromous species, amphidromous species, freshwater
migrant, estuarine resident and estuarine migrant. A selection of the six most important
guilds (Theilen et al. unpubl.) occurring in the Elbe estuary is shown in Fig. 1.2 and can be
described according to Thiel (2003,2011) as:

a) Marine stragglers (e.g., Atlantic mackerel Scomber scombrus) are marine fish
species that occur irregularly and in low densities in the river mouth where salinity
is highest.

b) Marine-estuarine-opportunists (e.g., herring Clupea harengus) are marine species
that occur more frequently and in higher densities, especially in the juvenile life-
stage.

c) Solely estuarine species/estuarine residents (e.g., common goby Pomatoschistus
microps) spend their entire life cycle in the estuary.

d) Catadromous species (e.g., European eel Anguilla anguilla) reproduce in the sea,
where the larvae and juveniles are washed by ocean currents into adjacent rivers,
where they remain until they reach sexual maturity (Morais and Daverat 2016).

e) Anadromous species (e.g., salmon Salmo trutta) live predominantly in the ocean
and migrate to limnic waters to spawn, where they either leave the habitat (iteropar)
or dieimmediately after reproduction (semelpar) (Magath 2013, Moraisand Daverat
2016).

f) Freshwater species/freshwater migrants (e.g., zander Sander lucioperca) are
species that are usually restricted to limnic habitats, but also occur in high densities
at lower salinities.

Most of these life cycle guild classifications further reflect the ability of fishes to travel great
distances based on their life cycle strategy and as an adaptive response to spatial differences
in ecosystem resource availability leading to the connection of different habitats and
aquatic food webs (Baker 1978, Matheretal. 2013).
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Fig 1.2 Most important life history guilds covering the migration patterns and habitat utilization during life
of fish in the Elbe estuary (modified from Thiel 2011, Whitfield et al. 2022).
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1.2 The Elbe estuary

The Elbe River has its source in the Czech Republic. It is one of the largest rivers in Europe
having a length of 1,094 km and a catchment area of 148,268 km? (Francescangeli et al.
2021 van Neeretal. 2023). The transitional part between the Wadden Sea of the southern
North Sea and the Elbe River can be termed as tidal Elbe, Lower Elbe or Elbe estuary and
extends about 140 km from the weir of Geesthacht to the seaward border of Cuxhaven
(Carstensetal. 2004, Francescangelietal. 2021). At Elbe km (Ekm) 609, the river splitsinto
the Norder- and Stiderelbe forming an inland delta, which merge again at Ekm 636.6 and
contain the Port of Hamburg, Germany s largest seaport (Riedel-Lorjé and Gaumert 1982,
Schwentner et al. 2021). Due to its access to the North Sea, the Elbe estuary is exposed to
tides with high current rates of up to 1.8 m s and a tidal range of 3.6 m in the harbor area
(Schwentneretal 2021).

1.2.1 Human interventions: past and present

The tidal Elbe is a river shaped by human activities and has been repeatedly modified in
former centuries, decades, and years. Historically, the first artificial interventions in the
form of dike construction works were documented around the year 1000 (Riedel-Lorjé and
Gaumert 1982). This was followed by further dike buildings to prevent damage from storm
surges and river engineering measures to improve navigability. The first major harbor
project was planned by Hubbe and Lindley in 1845 and completed in 1866 in the so-called
Sandtorhafen, an artificial harbor (Riedel-Lorjé and Gaumert 1982). Since then, the river
has undergone continuous change. Before German reunification in 1989, the Elbe was
considered one of the most polluted rivers in Europe in terms of organic enrichment,
nutrients, and chemical contamination (Krysanova et al. 2006, Francescangeli et al. 2021)
that led to an overall fish decline and the absence of indicator species, such as twaite shad
Alosa fallax (Thiel et al. 2008, Thiel 2011). In the 1990s, the water quality improved
significantly, which also contributed to the recovery of the native flora and fauna (Thiel et
al. 1995, Maitland 2003, Eick 2016). However, the river has been constantly modified due
to human activities, such as channelization, straightening, pollution, and agriculture,
which have led to a transformation of topographical (e.g., high sedimentation rates) and
abiotic conditions (e.g., lower dissolved oxygen level, increased turbidity values, reduction
of the surface/volume ratio) in the river (Wetzel et al. 2013, Schwentner et al. 2021).
Especially the frequent ship traffic (with 8,700 commercial vessels passing the Hamburg
harbor annually) as well as immense dredging activities influence the estuarine
environment around the main channel (van Neer et al. 2023). Lastly, 3-9 million m? of
sediment was removed to deepen the channel in 2021 and 2022, resulting in an additional
annual dredging of 12 million m? to maintain the intended depth (van Neer et al. 2023).
These intensive human activities led to the decline of biodiversity and -biomass (Diaz and
Rosenberg 2008, Francescangeli et al. 2021) and further may result in disturbances of

14



Chapter 1 - Introduction

ecosystem functioning and changing food web structures at different trophic levels (Wetzel
et al. 2013). In the Elbe estuary the overall fish abundance has been decreasing rapidly in
recent years, presumably as a result of various anthropogenic disturbances that cause
habitat loss, low food availability and expanded oxygen minimum zones during summer
(Spiekermann et al. 2022).

1.2.2 Fish community

While the fish communities in many estuaries located in the Northern hemisphere are
characterized by high abundances of marine species (e.g., Hamerlynck and Hostens 1994,
Maes et al. 1998, Thomas 1998, Thiel and Potter 2001), the Elbe estuary is dominated by
anadromous species, especially smelt Osmerus eperlanus and twaite shad Alosa fallax (Eick
and Thiel 2014). Besides these two species, the ten most important fishes that occur here
are: ruffe Gymnocephalus cernua, bream Abramis brama, white bream Blicca bjoerkna,
herring Clupea harengus, European flounder Platichthys flesus, sprat Sprattus sprattus,
zander Sander lucioperca and three-spined stickleback Gasterosteus aculeatus (Eick and
Thiel 2014). However, the fish community is subject to environmental factors, which can
affect their diversity and abundance spatially and temporally. For example, salinity
primarily influences species composition and fish biomass on a spatial scale, while
temperature is a good predictor of fish abundance throughout the year (Thiel etal. 1995).
The Elbe mouth represents the area with the highest species richness with predominantly
marine-estuarine opportunists, such as herring and sprat (Thiel and Potter 2001, Eick and
Thiel 2014). Freshwater species (e.g., zander, ruffe) occur mainly in the least saline areas
upstream, with a decreasing trend towards the river mouth (Moller 1984, Thiel 2011).
However, both marine and freshwater species make up only a small proportion of the total
abundance, as anadromous smelt dominate here with up to 96 % and thus play a key role
in the Elbe estuary (Eick and Thiel 2014).

Due to the stressful biogeochemical conditions for the aquatic biota, these estuaries are
often characterized by low biodiversity compared to adjacent marine habitats (Whitfield
and Harrison 2021, Mosman et al. 2023). Smelt is particularly successful in establishing
itselfin thishabitat, asit hasadapted itslife cycle best to the given stressorsin order to derive
maximum benefit from them. Thiel and Potter (2001) mentioned as an advantage the
location of the spawning areas above the city of Hamburg, which were largely unaffected by
channel alterations, but also the so-called umbrella structure of the smelt eggs, with which
they attach to the substrate until the hatched larvae are carried downstream to their actual
nursery area. Due to its high occurrence, smelt serves further as a link of upper and lower
trophiclevels (Hennigetal. 2016) and has been noticed being an indicator species for water
quality (McCarthy et al. 2019). However, the smelt population has declined dramatically in
recent years due to e.g., increased hypoxia events and loss of shallow water areas as a result
of anthropogenic impacts (Illling et al. 2014). A continued decline in the population might
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have drastic consequences in the future, as the smelt further connects spatially separated
food chains via feeding and excretion, thus promoting food web stability (Quevedo et al.
2009).

In thelast 10 years, there has been hardly any research on the fish fauna in the Elbe estuary,
in particular interactions with lower trophic levels and migration patterns to fulfill life cycle
strategies of fish have not been studied. The last comprehensive study on the fish
community in this region was carried out in 2009/2010 by Eick and Thiel (2014). Since
then, however, several anthropogenic interventions, such as the deepening of the main
channelto 16.1 m completed in January 2022 (Hafen Hamburg Marketinge. V. 2024), have
been conducted, potentially affecting the dynamics of the food web and fish production.
The fish community therefore particularly needs to be reassessed.

1.3 Stableisotope analysis

The world of stable isotopes enables researchers to entangle food web structures (Hansson
et al. 1997), evaluating food chain lengths (Layman et al. 2007), estimating ecological
niches (Newsome et al. 2007), calculating trophic levels (Post 2002) and tracking animal
migrations (Hobson 1999, Cunjak et al. 2005, Durbec et al. 2010). Isotopes can be found
everywhere in the biosphere from sediment compounds to living organisms, so that
everything (and everyone) can be tracked isotopically in an ecosystem and beyond (Fry
2006). Stable isotope analysis offers therefore a toolbox for ecologists that can be used in
multiple ways and in various habitats.

[sotopes are atoms of an element that contain a different number of neutrons but the same
number of protons and electrons (Michener and Lajtha 2008). If the number of neutrons
and protons is close, then the isotope is energetically stable and referred to as a stable
isotope (e.g., ?H, **C, °N, #%S). Unstable isotopes, though, radiate and are radioactive. One of
the best-known radioactive isotopes is *“C, which is used for the radiocarbon method for age
determination over a long period of time (up to 55,000 years) based on its decay rate in
palaeontological research (Hajdas 2008).

Using a high precision IRMS (isotope-ratio mass spectrometry) isotopic compositions from
organic samples (e.g., fish tissue, zooplankton, sediment) can be measured quantitatively
(Morais and Daverat 2016). The & notation is a common term while conducting stable
isotope analysis and expresses parts per thousand (%o) differences from a standard using
the formula: 6X = [(Rsample/Rstandard)-1] - 10°(Peterson and Fry 1987). The IAEA (International
Atomic Energy Agency) provides these standards that are used to calibrate the IRMS for the
analysis (West et al. 2006, IAEA 2024). The 6X value displays the proportion of heavy and
light isotopes in a sample, whereby an increase indicates a higher amount of heavy isotope
compounds (Peterson and Fry 1987).
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Carbon (6™C) and nitrogen (6"°N) are most frequently used in aquatic food web studies
(Pasquaud et al. 2008). In the biosphere, **C makes up 98.89 % of the carbon atoms present,
with only 1.11 o6 occurring as *C isotopes (Fry 2006). In nitrogen, this proportion is even
lower, with "N making up 0.36 9%, while the remaining N atoms from "“N account for 99.64
% (Fry 2006). The difference between these two isotopes (**C:**C and "*N:*°N) results in the
delta values 6"°C and &6 "N (Peterson and Fry 1987).

The isotopic composition of §°C in an animal’s tissue reflects that of its diet and is on
average 0.8 - 1.1 %o enriched, following the principle “You are what you eat (plus a few %o)"
(DeNiro and Epstein 1976, DeNiro and Epstein 1978). 6'°N enriches stepwise per trophic
level (2-4 %o), enabling the calculation of the trophic position of a species in a food web
(McCutchan et al. 2003, Nielsen et al. 2018, Quezada-Romegialli et al. 2018). This
enrichment, or trophic discrimination, can vary between organisms based on the rate of
assimilation and their position in the food chain, whereby lighter stable isotopes are
excreted more frequently leading to heavier stable isotope ratios in the consumer (Nielsen
etal. 2018).

To uncover the origin of diet in the consumer s tissue, mixing models has been frequently
applied in food web studies. The composition of stable isotopes in the consumer reflects the
composition of its assimilated diet (Phillips 2012). This characteristic can be used to draw
conclusions about food preferences and predator-prey relationships (Fry 2006, Layman et
al. 2012, Smith et al. 2013), taking into account the trophic enrichment factor, turnover
rate and variation of the prey stable isotope signatures (Cabana and Rasmussen 1996,
Boecklen et al. 2011, Layman et al. 2012). Basic mixing models contain mathematical
equations that “explain the observed consumer isotopic composition as a simple mixture of the
isotopic composition of its (assimilated) diet based on isotopic mass balance” (Phillips 2012).
However, these simple models cannot deal with missing information (e.g., a missing dietary
source), hence the point-in-polygon approach is often used, which requires the isotopic data
of the consumers to appear within the dietary signatures (Phillips and Gregg 2003,
Benstead etal. 2006, Smith etal. 2013). The growing interest on stable isotopes in food web
studies has also expanded the analytical toolbox of mixing models, especially Bayesian
mixing models, which resulted inan increased provision of R packages (e.g., SIAR, MixSIAR,
SIMMR) to make these methods available to a wide range of scientists (e.g., Jackson et al.
2011, Laymanetal. 2012).

The characterization of trophic niche occupations of certain species is relevant in ecological
studies. According to Hutchinson (1957), the trophic niche is defined as an “n-dimensional
hypervolume” of all resources a population exploits. This hypervolume of the trophic niche
is impossible to quantify (Syvaranta et al. 2013), hence the niche width is often calculated
using dietary information gathered from stomach content data or stable isotope
approaches (Bearhop et al. 2004).
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In recent years, the term "isotopic niche" has been established in stable isotope research,
being represented in a two-dimensional bi-plot of §%C and &N, and thus reflecting the
isotopic dietary niche of multiple individuals in a population (Syvaranta et al. 2013). The
isotopic variability reflects, among others, the consumer’s feeding strategy (specialists vs.
generalists) and further depends on available prey organisms and their composition
(Bearhopetal. 2004). The isotopic niche may be considered part of the ecological niche, but
it is not equivalent to it (Jackson et al. 2011). To calculate the isotopic niche width and to
compare isotopic niches across communities, Jackson et al. (2011) established a Bayesian
framework using standard ellipse areas (SEA) which is less dependent on sample size than
the former used total area (TA) according to Layman et al. (2007).

When evaluating stable isotope data, researchers must consider that the assimilation
process of a diet in the consumer's body requires a certain amount of time until an
equilibrium is reached (Guelinckx et al. 2008, Durbec et al. 2010). Different tissues of the
consumer "store” isotope signals for different durations based on their metabolic activity
and growth rate thatis known as the isotopic turnover rate (Ankjerg et al. 2012, Matich and
Heithaus 2014). Thus, individual tissue types provide evidence of dietary habits over
variable periods of time: in blood, the isotopic turnover rate amounts to a few days, in the
liver a few weeks, in muscles several months and in bone structures (e.g., otoliths) years
(Nielsen et al. 2018). The integrated utilization of these tissue types can thus significantly
improve the temporal resolution of feeding behavior in ecological studies (Nielsen et al.
2018).

Furthermore, the combination of stable isotopes with other established approaches can be
an effective way of overcoming the limitations of certain research methods. For instance,
additional stomach analyses (e.g., Pasquaud et al. 2008, Davis et al. 2012, Leclerc et al.
2014), fatty acids (e.g., Petursdottis et al. 2012) and DNA metabarcoding analyses (e.g.,
Carreon-Martinez and Heath 2010, Compson et al. 2019) have proven to be particularly
effective in the study of trophic interactions in food webs. Using these combined methods,
ecologists can improve their understanding of feeding ecology in aquatic food webs at
specific time frames (Nielsen et al. 2018), monitor changes in food chains due to invasive
species (Rakauskas et al. 2013), decode trophic linkages (e.g., Petursdottis et al. 2012) and
derive management strategies (e.g., Compson et al. 2019). Telemetry und mark-recapture
integrated with stable isotope analysis have further been used in previous studies to track
movement patterns in migrating fish species (e.g., Cunjak et al. 2005, Match and Heithaus
2014).

Stable isotopes can not only reveal information about what was eaten, but also where.
Biogeochemical processes and nutrient inputs in an ecosystem create local signatures that
helps to uncover spatial food preferences, migration patterns and food source origins
(Peterson and Fry 1987). Marine and freshwater habitats, for instance, are fueled by
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different vegetations with distinct carbon pools that enable the tracking of migrating
species via 6°C (Morais and Daverat 2016). Plants with different photosynthetic pathways,
for example, differ significantly in their isotopic values, with C« plants having significantly
lower 6C ratios than Cs plants (Smith and Epstein 1971, DeNiro and Epstein 1978). This s
one of the processes that affect the local isotopic composition of organic matter (OM) in
these habitats. Finley and Kendall (2007) illustrated that OM in river systems, which is
ingested by consumers, derives mainly from allochthonous (terrestrial plant detritus, soils)
and autochthonous sources (aquatic macrophytes, algae) as well as from aquatic
heterotrophic bacteria and fungi. The proportion of these sources and their uptake
(fractionation) of dissolved (e.g., NOs, HCOs) and gaseous compartments (e.g., COz, N2
further influence the local isotopic composition of particulate organic matter (POM) and
the primary producers that form the base of the aquatic food web (Finley and Kendall 2007).
These biogeochemical processes result in carbon from river habitats generally having
depleted 6C values (e.g., phytoplankton < -30 %o), while the values in marine waters are
more enriched (e.g., phytoplankton approx. -24 - 19 %) (Peterson and Fry 1987) (see Fig.
1.1). 6N ratios are also affected by these biogeochemical circumstances, leading to more
depleted values in freshwater organisms than in marine specimens (Cloern et al. 2002,
Morais and Daverat 2016). As estuaries connect fluvial and marine habitats, further
enabling mobile consumers, such as fish to exploit them, they reveal excellent study areas
with local distinct isotopic values to analyze fish migrations (Fry 2002).

1.4 Objectives

The Elbe estuary is subject to constant transformation and human intervention, causing the
estuarine food webs to constantly be altering.

This doctoral thesis sheds the spotlight on the main fish species (chapter 2 and 3) and lower
trophic levels (chapter 4) to gain a better understanding of the estuarine food web. The
method of stable isotope analysis was carried out for the first time in the study area at this
scale and therefore offers new insights into feeding habits, fish migrations, intraspecific
interactions and habitat exploitation that have not been covered in previous studies. We
also questioned our method and tested experimentally whether environmental conditions
may influence the data quality (chapter 5). As continuous fish monitoring is necessary to
record recent alterationsin the estuary and, if necessary, to derive protective strategies from
them, we analyzed how the fish community changed from the 1980s until today (chapter
6) and developed indicators for fish health monitoring using fish gill microbiota (chapter
7). In detail, this doctoral thesis is divided into the following chapters:

In chapter 2 we aimed to explore the feeding ecology and habitat exploitation of key species
smelt Osmerus eperlanus. During springtime juveniles and adults utilize the same feeding
grounds and resources. We used integrated stomach content and stable isotope analyses of

19



Chapter 1 - Introduction

6"%C and 6N to uncover short- and long-term feeding information on both ingested and
assimilated prey along the salinity gradient. Further, we aimed to track migratory behavior
of the life-stages, to determine local food web structures and to uncover important nursery
and feeding areas for smelt in the Elbe estuary.

In chapter 3, we tracked annual habitat exploitation of two fish species with distinct life
cycle strategies and movement patterns that occur regularly in the Elbe estuary (Eick and
Thiel 2015). Facultative catadromous flounder Platichthys flesus rely on temperate
estuaries as nursery habitats (Mendes et al. 2020), whereby larvae are washed into rivers
shortly after spawning in adjacent marine waters (Morais and Daverat 2016).
Potamodromous ruffe Gymnocephalus cernua on the other side is a resident species,
occurring in both freshwater and brackish regions, but do not leave the estuary in the course
of life. We used stable isotope ratios (6*°C and 6°N) of both fish species caught at five
stations along the salinity gradient during seasonal cruises from spring 2021 to spring
2022. Aim of this study was to explore annual fish migrations, spatial connectivity and
potential ontogenetic shifts to gain further insights into population’s dynamics and habitat
utilization on a spatial and temporal scale.

In chapter 4, we described the spatiotemporal zooplankton dynamics and carbon sources
to uncover trophic interactions at the lower trophic levels and the origin of the carbon that
fuels the estuary. We used stable isotope analyses (6'*C and 6*°N) of particulate organic
matter (POM) and dominant meso- and macrozooplankton, including ichthyoplankton of
Osmerus eperlanus. Sampling was conducted seasonally at five stations along the salinity
gradient, including the freshwater stretch upstream of the port of Hamburg in 2022.

The impact of inorganic carbon signatures of calcified structures forming prey on stable
isotope analysis is a common but often overseen problem in aquatic food web studies.
However, calcified structures in organisms may rather reflect inorganic carbon signatures
from surrounding water than &7C derived from diet and can therefore lead to
misinterpretation of stable isotope data. Acidification is a known, but intricate method to
remove calcified structures prior stable isotope analysis. In chapter 5 we analyzed acid
treated and untreated samples of four macroinvertebrate species based on their 6"*C and
6'°N values. We further synthesize findings from previous studies to standardize how to
proceed with the problem of inorganic carbon signatures in aquatic food web studies.

In chapter 6, we analyzed the effects of environmental factors on the fish fauna over the last
40 years using abundance data and abiotic measurements from four sampling periods. As
the Elbe estuary has undergone drastic changes in recent years and decades, abiotic
conditions and habitats have changed as well. In this study, we aimed to find out how the
fish community has developed, and which main abiotic drivers generally influence the
community in the Elbe estuary.
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In chapter 7, we sequenced prokaryotic populations of fish gills of ruffe Gymnocephalus
cernua and smelt Osmerus eperlanus in space and time as gill mucus provides information
about the state of health in fish. Additional stable isotope analyses were used to generate
information on site fidelity and seasonal migration behavior to compare with the
abundance of microbiome marine and freshwater taxa. The aim of this study was to further
develop this approach to characterize the health status of wild fish and to identify seasonal
differences that may be related to migratory habits and environmental conditions.
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Characterizing intraspecific habitat exploitation of anadromous key species
Osmerus eperlanus along the salinity gradient of a large European estuary
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Abstract

Estuaries are both highly productive and challenging habitats for aquatic organisms due to
their rapid changing environmental conditions, with salinity acting as an important driver
for species composition and richness. In the Elbe estuary, one of the largest estuaries in
Europe, the anadromous smelt Osmerus eperlanus dominate the fish community, making it
a key species. During spring, juveniles and adults occupy the same habitat and thus share
the same feeding grounds and resources. However, essential aspects of the feeding ecology
and habitat use of these life stages remain unknown. Using integrated stomach content and
stable isotope analyses of 6*3C and §'°N of smelt muscle tissue, we found distinct habitat
exploitation and movements patterns of juveniles and adults. We observed a high overlap
of shared resources with mysids and gammarids being the most important prey species.
However, an ontogenetic shift was found, with isotopic overlaps between the life stages
decreasing upstream. Adults mainly fed on prey from the mesohaline and oligohaline
sections, but less on upstream freshwater areas. Enriched 6N values in the maximum
turbidity zone indicated a locally extended food chain which primarily affected juveniles.
Our results underline the importance of estuarine habitats serving as nursery and feeding
areas for different life stages of migrating fishes. Our study contributes to a better
understanding of habitat exploitation by the key species smelt along the estuarine salinity
gradient. This knowledge further enhanced our expertise in smelt population dynamics,
intraspecific interactions during ontogeny and the importance of estuarine services for
migratory fishes.

Keywords: Estuary, food web, stable isotopes, key species, anadromous, nursery area
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Introduction

Estuaries are aquatic transition zones connecting marine and riverine habitats that are
accessed by a variety of fish species as part of their life cycle to feed, seek refuge or spawn
(Elliot and Hemingway 2002, Thiel 2011). Strong dynamic environmental processes cause
high primary production rates (Schelske and Odum 1962, Day et al. 2013) and making
them ideal for fish production (Haedrich 1983, Elliot and Hemingway 2002). However, the
rapidly changing physico-chemical conditions, particularly the salinity gradient, present
challenges for estuarine biota (Whitfield et al. 2022). These environmental conditions lead
to generalist feeding strategies of consumers (Mosman et al. 2023), a lower species richness
compared to adjacent freshwater and marine habitats (Whitfield and Harrison 2020,
Whitfield et al. 2022) and the dominance of a few key species (Whitfield et al. 2022).

The European smelt, Osmerus eperlanus (Linnaeus, 1758), represent such a key species in
the Elbe estuary (Illing et al. 2024), accounting for up to 96 % of the local fish community
(Eick and Thiel 2014). As an anadromous fish, smelt spend their adult life primarily in
marine waters and migrate annually to freshwater areas of estuaries to spawn (Kottelat and
Freyhof 2007). The spawning migration takes place in late winter between February and
March (Borchardt 1988, Thiel and Thiel 2015). Unlike other anadromous fishes, such as
twaite shad (Alosa fallax) (Magath et al. 2013), mature smelt remain in the estuary after
spawning to exploit the habitat’s benefits (e.g., high food supply, less predation) until
summer (Borchardt 1988).

Smelt play a critical role as a trophic link between lower and higher trophic levels (Illing et
al. 2024) and are also relevant for local fisheries (Eick and Thiel 2014). Due to its
anadromous life cycle, smelt use the estuary as a spawning ground, nursery and feeding
area (Elliot and Hemingway 2002), hence smelt exploit the estuary in various life stages
throughout the year (Eick and Thiel 2014, Eick 2016). During spring, when the food supply
peaks in the Elbe estuary (Borchardt 1988, Eick and Thiel 2014), juvenile and adult smelt
utilize the same feeding areas. As the salinity gradient and other abiotic conditions (e.g.,
oxygen, turbidity) shape spatial estuarine community compositions (Henderson 1989,
Thiel and Potter 2001, Breine et al. 2011), these local feeding areas differ in their quality
and productivity throughout the river course (Selleslagh and Amara 2008).

Ontogenetic niche shifts and habitat exploitation in the smelt genus Osmerus have been
investigated in landlocked (e.g., Vinni et al. 2004, Vinni et al. 2005, Salujoe et al. 2008,
Hammar et al. 2018, Rosinski et al. 2020) and migrating populations (e.g., Franek 1988,
Taal et al. 2014). However, these studies often overlooked the spatial characterization of
feeding areas and intraspecific features such as movement patterns or dietary preferences.
Understanding how smelt exploit resources within the estuary is essential to determine
whether intraspecific competition occurs and if distinct strategies for resource use and
migrations have developed. This knowledge is critical for understanding population
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dynamics and promoting the conservation of this key species, especially considering the
recent population decline (Illing et al. 2024).

In this study, we applied a combination of stomach content and stable isotope analyses of
white muscle tissue to investigate the feeding ecology of European smelt. Stomach content
analyses provide direct observations of prey items and their quantities (Pasquaud et al.
2008), offering taxonomic resolution (Lin et al. 2007) and insights into predator-prey
relationships, species-specific feeding strategies, and the main trophic pathways of a
species (Leclerc et al. 2014, Poiesz et al. 2021). This method offers a snapshot of recently
ingested prey (Klarian et al. 2022), complementing stable isotope approaches.

Stable isotope analysis has emerged as a powerful tool to elucidate the functioning of
ecological networks and food web structures (Pasquaud et al. 2008). Nitrogen isotope ratios
(6'°N) exhibit stepwise per trophic level and thus indicate the trophic position of an
organism in an ecosystem (DeNiro and Epstein 1981). In contrast, carbon stable isotope
ratios (53C) are only little enriched per trophic level but offer insights into the production
base of the food web (Peterson and Fry 1987) and potential food source preferences of a
species over a longer time frame (Kling et al. 1992, Harvey and Kitchell 2000).

In our study, we used both approaches, as the combination of these methods allows us to
investigate whether the snapshots from the stomach contents are representative of the
general diet over longer periods of time or whether they only reflect short-term fluctuations
in prey availability and the smelt's food preferences (e.g., Nielsen et al. 2018). Goal was to
(1) asses general feeding strategies and preferences of juvenile and adult smelt and to (2)
examine these findings by analyzing ontogenetic niche shifts, isotopic niche widths, and
isotopic niche overlaps along the salinity gradient of the Elbe estuary. In addition, we
employed a Bayesian mixing model (3) based on 6"°C and 6'°N data to reveal the habitat use
and movement patterns of both life stages.

Our findings contribute to a deeper understanding of habitat exploitation by the estuarine
key fish species smelt along the estuarine salinity gradient. This knowledge enhances our
understanding of smelt population dynamics, intraspecific interactions during ontogeny,
and the importance of estuarine services for migratory fish species.

Material and methods

Sampling

We collected smelt at five fishing stations covering the Elbe estuary from the river mouth to
the city of Hamburg (Fig. 2.1). For comparability with previous studies (e.g., Magath and
Thiel 2013), we categorized the Elbe estuary into upper, middle, and lower sections,
representing the salinity gradient in the area (Fig. 2.1a). Fishing was conducted with a
commercial stow net vessel for 3-4 hours during high and low tide at each station from May
31 to June 4™ 2022. The stow net has an opening of 135 m?with a mesh size of 10 mm at
the cod end. Additionally, a ring net with a mesh size of 1,000 um, 94 cm diameter and a

25



Chapter 2 -Smelt

length of 2.8 m was used to collect potential prey organisms for stable isotope analysis.
Standard measurements such as the total length of the fish (in cm) were recorded.
Individuals were measured until normal distributions of the life stages were achieved to
ensure a representative sample size (Fig 2.1c). Smelt were grouped into juveniles (age group
1:5.6-13.4 cm) and adults (age group 2+: length > 13.5 cm) (Fig. 1¢) according to Lillelund
(1961) (Supplement material Tab. S2.1). Further, we verified the life stages by irregularly
examining the maturity stages of the fish.
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Fig. 2.1 (a) The Elbe estuary with sampling stations (1) Medemgrund, (2) Brunsbiittel, (3) Schwarztonnensand,
(4) Twielenfleth and (5) Miihlenberger Loch along the salinity gradient. (b) The study area is located in Central
Europe. (c) Barplot shows the abundance and TL = total length (cm) of sampled estuarine smelt O. eperlanus
indicating the pattern of two occurring age groups.

Stomach content analysis

For stomach content analysis (n = 265) prey organisms were counted, measured, and
determined to the lowest possible taxonomic level. Empty stomachs were excluded from
the analysis. Highly digested fish that could not be identified properly were categorized as
Pisces. Fragments of incomplete specimens were photographed and measured using the
Image] software (Schneider et al. 2012) to reconstruct biomasses using linear length-
weight regression models according to Pihl and Rosenberg (1982), Christiansen (1988),
Mason (1986), Marsh et al. (1989), Oesmann (1994), Peitsch (1995), Debus and Winkler
(1996), Wang and Zauke (2002) and Lindén et al. (2003) (see Supplement Tab. S2.2).
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Numbers of fragmented organisms were estimated by counting heads or eyestalks and their
biomasses were computed as mean values of intact individuals of the same species.
Specimens that were found only very rarely, such as annelids, isopods or cladocerans were
grouped into the category other.

Relative frequency of the biomass (%W) was calculated for all identified prey species per

station and life-stage using the equation (eq.):

%W = @—]‘:) -100 Eq.2.1
t
where Biis the stomach content weight of prey i and Bt the total weight of the stomach

content.

Prey-specific biomass (%P;) is defined as the percentage of a prey taxon i averaged over all
investigated fish stomachs in which prey i occurred and can be mathematically expressed
as:

%Pi:<zsi

sy
where 2. §; Is the sum of weights of prey item i and XS, the sum of all biomasses in

).100 Eq. 2.2

stomachs where prey item i occurred (Amundsen et al. 1996).

Frequency of occurrence (FOi) was calculated by using the formula:

FO; =~ Eq. 2.3
where n; is the number of stomachs that contain prey i and n is the total number of
investigated stomachs (Amundsen et al. 1996; Brown et al. 2012).

We visualized prey-specific abundances (Pi) and frequencies of occurrence (FOi) using
modified Costello plots to analyze feeding strategy, generalist-specialist dichotomy and
niche width contribution based on stomach content data of juvenile and adult smelt
(Amundsen etal. 1996). Although the prey composition changes at the species level due to
changing salinity conditions along the estuary, these species can be categorized into
superordinate prey taxa. To generalize results of feeding patterns of smelt life stages using
modified Costello plots, we therefore grouped the prey speciesinto higher taxonomic levels,
i.e. Copepoda, Mysidae, Amphipoda, Caridea, Pisces and other taxa.

Stable isotope analysis

White muscle tissue was dissected from the dorsoventral bodyside of each smelt, rinsed
with distilled water and subsequently stored at -80 °C on board. In the laboratory, all tissue
samples were dried for 24 hours using a freeze dryer and homogenized using a tissue
homogenizer and cell lyser. The powdered samples were weighed (0.8 - 1.2 mg) and filled
into tin capsules. Stable isotope ratios of *C and *°N in the samples were measured by the
commercial laboratory of the UC Davis Stable Isotope Facility of the University of California
using a continuous flow isotope ratio mass spectrometer (IRMS) PDZ Europa ANCA-GSL
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elemental analyzer interfaced to a PDZ Europa 20-20 isotope ratio mass spectrometer
(Sercon Ltd., Cheshire, UK).

The final data is expressed relative to international standards VPDB (Vienna Pee Dee
Belemnite) for carbon and atmospheric air for nitrogen using the delta notation:

RSample
=[{————) -1 Eq.2.4
SX [(RStandard) ] q

where X is the stable isotope value of C or N in per mille (%), and R the mass ratio of heavy

and light stable isotope ratio (**C/*2C and *>N/*N) for either the standard or the sample.

Statistical analysis

Normality and variance homogeneity of 6 °C and 6°N ratios were statistically tested using
Shapiro-Wilk-tests and variance tests in R. Overall differences in isotopic values between
juvenile and adult smelt were determined afterwards using the non-parametric Mann-
Whitney U test (p < 0.05). All statistical tests were performed using R studio (version 4.0.4,
R Studio 2024).

The isotopic niche width among smelt life stages, overall and spatially separated via
sections, were estimated using standard isotopic ellipses (%0?) using the SIBER package
(Jackson etal. 2011, version 2.1.6). Standard ellipse areas (SEA) were corrected for a small
sampling size (SEAc). Further, we estimated isotopic niche overlap by the standard ellipse
function containing ~ 40% of the isotopic data for each smelt group (juvenile vs. adult). A
Bayesian standard ellipse was estimated (SEAs) to measure uncertainty by calculating
credible intervals around the individual data (Jackson et al. 2011). Summary statistics of
corrected SEA were used to determine confidence intervals (CI) of 959% and 40% for each
group. To estimate the overall isotopic niche distribution of juvenile and adult smelt we
calculated Layman metrics total area (TA), centroid (CD), nearest neighborhood distance
NND, and standard deviation of NND (SDNND) of each investigated group (Layman et al.
2007).

Proportions of dietary isotope origins and spatial resource preferences of juvenile and adult
smelt were determined using the SIMMR package (Parnell and Inger 2016, version 0.4.5)
which is based on a Bayesian mixing model (JAGS - Just Another Gibbs Sampler, Plummer
2003). We used 6 °C and 6*°N data of smelt and their prey, concentrations of C (%) and N
(%) of the selected prey organisms, including trophic enrichment factors (TEF) and smelt
life stages to run the model. SIMMR applies Gaussian likelihood and fits the data to the
model using Markov chain Monte Carlo (MCMC) (Parnell and Inger 2023). TEF were set to
0.7%o. for §*C and 3.0%. for 6 °N per trophic level (Sweeting et al. 2007a, b, Ankjaerg et al.
2012).

As SIMMR can only handle one model at a time, we analyzed each section of the estuary
separately for smelt age groups and finally compared the estimated proportions of all life
stages and sections using the compare_sources function. The more prey organisms are fed
into the model, the more it leads to an overall depletion of the estimated proportions as the
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model is not able to distinguish between the sources. To avoid this effect, we chose the top
three prey species per section that occurred most in terms of frequency and biomass based
on stomach content and isotopic data. To generate isotopic information of zooplankton, we
pooled mesozooplankton Daphnia spec. and calanoid copepod Eurytemora affinis from the
upper section of the estuary, which are similar in their isotopic compositions and occurring
simultaneously in this area (e.g., Riedel-Lorjé et al. 1998). For Clupeidae we used isotopic
values from the literature of young-of-the-year Sprattus sprattus from the southern North
Sea by Das et al. (2003). Finally, we summarized the proportions calculated by the model
per section to determine the spatial isotopic source origin.
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Results

Stomach content analysis

We initially used stomach content analysis to identify the recent feeding history of smelt in
the Elbe estuary (Fig. 2.2). Modified Costello plots demonstrate an overall mixed feeding
strategy with varying degrees of generalization and specialization on different prey groups
(Fig. 2.2a). We found the diet of juvenile smelt to be dominated by Mysidae (Neomysis
integer and Mesopodopsis slabberi) and to a lesser degree on Amphipoda (Gammaridae and
Corophium volutator). Rare taxa in juvenile smelt diets were Caridea (Crangon crangon and
Palaemon longirostris), Copepoda and other group. Fish was rarely identified in stomachs of
juvenile smelts but occurred occasionally in high abundances pointing towards a high-
between-individual-variability. Compared to juvenile smelt, adults consumed fish more
frequently, being the dominant food item together with Amphipoda. In addition, the diet of
adult smelt was observed to contain less Mysidae than that of juveniles and only rarely
Copepoda or prey assigned to the other prey group. Comparing the diets of smelt along the
salinity gradient revealed the dominance of Mysidae (N. integer and M. slabberi) and
Amphipoda (Gammaridae and C. volutator) in stomachs of juveniles to exist at all stations
but the “Miihlenberger Loch” (station 5 in the upper section, Fig. 2.2b). At this least saline
sampling station fish was dominating the diet of both juvenile and adult smelt. In contrast
to the juvenile conspecifics, fish was also dominating the diet of adult smelt in the lower
section of the Elbe estuary where highest salinities prevail. Here, the fish diet constituted
mostly of Clupeidae, Gobiidae and smelt itself (i.e. cannibalism). Caridea (C. crangon and P.
longirostris) was particularly found in smelt s stomachs from the lower and middle sections
in both life stages.
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Fig. 2.2 Feeding preferences based on stomach contents of juvenile and adult smelt. (a) Modified Costello
plots using prey taxa and averaged over sampling stations, and (b) percentage of biomass of prey species from
smelt caught along the salinity gradient of the Elbe estuary.
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Stable isotope analysis

Ontogenetic differences in isotopic niches

We first explored differences in stable isotope ratios between juvenile and adult smelt
integrated over the entire sampling area in the Elbe estuary. We found juvenile smelts to
have significantly lower 6'*C values compared to adults (Mann-Whitney U test: W=7112.5,
p < 0.01) (Fig. 2.3a, Tab. 2.1). The & °N values of juveniles were only slightly, but
significantly lower (Mann-Whitney U test: W = 13418, p < 0.01) than of adults. Next, we
analyzed the overlap in isotopic niches using standard ellipse areas (SEAc) based on both
isotope ratios together. We found a similar isotopic composition between both groups with
an isotopic niche overlap of 16.4% (409% CI) of the SEAcor 52.4% with 95% CI (Fig. 2.3b).

a

-18 4 °

-20 + 171

51C (%)
3"°N (%)
-

22 4

154

.25 4
144

134
-28 4

Juvenile  Adult Juvenile  Adult

8"°N (%o)

T
-28 -26 -24 -22 -20 -18 -16

Fig. 2.3 Isotopic niches in juvenile and adult smelt aggregated over the Elbe estuary. (a) Boxplots with median
as well as upper and lower quartiles of §"°C and §'°N of juveniles and adults. (b) Biplot of 6"°C and §'°N ratios
ofjuveniles (black circles) and adults (red triangles) with overall 959% Cl ellipses (solid lines) and total area (TA)
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In addition, we analyzed the spatial variation in isotopic niche overlap between juvenile and
adult smeltalong the salinity gradient of the Elbe estuary (Fig. 2.4). We found a pronounced
decrease in isotopic niche overlap from mesohaline to freshwater conditions (Fig. 2.4a). In
thelower, high saline section, juveniles showed abroader range of §"°C values. Furthermore,
adults had higher 6'°N values, except in the middle section. Standard ellipse areas (SEA)
from adult smelt caught at the middle and lower section of the Elbe estuary showed overall
highest variation in isotopic ratios and revealed a broader isotopic niche width compared to
its juvenile conspecifics (Fig 2.4b). However, in the middle section the large SEAc and total
area (TA) were mainly affected by three individuals containing low 6°C values, potentially
derived from marine carbon pools (e.g., Peterson and Fry 1987). These outliers influenced
markedly the isotopic niche width of adults from the middle section but had less effect on
theisotopic niche overlap between the life stages (isotopic niche overlap with outliers: 9.0%
vs. without outliers: 10.6%].

Low values of mean nearest neighbor distances (NND) and standard deviation of NND
(SDNND) revealed similar trophic ecologies of the life stages and an even distribution of
trophic niches. However, these metrics differed slightly between the life stages. Juveniles
generally showed smaller mean nearest neighbor distances (NND) and standard deviation
of NND (SDNND) than adults, except for the lower section. Highest NND was estimated for
adults from the upper and middle section.

In the middle and upper sections of the estuary both juvenile and adult smelts are well-
separated in both §*C and 6"°N values. Further analyses of SEAc indicated that in the lower,
high saline section of the estuary, both life stages have a similar isotopic niche width (Fig.
2.4b,Tab. 2.1). Towards the middle and upper sections adults have increasingly large ellipse
areas than juveniles, indicating a broader isotopic niche.

Overall, our analysis revealed distinct isotopic niches for juveniles and adults along the
salinity gradient, showing greater dietary and/or habitat diversity, especially in the lower
region.

Tab. 2.1 Characterization of isotopic niche width of smelt life stages on a general (aggregated) and spatial scale
(lower, middle and upper sections) using Layman metrics (TA = total area, NND = nearest neighborhood
distance, SDNND = standard deviation of NND) and SIBER calculations of standard ellipse areas (SEAc =
standard ellipse area with correction) with n = sample size.

: 15 13 15
section U4 g O N OC &N b spawp A
stage (%0) range range (%0?)
Aggregated Juvenile 227 242422 161+14 9.4 5.6 31.5 0.17 0.13 7.3
Adult 147 -21.8+24 166+1.4 99 5.6 29.2 0.23 016 6.8
Lower Juvenile 95  -22.8+24 165+13 89 49 21.6 0.26 0.19 5.3
Adult 100 -209+21 17.0%12 82 5.0 22.8 0.25 0.19 5.7
Middle Juvenile 67  -250%14 16.2%15 59 5.4 22.3 0.32 0.24 5.4
Adult 26  -23.4%25 156+14 94 41 20.9 0.52 0.27 7.8
Upper Juvenile 65  -254+0.9 154%11 3.6 5.4 13.6 0.25 0.21 3.2
Adult 21  -23.7+14 155+12 54 4.8 12.1 0.61 0.54 4.0
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Spatial origin of food sources

We used Bayesian mixing models to explore the spatial origin of diet-derived carbon and
nitrogen in juvenile and adult smelt. The main food items (identified through stomach
content analysis and stable isotope analysis) in models for each section along the salinity
gradient were used separately (see material and methods section). Isoplots showed a
generally good alignment of 6"°C and 6'°N of smelt and its food sources (Fig. 2.5a). We
furthermore observed higher §'°C in smelt individuals (both juvenile and adult) from the
lower sections, compared to the middle and upper sections, indicating local marine habitat
use. The difference between the lower section and the mostly freshwater sections is also
demonstrated by the proportions of the main food components found in smelt (Fig. 2.5b).
Juvenile and adult smelt from the lower section have both elevated proportions of Clupeidae
and the amphipod C. volutator in their isotopic signatures. Adult smelt from the middle and
upper sections on the other hand displayed higher values in Gammaridae compared to
those from the lower section (while no difference in juveniles was found). Eventually, the
mixing model for the upper section demonstrates the importance of zooplanktonic food
that they feed upon in the middle and upper sections.
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We explored mixing models for the three spatial sections including both life stages (Fig.
2.6). Proportions of food items are summed according to the section where smelt were
sampled. The result confirms the spatial feeding patterns that were observed. Adult smelt
from the middle and upper sections mostly feed in the middle section (highest aggregated
percentages) and mainly rely on Gammaridae. In contrast, adult smelt from the lower
section mainly fed locally with the highest proportion of the amphipod C. volutator. A
similar pattern appeared for juvenile smelt where individuals caught at the middle and
upper sections mainly consumed local food, i.e. Gammaridae in the middle section and
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zooplankton in the upper section. Juveniles from the lower section derived their food
mainly from the middle section, the lower section, relying on Gammaridae and C. volutator,
respectively.

We estimated the highest proportions derived from local and upstream areas for juveniles,
especially from the lower and middle sections (Fig. 2.6). We observed the highest variation
in stable isotope estimated proportions in adult smelt caught at the lower section. In
addition, adults further fed frequently on food derived in the middle but less on prey from
the upper section.
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Fig. 2.6 Estimated proportions (%) revealed smelt movements in the Elbe estuary. Credibility interval plot of
proportions of prey sources per section based on SIMMR for juvenile (left) and adult smelts (right) caught at
lower, middle and upper sections along the salinity gradient. Proportions of prey groups were summed up per
section to verify main feeding location of juvenile and adult smelt.
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Discussion

Our study provides valuable insights into the feeding ecology and seasonal habitat
exploitation of the European smelt (Osmerus eperlanus), a key species in the Elbe estuary. By
utilizing stable isotope-based Bayesian mixing models of §*C and 6'°N, along with stomach
content analyses, we were able to assess both short-term and long-term dietary preferences,
ontogenetic niche shifts and isotopic niche widths. This integrated approach allowed us to
draw conclusions about spatial resource uses and migrations of smelt.

Diet composition reflect salinity regime

Stomach data provide a snapshot of a fish s recent diet, whereas stable isotopes reflect the
diet assimilated into the consumer’s muscle tissue over a longer time period (Harvey and
Kitchell 2000), depending on individual growth and metabolic rates (Buchheister and
Latour 2010). Integrating these methods reduces uncertainties (Nielsen et al. 2018) and
enhances the interpretation of food web datasets (Layman et al. 2005, Davis et al. 2012). In
our study, this approach enabled us for a more comprehensive characterization of smelt
feeding ecology over a longer period of time.

Our analyses revealed that smelt from the river mouth exhibited a more diverse diet
compared to those from the middle and upper sections of the Elbe estuary. Juvenile smelt
in the lower section primarily consumed Mysidae species (M. slabberi and N. integer),
whereas adults mainly fed on marine organisms such as clupeid larvae and the amphipod
C. volutator. The calculated proportions of clupeids and C. volutator similarly showed
increased assimilation of isotopes from these prey organisms in smelt tissue, especially in
those of adult specimens. The isotope proportions of juveniles in the middle and upper
estuary revealed that zooplankton from freshwater and gammarids from the middle of the
estuary made up major components of the diet. In contrast, zooplankton appears to play a
subordinate role as a food source for adults. Interestingly, zooplankton was nearly absent
from the stomach contents of both life stages, despite being a significant component of the
isotopic derived diet of juveniles. This discrepancy likely reflects an ontogenetic shift in diet,
where juveniles switch from small prey organisms to larger prey with increasing growth
(e.g., Franek 1988, Rochard and Elie 1994, Vinni et al. 2004, Taal et al. 2014). However, the
absence of copepods in the stomachs of juvenile smelt could also be a consequence of fast
digestion or of the high feeding pressure on copepods, making a switch to another prey
source likely. Rapid depletion in copepod densities due to increased predation by fish has
repeatedly been observed in the Elbe estuary (Thiel 2011).

Notably, at freshwater station Mithlenberger Loch (station 5), smelt larvae made up the
largest proportion of the diet of juveniles and adults. Vinni et al. (2004) further
demonstrated that smelt already show cannibalistic preferences at a total length of 7.8 cm,
which promote higher growth rates in young fish.
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To explore the ontogenetic shift from smaller to larger prey, we used standard ellipse areas
(SEAc) to analyze stable isotope data from juveniles and adults (see Jackson et al. 2011). We
observed a significant shift in 6"°C and 6"°N values between the two life stages, though the
isotopic niche shift was minor due to the high amount of shared prey organisms, such as
mysids and amphipods. The analysis of isotopic overlaps on a spatial scale along the salinity
gradient indicated that the overall pattern was mainly influenced by isotope data from the
river mouth, with ellipses shifting and overlap reducing towards freshwater conditions.
This suggests that juveniles and adults may be feeding on prey from different 6**C pools in
the more freshwater sections.

To account for potential outliers, we reanalyzed the isotopic niche overlap in the middle
section, excluding adults with marine-derived 6**C values (n = 3). The resulting overlap of
10.6% was similar to the previous calculation of 9.0%, though the isotopic niche width
decreased significantly from 7.5%o” to 3.8%0” without outliers. This narrowing of the
isotopic niche suggests that migratory smelt contribute to isotopic variability and,
consequently, to isotopic niche width.

Elongated food chain in middle estuary

A unique feature of the middle section was the pronounced accumulation of 6"N in
juvenile smelt, which did not occur in other sections. Typically, larger prey organisms of
higher trophic levels are found in adult’s stomachs, leading to higher §"°N values (DeNiro
and Epstein 1981, Fry 1988). However, the elevated 6'°N in juveniles here might be caused
by anthropogenic influences such as wastewater (McClelland et al. 1997, Donéazar-
Aramendia et al. 2019), sewage treatment plants (Wayland and Hobson 2001, Cole et al.
2004, Morrissey et al. 2012) or agricultural runoff (Heaton 1986), all of which can increase
nitrogen loads in the food web and further increasing 6'°N values (Cabana and Rasmussen
1996, McClelland et al. 1997, Cole et al. 2004). Sanders et al. (2018), however, identified
nitrification hot spots in the Hamburg port area and the overall increased nitrate
concentration that increased towards inland but did not measure high concentrations at
the middle section of the Elbe estuary. Hence, the observed "N enrichment may have
other causes here.

The middle section, located within the maximum turbidity zone (MTZ) of the Elbe estuary,
is characterized by high variation in salinities, turbid waters and nutrient fluxes from both
upstream and downstream, driven by river runoff and the tidal inflow from the North Sea,
respectively (Kamjunke et al. 2023). These conditions create a challenging environment
that affects the entire aquatic food chain (Mosman et al. 2023). Limited food supply and
mixotrophic feeding strategies in this area (Martens et al. 2024) likely contribute to the
extended food chain, where mesozooplankton such as the copepod Eurytemora affinis
switch to a more carnivorous diet (e.g., increased consumption of rotifers) under low food
availability (Modéran et al. 2012). This extended food chain could lead to elevated §"°N
valuesinjuvenile smelt (Layman etal. 2007, Biederbick etal. unpubl., Chapter 4), indicating
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areliance on local food supply and environmental conditions, while adults may avoid areas
with low food availability or unfavorable environmental conditions (e.g., oxygen minimum
zones) (Thiel et al. 1995).

Spatial habitat exploitation and movements

Our Bayesian models, applied separately to each fishing section for juveniles and adults,
revealed major differences in dietary proportions between the river mouth and the more
freshwater sections. Juveniles in the river mouth primarily assimilated prey from the
middle and lower sections, while adults fed mainly within this region. In contrast, in the
middle and upper sections, juveniles relied more on local and upstream food sources, while
adults primarily consumed prey from the middle section. Due to the high proportions
estimated from local and further upstream derived food sources in juvenile smelt, we
conclude that their movements are potentially rather tidal depended. Our findings reveal
distinct habitat exploitation patterns and migration behaviors in juvenile and adult smelt.
However, due to the variability of food organisms in the respective sections, we cannot be
completely sure that we have accounted for all important food sources. Still, our models
offer robust insights into the spatial feeding dynamics of smelt across the estuary.

Juvenile and adult prey competition

In summary, our results enhance the understanding of the feeding ecology and seasonal
habitat exploitation of smelt in the Elbe estuary. These insights could be applicable to
trophic dynamics in other cool-temperate estuaries dominated by a key fish species.
During our sampling in May and June, both juveniles and adults were present throughout
the studyarea, displaying distinct habitat exploitation strategies, as discussed above. Adults
primarily fed in the river mouth and in the middle section of the Elbe estuary, while
juveniles exploited local food sources. Nonetheless, we observed a large overlap of prey
organisms, probably indicating intraspecific competition between the two life stages. As
our findings illustrate the ability of adult smelts to leave areas with insufficient habitat
conditions, the results promote a strategy of avoiding intraspecific competition when food
supply is low. Additionally, estuaries are generally characterized by high biomass
production and low species diversity (Platell et al. 2006), which consequently forces
exploitation of the same prey species by consumers. We therefore assume that the
influence of competition within the species is rather low. Previous studies showed that the
opportunistic feeding of smelt generally correlates with the food availability of a few prey
species that occur in high biomass rates (e.g., Popov 2006, Taal et al. 2014) which further
fluctuate on a temporal and spatial scale (Pothoven et al. 2009, Taal et al. 2014).

In spring, high productivity rates (e.g., plankton blooms, high zooplankton densities) are
particularly notable in the Miihlenberger Loch (station 5) and the adjacent Hahnofer
Nebenelbe, areas recognized as important nursery habitats for local fish species, especially
smelt (Thiel et al. 1995, Thiel 2001). Thiel et al. (1995) observed here the highest smelt
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larvae densities especially in May. These areas are part of the Natura 2000 protected area
network (Fricke et al. 2021) and are characterized by large biomasses of Eurytemora affinis
in spring (Kopcke 2002). This copepod therefore serves as a key prey species for juvenile fish
with increasing importance towards inland (Thiel 2001). The high predation pressure on
mesozooplankton in these areas often leads to a top-down induced decline in copepod
biomass during spring (Képcke 2002, Thiel 2011), prompting a shift to cannibalistic
feeding behavior in juvenile smelt. This dietary shift is supported by our analyses, which
reveal a transition from zooplankton to cannibalism as a favored feeding strategy in juvenile
smelt during this period. Our findings underscore the importance of the Mithlenberger
Loch as both a nursery and feeding ground for various smelt life stages (Thiel et al. 1995,
Thiel 2001), highlighting its crucial role in the local estuarine food web.

Conclusion

The findings of our study underline the importance of estuaries serving as essential nursery
and feeding habitats for fish. Here we show that the feeding ecology of the key species smelt
Osmerus eperlanus changes during its life cycle, as a result of changing diet during ontogeny
and increasing movement ability in the adult stage. Juveniles showed a strong dependence
on the local food supply, suggesting that they are more exposed to the prevailing
environmental conditions than adults. Along the salinity gradient we observed increasing
utilization of distinct resources in juveniles and adults highlighting increasing ecological
differentiation between the life stages as salinity increases.

Due to its high biomass rates, smelt inhabits a key function in the Elbe estuary, serving as
an important nutrient source for other fish, birds, and marine mammals (Taal et al. 2014,
McCarthy etal. 2019). In northern Europe, anadromous smelt populations show an overall
depletion (McCarthy etal. 2019), so does the Elbe smelt population in recent years (Illing et
al. 2023, chapter 6). Smelt population decline can have multiple reasons, such as low food
availability and impairment or even loss of suitable spawning and nursery habitats (Sendek
and Bogdanov 2019). This study particularly emphasizes the relevance of intact nursery
areas for the recruitment success of this important species. Based on our results, we
conclude that particularly shallow areas are crucial for the development and growth of
juvenile smelt and should be further considered as part of conservation strategies to protect
the fish community in the Elbe estuary.
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Supplements

Tab. S2.1 Information on number of juvenile and adult smelt individuals caught at stations 1-5.

Section Station Station Juvenile (n) Adult (n)
number
1 Medemgrund 60 49
Lower N
2 Brunsbiittel 56 50
Middle 3 Schwarztonnensand 68 25
4 Twielenfleth 43 4
Upper .
5 Miihlenberger Loch 36 13
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Tab. S2.2 List of regressions to reconstruct prey biomasses based on measured fragments found in stomach

contents of smelt (EXP=e” function)

Fragment Regression TL (mm) Regression weight (g) Literatur
Pisces
Osmerus Otolith TL=- Debus and Winkler
eperlanus diameter 16.634+39.248*0TO 1996
(OTO)
Osmerus Lower jaw TL=7.7098*LJ+4.7067 Debus and Winkler
eperlanus (L)) 1996
Pomatoschistus TL W =EXP(3.607 *In(TL) + Pihl and Rosenberg
microps In(0.0002)) 1982
Caridea
Crangoncrangon  TL W =EXP(2.84 *In(TL) + Pihl and Rosenberg
In(0.3603)) 1982
Amphipoda
Corophium Head W=EXP((0.36+0.35*H)/10) Mason 1986
volutator diameter (H)
Gammarus TL W=0.0029xTL" 2.88 *0.001 Wang and Zauke 2002
zaddachi
Mysidae
Mesopodopsis TL W =0.0000135*TL"2.744 Oesmann 1994
slabberi
Neomysis integer ~ Eye TL=-4.479+29.988"Eye ~ W=0.0000022715*TL3.46 Debus and Winkler
1996
Neomysis integer Telson (TEL) TL=1.6125+TEL*6.25 Debus and Winkler
1996
Neomysis integer ~ Standard 0.0035 Debus and Winkler
1996
Neomysis integer ~ TL W=0.00000283*TL3.15 Debus and Winkler
1996
Neomysis integer ~ Standard 1.82+0.19cm 5.82+1.84mg Lindén etal. 2003
Copepoda
Eurytemora TL W=12.9*TL"2.92*0.000001 Christiansen 1988,
affinis Peitsch 1995
Others
Annelida Width, W =-49.509 +0.280 Marsh etal. 1989
Length (Width)"2 +9.205 (Length)"2
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Abstract

Estuaries are favored by certain fish species, as they offer a high food supply and thus
suitable feeding habitats for various life stages. However, the challenging conditions and
salinity gradients in estuaries limit the ability of certain fish species to exploit these
habitats. Therefore, fishes developed a variety of strategies within their life cycles to
optimize their habitat exploitation. Flounder Platichthys flesus and ruffe Gymnocephalus
cernua are eponymous and thus defining species for the lower river regions of northern
Europe, but information on the role of estuarine habitats on these species is still scarce.
However, this knowledge is essential to uncover spatiotemporal habitat use preferences
and to better understand population dynamics of flounder and ruffe. Here we show the
annual habitat exploitation and migrations of flounder and ruffe from the Elbe estuary
using stable isotopes 6*C and &"N. Our study offers new insights into population
structures, overwintering strategies, spatial connectivity and site fidelity of flounder and
ruffe. According to these findings, juvenile flounder show a high migration radius overall,
low site fidelity and movements to upper freshwater areas in winter. Ruffe completes its
entire life cycle in the study area with low spatial connectivity throughout the year,
potentially indicating a distinct brackish population in the Elbe estuary. Our outcomes
demonstrate how migratory flounder and ruffe optimize their habitat use during their life
cycles in estuaries. Our study further illustrates that migration patterns of fish using
estuaries within their life are far more complex than previously assumed with salinity
acting as a main driver of movements. Our study should therefore serve as a starting point
to further unravel annual habitat use to improve the conservation of fishes in estuaries.

Key words: Elbe estuary, fish community, fish migration, stable isotope analysis
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Introduction

Estuaries are highly productive ecosystems that offer a variety of benefits for aquatic
consumers, especially fishes. These benefits include high food supply and low predation
pressure, supporting immense biomasses and fast growth, especially in early life stages
(Elliot and Hemingway 2002, Day et al. 2013). However, estuaries are also challenging
environments for aquatic biota due to rapidly changing physico-chemical parameters (e.g.,
oxygen, temperature) and especially strong salinity gradients (Pasquaud et al. 2007, Wetzel
et al. 2013). As a result, species richness is usually low and species are usually generalist
feeders (Whitfield and Harrison 2020, Mosman et al. 2023).

Estuarine conditions limit the movements and distributions of certain fish species, a
phenomenon, known as the barrier effect (Whitfield 2021). This effect leads to behavioral
(e.g., migration, life cycle) and metabolic adaptations (e.g., osmoregulation) in some fishes,
which incur additional physiological and energetic costs to exploit the estuary for nursery,
feeding, spawning and as migration routes (Elliot and Hemingway 2002, Whitfield et al.
2022). Estuarine fish species have therefore evolved various life history strategies based on
their scope to optimize their habitat exploitation (Whitfield 2021).

Salinity particularly shapes the fish assemblage in estuaries, causing a decrease in the
number of marine species from the river mouth towards inland, while the number of limnic
species shows a reverse trend (Thiel and Potter 2001). This in turn leads to a special
composition of the fishes, as both limnic, brackish and marine species occur in the same
habitat (Maes et al. 2005, Whitfield 2015), which is also reflected in the term ruffe-flounder
region, referring to these areas of northern European rivers (Holker and Temming 1996,
Carstens et al. 2004). Both ruffe (Gymnocephalus cernua) and flounder (Platichthys flesus)
are therefore characteristic fish species for these regions and occur regularly in high
abundances and at different life stages, thus each fulfilling important ecological roles (Eick
and Thiel 2014).

Life cycle movements of fish comprise a series of movements that often occur at regular
intervals (e.g., daily, tidal, seasons) (Pittman and McAlpine 2001). These include home
range movements (e.g., tidal, daily, seasonal), ontogenetic shifts or migrations (non-
spawning, spawning), which can differ significantly in their distance and duration (Pittman
and McAlpine 2001). The term migration is often used in association with spawning
migrations or the traveling of long distances from one area to the next (e.g., for feeding) by
fishes (Morais and Daverat 2016). In particular, the classification of life history guilds refers
mainly to migration patterns based on different reproductive strategies (e.g., Thiel and
Potter 2001).

Flounder follows a facultative catadromous migration pattern (Daverat et al. 2012) with a
high number of juveniles living in temperate estuaries benefitting from higher
temperatures, high food supply and low predation risk especially in the freshwater sections
(Gibson 1994, Andersen et al. 2005).
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Ruffe, on the other hand, occursin both freshwater and brackish water but has better growth
rates in estuaries due to high food availability (Holker and Thiel 1998). Recent studies of
16S metabarcoding and stable isotope analyses revealed stationary behavior of resident
ruffe via gill mucus microbiome composition in the Elbe estuary (Koll et al. 2024b, chapter
7). However, detailed information on the movement patterns of these species is largely
lacking, especially in the Elbe estuary, one of the largest estuarine ecosystems in northern
Europe (Schwentner et al. 2021). Understanding migrations as part of their life cycle and
population dynamics of ruffe and flounder in the Elbe estuary can serve as a basis for
sustainable management. In addition, knowledge on preferred habitats of different life
stages of these species in estuaries regarding prevailing environmental conditions (e.g.,
salinity, food supply) are essential to understand their role in the trophic food chain and to
further validate nutrient and energy fluxes and transport in the Elbe estuary.

To track ruffe and flounder movements, we used stable isotope analysis which has proven
to be an effective approach to investigate habitat connectivity and migrations of limnic,
estuarine and marine fish (Morais and Daverat 2016). The low and stable trophic
enrichment of carbon isotopes (trophic enrichment factor (TEF) ca. 0.8 - 1.1%o0) enable
identification of the origin of carbon sources from the base of the food web to higher trophic
levels (DeNiro and Epstein 1978, Doi et al. 2005). The isotope ratios (6**C) of primary
producers are linked to the surrounding geochemical (e.g., climate) and biochemical
processes (e.g., degradation, photosynthetic pathways), resulting in local isotopic
signatures, which in turn can be retrieved in the consumer tissue (Peterson and Fry 1987,
Post 2002). Carbon sources derived from freshwater sources are generally depleted in their
6°C whereas those of marine origin have high §C values (Peterson and Fry 1987).
Nitrogen isotope ratios (6"°N) enrich stepwise per trophic level (TEF 2-4%.,) and are
appropriate for determining trophic positions of organisms in a food web (McCutchan et al.
2003, Nielsenetal. 2018).

Here, we used stable isotope analysis to evaluate how ruffe and flounder exploit the
estuarine resources during their distinct life cycles. Specifically, we analyzed seasonal stable
isotope data along the salinity gradient of the Elbe estuary to resolve this information
temporally and spatially. This study aims to improve our understanding of seasonal
migration patterns and habitat exploitation of fish by answering the following questions:
Can we determine life cycle strategies of flounder and ruffe using spatial and temporal
stable isotope information? Which areas of the estuary are particularly important for the
species studied? The results of our study promote a detailed understanding of life cycle
patterns and habitat exploitation in fish to draw conclusions about ecosystem functioning,
population dynamics and species conservation.
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Material and methods

Study area

The Elbe estuary is a temperate, tidal influenced and well-mixed periodically stratified
estuary in northern Europe (Middelburg and Herman 2007, Amann et al. 2015, Pein et al.
2021) that extends over 140 km from the weir of Geesthacht to Cuxhaven, where it ends up
in the North Sea (Francescangeli et al. 2021). The area is known as a hot spot of
anthropogenic activities due to its economic importance of the port of Hamburg,
Germany ‘slargest seaport (Schwentneretal. 2021). Due to both riverine inflow from inland
and the connection to the North Sea, the estuary provides a transitional zone of both fresh-
and marine water forming a steep salinity gradient and an overall highly dynamic system
(Schwentneretal 2021, Spiekermann etal. 2022).

Sample collection and processing

We conducted fishing using a commercial fishing vessel in spring (May/June), summer
(August), autumn (November), winter (March) and spring (May/June) from 2021 to 2022 at
five stations located at the lower, middle and upper section along the salinity gradient of the
Elbe estuary (compare with Magath and Thiel 2013) (Fig. 3.1). Salinity conditions were
measured using a multiprobe (Hanna instruments) before and after each haul.
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Fig. 3.1 The Elbe estuary in Northern Europe with sampling stations (1) Medemgrund, (2) Brunsbiittel, (3)
Schwarztonnensand, (4) Twielenfleth and (5) Mihlenberger Loch and sections reflecting the salinity gradient
of the main channel towards the city of Hamburg (map was created using Google Earth, 2024).
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Sampling was conducted with a stow net that hasan opening of 135 m?and 10 mm meshes
at the cod end. We sampled for 3-4 hours at each station covering ebb and flood events.
Individuals of both species were measured and weighed on board. The sample size was
reached after normality of the length distribution was achieved, although this was not
always possible due to the local absence of length classes during the sampling period (see
supplement Tab S3.1).

We divided specimens into juvenile and adult life stage based on total length
measurements. As ruffe reach sexual maturity at 2-3 years of age in northern areas often
with a total length of 11-12 cm (Kolomin 1977, Gutsch and Hoffman 2016), we referred to
ruffe <11 cmasjuvenile (6.2 -10.9 cm) and above as adult (11 -22.6 cm). For flounders, we
assume maturity at a total length of 20 cm, based on other studies (e.g., Mendes et al. 2020),
so individuals with a total length below this limit are termed as juvenile (5.8 - 19.5 cm) and
above asadult (20 -39 cm).

We took white muscle tissue samples for stable isotope analysis of 67°C and 6'°N from the
dorsoventral side of the body, rinsed them with distilled water and stored them at-80°C for
further analysis. A ring net with an opening of 60 cm and a mesh size of 1000 um was used
to collect macroinvertebrates samples, which were treated similarly to the fish samples.
These samples were used to further predict distinct spatial 6'°C signatures to verify isotopic
limits of the estuary and to predict fish movements.

In the laboratory we freeze-dried the samples for 24 hours and ground them to fine powder
using a MM440 Cell Lyser by Retsch®. 0.8 - 1.0 mg of each sample were filled into tin
capsules and folded. The UC Davis Stable Isotope Facility in California measured 6*C and
6'°N of the samples using a continuous flow isotope ratio mass spectrometer (IRMS) PDZ
Europa ANCA-GSL elemental analyzer interfaced to a PDZ Europa 20-20 isotope ratio mass
spectrometer (Sercon Ltd., Cheshire, UK). International standards VPDB (Vienna Pee Dee
Belemnite) and atmospheric air were used for carbon and for nitrogen. Isotope ratios were
expressed using the delta notation:

_ RSample _
85X = [(—Rsmndard) 1] Eq.3.1
with X being the stable isotope ratio of 6"*C and 6°N in per mille (%o), and R the relation of
the mass ratio of the heavy and light isotopes (**C/**C and *”N/*N) of the sample divided by

the ratio found in international standards.

Habitat exploitation and migration

To improve the interpretation of spatial habitat use and migration behavior of resident fish
in the isotope data we predicted distinct §°C values of estuarine fish using local 6*°C values
(see Guelinckx et al. 2006) of mysid shrimps Neomysis integer and Mesopodopsis slabbert,
which we caught year-round in the study area. These species are known to be important
prey organisms for fish in the study area (Sepulveda et al. 1993, Fockedey and Mees 1999).
Due to minor seasonal variation in the mysid isotopic data, we pooled the 6**C values by
station and estimated the means and standard deviations (SD) of the most downstream
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station 1 and most upstream station 5 (Fig. 3.1), that further represent the limits of a year-
round estuarine isotope ratio. 6**C above and below these limits are defined as marine and
riverine signals, respectively, whereas ratios within these ranges are further defined as
estuarine signal.

Ontogenetic niche shift

We verified the possible ontogenetic niche shifts of flounder and ruffe using generalized
additive modeling (GAM) between isotopic data of §*C and 6"°N, respectively, and fish total
length (TL) using the equation:

Response =+ s(Vi) +... + s(Va) + & Eq.3.2
Where Bistheintercept, s the smoother function of predictors Viand Vnand g the error term
(Casinietal . 2012).

We evaluated normal Q-Q-Plots, Cook s distances to determine potentially critical outliers
and histograms to check for normality of residuals. Then, we ran the models with different
predictor values and chose the best fitting model based on lowest Aikaike’s Information
Criterion (AIC) with empirical criteria >=2 (Aikaike 1976) (see supplement Tab. S3.2, S3.3)

Due to the high variance in flounder data, the conducted GAMs were not appropriate for
describing the relationship between total length and isotopes (see supplement Tab. S3.3).
We concluded that the isotope values of flounder reflected migration rather than
ontogenetic shift, so that we split the data seasonally. Therefore, we continued with
standard ellipses of §*C (409 CI) per total length of juvenile and adult flounder to describe
isotopic shifts during ontogeny on a seasonal scale using the ranges of the isotopic limits as
described above.

Spatial connectivity

To analyze spatial differences in diet-derived carbon isotopes on a seasonal scale to further
detect spatial connectivity and site fidelity of flounder and ruffe, we assigned 6°C values of
each species to upper, middle, and lower sections based on their catch location according to
season. We verified the normal distribution of the samples for each season through
descriptive statistics and checked for homogeneity of variance using Levene's test.
Subsequently we performed either a one-way ANOVA or a Kruskal Wallis test to determine
significant differences in §°C between local groups per season. Using pairwise post-hoc
tests with Bonferroni p value adjustment, we evaluated whether significant differences
between the sections occurred.

Interspecific niche differences

To investigate isotopic niche widths and overlaps use of ruffe and flounder, we first tested
for normality and variance homogeneity using Shapiro-Wilk and variance tests. Then, we
analyzed 6C and 6'°N of both life stages per season and section using Wilcoxon rank test
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to distinguish significant differences between their 6**C and 6N values (p < 0.05). We
pooled the stable isotope data of juvenile and adults of flounder as we found no significant
differences in the data. For ruffe we used data from adult life stage only. Data with a low
sampling size per section (n < 3) was removed from the analysis. We calculated standard
ellipse areas (SEA) with 40 9 confidence interval (CI) to estimate isotopic niche width and
overlap of individuals caught at the three sections to distinguish spatial habitat exploitation
of fish on a seasonal basis using SIBER package (version 2.1.6) in R (Stable [sotope Bayesian
Ellipses in R) (Jackson et al. 2011) (supplement Tab. S3.4). Therefore, we used corrected
standard ellipse area (SEAc) for small sample sizes of the isotope data. Additionally, we
estimated Layman metrics (Layman et al. 2007) per season between lower, middle, and
upper sections.

All statistical analyses were performed using R studio version 4.0.4 (R Core Team 2024)
using packages: cowplot (version 1.1.1), DHARMa (version 0.4.6), dplyr (version 1.1.2),
forcats (version 1.0.0), ggarrange (version 0.4.5), ggmap (version 4.0.0), ggplot2 (version
3.4.2), ggpubr (version 0.6.0), gridExtra (version 2.3) jhrbrthemes (version 0.8.7), mgcv
(version 1.8-39), nlme (version 3.1-155), plyr (version 1.8.8), reshape? (version 1.4.4),
SIBER (version 2.1.6) and tidyverse (version 1.3.1).
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Results

Annual habitat exploitations by flounder and ruffe

Flounder and ruffe were caught at juvenile and adult life stages in the Elbe estuary during
all seasons. The §'*C isotope values provided information on marine, estuarine and riverine
carbon sources derived in individuals (Fig. 3.2). The flounder population was dominated by
juvenile specimens, especially in winter when the adults were almost absent. We observed
primary marine and estuarine 6"°C signals in both life stages, with a shift to riverine signals
starting in autumn, maximizing in winter and ending in spring in only juvenile flounder.
Adult flounder were nearly absent in our winter catches. Ruffe, meanwhile, occupied
primarily the estuarine isotopic ranges during the entire season, with juveniles tending to
shift into the 6"*C range derived from the lower river /estuarine origins. In winter we caught
less individuals containing lowest isotopic variability in both juvenile and adult ruffes.
However, we found two outliers in juvenile ruffe in spring that contained a riverine (2021)
and a marine (2022) §"*C signal.
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Fig. 3.2 6"°C of European flounder and ruffe at different life stages (juvenile, adult) from spring 2021 to spring
2022. Black horizontal lines show predicted estuarine §°C signal in fish and SD (dashed lines) estimated from
the §"°C of mysids caught at station 1 (border to the sea) and station 5 (border to the river).

Ontogenetic niche shift

We did not find a clear relationship between fish length and isotope values in the flounders.
For clarity, however, we have split the 6°C data according to life stages. We observed a shift
in isotope values based on seasonal ellipses of juvenile flounder in particular, which
revealed information on temporal migration behavior (Fig. 3.3). The overall length
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distribution of flounder showed that juvenile fish with peak values between 10 cm and 14
cmwere predominant in our samples, while adult fish (> 20 cm) were caught less frequently
(Fig. 3.3A). Seasonal 40% CI ellipses of juvenile flounder §%C were used to determine
potential effects of size on isotope values (Fig. 3.3B). Our analysis revealed that the 6"°C of
the smallest flounder shifted from the marine to the estuarine range with increasing fish
length in summer and autumn. In winter, §°C values change to lower riverine 6'*C values,
with stable isotope ratios increasing again with fish growing in spring. In general, adult
flounder did not show a clear isotopic scheme overall, except for autumn when we observed
two different §'°C patterns with either estuarine or marine isotopic ratios. High 6**C values,
reflecting marine derived carbon sources, dominated in adults in spring with no 6'*C ratios
detected in the lower riverine isotope range.

A 15
w
© 101 '
-
T
>
i N “ “ |

o mp i T T TR AR

10 20 30 40
TL (cm)

B -10: c -10-

-15, i B = -15: . .

» T = T :'_L.;,:,i .t

oy ) 20 =

25 25 SN

-30 -30

-35. -35.,

10 15 20 20 25 30 35
TL (cm) TL (cm)

~&— Spring 2021 —@— Summer 2021 -&— Autumn 2021 —@— Winter 2021/22 —@— Spring 2022 e Lower 4 Middle = Upper

Fig. 3.3 (A) Visualization of measured total length (TL) in cm of flounder per number of caught individuals
(see Tab. S3.1). (B) 6"°C ratios vs. TL of juveniles and (C) adults with standard ellipses (~40% CI) per season.
Grey horizontal lines show predicted estuarine §"°C signal in fish and standard deviation (SD) (dashed lines).

The ruffe population included individuals with total lengths between 6.2 and 22.6 cm, with
apeak between 10 and 18 cm (Fig. 3.4A). GAM revealed a significant linear relationship of
67C and 6N values as a function on length (Fig. 3.4B, C). Based on the AIC, we included
section and season as predictor variables to describe both stable isotopes (Tab. S.3.2). For
61C, differences in isotope values and total length (R? adjusted = 0.43, F = 21.0, df = 227)
occurred between sections, but with less effect on seasonal variation. Only the two spring
samplings differed significantly from each other in their isotope values (p < 0.05).
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The 6'N ratios increased significantly with enlarging ruffe size (R* adjusted = 0.59, F =
104.9,df =227) to a higher extent than §"°C. No differences were found between the lower
and middle section; however, a significant effect was observed between all seasons.
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Fig. 3.4 Size-specific differences in stable isotope ratios in ruffe. (A) Total lengths (TL) in cm of caught ruffe
during seasonal samplings. (B, C) Frequency distribution of TL and the relationships between TL and 6"°C as
well as '°N based on GAM formula displayed above, respectively. The lines represent the linear effects of TL
on the isotope values, the dashed lines the smoothing function for each isotope variable and the dots the
distribution of the individual data.

Spatial connectivity and site fidelity using §'*C

We further compared §'*C values by section at each season using ANOVA and Kruskal-
Wallis (KW) tests to determine whether there are differences between local §*C signatures
that further reflect spatial habitat use and site fidelity. For flounder, the statistical analysis
revealed significant differences in 6'°C ratios between estuarine sections in spring (2021:p
<0.05,F=3.99 n=27,2022:p >0.0001, KW-chi-squared = 33.40, n = 86) and autumn (p
< 0.001, KW-chi-squared = 9.99, n = 36). Subsequent post-hoc and Wilcox tests showed
that significant differences occurred regularly between the more saline lower and the
fresher upper section. Differences between the upper and middle section could only be
detected in spring 2022. No spatial difference in 6"°C ratios were found for flounder in
summer (p >0.05 F=2.18,n=36)and winter (p > 0.05, KW-chi-squared =6.18, n = 54).
The statistical analysis of ruffe data indicated significant differences in the 6*C ratios
between the sections of the estuary in summer (p < 0.001, F=3.03, n = 67), autumn (p <
0.001, F=22.06,n =43) and spring (2022) (p < 0.001, KW-chi-squared = 14.44, n = 68).
Post-hoc tests indicated significant differences between the lower and upper areas of the
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Elbe estuary. In summer, all sections differed significantly in their 6*°C values. In autumn,
individuals from the upper and middle sections as well as in spring 2022 from the lower
and middle section differed significantly from each other. No differences were found in
spring 2021 (p > 0.05, F=3.05,n = 34) and winter (p > 0.05,F=0.64,n=16).

Interspecific niche differences

Overall, flounder and ruffe exhibited variable spatio-temporal isotope patterns, each
reflecting the distinct migration patterns of the two species (Fig. 3.5; see also supplement
Tab. S3.3). We found the highest isotopic overlaps in flounder between estuarine sections
In summer and autumn ranging from 26.1% to 41.9%. During winter the lower section
yielding the largest isotopic range (SEAc 17.3%0% TA = 39.3), while flounder from the
middle and upper sections largely overlapped (i.e. 67.4%). In spring, flounder formed a
separate isotope group, while individuals from the lower and middle section overlapped
with 16.4% using 40% CI. We determined the smallest isotope ranges in the middle and
upper sections with SEAc of 3.1%:? and 4.0%:°.

In contrast, in ruffe we observed that sections increasingly separate from spring to autumn
with overall narrow isotopic ranges. Highest overlap of 23.99% were estimated between
middle and upper sections. In summer and autumn, we noticed a similar isotopic pattern
in ruffe with ellipses shifting from low 6**C values in the upper sections to higher §*C values
in the lower section. We only captured the ruffe in winter at the middle and upper sections
in low abundances (n = 8) with the largest overlap of 49.1% for this species, but the lowest
SEA:between 2.1%c%and 1.9%:0*.
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Discussion

Life cycle guild classification of flounder in the Elbe estuary

We observed high dispersion of 6°C data in flounder that demonstrates the utilization of
diverse habitats and resources from marine to riverine origins by mainly juvenile
individuals caught in the Elbe estuary. This high variability in §*C values further reflected
the high migration activity of flounder between the different estuarine habitats. Our study
therefore confirms the outcomes of other studies that flounders use the estuary mainly
during their juvenile life stage to benefit from the prevailing higher temperatures, low
predation pressure and rich food availability, thus juveniles occurring here in high
abundances (Gibson 1994, Andersen et al. 2005).

However, there is no universal definition describing the migration pattern of flounder,
which has led to controversial discussions in the scientific community in the past. Some
authors have described the migration pattern as catadromous which is still widely accepted
today (Summers 1979, Borsa et al. 1997, Minier et al. 2000, Marchand et al. 2003, Franco
et al. 2008, Daverat et al. 2012). Franco et al. (2008) claimed flounder to belong to the
marine migrants as flounder representing a marine species with juveniles entering the
system for nursery and migrating back during their sub-adult phase. In the Elbe estuary
flounder has been characterized as marine estuarine opportunist (MEQO) with particularly
juveniles entering the estuary in high numbers for nursery but use also adjacent coastal
marine and other habitats for this purpose (e.g., Eick and Thiel 2014, Potter et al. 2015,
Thiel 2011). Daveratetal. (2012) chose the term facultative catadromous to describe the life
cycle of flounder based on the dependency of early life stages on estuarine habitats as
nursery areas in the Seine, Gironde and Minho estuary. This variety of definitions
underlines the adaptability of flounder populations in different ecosystems and habitats to
optimize their exploitation.

Even though flounder of the Elbe estuary have been considered MEO in the past, some
studiesindicate a certain dependency of the occurring flounder. For example, some authors
described selective tidal transport of flounder larvae into the estuary and a tendency to
enter areas with freshwater conditions (e.g., Bos 1999, Bos and Thiel 2006). Our results
underline the importance of the estuary as an essential nursery area, which would suggest
a dependence of the occurring population(s) present. Therefore, we used the definition
facultative catadromy according to the description of Daverat et al. (2012) in this study to
describe flounder migration in the Elbe estuary.

Potamodromous life cycle in resident ruffe

Ruffe in contrast mostly stayed within estuarine isotopic limits. This narrow distribution of
6"°C data reveals a limitation for its migrations. Although ruffe is known to tolerate a wide
range of environmental parameters (Svirgsden et al. 2015), the upper salinity tolerance is
10 - 12 ppt (Kottelat and Freyhof 2007). In our study, individuals were most caught within
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the oligohaline to freshwater parts (stations 2-5) of the Elbe with salinities between 0.3 and
6.1 and were nearly absent at the mesohaline station 1 (Medemgrund) (Tab S3.4). In
estuaries ruffe benefit from the rich food supply, which can cause an improvement of
individual growth rates compared to freshwater habitats (Holker and Thiel 1988). However,
as a freshwater species that potentially suffers from osmotic pressure due to fluctuating
salinity levels (Svirgsden et al. 2015), ruffe must adapt to the prevailing environmental
conditions in the estuary. To exploit estuarine advantages permanently, brackish water
populations exhibit adaptations that are absent in freshwater populations. These include
the production of larger eggs with higher yolk lipids and proteins (Svirgsden et al. 2015),
greater salinity tolerances of embryos and the ability to utilize spawning sites with salinities
of upto 6 - 8 ppt (Vetemaa and Saat 1996).

Seasonal 6°C ranges of the ruffe we studied indicated only a rarely use of riverine food
sources implying an uncrossed upstream barrier. Therefore, our results tend towards the
existence of a brackish water ruffe population distinct from an upstream freshwater
population. To support this suggestion further analyses of population genetics and
physiological adaptations of ruffe in the Elbe River are required.

Annual fish migration and local habitat exploitation of flounder

Stable isotope approaches enable the tracking of movements and the habitat exploitation
of fish species (Morais and Daverat 2016). Our findings uncover distinct life cycle strategies
of flounder and ruffe on a spatiotemporal scale in the Elbe estuary.

For flounder, we could follow the facultative catadromous migration pattern during the
juvenile and adult life stages (Fig. 3.6). Although larvae are not covered in our study,
previous studies showed upstream movements via flood tide transport, whereby
individuals are carried within the water body during high tide events and sink to the bottom
during ebb tide (Bos et al. 1995, Bos 1999, Andersen et al. 2005, Trancart et al. 2012).
Aquarium experiments with early life stages showed that larvae and juvenile flounders
prefer low salinities or freshwater, which explains their migration behavior into freshwater
areas during these life stages (Bos and Thiel 2006). In the Elbe estuary, flounder can thus
migrate further upstream until they reach their retention area shown to be at Hahnofer
Nebenelbe and the Miihlenberger Loch (station 5), particularly between March and May
(Moller 1984). Thisregion is known as an important nursery area for fish in the Elbe estuary
(Thiel 2011), where flounder larvae mainly feed on calanoid copepod Eurytemora affinis and
oligochaete Tubifex spec. (Ladiges 1935, Bosetal. 1995). Bosetal. (1995) further suggested
that the straightened water way of the main channel with reduced shallow areas leads to a
limitation in larvae’s mobility. After further development, juveniles continue their
migration towards upstream through the Hamburg port (Bos et al. 1995).

During our sampling, we caught the smallest flounder in summer and autumn, which is
consistent with the observations of Mdller (1984), who reported developed juvenile
flounders of age group (AG) O first appearing in July in the Elbe estuary. Souza et al. (2013)
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observed a similar trend in autumn where 30% higher densities of juvenile flounder
compared to other seasons shifted upstream to the tidal freshwater area of the Minho
estuary, Portugal. Our flounder caught during that period previously exploited marine and
estuarine sources as shown by our higher 6*C values. Thus, we assume that AGO had either
not yet migrated further upstream or that individuals who had migrated had not yet
returned. In contrast, 6"°C values of winter caught flounders were depleted, indicating
intensive consumption of freshwater food sources. This riverine §2C signal therefore
revealed areturn migration of juvenile flounder from the upstream riverine area back to our
study area. Previous studies also showed that young flounder frequently exploit upstream
feeding areas in estuaries as low 6'°C values indicating their dependency on a freshwater-
derived diet in early juvenile life stages (Selleslagh et al. 2015, Mendes et al. 2020).
However, the food supply is limited during winter, which leads to a reduction in the food
intake of juvenile flounder from daily rations > 20% of body weight to < 5% (Thiel 2001,
2011). Further, somatic condition and growth are limited due to low salinities (Gutt 1985,
O’Neill et al. 2011, Mendes et al. 2020). However, this area provides less fluctuations in
salinities which is generally known to be positively correlated with development and
growth of young flounder (Andersen et al. 2005).

Juvenile flounders migrated downstream again by the end of winter, where they were
mainly feeding on estuarine and marine food sources. The mechanisms underlying this
backward movement are still unknown but understanding them could be crucial to
uncover the entire life cycle of flounder in the Elbe estuary.

Even if our data indicate overwintering behavior, this result is not consistent with the
findings of Bos et al. (1995), according to which juvenile flounders already occur in June
upstream of the port of Hamburg as far as the Geesthacht weir. Accordingly, the upstream
areas could not only be wintering areas, but also generally important nursery areas for
flounder. In our spring samplingin 2022, we also found some individuals with riverine §"°C,
but in a much smaller proportion than the juveniles caught in winter.

We conclude from this that some juvenile flounders may already be in the area upstream in
spring, but that the majority mainly use this habitat in winter. As the studies by Bos et al.
(1995) were carried out 30 years ago, recent detailed studies on the spatio-temporal habitat
use of juvenile flounders are necessary to proof our assumptions.
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Fig. 3.6 Life cycle reconstruction of flounder in the Elbe estuary based on stable isotope data of seasonal §"°C

and literature (*Moller 1984, Bos et al. 1995). Arrows point towards migration direction of fish, starting
during early life stages in late winter/spring from the river mouth to Mithlenberger Loch (orange), potentially
overwintering migration into riverine sections upstream of the city of Hamburg (blue), and backwards
movement while exploiting estuarine to marine food sources (purple). Fish were caught during seasonal
cruises at locations: Medemgrund (1), Brunsbuttel (2), Schwarztonnensand (3), Twielenfleth (4),
Mihlenberger Loch (5).

Adult flounders used the estuary mainly between spring and autumn for feeding. During
winter mature fish were nearly absent in the estuary due to spawning activities in the
adjacent North Sea between January and April (Thiel 2011, Eick and Thiel 2014). The stable
isotope ratios of adult flounder displayed that they fed on either predominantly marine or
estuarine associated food sources, especially in spring and autumn. Hence, we observed two
distinct strategies, and additionally two size classes of AGO reaching the estuary (see section
above) (Bos et al. 1995), which suggests diverging migratory behavior and could further
indicate two flounder populations exploiting the Elbe estuary. This would further support
the assumption of authors of former studies according to which two North Sea populations
with distinct hatching areas use the estuary for nursery and feeding (Campos et al. 1994,
Bosetal 1995).

Habitat exploitation of resident ruffe

By contrast, ruffe showed a completely different isotopic pattern than flounder thus
revealing different movement patterns and habitat exploitation. During their life ruffe
undergo plenty of movements that can vary by season and life stage but on shorter distances
with higher site fidelities compared to flounder. Tracing precise migration patterns as
shown above for flounder is not possible for the ruffe of the Elbe estuary, as the increased
site fidelity requires a higher spatial resolution of the isotope baseline signals (e.g., Harrod
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etal. 2005), which is not covered by our analysis. Generally, juveniles conduct daily vertical
migrations (DVM) from deeper to shallow inshore habitats in summer and overwinter in
deeper waters (Gutsch and Hoffman 2016). Adults undertake, besides DVM, spawning and
seasonal movements, mainly forced by abiotic conditions (e.g., current velocity,
temperature, oxygen, salinity) and food availability (Gutsch and Hoffman 2016).

Since ruffe retreat to deeper areas during the winter months, their absence during our
winter sampling could indicate that they migrate to the Hamburg harbor area and other
deep waters. This behavior is typical for potamodromous Percidae, which usually
overwinter in waters with great depths and weak currents (Chemagin 2023).

Fish migration and spatial connectivity

To characterize movements of flounder and ruffe, we analyzed spatial differences in 62C
values of the two species. No significant difference in 6"°C would indicate a strong spatial
connectivity and higher migration frequency of fish between the sections of the Elbe
estuary. Our analyses already demonstrated an intensive migration behavior and wide
habitat range of flounder in the Elbe estuary. These outcomes are also reflected by higher
isotopic variations during the year. High spatial connectivity in flounder suggest high
migration frequencies, especially during summer, when there is a high overlap of SEAc and
no significant differences of 6°C between the sections. Flounders caught at the upper and
lower sections had lowest connectivity to each other, indicating moderate migrations
within the estuary. During springtime flounders from the upper section were isotopically
isolated from flounders caught further downstream. From this we conclude that flounders
inhabiting the transition area also use the adjacent Wadden Sea and salt marshes for
feeding (e.g., Selleslagh and Amara 2008) which further can prevent intraspecific
competition (Mendes et al. 2020).

In contrast, ruffe showed a markedly smaller isotope range with distinct local isotope ratios
over time, caused by an overall smaller migration range and higher site fidelity than
flounder. Especially in summer and autumn, the spatial connectivity of ruffe from the
upper, middle and lower sections was low. This result can be confirmed by former studies,
whereby ruffe have a generally narrow home range and only undertake larger migrations
during the spawning season (e.g., Popova etal. 1998). The high connectivity in spring 2021,
thus could be associated with the spawning season, which takes place in the Elbe estuary
between March and May (Thiel and Thiel 2015). As the spawning activities of ruffe are
temperature triggered (Thiel and Thiel 2015), the timing is subject to a certain variability,
explaining why we could not detect spatial connectivity in the following spring 2022.

Ontogenetic niche shift

We observed increasing 6'°C and §"°N values with increasing total length of generalist ruffe,
reflecting a switch in prey from lower to higher trophic levels. Beside this ontogenetic shift,
we found weak seasonal variations but a strong spatial effect, demonstrating the high site
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fidelity of ruffe in the Elbe estuary. Previous studies showed that juvenile ruffe of age groups
0- 2 increasingly feed on zooplankton, mainly calanoid Eurytemora affinis and small mysids
(Holker and Thiel 1998). With increasing body size, brown shrimps Crangon crangon and
small fish such as juvenile smelts (Osmerus eperlanus) and gobies (Pomatoschistus spec.) are
also part of the diet (Holker and Hammer 1994), which was visible by a larger diversity in
stable isotope values during our study. Insects such as Chirinomidae or Trichoptera play a
subordinate role in the diet, but small macroinvertebrates such as Mysidae and Amphipoda
are consumed in large quantities by ruffe in the Elbe estuary (Holker and Thiel 1998).

Due to the large dispersion of the isotope data of the migratory flounder, we could not detect
an ontogenetic shift isotopically, as the isotope values rather reflected the diverse local food
sources and less the trophic shift of the prey organisms. However, other studies on feeding
ecology also showed a switch from zooplankton to larger prey such as Crustacea and small
fish (Thiel and Thiel 2015). The low site fidelity and high migration frequencies as well as
different behavior of two flounder populations that arrive in the estuary with a time delay,
hamper a more precise analysis of feeding behavior. Further studies with detailed baselines
per site and supplementary genetic analyses to delineate different populations could
further enlighten ontogenetic effects in estuarine flounder.

Conclusion

In this study, we were able to track annual migrations and habitat exploitation using stable
isotope analysis in the Elbe estuary that was never conducted before. It turned out that the
annual migration along the salinity gradient throughout the year, considering the total
length of fish, is appropriate to track fish movements, but small-scale migrations can only
be detected to a limited extent. However, our findings show that the migration patterns of
flounder and ruffe are far more complex than previously assumed. These results should
therefore contribute to a better understanding of population dynamics and to deriving
better conservation strategies for the future.
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Supplements

Tab. S3.1 Number of juvenile and adult individuals of ruffe and flounder caught at lower (LS), middle (MS) and

upper section (US) per season

Ruffe Flounder
Season Juvenile Adult Juvenile Adult

LS MS Us LS MS US LS  MS US LS MS Us
Spring 2021 1 4 1 15 11 2 16 1 0 7 1 2
Summer 2021 0 1 19 14 19 14 15 4 8 2 5 2
Autumn 2021 1 1 9 6 17 9 47 21 15 15 7 14
Winter 3 4 1 4 4 16 16 20 1 0 1
2021/22
Spring 2022 2 14 2 15 15 20 49 7 16 12 2 0

Tab. S3.2 Model diagnostics of generalized additive models (GAM) of isotopic values §"°C (family = gaussian,

link function = identity) of flounder P. flesus that were chosen based on AIC, n = 322

Formula: §°C ~ s(TL_cm, k = 3) + Season + Section

Coefficients Estimate Standard Error tvalue p-value
Intercept -18.78075 0.68836 -27.283 0.000 ***
Summer 2021 0.72765 0.92564 0.786 ns

Autumn 2021 1.03616 0.77430 1.338 ns

Winter 2021/22 -2.96128 0.89186 -3.320 0.001**
Spring 2022 -0.01139 0.78868 -0.014 ns

Middle section -1.60571 0.53308 -3.012 0.001 **
Upper section -4.40364 0.50026 -8.803 0.000 ***
R?(adj)=0.318 F-value =2.547 GCV=12.744 p -value =ns
Deviance explained = 33.5% edf=1.813 Scaleest. =12.395

Formula: 8N ~ s(TL_cm, k = 6) + Section

Coefficients Estimate Standard Error tvalue p-value
Intercept 16.9021 0.1010 167.429 0.000 ***
Middle section 0.3608 0.1971 1.831 ns

Upper section -0.6046 0.1838 -3.289 0.001 **
R?*(adj.)=0.0477 F-value=0.799 GCV =1.8563 p -value =ns
Deviance explained = 5.66 % edf=1 Scaleest. =1.8333

ns = not significant
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Tab. S3.3 Model diagnostics of generalized additive models (GAM) of isotopic values 6"*C (family = gaussian,

link function = identity) of ruffe G. cernua that were chosen based on AIC, n =227

Formula: §°C ~ s(TL_cm, k = 3) + Season + Section

Deviance explained = 44.4 o

edf=1

Scale est. = 2.3661

Coefficients Estimate Standard Error  tvalue p-value

Intercept -22.2559 0.3062 -72.694 0.000 ***

Summer 2021 0.1678 0.3398 0.494 ns

Autumn 2021 -0.2011 0.3639 -0.553 ns

Winter 2021/22 -0.2048 0.4718 -0.434 ns

Spring 2022 -0.6542 0.3292 -1.987 0.01*

Middle section -1.0570 0.2766 -3.821 0.000 ***

Upper section -2.4611 0.3172 -7.759 0.000 ***
R?*(adj.)=0.426 F-value=20.96 GCV=2.4525 p -value = 0.000 ***

Formula: 8°N ~ s(TL_cm, k = 4) + Season + Section

edf=1

Scale est. =0.89667

Coefficients Estimate Standard Error  tvalue p-value

Intercept 19.1360 0.1885 101.532 0.000 ***

Summer 2021 -1.5118 0.2092 -7.228 0.000 ***

Autumn 2021 -1.6250 0.2240 -7.254 0.000 ***

Winter 2021/22 -0.6516 0.2904 -2.244 0.01*

Spring 2022 -1.6836 0.2027 -8.308 0.000 ***

Middle section 0.1055 0.1703 0.620 ns

Upper section -0.5541 0.1953 -2.838 0.001**
R?(adj.)=0.585 F-value=104.9 GCV=0.92943 p -value = 0.000 ***

Deviance explained = 59.8 %

ns = not significant

Tab. $3.4 [sotopic niche width of flounder and ruffe using 6'*C and §"°N from lower, middle, and upper section
per season with n = number of individuals, TA = total area, SEA = standard ellipse area and SEAc = corrected
standard ellipse area. Overlaps were estimated using SIBER package in R with ~40 o CI.

Species Season Section n TA SEA SEA Overl-ap (%)
(%0?) (%0%) Lower Middle  Upper
P flesus Spring
Lower 84 63.1 12.6 12.8 / 16.4 0
Middle 8 4.6 2.7 3.1 /
Upper 16 9.4 3.7 4.0 /
Summer
Lower 17 21.2 7.9 8.4 / 39.8 34.5
Middle 9 13.7 8.4 9.5 / 419
Upper 10 33.3 19.3 21.8 /
Autumn
Lower 62 42.8 10.4 10.6 / 33.9 26.1
Middle 28 36.7 14.2 14.7 / 32.7
Upper 29 37.0 18.1 18.7 /
Winter
Lower 17 39.3 16.2 17.3 / 19.2 26.0
Middle 16 28.5 12.5 13.4 / 67.4
Upper 21 31.7 12.0 12.7 /
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G. cernua Spring
Lower 30 13.2 4.1 4.3 / 17.8 1.2
Middle 26 10.1 3.3 3.4 / 23.9
Upper 22 7.3 2.3 2.4 /
Summer
Lower 14 4.5 1.7 19 / 21.3 0
Middle 19 9.0 4.0 4.2 / 0
Upper 14 51 1.8 19 /
Autumn
Lower 6 2.4 19 2.4 / 12.4 0
Middle 17 18.2 6.7 7.1 / 0
Upper 9 1.0 0.6 0.7 /
Winter
Middle 4 1.0 1.4 2.1 / / 491
Upper 4 1.0 1.3 19 /

Tab. S3.5 Occurrence of ruffe, reflected as number of caught individuals (n) compared to salinity measured

at each sampling season and station at different tides.

Salinity ranges during sampling campaigns

Station  Tide _ _ _
Spring 21 n | Summer2l | n | Autumn2l | n | Winter21/22 | n Spring 22 n
1 Ebb 3.7-9.6 / 9.0-136 1 91-141 / 49-143 / 9.7-14.6 /
Flood [4.2-11.1 10.7-15.0 |/ 9.0-151 / 45-11.0 / 9.2-1341 |/
2 Ebb 13-14 10 | 2.5-52 9 14-54 2 11-1.8 1 25-61 15
Flood | 0.56-1.4 6 |16-44 4 [ 14-46 5 1069-16 3 122-37 2
3 Ebb 0.49 10 |1 0.65-0.86 |14 | 0.66-0.71 | 7 | 0.4-0.47 5 1063-1 1
Flood | 0.47-0.5 / |06 6 ]1063-068 |11 0.46-0.48 3 [053-08 3
4 Ebb 0.39 2 [048-053 |4 |[048-058 |1 |0.38-043 1 [045-049 |13
Flood | 0.37 / 1045-052 |4 [047-056 (2 [0.38 / 1044-047 |15
5 Ebb 031-032 |/ [046-046 |10 [044-045 |5 |0.28-0.38 1 |044 9
Flood | 0.31 1 0.46-0.47 | 15| 0.44-0.45 10 ] 0.41-0.42 2 0.44-0.45 9
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Abstract

Zooplankton in estuaries encounter complex physical and biogeochemical processes that
affect the quantity, quality and origin of their food sources. The knowledge about how
zooplankton deal with highly variable organic matter sources is sparse. Here, we
investigated the spatial and temporal patterns of zooplankton trophic dynamics and carbon
sources in the intensively dredged, eutrophic Elbe estuary. For this purpose, we applied
elemental and stable isotope analysis (63C and 6*°N) on particulate organic matter (POM)
and dominant meso- and macrozooplankton species including ichthyoplankton from five
stations along the entire salinity gradient of the estuary in 2022. The §'3C values of POM (-
29.2 to -23.0%o) indicated a conservative mixing of riverine and coastal carbon sources
used by most taxa for their diet. Eurytemora affinis (-34.0 to -23.3%.) and Mesopodopsis
slabberi (-22.2 t0-20.0%o) exhibited abroader range in 6'3C than POM, suggesting selective
feeding on single POM components depending on the season. In winter and autumn, under
high suspended matter loads and limited availability of high-quality autochthonous
phytoplankton, zooplankton showed increased tendency for carnivory (higher §*°Nvalues).
Our study revealed a high trophic plasticity of estuarine Elbe zooplankton to buffer
hydrological related alterations in their food source by dietary niche partitioning and a
flexible switch in their feeding behavior.

Keywords: Elbe estuary, estuarine zooplankton, trophodynamics, stable isotopes,
allochthonous and autochthonous carbon sources, selective feeding
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Introduction

Planktonic organisms play an important role in the production and transfer of organic
matter and energy in aquatic ecosystems (Barnett et al. 2007, Koppelmann et al. 2009).
Especially in estuaries, planktonic communities are affected by strong variability in
environmental conditions, leading to complex food web structures. Estuaries are highly
productive transition zones at the interface between freshwater and marine ecosystems
and are characterized by physical (e.g., river discharge, tidal advection) and biogeochemical
gradients (e.g. cycling of organic matter, nutrients and suspended solids) on various spatial
and temporal scales (Hyndes et al. 2014, Geerts et al. 2017, Boynton et al. 2018, Kamjunke
et al. 2023). These highly valuable habitats fulfil essential ecological functions such as
transfer and sequestration of organic matter (Hyndes et al. 2014), recycling and filtering of
nutrients (Boynton et al. 2018), refuge and nursery grounds for crustaceans and fish
(Wilson 2002), and coastal protection (Koch et al. 2009). At the same time, estuaries are
often severely impacted by anthropogenic stressors such as diking, dredging and
eutrophication (Kerner 2007, Cloern etal. 2016).

Anthropogenic pressures and estuarine gradients impact the fate of organic matter transfer
throughout different trophic levels, resulting in alterations of the food web structures and
functions (Benfield 2012). Estuaries are defined by strong tidal mixing and high
concentrations of nutrients and suspended particulate matter, which affect the production
of autochthonousorganic matter (Turner etal. 2022). Primary production is therefore often
restricted to upstream freshwater areas, where light conditions are more favorable, and
salinity stress and water turnover is reduced (Muylaert et al. 2005). Fresh phytoplankton
biomass, the most nourishing food source for zooplankton (Miiller-Solger et al. 2002), is
therefore less accessible to primary consumers in turbid zones (Benfield 2012). In addition,
excessive loads of organic matter in estuaries facilitate microbial colonization
(Zimmermann-Timm et al. 1998), resulting in intense remineralization processes
(Kamjunke et al. 2023), which increase microbial pathways in the pelagic food web
(Stoecker and Capuzzo 1990, Lerner et al. 2022). This leads to strong fluctuations in the
quality of food sources, which can shift from fresh phytoplankton to detrital, recalcitrant
and less nutritious carbon sources (Gasparini et al. 1999, Muiller-Solger et al. 2002) Despite
this high importance, the role and dynamics of detrital sources and autochthonous organic
matter in the trophodynamic of estuarine zooplankton are still not well understood.
Fundamental knowledge of trophic interactions within estuarine planktonic communities
is needed to understand the impact of increasing human pressures on estuarine food webs
and to provide a tool for ecosystem-based management and conservation. Assessing the
trophodynamics of estuarine zooplankton is difficult due to the potential diversity of
different available organic sources of terrestrial, riverine and marine origin. Stable isotope
analysis (SIA) isa powerful tool to disentangle the structure of planktonic food webs. Carbon
Isotope composition in consumers change little with the progression through a food web
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and thus reflect the time-integrated isotope composition of their diet (DeNiro and Epstein
1978). Moreover, carbon isotope composition in estuaries usually differs markedly
between allochthonous inputs (e.g., terrestrial material), autochthonous riverine
phytoplankton production and marine sources, allowing insights into organic matter
sources at the base of the food web (Harmelin-Vivien et al. 2010). Trophic levels (TLs) for
different organisms can be calculated based on their nitrogen isotope composition, which
shifts in a predictable manner from one trophic level to the next (DeNiro and Epstein 1981,
Post 2002). Moreover, stable isotopes also yield information about the width and overlap of
the dietary niches of different organisms, and thus dietary niche differentiation (Newsome
et al. 2007). SIA provides time-integrated dietary information over longer time periods,
contrary to conventional methods, such as gut content analysis and feeding experiments,
which offer short-term insights into dietary preferences (Dalerum and Angerbjérn 2005).
The stable isotopic composition of organisms can therefore give a time- and space-
integrated view of trophic interactions (Newsome et al. 2007) and is thus ideal for highly
dynamic habitats such as estuaries. However, to date, few SIA studies of estuarine food webs
have provided a spatially and seasonally resolved view across multiple taxa, as these studies
often focus either on distinct areas (e.g., Taupp et al. 2017), seasons (e.g., David et al. 2016),
oronasingle taxon (e.g., Tackx et al. 2003).

The Elbe estuary, a highly turbid environment characterized by strong estuarine gradients
and anthropogenic stressors, has so far received limited attention in determining
planktonic food web structures. It is one of Europe’s largest tidal estuaries located in north-
west Germany, and serves multiple ecological functions, including refuge for many
zooplankton and fish species (Bernat et al. 1994, Eick and Thiel 2014). It is also of
significant socio-economic importance, particularly due to its connection to the seaport of
the city of Hamburg. In recent decades, the water regime has experienced strong
alterations, influenced by continuous channel deepening and dredging events,
eutrophication, as well as climate change (Kerner 2007, Papenmeier et al. 2014). It is
characterized by a semidiurnal, flood-dominated tidal wave that leads to steady
resuspension of organic substances from benthic sources into the water column
(Spieckermann et al. 2021). Most of the particulate organic matter in the Elbe estuary
consists of allochthonous, decaying algae that originates from the shallow, non-dredged
freshwater area upstream of the port (Geerts et al. 2017). Downstream of the port area, the
organic matter source contains allochthonous material from adjacent coastal regions,
primarily marine-like substances (Tobias-Huinefeldt et al. 2024), which are resuspended
from deeper bottom water due to strong mixing forces (Spieckermann et al. 2021).
Although the Elbe estuary is well-studied in terms of organic and particle matter dynamics,
the role and fate of autochthonous and allochthonous organic matter in its planktonic food
web, along with the spatio-temporal dynamics of utilizing different organic matter sources
by zooplankton, has never been fully investigated. So far, Kerner et al. (2004) have studied
the carbon utilization of micro- and mesozooplankton species only in the freshwater area
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of the Elbe estuary using carbon isotopes. The authors found marked shifts in the use of the
consumers’ carbon sources on a seasonal scale. Here, we address this knowledge gap by
investigating the trophodynamics of the planktonic food web along the entire salinity
gradient of the Elbe estuary from seasonal samplings in 2022. We applied a carbon and
nitrogen stable isotope analysis to dominant zooplankton taxa of different trophic positions
and their main food sources from the Elbe estuary. This included the calanoid copepod
Eurytemora affinis (Poppe, 1880) (Kopcke 2002), two sympatric mysids Mesopodopsis
slabberi (Van Beneden, 1861) and Neomysisinteger (Leach, 1814), the gammarid Gammarus
zaddachi (Sexton, 1912) (Fiedler 1991), fish larvae of Osmerus eperlanus (Linnaeus, 1758)
(Thiel 2001) as well as particulate organic matter as potential primary carbon source. The
aim of this study was to determine (1) the isotopic signatures of the selected zooplankton
species across spatio-temporal dimensions, as well as (2) the origin of primary carbon
sourcesintheir diet, and (3) to gain insights in the consumers’ trophic positions and dietary

niches.
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Fig. 4.1 Map of the Elbe estuary showing the five sampling locations. Station names abbreviated (see Table
4.1 for explanation). The weir at Geesthacht separates the estuary from the Elbe River. The background map
has been provided by Esri, HERE, Garmin, °OpenStreetMap contributors, and the GIS User.
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The Elbe River is one of the major rivers in Europe, discharging through the Czech Republic
and Germany into the German Bight in the North Sea. Its turbid estuary has a length of 142
km reaching from the weir at Geesthacht (Elbe-km 585, Fig. 4.1) to the river mouth at
Cuxhaven (Elbe-km 727). The main channel is heavily dredged to enable access to the Port
of Hamburg, the third largest port with overseas traffic in Europe, located 39 km
downstream from the weir. The tidal range varies from 2 m at the weir to 3.5 m in the port
area (HPA 2022). The water column is partially well-mixed (Pein et al. 2021) and is
characterized by a long residence time of two to four weeks depending on river discharge
(Amann etal. 2012). It includes a prominent maximum turbidity zone (MTZ) that extends
30 km and is located around Gliickstadt (Papenmeier et al. 2014).

Tab. 4.1 Overview of the sampling sites and tidal phases during sampling.

Coordinates o .
Station (Abbreviation) Latitude Longitude | Elbe-km Mean S;glmty * Tidal
phase
(°N) (°E)

Bunthauser Spitze (BH) 53.45 10.07 609 0.4+0.1 Low tide
Mihlenberger Loch (ML) 53.55 9.82 633 0.4+0.1 High tide
Schwarztonnensand (ST) 53.71 9.47 665 0.7+0.2 High tide
Brunsbittel (BB) 53.89 9.19 692 6.1+4.2 Low tide
Medemgrund (MG) 53.84 8.89 713 11.4+7.1 Low tide

Elbe-km: Stream kilometer

Sample collection and processing

Sampling was performed during one-day cruises with the research vessel Ludwig Prandtl in
the main channel at five stations along the entire salinity gradient in winter (February),
spring (May), summer (June) and autumn (November) 2022 (Tab. 4.1). Sampling was
scheduled to the same appointed time in the tidal cycle each time, ensuring consistent
conditions between the campaigns. Stations were situated in the freshwater area upstream
in the non-dredged channel (Bunthauser Spitze (BH) at Elbe-km 609), within the port area
(Mtihlenberger Loch (ML) at Elbe-km 633), within the MTZ (Schwarztonnensand (ST) at
Elbe-km 665), in the oligohaline zone (Brunsbiittel (BB) at Elbe-km 692) and mesohaline
zone in the river mouth (Medemgrund (MG) at Elbe-km 727) (Fig. 4.1). At each station, net
sampleswere taken by single horizontal tows at 1 m water depth using plankton netsof 100
um (90 cm aperture, 3 m length) and 1000 um (0.94 m aperture, 2.8 m net length) mesh
size. Mesozooplankton and macrozooplankton was defined as organisms with a size
between 100 - 1000 um and 1 - 20 cm, respectively. Water samples were collected at 1 m
water depth with multiple bucket hauls and filtered through pre-combusted and pre-
weighted glass fiber filters (0.7 um pore size, GF/F, Whatman, 450°C). The filtered water
volume was adjusted at each station based on the concentration of suspended organic
material to adequately coat the filters with biomass. At each station, three filters were taken
to measure either chlorophyll a (Chla) concentrations, suspended particulate matter (SPM)
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and the stable isotopic (SI) compositions of POM samples (one replicate each). For the POM
filters, water samples were sieved through 100 um mesh to remove large planktonic
organisms. Filters and planktonic organisms from each haul were transferred to plastic
trays and immediately stored at -80°C on board until further sorting and processing in the
lab.

Temperature and salinity data were measured at each sampling site using an on-board in
situ FerryBox system (see Petersen etal. 2011 for further details). River discharge data were
obtained from the closest gauge station located upstream of the tidal limit in Neu Darchau
(Elbe-km 536). Daily discharge rates for the corresponding sampling date were used which
can be accessed through the Federal Waterways and Shipping Agency (WSV 2023).

In the lab, zooplankton samples were defrosted on ice, sorted for dominant taxa by hand
using ultra-fine tweezers under a stereomicroscope and rinsed twice in ultrapure water for
removal of adherent particles. Dominant mesozooplankton (Eurytemora affinis),
macrozooplankton (Mesopodopsis slabberi, Neomysis integer, Gammarus zaddachi) and
ichthyoplankton (Osmerus eperlanus) taxa were analyzed for stable isotopic composition.
The individuals were sorted into separate plastic vials, freeze-dried at -80°C for 24h and
grounded to fine powder before being transferred to tin capsules. Individuals of E. affinis
were placed as whole animals directly into tin capsules after lyophilization. Triplicates of at
least 100 individuals each of E. affinis and three for macrozooplankton and fish larvae were
analyzed on elemental and stable isotopic composition, if sufficient specimens were
collected. If biomass was insufficient, single samples were analyzed due to sample pooling
instead.

Chl a was extracted by adding 10 ml of 909% acetone to the filters, which were then stored
in darkness at 5°C for 24h before centrifugation (3000 rpm, 4°C, 15 min). The absorbance
of the extracts was measured at a wavelength between 630 and 750 nm using a
PerkinElmer photometer (LAMBDA XLS, Waltham, USA; model number: L7110189),
following the method described by Jeffrey and Humphrey (1975). Filters that were not used
for Chl a measurements were freeze-dried at -80°C for 24h. SPM content was determined
by weighting the dry filters. For the measurement of elemental and stable isotope ratios of
POM, aliquots were cut out of the filter. Parts of the subsamples were placed into tin capsules
foranalysis of 6°N and C/N without prior treatment. The other aliquots were transferred to
silver capsules and treated with HCl vapored for 2h under vacuum to remove carbonates for
a separate Corg and 63C analysis, as carbonates potentially causing a bias in the organic
carbon measurements (Jacob et al. 2005).

Analysis of elemental and stable isotope ratios

Data on elemental and stable isotopic composition of planktonic organisms were compiled
from three elemental analyzer and isotope ratio mass spectrometer (IRMS) systems (see
supplementary material (Tab. S4.1) for more details). SIA were performed using an
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elemental analyzer (Euro EA CHNSO, HEKAtech, Wegberg, Germany; Thermo/Carlo Erba
NC 2500, Milan, Italy; PDZ Europa ANCA-GSL, Sercon Ltd., Cheshire, United Kingdom)
interfaced to an IRMS system (IsoPrime 100, Elementar, Langenselbold, Germany;
DeltaPlus Advantage, Thermo Fisher Scientific, Bremen, Germany; PDZ Europa 20-20,
Sercon Ltd., Cheshire, United Kingdom). Isotope ratios of carbon (6*3C) and nitrogen (6*°N)
were expressed as parts per thousands (%) differences from a standard reference material:

0X = [(RSample/Rstandard)— 1] x 1000 Eq. 4.1

where X =13C or '°N and the R the corresponding ratio **C/*2C and **N/**N. Vienna Pee Dee
Belemnite (VPDB) for carbon and atmospheric N, for nitrogen were used as standard
reference material. Helium was used as carrier gas. CO, and Ny were used as working
standards and were calibrated against international reference materials of the International
Atomic Energy Agency (see supplementary material Tab. S4.1 for details).

Statistical analysis

Seasonal and spatial variability in §°C, 6°N and C:N of POM, meso- and macrozooplankton
including ichthyoplankton were identified using a non-parametric test, Kruskal-Wallis test,
since isotope ratios were not normally distributed. Post-hoc multiple pairwise comparisons
(Dunn's test, Bonferroni corrected) were applied when differences were significant. C:N
ratios were calculated based on their molar ratios. The ratio of chlorophyll a to SPM
concentration (Chla/SPM ratio) wasused as an index for the phytoplankton availability that
could potentially be consumed by the zooplankton (Irigoien and Castel 1995). Since it is
difficult to separate phytoplankton from heterotrophic and detrital particulate matter
including e.g., ciliates, flagellates, rotifers of similar size, POM was used as an indicator for a
primary food source. §'°N rations of the planktonic organisms were used to calculate
trophic levels (TLs), assuming POM as an isotopic baseline TL =1 and a trophic enrichment
factor (TEF) of 3.4%e.. TLs for each station and season were calculated separately according
to the equation of Post (2002):

TL=1+ (615N zooplankton ~ 615NPOM) /TEF Eq 4.2

The relationships between elemental and isotope ratios of the consumers and
environmental variables were assessed by Pearson correlation analyses. The multivariate
ellipse-based model SIBER (software version 2.1.9, Jacksonetal. 2011) was applied to check
for the species-specific isotopic niches. The trophic niches were calculated globally, as a
minimum of at least five individual data points of 6'3C and 6'°N per taxon for each station
and season are required to calculate either spatial or temporal niche space dynamics, which
are not available in this study. Isotopic niche width (%0?) was calculated by the standard
ellipse function SEA (including 409 of the data) for each taxon, which was corrected for
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small sample size using a correction mode (SEA.). In addition, the overlap of isotopic niches
was calculated by applying a Bayesian estimate of standard ellipses. All statistical tests and
visualizations were performed using R software, software version 4.3.2 (R Core Team 2024).

Results

Environmental conditions

Temperatures at the examined stations ranged between 5.1°C in winter and 21.4°C in
summer 2022 (Tab. 4.2). Salinity exhibited a gradual increase downstream, with the
weakest gradient observed in winter and the strongest in summer. At station ST, high SPM
concentrations were measured, peaking in summer. Low SPM concentrations were
generally observed at the freshwater station BH, with the lowest values occurring in
autumn. In winter, SPM concentrations peaked at the river mouth (station MG), when river
discharge was highest. Lowest river discharge rates occurred during summer. Chl a
concentrations ranged from 3.9 pug It at station BB in autumn to 152.7 pg I'* at station BH
in summer. In summer and spring, strong phytoplankton blooms occurred exclusively at
the station BH, with a sharp decrease in Chl a concentrations downstream from the harbor
area. Chla concentrations were positively correlated with temperatures (Pearson, n = 20, R
=0.45,p=0.048, see supplementary data Tab. S4.2) and remained low during autumn and
winter (maximalupto 12.3 ugl).
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Tab. 4.2 Environmental conditions during the sampling campaigns in the Elbe estuary. Data were obtained
along the entire salinity gradient (freshwater: BH, ML, ST; oligohaline: BB, mesohaline: MG) in each season in
2022.

Season | Station | Temperature | Salinity SPM | Discharge | Chla (ugl®)
(°C) (mglh) | (m’s?)
Winter 1166
BH 51 0.3 23.4 7.6
ML 55 0.3 80.1 6.2
ST 5.8 0.4 70.8 10.7
BB 5.6 0.8 124.3 10.3
MG 5.6 2.7 164.3 12.0
Spring 345
BH 19.6 0.4 62.6 132.2
ML 18.8 0.4 134.0 18.8
ST 17.0 0.9 52.6 7.3
BB 16.5 4.7 28.2 4.4
MG 16.2 10.9 36.1 7.6
Summer 231
BH 21.4 0.5 37.5 152.7
ML 20.5 0.5 57.9 22.6
ST 19.3 0.7 253.6 17.8
BB 18.6 9.8 40.3 7.0
MG 18.0 20.0 30.6 10.9
Autumn 283
BH 10.9 0.5 7.6 6.4
ML 12.8 0.5 40.1 6.0
ST 12.7 0.8 130.7 12.3
BB 12.5 9.2 33.8 3.9
MG 12.4 12.0 48.2 50

Abbreviations: SPM - suspended particulate matter; Discharge - river discharge; Chla - Chlorophyll a concentration.

Spatial and temporal variation in quantity, quality and origin of particulate organic
matter sources

The Chl a/SPM ratios were highest at station BH throughout the year with the largest ratio
in summer (up to 4.1 *10°?) (Fig. 4.2 A) caused by high Chl a concentrations (Pearson, n =
20,R=0.94, p < 0.001, Tab. S4.2). Low Chl a/SPM ratios were consistently observed at
station ST and BB during all seasons, where SPM levels were high. C:N ratios of POM
decreased significantly with increasing Chla concentrations (Pearson, n=20,R =-0.68,p <
0.001). Generally, low C:Nratios of POM were measured in spring and summer, with a slight
increasing trend seawards (e.g., from 7.1 at station BH to 10.4 at station BBin summer) (Fig.
4.2 B). At station ST, C:N ratios remained stable and high throughout the year. Similarly,
613C values of POM exhibited an increasing trend downstream (Fig. 2 C), with seasonal
means ranging between -26.9 £ 2.2 %o at the uppermost freshwater station (station BH)
and -24.2 + 0.9 %. at the river mouth (station MG) (supplementary material, Tab. S4.3).
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Salinity and temperature were both positively correlated with §13C values of POM (Pearson,
n = 20; salinity: R=0.59, p < 0.01; temperature: R = 0.46, p < 0.05). Moreover, in summer
POM was significantly enriched in §'3C compared to POM collected in winter (from -26.2 +
1.3t0-24.1 0.8 %o; KW test, p < 0.05, Table 4.3). There was no significant difference in
the "N values of POM on the spatial and temporal scale (KW test, station: p = 0.9, season:
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p=0.23,Tab. 4.3; Fig. 4.3 A).

Fig. 4.2 Seasonal and spatial changes in primary production processes and the origin of the carbon source at
five stations along the entire salinity gradient (freshwater: BH, ML, ST; oligohaline: BB; mesohaline: MG) of the
Elbe estuary in 2022. Mean values (+ SD) are given when triplicate samples were measured. (A) Variations in
the ratio of chlorophyll a to suspended particulate patter concentration. (B) C:N ratio and (C) §°C values of

particulate organic matter (POM) and the zooplankton taxa.
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Tab. 4.3 Results of the Kruskal-Wallis test (KW test) followed by a multiple comparison (post hoc, Dunn's test)
comparing seasonal and spatial variations in 6"*C (%.), 5'°N, C:N ratios and trophic levels (TL) of particulate

organic matter (POM) and zooplankton taxa. Samples were collected at five stations along the entire salinity

gradient of the Elbe estuary across all seasons in 2022.

Taxa n df &§13C (o/oo) 5PN (o/oo) CN TL
POM KW test Season 20 3 H=85 H=43 H=6.5
p-value: <0.05* p-value: 0.2 p-value: 0.08
Post hoc Season <0.05* (Winter-
(p-value): Summer)
KW test Station 20 4 H=738 H=11 H=16
p-value: 0.1 p-value: 0.9 p-value: 0.8
Post hoc Station
(p-value):
Eurytemora KW test Season 11 3 H=0.97 H=57 H=238 H=46
affinis p-value: 0.8 p-value: 0.1 p-value: 0.4 p-value: 0.2
Post hoc Season
(p-value):
KW test Station 11 3 H=7.00 H=37 H=57 H=30
p-value: 0.07 p-value: 0.3 p-value: 0.1 p-value: 0.4
Post hoc Station
(p-value):
Post hoc Taxon <0.001*** <0.05* <0.001*** <0.001***
(p-value): (M. slabberti) (G. zaddachi) (N. integer) (POM)
<0.05* (N. integer) <0.001*** (POM) <0.001*** (0.
eperlanus)
Mesopodopsi KW test Season 15 2 H=87 H=76 H=97 H=10.0
sslabberi p-value: <0.05* p-value: <0.05* p-value: <0.01** p-value: <0.01**
Post hoc Season <0.05* (Spring- <0.05* (Spring- <0.05* (Spring- <0.01** (Spring-
(p-value): Autumn) Summer) Summer) Summer)
<0.05* (Spring-
Autumn)
KW test Station 15 1 H=0 H=87 H=05 H=40
p-value: 1 p-value: <0.01** p-value: 0.5 p-value: <0.05*
Post hoc Station <0.01** (MG-BB) <0.05* (MG-BB)
(p-value):
Post hoc Taxon <0.001*** <0.001*** <0.01** (POM) <0.01**
(p-value): (O. eperlanus) (G. zaddachi) (G. zaddachi)
<0.001*** <0.001*** (POM) <0.001***
(N. integer) (POM)
<0.001***
(G. zaddachi)
<0.001*** (E.
affinis)
<0.001*** (POM)
Neomysis KW test Season 27 3 H=199 H=11.1 H=218 H=93
integer p-value: p-value: <0.05* p-value: <0.001*** p-value: <0.05*
<0.001***
Post hoc Season <0.01** <0.01** <0.01** <0.05* (Winter-
(p-value): (Winter-Spring) (Winter-Spring) (Winter-Summer) Spring)
<0.01** <0.05* <0.001***
(Winter-Autumn) (Spring-Summer) (Spring-Summer)
<0.05* (Summer-
Autumn)
KW test Station 27 4 H=19.71 H=136 H=39 H=18.1
p-value: p-value: <0.01** p-value: 0.4 p-value: <0.01**
<0.001***
Post hoc Station 0.01* (MG-ML) <0.01** (BB-BH) <0.05* (BB-BH)
(pfvalue): <0.01** (BB*ML) <0.05* (ML*BH) <0.001*** (ST*
BH)
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Post hoc Taxon <0.001*** <0.01** <0.05* <0.05*
(p-value): (M. slabberti) (G. zaddachi) (G. zaddachi) (G. zaddachi)
<0.001*** (POM) <0.001*** <0.001***
(E. affinis) (POM)
<0.001***
(N. integer)
Gammarus KW test Season 39 H=18.1 H=11.9 H=9.4 H=131
zaddachi p-value: p-value: <0.01** p-value: 0.05 p-value: <0.01**
<0.001***
Post hoc Season <0.05* (Spring- <0.01** (Winter- <0.05* (Winter-
(p-value): Summer) Spring) Spring)
<0.001*** <0.05* (Spring-
(Summer- Autumn)
Autumn)
KW test Station 39 H=18.81 H=157 H=49 H=13.3
p-value: <0.001 p-value: <0.01** p-value: 0.3 p-value: <0.01**
*okk
Post hoc Station <0.05% (MG-ML) <0.01** (BB-BH) <0.05* (BB-BH)
(p-value): <0.01** (MG-BH) <0.05* (ML-BH) <0.05* (ML-BH)
Post hoc Taxon <0.001*** <0.001*** <0.05* <0.001*** (0.
(p-value): (M. slabberti) (O. eperlanus) (O. eperlanus) eperlanus)
<0.01* <0.05* <0.01**
(M. slabberti) (N. integer) (M. slabberi)
<0.01** <0.001*** (POM) <0.05*
(N. integer) (N. integer)
<0.05* (E. affinis)
Osmerus KW test Season 11 H=159 H=46.0 H=14.1 H=61.3
eperlanus 9 p-value: p-value: p-value: <0.001*** p-value:
<0.001*** <0.001*** <0.001***
Post hoc Season <0.001*** <0.001*** <0.001*** <0.001***
(p-value): (Winter-Spring) (Winter-Spring) (Winter-Spring) (Winter-Spring)
KW test Station 11 H=4596 H=33 H=447 H=638
9 p-value: p-value: 0.3 p-value: <0.001*** p-value: 0.08
<0.001***
Post hoc Station <0.001*** (MG- <0.05* (MG-ML)
(p-value): ML) <0.001*** (BB-ML)
<0.01** (BB-ST) <0.001*** (ST-ML)
<0.001*** (BB-
ML)
<0.001*** (ST-ML)
Post hoc Taxon <0.001*** <0.001*** <0.05* <0.001***
(p-value): (M. slabberti) (G. zaddachi) (G. zaddachi) (G. zaddachi)
<0.001*** (POM) <0.001*** <0.001***
(E. affinis) (POM)

<0.001*** (POM)

Abbreviations: df - degrees of freedom; n — number of samples; POM - particulate organic matter; TL - trophic level. Note: Significant

differences are displayed in bold (p-value < 0.05: % <0.01: ** <0.001: ***). Multiple comparisons (post hoc test) were performed with the

pairwise non-parametric Dunn's test when significant differences were present.
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Trophic transfer of carbon sources and stable isotopic composition of consumers

613C values of the consumers ranged from -29.9 to -20.3 o for O. eperlanus, -29.0 to -20.2
%o for G. zaddachi, -28.1 to -20.8 %o for N. integer, -22.2 t0 -20.0 %o for M. slabberi and from
-34.0t0-23.3 %o for E. dffinis (Fig. 4.2 C). 6*3C values of the zooplankton displayed more
variations than the POM. Similar to POM, most of the taxa collected upstream, had
significantly more depleted 6*3C values compared to individuals from the river mouth (KW
test, Tab. 4.3). Planktonic consumers were generally enriched in §3C in springand summer
compared to winter and autumn (KW test, Tab. 4.3). M. slabberi was most enriched and
showed the least variation in 6**C, which waslocated only at station BB and MG. Eurytemora
affinis, however, showed neither strong significant spatial nor seasonal variability in their
613Cand 6'°Nvalues but had the lowest §13C values (up to-34.0 %o at station BH), especially
inwinter and autumn (Fig. 4.2 C). Moreover, significant seasonal and spatial differences in
the 6'°N values and trophic levels (TLs) of the planktonic consumers were present, except
for E. affinis (KW test, Tab. 4.3). Overall, the 6N values and TLs of the zooplankton
increased strongly downstream from station BH to BB (e.g., G. zaddachi, from 10.1 £ 1.5 to
12.94£0.7 %0 for 6°N, from 1.2+0.3t0 2.2+ 0.2 for TL, Tab. S4.3, Fig. 4.3). Generally, when
examining the species-specific seasonal fluctuations in the TLs and 6*°N values, there was
asignificantincrease for each taxon in winter and autumn compared to spring and summer
(KW test, Tab. 4.3). In addition, G. zaddachi exhibited the most depleted and variable 6'°N
values ranging between 8.1 to 17.1 %o (Fig. 4.3). Fish larvae of O. eperlanus exhibited the
highest §1°N values (up to 17.6 + 0.6 %o at station ML) which decreased sharply in spring
(up to 14.0 + 0.5 %o at station ML), with TLs showing a similar trend. In addition, the
consumers’ TLs correlated globally negatively with Chla/SPM ratio (Pearson,n=211,R = -
0.49,p < 0.001). The C:N ratio of the planktonic consumers showed rather seasonal than
spatial trends (Fig. 4.2 B; KW test, Tab. 4.3), with a slight increase in ratios for most of the
species in summer.
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Fig. 4.3 Seasonal and spatial variability in (A) 51°N values and (B) trophic levels (TL) of the zooplankton taxa
and particulate organic matter (POM) collected at five stations along the entire salinity gradient (freshwater:
BH, ML, ST; oligohaline: BB, mesohaline: MG) of the Elbe estuary in 2022. POM is not depicted in the lower
plot (B) since it was set as baseline (TL = 1) for all seasons and stations. Mean values (+ SD) are given when
triplicate samples were measured.
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Stable isotopic niches of the zooplankton
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Fig. 4.4 Results of the overall niche space dynamics of the five dominant planktonic consumers sampled in
the Elbe estuary in 2022. (A) Stable isotope biplot of 6°C and 6"°N of the taxa including species-specific, small-
size corrected standard ellipse areas (SEA.) (including 409 of the data per species). (B) Density box plots of
estimated Bayesian standard ellipse area (SEA,) for the respective planktonic consumers, which indicate 50%

(dark grey), 75% (grey) and 95% (light grey) credible intervals for mean estimations. Black dots depict the
mean values of SEA,, whereas the red cross represents the maximum likelihood estimate of SEA_.

Stable isotopic niches calculated for each zooplanktonic group using the standard ellipse
for small sample size (SEA.) showed a high degree of overlap ranging between 17.7 and
31.7% between E. dffinis, N. integer and O. eperlanus (Fig. 4.4 A, Tab. 4.4). M. slabberi
exhibited a smaller and less variable isotopic niche, which did not overlap with those of the
other taxa. G. zaddachi shared only one small overlap with the isotopic niche of N. integer
(overlap 5.0%0% 17.7%, Tab. 4.4) and clustered at the bottom along the §°N axis. Species-
specific estimated niche widths (SEA,) ranged from the smallest niche of 1.29%.* for M.
slabberi to the widest niche of 19.8%0* for E. affinis (Fig. 4 B). The width of SEAs of G.
zaddachi, E. affinis, N. integer and O. eperlanus were similar in their mean values.
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Tab. 4.4 Results of the SIBER analysis including §"°C and 6'°N values of the planktonic consumers collected
in the Elbe estuary in 2022. Sample size (n), total area (TA), standard ellipse area without (SEA) and with
correction of small sample size (SEA.) and the relative area of SEA_ overlap (in %o and %) between respective

zooplankton species and the credible intervals of the estimated Bayesian standard ellipse area (SEA,;).

oo TA SEA  SEA. Credible intervals SEAcoverlap
ecies n
? (%) (%) (%) 500, 95 % 99 % (%02) (%)
Eurytemora 11 286 178 1938 14.0- 8.5- 6.0-40.7  G.zaddachi:0 G.zaddachi: 0
affinis 21.4 32.5 N.integer: 6.2 N.integer:19.2
O. eperlanus: 7.4 O. eperlanus: 30.8
M. slabberi: O M. slabberi: 0
Mesopodopsis 15 2.0 1.1 1.2 0.9- 0.6- 0.5-2.2  G.zaddachi: 0 G. zaddachi: 0
slabberi 1.2 1.8 E. affinis: O E. affinis: 0
N.integer: 0 N.integer: 0
O. eperlanus: O O. eperlanus: 0
Neomysis 27 37.7 172 17.9 14.7 - 11.1- 9.6-28.8 G.zaddachi:5.0 G.zaddachi:17.7
integer 19.2 24.9 E. affinis: 6.2 E. affinis: 19.2
O.eperlanus: 7.1 O.eperlanus: 31.7
M. slabberi: O M. slabberi: O
Gammarus 39 434 14.2 14.6 12.4 - 10.2 - 9.0-21.3 E affinis: O E. affinis: O
zaddachi 154 19.2 N.integer: 5.0 N.integer:17.7
O. eperlanus: O O. eperlanus: O
M. slabberi: 0 M. slabberi: O
Osmerus 119 426 11.0 11.1 10.3- 9.1- 8.6-14.0 G.zaddachi:0 G. zaddachi: 0
eperlanus 116 13.1 E. affinis: 7.4 E. affinis: 30.8
N.integer: 7.1 N.integer:31.7
M. slabberi: O M. slabberi: O
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Discussion

Knowledge of zooplankton trophic interactions and carbon sources is incomplete for the
intensively dredged, eutrophic Elbe estuary, which hampers understanding of food web
structure and function. This study provides the first spatially and seasonally resolved view
of the trophodynamics within the planktonic food web along the salinity gradient of the
Elbe estuary based on carbon and nitrogen stable isotope analysis of dominant zooplankton
taxa and of possible food sources. Our focus is particularly on the spatio-temporal patterns
of POM as carbon sources for planktonic consumers in terms of food availability (quantity
and quality) and origin, as well as trophic segregation and shifts in carbon source utilization
among different planktonic consumers.

The origin and fate of the primary carbon source

Our results showed substantial seasonal and spatial variations in Chl a concentrations, Chl
a/SPM ratios, C:N ratios and 6'3C of POM. We found an intense phytoplankton bloom with
Chla concentrations of up to 152.7 pg 1" exclusively at the uppermost freshwater station
BH in spring and summer. When passing the Hamburg Harbor, a strong decline in
phytoplankton biomass occurred with low Chl a concentrations at the downstream
stations, which reflects results of earlier studies in the Elbe estuary (e.g., Wolfstein and Kies
1995, Pein et al. 2021, Kamjunke et al. 2023). This rapid drop in phytoplankton biomass
downstream of the port area was caused by light limitation, resulting from a high load of
suspended particulate matter that is accumulated and resuspended in the dredged section
of the Elbe estuary due to the sudden change in the bathymetry and a respective decrease
in the flow velocity (Kerner 2007, Geerts et al. 2017). This is in accordance with the SPM
concentrations measured along the dredged area of the estuary from station ML to MG in
our study, whereas highest SPM levels were found at the station ST in the maximum
turbidity zone (Papenmeier et al. 2014). In February 2022, the MTZ shifted seawards as the
SPM peak moved closer to the mouth of the estuary, likely due to the increase in river
discharge rates in winter. The shallow tidal freshwater region upstream of the Hamburg
Harbor is characterized by low turbidity and reduced water turnover throughout the annual
cycle (Wolfstein and Kies 1995), which can favor intense phytoplankton blooms (Turner et
al. 2022) and might explain the high Chl a concentrations observed exclusively at station
BH during warm periods. The Chl a/SPM ratio, as a proxy for phytoplankton availability
(Irigoien and Castel 1995), correlated positively with the Chla concentration, and thus may
account for the high ratios exclusively detected at station BH. Furthermore, the high load of
SPM may not only have impacted the available light but also led to a loss of phytoplankton
due to enhanced sedimentation of plankton aggregates as a result of their stickiness
(Kigrboe and Hansen 1993). Phytoplankton produce sticky exudates during bloom
conditions which increase their adhesion to other particles (Kigrboe and Hansen 1993).
Steidle and Vennell (2024) suggested that the previously reported decline in Chl a
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concentration in the Hamburg Harbor may be attributed to phytoplankton adhesion to
negatively buoyant suspended particles, which subsequently sink to light-limited water
layers. Consequently, high loads of SPM in the Elbe estuary may result in distinct losses of
primary producers as potential food source for planktonic consumers, particularly in the
sections downstream from the port area, and can result in pronounced seasonal variations
depending on river discharge rates.

C:N ratios give an indication of the quality of the organic matter sources, with values < 8
indicating fresh and high-quality POM and values > 8 representing detrital material, asalgal
detritus has increased C:N ratios due to diagenesis (Thornton and McManus 1994, Sterner
and Elser 2003, Finlay and Kendall 2007). Indeed, the phytoplankton conditions in spring
and summer coincided with a decline in C:N ratios < 8 for POM at station BH indicating a
higher contribution of high-quality POM in the upstream section of the estuary during these
seasons. The negative correlation between C:N ratio and Chl a concentration in the present
enrichment downstream. The most seaward station (MG) was mesohaline and, thus, do not
represent a stable isotopic signal of true marine material, which is generally difficult to
obtain in estuaries (Middelburg and Herman 2007). In winter and autumn, POM was
significantly study aligns with the seasonal patterns observed in other river systems (e.g.,
Rhone River, Harmelin-Vivien etal. 2010). When passing the port area, the C:Nratio of POM
still showed a similar trend of decreasing values during spring and summer, but was
distinctly enriched with values > 8, indicating a change in the organic matter composition
to more detrital material and less fresh phytoplankton carbon sources. In the zone of
maximum turbidity (station ST) we even observed poor POM quality year-round, as
indicated by persistently high C:Nratios. These findings are in line with the spatio-temporal
pattern in organic matter processing and degradation that has been reported for
resuspended (Spieckermann et al. 2021) and particulate organic matter (Kamjunke et al.
2023) in the Elbe estuary. We hypothesize that the absence of high-quality food from the
Hamburg Harbor seawards could be related to a shift from an autotrophic system at station
BH towards a heterotrophic system along the dredged sections of the estuary. This shift is
likely caused by light-limiting conditions and enhanced microbial processing, asassociated
with the high SPM load and reduced flow velocities (Kerner 2007, Geerts et al. 2017).

Particulate organic matter in the Elbe estuary was likely composed of several sources with a
predominance of detrital terrestrial organic matter, as indicated by intermediate 6*3C
values ranging from -26.9 £ 2.2 % (at station BH) to -24.2 £ 0.9 %, (at station MG), which
is consistent with 6*3C values reported for other European estuaries (Middelburg and
Herman 2007). Marine organic sources often have §3C values between -18 and -22 %o,
whereas riverine material, derived from riverine algae and terrigenous material, typically
exhibit values between -32 and -20 %o, (Thornton and McManus 1994, Finlay and Kendall
2007). Although the organic matter was probably diluted due to strong tidal mixing
processes, we observed a trend of **C-depleted in '3C, especially in the upper part of the
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estuary. High river discharge rates during winter were likely responsible for the increase in
13C-depleted POM, which might have carried an enhanced amount of terrestrial material
into the center of the river. §3C values of POM are substantially influenced by species
composition (Cloern et al. 2002, Finlay and Kendall 2007) and seasonal changes in the
phytoplankton community structure are well known for the Elbe estuary (Wolfstein 1996).
In particular, for the year 2022, Martens et al. (2024) observed a transition from the
predominance of diatoms in summer to mixotrophic flagellates in winter in the Elbe
estuary as a result of unfavorable light conditions. Since flagellates are more *3C - depleted
than diatoms (Gearing et al., 1984), a shift in the phytoplankton community towards a
higher contribution of flagellates in the POM could have led to depleted 63C values
observed during winter and autumn. In contrast, POM showed neither spatial nor temporal
patterns in the §'°N, which is in line with findings from Middelburg and Herman (2007)
across multiple European estuaries. As in our study, the authors explained the consistent
61°N values by a rapid nitrogen turnover driven by intense microbial activity paired with
continuous lateral inputs from adjacent marshlands. Nevertheless, other components like
respiration, photosynthetic rates as well as the dissolved inorganic carbon and nitrogen
pool also influence the isotopic composition of aquatic primary producers (Finlay and
Kendall 2007), which were not assessed in this study.

Zooplankton diet and trophic segregation

Most of the examined zooplankton taxa showed similar 6'°N values, indicating that they
shared a diet of the same trophic origin. Only the gammarid G. zaddachi exhibited clearly
lower 6°N values, probably caused by lower nitrogen enrichment factors than herbivores
or carnivores due to ammonia excretion (Mancinelli 2012). On the other hand, fish larvae
of Osmerus eperlanus showed significantly higher 6*°N values in winter, approximately one
trophic level higher than in other seasons and compared to other the taxa. During this time,
the fish larvae were only a few weeks old and likely fed from the yolk sac, indicating the
isotopic signature of the adults, which the fish can retain for several weeks due tolong tissue
turnover rates (Vander Zanden et al. 2015). Similar to 6*3C studies from other European
estuaries (Van Den Meersche et al. 2009, Modéran etal. 2012, David et al. 2016), the values
of the examined consumers in our study ranged between -34 and -20%.. Overall, the
zooplankton species followed the general isotopic pattern of POM, which showed an
enrichment of §13C during seasons of high primary production and downstream towards
the river mouth, indicating that the zooplanktonic generally relied on the local POM as their
primary carbon source. Most of the taxa showed an opportunistic feeding strategy
consuming similar food sources, as reflected by their broad isotopic niche width and the
large overlap between niches. Processes such as strong tidal mixing, microbial diagenesis
of organic matter or species-specific isotopic fractionation hamper the precise
identification of the primary carbon sources for the consumers. Compound-specific stable
isotope analysis or a combined biomarker approach using fatty acids would help in
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determining the origin of carbon sources in the consumers’ diet when multiple sources are
available and their isotopic signals might be blurred (Cloern et al. 2002, Finlay and Kendall
2007). Mesopodopsis slabberi and Eurytemora affinis differed markedly in the range of 613C
compared to POM indicating that these species did not directly consume POM in total but
were likely feeding on selective components of the POM that exhibit more seasonal and
spatial differences in isotopic fractionation compared to bulk POM (Bouillon et al. 2000).
This feeding pattern might be also reflected in their position and compactness of their
isotopic niche. Specifically, M. slabberi displayed §3C values ranging from -22.2 to -20.0%s.,
generally up to 4% more *C-enriched than those of the POM, exhibiting a narrow and
unique dietary niche which do not overlap with other taxa. Food-niche partitioning
probably allows M. slabberi to reduce food competition and to co-exist with the sympatric
mysid Neomysis integer (Winkler et al. 2007). Similar to Modéran et al. (2012), our results
show that M. slabberi, only detected in the river mouth, fed on marine phytoplankton as a
main carbon source. This species was absent in winter because it only migrates into the
inner part of estuaries for reproduction and growth in spring (Hamerlynck and Mees 1991).
Nevertheless, we cannot definitively exclude microphytobenthos as potential food source,
as it can constitute a considerable proportion of the total pelagic POM through
resuspension from tidal flats (De Jonge and Van Beusekom 1992).

Eurytemora affinis followed the seasonal trend of POM with markedly lower §3C values in
winter and autumn. During periods of limited primary production or low food quality, E.
affinis might have presumably consumed *C-depleted constituents of the POM, probably
derived from detrital source causing a broad isotopic niche width for E. affinis. The ability of
E. affinis to selectits prey among suspended inorganic particles (Gasparini and Castelt 1997,
Tackx et al. 2003) and to feed on detrital organic sources to cover its nutritional
requirements are in line with the results of Kerner (2004) for the Elbe estuary and has also
been reported for other European estuaries (David et al. 2006, 2016, Modéran et al. 2012).
We provide evidence, that selective feeding can be an important strategy for the
zooplankton in the Elbe estuary to optimize the use of available carbon sources to avoid
competition and to survive stressful periods (i.e. winter and autumn) when food quality and
availability (i.e. at the MTZ) is low. However, when SPM levels increase and phytoplankton
canno longer be selectively preyed, a switch to alternative food sources, like protozoans, will
be performed (Gasparini and Castelt 1997). Such shifts from herbivorous to omnivorous
feeding are widespread in turbid estuaries (e.g., David et al. 2006, Van Den Meersche et al.
2009, Modéran et al. 2012). Suspended organic particles, in particular detrital matter, are
often populated by bacteria, protozoans and small metazoans which can be passively
ingested in estuarine food webs (Stoecker and Capuzzo 1990). These changes are
accompanied by a rise in the consumers’ 6N values, and thus lead to an increase in food
chain lengths (Lerner et al. 2022). In fact, we observed a significant rise in the consumers’
61°N values and TLs seawards peaking at the MTZ, as well as during winter and autumn,
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when the carbon dynamics in the Elbe estuary shifted to a predominantly heterotrophic
system due to limiting primary production. Feeding on heterotrophic sources results in
lower C:N ratios for the consumers (Elser et al. 2000) as presented by the seasonal trends in
the C:Nratios of consumers in this study. Mixotrophic pathways have also been reported for
phytoplankton taxa in the Elbe estuary, especially for taxa in the MTZ or during winter
(Martens et al. 2024). The ability to use alternative sources of material is a crucial aspect of
the trophic plasticity of planktonic consumers, helping to stabilize and maintain food web
structures (e.g., David et al. 2006, Modéran etal. 2012, Lerner etal. 2022). This adaptability
likely playsa central role for zooplankton in the Elbe estuary to cope with the environmental
forces and to avoid competition.

Conclusion

Our results highlighted that temporal and spatial variations in the quality and quantity of
food for zooplankton in the Elbe estuary are influenced by primary production processes
and the amount of suspended particulate matter in the water column resuspended by
strong tidal mixing processes. Autochthonous algal material was mainly produced in the
un-dredged freshwater area of the Elbe estuary upstream of Hamburg Harbor, which
probably was subject to intense heterotrophic decomposition downstream of the port area.
The stable isotopic signatures of POM indicate a mixture of coastal and riverine derived
organic matter in the carbon source, which was predominated by the input of terrigenous
matter from adjacent marshlands, especially during periods of high river discharge. The
microbial trophic pathways in the planktonic food web impacted the trophodynamics both
temporally and spatially, reflected by a considerable increase in 6*°N and, consequently,
also an increase in trophic levels of the consumers. The investigated planktonic organisms
were generally able to cope with strong variations in food quality and quantity due to
opportunistic feeding behavior. Selective feeding, portioning of dietary niches and
switching from herbivorous to omnivorous nutrition allow species to co-exist and to
optimize the use of allochthonous and autochthonous organic material. This trophic
plasticity of the zooplankton may thus be an essential feature to withstand alterations in the
hydrology of the Elbe estuary related to human disturbances (i.e. variations in turbidity and
flow velocity) and natural estuarine gradients. We provided new insights into the utilization
of alternative trophic pathways of the Elbe estuary and redefined the trophodynamic of the
planktonic food web. This study helps to understand the impact of increasing human
pressures on estuaries by providing a powerful tool for ecosystem-based management and
conservation.
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The following supplementary material is available at ICES]MS online.

Tab. S4.1 Overview of the different Isotope Ratio Mass Spectrometry systems, including the elemental analyser and the
reference material used to analyse the elemental and stable isotopic composition of the zooplankton species in the Elbe

estuary.
Species Elemental Isotopic mass Reference Reference  Measurement Laboratory
analyser spectrometer  materialfor material for accuracy
COzand Nz isotope
ratios
Particulate Euro EA CHNSO, IsoPrime 100, IAEA CHS, Vienna EA:0.05%C, [nstitute for
organic matter, HEKAtech, Elementar, CH7,N1,N2; PeeDee 0.005% N Geology,
Eurytemora Wegberg, Langenselbold, IVA soil, Belemnite IRMS: <0.2%0 Universitat
affinis Germany Germany sucrose (VPDB), for 6"°N Hamburg,
atmospheric Germany
nitrogen (Nz)
Mesopodopsis NA 1110, DeltaPlus IAEA NI, N2, VPDB, Nz, IRMS: + 0.25%¢0 GEOMAR,
slabberi, Thermo/Carlo Advantage, NO3; NBS- Vienna for 6*°Nand + Central lab
Neomysisinteger,  Erba, Milan, Italy Thermo Fisher 600, NBS 22; Canyon Diablo 0.2%o for §3C for chemical
Gammarus Scientific, Acetanilide, Troilite Analysis
zaddachi Bremen, Germany Caffein (VCDT) (ZLCA), Kiel,
Germany
Osmerus PDZ Europa PDZ Europa 20- [AEA 600; VPDB, N2 IRMS: £ 0.17%o UC Davis
eperlanus ANCA-GSL, 20, Sercon Ltd., USGS 40,41, for §3C, + Stable
Sercon Ltd., Cheshire, United 42, 43,61, 64, 0.08%s, for 6'°N Isotope
Cheshire, United Kingdom 65 Facility,
Kingdom University of
California,
United States

Tab. S4.2 Results of the Pearson correlation test between environmental parameters, including the elemental and stable
isotopic composition of particulate organic matter, measured along the five stations in the Elbe estuary in 2022.
Correlation coefficients are presented above the diagonal, while the p-values are below the diagonal.

&1C SN CN Q Temp Salinity Chla SPM Chla/SPM
&1C 0.49* -0.38 -0.34 0.46* 0.60** 0.10 0.24 0.04
&N 0.03 -0.53 -0.39 0.47* 0.07 0.33 -0.18 0.41
C:N 0.09 0.16 0.32 -0.61** 0.16 -0.68** -0.14 -0.60**
Q 0.14 0.09 0.17 -0.86™** -0.33 -0.20 0.18 -0.23
Temp 0.03 0.04 0.004 <0.001 0.21 0.45* -0.05 0.41
Salinity 0.006 0.78 0.5 0.16 0.38 -0.24 -0.32 -0.19
Chla 0.69 0.16 <0.001 0.39 0.048 0.31 -0.06 0.94%**
SPM 0.31 0.46 0.56 0.45 0.85 0.17 0.79 -0.23
Chla/SPM 0.86 0.07 0.006 0.33 0.07 0.43 <0.001 0.33

Abbreviations: Q - river discharge rate; Temp - temperature; Chla - chlorophyll a; SPM - suspended particulate matter.

Note: Significant differences are displayed in bold (p-value < 0.05: %, <0.01: **, <0.001: ***).
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Tab. S4.3 Seasonal and spatial mean values of stable isotope data for POM and the zooplanktonic organisms collected at
the five stations in the Elbe estuary during all seasons in 2022. Trophic levels were calculated based on N values of POM,
which were used as trophic baseline (Trophic level (TL) = 1). Means are given with standard deviations for n > 3, while for
n = 2 the range of values is shown.

Species n &13C (%o0) 5N (%) C:Nratio TL
POM 20 -255+14 90+1.1 1

5 Season Winter -26.2+13 84+10 109+16 1

5 Spring -256+0.7 9.0+038 9.8+1.2 1

5 Summer -24.1+0.8 98+15 89+13 1

5 Autumn -26.0+1.9 9.0+0.5 11.1+0.9 1

4 Station BH -269+2.2 89+138 98+26 1

4 ML -259+0.7 91+13 99+15 1

4 ST -253+0.7 90+1.1 9.9+0.3 1

4 BB -251+1.0 91+06 106+1.4 1

4 MG -24.2+0.9 90+06 10.8+1.2 1
Eurytemora affinis 11 -272+39 149+16 4.4+0.2 2.7+0.6

2 Season Winter -245--33.7 15.2-155 42-44 3.0-33

3 Spring -26.1+1.7 13.5+1.7 43+02 2.2+0.3

3 Summer -250+0.8 16.4+09 46+02 29+09

3 Autumn -293+55 145+15 4.4+0.3 26+0.5

3 Station BH -287+4.8 13.9+1.7 46+02 2.3+0.3

4 ML -293+36 145+1.8 4.4+0.1 2.6+06

2 ST -241--244 153-17.1 41-42 25-38

2 BB -23.3--245 155-16.0 42-44 3.0-3.1

0 MG NA NA NA NA
Mesopodopsis 15 -20.9+0.8 150+0.4 3.9+0.2 2.8+0.2
slabberi

0 Season Winter NA NA NA NA

6 Spring -202+0.2 152+0.3 42+0.1 29+0.1

3 Summer -21.3+02 14.4+0.2 3.7+0.1 24+0.1

6 Autumn -21.3+0.9 15.0+0.3 3.8+0.2 2.9+0.1

0 Station BH NA NA NA NA

0 ML NA NA NA NA

0 ST NA NA NA NA

6 BB 21.1+11 153+0.2 40+02 2.9+0.1

9 MG -20.7+0.5 14.7+0.3 3.9+0.3 2.7+0.2
Neomysis integer 27 241+23 14.4+25 3.7+£0.8 25+0.8

6 Season Winter -21.6+0.6 159+0.4 3.1+0.2 3.0+0.2

6 Spring -256+04 114+23 29+0.3 1.8+05

12 Summer -23.6+1.7 149+25 43+08 25+01

3 Autumn -28.0+0.1 155+0.2 35+0.1 2.8+0.1

6 Station BH -251+1.0 105+2.3 40+16 1.2+06

9 ML -26.1+1.5 154+16 3.6+05 26+04

3 ST -24.4+0.1 154+05 41+0.1 3.4+0.1

6 BB -21.5+0.7 159+0.5 3.4+0.3 2.9+0.3

3 MG -21.0+0.2 155+0.1 3.2+0.2 2.8+0.1
Gammarus 39 -254+2.1 11.8+2.2 43+0.9 1.8+0.7
zaddachi
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9 Season Winter -25.8+2.5 12.7+0.8 36+0.8 2.2+0.3
12 Spring -26.0+0.6 10.0+1.9 47+10 1.3+0.6
12 Summer -23.6+20 11.8+0.7 46+0.8 16+06
6 Autumn -27.2+03 13.8+3.5 3.9+0.3 2.4+09
9 Station BH -26.5+0.7 10.1+1.5 46+05 1.2+03
12 ML -266+1.8 13.2+2.4 42+08 2.2+07
6 ST -250+13 104+23 47+1.73 15+1.1
6 BB -245+1.0 12.9+0.7 42+1.1 2.2+0.2
6 MG -226+2.4 11.6+09 3.8+0.6 16+0.2
Osmeruseperlanus 119 -248+2.1 158+1.7 3.7+0.2 2.9+06
37 Season Winter -26.0+1.5 17.4+0.8 3.6+0.2 3.6+0.3
82 Spring 243+2.1 151+1.5 3.7+£0.1 26+05
0 Summer NA NA NA NA
0 Autumn NA NA NA NA
0 Station BH NA NA NA NA
27 ML -26.6+1.0 151+1.8 3.9+0.2 2.8+0.38
59 ST -251+15 16.0+1.8 3.6+0.1 2.9+06
25 BB -22.8+2.2 16.1+1.1 3.6+0.1 3.2+0.3
8 MG -231+22 16.1+1.9 3.7+0.1 3.1+04
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[s acidification of common estuarine macroinvertebrates in stable isotope
approaches necessary to analyze aquatic food webs?

“‘Before all masters, necessity is the one most listened to, and who teaches the best.”
Jules Verne

Submitted to Limnology and Oceanography: Methods (02/2024):
Hauten, E., Perera, A. and C. Mollmann. ,Is acidification of common estuarine macroinvertebrates
in stable isotope approaches necessary to analyze aquatic food webs?”
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Abstract

We evaluated the effect of in situ acidification of common estuarine macroinvertebrates
from the Elbe estuary on stable isotope ratios as the non-removal of inorganic carbon can
significantly influence aquatic food web analyses. 102 HCl solution was used to remove
inorganic carbon from crustaceans that potentially biases the true ratio of assimilated
dietary carbon. Acidified samples were dried and filled into silver and tin capsules. A
control group without treatment was used to ensure proper comparison of no acid and acid
washed samples. We detected significant differences in the 6°C values of all investigated
crustaceans except for the mysid shrimp Mesopodopsis slabberi. On the contrary,
acidification impacts on "N were only observed in Gammarus spec. samples. A carbonate
proxy was additionally computed to evaluate the necessity of acidification because high
values indicate high inorganic carbon in the tissue that may alter true 6°C values. Our
results indicate that the necessity of acid treatment of common estuarine
macroinvertebrates before stable isotope analysis depends on the species-specific
carbonate content. Acid treatment is therefore not required for all species when analyzing
aquatic food webs. Based on our and results from other studies, we created a basic decision
tree to guide future research in assessing the need of acidification and to provide further
options to remove the effects of inorganic carbon from stable isotope analysis.

Keywords: Stable isotope analysis, carbonate, sample acidification, aquatic food web
analysis, macroinvertebrates, estuary
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Introduction

Stable isotope analysis of 6°C and 6N is a widely used tool in ecology that enables
researchers to achieve fundamental insights into food web functioning and animal
behavior (Layman et al. 2012). Topics to be addressed by stable isotope analysis include,
among others, the examination of trophic levels (Fry 2002), food chain lengths (Layman et
al. 2012) and migration routes (Hobson and Wassenaar 2008). Nitrogen stable isotopes are
commonly used in food web studies to evaluate trophic positions of organisms as &N
increases stepwise in the food chain, a phenomenon known as the trophic level effect (Fuller
et al. 2012). 6C on the other hand acts as a potential dietary tracer that reflects either a
resource pool or the isotopic signature of food assimilated in the consumer's tissue (Mc
Cutchan et al. 2003, Schlacher and Connolly 2014).

The results of stable isotope analysis of animals that bind inorganic carbon such as chitin
(CsH130sN) or calcium carbonate (CaCOs) must be treated with caution, because biogenic
carbon can influence 6'°C values as it potentially reflects the isotope signal of inorganic
carbon of the surrounding environment (Yokoyama et al. 2005, De Lecea et al. 2011).
Ensuring the measurement of pure organic carbon requires the pre-analysis removal of
calcified structures such as bones, shells, teeth, or other skeletal structures in animals
containing inorganic carbon (Schlacher and Connolly 2014).

Before conducting a food web analysis, the effect of inorganic carbon on the isotopic values
should be proofed. If the amount of inorganic carbon in the tissues is low, it can be assumed
thatitcanbeneglected after an assessment based on previous studies to determine whether
the analysis is significantly affected or not (Jacob et al. 2005, Jaschinsky et al. 2008, De
Leceaetal. 2011, Connolly and Schlacher 2014).

If there is verified impact, there are two ways to remove inorganic carbon. First, calcified
structures may be dissected mechanically before the drying process. This approach is
especially appropriate for larger organisms, such as mussels, caridean crustaceans or fish
larvae where calcified compartments like shells, exoskeletons or bones can be easily
removed (Schlacher and Connolly 2014). However, the effectiveness of mechanical
dissection of inorganic carbon depends on the animal s size and its morphology which may
prevent the removal of hard structures (Pires-Teixeira et al. 2020). Second, acidification
techniques can be used to chemically remove inorganic carbon from samples, whereby
different acids can have inconsistent effects on the 6°C and 6'°N values. H2SO3 and H3POx
were observed to cause heavier 6°C values and affect 6°N values (Kennedy et al. 2005,
Brodieetal. 2011, Kazanidisetal. 2019). Acidification using HCl is generally considered to
produce coherent and reliable results compared to other treatments (Brodie et al. 2011),
however HCI may still have a significant effect on 6'°N (Kennedy et al. 2005, Jaschinsky et
al. 2008). A solution to mitigate this bias is to prepare separate samples of carbon and
nitrogen isotopic values for further analysis, however making this method both time
consuming and expensive (Serrano et al. 2008). Additionally, the low weight of small
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macroinvertebrates and the loss of biomass during the drying process also limits the sample
size, which makes a separate treatment for stable isotope analysis less practical. Before
conducting a food web analysis using stable isotopes, the necessity of acid treatment of the
samples should therefore be carefully verified.

Estuaries represent a challenging habitat for their biota due to often strongly variable
environmental conditions characterized by permanent salinity gradients, diel tidal cycles,
periodically occurring oxygen minimum zones or high turbidity levels (Elliot et al. 2007,
Colombano et al. 2021, Mosman et al. 2023). As a result, estuarine systems are often
characterized by low species richness, making individual species more important in terms
of occupying trophic niches and their role in food web functioning (Whitfield 1999,
Whitfield and Harrison 2020). At the same time, estuaries are among the most productive
ecosystems due to their elevated nutrient loading rates that can support immense
biomasses of fish and crustaceans (Constanza et al. 1993, Elliot and Hemingway 2002,
Stompeetal. 2023).

Macroinvertebrates are less diverse in estuaries but occur in high densities where they serve
as important prey for many consumers such as fish (Platell et al. 2006, Tweedley et al.
2012), through which their carbon isotope ratio can be measured in the assimilated 6°C
values of predators (Mc Cutchan et al. 2003, Michener and Lajtha 2007). Acidification
treatment of these prey species may be a suitable solution, however its necessity for reliable
stable isotope analysis is still controversially discussed (e.g., Jaschinsky et al. 2008, Serrano
et al. 2008, Pires-Teixeira et al. 2020). We here studied the effect of acidification on the
results of stable isotope analysis of estuarine macroinvertebrate species from a temperate
estuary, that has to our knowledge not been performed before. We anticipate that food web
analyses in estuaries using stable isotope analyses will become increasingly relevant in the
future, so our results provide an important contribution.

We investigated the effect of acidification versus no acid treatment on 6**C and 5'°N in four
common macroinvertebrates from the Elbe estuary, i.e. Gammarus spec., Mesopodopsis
slabberi, Neomysis integer and Palaemon longirostris. Our results indicate that acid treatment
of common estuarine macroinvertebrates before stable isotope analysis depends on the
species-specific carbonate content and is not required for all species when analyzing
aquatic food webs. Based on our and results from other studies, we created a decision tree
to guide future research in assessing the need of acidification and to provide further options
to remove the effects of inorganic carbon from stable isotope analysis.

Materials and Procedures

We derived samples of common estuarine macroinvertebrates during a research cruise
conducted by a commercial stow-net vessel in the Elbe estuary in spring 2022. Samples
were collected with a ring net that has an opening of 0.9 m and a mesh size of 1000 um to
collect common prey species for fish, including Palaemon longirostris, Gammarus spec. as
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well as mysid species Mesopodopsis slabberi and Neomysis integer. After collection
individuals were immediately rinsed with milli-Q and stored in tubes at -80°C. For further
analysis, samples were dried for 24 hours using a freeze dryer and afterwards homogenized
using a cell lyser. Samples of each species were separated into "acid washed " and "no acid’
groups with 10 samples for each treatment and species. Acid washed samples were placed
in ceramic dishes using a spatula and carefully sprinkled with 0.2 uL of 109 HCl solution
following the procedure of the *Champagne test” (Jaschinsky et al. 2008). Samples were
subsequently dried for one hour at 60°C in the oven and the acid treatment was repeated
afterwards. Acid washed samples were dried again for 12 hours at the same temperature to
assure that inorganic carbon has been completely removed. Afterwards, samples were first
filled into silver capsules (0.8 - 1.2 mg) and then folded into tin capsules. The untreated
dried samples were weighed directly into tin capsules at the same quantity immediately
after homogenization.

Acid washed and untreated samples were analyzed by the UC Davis Stable Isotope Facility
in California using a continuous flow isotope ratio mass spectrometer IRMS (Europa Hydra
20/20; Europa Scientific, Cambridge, UK). The standard & notation of **C and *°N is used to
report the isotopic ratios of both elements relative to the international standards VPDB
(Vienna Pee Dee Belemnite) for carbon and atmospheric air for nitrogen using the formula:

Rsample
8X = [(—Rsmnd‘;rd) —1] Eq.5.1
where X is the stable isotope ratio per mille (%o} and R the mass ratio of the standard or the
sample (13C/*2C and '°N/¥N).

Differences between acid washed and no acid samples in terms of stable isotopes were
assessed with paired t-tests per species after we had verified the normality of the data.

We furthermore computed a carbonate proxy calculated using C:N ratios of no acid (C:Nwno
acid) and acid-washed samples (C:Nacid washed) to determine the effect of inorganic carbon on
the difference between acidified and untreated samples regarding 6"°C and 6N (Jacob et
al. 2005, Ng et al. 2007):

Carbonate proxy = (M) -1 Eq.5.2

C:Nacid washed

The CaCOs content within the sample is assumed to be low when the proxy is zero and high
with increasing values (Ng et al. 2007). The carbonate proxy was plotted against the
difference between untreated and acid washed samples of each stable isotope.
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Assessment and Discussion

Our study demonstrates that the necessity of acidification of common estuarine
macroinvertebrates for stable isotope analysis is species dependent. 6°C ratios were
significantly lower after acidification in macroinvertebrate species ranging from 0.2%. in
Neomysis integer, 0.5%o in Palaemon longirostris and 1.7%.0 in Gammarus spec. (Fig. 5.1,
Tab.5.1). Acid treatment resulted in lower 8N ratios in N. integer and P. longirostris but was
only significant in Gammarus spec. samples, where treatment resulted in 0.9%o higher §"°N
values (Tab. 5.1). In contrast, we observed no significant effect of acidification on the mysid
shrimp Mesopodopsis slabberi, where treated and untreated samples in mean stable isotope
ratiosvaried only marginally. Depleted isotope valuesin our analysis can be likely explained
by the chemical removal of *C- and **N-rich organic compounds, such as amino acids and
proteins, during the acidification (Ostle et al. 1999, Ng et al. 2007).

We generally observed overall higher data dispersion in isotope values of acid washed
samples compared to untreated samples. This higher variation in the data may be a direct
effect of the sample treatment and has been shown for ground shrimp samples, especially
in 6'°N values (Bunn et al. 1995). However, other authors suggested that the variation in
6N values is a result of compound-specific leaching rates of organic N during acid
treatment (Goering et al. 1990).

Our analysis shows further a decrease in §C values for most species after acidification.
Macroinvertebrates that form exoskeletons accumulate CaCOs by extracting heavy HCOs’
from the surrounding seawater, resulting in higher §'°C levels (Yokoyama et al. 2005). The
removal of inorganic carbon using acid washing therefore often leads to depleted 6°C levels
after treatment (Sgreide et al. 2006).

The additional work steps in the laboratory due to the acid washing and subsequent drying
also increase the sources of error when processing the samples, which can potentially be
reflected in the variability of individual samples. Increasing data variation can lead to a loss
of statistical reliability and thus to misinterpretation of the results (Bunn et al. 1995).

Tab. 5.1 Results of the statistical analysis of differences between stable isotope ratios of §°C and 6"°N (in %o
+ SD) in acid-washed and no acid treated samples of common estuarine invertebrates using paired t-tests (df
=10 for all comparisons).

Acid . Acid :
, No acid No acid
Species washed §5C (%o) Test output washed SN (%o] Test output
§3C (%) * 5N (%o) *°
Gammarus spec. -259+0.2 -242+0.1 t=-24.359* 121+0.2 112+005 | t=11.711*
Mesopodopsis slabberi -20.2+£03 -20.2+£0.02 ns 150+0.3 151+0.03 | ns
Neomysis integer -259+0.2 -25.7+0.02 | t=-2.6312" 14.8+0.2 14.8+0.03 | ns
Palaemon longirostris -26.4+0.7 -259+0.7 t=-5.1012* 133+1.0 13.4+0.8 ns

df = degrees of freedom; *p < 0.05; **p < 0.001; ns = non-significant
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Fig. 5.1 Differences between 6"C (left) and 6"°N (right) values between acid washed (red) and no acid (blue)
washed samples of common estuarine macroinvertebrates (from top to the bottom): Gammarus spec.,

Mesopodopsis slabberi, Neomysis integer, and Palaemon longirostris. Boxplots show mean values (solid

horizontal bars) and standard deviation (SD) (upper and lower horizontal bars) with points representing

individual measurements.

The biplot visualization of 6**C and 6"°N displays the differences between acid washed and

untreated samples and the related data variability (Fig. 5.2). Clearly, an analysis without

acidification resulted in inflated values of both isotopes in Gammarus spec., while no strong

effect is observed for M. slabberi and N. integer. The values of P. longirostris, however, show a

high variability in both untreated and acid washed samples, suggesting a high natural

variation but no strong effect of acidification.
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Although the effect of acidification on stable isotope values has been studied over the last
40 years there is still uncertainty about its importance since the results deviate between
studies. Investigations on plankton showed no effects of acid treatment in some studies
(Chanton and Lewis 1999) but did in others (Pires-Teixeira et al. 2020). Carabel et al. (2006)
observed a size-dependent effect in which only small (< 300 um) and large (> 750 um)
plankton were affected by acid treatment. Studies on macroinvertebrate species indicated
a species-specific effect of acidification. For instance, the results of Yokoyama et al. (2005)
showed low 6°C and §"°N values and a significant effect of acid washing on 6°C in ghost
shrimp (Nihonotrypaea spec). Studies on mud shrimp (Crangon septemspinosa) (Bosley and
Wainright 1999) and the related brown shrimp (Crangon crangon) (Jaschinsky et al. 2008)
revealed no effect of acidification, while Bunnetal. (1995) observed an effect on 6°Nvalues
in speckled shrimp Metapenaeus spec. In situ acidification of the mysid shrimp Praunus
flexuosus by Jaschinsky et al. (2008) indicated no significant difference in the isotopic
values but a decrease of both 6”C and &"N. Acid treatment of amphipods such as
gammarids consistently showed significant effects on 6°C, but no differences in 6*°N with
depleted values in both isotopes (Jaschinsky et al. 2008, Kolasinski et al. 2008).

Further the carbonate proxies of the macroinvertebrates were calculated as the effect on
6°C becomes higher with increasing carbonate in the tissue (Serrano et al. 2008).
Carbonate proxies showed no negative mean values in our study on common estuarine
macroinvertebrates of the Elbe estuary (Fig. 5.3). Single negative carbonate proxy values
revealed that the biogenic N content decreases more than the C content due to acid
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washing, which leads to higher C/N ratios in decalcified samples (Ng et al. 2007). As this
negative effect is assumed to be independent of the CaCOs content of the sample, the values
must not be corrected (Jacob et al. 2005).

We calculated the highest carbonate proxy value for Gammarus spec. (0.119 + 0.03%.) and
lowest values for mysid shrimps Neomysis integer (0.002 + 0.03%.) and Mesopodopsis
slabberi (0.007 + 0.02%o) (Fig. 5.3). Mean CaCOs proxy for decapod Palaemon longirostris
was 0.02 + 0.04%e.. The estimation of the carbonate proxy is an important tool to evaluate
the necessity of acidification in food web analysis using stable isotopes. Serrano et al. (2008)
recommend acidification of only carbonate-rich organisms prior to 6°C analyses. Biotic
hard structures with a carbonate proxy > 0.05 should be acid washed, whereas the efficiency
of acid treatment should be proofed per taxa when the estimated proxy lies between 0.03
and 0.05 (Kolasinskietal. 2008).
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Fig. 5.3 Carbonate proxy (mean + SD) showing the effects of sample CaCOs content on 6*C and §"°N of no acid
and acid washed samples of common estuarine macroinvertebrates Gammarus spec., Mesopodopsis slabberi,
Neomysis integer and Palaemon longirostris.
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Several authors emphasized the importance of a standardized procedure for handling
inorganic carbon in food web studies using stable isotopes and recommended acid
treatment of samples only when "absolutely necessary”. (e.g., Jaschinsky et al. 2008,
Serrano et al. 2008, Pires-Teixeira et al. 2020). As mentioned in the introduction, there are
also other procedures to remove inorganic carbon. But the decision on what procedure to
use or not is sometimes challenging as the realization of a study often depends on various
practical issues (e.g., material availability, conditions in the field) as well as structural
limitations (e.g., time management, staff capacity). Therefore, we here provide a basic
decision tree (Fig. 5.4) based on previous studies (e.g., Jacob et al. 2005, Jaschinsky et al.
2008, Brodieetal. 2011, De Leceaetal. 2011, Schlacher and Connolly 2014, Pires-Teixeira
et al. 2020) that 1) clarifies whether acidification to remove inorganic carbon is necessary
for further analysis, and 2) provides alternative options.

Following our guideline, we recommend to first decide on the research question, especially
if a study targets upper trophic levels only or additionally lower trophic levels of the food
web. Other studies with comparable analyses, research questions or similar target species
should be considered. For instance, in ecological studies of higher trophic levels such as fish
or other consumers, lower trophic level organisms are often analyzed without any
treatment (e.g., Cunjak et al. 2005, Ravinet et al. 2013) presumably because it is assumed
that a consumer assimilates both organic and inorganic 6'°C from its prey while ingesting
the whole individual that is later reflect in its own §C values. Whereas in studies dealing
with gammarids and lower trophic levels, the removal of inorganic carbon already appears
to be a standard procedure (e.g., Sgreide et al. 2006, Rothhaupt et al. 2014, Remy et al.
2017). After assessing the necessity to remove inorganic carbon based on previous studies,
either further treatment options are evaluated, or the stable isotope analysis is performed
without intermediate steps. Next, the carbonate proxy of the investigated species is
determined, either through an own experimental setup, already existing data, or the
outcomes of comparable publications. For organisms for which no data are available
morphological and physiological features (e.g., shell-forming mollusks or chitinous
exoskeletons of crustaceans) can be used to verify the carbonate content (Schlacher and
Connolly 2014, Pires-Teixeira et al. 2020). If the carbonate proxy is low (< 0.05), the effect
of inorganic carbon on the §*C values can be neglected and the analysis can be performed
without further treatment of the samples (Jacob et al. 2005, Serrano et al. 2008). Instead, if
the proportion of inorganic carbon is presumably high (carbonate proxy > 0.05) (Serrano et
al. 2008), mechanical removal of the hard structures is considered the next option (Mateo
et al. 2008). Especially in large invertebrates it is recommended to mechanically remove
compartments such as exoskeletons or bones before the analysis to avoid acid treatment
and proceed directly to stable isotope analysis (Mateo et al. 2008). When this mechanical
procedure is not an option, chemical treatment of the specimens via acidification is
attempted. We strongly agree with other authors that a standardized protocol for
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acidification should be used to ensure comparability of data (e.g., Jaschinksy et al. 2008,
Serrano et al. 2008).

Is acidification generally
necessary based on the
research question?

no

yes

A4

Can the effect of IC on

5'3C be neglected fiad

(carbonate proxy < 0.05)?
(Jacob et al. 2005; Serrano et al. 2008)

' no
A\

Is the mechanical
removal of IC
(e.g., exoskeleton, bones)
an option?
(Mateo et al. 2008)

yes l no
v
Remove IC Acidification
compartments (e.g., Jaschinsky et al. 2008)

vy

» SIA

Fig. 5.4 Decision tree to evaluate the most appropriate method to handle potential effects of inorganic carbon
(IC) in food web analysis using stable isotope analysis (SIA) based on previous studies.

Based on our analysis of estuarine macroinvertebrates, which includes empirical statistics
of 62C and 6*°N of acid-treated and untreated samples, calculation of the carbonate proxy,
and following our decision tree-based guidelines, we conclude that acidification of
Gammarus spec. is necessary, while the removal of inorganic carbon from mysids (M.
slabberi and N. integer) can be neglected due to the low carbonate proxies. For P. longirostris,
we recommend removing the exoskeleton mechanically prior to analysis to avoid acid
treatment.
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Comments

The findings of our study revealed that acidification can serve as a reliable tool for the
removal of inorganic carbon, but also has the disadvantage that acid treatment generally
leadstoahighervariability of the data. Overall, a standardized approach to inorganic carbon
removal is needed to ensure comparability of data from different ecological studies. Our
work provides guidance on whether and how biogenic carbon can be removed from
samples and contributes to the standardization of methods. We agree with the opinions of
other colleagues from previous studies that acidification should only be performed when
other procedures are inappropriate.
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Abstract

Anthropogenic perturbations paired with increasing climatic changes, affect the biota
composition and ecosystem services provided by highly productive estuarine transitional
ecosystems worldwide. To determine driving forces affecting fish stocks in such a habitat,
we created a long-term time series over the last four decades (1984-2022) combining fish
species compositions and abundances with environmental conditions along the course of
the temperate mesotidal Elbe estuary. We detected major changes in the species richness
and composition alongside with changes in life cycle guilds composition. With a relative
increase of marine-estuarine opportunists and reduction of diadromous species, the fish
fauna of the Elbe estuary has become more similar in guild structure compared to macro
tidal estuaries in Europe. Improvements in water quality in the 1990s were accompanied
by increased fish abundances, specially Osmerus eperlanus, until 2010. Anthropogenic
hydromorphological interventions, however, led to an increase in suspended particular
matter until 2022, which combined with reduced river runoff and poor oxygen
concentrations in summer months acted as poor environmental conditions for fishesin the
estuary. Mean fish abundances dropped by over 919% compared to 2010 to an all-time low
in the data. This reduction was primarily a result of a decline in juveniles of the key species
smelt (Osmerus eperlanus) in the system along with declines of Alosa fallax, Platichthys flesus,
Gymnocephalus cernua, Abramis brama and other species. On the contrary, marine species
(Clupea harengus and Merlangius merlangus) abundances increased. Overall, the time-series
provides insight into the strong impact of human intervention surpassing yet climatic
impacts in the system, that are however expected to lead to further stressors.

Keywords: Estuary, fish assemblage, guild composition, fish stocks, smelt

105



Chapter 6 - Long-term study on Elbe fishes

Highlights
- Changing environmental factors over a 40-year time series have affected life cycle
guilds in fish stocks in the Elbe estuary

- Eutrophication and deoxygenation caused decline in fish stocks in the 1980s that
majorly recovered and peaked until 2010 by effective pollution management

- Hydromorphological perturbations causing high suspended particle loads co-
working with hypoxia and reduced river runoff led to recent decline in fish
abundance

- Environmental factors and fish stocks were most dominantly affected in freshwater

nursery areas
Abbreviations
A anadromous
ANOSIM analysis of similarities
B estuarine-marine
Biog. biogeographic affinity
DO dissolved oxygen
E solely estuarine
EC electric conductivity
Ekm Elbe river kilometre
envfit environmental fit
F freshwater
FNU Formazin Nephelometric Units
FGG Flussgebietsgemeinschaft (river drainage basin community)
C catadromous
LCG life cycle guild
M marine straggler
MTZ maximum turbidity zone
NHa ammonium
NMDS non-metric multidimensional scaling
NO: nitrite
NOs nitrate
NTU Nephelometric Turbidity Unit
@) marine-estuarine opportunist
PERMANOVA permutational multivariate analysis of variance
pH potential of hydrogen
PO« phosphate
SIMPER similarity percentages
SPM suspended particulate matter
TOC total organic carbon
wTemp water temperature
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Introduction

Estuaries constitute only 5.8% of the coastal area (Wetzel et al. 2014) but are among the
most important environments of the coastal zone providing habitats for numerous plant
and animal species (Barbier et al. 2011). While the faunal composition varies due to spatial
and temporal dynamics (e.g., salinity, temperature, oxygen concentration, turbidity, river
runoff), estuaries are often characterized by high productivity (e.g., Thiel et al. 1995,
Ducrotoyetal. 2019). However, environmental conditions of many estuaries worldwide are
heavily influenced by humans (Ahlhorn 2009) through impacts from industrial sewage,
dyke construction, deepening of navigation channels and dumping of sediments to name a
few (e.g., Barbieretal. 2011, Drabble 2012, Wetzel et al. 2014). Today, estuaries are among
the most heavily anthropogenically modified aquatic habitats on earth (e.g., Haedrich
1983, Whitfield 1996, Pein et al. 2023). Exogenous pressure is further exerted by climate
change in particular (van Beusekom etal. 201 7). Differencesin the trends of climate change
and human activities result in highly variable long-term developments (Ducrotoy et al.
2019), with anthropogenic factors generally influencing species richness, biomass, genetic
structure and food webs in estuaries (Gilarranz et al. 2015).

The Elbe estuary, as one of the largest in Europe, shared a common fate of the above-
mentioned interventions with estuaries worldwide (Pein et al. 2023}, which has been
shaped by a long history of human alterations (Bergemann et al. 1996, Schroeder 1997,
Kerner 2007, Amann 2012, Pein et al. 2021). Since the mid nineteenth century, the Elbe
estuary has been under anthropogenic influences, which includes channelization for
shipping, increasing inlet of industrial, agricultural and communal sewage as well as
abstraction of water for power plant cooling (Thiel et al. 2003, Kerner 2007, Illing 2009,
Eick and Thiel 2014). Hydromorphological alterations of the main channel had strong
influences on the river runoff dynamics, tidal range and current velocities. The tidal range
at the port of Hamburg (100 km upstream of the river mouth) doubled from 1.9 mto 3.8 m
over thelast century (Heinetal 2021). Asa further consequence of channelization, the sub-
and intertidal shallow water areas, especially in the freshwater regions, were reduced. At the
same time, oxygen deficiency situations in the Hamburg port region increase during
summer months (Riedel-Lorjé and Gaumert 1982, Thiel 2011, Eick and Thiel 2014, Scholle
and Schuchard 2020). However, the Elbe estuary still harbours internationally
important ecological populationsand habitats (Thiel and Thiel 2015), like a number of
other temperate estuaries worldwide (Ducrotoy et al. 2019). For instance, in the freshwater
and oligohaline regions of the Elbe estuary important nursery areas of different fish species
were found (Thiel 2001). The Elbe estuary provides also essential feeding and spawning
grounds as well as migration routes for a number of fish species (Nellen and Thiel 1994,
Thiel et al. 1996, Thiel 2003) constituted with around 80 fish species the most species-rich
estuary in Europe (Thiel 2011).
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Generally, there is a lack of quantitative long-term studies on the influence of
environmental and anthropogenic factors on the fish fauna composition in a number of
European estuaries (e.g., Thiel 2011) and estuaries worldwide (Pasquaud et al. 2015). In
previous studies fish species in the Elbe estuary were grouped into life cycle guilds (e.g.,
Thiel 2011) according to their biogeographic affinity (e.g., Thiel et al. 2003, von Beusekom
etal. 2017) for two or three selected time periods, but an overview of the entire period from
the 1980s to the present day is still lacking. This in part due to fact that monitoring data of
fish composition and abundances available from state funded monitoring used varying
fishing methods rendering catch data from before 2000 and recent data incomparable.
With the implementation of the Water Framework Directive (WFD) in 2000, fish surveys
are conducted twice a year, however, these data are insufficient to study trends in fish
communities since fish populations exhibit significant seasonal variations.

To fill the knowledge gaps shown above, the aim of our study was to analyze historical and
present compositions of the ichthyofauna in the Elbe estuary using a dataset of comparable
traditional fishing methods incorporating seasonal sampling since the 1980s (Moller 1988,
Thieletal. 1995, Thiel and Potter 2001, Thiel et al. 2003, Thiel 2011, Eick and Thiel 2014).
The aims of the study include (1) the assessment of changes in the life cycle categories, (2)
the quantification of changes in the abundances of the fish speciesand (3) the identification
of long-term shifts of environmental factors and their influence on the fish species
abundances. In this regard, the Elbe estuary can be seen as a case study for other temperate
mesotidal European estuaries, as it is one of the few estuaries in Europe for which
quantitative data for fish and relevant environmental factors are available over longer time

series.
Material and methods

Study area and stations

The study was conducted in the Elbe estuary, which is located in north-west Germany and
ranging from a weir at the city of Geesthacht downstream to its mouth into the southern
North Sea, close to the city of Cuxhaven. The strongly tidally influenced Elbe estuary is
classified as mesotidal, coastal-plain estuary and has no marked halocline (Thiel and Potter
2001, Eick and Thiel 2014, Pein et al. 2023). In past studies, the Elbe estuary was
categorized asawell-mixed estuary (Muylaert and Sabbe 1996, Amannetal. 2012, Eick and
Thiel 2014), but recent findings from Pein et al. (2021), argue that hydrodynamic
modelling approaches showed buoyancy driven density gradients, that induce periodic
stratification, especially during summer. In extreme cases water temperature reaches
above 25°C during summer months and down to -1°C in extreme winters (FGG Elbe 2024).
The freshwater region (salinity < 0.5 PSU) extends from the Geesthacht weir (Ekm 586;
upper end of tidal influence) to Stade (Ekm 654), the brackish oligohaline area (salinity 0.5
- 5 PSU) reaches down to Brokdorf (Ekm 684) and the brackish mesohaline area (salinity 5

108



Chapter 6 - Long-term study on Elbe fishes

- 18 PSU) continues downstream to the city of Cuxhaven (Ekm 725) (ARGE Elbe 2007).
Turbidity in the Elbe estuary is high, and has increased in recent years, which is mainly
driven by marine sediments brought upstream by increased tidal pumping and
resuspension by extensive dredging for channel maintenance (Kerner 2007, Schulz et al.
2023). Kappenberg and Grabemann (2001) described a variability of suspended particular
matter (SPM) in the Elbe estuary, with a maximum turbidity zone (MTZ) located between
Ekms 670 and 690 before the year 2000. Due to seasonal variation of river runoff, the SPM
concentration varies throughout the year.

We selected five stations along the salinity gradient at regularly spaced distances within the
Elbe estuary (Fig. 6.1): mesohaline (river mouth section): Medem Reede/Medemgrund at
Elbe-kilometre (Ekm) 713/716 (A'/A), oligo-mesohaline (lower section): Brunsbiittel at
Ekm 692 (B), oligohaline (middle section): Schwarztonnensand at Ekm 665 (C), freshwater-
oligohaline (upper section): Twielenfleth at Ekm 651 (D) and freshwater (upper section):
Nef$sand/Miihlenberger Loch at Ekm 633/639 (E'/E). Out of these five stations, three
stations (B, C, D) were sampled at the exact same location throughout entire investigation
period, while stations A and E had to be slightly relocated (approx. 6 km difference) due to
changed nautical circumstances and regulations.
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Fig. 6.1 Elbe estuary with the sampled stow net stations (white circles): Medem Reede/Medemgrund at Ekm 713/716
(A’/A), Brunsbittel at Ekm 692 (B), Schwarztonnensand at Ekm 665 (C), Twielenfleth at Ekm 651 (D) and
Nefésand /Miihlenberger Loch at Ekm 633/639 (E'/E). Stations from which environmental data were obtained from the
FGG Elbe data portal were indicated with triangles (Map sources: NextGIS, CartoDB).

Fish sampling and calculation of abundances

Sampling was conducted during four time periods (period I: 1984-1986, period 1I: 1994-
1995, period I1I: 2009-2010, period IV: 2021-2022) covering all seasons (spring, summer,
autumn, winter) in each period. Fishes were caught using commercial stow net vessels
having mesh sizes between 5 and 10 mm at the cod end. The vessel was anchored at each
sampling site and the net immersed, so that the net opening faced the direction of the water
flow (Thieletal. 1995, Thiel and Potter 2001, Thiel etal. 2003, Eick and Thiel 2014). Species
identification of the caught fish was conducted on board immediately. Fishes were counted,
weighted (wet weight, 1 g accuracy) and total lengths were measured. Specimens that were
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not directly identifiable on board were either frozen using dry ice, freezers (-20°C) or were
preserved in formaldehyde solution (59%) for later taxonomical identification in the
laboratory following Whitehead et al. (1985), Muus and Nielsen (1999), Kottelat and
Freyhof (2007), Knebelsberger and Thiel (2014) and Froese and Pauly (2022).

To calculate fish abundances (individuals per 1 million m?), we used net opening
dimensions and the water volume per haul. Water flow through the stow net was measured
using mechanical flow meters (Hydro-Bios® and/or General Oceanics®) during periods 11,
[ITand IV. Water flow in period [ was not measured directly but was approximated by using
the haul durations of period I and comparable flow velocities from period II. In assumption
that between period [ and period II no major changes in the hydromorphology of the Elbe
estuary occurred, approximation of the water volume based on these two periods was
regarded as sufficiently accurate.

Harmonization of fish abundance data

In the initial time period I from 1984-1986, used stow nets had a net opening area of 80 m?
and 95 m? and one tide was sampled per station (Moller 1988). For comparison purposes,
all catches in period I have already been converted to a net opening of 80 m? by Moller
(1988). In time period Il from 1994-1995 a stow net with a net opening of 90 m? was used
(Thiel et al. 1995, Thiel et al. 2003). During period II one stow net haul was performed
during each tidal phase (flood an ebb tide) at each station resulting in two hauls per
sampling station at each sampling campaign. In period III from 2009-2010 a stow net with
anetopeningof 135 m?was used (Eick and Thiel 2014). During period III, during each tidal
phase two hauls were conducted. For comparability these two hauls were summarized into
one haul per each tidal phase. In period IV from 2021 to 2022 the stow net had a net
opening of 135 m?. The mean haul duration per period was 4h for period I (Mdoller 1988),
4h during period II (Thiel etal. 2003), 3h (combined) during period III (Eick and Thiel 2014)
and 3h during period IV. During period IV only the five sampling sites A-E were sampled
and only one sampling campaign during each season was performed, whereas during the
periods I (Moller 1988), II (Thiel et al. 1995, Thiel et al. 2003) and III (Eick and Thiel 2014)
a higher spatial and temporal resolution of the sampling data were available. In order to
ensure the best possible comparability of the abundance data from the four different
periods, the more detailed data records from periods I to III were reduced and adjusted to
the resolution of period IV by utilizing records from the very same months.

Life cycle categories and geographical distribution categories

Fish speciesin the Elbe estuary were grouped into life cycle guilds (LCG) following Thiel and
Potter (2001), Thiel et al. (2003), Elliott et al. (2007), Franco et al. 2008, Thiel et al. (2011)
and Eick and Thiel (2014): S: marine stragglers (e.g., Ammodytes tobianus), O: marine
estuarine-opportunists (e.g., Clupea harengus), E: solely estuarine (e.g., Pomatoschistus
microps), C: catadromous (e.g., Anguilla anguilla), A: anadromous (e.g., Osmerus eperlanus),
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F: freshwater (e.g., Sander lucioperca). These definitions were based on the most recent work
by Potter et al. (2013), who classified life cycle categories of estuarine fish species
worldwide. To ensure exact comparison with previous data (Thiel etal. 1995, Eick and Thiel
2014), a classification with six LCG was chosen.

Freshwater fish species in the Elbe estuary were further grouped into two geographical
distribution categories (Leroy et al. 2019): Palearctic fish species that have European,
Siberian and East-Asian distributions and Nearctic fish species that are introduced from
North America. Spatial and temporal variation in the fish fauna composition of the Elbe
estuary can be described by their guild composition. A longitudinal change in the fish
community in upstream direction corresponds with a decrease of abundances of marine
species and an increase of abundances of freshwater species (Thiel 2011, Eick and Thiel
2014). In the past century, the anadromous smelt Osmerus eperlanus has been dominant
fish species in the Elbe estuary since it occurs in the entire estuary with high abundances
and biomasses (Ehrenbaum 1894, Lillelund 1961, Moller 1988, Thiel et al. 1995, Eick and
Thiel 2014). The invasive Neogobius melanostomus was assigned to the freshwater LCG.

Collection of environmental data

Environmental data originated from long-term routine monitoring programs by the local
authorities and were downloaded from the data portal (FGG Elbe 2024). The variables
electric conductivity (EC uS/cm: DIN EN 27888 (C8), water temperature (wTemp °C: DIN
38404-4 C4), dissolved oxygen (DO mg/L. and %: DIN ISO 17289 G25 and DIN 38408-23
G23), pH (DIN EN ISO 10523 C5), suspended particular matter (SPM mg/L: DIN EN 872
H33), ammonium (NHamg/L: DIN EN ISO 11732:2005-05), nitrite (NO2mg/L: DIN EN ISO
13395 D28), nitrate (NOsmg/L: DIN EN ISO 10304-1 D20), phosphate (POamg/L: DIN EN
[SO15681-2 D46)and total organic carbon (TOC mg/L: DIN EN 1484 H3) were downloaded
between the years 1982 and 2022. Monitored stations were chosen in closest proximity
possible to the fishing sampling stations (see supplements Tab. S6.1).

The monitoring program of the local authorities included measurements from monthly
helicopter flights (longitudinal profile) from 1982 to 1986, eight times a year from 1987 to
1993 (February, April, May, June, July, August, September, November) and six times per
year from 1994 to 2022 (February, May, June, July, August, November). The water samples
were extracted from the middle of the channel at a depth between 0.5 and 1 m during low
tide (ARGE Elbe 1999, FGG Elbe 2021). From the stations Brunsbiittelkoog (1982-2022),
Grauerort (1982-2022) and Seemannshoft continuous measurements (interval
measurements) with usually one to four measurements per month were available.
Measurements from the longitudinal profile and interval measurements were combined in
order to calculate monthly and annual means for each environmental variable at the
designated station.
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Statistical analyses

Non-metric multidimensional scaling (NMDS) was applied to fourth root transformed
abundance data on a Bray-Curtis distance matrix using ‘metaMDS’ function in the R-
package vegan’ (Oksanen etal. 2022). Similarity percentage (SIMPER) analysis was carried
out in order to identify species contribution to ordination. Analysis of similarities
(ANOSIM) was used to determine differences of the fish fauna between periods.
Permutational multivariate analysis of variance (PERMANOVA) was used to compare
dispersion of the group variable ‘period’ using pairwise adonis function in ‘vegan'. In a two-
dimensional NMDS ordination stress values below 0.20 are regarded as acceptable (Quinn
and Keougth 2002). Over the entire time series, fish abundance data from stow net hauls
was assigned to environmental data by matching sampling month. Monthly median values
of not normally distributed data were calculated for the ordination matrix of environmental
factors. Hauls were removed from the dataset when no environmental data could be
assigned. From originally n = 365 stow net hauls (period [ n = 85, period [I n = 72, period I1I
n=159, period IV n =49) a total of n = 310 hauls was used for NMDS computation (period
In="79, periodIIn=63, period I[lIn = 126, period [V n = 42). Influences of environmental
factors on the fish species composition were analysed by using post-hoc vector fitting
function ‘envfit to the NMDS-ordination following a workflow repeatedly used in estuarine
fish species compositions (Troast et al. 2022, Lundstrom et al. 2022, Harrison-Day 2024).

Results

Fish species composition

A total of 69 fish taxa were recorded across four time periods wherein period [ (1984-1986)
had 47 species, declining to 38 in period II (1994-1995), during period 11 (2009-2010)
there was an increase to 53 species, that recently declined again to 44 species in period IV
(2021-2022). During the entire investigation period, the 15 most abundant fish species
were: Osmerus eperlanus, Clupea harengus, Alosa fallax, Gasterosteus aculeatus,
Gymnocephalus cernua, Platichthys flesus, Sprattus, sprattus, Blicca bjoerkna, Abramis brama,
Syngnathus rostellatus, Merlangius merlangus, Sander lucioperca, Pomatoschistus spp., Liparis
liparis and Anguilla anguilla (Fig. 2, Tab. A.2). While smelt (O. eperlanus) was the most
abundant fish species in the Elbe estuary during all four time periods the ranks of the
remaining species were different between the investigated time periods. Twaite shad (A.
fallax) was the second most abundant species during the 1980s, while in the 1990s A. fallax
was on the 7" rank and during 2009-2010 it was on the 3" rank and during recent survey
(2021-2022) it was on the 11™ rank. Herring (C. harengus) displayed the third most
abundant species during the 1980s and 1990s, the fourth most abundant species in 2009-
2010 and the second most abundant species during the 2020s. Other abundant species
were ruffe (G. cernua), which was the second most abundant species during 2009-2010
(1980s: 15™,1990s: 5™ 2020s: 7™) and three-spined stickleback (G. aculeatus) which was
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the second most abundant species during the 1990s (1980s: 4™, 2009-2010: 11™, 2020s:
9%™). While whiting (M. merlangus) was the third most abundant species in the 2020s, the
ranks of M. merlangus were lower in the 1980s (42¢), 1990s (10™), 2009-2010 (26").

The mean abundance per haul of several species exhibited varying patterns over time (Fig.
6.2, Tab S6.2). Specifically, there was an increase in abundance observed from the 1980s
through the 1990s, followed by a peak during the 2009-2010 period. However, our
subsequent survey conducted in the 2020s indicated a decline in mean abundance of fish
species such as O. eperlanus, S. lucioperca, G. cernua, L. fluviatilis, A. brama, B. bjoerkna and S.
rostellatus in comparison with the previous period. In the following we report the
approximate number of fishes as individuals per 1 million m® water. Especially the mean
abundance per haul of O. eperlanus reached from ca. 12,000 during the 1980s to 29,000 in
the 1990s to 168,000 during 2009-2010 and was reduced with the most recent period
(2020s) to 13,000. A. anguilla expressed a gradual decrease over time, displaying the
highest abundance during the 1980s and the lowest during 2020s. The abundance of A.
fallax decreased from the 1980s from 1,700 to 52 in the 1990s. With the period 2009-2010
abundance of A. fallax increased to 1,000 and decreased with the latest period (2021-2022)
to 12. Mean abundance of P. flesus increased in the 1990s up to 600, but exceeding to the
time periods 2009-2010 (240) and 2021-2022 (33) the abundance was reduced.
Pomatoschistus spp. had the highest abundance during the 1980s (165), which decreased
to 15in the 1990s and 0.7 during 2009-2010, while the abundance of Pomatoschistus spp.
increased in the time period 2021-2022 (26). Additionally, during 2021-2022 herring
(1,500) and whiting (314) displayed their highest mean abundances in the analyzed time
frame.
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Fig. 6.2 Fish taxa found in in the Elbe estuary at the distinctive time periods 1984-1986, 1994-1995, 2009-2010 and
2021-2022. Changes of mean abundances per haul (Log transformation) indicated by heatmap. Log-transformation of
abundance data for enhanced visualization (large ranges of abundances between species), untransformed data see Tab.
S6.2.

Spatiotemporal abundance variance of dominant fish species

Differences in the distribution of species abundance from the 1980s to the 2020s aim to
illustrate variations in species dynamics, focusing on spatial disparities across five locations
along the salinity gradient in the Elbe estuary. Boxplots for of fish species that were among
the most abundant species (O. eperlanus, C. harengus, A. fallax, G. aculeatus, G. cernua, P.
flesus) as well as important predatory fish species (S. lucioperca, M. merlangus), L. fluviatilis
as endangered anadromous species and A. anquilla as endangered catadromous species
across various stations in the Elbe estuary were chosen to indicate their variance across
spatiotemporal scales (Fig. 6.3). Abundances of O. eperlanus, changed most substantially in
the upstream regions being completely absent on several occasions during the 1980s
(Jun./Jul./ Aug./Oct. 1985, Jun./Jul. 1986), D (May/Jun./Oct. 1985, Jun. 1986) and C (May
1986). In the most recent survey (2021-2022) the highest smelt abundances were observed
the Hamburg region. At E/E" with a median abundance of 25,000 during period IV, the
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smelt population was reduced by nearly 85 9%, compared to period III with a median
abundance of 162,000. In the same time period, the median abundance at D was reduced
from 76,000 to 5,000 while at C the abundance was reduced from 33,000 to 2,200.
Generally, C. harengus exhibited its highest abundances in the downstream areas,
specifically at stations A/A"and B near Cuxhaven and Brunsbuttel. Throughoutall four time
periods, C. harengus was found up to the mid estuarine section (C). Abundance of C.
harengus was notably lower during the 1980s compared to surveys conducted in the 2020s,
where the abundance reached its peak in that region. Only during the periods of 2009-2010
and 2021-2022 the presence of C. harengus extended till the upper estuary (D), with higher
abundance observed in the 2020s. A. fallax exhibited highest abundances, particularly
during the 1980s at D and C. Anyway, the highest median abundance (27) of A. fallax was
recorded at A/A’ during the 1980s, which had decreased to the 1990s (4.5), increased to
2009-2010 (26) and again decreased after the 2020 (4). During the 2020s, the highest
abundances of A. fallax were observed at E/E’ (spawners) and B (juveniles).

G. aculeatus abundance was highest during the 1990s period, especially at C, where the
abundance of G. aculeatus was highest. During the most recent period (2021-2022)
abundances of G. aculeatus were considerably lower at all five stations compared to period
[T (2009-2010). During the 1980s, G. cernua was absent in the downstream regions at A/A’
and B, while in the 1990s, 2009-2010 and the 2020s ruffe occurred occasionally in low
abundances. However, during the 1990s and the 2009-2010 period, the abundance of G.
cernua was highest in the freshwater region, particularly at Dand E/E".

P. flesus was found at its highest abundance during the 1990s with A/A’ (median
abundance: 3,000). Lower median abundances of P. flesus during the 1990s were found
upstream at B (451),at C (43),at D (44)and at E/E’ (23). Decrease of flounder over was most
prominent in the downstream areas A/A" and B from period I to period III. The highest
abundances of S. lucioperca were particularly found close to the Hamburg area at E/E’,
during the 2009-2010 period. Zander were also most abundantly found at E/E" during the
2021-2022 survey. Between those two periods the median abundance of zander increased
from7.5to17atE/E". Atthe more downstream areas zander abundanceswere lower during
all four time periods. M. merlangus was found exceptionally in the downstream regions in
the river mouth at A/A" and B, where the higher abundances were found at the outermost
station A/A’, especially during the 2021-2022 survey. During period IV at A/A’ the median
abundance of M. merlangus reached 263, while the median abundance at the other periods
was 0, since M. merlangus occurred only sporadically during those time periods.

Generally, the abundance of river lamprey decreased with our recent sampling in the
2020s. The highest median abundances of river lamprey (L. fluviatilis) were found in the
river mouth are, especially during the 2009-2010 period at A/A’" (2.1). At B the median
abundances were lower: 0.7 (1980s) and 0.8 (1990s). During period III at D the maximum
abundance of L. fluviatilis recorded was 177, followed by 89 at Cand 82 at D. The maximum
abundance of L. fluviatilis in the 2021-2022 period was found at Bwith 11, which had also

115



Chapter 6 - Long-term study on Elbe fishes

decreased. Abundances of A. anguilla decreased consistently at all five stations across the

Elbe estuary over the four observed time periods.
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Fig. 6.3 Abundances often of the key fish speciesalong the longitudinal course of the Elbe estuary. Aline at zero indicating
complete absence of the species at the specific station during the referring time period. Medem Reede/Medemgrund at
Ekm 713/716 (A/A’), Brunsbiittel at Ekm 692 (B), Schwarztonnensand at Ekm 665 (C), Twielenfleth at Ekm 651 (D) and
Nefssand/Miihlenberger Loch at Ekm 633/639 (E/E’). Colours indicating the respective sampling periods: red (1984-
1986), yellow (1994-1995), green (2009-2010) and blue (2021-2022). Outliers (> 1.5 x interquartile range) removed for
enhanced visualization of quartiles.

Spatiotemporal variations of life cycle categories

Marine stragglers were found only in the downstream areas (A/A"and B), with relatively low
and consistent abundances, with less than 0.1% (Fig. 6.4, Tab. S6.3). The highest
abundance of marine stragglers, with a maximum of 1.6, was recorded during period IV

(2020s) sampling at the downmost region (A/A’).
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At A/A’ the marine estuarine opportunists increased from 178 (1980s) to 597 (1990s) to
517 (2009-2010). From 2009-2010 to the 2020s at, the number of marine-estuarine
opportunists decreased from 517 to 255. In contrast, the relative proportions between the
1980s and 2009-2010, remained nearly constant (8.6%, 10.9%, 7.6%). However,
compared to the most recent sampling relative proportion of marine estuarine opportunists
increased from 7.6% to 18.5% at A/A". At B, the number of marine estuarine opportunists
from 1980s to the 1990s remained constant with abundances of 220 and 191 (6.9%,
5.1%), while from 2009-2010 to 2021-2022 marine estuarine opportunists increased
from 116 to 464 at station B, which was a relative increase from 1.4% to 36.9%. In the
middle section of the estuary the abundance of marine-estuarine opportunists devolved
from 14.8 (1980s) over to 9.3 (1990s) to 12.9 (2009-2010) and 17.0 (2020s). Therefore,
the relative proportion increased from 0.1% to 0.3% (1980s until 2009-2010) to 3.9%
during the 2020s. In the upper sections the abundances of the estuarine-opportunists LCG
were lower.

In the river mouth section (A/A’) the abundance of the estuarine LCG decreased from 660
(1980s) t0 99 (1990s), to 567 (2009-2010) and 12 (2020s), while in the lower section at B,
abundances decreased from 173 during the 1980s to 21 in the 1990s, 1.0 in 2009-2010
and 2.0 during the 2020s. Their numbers remained nearly constant at the freshwater to
upper oligohaline areas with abundancesaround 0.5 (< 0.1%). The number of catadromous
species consistently decreased throughout the entire estuary from the 1980s to the 2020s.
The mean abundance of anadromous species increased from the 1980s to the 1990s and
further to 2009-2010, but then drastically decreased in the 2020s. In the downstream
areas, changes in anadromous LCG abundances were less pronounced compared to the
upstream areas. From 2009-2010 period to 2021-2022 period the abundance of
freshwater species declined notable in the freshwater regions of E/E" and D.
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Fig. 6.4 Spatiotemporal variation of mean abundances of LCG at four distinct time periods along the salinity gradient of
the Elbe estuary: Medem Reede/Medemgrund at Ekm 713/716 (A/A’), Brunsbiittel at Ekm 692 (B), Schwarztonnensand
at Ekm 665 (C), Twielenfleth at Ekm 651 (D) and Nefdsand/Miihlenberger Loch at Ekm 633/639 (E/E). Log-
transformation of abundance data for enhanced visualization (large ranges of abundances between guilds),
untransformed data see Tab S6.3.
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Long term shifts of environmental factors

Over the course of the past 40 years, the Elbe estuary underwent changes in environmental
conditions (Fig. 6.5). EC in the upstream regions (D, E/E’) decreased from 1980s until the
early 2000s, but increased from there slightly. The pH was lowest during the 1980s and
early 1990s in the upstream regions (C- E). TOC had decreased in all five stations since the
1980s. At region C the total organic carbon concentration increased again. Phosphate
concentration was highest in the upstream regions (D and E) during the 1980s and
gradually decreased across the time scale. Nitrate concentration at all five regions
decreased from 1980s until 2022. Maximum nitrate values were around 8 mg/L at region
B during the early 1980s and early 1990s. Nitrite concentration was highest at region E/E,
especially during the entire 1980s decade, shown by highest annual means. At region E/E’
and B nitrite peaks above 0.8 mg/L.. On multiple occasions nitrite concentrations above 0.5
mg/L were found at stations E/E’, D and C. Generally, the nitrite concentration decreased
over time. The highest annual ammonium concentrations were found in the upper and
middle sections E/E’, D, and C. The maximum concentrations in the upper and middle
sections E/E’, D and C ranged between 4 mg/L and 5 mg/L during the 1980s. From the
beginning of the 1990s the ammonium concentration decreased in the entire estuary.

The oxygen concentration in the Elbe estuary was particularly lowest during the 1980s in
the upstream region E/E’, D and C, shown by the annual mean oxygen levels. In the river
mouth at station A/A’, no critical oxygen values were measured at any time. At region B,
especially during the 1980, critical oxygen levels were measured. In thisregion, on multiple
occasions the oxygen concentration fell below 4 mg/L, with incidences below 2 mg/L in the
early 1980s. Going further upstream lower oxygen concentrations were more frequently
measured. At regions C and D oxygen concentrations below 2 mg/L occurred most
frequently during the 1980s and oxygen situation improved from the 1990s on. At region
E/E’, located in the Hamburg port area, oxygen concentrations close to zero were measured
during the 1980s. Although the oxygen situation had improved from the 1990s onward,
low oxygen levels were still regularly found in that region until the year 2022. During
hypoxic events in that time period oxygen concentrations below 4 mg/L and 2 mg/L were
measured, especially during summer months.
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Fig. 6.5 Environmental parameter electric conductivity (EC), nitrate (NOs), nitrite (NOz), ammonium (NHs), phosphate
(PO4), total organic carbon (TOC), suspended particular matter (SPM), water temperature (wTemp), dissolved oxygen (DO)
and pH as heatmap (annual mean) from 1982 to 2022. A = Medem Reede/Medemgrund (Ekm 713), B = Brunsbittel (Ekm
692), C = Schwarztonnensand (Ekm 665), D = Twielenfleth (Ekm 651), E = Nefésand /Miithlenberger Loch (Ekm 633).

Atthestationat A/A’ located at the river mouth, the annual mean of SPM ranged from 38.1
mg/L to 89.7 mg/L. In the lower section at station B, the SPM measurements reached the
maximum, with annual means ranging from 90.5 mg/L (2003) to 293.9 mg/L (1986). At
station C in the time frame from 1982 to 2010 (a 28-year period), the annual mean of SPM
exceeded 100 mg/L on four occasions: 1984, 1991, 1993, and 2001. However, in a shorter
12-year period from 2010 to 2022, 100 mg/L was surpassed nine times, peaking at 193.8
mg/Lin 2020. Inregion D, the highest annual means of SPM were recorded in 2019 (111.3
mg/L), 2020 (107.7 mg/L), and 2017 (97.2 mg/L). In the region of E/E’ the annual mean of
SPM concentration had more than tripled from 1982 to 2022. From 1982 to 2013 the SPM
annual mean at station E/E" exceeded a concentration of 50 mg/L only once in 2006 (50.3
mg/L), however since 2014, the annual mean concentration of SPM has consistently
surpassed 50 mg/L eachyear. During the 1980s, concentrations ranged between 18.6 mg/L
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and 30.7 mg/L. Subsequently, in the 1990s, they increased to arange of 30.5 mg/L to 44.6
mg/L. In the 2000s, concentrations continued to rise, reaching concentrations between
31.8 mg/L and 50.6 mg/L. In the 2010s concentrations were varying from 26.3 mg/L to
72.5mg/L, and in the 2020s, SPM peaked between 71.1 mg/L and 92.1 mg/L.

Influence of environmental factors on the fish fauna

The NMDS ordination plots represent the fish species, the composition at each site at the
respective period and environmental gradients. Marine stragglers (A. cataphractus, C.
lumpus or C. lucerna) and marine-estuarine opportunists (M. merlangus, G. morhua or C.
harengus) were mainly associated with samples from the river mouth (A/A’). Diadromous
fish (mainly O. eperlanus, A. fallax and G. aculeatus) were ordinated more centralized while
freshwater species (e.g., P. fluviatilis, A. brama, L. idus) were mainly focused on the upper
sections Dand E/E’ (Fig. 6.6). SIMPER analysis (Tab. 6.1) revealed that the largest influence
on the ordination is caused by variation of abundance from O. eperlanus (21.5%). The
species that had the second most influence on the dissimilarity matrix was C. harengus
(8.9%) followed by G. aculeatus (7.9%), G. cernua (7.4%), A. fallax (7.2%), S. sprattus (5.7%),
P.flesus (5.0%), A. anguilla (4.4%), S. lucioperca (3.5%) and A. brama (3.0%).

Tab. 6.1 Cumulative percentages of the ten fish species responsible for the most variation (75%) in the Elbe estuary
(SIMPER-Analysis).

Species Cumulative contribution [%]
Osmerus eperlanus 215
Clupea harengus 30.4
Gasterosteus aculeatus 38.3
Gymnocephalus cernua 457
Alosa fallax 52.9
Sprattus sprattus 58.6
Platichthys flesus 63.6
Anguilla anguilla 68.0
Sander lucioperca 71.5
Abramis brama 74.7

The four time periods 1984-1986, 1994-1995, 2009-2010 and 2021-2022 were
statistically distinguishable by ANOSIM analysis (R* = 0.219, p < 0.001). Post-hoc
PERMANOVA showed that the largest dissimilarity was between the periods 1984-1986
and 2009-2010 (R*=0.146, p < 0.001) and smallest dissimilarity was between the periods
1994-1995and 2009-2010 (R*=0.052, p < 0.001). Dissimilarities were identified between
2021-2022 and 1984-1986 (R? = 0.77, p < 0.001) as well as 1994-1995 (R? = 0.076, p <
0.001) and 2009-2010 (R* = 0.074, p < 0.001) were smaller according to post-hoc
PERMANOVA. Strongest influence on the species composition of the fish fauna in the Elbe
estuary was attributed by the factor electric conductivity (EC) (r*=0.571,p < 0.001). EC acts
as a proxy for the salinity, and the salinity gradient is ordinated along the stations with the
highest salinity (with the corresponding fish species) at the estuary mouth (A/A’) and
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freshwater sites near Hamburg (E/E’). Water temperature had the second strongest
influence (r* = 0.421, p < 0.001) on the composition of fish species. Nitrogen compounds
NHa (r* = 0.274), NOs (r* =0.316) and NO: (r* = 0.232) were correlated significantly (p <
0.001) with the calculated Bray-Curtis distance. Also, TOC had a significant influence (r* =
0.166, p < 0.001). Dissolved oxygen (r* = 0.237) showed significant influence (p < 0.001)
on the fish composition in the samples. SPM (r*=0.097, p < 0.001) and pH (r*=0.084, p <
0.001) were observed with significant influence on the fish species composition.
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Fig. 6.6 NMDS ordination (stress = 0.165), separated for visualization by left: species as abbreviations; and right:
environmental variables as vectors: EC (electric conductivity), SPM (suspended particular matter), NO2 (nitrite), NOs
(nitrate), NH4 (ammonium), POa (phosphate), TOC (total organic carbon), Wtemp (water temperature), Oz (oxygen
saturation in % and concentration in mg/L) and pH. ANOSIM (R* = 0.219, p < 0.001). A = Medem Reede/Medemgrund
(Ekm 713), B = Brunsbiittel (Ekm 692), C = Schwarztonnensand (Ekm 665), D = Twielenfleth (Ekm 651), E =
Nefésand /Miihlenberger Loch (Ekm 633).
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Discussion

Changes of life cycle categories

In this study we aimed to describe changes in the abundance and the species composition
in a temperate mesotidal estuary over a long-term time-series and determine the driving
factors for fish occurrences.

Asbeingamong the most abundant species, O. eperlanus and A. fallax account for the largest
portion of the anadromous LCG. Since the Elbe estuary provides suitable nursery areas for
both species, we found juvenile life stages in high numbers. However, as both species have
faced a reduction in their population sizes, the anadromous LCG decreased within recent
years. The recent degradation of general habitat quality including deterioration of nursery
habitats (oxygen deficiencies and increased turbidity), together with a reduction in shallow
water areas in the freshwater regions (Scholle and Schuchard 2020, Illing et al. 2024), has
led to a decline in the abundance of anadromous (juvenile) fish in the Elbe estuary. From
period III to period IV the mean abundance of the anadromous LCG was reduced from
20,000 to 1,500 individuals per 1 million m? resulting a decline of over 92%. This LCG was
mainly represented by smelt, twaite shad and three-spined stickleback.

The catadromous LCG was mainly represented by A. anquilla, whose populations decreased
throughout Europe and therefore listed as ‘critically endangered’ on the IUCN Red List (Pike
et al. 2020). The factors resulting in the collapse of European eel populations are versatile
and not specific to factors found exclusively in the Elbe (Behrmann-Godel and Eckmann
2003, Briand et al. 2007, Decker 2016, Kullmann et al 2017).

Theincrease of marine speciesin the Elbe estuary can be explained by an increase of marine
influence by the flood stream paired with reduced river runoff. Due to enlarged channel
diameter, larger quantities of marine waters can enter the Elbe estuary during high tides
(Zhu et al. 2014, Ralston and Geyer 2019), which favors the inland prevalence of marine
fish species. With the relative increase of marine-estuarine opportunists and the reduction
of diadromous species, the Elbe estuary has become somewhat more similar in its guild
structure to the macrotidal estuaries found in the UK (i.e. Forth, Tyne, Humber). In these
estuaries the ecological guilds of estuarine residents, marine juvenile migrant and marine
adventitious species displayed the largest portion of the fish fauna, while diadromous fish
species were of less importance (Elliott and Dewailly 1995). These alterations suggest an
ongoing transition of the fish guild composition towards those found in a macrotidal
estuary.

Environmental factors structuring the fish fauna

Over the entire time scale, certain environmental factors had a major influence on
structuring the fish species composition in the Elbe estuary. The strongest influence was
attributed to E and C, which acts as a proxy for salinity. Stations with higher salinities at the
river mouth and lower sections (A and B, see Fig. 6.1) had higher abundances of marine
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stragglers (Z. viviparus, C. lyra, A. cataphractus) and marine-estuarine opportunists (C.
harengus, G. morhua, M. merlangus), which confirms the findings of the spatiotemporal
structure found in previous studies (e.g., Thiel and Potter 2001, Eick and Thiel 2014). With
increasing sea level rise and reduced river runoff due to climate change, these marine
influences are likely to increase even more in the future (Little etal. 2022, Pein et al. 2023).
Seasonal changes of the fish fauna composition in relation to water temperature were also
described by Thiel and Potter (2001). With diadromous species such as O. eperlanus, A.
fallax, G. aculeatus in the fish community, species composition changes during migration
periods and juvenile nursery time. Smelt abundances peaked between early June and late
August, when the population consists predominantly of juvenile young-of-the-year
specimens. Abundances of three spined stickleback (G. aculeatus) tended to be highest in
colder temperatures during winter and early spring samples. In the freshwater sections
bream (A. brama) abundances tended to be higher at warmer temperatures during summer
months. Upstream migration of anadromous fish can be induced by factors such as water
temperature (Aprahamian et al. 2003) and river runoff (Lillelund 1961). As fish spawning
and nursing (high abundances of juveniles) underlies seasonal patterns significant
influence of the water temperature as a proxy for seasonal fish species composition seems
reasonable.

In the 1980s water quality in the Elbe estuary was poor due to wastewater sewage (ARGE
Elbe 1984, Moller and Scholz 1991), which was expressed by high concentrations of
nitrogen compounds (NH4, NOz, NOs), TOC and phosphates. The concentrations of those
compounds were highest in the freshwater and upper oligohaline areas of the estuary (Fig.
6.2). NOz is particularly toxic to fish by reducing oxygen uptake ultimately causing death
(Russo and Thurston 1977) by suffocation which is even more unfavorable during events
with low oxygen concentration. Schdperclaus (1979) described concentrations of nitrite of
1 mg/L as non-toxic (with regard to lethal exposure). However more recent studies
investigating long-term effects of sublethal nitrite exposure of 0.3 mg/L for 60 days
indicated significantly lower food intake and growth performance in juvenile percids
(Zhang et al. 2021). With values regularly exceeding 0.3 mg/L in the freshwater regions
during the 1980s these values have been exceeded for long times in the Elbe estuary
classified as highly polluted (LAWA 1998). Adding to this, NHa values that, depending on
temperature and pH becomes fish toxic NHs, reached values of 2.4 mg/L during multiple
years rendering the estuarine waters as severely polluted by classification of LAWA (1998).
The water quality described in the 1980s was accompanied by recurring low oxygen
concentrations, occasionally even anoxic conditions (Moller and Scholz 1991). During
anoxic events in the years 1985 and 1986, O. eperlanus was completely absent from E/E'
(seven samples), D (four samples) and C (one sample) between May and August. Entire smelt
generations can be destroyed by an early onset of oxygen depletion in their life cycle (Mdller
and Scholz 1991, Thiel et al. 1995). During 1985 highest catches of juvenile smelt were in
areas with more than 5 mg/L DO (Mdller and Scholz 1991). In the 1980s the oxygen
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minimum reached downstream to B, where values below 2 mg/L. were measured. After the
1990s at C and D no DO concentrations below 2 mg/L. were measured, but occasionally
values below 4 mg/L were reached. Generally, the oxygen situation improved compared to
the 1980s, especiallyat B, Cand D. Although the oxygen situation had improved after 1990,
at E/E’ concentrations below 4 mg/L and 2 mg/L were still regularly measured during
summer, meaning the oxygen situation at E/E' remained relatively unchanged after the late
1990s. With regard to fish larvae that use the region around the Mithlenberger Loch (E/E’)
as feeding area, Sepulveda (1994) showed that DO concentrations below 4.5 mg/L already
reduced the growth performance of smelt larvae.

Dredging impacts on nursery habitats

While moderate suspension loads are a natural feature of many inland water sheds (Bruton
1985), elevated SPM concentrations can lead to a variety of problems. If suspended solids
in the water column exceed a species-specific threshold, sublethal physiological and
behavioral stress responses can be triggered (Bruton 1985) but lethal consequences have
been described by other authors (e.g., Newcombe and Jensen 1996, Wilber and Clarke
2001). Findings from Thiel and Pezenburg (2001) showed that elevated SPM concentration
in the Miihlenberger Loch region can induce alterationsin the gill epithelial tissue (increase
of mucocytes) of juveniles from O. eperlanus and therefore could cause raised mortality rates
and stunted growth. Chiasson (1993) observed increased activity after exposition of 10 - 40
mg/L. SPM of related smelt (O. mordax) under rearing conditions. In the Mithlenberger Loch
region (E/E’) the SPM concentration doubled in the period 2021-2022 compared to 2009-
2010 and 1994-1995 and even tripled compared to 1984-1986. The highest annual mean
SPM ever recorded was found during the year 2020 (92.01 mg/L), which primarily were
caused by channel alterations (tidal pumping) and maintenance dredging paired with
reduced river runoff (Kerner 2007). This potentially affected the reproduction success and
recruitment of specimens from the year-1 age group caught during the 2021 sampling
campaigns. Thiel and Pezenburg (2001) argued that SPM containing more mineral
compounds tend to cause stronger irritations in the gill tissue as SPM containing more
organic materials. Hecht and van der Lingen (1992) found that turbidity affects feeding
behavior in fish. Under different turbidity conditions, changes in feeding strategies were
described, whereby visual predators are more affected by turbidity than fish that feed on
macroinvertebrates. Recent observations from liver transcriptomes of juvenile zander in
the system indicated signs of starvation in the maximum turbidity zone which was
supported by lower body conditions in that region (Koll et al. 2024a).

Higher concentrations of SPM were shown to affect lower trophic levels, resulting in less
phytoplankton production by light limitation (de Jonge et al. 2014, Steidle and Vennell
2024) leading to lower abundances of zooplankton and benthic invertebrates (Shoup and
Wahl 2009) and therefore restrict food availability for fish. This is supported by findings
from Bernatetal. (1994), who found that increased SPM negatively affects the filtration rate
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of calanoid copepod Eurytemora affinis in nauplii stages and adults, thus affecting copepod
abundances in recent years. Generally, copepod densities are highest in the Miithlenberger
Loch area around E/E’ (Fiedler 1991, Kafemann et al. 1996, Thiel 2001), making this area
the favored nursery habitat for fish larvae, as prey organisms of the optimal size are available
here. However, Bilkovic (2009) found that recently dredged tidal creeks provide less
suitability nursery habitats for fish, while Yang et al. (2019) concluded that suspended
sediments can have direct impacts on the survival of fish eggs and larvae. Especially the side
channels of southern marginal area in the upper section of the estuary (between D and E/E’)
Hahnofer Nebenelbe, Lihesander Stiderelbe and the shallow bay Mithlenberger Loch were
described as locations where the annual production of fish was the highest (more than 200
kg/ha per year) in the entire estuary (Thiel 2001). In the shallow water, the ratio between
surface and water volume is in favor for the fish larvae, since diffusion of atmospheric
oxygen and penetration through the shallow water column mitigates low oxygen situations,
which occur in the main channel during summer. However, the amount of shallow water
areasin the Elbe estuary has dramatically been reduced without appropriate compensation,
either through construction (Mihlenberger Loch), or siltation. Not only the harbor region
faces sedimentation problems. Especially those stagnant areas with slow flow velocities are
subject to increased siltation, which is intensified due to increasing suspended sediments
in the water column, leading to a decrease of shallow waters. These deficiencies are even
enhanced by the increase of suspended solids in the water column from channel deepening
and maintenance dredging, which was designated as possible influence on smelt in the Elbe
estuary by Scholle and Schuchard (2020). The SPM concentration especially in the
freshwater and oligohaline areas of the Elbe estuary has increased, which also altered the
fish species composition in our most recent fish sampling period (2021-2022). Kerner
(2007) argued that the sediment transport of the Elbe estuary changed significantly after
the annual amount of dredged material increased from 4.3 Mio m® to over 8 Mio m? after
2004. Increasing SPM concentration at C (Schwarztonnensand) showed that the reach of
the maximum turbidity zone (MTZ) has migrated upstream. In the description of Lang
(1990), in a mesotidal estuary the highest concentrations of SPM are found in the gradient
zone, while in a macrotidal estuary higher concentrations of SPM can be found in the
freshwater areas. With the increased tidal amplitude and the upstream migration of the
MTZ, the Elbe estuary is driven towards a macrotidal estuary. Upstream migrations of the
MTZ have already been observed in other heavily modified estuaries such as the Ems
estuary (de Jonge etal. 2014). Model calculations showed that channel deepening appeared
to be the main enhancing factor for an upstream transport of sediments (van Maren et al.
2014). Sexton et al. (2024) concluded that ship traffic in freshwater waterways is related
with declines in biodiversity for fish and macroinvertebrates. They concluded that
channelization and riparian degradation have a detrimental effect on these ecosystems.

Due to climate change and displacement of precipitation, drought situation had intensified
over the last decade in Germany (Petrovic et al. 2022) and river discharges into the Elbe
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estuary have reduced in recent years, except for one major flooding eventin June 2013 (Pein
etal. 2023). From 2014 to 2022 there have been no records of annual high runoff events
with an effluent of more than 1500 m?®/S (FGG Elbe 2024). River runoff drives the
downstream transport of organic and inorganic loads towards the ocean (Pein et al. 2021),
and a reduced freshwater flow results in an increased tidal influence. The reduced river
runoff leads to a longer retention time of the particles and thus causes an accumulation of
suspended particles in the water column. The increased turbidity could have affected the
fishes in the Elbe estuary on various levels: firstly, the suspended solids could have caused
irritation in the gill tissue, secondly, foraging behavior could have been impaired and
finally, overall food availability could have been reduced.

Recent effects of environmental factors on fish species abundances

Compared to the time period 2009-2010 our most recent survey showed that several of the
dominant fish species in the Elbe estuary declined in their abundance. The mean
abundance per haul of O. eperlanus reduced by 92.49%, other species such as A. fallax were
reduced by 98.79%, G. cernua by 95.3%, P. flesus by 86%, G. aculeatus by 78%, A. brama by
86.9%, L. liparis 96.6%, S. rostellatus by 97.8%. Overall smelt abundance decreased in the
entire estuary, but the most notable absence was observed in the mid and upper sections (C
and D). While oxygen concentration fell below 4 mg/L only on few occasions in those
regions, the turbidity at C (Grauerort Ekm 660) increased significantly. Specifically, after the
year 2014 high turbidity values (above 1000 FNU) were measured on reoccurring
instances. Before 2014 highest turbidity measured in that region was approx. 500 FNU
(FGG Elbe 2024). Illing et al. (2024) found that smelt larvae from the Elbe estuary have
higher prey intake in lower turbidity, where optimum feeding was found between 100-200
NTU and survival rate of smelt larvae decreased at above 300 NTU. This indicates
coherencies between increased upstream turbidity and a decrease of juvenile smelt
abundancies.

While several fish species in the Elbe estuary suffered from negative impacts, the marine-
estuarine opportunist LCG (e.g., herring and whiting) did benefit from changing
environmental factors. The upstream shift of the upper brackish water boarder allowed
them to access a larger area of the estuary more easily. Compared to the previous time
periods, the mean abundance per haul of herring was highest during the 2021-2022 survey.
The herring abundance (represented by juveniles) increased especially in the more
upstream areas C and D. During period I and period II no herring occurred in the more
upstream regions D and E, while during period Il and IV distribution of herring continued
until station D. The more upstream occurrence of marine-estuarine opportunists leads to
the conclusion that the marine influence had increased over the time in the upstream areas
of the Elbe estuary. Another marine estuarine-opportunist species that benefited in the
most recent period was whiting (M. merlangus). During spring and summer 2021, highest
abundances of juvenile whiting were found at B and A/A’. Whiting is a lusitanian fish
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species and according to Thiel et al. (2024) abundances of whiting have recently increased
in the German North Sea areas. Although high abundances of juvenile whiting are not an
event that occur every year, with the increasing temperature in the North Sea and the Elbe
estuary due to climate change, the appearance of large juvenile whiting schools in the Elbe
River mouth is likely to occur more regularly.

Conclusion

Our long-term case study in the Elbe estuary demonstrates the significant influence of
environmental factors, many altered by human impacts, on fish fauna composition in
European estuaries. Despite improvements in water quality and oxygen conditions
boosting fish abundances in the 1990s and early 2000s, recent years have seen a dramatic
decline. Increased SPM concentrations, upstream shifts in turbidity, reduced river runoff,
and hypoxic summer conditions have severely affected fish stocks, with mean fish
abundances plummeting by over 91% from 2009-2010 to 2021-2022, primarily
impacting smelt populations. These findings highlight the critical importance of protecting
estuarine nurseries to maintain ecosystem services, which are currently undermined by
ongoing ecological degradation. For key species like smelt, the lack of refuge areas due to
blocked upstream migration exacerbates their plight which is likely to be intensified by
climate change effects.
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Supplements

Tab. S6.1 Stations from where environmental data were extracted from the FGG-Elbe (2024) database with the designated
fishing stations.

Fishing station FGG-Elbe Station Ekm

A/A Cuxhaven Kugelbake 727
Cuxhaven 725.5

B Brunsbiittelkoog 694
Brunsbiittel Elbehafen 693

C Grauerort 660.6
Grauerort Anleger 660.5

D Schwingemiindung Stadersand 655

E/E Seemannshoft 628.9
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Tab. S6.2 Fish taxa found in in the Elbe estuary at the distinctive time periods 1984-1986, 1994-1995, 2009-2010 and
2021-2022 with their life cycle guilds (LCG), biogeographic affinities (Biog.), absolute mean abundances per haul in
individuals per 10°m? (n) and relative abundances (%).

Fish Taxa LCG Biog. 1984-1986 1994-1995 2009-2010 2021-2022  Combined
n % n % n % n % n %
Osmerus eperlanus A boreal 121443 764 293781 89.7 167938.0 97.0 12836.1 84.4 555741 93.70
Clupea harengus 6] boreal 841.2 5.3 651.3 2.0 914.6 0.5 15236 10.0 982.7 166
Alosa fallax A lusitanian 1691.4 10.6 52.1 0.2 953.1 0.6 12.7 <0.1 6773 114
Gasterosteus aculeatus A boreal 404.3 2.5 12354 3.8 130.5 <0.1 28.8 0.2 449.7  0.76
Gymnocephalus cernua F palearctic 1.8 <0.1 533.6 1.6 971.8 0.6 455 0.3 388.2  0.65
Platichthys flesus 6] lusitanian 151.2 1.0 636.0 1.9 236.5 0.1 33.0 0.2 2642 045
Sprattus sprattus 0O lusitanian 142.9 0.9 107.4 0.3 513.0 0.3 168.1 11 2329 039
Blicca bjoerkna F palearctic 0.3 <0.1 0.4 <0.1 484.6 0.3 <0.1 <0.1 161.8 0.27
Merlangius merlangus 6] lusitanian <0.1 <0.1 15.8 <0.1 0.2 <0.1 314.2 2.1 110.1  0.19
Abramis brama F palearctic 1.5 <0.1 5.7 <0.1 370.5 0.2 48.5 0.3 106.5 0.18
Syngnathus rostellatus E lusitanian 6.0 <0.1 34.1 0.1 342.8 0.2 7.5 <0.1 97.6 0.16
Sander lucioperca F palearctic 7.6 <0.1 10.9 <0.1 107.6 <0.1 103.7 0.7 574  0.10
Pomatoschistus spp. 0O lusitanian 165.9 1.0 15.6 <0.1 0.7 <0.1 26.1 0.2 521 <01
Liparis liparis O boreal 0.2 <0.1 0.5 <0.1 173.2 <0.1 59 <0.1 449  <0.1
Anguilla anguilla C atlantic 119.1 0.7 30.3 <0.1 22.3 <0.1 4.1 <0.1 439 <01
Limanda limanda O boreal 27.4 0.2 <0.1 <0.1 <0.1 <0.1 274  <0.1
Pleuronectes platessa 0O lusitanian 7.2 <0.1 14.7 <0.1 7.0 <0.1 1.4 <0.1 76 <0.1
Alburnus alburnus F palearctic <0.1 <0.1 51 <0.1 51 <01
Gadus morhua 6] boreal 12.8 <0.1 0.2 <0.1 0.1 <0.1 2.4 <0.1 39 <01
Trachurus trachurus S lusitanian <0.1 <0.1 <0.1 <0.1 3.0 <0.1 3.0 <01
Lampetra fluviatilis A boreal 1.4 <0.1 2.2 <0.1 6.4 <0.1 1.2 <0.1 2.8 <0.1
Leuciscus idus F palearctic 0.3 <0.1 7.3 <0.1 1.6 <0.1 0.4 <0.1 24 <01
Solea solea O lusitanian 1.3 <0.1 0.3 <0.1 3.0 <0.1 <0.1 <0.1 15 <01
Agonus cataphractus S boreal 2.4 <0.1 0.3 <0.1 <0.1 <0.1 14 <01
Aphia minuta M lusitanian 11 <0.1 1.1 <01
Salmo trutta A boreal 0.4 <0.1 0.6 <0.1 1.9 <0.1 0.3 <0.1 08 <01
Perca fluviatilis F palearctic 0.2 <0.1 1.5 <0.1 0.6 <0.1 0.5 <0.1 0.7 <01
Zoarces viviparus S boreal 0.5 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 05 <01
Coregonus maraena E boreal <0.1 <0.1 0.5 <0.1 05 <01
Ammodytes tobianus S boreal <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 0.5 <0.1 05 <01
Myoxocephalus scorpius S boreal 0.4 <0.1 <0.1 <0.1 0.1 <0.1 0.7 <0.1 04 <01
Chelon ramada C lusitanian 0.4 <0.1 04 <01
Pungitius pungitius F palearctic 0.4 <0.1 <0.1 <0.1 <0.1 <0.1 0.4 <01
Leuciscus aspius F palearctic <0.1 <0.1 <0.1 <0.1 0.5 <0.1 0.3 <0.1 0.4 <01
Cyprinus carpio F palearctic <0.1 <0.1 0.3 <0.1 03 <01
Neogobius melanostomus F palearctic 0.3 <0.1 03 <01
Salmo salar A atlantic <0.1 <0.1 0.4 <0.1 0.1 <0.1 <0.1 <0.1 03 <01
Cyclopterus lumpus M boreal 0.2 <0.1 02 <01
Ballerus ballerus F palearctic <0.1 <0.1 <0.1 <0.1 0.2 <0.1 02 <01
Rutilus rutilus F palearctic 0.3 <0.1 0.2 <0.1 0.1 <0.1 0.1 <0.1 02 <01
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Scardinius erythrophthalmus ~ F palearctic 0.2 <0.1 02 <01
Carassius carassius F palearctic 0.1 <0.1 <0.1 <0.1 <0.1 <01
Petromyzon marinus A boreal <0.1 <0.1 0.1 <0.1 <0.1 <0.1 <0.1 <01
Engraulis encrasicolus S lusitanian <0.1 <0.1 <0.1 <0.1 <01 <01
Coregonus albula F palearctic <0.1 <0.1 <0.1 <0.1 <01 <01
Tinca tinca F palearctic <0.1 <0.1 <0.1 <0.1 <0.1 <01
Mullus surmuletus M lusitanian <0.1 <0.1 <01 <01
Carassius gibelio F palearctic <0.1 <0.1 <01 <01
Ciliata mustela 6] boreal <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <01 <01
Scophthalmus maximus S lusitanian <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <01
Chelidonichthys lucerna 0O lusitanian <0.1 <0.1 <0.1 <0.1 <0.1 <01
Barbus barbus F palearctic <0.1 <0.1 <01 <01
Belone belone M lusitanian <0.1 <0.1 <01 <01
Callionymus lyra S lusitanian <0.1 <0.1 <01 <01
Chelon labrosus 6] lusitanian <0.1 <0.1 <0.1 <0.1 <01 <01
Chondrostoma nasus F palearctic <0.1 <0.1 <01 <01
Cyprinidae F palearctic <0.1 <0.1 <01 <01
Dicentrarchus labrax M lusitanian <0.1 <0.1 <01 <01
Entelurus aequoreus S lusitanian <0.1 <0.1 <0.1 <0.1 <01 <01
Esox lucius F palearctic <0.1 <0.1 <01 <01
Gaidropsarus vulgaris S lusitanian <0.1 <0.1 <01 <01
Microstomus kitt S boreal <0.1 <0.1 <01 <01
Misgurnus fossilis F palearctic <0.1 <0.1 <01 <01
Oncorhynchus mykiss F nearctic <0.1 <0.1 <0.1 <0.1 <01 <01
Salvelinus fontinalis F nearctic <0.1 <0.1 <01 <01
Silurus glanis F palearctic <0.1 <0.1 <01 <01
Squalius cephalus F palearctic <0.1 <0.1 <0.1 <0.1 <01 <01
Trisopterus minutus M lusitanian <0.1 <0.1 <0.1 <01
Vimba vimba F palearctic <0.1 <0.1 <01 <01
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Spatio-temporal fish gill microbiota analysis as indicators in estuarine fish

health monitoring

1 Spatio-temporal
wild fish sampling
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recovery

3 Co-occurence
network analysis
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Abstract

Coastal marine and estuarine systems are subject to enormous endogenous and exogenous
pressures, particularly climate change, while at the same time being highly productive
sources and nurseries for fish populations. Interactions between host and microbiome are
increasingly recognized for their importance for fish health, with growing evidence
indicating that the abundance and virulence of pathogenic bacteria are rapidly increasing.
The microbial composition of the gill mucus reflects environmental conditions and
represents a major entry route for pathogens into the fish body. High-throughput
sequencing of prokaryotic populations from 250 samples of two fish species with highly
different habitat preferences, as well as seasonal and spatial distributions in the Elbe estuary
system, allowed us to describe the variation of the microbiota along a salinity gradient and
under fluctuating environmental conditions. The analysis of estuarine fish core microbiota
in relation to variable bacterial components indicated dysbiotic states under sustained
hypoxia and high nutrient loads largely driven by the takeover of opportunistic pathogens
(Acinetobacter, Shewanella, Aeromonas). By correlating bacterial abundances with
environmental and physiological parameters in a co-occurrence network approach, we
describe plasticity in microbiota composition, identify biomarkers of fish health and
reconstruct movement patterns of the fish. Our results will help to shape future non-
invasive and cost-effective monitoring programs, and identify factors that might be
controlled in the estuary to promote fish and stock health.

Key words: 16S, metabarcoding, network analysis, hypoxia, holobiont
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Introduction

Communities of microbes colonize the mucosal surfaces of fish from hatching on,
influencing the health of their host (Legrand et al. 2020) and responding as holobiont to
seasonal variation in nutrients, salinity and temperature. Physiological stress however,
impacting the cross talk between host and microbiome, might create opportunists or
pathogens from otherwise commensal species (Kelly and Salinas 2017). Changes in salinity
(Francpis-Etienne et al. 2023), temperature (Matanza and Osorio 2018, Ghosh et al. 2022,
Yangetal. 2022, Morshed and Lee 2023) and dissolved oxygen (DO) (Fan etal. 2020, Shi et
al. 2021, Wang et al. 2021, Song et al. 2023) have been shown to impact, or otherwise be
modulated by, both the host physiology and the nature of the microbial biom, increasing
thelikelihood of pathogenic species and reducing fish health and survivability. Of particular
concern are recent reports of hypoxia-induced immune suppression, making it difficult to
assess the impact on fish populations in the light of climate change (Abdel-Tawwab et al.
2019, Leeuwis et al. 2024). Globally, increased frequency of extreme events and shifts in
climate patterns have already intensified pathogen loads and disease outbreaks in
aquaculture (Vezzulli et al. 2013, Harrison et al. 2022, Samsing and Barnes 2024) and
estuaries (Sibonietal. 2023).

Estuarine ecosystems constitute important nursery areas and population sources for fish
(Seitz et al. 2014, Pasquaud et al. 2015, Tournois et al. 2017), and are characterized by
intense fluctuations in these physicochemical conditions (Elliot and Quintino 2007).
Climate change is expected to increase frequency and intensity of heatwaves, oxygen
minimum zones (OMZ) and change salinity regimes affecting inhabiting fish fauna (Diaz
and Rosenberg 2008, Little et al. 2017, Breitburg et al. 2018, Cottingham et al. 2018,
Lauchlan and Nagelkerken 2020, Sampaio et al. 2021). The Elbe estuary in Germany is one
of the largest in Europe and has long been exposed to endogenous pressures. For example,
over the last decades the Elbe has experienced increasing turbidity due to dredging
(Heininger et al. 2015, van Maren et al. 2015, Reese et al. 2019), expansion of OMZ
(Colombano et al. 2021), intensified stratification of the well-mixed water column and
eutrophication (Pein et al. 2021). The combined effect of these various stress factors is
associated with a drastic decline in fish biomass in the system of more than 909% over the
last decade (Koll et al. 20244, Scholle and Schuchardt 2020, Theilen et al. 2024).
Knowledge on fish associated microbiota is largely biased towards farmed fish and
gastrointestinal communities (Egerton et al. 2018). Only a few studies, all but one dealing
with internal microbiota, have focused on the highly productive intersection between land
and marine ecosystems in estuaries (Wei et al. 2018, Suzzi et al. 2022, Suzzi et al. 20233,
Suzzietal. 2023b,de Macedoetal. 2024, Kolletal. 2024a). Although the external microbial
composition, with its immediate exchange with the environment, has a huge potential for
monitoring, studies including external microbiomes of wild fish are mostly focused on
marine or freshwater habitats (Pratte et al. 2018, Sylvain et al. 2020, Minich et al. 2020,
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2022, Itay et al. 2022, Amill et al. 2024, Varela et al. 2024). The fish gill, with critical roles
in respiration, osmoregulation and waste exchange, forms not only a unique habitat for the
microbes but further constitutes a major route for pathogen invasion (Salinas 2015, Pratte
etal. 2018). A gill associated lymphoid tissue (GIALT) (Salinas 2015) composed of adaptive
and innate immune cell populations enables cross-talk between microbes and host (Gomez
etal. 2013, Kaetzel 2014) and discrimination between beneficial and pathogenic bacteria
keeping the microbiome in homeostasis (Nakanishietal. 2015, Yuetal. 2021).

In this study, we aimed now to determine spatio-temporal variation in composition in a
seasonal time-series of estuarine fish gill microbiota. Here we focus on two fish species with
highly different lifestyles and habitat usage to generate a larger picture on underlying
dynamics in the estuarine system. Anadromous smelt (Osmerus eperlanus L.) is a key
species in food webs of a number of European riverine ecosystems (Illing et al. 2024) and
constitute up to 96% of the fish abundance in the Elbe estuary (Eick and Thiel 2014, Theilen
etal. 2024). They begin annual spawning migrations to estuarine freshwater sites at the end
of their second year of life (Thiel and Thiel 2015), gathering in autumn at the mouth of the
estuary and migrating upstream as temperatures drop to 3 - 6° C (Freyhof and Kottelat
2007). Within a month they reach spawning grounds upstream Hamburg and spawn until
March (Borchardt 1998, Eick 2015, Thiel and Thiel 2015). Hatched larvae drift to shallow
habitats downstream of the port, where oxygen deficiency can increase mortality
(Dierckingand Wehrmann 1991, Thiel etal. 1995, Thiel and Thiel 2015). Adults avoid low-
oxygen areas and accumulate where oxygen exceeds 5 mg/l (Méller and Scholz 1991). In
spring, all life stages occupy the estuary before the majority of adults migrate to the ocean
(Thiel and Thiel 2015). The ruffe (Gymnocephalus cernua, L.) on the other hand, is a rather
undemanding bentho-pelagic freshwater species common in oligo- and mesohaline (0 - 12
psu) and eutrophic estuaries (Gutsch and Hoffman 2016). It is the third common fish in the
estuary (Eick and Thiel 2014) and important benthic predator of invertebrates (Holker and
Thiel 1998). Ruffe migrate to shallow waters in summer and deeper areas in winter (Gutsch
and Hoffman 2016). They mature at 1 - 3 years and spawn in early and possibly again
migrate to shallow waters in summer and deeper areas in winter (Gutsch and Hoffman
2016). They mature at 1 - 3 years and spawn in early and possibly again in late summer in
warm waters (>12°C) where embryos require high oxygen levels (Ogle 1998, Gutsch and
Hoffman 2016).

Recent studies demonstrated the special importance of time-series in contrast to single
measurements to gain overview of biotic interaction and drivers that shape it (Minich et al.
2020, Scheifler et al. 2022). We generate here a comprehensive spatio-temporal dataset of
the bacterial community via 16S rRNA sequencing linked to environmental conditions and
physiological fish data. The objective is to study the responsiveness and plasticity of the
microbiota under multiple pressures, especially along a salinity gradient and under
deoxygenation and eutrophic conditions. Therefore, we determine core taxa and variable
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components in the microbial composition and relate them to driving forces as means of
determining disruptive situations and biomarkers for life history and health situation of
fish stocks in this understudied estuarine habitat.

Materials and methods
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Fig. 7.1 Overview map of sampling locations along the course of the estuary (A) and abiotic conditions
(oxygen levels, temperature and salinity) in the water column in a seasonal and spatial view (B). Sampling
stations are marked by colored dots while seasonal sampling periods are indicated by symbols.

Sample collection

Fish were caught with a stow-net fishing vessel (opening area of 135 m? mesh size of 10
mm at the cod end) at five stations along the Elbe estuary (Fig. 7.1) in summer (25.-
29.08.21), autumn (17.-21.11.21), winter (08.-12.03.22) and spring (31.05-04.06.22).
Sampling stations were chosen within different estuarine sections classified by dominating
abiotic drivers (Amann et al. 2012): Station ML-Elbe kilometer (Ekm) 663 and TW-Ekm
651 within the OMZ (stream km 620 - 650, low oxygen, summer <2 mg/L, salinity <0.5
psu), stations SS-Ekm 665 and BB-Ekm-692 within the maximum turbidity zone (MTZ)
(stream-km 650 - 705, high loads of suspended matter, salinity >0.5 <5 psu) and station
MG-Ekm 715 within post-MTZ (stream km 705 - 730, transition full marine, salinity >1
<20 psu). Sampling procedures followed the standards described in the German Animal
Welfare Act (§4 TierSchG). Exemptions to the ordinances on nature reserves were obtained
(see Permits).

Seven individuals per species (when possible) from ebb and flood hauls at each station (OE
n =129, GC n = 90) were processed immediately on board in the following standardized
manner: Fish were measured and weighed before recovering gill bacteria with sterile cotton
swabs from the middle part of the second and third arch. White muscle tissue from the
dorsoventral site of each individual was dissected and rinsed with distilled water for latter
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stable isotope measurements. Bacterioplankton samples (n = 20) obtained from the water
column were vacuum filtered onto 0.2 um polycarbonate membranes. All samples were
keptondryice on board until they were moved to -80°C until further processing. Whole fish
samples were frozen at -20°C and further analyzed in the lab: body indices (Fulton’'s body
condition (FCF), hepatosomatic (HSI), splenosomatic (SSI) and gonadosomatic indices
(GSI)) were determined (Petitjean et al. 2020), stomach content was weighed and age
determination from otoliths and scaleswas performed. Abiotic conditions (oxygen, salinity,
Secchi depth, temperature, pH) were measured at start and end of each haul using a multi-
probe (Hanna HI 9829 and Secchi disc) at the water surface. In addition, abiotic data (POa,
NHa, NOs, NO2, suspended particular matter (SPM), Oz, pH) from continuous national
measurement programs (www.fgg-elbe.de) were downloaded for appropriate times and
stations close by where the fishing took place and included in the analyses.

DNA extraction and sequencing

DNA extraction, sequencing and bioinformatics were performed as explained elsewhere
(Koll etal. 2024a). In short CTAB/chlorophorm /phenol extraction was performed followed
by amplification of the V3- V4 variable regions of the 16S rRNA gene in a one-step PCR
using the primer pair 341F-806R (dual- barcoding approach (Kozich et al. 2013); primer
sequences: 5-CCTACGGGAGG-CAGCAG-30 and 5- GGACTACHVGGGTWTCTAAT-30).
PCR-products were verified via gel electrophoresis, normalized (Sequal Prep Normalization
Plate Kit; Thermo Fisher Scientific, Waltham, USA), equimolar pooled and sequenced on a
MiSeq platform (MiSeqFGx; lllumina, San Diego, USA) with v3 chemistry (2x300 bp). The
settings for demultiplexing were O mismatches in the barcode sequences.

DNA bioinformatics

Microbiota analysis was performed on the University Hamburg Hummel high performance
cluster. Read files were quality controlled, adapter, quality and length filtered via
TrimGalore (v 0.6.10) (Krueger 2015). All downstream analyses were performed in R
(v.4.3.0) using visualization packages ggplot2 (v.3.4.2) and cowplot (v.1.1.1). For Amplicon
sequence variant (ASV) prediction and taxonomic identification DADA2 (v.1.29.0)
(Callahan et al. 2016) was used. Quality profiles of paired reads were inspected and
truncated at 270 and 190 for forward and reverse reads. ASV inference was performed with
pooling method and taxonomy assignment used the SILVA SSU v138 taxonomic database
(Quast et al. 2013). To ensure contamination free and accurate analyses, mock community
samples (ZYMO research) were added along the whole process from DNA extraction until
taxonomic assignment (Fig. S7.7). ASV table and sample data were parsed to phyloseq
(v.1.45.0) (McMurdie and Holmes 2012) removing ASVs taxonomically assigned to non-
bacteria. Low abundance taxa in each of the individual fish and bacterioplankton datasets
were filtered at a value reducing the number of zeros in the datasets by ca. 50% while
minimally reducing the number of overall counts (Fig. S7.1) to improve interpretability and

137



Chapter 7 - Fish gill microbiota

minimize the risk of spurious correlations. The filtering value was determined as sum of
counts lower than 0.005% of total sum of all counts. Alpha diversity measures were
calculated via vegan package (v. 2.6.4) (Oksanen et al. 2022) and the core microbiota were
determined from relative abundance data via microbiome package (v. 1.23.0) (Lahti and
Shetty 2017) with filtering detection threshold to 0.0001% within samples and 90%
prevalence. Centered log-ratio (CLR) transformation to the ASV matrix was applied
following best practices for handling of compositional data (Gloor et al. 2017). The
transformed data were used for visualization and network analyses.

Stable isotope analysis

Additional stable isotope analysis of &6%C was conducted to determine movement
directions of investigated fish. Tissue samples were freeze-dried for 24 hours and grinded
to powder using a cell lyser. Samples were weighed (0.8 - 1.2 mg) and folded into tin
capsules (Hekatech). 6C ratios in permille (%o) were measured by the UC Davis Stable
[sotope Facility of the University of California using a continuous flow isotope ratio mass
spectrometer (IRMS) PDZ Europa ANCA-GSL elemental analyzer interfaced to a PDZ Europa
20-20 isotope ratio mass spectrometer (Sercon Ltd., Cheshire, UK). Ratios are expressed
relative to the international standard VPDB (Vienna Pee Dee Belemnite) for carbon using
the delta notation (&) (Fry 1988,2013). We predicted estuarine §*C ranges for resident fish
using stable isotope information of prey specimens of mysid shrimp from MG-Ekm 713 and
ML-Ekm 633, which inhabit distinct §*3C ratios that enables spatial determination of food
origin (Guelinckx et al. 2006). Stable isotope ratios of mysid shrimp were pooled, and
median and standard deviations were calculated. Due to the carnivorous feeding
preferences of mysids in estuaries (Modéran et al. 2012), we assume similar trophic levels
as in fish, thus trophic enrichment factors on the data could be neglected during our
analysis. 6"*C above and below these limits indicated riverine and marine derived sources
that was stored in the flesh of the consumer.

Statistical analyses

First, we visualized the gill bacterial community according to the fish species, sampling
season and location using stacked barplots (Fig. 7.1). Then we computed PCoAs based on
pairwise averaged subsampled Bray-Curtis dissimilarity between all gill mucus and
bacterioplankton samples (n=245) to study how the sample cluster according to origin and
season. The distance matrix was further used to test for significant differences in
community structure between the aforementioned factors via permutational analyses of
variance (PERMANOVA) with 999 permutations. R vegan package and post hoc pairwise t-
test pairwiseAdonis (Martinez Arbizu 2020) were applied.

Secondly, we identified bacterial biomarkers on ASV level discriminant for
bacterioplankton or gill mucus assemblage, the host species identity, the seasonal influence
as well as selected locational effects. We used the multipatt function from the IndicSpecies
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package (v 1.7.14) (De Caceres and Legendre 2009) with indicator value >0.7 and P-value
<0.05 after 999 permutations based on the read abundance of the ASV table with internal
correction for group size inequality. Relative abundance (%) of these biomarkers are shown
in the supplementary material Tab. S7.4, relative abundance of overall ASV counts were
visualized as heatmap in Fig. S7.2B.

Thirdly, we analyzed the response of the fish mucus communities to seasonal and spatial
gradients and in relation to physiological measurements first by computing average Bray-
Curtis distance-based redundancy analyses (dbRDA) (Legendre and Anderson 1999) via
vegan capscale function following the workflow described in Sylvain et al. (2022).
Environmental and physiological variables were selected by stepwise model building for
constrained ordination (ordistep) and assessment of multicollinearity between variables by
measuring variance inflation factors (VIF) keeping ordistep selected parameters with VIF
<10 as explicative variables. Association strength between explicative variables and
bacterial assemblage was then measured by fitting environmental vectors on the reduced
model ordination using vegan envfit (Tab. S7.3).

Finally, Mantel test was used on the distance matrices to gain initial overview of association
between fish mucus assemblages, bacterioplankton communities and environmental and
physiological measures (Fig. 7.4E, Fig. 7.4B). We than applied a weighted gene co-
expression network analysis (WGCNA) (v.1.77- 1) (Langfelder and Horvath 2008) to infer
networks of co-abundant bacterial taxa and relate them to physiological and environmental
datain anintegrated heatmap analysis approach (Strand et al. 2021, Koll et al. 2024a) (Fig.
7.5 FigS7.6,S7.7). Parameter list: networkType = "signed", TOMType = "signed", corType =
"bicor’, minModuleSize = 3, minKMEtoStay = 0.5, deepSplit = 2/3 (for fish mucus / water
filter WF respectively), mergeCutHeight = 0.15/0.3 (Fish/WF), maxPOutliers value =
0.05/0.1 (Fish/WF). Initial module detection by hierarchical clustering is controlled by
deepSplit parameter (1 - 4, last being most sensitive). The minModuleSize defines the
minimum size for the initial module where ASVswith correlation to the module eigenmode
(KME) smaller than minKMEtoStay are removed. Different modules whose eigennodes
correlate higher than 1 - mergeCutHeight are merged. The parameters chosen here seek to
detect modules with highly correlated nodes but not losing interesting profiles represented
by only a few taxa. The parameters are adjusted to account for the different sampling sizes.
Module eigengenes/ASVs were correlated between the different networks and to
physiological traits of the fish and external abiotic factors via Pearson correlation and
corrected for multiple testing via FDR.
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Results

Approximately 15 million trimmed, filtered and merged reads (mean 58,000 reads) across
139 O. eperlanus (OE), 89 G. cernua (GC) gill mucus and 20 bacterioplankton (WF) samples
resulted in 42,000 ASVs. The datasets were divided for filtering retaining 1552, 1393, 2364
ASVs for the individual datasets. Species accumulation analysis indicated that by the
exclusion of rare taxa the microbiota were sufficiently captured in the datasets (see Fig.
S7.1).

Bacterial gill communities deviate from bacterioplankton
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Fig. 7.2 Overview of spatio-temporal patterns in bacterioplankton and bacterial gill mucus communities. Principal
coordinates analyses (PCoA) of gill bacterial community based on averaged subsampled Bray-Curtis dissimilarity (middle
panel). Ellipses display the sample kinds (OE, GC, WF), coloration by season of sampling. Stacked barplots (top and bottom
panel) depict relative abundance of the most abundant genera within the three biomes (OE upper panel, GC and WF
bottom panels). Samples are ordered by season and faceted sampling station along the course of the estuary (left = most
downstream, right = most upstream). Coloration follows a phylum code (top right legend) and individual colors by genus
(right legend, grey resembles unspecified taxa). The 34 overall most abundant genera are shown.

Gill mucus communities were dominated by six phyla (> 1 % overall abundance) including
Proteobacteria (549%), Bacteroidota (27%), Actinobacteriota (7%), Firmicutes (5%),
Verrucomicrobiota (4%), Deinococcota (2%) at similar proportions between species (Tab.
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S.7.1). The bacterioplankton in contrast was composed of additional phyla Desulfobacterota
(1.5%), Acidobacteriota  (2.3%), Cyanobacteria  (1.4%), Nitrospirota  (1.9%),
Gemmatimonadota (1.4%), Chloroflexi (1.29) but lacked high abundances of Firmicutes
(0.39%) and Deinococcota (0.1%].

Analyses of alpha diversity showed significantly higher richness and Shannon indices in
free-living bacteria samples compared to the fish mucus communities, but no overall
significant difference between the two fish species (Fig. S7.3A and B)

The principal coordinates analysis in Fig. 7.2 showed a strong distinction between the
bacterioplankton and the fish gill mucus community along Axis 1 and 2 summarizing 18.3
und 6.89% variance. PERMANOVA indicated a significant distinction between fish (OE: F1,
143 = 28.775, R*= 16%, p = 0.001, GC: F1 103= 33.134, R* = 25%, p = 0.001) and
bacterioplankton samples.

Presence-absence analyses indicated that roughly half of the detected ASVs (> 1600) are
unique to the bacterioplankton while about 20 9 (ca. 500) are shared between both fish and
surrounding water (Fig. S7.2A). The shared taxa make up about 50 + 5 % in relative
abundance on all three biomes. Taxa with the highest overlap between the biota (>0.5%
relative abundance in both) comprise Luteolibacter, Persicirhabdus, Flavobacterium, TRA3-
20, Ilumatobacter and Halioglobus, adding Polynucleobacter between GC and
bacterioplankton (Tab. S7.2). Between free-living and fish-associated biota 1447 and 385
bacterial biomarkers at ASV level were determined, for the latter however the strains with
significant abundances (>0.2% relative abundance) constituted all core taxa in the fish
mucus (see next section).

Although significantly distinct (F1 224= 5.8978, R* = 2.6%, p = 0.001), the two fish species
showed a strong overlap with largest distinction indicated by the seasonal sampling along
Axis 1. OF samples collected in autumn formed a prominently distinct cluster. Presence-
absence analyses indicated that both species share more then 1000 ASVs while about 474
were unique to OF and 326 were unique to GC. Comparing the seasonal samplings for each
species, relatively low amounts of ASVs (<5%) were unique to single seasons. Comparing
the fish species, no indicator taxa were specific to OE, and only strains of Verticiella,
Polynucleobacter and Candidatus Megaira were determined specific for GC at relevant
abundance levels (>0.29%). In the temporal-spatial comparison within each fish species, few
taxa appeared significant, only Acinetobacter strains were determined indicative for
summer conditions in the estuary in both fish associated communities (see Tab. S7.4).
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Stable estuarine core gill microbiota
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Fig. 7.3 Core microbiota of Elbe estuarine fish. Microbial taxa present in 90% of the samples per species respectively and
their contribution to the overall microbial community per sample are shown on the stacked barplots (B, D). Sample groups
are ordered by season and facets within season by sampling location (mesohaline Ekm 713 to freshwater Ekm 633). The
right (D) panel also contains the relative contributions to the bacterioplankton from seasonal and spatial sampling (dark
blue). Areas marked by red squares and enlarged depict sampling groups with deviating abundance in bacterial core taxa.
The most abundant taxa on lowest determined taxonomic level and their overall relative contribution (>0.29% relative
abundance) to the respective datasets are shown in list (C) for both species respectively. The stable isotope signal for 6** C
from fish muscle tissue (A, E) indicates in which region inside and outside the estuary the individual animals fed. The
limits of the estuary are -20.2 + 0.6 (lower reaches) and -25.6 + 0.9 (upper reaches). Values above this come from the
marine, below this from the freshwater reaches upstream.

The core microbiota (determined by prevalence) over seasonal and spatial samplings
comprised 27 ASVs from 13 orders (21 genera) accounting for 30 + 129% in OE and 64 ASVs
from 11 orders (30 genera) accounting for 50 + 229 of the overall relative microbiota
abundancein GC (Fig. 7.3). Only a fraction of these taxa was present in the bacterioplankton
(33% OF, 20% GC) accounting for < 1% of the bacterioplankton relative abundance (Fig.
7.3D). Elizabethkingia, the dominant bacterial taxon in the fish microbiota accounts for
only 0.06 % of the relative abundance in the free-living community. The gill mucus core
microbiota of both fish species were composed by only four phyla, in GC Proteobacteria
(almost entirely composed of Enterobacterales) made up 56% followed by Bacteroidota
(almost entirely represented by Flavobacterales) with 36% and Actinobacteria 5% and
Deinococcota 2%. In OE Bacteroidota made up 60% followed by Proteobacteria 27%,
Actinobacteria 9%, Deinococcota 3%. OE showed a strong seasonal variation in autumn
samples driven by the low abundance of Enterobacterales and Elizabethkingia. Most
prominent, both fish species showed a strong decline in the abundance of core taxa in
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freshwater and Hamburg Port area only in summer (Ekm 651 - 633) (OE 18%, GC 22%)
(Fig. 7.3B, D, highlighted).

Drivers in gill mucus bacterial composition
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Fig. 7.4 Environmental and physiological drivers in gill mucus bacterial composition. Average Bray-Curtis distance-based
redundancy analyses (dbRDA) on gill mucus bacterial community in two host species O. eperlanus OF (A) and G. cernua GC
(C). Datapointsindicate 16S rRNA gill mucus microbiota samples colored for season of sampling while the shape indicates
sampling location along the course of the estuary. Physiological and environmental samples were selected by stepwise
model building for constrained ordination (ordistep) and VIF < 10. Abiotic data from water column in spatio-temporal
course are depicted (B). TOC stands for total organic carbon (mg/L) and SPM (suspended particular matter). Oxygen levels
were removed from dbRDA by VIF control from both analyses for multicollinearity with temperature and nutrient loads.
Biometric data sampled per fish species in spatio-temporal course (D, F). GSI (gonado-somatic index), HSI (hepato-somatic
index), FCF (Fulton's condition factor). Global matrix correlation between fish gill microbiota and bacterioplankton to
environmental and biometric data as well as between bacterioplankton ASV matrix (WF) and the fish gill microbiota
matrices (OE, GC) tested by Mantel test (E). Significance levels are depicted as <0.05 (*), <0.01 (**) and <0.001 (***).

Redundancy analysis revealed that bacterial composition in the anadromous species O.
eperlanus was strongly influenced by seasonal effects in environmental and biometric
measures while a more pronounced spatial pattern appeared in the stationary species G.
cernua (Fig. 7.4 A, C). The variances explained by the first two RDA dimensions varied
considerably between the two species (OE 32% and GC 17%). Fitting environmental
variables (envfit results Tab. S7.2) showed significant effects of temperature, salinity, PO4,
NOs, NOz and TOC on the gill mucus microbial communities in both species.

OE samples showed a strong seasonal clustering for autumn along SPM, POs and GSI values,
winter samples aligned along TOC and a combined cluster of spring and summer samples
group along temperature where samples from the upper estuary (ML-633, TW-651)
deviated with PO4. GC samples instead showed a stronger overlap for seasonal effects, again
summer samples from the upper estuary (ML-633, TW-651) deviated strongest along with
POs, NO2 and Temperature axes. Interestingly physiological parameters other than age in
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GC and GSI in OE, were not significantly correlated to the bacterial composition in the
parametric analysis. In addition, we evaluated the association between bacterial sample
distances and physiological and environmental data as well correlation between
bacterioplankton and fish mucus communities via individual non-parametric Mantel tests
(Fig. 7.4 E, all results Tab. S7.3). The results showed associations (r = 0.20 - 0.55) between
bacterioplankton and environmental parameters (salinity, temperature, Oz, SPM, NOs, POx),
however these were weaker for both fish species. OF was most strongly correlated with GSI
(r = 0.67). There was overall no significant association between the bacterioplankton
community and GC, and a slight overall trend between OE and free-living bacteria. A spatio-
temporally resolved analysis for this species showed that only the microbiota of the autumn
smelt were significantly associated with bacterioplankton (Fig. S7.4B).

Movement patterns and microbiota plasticity

The stable isotope ratios of &6%C from fish muscle reflects their long-term feeding
preferences of several weeks to months depending on metabolic activity of the tissue and
growth rates of the fish (Buchheister and Latour 2010) that further enables the
reconstruction of migration. These data indicated that OF gathering in the estuary autumn
just arrived from the North Sea. As described above, the bacterial core taxa in this group
were rare (Fig. 7.4B), while mantel tests indicated a significant association to the
bacterioplankton communities (Fig. S7.4B). Analyzing the bacterial taxa shared between
with the estuarine bacterioplankton, while excluding the core taxa in the fish mucus
community, showed a steady increase in abundance in upstream direction from 15% in the
estuarine mouth to 26 - 29% in the middle section until 47% in the harbor area (Fig.
S7.4A). OE caught in winter (3 months after the autumn animals) completed the spawning
process (asindicated by low GSIindices) but still showed a strong marine isotope signal. The
core microbiota and abundance of shared taxa with bacterioplankton however aligned to
summer and spring animals (Fig. 7.4 A, B). In contrast, GC samples range all year within the
signal boundaries of the estuary and show a strong spatial pattern for sampling station
along the course of the estuary (Fig. 7.4 D, E).

Bacterial network response

We performed separate network analyses on the centered-log ratio (CLR) transformed
bacterial data from the gill mucus of both fish host species and water samples to explore
patterns in interacting taxa and relate sub-networks (modules) to environmental drivers.
The role of individual taxa in mediating environmentally driven functions was explored via
intra-network connectivity (Kin) and abundance correlation to prevailing pressures. For the
analysis we focus on the main factors determined by RDA in section 4.3. WGCNA clustered
the gill mucus taxa into 13 and 16 sub-networks for OF and GC, respectively, and 24 for the
bacterioplankton (Fig. 7.5C, Fig S7.6). Both fish mucus assemblage networks resulted in
highly overlapping sub-networks correlated to the dominant environmental drivers.
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Fig. 7.5 Relationship between bacterial co-occurrence networks, biometric measurements and abiotic conditions for Elbe
estuarine smelt OE. Integrated heatmap of gill bacterial mucus network analysis showing correlation between ASV
module eigengenes (B: OE-1-13), physiological traits (A: HSI, SSI, GSI, ECF, fill level, age, length) and relevant abiotic factors
(A: NH4, NOz, NOs3, Oz, PO«, TOC, temperature, SPM, salinity) as well as bacterioplankton module eigenASVs (C WF1-23).
B shows Z-score of eigengene values per module as rows for individual fish (n = 129) ordered by season and faceted within
season by sampling location in upstream direction as columns. Overall relative abundance per module is shown in the
barplot on the left side. A and C show FDR corrected Pearson correlation strength between eigenASVs and host/external
traits, the right panel shows FDR corrected Pearson correlation to WE-SSU eigenASV's (brown representing positive, zero
white and green negative correlation) and statistical significance indicated by stars: *P < 0.05, ** P <= 0.01, ***P <= 0.001.
Only correlationsr > 0.3 are shown. Taxa with highest intra-modular abundance (%) are shown in barplots (D) colored by
phylum identity. For network analysis on ruffe GC see Fig. S7.5.

The prevalence determined core-taxa were also reflected within networks of both species in
the dominant modules OE6 and GC8 overlapping in 70.5% and 90.1% in abundance with
prevalence determined taxa (Fig. 7.5 and Fig. S7.5) and by 80% and 969% with each other.
OE6 summarized 33 - 37% in overall abundance in summer, spring and winter but only
149% in autumn while GC8 summarizes 36 - 60% over all seasons. OE6 is dominated by
Elizabethkingia (40.9% within module abundance), Enterobacteriaceae (24.8%),
Enterobacter (11%), Citrobacter (10.8%), identical to GC8 with Elizabethkingia (37.4%),
Enterobacteriaceae (27.2%), Enterobacter (12.3%), Citrobacter (12.5%).

Uncorrelated taxa (OEO and GCO) make up 20% of the overall microbial abundance in both
species driven by Luteolibacter, Asinibacterium, Clostridium sensu stricto 1 strains and
Rhodobacteraceae in GC. In migrating autumn smelt the number of uncorrelated taxa raised
t049%.
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Salinity

Freshwater conditions in the estuary are correlated with ruffe network module GC11 (r = -
0.36 to salinity, P **, 3 = 20% bacterial abundance in upstream direction) characterized by
Polynucleobacter (549% module abundance proportion), Verticiella (27%) and Candidatus
Megaira (10%). In smelt (OE4, 1 = - 0.54, P *** 2.5 - 17% in upstream direction) showed
uprises in Rhizobiales Incertae Sedis (7.8%), Xanthobacteraceae (4.5%) and nitrobacteria
Ellin6067 (8%), Hyphomicrobium (7.5%), Gaiella (5.9%).

The mesohaline conditions on the contrary are correlated with Persicirhabdus (33.9%),
[lumatobacter (10.5%) and Halioglobus (10.4%)in OE3 (r=0.72,P***, 17 - 0 % in upstream
direction), Less abundant, GC7 (r=0.77, P *** 3 -0.1% in upstream direction) is composed
of Halioglobus (17.6%), Persicirhabdus (8.1%), Ilumatobacter (6.7%), Candidatus
Symbiobacter (4.9%) and Luteolibacter (4.6%).

Temperature

Elevated temperatures were highly correlated with smelt module OE5 (r=0.61, P *** 6.5 %
overall abundance) composed of Chryseobacterium (22.3 % module abundance proportion),
Alkanindiges (9.9 %), Psychrobacter (9.5 %), Deinococcus (7.8 %) and Paracoccus (6.5 %).
Likewise, ruffe GC5 (r=0.4, P *** 7.1 o overall abundance) consisted of Chryseobacterium
(12.8 9%), Paracoccus (10.4 <), Deinococcus (10.4 <%), Ornithinicoccus (6 %). In both fish
species the same strains of Flavobacterium (r = 0.7) and Ornithobacterium (r = 0.6) showed
the highest correlations to elevated temperature values.

On the contrary, lowered temperatures were highly correlated to OE1 (r = -0.77, P ***,
21.2% in winter) dominated by Chryseobacterium (17.1 %), Flavobacterium (13.6 %),
Deinococcus (9.3 %). GC6 (r =-0.63, P***, 6 % in winter) consists of Escherichia-Shigella (6.9
%), Sphingomonas (9.1 %), Thermomonas (5.2 %), Deinococcus (9.3 %), Weeksellaceae (4.8
%), Flavobacterium (8.9 o).

Desoxygenation

In both fish species, highly similar modules correlated with deoxygenation and nutrient
levels (OE7: DO -0.53*** PO40.53*** NO20.34 ***and GC2: DO -0.49*** PO2 0.54*** NO:
0.56***) overlapping in 63% of the ASVs. OE7 was largely dominated by Acinetobacter
(66.4%, A. lwoffii 31.1%, A. johnsonii 10.17%), Exiguobacterium (5.5%), Macrococcus
(4.6%) and Pseudomonas (4.4%). Similarly, GC2 was composed by Acinetobacter (54.2%, A.
Iwoffii 20.6%, A. johnsonii 10.7%), Macrococcus (7.9%), Shewanella (5.4%, S. baltica 2%, S.
putrefaciens 0.6%), Chryseobacterium (4.6%), Aeromonas (4.5%) and Pseudomonas (3.8%).
While these taxa account for only 4% in overall microbiota abundance in both species,
sampling groups from the upper estuary (Ekm 651 - 633) in late summer reached 31.7%
and 22.29 with individual samples peaking above 60% relative abundance.
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Fig. 7.6 Opportunistic pathogens thrive under prolonged hypoxia in the Hamburg Port area (Ekm 651 - 633). Dominant
bacterial species in smelt OE and ruffe GC network modules with highest negative correlation to oxygen values are shown
as network modules OE7 and GC2. Stacked barplots depict relative abundance of these taxa in spatio-temporal course.
Dotplots indicate individual correlation of ASVs to DO levels and intra-module correlation.
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Discussion

Through amplicon sequencing of gill mucus bacteria in two highly different estuarine key
fish species, we aimed to gain insights into the plasticity of the host associated microbiota,
movement patterns of the fish and developing indicators for stressful conditions in the
host. Many studies have dealt with the influence of abiotic stress on the gut and skin
microbiota in fish, usually under artificial rearing conditions (Bell et al. 2024). However,
despite its huge potential for health monitoring, gill compositions are largely overlooked
(Sehnal et al. 2021, Xavier et al. 2024), especially along physicochemical gradients in an
estuarine system.

Life history strategies and microbiota plasticity

Albeit surrounded by water, a clear distinction existed between bacterioplankton and gill
mucus microbiota communities suggesting selective colonization (Legrand et al. 2018,
Pratte et al. 2018, Minich et al. 2020, Rosado et al. 2021, Koll et al. 2024a). Though many
taxa are shared between the biomes, a few core taxa, rare in the water column, dominate the
fish gill mucus. The spatial and temporal resolution of the dataset revealed insights into the
dynamics of microbiota plasticity. In autumn, anadromous O. eperlanus migrate to the
estuary. Their microbiota composition showed a diminished amount of estuarine core but
increased estuarine bacterioplankton taxa, suggesting a two-step microbiome adaptation:
an initial increase of bacterioplankton-shared taxa that compete best for niches in the host
environment at a given salinity (Schmidt et al. 2015) rising with residence time during the
one-month ascent process (Borchardt 1998). In here, Luteolibacter, a marine and
freshwater taxon (Ji et al. 2021) associated with bacterial dysbiosis in fish (Sun et al. 2021,
Mondal et al. 2022, Kakakhel et al. 2023) became dominant. The taxon was shown to
antagonize pathogen growth contributing to microflora resilience by niche colonization
and might further be involved in epithelial tissue repair (Nakatani and Hori 2021) which
could serve beneficial roles during deep-reorganization in migrating smelt. In the second,
slower step, the estuarine core taxa became dominant along the entire salinity gradient. The
indicator analysis showed overall no loss or gain of abundant taxa but a shift in abundance
ratios as underlying mechanism.

In contrast, G. cernua's stable isotope data reflect a stationary lifestyle indicating residence
for several weeks to month dependent on metabolic activity (Buchheister and Latour 2010,
Grenkjaer et al. 2013) matching with microbiota composition mainly influenced by spatial
drivers. In accordance with the stable isotope signal, a few bacterial indicator taxa
(Verticiella, Polynucleobacter and Candidatus Megaira) are specific for freshwater residency
in G. cernua. In O. eperlanus decreasing salinity correlated with nitrogen- metabolizing taxa
(Hyphomicrobium, Gaiella, Ellin6067, TRA3-20, GOUTA6, Rhizobiales, Xanthobacteraceae)
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(Chenetal 2022, Xiaoetal. 2022, Yang et al. 2023), potentially preventing toxic ammonia
buildup at the gills (van Kessel et al. 2016, Legrand et al. 2018) in the anadromous species
less adapted to high loads of nitrogen compounds in estuarine freshwater areas. In the
bacterioplankton these conditions were associated with an increase in nitrogen
metabolizing Nitrospira and TRA3-20 while in ruffe gill mucus all these taxa were
omnipresent. Mesohaline indicators (Persicirhabdus, [lumatobacter, Halioglobus) co-occur
in fish and bacterioplankton and have been found in association with various marine
organisms, although their function is poorly understood (Han etal. 2021, Amin etal. 2022,
Scheifler et al. 2023).

Estuarine gill core microbiota

Core taxa are assumed to serve beneficial roles in the host (Sehnal et al. 2021) and the
dominant taxa here, Elizabethkingia (Jacob and Chenia 2011), Enterobacteriaceae, Lelliottia
(Salgueiroetal. 2020), Arthrobacter (Tsoukalas et al. 2023), Deinococcus (Amill et al. 2024),
Asinibacterium, Knoellia (Zou et al. 2023) are all well described from external fish
microbiota. Asinibacterium and Enterobacter taxa are even considered probiotic, inhibiting
pathogen growth (Halet et al. 2007, Schubiger et al. 2015). The genus Citrobacter contains
pathogens of marine and freshwater fish (Sato et al. 1982, Liu et al. 2024), but was found
here asa constant compartment of the gill microbiota in both fish species.

Overall, the core microbiota of the two fish species were almost identical and highly
concordant with another top predatory fish species (Sander lucioperca L.) in the estuarine
system (Koll et al. 2024a). These data indicated that the gill mucus core microbiota of
estuarine fish were similarly shaped regardless of trophic level, life history and habitat use,
and the estuarine-specific signal was acquired within a time frame of less than three
months in migratory fish. This suggests that the strong fluctuations in physiochemical
conditions in the estuarine system allowed colonization of only a small number of
generalist species or strong host selection for critical ecological functioning (Roeselers et al.
2011, Sharpton et al. 2021, Luan et al. 2023). The size of the core microbiota with ~30
genera appeared to be low in estuarine fish compared to hundreds in other studies
(Sharpton et al. 2021, Lorgen-Ritchie et al. 2022), but at 30 - 50% high in terms of
abundance similar to gut microbiota studies (Wilkes Walburnetal. 2019). Determining the
average core abundance proportions in this larger dataset enabled the identification of
animals with strong deviation. In both species, we found groups of animals with core
abundance <209, which could indicate profound reorganization or dysbiosis and possible
disease states (Sehnal et al. 2021). In this context, analyzing the prevalence of potentially
pathogenic taxa in overlap with signs of dysbiosis of the overall microbiota composition is
probably more informative, as potential pathogens may also be part of the core community
of apparently healthy individuals (Itay et al. 2022, Yajima et al. 2023).
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Deoxygenation and dysbiosis in estuarine fish

Dysbiosis, the disturbance of microbiome homeostasis (abnormal taxonomic structure and
metagenomic function) by uprise of opportunistic taxa (Egan and Gardiner 2016, Levy et
al. 2017), affects microbiome functionality and host physiology and is associated with
disease states in fish (Legrand et al. 2020, Mougin and Joyce 2023). Understanding these
processes and identifying biomarkers for dysbiotic processes before physical signs of
infection are important not only in fish farming (Mougin and Joyce 2023, Xavier et al.
2024), but also for monitoring the health of wild fish populations and ecosystems.

While dysbiosis is often defined as a reduction in diversity and microbial richness,
measurements of alpha diversity show contradicting results even in controlled conditions
in fish with clear disease signs (Karlsen etal. 2017, Vasemagi et al. 2017, Zhang et al. 2018,
Mougin and Joyce 2023, Liu et al. 2024, Xavier et al. 2024). Changes in Proteobacteria to
Bacteroidetes (P:B) ratios were also suggestively linked to disease states in different fish
microbiomes (Xavier etal. 2024). The P:Bratio in estuarine fish gill mucuswas at 3:1 higher
than in marine taxa (10:1) (Legrand et al. 2018) and decreased slightly during periods of
deep reorganization (autumn smelt 7:1) and prolonged oxygen depletion in late summer
(OE 4.6:1, GC 4:1). Overall, however, we did not identify clear patterns in alpha diversity
measures associated with environmental factors and in agreement with recent reviews, did
not consider them suitable for detecting perturbations in microbial homeostasis (Xavier et
al. 2024).

We observed a strong increase in opportunistic Acinetobacter coinciding with the decrease
in the abundance of core microbiota in both fish species under persistent hypoxia (<5mg/L)
and elevated nutrient loads (nitrates, nitrites and phosphates). Particularly noteworthy, this
pattern was not seen in spring when oxygen levels just start declining at similar nutrient
loads. Increasesin abundance of Acinetobacter, albeit less prevalent (< 19) were observed in
the surrounding water column matching described functions in nitrification and nitrogen
as well as phosphorous compound assimilation (Carr et al. 2003, Zhong et al. 2023).
Acinetobacter are repeatedly described as part of the core microbiota of marine fish (Lorgen-
Ritchie et al. 2022, Varela et al, 2024), although they can occur as pathogens in a number
of freshwater fish (Viscaetal. 2011, Kozinska et al. 2014, Malick et al. 2020, M. Zhang et al.
2023). Several strains of A. johnsonii and A. Iwoffii were shown to cause lesions and
hemorrhage especially in gill and liver tissues (Cao et al. 2018, Bi et al. 2023). Notably co-
infections of Acinetobacter species (Malick et al. 2020), similar to Shewanella (Erfanmanesh
etal. 2019) and Aeromonas (Chandrarathna et al. 2018, Wise et al. 2024) can significantly
influence the severity and course of diseases in fish through synergistic interactions like
immunosuppressive effects (Kotob etal. 2016, Okon et al. 2023).

We detected a strong co-occurrence of different opportunistic Acinetobacter strains (A.
iwoffii, A. johnsonii) with Aeromonas and Pseudomonas and in GC also with Shewanella (S.
baltica, S. putrefaciens) in both fish species independently becoming a significant
component of the microbiota. No physiological measurements (i.e. lesions) of gills or other
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tissues were performed in this study and no correlations with biometric markers (FCF, HSI,
SSI) were detected. Thus, no direct consequences for fish health can be determined in the
present data set. Against the background of wild sampling, however, these physiological
endpoint makers are highly variable and do not allow conclusions to be drawn about the
influence on health with the sample sizes available here. In a previous study we identified
strong correlations of the immune response and cellular stress response in the gill and liver
of another estuarine species in response to an increase in Shewanella and Acinetobacter
(Koll et al. 2024a).

Conclusion

Our data showed the potential of non-invasive gill microbiomes for long-term monitoring
the health of estuarine fish in the context of changes occurring in estuaries due to multiple
anthropogenic stressors. Combined with a previous study, we have been able to show, for
three species of fish in the Elbe Estuary, that an easily identifiable core microbiome
associated with healthy fish. Further, for each species, we show that changes in these core
microbiota, either as a consequence of migration, seasonality or stress can increase the
likelihood of opportunistic and pathogenic species which may impact fish survivability.
Whilst, additional targeted studies, would be necessary to clarify the pathogenic nature of
these strains, and the capacity of the gill microbiome to recover after alleviation of stress
inducing conditions, these results are of global significance and concern. Estuaries should
be considered protected spawning and nursery areas, ensuring marine fish stocks are well
maintained, though our data and others suggest this is not the case. However, increased
monitoring of estuarine fish and the water column, might provide a solution by identifying
areas of reduced impact that can be restored or conserved, ensuring that estuaries continue
to provide this much needed ecosystem function.
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Supplements
All metadata, intermediate data and full analyses outcomes are provided at
https://github.com/vollkorrn/EstuarineFishGillMicrobiota
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Fig. S7.1 Bacterial ASV accumulation over number of sampled specimens for OF (A), GC (B) and bacterioplankton (C) for
unfiltered data (upper row) and 0.005% overall abundance filtered data (middle row). Bottom row depicts the number of
ASVs, percent zeros and total abundance of counts in the individual datasets along different abundance filter levels.

Tab. S7.1 Relative abundance (%) of sequences belonging to phyla in gill microbiome and bacterioplankton (higher 1%

per sample group).
Phylum Bacterioplankton OE GC
Proteobacteria 41+5 51+10 56+13
Bacteroidota 19+7 28+12 25+9
Actinobacteriota 19+9 7+5 6+6
Verrucomicrobiota 8+3 5+8 3+2
Firmicutes 4+7 5+13
Deinococcota 2+2 2+2
Desulfobacterota 15+11
Acidobacteriota 23+18
Cyanobacteria 1.4+19
Nitrospirota 19+1.4
Gemmatimonadota 1.4+06
Chloroflexi 12+09
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Tab. S7.2 Envfit results for ordistep and VIF selected reduced dbRDA models per dataset

Sample Kind Parameter R? Sig. P
OE gill microbiome Temperature 0.682 0.001 o
Salinity 0.022 0.236
FillLevel 0.018 0.257
GSI 0.534 0.001 o
NH4 0.006 0.7
NO2 0.026 0.174
NO3 0.476 0.001 o
PO4 0.12 0.001 o
pH 0.023 0.219
TOC 0.309 0.001 o
SPM 0.203 0.001 o
GC gill microbiome Temperature 0.179 0.002 o
Salinity 0.11 0.012 o
Age 0.098 0.012 o
NO2 0.292 0.001 o
NO3 0.039 0.206
PO4 0.438 0.001 o
TOC 0.258 0.001 o
Bacterioplankton Temperature 0,962 0,001 o
Salinity 0,669 0,002 *
PO4 0,107 0,377
pH 0,874 0,001 o

Tab. §7.3 Significant association between average Bray-Curtis distance matrices for gill mucus and bacterioplankton
communities and Euclidean distances matrices for environmental and physiological measurements estimated via Mantel

test.
Sample Kind Parameter Mantel Sig.
OE gill microbiome Temperature 0.18 0.0001
SPM 0.20 0.0001
ECE 0.17 0.0004
GSI 0.67 0.0001
HSI 0.23 0.0001
Bacterioplankton 0.14 0.0018
GC gill microbiome 02 0.17 0.0001
NH4 0.17 0.0055
NO2 0.22 0.0016
Length 0.10 0.0062
Bacterioplankton Temperature 0.45 0.0003
Salinity 0.55 0.0002
02 0.33 0.0015
SPM 0.19 0.0327
PO4 0.21 0.0219
NO3 0.33 0.0022
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Tab. S7.4 Indicator species via multipatt with indicator value >0.7 and P-value <0.05 after 999 permutations. Shown are

taxa with >19% relative abundance (>0.2% for spatial comparisons).

Biomes/Season/Location  Phylum Order Lowest Taxonomic level Rel. Abundance [%]
Bacterioplankton Actinobacteriota Frankiales Sporichthyaceae 3.4
hgcl clade 1.1
Microtrichales CL500-29 marine group 2.3
Bacteroidota Sphingobacteriales ~ NS11-12 marine group 1.3
Flavobacteriales Cryomorphaceae 1.1
Fish gill mucus Bacteroidota Flavobacteriales Elizabethkingia 16
Proteobacteria Enterobacterales Enterobacteriaceae (4 ASVs) 9.4
Enterobacter 2.2
E. cancerogenus 1.1
Citrobacter 3.4
Lelliottia 1
Burkholderiales Microvirgula 1.1
Verrucomicrobiota Verrucomicrobiales  Luteolibacter 1.6
Actinobacteriota Micrococcales Arthrobacter 1.4
GC Proteobacteria Burkholderiales Verticiella 19
Polynucleobacter 1.3
Rickettsiales Candidatus Megaira 0.6
GC Summer Firmicutes Clostridiales Clostridium sensu stricto 1 43
Proteobacteria Pseudomonadales A. lwoffii 2.4
Acinetobacter 1.2
A. johnsonii 1
GC Winter Proteobacteria Burkholderiales Polynucleobacter 3.2
GC Spring Bacteroidota Flavobacteriales Chryseobacterium 1
GCBB Verrucomicrobiota Verrucomicrobiales  Persicirhabdus 0.2
Proteobacteria Pseudomonadales Halioglobus 0.2
GCTF Firmicutes Staphylococcales Macrococcus 15
GCML Bacteroidota Cytophagales Hymenobacter 0.2
Proteobacteria Pseudomonadales Psychrobacter 0.2
OE Summer Proteobacteria Pseudomonadales Acinetobacter johnsonii 1.2
OE Winter Bacteroidota Flavobacteriales Chryseobacterium 1.2
OE Spring Verrucomicrobiota Verrucomicrobiales  Luteolibacter 1.3
Persicirhabdus 1
Bacteroidota Flavobacteriales Chryseobacterium 1
OETF Bacteroidota Flavobacteriales Elizabethkingia 1.4
Proteobacteria Enterobacterales Enterobacter 0.6
Citrobacter 0.4
Lelliottia 0.4
Enterobacteriaceae 0.2
OEML Verrucomicrobiota Verrucomicrobiales  Luteolibacter 0.2
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Fig. S7.2 Presence-absence analysis and abundance visualization of bacterial taxa within the biomes. Venn Diagrams
depict presence/absence of bacterial ASVs found in bacterioplankton (WF), smelt (OE) and ruffe (GC) gillsand in fish swabs
at seasonal samplings (A). Cluster-heatmap of the relative abundance of the bacterial taxa within all datasets with core
taxa in fish gill mucus (B). While color depicts low abundance, red high abundance. The maximum value of the color code
is set at 0.6% to enable meaningful visualization.
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Fig. S7.3 Alpha diversity metrices in bacterioplankton and fill gill mucus. Overall observed richness (A) and Shannon
indices (B) are shown for the three biomes (WF = bacterioplankton, OE = smelt, GC = ruffe) and with spatio-temporal
resolution for the fish associated bacteria communities. The ratios of Proteobacteria and Bacteroidetes in spatio-temporal
resolution are shown for both fish species (C).
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Fig. S7.4 Similarity between bacterioplankton and fish gill communities. Compositional barplot (A, C) show relative
abundance of bacterial taxa shared between the bacterioplankton and the fish communities excluding the fish core
microbiome. Mantel tests (B) show matrix correlation between overall bacterioplankton communities and spatio-
temporal fish gill communities.
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Fig. S7.5 Relationship between bacterial co-occurrence networks, biometric measurements and abiotic conditions for Elbe estuarine
ruffe GC. Integrated heatmap of gill bacterial mucus network analysis showing correlation between ASV module eigengenes (B: GC-0-
16), physiological traits (A: HSI, SSI, GSI, FCF, FillLevel, Age, Length) and relevant abiotic factors (A: NHs, NO2, NOs, Oz, POs, TOC,
temperature, SPM, salinity) as well as bacterioplankton module eigenASVs (C WF1-23). B shows Z-score of eigengene values per module
as rows for individual fish (n = 89) ordered by season and facets within season by sampling location in upstream direction as columns.
Overall relative abundance per module is shown the barplot on the left side. A and C show FDR corrected Pearson correlation strength
between eigenASVs and host/external traits, the right panel shows FDR corrected Pearson correlation to WF-SSU eigenASVs (brown
representing positive, zero white and green negative correlation) and statistical significance indicated by stars: * P < 0.05, ** P <= 0.01,
%P <=0.001. Only correlations r > 0.3 are shown. Taxa with highest intra-modular abundance (%) are shown in barplots (D) colored by
phylum identity.
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Fig. 57.6 Relationship between bacterial co-occurrence networks and abiotic conditions for free-living bacteria in the Elbe estuary.
Integrated heatmap of the bacterioplankton network analysis showing correlation between ASV module eigengenes (B: WF-0-24) and
relevant abiotic factors (A: NHs, NOz, NOs, Oz, PO4, TOC, temperature, SPM, salinity). B shows Z-score of eigengene values per module as
rows for individual water samples (n = 19) ordered by season and facets within season by sampling location in upstream direction as
columns. Overall relative abundance per module is shown the barplot on the left side. A shows FDR corrected Pearson correlation strength
between eigenASVs and external traits (brown representing positive, zero white and green negative correlation) and statistical
significance indicated by stars: * P < 0.05, ** P <= 0.01, *** P <= 0.001. Only correlations r > 0.3 are shown. Taxa with highest intra-
modular abundance (%) are shown in barplots (C) colored by phylum identity. Module-correlation between biomes and individual
relative abundance of module taxa are shown inD and E.

Measures to counter contamination in the workflow:

Strains of Acinetobacter were described as potential contaminants of microbiome studies repeatedly (Francois-Etienne et
al. 2023, Salter et al. 2014, Weyrich et al. 2019). To ensure contamination-free data sets in this wild-sampling study, we
added mock community samples randomly at every extraction and sequencing batch indicating no contamination
throughout the workflow (Fig. S7.7). Furthermore, we suspect a low risk of contamination between fish samples in
abundant bacteria, as the gill is protected by the opercular, and we see progressing trends in bacterial composition at
stations or sampling events where only one species was caught.

ASVs community mix (Zymo) and randomly included
_ Bacillus during every extraction batch and send for sequencing

. Enterococcus
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. Limosilactobacillus .
: be: Listeria monocytogenes - 12%, Pseudomonas
. Listeria

100~ Fig. S7.7 Mock communities. Sterile swabs used for
gill mucus recovery were immersed in the MOCK

I l I l Pseudomonas aeruginosa - 12%, Bacillus subtilis - 12%, Escherichia

I salmonella coli - 12%, Salmonella enterica - 12%, Lactobacillus

- Staphylococcus fermentum - 12%, Enterococcus faecalis - 12%,
- - - Staphylococcus aureus - 12%, Saccharomyces cerevisiae

- 29% and Cryptococcus neoformans - 2%.

treated as a normal sample. According to the
manufacturer's instructions, the composition should
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Chapter 8

(General discussion

“There is something almost magical to the notion that our bodies, minds and ideas have roots in the crust of Earth, water
of the oceans, and atoms in celestial bodies. The stars in the sky and the fossils in the ground are enduring beacons that
signal, though the pace of human change is ever accelerating, we are but a recent link in a network of connections as old
as the heavens.”

Neil Shubin - The Universe Within
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8. General discussion

The aim of this thesis was to improve our understanding of the ecological relationships and
spatio-temporal interactions of key fish species and lower trophic levels in the food web of
the Elbe estuary using stable isotope analysis of §*C and §°N.

Previous studies dealing with the Elbe estuary, in which stable isotope approaches were
applied, mainly focused on questions regarding nitrification processes and the N-cycle
using 6N and 60 isotopes (e.g., Dahnke et al, 2008, Deutsch et al. 2009, Dahnke et al.
2010, Sanders et al. 2018) or the hydrological origin of the Elbe water using 6*H and 60
(e.g., Barth et al. 2006, Koeniger et al. 2022). Some studies dealt with suspended matter
(Middelburg and Herman 2007) and organic matter compartments of the sediment,
especially of the maximum turbidity zone (MTZ) (e.g., Schoer 1990, Schwedhelm et al.
1988). Rare comprehensive studies on trophic diversity in the Elbe estuary in the
planktonic food web using 6°C were carried out by Kerner et al. (2004). Taupp etal. (2016)
recorded the isotopic niches of common benthic invertebrates in the MTZ of the Elbe
estuary using 6°C and 6'°N. This doctoral thesis is therefore the first study to investigate
this estuarine food web with a special focus on estuarine fishes at this scale using stable
isotope analysis.

8.1 Key findings

Intraspecific habitat exploitation of key species smelt - In this chapter we found that
foraging of dominating smelt Osmerus eperlanus strongly depends on prey availability in the
Elbe estuary. We identified a high overlap of used prey in both juvenile and adult smelt with
Neomysis integer and Gammarus spec. serving as key prey items. However, our data
indicated a switch in feeding preferences during ontogeny in both stomach content and
stable isotope data with a shifting trend towards piscivorous feeding with increasing fish
length. We further observed changes in isotopic niche overlaps and isotopic niche widths
along the course of theriver. Intensive cannibalistic foraging was observed in the freshwater
area of the Muhlenberger Loch by both life stages. However, stable isotope approaches of
juvenile tissue samples from this area showed high proportions of assimilated isotopes
derived from zooplanktonic origins, thus further underlines an ontogenetic shift. It became
apparent that juveniles are exposed to the respective habitat with the given conditions and
food supply, while adults are able to avoid areas with unfavorable settings. Our results
highlight the importance of estuaries serving as nursery and feeding areas for different life
stages of migrating fish.

Tracking life history of estuarine fishes - Here, we tracked annual migration and habitat
exploitation of flounder Platichthys flesus and ruffe Gymnocephalus cernua using stable
isotopes. Facultative catadromous flounder reached the estuary as young of the years (YOY)
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between summer and autumn and exploit the upper freshwater area of the Elbe estuary in
winter, revealing a wide movement radius. Potamodromous ruffe was rather site-specific
and hardly migrated between the local sections, which was also reflected in a significantly
smaller isotopic niche compared to flounder. Overall, two distinct isotope patterns and a
temporal delay in the arrival of juvenile flounder were observed, indicating that two
populations use the estuary asa nursery area that is further promoted by literature. Our data
on ruffe, though, showed that these fish do not leave our study area during the course of the
year, which may indicate an adapted brackish water population of this species.
Nevertheless, further genetic studies are necessary to confirm our assumption.

Spatial and temporal patterns of zooplankton - In this study we found that the habitats
upstream and downstream of the city of Hamburg differed significantly in terms of carbon
quality and thus primary productivity. Therefore, the upstream area at Bunthaus was
characterized by its high-quality riverine organic matter (OM) and high phytoplankton
blooms in spring and summer, while the heavy anthropogenically influenced area
downstream was significantly less productive. Especially in winter and autumn,
zooplankton showed increased carnivory feeding that is further reflected in higher 6°N
values, due to limited high-quality autochthonous phytoplankton availability and high
suspended matter loads. Overall, our study showed that the zooplankton community of the
Elbe estuary is capable of responding seasonally to hydrologically induced changes through
dietary shifts and niche partitioning.

Acidification of macroinvertebrates in stable isotope approaches - The impact of
inorganic carbon signatures of calcified structures forming prey on stable isotope analysis
is a common but often overseen problem in aquatic food web studies. However, calcified
structures in organisms may rather reflect inorganic carbon signatures from surrounding
water than 6°C derived from diet potentially leading to misinterpretation of stable isotope
data. Acidification is a known but intricate method to remove calcified structures prior
stable isotope analysis. Here, we analyzed acid treated and untreated samples of four
macroinvertebrate species based on their §*C and 6"°N values. We found that acidification
is particularly effective for organisms with high carbonate content, such as gammarids,
while the influence of inorganic carbon signals on mysid shrimp (Neomysis integer,
Mesopodopsis slabberi) which contain low carbonate proxies can be neglected in food web
studies. For large-sized macroinvertebrates, such as tested Palaemon longirostris, we
recommend the mechanical removal of the exoskeleton prior to the analysis so an
acidification can be avoided (compare with Mateo et al. 2008). Based on other ecological
studies, we furthermore created a decision tree to evaluate the most appropriate method to
minimize the impact of inorganic carbon signatures in isotope-based food web studies.

Long term study of environmental factors affecting the fish fauna structure - We
analyzed the effects of environmental factors on the fish fauna over the last 40 years using
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abundance data and abiotic measurements from four sampling periods in the Elbe estuary.
Changes in environmental factors led to alterations in fish species compositions and life
cycle guilds of mainly anadromous, marine-estuarine opportunistic and catadromous fish
species. Major changes in environmental conditions and species composition were
observed in freshwater and oligohaline areas, where important nurseries for estuarine
fishes are located. We found that fish abundance, particularly of smelt Osmerus eperlanus,
followed an increasing trend from the 1980s to 2010 as water quality improved. However,
hydromorphological changes recently led to higher suspended particulate matter (SPM)
concentrations, reduced river runoff and low oxygen levels, which again led to a drastic
decline in fish abundances, especially in smelt, flounder, twaite shad and ruffe. Marine
species such as herring and whiting, though, increased in abundance due to the amplified
inflow of saline water from the North Sea as a result of channel modifications in the estuary.

Fish gill microbiota as indicators for fish health - The interactions between host and its
microbiome are important for fish health. Investigating the microbiome of the gill mucus
therefore provides information about the state of health, as the gills are in direct exchange
with the environment. Overall, the core microbiota of the estuarine fish studied, did not
differ significantly from each other and comprised only about 30 genera, suggesting that
only a small number of generalist species can cope with estuarine conditions. While the
microbiome of smelt gradually adapted to the estuary during the migration from the sea in
autumn, the microbiota composition of the stationary ruffe was primarily characterized by
spatial drivers. Hypoxia events and high nutrient loads led to dysbiosis states, which are
largely characterized by the takeover of opportunistic pathogens (Acinetobacter, Shewanella,
Aeromonas).

8.2 Estuaries as habitats for fishes

Estuaries are often associated in public discourse with their ability to absorb and store large
amountsofcarbon (e.g., Abrantesetal. 2015, Kraussetal. 2018, Bulmer etal. 2020) or with
their economic importance as waterways for large commercial vessels (e.g., Hafen
Hamburg Marketing e.V. 2014). These ecosystem services primarily address human-
related global issues, but estuaries are also essential habitats as part of life cycle strategies in
fishes (Whitfield etal. 2022). The connectivity of different habitat types (e.g., tidal wetlands,
seagrass beds, salt marshes) with adjacent ecosystems such as the sea or river systems also
makes these systems appealing to numerous fish species (Whitfield et al. 2022). Asa result,
estuaries serve as nursery, feeding and spawning habitats as well as refuges and migration
routes (Haedrich 1983, Elliot and Hemingway 2002).

The exploitation of these ecosystem services by fish is determined by their ability to cope
with fluctuating environmental conditions, particularly temperature and salinity (Able
2005). Accordingly, the species composition of estuarine fish communitiesis characterized
by their tolerance to these environmental fluctuations (Whitfield et al. 2022), which in turn
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determines local guild compositions (Whitfield et al. 2022). However, habitat use by fish
could become more difficult in the upcoming years, as it is assumed that increasing
anthropogenic influences and climate change (Cloern et al. 2016) will amplify the pressure
on estuarine communities in the future (Robins etal. 2016, Colombano et al. 2021).

Stable isotope analyses can contribute to a better understanding of population dynamics
(e.g., Semmens et al. 2009, Guelinckx et al. 2008), migratory behavior (e.g., Hobson 1999,
Hobson and Wassenaar 2008, Trueman et al. 2012) and trophic interactions (e.g., Hayden
etal. 2016, de Carvalhoetal. 2017, Poiesz et al. 2021). Enhanced knowledge can therefore
help to develop necessary protection concepts and limit future pressures from
anthropogenic sources.

8.3 Fish migration patterns and stock development

Smelt Osmerus eperlanus - Anadromous fish are the most successful species in the Elbe
estuary and make up over 989 of the total fish population, with the smelt Osmerus eperlanus
alone accounting for 969 (Eick and Thiel 2014). On a globally scale more than 20% of the
worldwide fish species follow an anadromous migration pattern, which mainly occurs in
the northern hemisphere (Morais and Daverat 2016). Anadromous fishes live in marine
waters during their adult phase and migrate into freshwater areas to spawn (Myers 1949,
Morais and Daverat 2016) (Fig. 8.1A). In the Elbe estuary the spawning migration of smelt
takes place between February and March (Borchardt 1988), whereby pre-spawning adults
starting to aggregate in the river mouth between November and February (Kottelat and
Freyhof 2007, Thiel and Thiel 2015). The migration mechanism is thereby triggered by
temperature (Kottelat and Freyhof 2007) leading to an optimal synchronization of offspring
developmentand local food production (Sepulvedaetal. 1993). During spring, different age
classes are sharing the same habitats and estuarine resources (Borchardt 1988). Juvenile
and adult smelt feed extensively on gammarids and mysids (chapter 2). This is further
reflected by an overall isotopic niche overlap of 16.4% and an isotopic overlap of 52.4%
while including 95% CI. However, we suggest that this overlap is not equivalent to
intraspecific competition, as the effect is diminished by the dietary shift during ontogeny
and the high productivity of just a few species such as Neomysis integer (Mees et al. 1993,
1995, Fockedey and Mees 1999) or Gammarus spec. (Riedel-Lorjé and Gaumert 1982) in
the estuary (Elliott and McLusky 2002). The short-term and long-term information from
stomach and stable isotope analysis further indicate that feeding preferences generally rely
on food availability rather than on the selectivity of the consumer (chapter 2) that was also
found in smelt from the Baltic Sea (e.g., Popov 2006, Taal et al. 2014). Predation on
offspring occurs in both juveniles and adults especially in the freshwater area of the
Miuhlenberger Loch in the Elbe estuary. Cannibalistic feeding is a known characteristic in
smelt’s diet (e.g., Henderson and Nepszy 1989, Northcote and Hammar 2006), promoting
higher growth rates especially in juveniles (Vinni et al. 2004). In Finland lakes, young smelt
started to feed on offspring with a total length of approximately 8 cm (Vinni et al. 2004).
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Studies on related rainbow smelt (Osmerus mordax) in Lake Champlain, US and Canada,
reveal a mortality between 38-939% on age group O due to cannibalism with highest
pressures in June (Parker Stetter et al. 2007). Smelt abundances from the Elbe estuary also
peaked between June and late August with juvenile young-of the-year (YOY) specimens
dominating the contribution of this species. However, based on the high abundances and
dominance of smelt (chapter 6), we assume that cannibalism plays a minor role regarding
recruitment success in the Elbe estuary.

Thiel and Potter (2001) described three main reasons that explain the success of smelt in
the Elbe estuary. Firstly, the spawning sites are located upstream in a region that is not
affected by the deepening of the main channel (Sepulveda et al. 1993). Secondly, the so-
called umbrella structure of the eggshell allows temporary attachment to the substrate,
whereupon, thirdly, the hatched larvae drift downstream with the tides to the nursery areas
(Ehrenbaum 1894, Lillelund 1961, Thiel and Potter 2001). However, young smelt primarily
depend on the local food supply and remain in one place for an extended period of time,
which increases their vulnerability with regard to environmental conditions (chapter 2).
Our study further indicates that adult smelt, in contrast, can leave an area due to increased
mobility if the environmental conditions are unfavorable.

Flounder Platichthys flesus - Flounder is the only European flatfish that swims into
estuaries and can live under freshwater conditions for an extended amount of time
(Summers 1979, Hemmer-Hanson et al. 2007). Complementary to smelt, it follows a
facultative catadromous migration pattern with spawning taking place in marine or
brackish waters (Daverat et al. 2012, Morais and Daverat 2016). Primarily, the estuary
serves as a nursery area for larvae and juveniles (Henderson and Holmes 1991, Kerstan
1991, Mendes et al. 2020). The period of spawning in the adjacent North Sea lies between
winter and early spring (Summer 1979, Muus and Nielsen 1999), so that the first larvae are
transported via tidal flood transport into the Elbe estuary in winter (Bos et al. 1995) (Fig.
8.1B). The first juveniles disperse in the estuary in summer and autumn. In addition to
strongly varying total lengths, which split into two groups, we observed two isotope clusters
that are independent of life stage, indicating two distinct populations (chapter 3). Bos et al.
(1995) already reported the arrival of two AGO groups in the Elbe estuary: one in mid-March
and a second AG O group in mid-April. The authors referred to studies by Campos et al.
(1994), who described two North Sea populations with different hatching areas west of the
island of Texel, Netherlands, and northwest of the island of Helgoland, Germany.
Simulations of distributions of early life stages of flounder by Barbut et al. (2020) are
consistent with these assumptions. However, underlying data from the years 1997-2006
were used here, which provide only limited information about the current spawning areas.
Our assumptions can therefore be partially explained by previous literature, but recent
studies are needed to finally confirm our results.
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Overwintering behavior of young flounder at the upstream freshwater sections was
detected by our study for the first time as 6°C below our investigated isotopic ranges of the
sampling sites reveal riverine food sources that were assimilated in the tissue (chapter 3).
As the tidal influenced part of the Elbe River is limited upstream by the weir of Geesthacht
(Kerner 2004), the upstream movement of fish is potentially also limited here. Bosand Thiel
(2006) observed that early life stages of flounder prefer low salinities, which could further
act as a trigger for upstream movements in the estuary. However, information on
overwintering strategies in juvenile flounder is scarce. Bell (2009) analyzed overwintering
behavior of related winter flounder (Pseudopleuronectes americanus) in three North
American estuaries and detected overall little starvation during overwintering. As the
mortality of juvenile fish is generally highest during wintertime of their first year of life (Bell
2009), fish often invest their energy in growth in summer and switch to energy storage in
late autumn and early winter (Heintz and Vollenweider 2006, Slater et al. 2007). Therefore,
the ability to ingest prey during winter, when food availability is usually low (Thiel 2001),
maintains energy storage and decreases the mortality risk, especially the risk of size-specific
mortality (Pratt and Fox 2002, Eckmann 2004, Bell 2009). In the Elbe estuary, studies have
shown that the common daily ratios >20% of body weight of juvenile flounders can be
reduced to <5% by food reduction (Thiel 2001, 2011). Contrary to our results, Bos (1999)
found that the first juvenile flounder arrive in the upper freshwater areas of the estuary in
June. We therefore assume that the juveniles reach this upper part earlier but occur in
highest densities in winter. The term overwintering can therefore be discussed here, and
further studies are required to finally determine the movements of juvenile flounder. Based
on our isotope data, we conclude that mainly juvenile and minor adult flounders exploit
these freshwater river sources (chapter 3).

Ruffe Gymnocephalus cernua - Ruffe as a potamodromous species fulfills its entire life cycle
in freshwater and undertakes migrations to feeding, overwintering and spawning habitats
in order to feed, refuge or reproduce here (Morais and Daverat 2016). Ruffe from the Elbe
estuary showed high site fidelities and resident behavior throughout the year (chapter 3)
with highest abundances at the freshwater regions between Twielenfleth and
Mihlenberger Loch (chapter 6). However, ruffe is known to be a robust, adaptative species,
that can tolerate a wide range of environmental and ecological factors (Svirgsden et al.
2015). Therefore, this species occurs in various habitats (e.g., lakes, rivers, tidal estuaries
and non-tidal estuaries) (Holker and Thiel 1998) and can quickly establish in non-native
regions, such as North American lakes where invasive ruffe was introduced by accident
(Gutsch and Hoffman 2016). In general growth performance of ruffe is better in estuaries
rather than in freshwater systems (Hclker and Thiel 1998).

Since ruffe of the Elbe estuary have hardly reached or exceeded the isotopic limits of our
sampling sites, there is a possibility that a brackish water population exists in this area that
is isolated from the pure freshwater ruffe occurring further upstream (chapter 3, Fig. 8.1).
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Previous studies demonstrated that different populations of ruffe developed distinct
modifications depending on their habitat requirements (e.g., Vetemaa and Saat 1996,
Svirgsden et al. 2015). These include, for example, larger eggs that contain more energy
(Albert et al. 2006, Svirgsden et al. 2015) and higher salinity tolerances of embryos from
brackish populations compared to freshwater populations (Vetemaa and Saat 1996, Albert
etal. 2006). Investigations of Vetemaa and Saat (1996) on brackish water populations from
the Parnu Bay, Baltic, Sea, Estonia, showed that ruffe still reproduces at salinities ranging
between 6 and 8 ppt at bays with freshwater inflow. The mortality during gastrulation of
freshwater population from the Parnu Lake, Estonia, on the other side, increased already at
6 ppt (Vetemaa and Saat 1996). Since the ruffe in the Elbe estuary is dependent on these
described adaptations under different osmotic pressures to maximize the survival
probability of the offspring (e.g., buoyancy of the eggs, production of larger larvae)
(Svirgsden etal. 2015), a distinct brackish water population is likely. Furthermore, the high
site fidelity, a small movement radius compared to the studied flounder (chapter 3), and the
occurrence of ruffe in surrounding freshwater areas (Thiel and Thiel 2015) support our
hypothesis. Nevertheless, further investigations, such as genetic analyses, are necessary to
confirm this assumption.

Contrary to diadromous species (see sections above), ruffe do not migrate long distances but
perform local spawning migrations to shallow waters between March and May and
overwinter in deep waters (Gutsch and Hoffman 2016). In the Elbe estuary ruffe occurs both
in the side and main channels (Thiel et al. 1995), probably migrating to adjacent habitats at
higher depths in winter. Stable isotope analysis of ruffe from Allouez Bay, USA, found
depleted 6'*C values that probably indicate foraging migration to another habitat outside
the studied wetland area (Sierszen et al. 1996). Our study could not verify these migrations
(see section 8.3), however, stable isotope data of 6"*C and 6'°N per total length reveal an
ontogenetic shift in ruffe (chapter 3), indicating a switch from small to larger prey with
increasing body size (Hammerschlag-Peyer etal. 2011). Although ruffe is generally known
as a benthic feeder (Ogle et al. 1995, Sierszen et al. 1996), planktivorous prey plays a
particularly important role in the diet of juveniles in estuaries (Holker and Thiel 1998). As
a generalist feeder ruffe can feed on a variety of prey sources and can switch habitat use and
prey consumption after being introduced to non-native ecosystems, such as reported in
Mildevatn Lake, Norway (Kalas 1995). In the Elbe estuary juveniles switch from copepods
(Ladiges 1935) to mysid shrimps and amphipods with a body length >7 cm (Holker and
Thiel 1998). Adult ruffe increasingly feeds on mud shrimp Crangon crangon (Hélker and
Temming 1996) and fish (mainly smelt and gobies) (Holker and Hammer 1994).
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Fig. 8.1 Life history strategies of estuarine fishes in the Elbe estuary using §'°C ratios of juvenile and adult life
stages (solid lines). §"°C indicate marine or estuarine origins, further enables to track upstream or seaward
migrations. Variabilities within estuarine ranges further reveal inner estuarine feeding migrations (dashed
lines): (A) Anadromous smelt (Osmerus eperlanus), (B) Facultative catadromous flounder (Platichthys flesus)
and (C) Potamodromous ruffe (Gymnocephalus cernua).
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Overall, we conclude that anadromous fish species are the most successful in the Elbe
estuary, which can be confirmed by previous studies (Thiel and Potter 2001, Eick and Thiel
2014). But thisis not the case for other temperate estuaries in Europe. In several European
estuaries, gobies dominate in abundance, e.g. in the Canche estuary, France (Selleslagh and
Amara 2008), in the upper Scheldt estuary, Belgium (Maes et al. 2005) and in the Mondego
estuary, Portugal (Martinho et al., 2007a, b, Dolbeth et al. 2008). Breine et al. (2011)
documented the European flounder (Platichthys flesus) as the dominant species in the
Zeeschelde estuary, Belgium.

Although diadromous smelt and flounder and potamodromous ruffe as shown in our
studies are known to be well adapted to exploit the habitat during their life cycle, they have
faced dramatical threats in recent years. Estimations on the population development
during the last 40 years showed an overall decline in their fish biomass. Especially fishes
that use the Elbe estuary as a nursery area declined dramatically (chapter 6). Mean
abundance of anadromous species, of mainly of smelt (Osmerus eperlanus), twaite shad
(Alosa fallax), three-spined stickleback (Gasterosteus aculeatus) for instance declined from
20,000 ind./Mio. m? in 2009/10 to 1,500 ind./Mio. m®, thus representing a decline of
>929% in their abundance. Smelt abundances peaked between June and late August when
juvenile YOY specimens are dominating the contribution of this species. Even the
abundance of flounders and ruffe decreased recently (chapter 6). The underlying reasons
for these changesinclude both anthropogenic and natural stressors, which have intensified
in recent years (see section 8.5).

8.4 Strengths and limitations of stable isotope analysis in this study

The Elbe estuary is one of the largest estuaries in Europe and forms the link between the
Elbe River and the North Sea (Schwentner et al. 2021), therefore it connects different food
webs with distinct carbon (C) sources. Since biogeochemical processes and nutrient inputs
influence isotope ratios, these different C sources can be detected by local 6'°C signatures
(Peterson and Fry 1987, Morais and Daverat 2016). Riverine C is thus usually significantly
lower in its 6**C ratios than marine C, which reflects heavier isotope ratios (Peterson and Fry
1987).

Mobile consumers, such as fishes, ingest food in one habitat and assimilate the respective
carbon signature via diet in their tissues, which they in turn carry along to other habitats
(Hobson 1999, Durbec et al. 2010). These distinct riverine 6*°C signals on the one side and
mesohaline/marine 6%C ratios on the other make estuaries particularly suitable for
reconstructing fish migrations using stable isotopes (see chapter 3).

In the Elbe estuary, the particulate organic matter (POM) values of 6**C decrease from -24.2
+0.9%0 t0-26.9 + 2.2%0 from the river mouth to the freshwater area (Bunthaus) above the
city of Hamburg (chapter 4), whereby the intermediate isotopic compositions due to the
predominance of detrital terrestrial OM is comparable to other European estuaries
(Middleburg and Herman 2007). To classify the isotopic ranges of the study area to track

169



Chapter 8 - General discussion

fish migrations, POM baselines were not usable as the samples were taken during one-day
trips and do not necessarily represent the whole season. Furthermore, these surveys did not
necessarily coincide with our fishing trips, which impaired comparability. However, mysid
shrimps, mainly Neomysis integer, serves as a suitable indicator for local §'*C as the species
occurs along the course of estuary and is a major prey for local fish (Sepulveda et al. 1993).
As described by Guelinckx et al. (2006), we tracked migrations of resident ruffe
Gymnocephalus cernua and facultative catadromous flounder Platichthys flesus using 6*C
values of the preferred prey, represented by N. integer. Other studies performing stable
isotope approacheshave also proven that macroinvertebrates such as Hydropsychidae (e.g.,
Durbec et al. 2010) are particularly effective for identifying migrations in fish species (e.g.,
Cunjak et al. 2005). According to the respective research question, filter feeders such as
mussels and snails can further be used as baselines to trace pelagic and benthic feeding in
fish (e.g., Vander Zanden et al. 1997, Post 2002, Ankjeerg et al. 2012, Rakauskas et al.
2013).

Using mysid shrimps to isotopically characterize the study area of the Elbe estuary is
appropriate for tracking large annual migrations on the longitudinal scale of the river by
flounder but is less effective for small-scale migrations that are frequently performed by
ruffe (chapter 3). To track these small-scale movements of ruffe we suggest that a higher
local resolution of baselines might improve the interpretation of stable isotope data here.
Harrod et al. (2005), for instance, detected local migrations of European eel Anguilla
anguilla along the salinity gradient of a tidal Atlantic lake using 6*C, 6*°N and C:N of small-
scale baselines of an invasive gastropod. Therefore, it can be concluded that dense local
baselines from lower trophic levels are beneficial to improve the resolution of isotopic data
to further detect movements of resident fishes.

Mysid shrimps, as well as other macroinvertebrates, form carapace structures, that may
reflect the isotopic composition of the surrounding water rather than dietary derived
carbon (Yokoyama et al. 2005, De Lecea etal. 2011). Subsequent stable isotope analysis can
be severely affected unless this inorganic carbon (IC) is removed, e.g., via acidification
(chapter 5). However, based on our findings we concluded that mysid shrimps are not
strongly affected by inorganic carbon signals, making an effect neglectable. Asthe necessity
of acid treatment correlates with species-specific carbonate content, gammarids,
containing a high amount of carbonate (> 0.05) (Serrano et al. 2008), should be prepared
prior to the actual analysis. Though, the effect that non-treated macroinvertebrates have on
food web analyses often depends on the research question. In studies where IC was not
removed (e.g., Cunjak et al. 2005, Ravinet et al. 2013), the focus was mostly on a large-scale
classification of upper trophic levels, such as fish. Presumably, it is hypothesized that the
consumer, while ingesting the whole animal, stores both inorganic and organic C in its
tissues, which is further reflected in its 6*°C ratios. For small-scale movements as described
above, a potential impact on the analysis should be considered. Acidification is
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recommended in studies dealing with lower trophic levels and has long been a standard
procedure here (e.g., Sgreide et al. 2006, Rothhauptetal. 2014, Remy etal. 2017).

8.5 Spatial challenges for estuarine fish

Based on our investigations on carbon sources and its quality (chapter 4), trophic
interactions (chapter 2 and 4), fish migrations (chapter 3), and abiotic parameters (chapter
6), we identified four areas in the Elbe estuary which are of crucial relevance in
understanding the estuarine food web: 1) the mouth of the river, 2) the maximum turbidity
zone (MTZ), 3) the Muthlenberger Loch and 4) the freshwater area upstream of the city of
Hamburg (Fig. 8.2).
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Fig. 8.2 Summary of spatial characteristics of the Elbe estuary with four important areas: river mouth,
maximum turbidity zone (MTZ), Muhlenberger Loch and upstream area (blue) with station numbers 1-5.
Stable isotope analysis at the MTZ promoted elongation of the local food chain (chapter 2). Estuarine 6"°C
values of mysid shrimps (mainly Neomysis integer) indicate homing behavior in ruffe and migration of juvenile
(here: YOY = young-of-the-year) flounder up to freshwater regions upstream in winter (chapter 3). Organic
matter (OM) composition reveals poor quality POM downstream and high-quality POM upstream of the port
of Hamburg (chapter 4). Blue box shows recent population trends of marine species and migrating species
that exploit the estuary as a nursery area (chapter 6).

River mouth - The river mouth area serves as an entrance for migrating fish species to
exploit ecosystem services (e.g., feeding or spawning) (Elliot and Hemingway 2002). As
marine organic sources at the bottom of the trophic food chain often have high 6'*C values
between -18 and -22%. (Thornton and McManus 1994, Finlay and Kendall 2007), marine
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fishes generally contain higher marine-derived §C values than resident estuarine and
freshwater species (Cunjak et al. 2005).

The local fish community is mainly shaped by physicochemical factors and biological
interactions (Neto et al. 2023), whereby temperature and salinity act as main drivers in
these areas (e.g., Breine et al. 2011, Thiel and Potter 2001). In European estuaries, marine
fishes usually dominate in species number and abundance (Maes et al. 1998, Potter et al.
2001, Thiel 2011, Eick 2015), unlike in the Elbe estuary, which is dominated by
anadromous fish species (see section 8.3). Marine species are most abundant in the river
mouth and decrease with decreasing salinity upstream, while freshwater species show a
reverse trend (Thiel and Potter 2001). The success of settlement of certain fish species in
estuaries is related to their respective ability to osmoregulate (Thiel and Potter 2001).
Studies on gene transcription and biochemical data on delta smelt Hypomesus
transpacificus, for example, suggest that salinity is the major factor affecting generalized
stress response in juveniles (Hasenbein et al. 2013).

Marine fish species account for the greatest biodiversity in the Elbe estuary (e.g., Potter and
Thiel 2001, Eick and Thiel 2014). In the river mouth, mainly marine stragglers (e.g., Agonus
cataphractus, Chelidonichthys lucerna) and marine-estuarine opportunists (e.g., Clupea
harengus, Merlangius merlangus) were found (chapter 6), containing isotopically higher §*C
values (e.g., Clupea harengus: -19.6 + 1.8%e., Sprattus sprattus: -20.4 + 0.7%o, Gadus
morhua: -17.6 + 0.7%o.) than resident fishes (Hauten et al. in prep.). Especially marine-
estuarine opportunists can occur in higher densities, mainly during their juvenile life stage
by using the habitat for nursery and as a refuge area (Thiel 2011). Our long-term study
indicated a positive trend on the occurrence of these marine fishes (mainly C. harengus and
M. merlangus) (chapter 6), caused partially by the increased inflow of saline water due to the
channel widening and deepening of the tidal Elbe in recent years (Zhu et al. 2014, Ralston
and Geyer 2019).

Obviously, the occurrence and abundance of these species fluctuate temporally and
spatially. In spring and summer 2021, for instance, most juvenile whiting was caught in the
mesohaline and oligohaline area up to Brunsbiittel (chapter 6). Juvenile herring also
showed a larger distribution area and occurred as far as Schwarztonnensand and
Twielenfleth, which was not the case in previous sampling periods. Rising sea levels and
reduced river discharge as a result of climate change are expected to lead to a further
increase in these saline species in the future (Pein et al. 2023).

Although diadromous populations are currently declining in the study area (chapter 6),
these species in particular can move to other catchment areas temporarily (McDowall
1995) but would potentially be able to successfully recolonize their habitat if water quality
improved (Eick and Thiel 2014). This is also reflected by the recovery of smelt O. eperlanus
in the 1990s with improving water quality after its rapid decline in the 1980s due to high
pollution loads in the Elbe estuary (Potter and Thiel 2001) (chapter 6).
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Our investigations on the dietary preferences of anadromous smelt revealed that the
greatest diversity of prey species is found in the mouth of the river, indicating a richer food
supply than in areas further upstream (chapter 2). However, we also observed highest
isotopic niche widths and overlaps in this area both decreasing towards inland. These
outcomes indicated that the prevailing salinity conditions shape the local feeding
preferences of smelt in the estuary (chapter 2). We assume that smelt might partially
migrate laterally to adjacent temporary tidal areas of salt marshes to exploit resources here.
Previous studies have shown that native fish species enter these areas during their life cycle
to take advantage of the food supply and habitat (Prahalad et al. 2019). Especially the
adjacent salt marshes of the Wadden Sea area serve as important nursery areas for fishes,
including smelt, where biota benefits from lower predation and competition pressure
compared to pelagic habitats (Friese 2020). Salt marshes could therefore play a key role here
and could have a significant influence on local fish production (Jonesetal. 2021). However,
migratory behavior of estuarine fishes between salt marshes and the Elbe estuary have been
scarcely investigated and should be included in future studies.

Maximum turbidity zone (MTZ) - The MTZ defines the oligohaline freshwater-seawater
interface in an estuary where sediments and organic matter (OM) accumulate, and
flocculation of suspended matter leads to high turbidity rates (Fockedey and Mees 1999).
At the same time, it is the area with the highest salinity variability (Taupp and Wetzel 2014)
which amplifies major osmoregulatory stress in aquatic consumers (Dahl 1956, Taupp et al.
2017). Theareais further characterized by the input of both marine and riverine carbon and
nutrient sources, whereby the habitat is usually less productive as the high turbidity rates
promote light limitations that further hamper photosynthetic processes (Hoffman et al.
2008, Kundu et al. 2021). In the Elbe estuary primary production is low in the MTZ with
year-round poor POM quality (chapter 4).

In the local food chain, these circumstances promote an increase of mixotrophic
phytoplankton species on a low trophic level especially during winter (Martens etal. 2024).
On the zooplankton level, calanoid copepods Eurytemora affinis, switch from detrital
feeding to a more carnivorous diet (chapter 4) with rotifers as favored diet, that was further
reported in the Charente estuary, France (Modéran et al. 2012). These additional steps in
the trophic structure imply the elongation of the food chain that leads to an enrichment of
6" Nvaluesin consumers (Layman et al. 2007). As Neomysis integer feeds partly on E. affinis,
(Fockedey and Mees 1999) an enrichment of 6°N in the food chain of the MTZ would be
promoted (Fockedey and Mees 1999). However, findings from Fockedey and Mees (1999)
revealed that mysids in this region consume a large proportion of Rotifera as well, similar to
E. affinis. This finding is consistent with similar 6"°N values of N. integer and E.affinis that
could be observed in our study (chapter 4), indicating a similar food source use of both
species. We therefore conclude that the impact of N. integer on the isotopic enrichment in
the food chain is potentially low, although the fact that both samplings (Fockedey and Mees
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1999, chapter 4) represent one sampling day and do not cover all variabilities in this
dynamic system. However, we measured enriched 6'°N values in juvenile smelt caught in
the MTZ compared to the other areas of the estuary (chapter 2). 6"°N values of adult smelt,
in contrast, were not enriched, indicating the ability of large fish to avoid areas with
inappropriate environmental conditions and low food supply. The MTZ can be therefore
termed as one of the most challenging habitats for the estuarine community, further
affecting the food web structure and leading to behavioral adaptations of the consumers.

Besides these trophic alterations, fishes face also direct threats (Hasenbein etal. 2013), such
as reduced oxygen update due to alterations in gill epithelial tissue, as observed in juvenile
smelt (Thiel and Pezenburg 2001), affecting the survival of fish eggs and larvae (Yang et al.
2019) and the feeding success in visual predators (Hecht and van der Lingen 1992). The
latter is confirmed by a recent study by Koll et al. (2024a) using transcriptomic analyses,
according towhich zander (Sander lucioperca) as a visual predator suffers from starvation in
the MTZ. Ruffe on the other hand can locate prey even under dim light conditions due to its
well-developed lateral system (Disler and Smirnov 1977), a particularly extensive canal
system in the head region (Janssen 1997, Holker and Thiel 1998) and modified eyes with
tapetum lucidum (Ahlbert 1969). Previous studies on North American delta smelt
Hypomesus transpacificus revealed that the larvae do not forage in pristine water as smelt
needs the visual contrast to detect its prey (Baskerville-Bridges et al. 2004). Further, other
studies on wild delta smelt showed a positive relationship between its occurrence and
turbidity (Moyle et al. 1992, Feyrer et al. 2007, Tigan et al. 2020). llling et al. (2024) on the
other hand found that the food intake of European smelt larvae decreases with increased
turbidity. Therefore, it can be assumed, that foraging success of smelt larvae relies on
certain turbid conditions that might be another reason of smelt being so successful in the
Elbe estuary.

As other environmental factors, turbidity varies on a spatial and temporal scale, thus
dependingon e.g., weather conditions, tidal fluxes, water flow, algal growth, light and water
depth (Hasenbein et al. 2013). Even though increased turbidity levels are highest in the
MTZ, other regions of the Elbe estuary are also affected. Particularly the region downstream
of the Port of Hamburg, that is further demonstrated by increased suspended organic
matter (SPM) values in recent years (FGG 2024). Therefore, annual SPM concentrations
tripled from 1984-86 and doubled from 2009/10 to 2021/22 (chapter 6), which further
hamper primary production (e.g., Hoffman et al. 2008). Human induced alterations in
rivers, such aswaterway maintenance dredging and shipping traffic are considered to be the
causes of increased turbidity in anthropogenically modified estuaries (Wilber and Clarke
2001, Smith and Friedrich 2011, Illing et al. 2024). Kerner (2007) examined the
topographical causes by channel deepening after 1999. The deepening of the main channel
therefore resulted in higher sedimentation depositions between 0.7 and 1.5 m in shallow
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water areas from 1999 to 2004. Covering sediment further leads to less settlement of biota
in these dredged regions (Kerner 2007). The extraction of fine-grained sediment by
maintenance dredging in the Elbe estuary has increased significantly in recent decades
from 4.5 million m?/year (2008 -2013) to 8.5 million m? /year (2014-2019) (Weilbeer et al.
2021, llingetal. 2024). This may explain our findings from comparative surveysin the Elbe
estuary from 1984-2022 that show an increasing trend in SPM values ranging between
18.6 and 30.7 mg/L in the 1980s to today's values between 71.1 and 92.1 mg/L (chapter
6).

Mihlenberger Loch - The Miihlenberger Loch and adjacent Hahndfer Nebenelbe are
located at Ekm 632-635 in the freshwater section of the Elbe estuary and known as the
main nursery area for fishes (Kafemann 1992, Thiel 2011). Compared to other shallow
areas, the Mithlenberger Loch is considered the most species-rich with a high proportion of
AGO juveniles in the region (Dierking 1992, Kafemann 1992) and highest annual fish
production in the entire estuary with > 200 kg/ha (Thiel 2001). It further serves as a bird
sanctuary which is protected as part of the Natura 2000 network (Fricke et al. 2021).
Although the area is of high ecological importance as it preserves essential ecosystem
functions for the estuarine community, its topography has been altered by human
interventions in the past. This includes the dike construction works in the 1960s that led to
a closure of the connection to the southern river Stiderelbe section (Dérjes and Reineck
1981).In 2000, the Miihlenberger Loch was partially sealed during the construction of the
Finkenwerder Airbus facility (GOEP 2022, Hiitter 2023).

Due to low velocities and temporarily flooded tidal flats, particles as well as planktonic
organisms remain in this bay significantly longer compared to the main channel, where
tidal forces occur more intensively (Steidle and Vennell 2024). In particular, the mudflats
in the south-eastern part of the Miithlenberger Loch are significantly more productive than
the fine and coarse silt areas in the adjacent waterway (Kafemann 1992, leading to highest
densities of key zooplankton species Eurytemora affinis here (Fiedler 1991, Kafemann et al.
1996, Thiel 2001). During springtime E. affinis populations collapse due to massive
predation by higher trophic levels (top down), especially juvenile fishes (Kopcke 2002, Thiel
1990, Thiel 2011). Stable isotope analysis of juvenile smelt showed high proportions
derived from mesozooplankton in this area and a switch to larger prey afterwards (chapter
2). In other estuarine shallow zones from the UK, especially mysid shrimp N. integer exerts
the high predation pressure on E. affinis, while predation by fishes plays only a minor role
(Irvine et al. 1995).

The comparative abundance data of fish over the last 40 years showed that especially fishes
that use the Elbe estuary as a nursery area have strongly decreased in abundance overall
(chapter 6, section 8.3). Although smelt were still the most abundant species caught in the
Miuhlenberger Loch during our 2021/22 sampling, their abundance decreased by ~85%
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compared to the 2009/10. Mature twaite shad, which spawns in the adjacent Nef3sand area
(Magath 2013), was also caught most frequently here but declined overall in its abundance
(chapter 6).

Hypoxia events (<2 mg Oz/L) are often considered a severe environmental threat that
correlates with eutrophication (Carpenter etal. 1998, Geertsetal. 2017). The occurrence of
hypoxiain oceans, coasts and estuaries has been found to double every ten years since 1960
(Diaz and Rosenberg 2008). As smelt is known to be sensitive to pollution and hypoxia it
serves as an indicator species in terms of water quality (Thomas 1998, McCarthy et al.
2019). According to our findings, juvenile smelt are much more sensitive to changes in the
environment than adults (chapter 2). Earlier studies have shown that growth of juvenile
smelt is reduced at oxygen concentrations <4.5 mg/L (Sepulveda 1994). Persistent critical
oxygen levels <3 mg/L can evenlead to the destruction of an entire year class that may affect
the whole population in the estuary (Kohler 1981, Moller and Schulz 1991, Thiel et al.
1995). As hypoxic events have been detected in this area, particularly during the summer
months, we assume that low oxygen concentration is a major threat especially for juvenile
fishes (chapter 6). Furthermore, the impacts of climate change could further amplify anoxic
conditions, as recent studies suggest (e.g., Colombano et al. 2021). According to these,
more frequent and more extreme OMZs are to be expected in shallow coastal waters such
asestuaries. Therefore, especially young fishes can suffer from adverse conditions that leads
to higher mortality rates in the harbor region leading to less recruitment of local fish
populations.

Freshwater area upstream of the city of Hamburg - The freshwater area upstream of the
city of Hamburg was not examined by fishing activities during this study. However, in
chapter 4 we investigated carbon origins and trophic interactions in zooplankton including
the upstream station Bunthaus. We showed that the particulate organic matter (POM)
quality along the course of the river differs significantly, which further impacted higher
trophic levels (chapter 4). POM from the Elbe estuary that derived from fluvial origins are of
higher quality than POM derived from marine sources (chapter 4) supporting high
phytoplankton and zooplankton productivity (Malone et al. 1988, Barros et al. 2022).
Besides this, the freshwater area upstream of the city of Hamburg is unaffected by frequent
dredging activities that are mainly threatening the downstream area. Certain fish species
use this area for spawning (e.g., Sepulveda et al. 1993, Lozan and Kausch 1996, Thiel and
Potter 2001, Thiel and Thiel 2015) or feeding (Bos 1999).

The spawning grounds of the smelt are located upstream near Kohlbrandt at the Stiderelbe
and between Bunthaus and Fliegenberg (Lillelund 1961, Kohler 1981, Moller and
Diekwisch 1991, Sepulveda et al. 1993). Previous studies have described the upstream area
as an important nursery area for flounders and other fish species, especially in the summer
months (Thiel and Bos 1998, Bos 1999). Our investigations showed particularly high
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chlorophyll values here, especially in spring and summer, with peak values of up to 153
ug/L (chapter 4). Due to high quality C and high primary productivity as well as good habitat
conditions, such as shallow water regions, low turbidity and year-round reduced water
turnover, we assume that this habitat is still exploited by fishes. However, recent studies
have focused primarily on areas located downstream of the Hamburg port, but more recent
studies are essential to assess the current importance of these habitats for fishes.

177



References

Abdel-Tawwab, M., Monier, M. N., Hoseinifar, S. H., and C. Faggio. 2019. Fish response to hypoxia stress: growth, physiological, and
immunological biomarkers. Fish Physiology and Biochemistry. 45(3): 997-1013

Able, K. W. 2005. A re-examination of fish estuarine dependence: Evidence for connectivity between estuarine and ocean habitats.
Estuarine, Coastal and Shelf Science. 64(1): 5-17.

Abrantes, K. G., Johnston, R., Conolly, R. M., and M. Sheaves. 2015. Importance of mangrove carbon for aquatic food webs in wet-dry
tropical estuaries. Estuaries and Coasts. 38:383-399.

Ahlbert, 1.-B. 1969. The organisation of the cone cells in the retinae of four teleosts with different feeding habits (Perca fluviatilis L.,
Lucioperca lucioperca L., Acerina cernua L. and Coregonus albula L.). Arkiv for Zoologi. 22: 445-481

Ahlhorn, F. 2009. Long-term perspective in coastal zone development: Multifunctional coastal protection zones.
Aikaike, H. 1976. An information criterion (AIC). Journal of Mathematical Science. 14: 5-9.

Albert, A., Vetemaa, M., and T. Saat. 2006. Laboratory-based reproduction success of ruffe, Gymnocephalus cernuus (L.), in brackish water
is determined by maternal properties. Ecology of Freshwater Fish. 15: 105-110.

Altieri, A. H,, and K. B. Gedan. 2015. Climate change and dead zones. Global Change Biology. 21: 1395-1406.

Amann, T, Weiss, A., and J. Hartmann. 2012. Carbon dynamics in the freshwater part of the Elbe estuary, Germany: Implications of
improving water quality. Estuarine, Coastal and Shelf Science. doi:10.1016/j.ecss.2012.05.012

Amann, T., Weiss, A., and J. Hartmann. 2015. Inorganic carbon fluxes in the inner Elbe estuary, Germany. Estuarine, Coastal and Shelf
Science. 38:192-210.doi: 10.1007/s12237-014-9785-6

Amill, F., Gauthier, ], Rautio, M., and N. Derome. 2024. Characterization of gill bacterial microbiota in wild Arctic char (Salvelinus alpinus)
across  lakes, rivers, and bays in the Canadian Arctic ecosystems .  Microbiology  Spectrum.  12(3).
https://doi.org/10.1128/SPECTRUM.02943- 23/SUPPL FILE/SPECTRUM.02943-23-S0010.DOCX

Amin, M., Kumala, R. R. C,, Mukti, A. T., Lamid, M., and D. D. Nindarwi. 2022. Metagenomic profiles of core and signature bacteria in the
guts of white shrimp, Litopenaeus vannamei, with different growth rates. Aquaculture. 550: 737849.

Amundsen, P.-A., Gabler, H.-M.,and F. J. Staldvik. 1996. A new approach to graphical analysis of feeding strategy from stomach contents
data—modification of the Costello (1990) method. Journal of Fish Biology. 48: 607-614.

Andersen, A. K., Schou, J,, Sparrevohn, C. R., Nicolajsen, H., and J. G. Stgttrup. 2005. The quality of release habitat for reared juvenile
flounder, Platichthys flesus, with respect to salinity and depth. Fisheries Management and Ecology. 12(3): 211-219.

Ankjeerg, T, Christensen, J. T., and P. Grgnkjeer. 2012. Tissue-specific turnover rates and trophic enrichment of stable N and C isotopes
injuvenile Atlantic cod Gadus morhua fed three different diets. Marine Ecology Progress Series. doi:10.3354 /meps09871

Aprahamian, M. W., Bagliniere, J.-L., Sabatié, M. R., Alexandrino, P., Thiel, R,, and C. D. Aprahamian. 2003. Biology, status, and
conservation of the anadromous Atlantic twaite shad Alosa fallax fallax. American Fisheries Society Symposium. 2003, 103-124.

ARGE Elbe. 1984. Gewasserokologische Studie der Elbe. Hamburg: Wassergtitestelle Elbe, 98.
ARGE Elbe. 1999. Messprogramm 2000. Wassergtitestelle Elbe, 15.
ARGE Elbe. 2007. Elbe. Steckbrief Typ 20 (Subtyp Tideelbe): Sandgepragter, tidebeeinflusster Strom des Tieflandes: 16.

Baker, R. 1978. The evolutionary ecology of animal migration. Holmes & Meier, New York, 1024 pp.

178



Barbier, E. B., Hacker, S. D., Kennedy, C., Koch, E. W., Stier, A. C., and B. R. Silliman. 2011. The value of estuarine and coastal ecosystem
services. Ecological Monographs. 2: 169-193.

Barbut, L., Vastenhoud, B., Vigin, L., Degraer, S., Volckaert, F. A. M., and G. Lacroix. 2020. The proportion of flatfish recruitment in the
North Sea potentially affected by offshore windfarms. ICES Journal of Marine Science. 77(3): 1227-1237. doi:10.1093 /icesjms /fsz050

Barnett, A. J., Finlay, K., and Beisner, B. E. 2007. Functional diversity of crustacean zooplankton communities: towards a trait-based
classification. Freshwater Biology. doi:10.1111/j.1365-2427.2007.01733 %

Barros, A., Hobbs, J. A., Willmes, M., Parker, C. M., Bisson, M., Fangue, N. A., Rypel, A. L., and L. S. Lewis. 2022. Spatial heterogeneity in
prey availability, feeding success, and dietary selectivity for the threatened longfin smelt. Estuaries and Coasts. 45(6): 1766-1779.

Barth, J. A. C., Stichler, W., Bergemann, M., and H. Reincke. 2006: Can conductivity and stable isotope tracers determine water sources
during flooding? An example from the Elbe River in 2002. International Journal of. River Basin Management. 4(2): 77-83.

Baskerville-Bridges, B., Lindberg, J. C., and S. I. Doroshov. 2004. The effect of light intensity, alga concentration, and prey density on the
feeding behavior of delta smelt larvae. American Fisheries Society Symposium. 39: 219-227.

Bauer, J. E., Cai, W.-J.,, Raymond, P. A., Bianchi, T. S., Hopkinson, C. S.,,and P. A. G. Regnier. 2013. The changing carbon cycle of the coastal
ocean. Nature. 504:61-70.doi:10.1038/nature12857

Bearhop, S., Adams, C. E., Waldron, S., Fuller, R. A., and H. MacLeod. 2004. Determining trophic niche width: a novel approach using
stable isotope analysis. Journal of Animal Ecollogy. 73:1007-1012.

Behrmann-Godel,J., and R. Eckmann. 2003. A preliminary telemetry study of the migration of silver European eel (Anguilla anguilla L.)
in the River Mosel, Germany. Ecology of Freshwater Fish. 12(3), 196-202.

Bell,R.J. 2006. Overwintering ecology of young-of-the-year winter flounder in Narragansett Bay, Rhode Island. Doctoral thesis. University
of Rhode Island.

Bell, A. G., McMurtrie, J., Bolanos, L. M., Cable, J., Temperton, B., and C. R. Tyler. 2024. Influence of host phylogeny and water
physicochemistry on microbial assemblages of the fish skin microbiome. FEMS Microbiology Ecology. 100(3): 21.

Benfield, M. C. 2012. Estuarine Zooplankton. Estuarine Ecology,.doi:10.1002/9781118412787.ch11

Benstead, ]. P, March, . G., Fry, B., Ewel, K. C,,and C. M. Pringle. 2006. Testing isosource: stable isotope analysis of a tropical fishery with
diverse organic matter sources. Ecology. 87: 326-333.

Bergemann, M., Blocker, G., Harms, H., Kerner, M., Meyer-Nehls, R., Petersen, W. and F. Schroeder. 1996. Der Sauerstoffhaushalt der
Tideelbe. Die Kiiste, 12.

Bernat, N., Képcke, B., Yasseri, S., Thiel, R., and K. Wolfstein. 1994. Tidal variation in bacteria, phytoplankton, zooplankton, mysids, fish
and suspended particulate matter in the turbidity zone of the Elbe estuary; interrelationships and causes. Netherlands Journal of Aquatic
Ecology. 28 (3-4): 467-476.

Bi, B, Yuan, VY., Jia, D, Jiang, W., Yan, H., Yuan, G., and Y. Gao. 2023. Identifition and pathogenicity of emerging fish pathogen
Acinetobacter johnsonii from a disease outbreak in rainbow trout (Oncorhynchus mykiss). Aquaculture Research.

d0i:10.1155/2023/1995494

Bilkovic,D. M. 2011. Response of tidal creek fish communities to dredging and coastal development pressures in a shallow-water estuary.
Estuaries and Coasts. 34:129-147.

Boecklen, W.]., Yarnes,C. T.,Cook,B. A, and A.C.James. 2011. On the use of stable isotopes in trophic ecology. Annual Review of Ecology,
Evolution, and Systematics. 42:411-440.

179



Borchardt, D. 1988. Long-term correlation between the abundance of smelt, (Osmerus eperlanus eperlanus L.), year classes and abiotic
environmental conditions during the period of spawning and larval development in the Elbe River. Archiv fir Fischereiwissenschaft. 38
(3):191-202.

Borsa, P, Blanquer, A., and P. Berrebi. 1997. Genetic structure of the flounders Platichthys flesus and P. stellatus at different geographic
scales. Marine Biology. 129:233—-246.

Bos, A. R. 1999. Tidal transport of flounder larvae (Pleuronectes flesus) in the Elbe River. Germany. Archives of Fishery and Marine
Research. 47:47-60.

Bos, A.R.,and R. Thiel. 2006. Influence of salinity on the migration of postlarval and juvenile flounder (Pleuronectes flesus L.) in a gradient
experiment. Journal of Fish Biology. 68: 1411-1420.

Bos, A.R., Thiel, R.,and W. Nellen. 1995. Distribution and transport mechanism of the upstream migrating flounder larvae, Pleuronectes
flesus Linneaus 1758, in the tidal River Elbe, Germany. ICESC. M. 1995 . M:41.

Bosley, K. L., and S. C. Wainright. 1999. Effects of preservatives and acidification on the stable isotope ratios (*’N:**N, **C:**C) of two
species of marine animals. Canadian Journal of Fisheries and Aquatic Sciences. 56: 2181-2185.

Bouillon, S., Mohan, P., Sreenivas, N., and F. Dehairs. 2000. Sources of suspended organic matter and selective feeding by zooplankton in
an estuarine mangrove ecosystem as traced by stable isotopes. Marine Ecology Progress Series 208: 79-92.

Boynton, W. R, Ceballos, M. A. C,, Bailey, E. M., Hodgkins, C. L. S, Humphrey, J. L., and J. M. Testa. 2018. Oxygen and nutrient exchanges
at the sediment-water interface: a global synthesis and critique of estuarine and coastal data. Estuaries and Coasts. 41: 301-333.

Breine, J.,, Maes, ], Ollevier, F., and M. Stevens. 2011. Fish assemblages across a salinity gradient in the Zeeschelde estuary (Belgium).
Belgian Journal of Zoology. 141(2): 21-44.

Breitburg, D., Levin, L. A,, Oschlies, A., Grégoire, M., Chavez, F. P., Conley, D. ], Garcon, V., Gilbert, D, Gutiérrez, D., Isensee, K., Jacinto, G.
S.,Limburg, K. E.,, Montes, I, Nagvi, S. W. A, Pitcher, G. C., Rabalais, N. N, Roman, M. R., Rose, K. A., Seibel, B. A., et al. 2018. Declining
oxygen in the global ocean and coastal waters. Science. 359(6371). https://doi.org/10.1126/SCIENCE. AAM7240/ASSET/3F139776-
C4A0-4A9E-AOD5- 0A5386D826BD/ASSETS/GRAPHIC/359 AAM7240 F6.JPEG

Briand, C., Bonhommeau, S, Castelnaud, G., and L. Beaulaton. 2007. An appraisal of historical glass eel fisheries and markets: landings,
trade routes and future prospect for management.

Brodie, C. R., Leng, M. ], Casford, J. S. L., Kendrick, C. P, Lloyd, J. M., Yonggiang, Z., and M. . Bird. 2011. Evidence for bias in C and N
concentrationsand 6'*C composition of terrestrial and aquatic organic materials due to pre-analysis acid preparation methods. Chemical
Geology. 282:67-83.d0i:10.1016/j.chemgeo.2011.01.007

Brown, S. C., Bizzarro, J. ], Cailliet, G. M., and D. A. Ebert. 2012. Breaking with tradition: redefining measures for diet description with a
case study of the Aleutian skate Bathyraja aleutica (Gilbert 1896). Environmental Biology of Fishes. doi: 10.1007/s10641-011-9959-z

Bruton, M. N. 1985. The effects of suspensoids on fish. Hydrobiologia. 125(1), 221-241.

Buchheister, A, and R.]J. Latour. 2010. Turnover and fractionation of carbon and nitrogen stable isotopes in tissues of a migratory coastal
predator, summer flounder (Paralichthys dentatus). doi:10.1139/F09-196, 67(3): 445-461.

Bulmer, R. H., Stephenson, F., Jones, H. F. E., Townsend, M., Hillman, J. R, Schwendenmann, L., and C. J. Lundquist. 2020. Blue carbon
stocks and cross-habitat subsidies. Frontiers in Marine Science. 7: 380. doi:10.3389/fmars.2020.00380

Cabana, G.,and]J. B. Rasmussen. 1996. Comparison of aquatic food chains using nitrogen isotopes. Proceedings of the National Academy
of Sciences. 93: 10844-10847.

Callahan, B. J,, McMurdie, P. ], Rosen, M. J., Han, A. W., Johnson, A. J. A, and S. P. Holmes. 2016. DADA2: high-resolution sample
inference from [llumina amplicon data. Nature Methods. 13(7): 581-583.

180



Campos, W. L., Kloppmann, M., and H. von Westernhagen. 1994. Inferences from the horizontal distribution of dab Limanda limanda (L.)
and flounder Platichthys flesus (L.) larvae in the south-eastern North Sea. Netherlands Journal of Sea Research. 32 (3/4): 277-286.

Cao, S, Geng, Y., Yu, Z., Deng, L., Gan, W., Wang, K., Ou, Y., Chen, D., Huang, X., Zuo, Z., He, M., and W. Lai. 2018. Acinetobacter lwoffii, an
emerging pathogen for fish in Schizothorax genus in China. Transboundary and Emerging Diseases. 65(6), 1816-1822.

Carabel, S., Godinez-Dominguez, E., Verisimo, P., Ferndndez, L., and J. Freire. 2006. An assessment of sample processing methods for
stable isotope analyses of marine food webs. Journal of Experimental Marine Biology and Ecology. 336: 254-261.
d0i:10.1016/j.jembe.2006.06.001

Carpenter, S. R, Caraco, N. F,, Correll, D. L., Howarth, R. W., Sharpley, A. N., and V. H. Smith. 1998. Nonpoint pollution of surface waters
with phosphorus and nitrogen. Ecological Applications: 8: 559-568.

Carr, E. L., Kampfer, P., Patel, B. K. C., Giirtler, V., and R. J. Seviour. 2003. Seven novel species of Acinetobacter isolated from activated
sludge. International Journal of Systematic and Evolutionary Microbiology. 53(4): 953-963.

Carreon-Martinez, L. and D. D. Heath. 2010. Revolution in food web analysis and trophic ecology: diet analysis by DNA and stable isotope
analysis. Molecular Ecology. 19: 25-27.

Carstens, M., Claussen, U., Bergemann, M., and T. Gaumert. 2004. Transitional waters in Germany: the Elbe estuary as an example.
Aquatic Conservation: Marine and Freshwater Ecosystems. 14 (S1): 81-92.

Chandrarathna, H. P. S. U., Nikapitiya, C., Dananjaya, S. H. S., Wijerathne, C. U. B., Wimalasena, S. H. M. P, Kwun, H. J., Heo, G. ], Lee, ],
and M. De Zoysa. 2018. Outcome of co-infection with opportunistic and multidrug resistant Aeromonas hydrophila and A. veronii in
zebrafish: Identification, characterization, pathogenicity and immune responses. Fish and Shellfish Immunology. 80: 573-581.

Chanton, J. P., and F. G. Lewis. 1999. Plankton and dissolved inorganic carbon isotopic composition in a river-dominated estuary:
Apalachicola Bay, Florida. Estuaries. 22: 575-583. d0i:10.2307/1353045

Chapman, B. B., Skov, C., Hulthén K., Brodersen, J., Nilsson, P. A., Hansson, L. A., and C. Bronmark. 2012. Partial migration in fishes:
causes and consequences. Journal of Fish Biology. 81: 456-478.

Chemagin, A. A. 2023. Winter refuge for freshwater fish. E3S Web of Conferences. 390. 07008.

Chen, D., Wei, Z.,, Wang, Z,, Yang, Y., Chen, L., Wang, X., and L. Zhao. 2022. Long-term exposure to nanoplastics reshapes the microbial
interaction network of activated sludge. Environmental Pollution. 314. doi:10.1016/j.envpol.2022.120205

Chiasson, A. G. 1993. The effects of suspended sediment on rainbow smelt (Osmerus mordax): a laboratory investigation. Canadian
Journal of Zoology. 71(12):2419-2424.

Cloern,]. E., Canuel, E. A, and D. Harris. 2002. Stable carbon and nitrogen isotope composition of aquatic and terrestrial plants of the San
Francisco Bay estuarine system. Limnology and Oceanography. 47: 713-729.

Cloern, J. E., Abreu, P. C., Carstensen, J., Chauvaud, L., Elmgren, R., Grall, J., Greening, H., Johansson, J. O. R., Kahru, M., Sherwood, E. T,
Xu,J.,and K. Yin. 2016. Human activities and climate variability drive fast-paced change across the world's estuarine-coastal ecosystems.
Global Change Biology. 22: 513-529.

Cole, M. L., I. Valiela, K. D. Kroeger, G. L. Tomasky, J. Cebrian, C. Wigand, R. A. McKinney, S. P. Grady and M. H. C. da Silva. 2004.
Assessment of a delta N-15 isotopic method to indicate anthropogenic eutrophication in aquatic ecosystems. Journal of Environmental
Quality. 33:124-132.

Collins. 1979. Collins English Dictionary. Collins, London & Glasgow, 1690 pp.

Colombano, D. D., Handley, T. B, O'Rear, T. A., Durand, J. R., and P. B. Moyle. 2021a. Complex Tidal Marsh Dynamics Structure Fish
Foraging Patterns in the San Francisco Estuary. Estuaries and Coasts. doi:10.1007/s12237-021-00896-4

181



Colombano, D. D., Litvin, S. Y., Ziegler, S. L., Alford, S. B., Baker, R., Barbeau, M. A, Cebrian, J., Connolly, R. M., Currin, C. A., Deegan, L. A,
Lesser, J. S., Martin, C. W., McDonald, A. E., McLuckie, C., Morrison, B. H., Pahl,J. W, Risse, L. M., Smith, J. A. M., Staver, L. W., Turner, R.
E. and N. J. Waltham. 2021b. Climate change implications for tidal marshes and food web linkages to estuarine and coastal nekton.
Estuaries and Coasts. doi:10.1007/s12237-020-00891-1

Compson, Z. G, Monk, W. A., Hayden, B., Bush, A, O'Malley, Z., Hajibabaei, M., Porter, T. M., Wright, M. T. G., Baker, C. J. O., Al Manir, M.
S., Curry, R. A, and D. ], Baird. 2019. Network-based biomonitoring: Exploring freshwater food webs with stable isotope analysis and
DNA metabarcoding. Frontiers in Ecology and Evolution. 7: 395. doi: 10.3389/fev0.2019.00395

Conley, D.],, Carstensen, J., Vaquer-Sunyer, R. and C. M. Duarte. 2009. Ecosystem thresholds with hypoxia. Hydrobiologia. doi:10.1007/
$10750-009-9764-2

Constanza, R., Kemp, W. M., and W. R. Boynton. 1993. Predictability, scale, and biodiversity in coastal and estuarine ecosystems:
Implications for management. Ambio. 22: 2-3.

Cottingham, A, Huang, P., Hipsey, M. R., Hall, N. G., Ashworth, E., Williams, J., and .C. Potter. 2018. Growth, condition, and maturity
schedules of an estuarine fish species change in estuaries following increased hypoxia due to climate change. Ecology and Evolution.
8(14): 7111-7130.

Cunjak, R. A., Roussel, J. M., Gray, M. A., Dietrich, J. P., Cartwright, D. F., Munkittrick, K. R, and T. D. Jardine. 2005. Using stable isotope
analysis with telemetry or mark- recapture data to identify fish movement and foraging. Oecologia. 144: 636-646.

Dahl, E. 1956. Ecological salinity boundaries in poikilohaline waters. Oikos. 7(I): 1-21.

Dahnke, K., Bahlmann, E., and K. Emeis. 2008. A nitrate sink in estuaries? An assessment by means of stable nitrate isotopes in the Elbe
estuary. Limnology and Oceanography. 53(4): 1504-1511.

Dahnke, K., Emeis, K., Johannsen, A., and B. Nagel. 2010. Stable isotope composition and turnover of nitrate in the German Bight. Marine
Ecology Progress Series. 408: 7-18. doi: 10.3354 /meps08558

Dalerum, F., and A. Angerbjorn. 2005. Resolving temporal variation in vertebrate diets using naturally occurring stable isotopes.
Oecologia. 144: 647-658.

Das, K., Lepoint, G., Leroy, Y., and J. M. Bouquegneau.2003. Marine mammals from the southern North Sea. Feeding ecology data from
§'3C and 6N measurements. Marine Ecology Progress Series. 263: 287-298.

Daverat, F., Morais, P, Dias, E., Babaluk, J., Martin, J., Eon, M., Fablet, R., Pécheyran, C., and C. Antunes. 2012. Plasticity of European
flounder life history patterns discloses alternatives to catadromy. Marine Ecology Progress Series. 465: 267-280. doi:
10.3354/meps09910

David, V., Sautour, B., Galois, R., and P. Chardy. 2006. The paradox high zooplankton biomass-low vegetal particulate organic matter in
high turbidity zones: What way for energy transfer? Journal of Experimental Marine Biology and Ecology. 333: 202-218.

David, V., Selleslagh, J., Nowaczyk, A., Dubois, S., Bachelet, G., Blanchet, H., Gouillieux, B., et al. 2016. Estuarine habitats structure
zooplankton communities: Implications for the pelagic trophic pathways. Estuarine, Coastal and Shelf Science. 179: 99-111.

Davis, A. M., Blanchette, M. L., Pusey, B. J., Jardine, T. D., and R. G. Pearson. 2012. Gut content and stable isotope analyses provide
complementary understanding of ontogenetic dietary shifts and trophic relationships among fishes in a tropical river. Freshwater
Biology. 57:2156-2172.d0i:10.1111/j.1365-2427.2012.02858.x

Day,]. W.,B. C. Crump, W. M. Kemp and A. Yanez-Arancibia. 2013. Estuarine Ecology. Second edition. Wiley-Blackwell. A John Wiley &
Sons, Inc. Publication.

De Céceres, M., and P. Legendre. 2009. Associations between species and groups of sites: indices and statistical inference. Ecology.
90(12): 3566-3574.

182



de Carvalho, D. R, Parreira, D. M., de Castro, D. M. P., Callisto, M., Moréira, M. Z., and P. S. Pompeu. 2017. The trophic structure of fish
communities from streams in the Brazilian Cerrado under different land uses: an approach using stable isotopes. Hydrobiologia. 795(1):
199-217.

De Jonge, V. N., and J. E. E. Van Beusekom. 1992. Contribution of resuspended microphytobenthos to total phytoplankton in the EMS
estuary and its possible role for grazers. Netherlands Journal of Sea Research. 30: 91-105.

De Lecea, A. M., Cooper, R., Omarjee, A.,and A. J. Smit. 2011. The effects of preservation methods, dyes and acidification on the isotopic
values (6N and &C) of two zooplankton species from the KwaZulu-Natal Bight, South Africa. Rapid Communications in Mass
Spectrometry. 25:1853-1861.

de Macedo, G. H. R. V., da Silva Castro, J., de Jesus, W. B., Costa, A. L. P., do Carmo Silva Ribeiro, R., de Jesus Roland Pires, S., de Cassia
Mendonca Miranda, R., da Cunha Aratjo Firmo, W., da Silva, L. C. N, Costa Filho, R. N. D., Carvalho Neta, R. N. F., and D. B. P. Pinheiro

Sousa. 2024. Histological biomarkers and microbiological parameters of an estuarine fish from the Brazilian Amazon coast as potential
indicators of risk to human health. Environmental Monitoring and Assessment. 196(7): 1-15.

Debus, L. and H. M. Winkler. 1996. Frischmasserekonstruktion mit dem Programm FINA. Hinweise zur computergestiitzten
Auswertung von Nahrungsanalysen. Rostocker Meeresbiologische Beitrage 4: 97-110.

DeNiro, M. J., and Epstein, S. 1976. You are what you eat (plus a few %o): the carbon isotope cycle in food chains. Geological Society of
America Abstracts with Programs. 8: 834-835.

DeNiro, M. J.,and Epstein, S. 1978. Influence of diet on the distribution of carbon isotopes in animals. Geochimica et Cosmochimica Acta.
42:495-506.

DeNiro, M. ].,and S. Epstein. 1981. Influence of diet on the distribution of nitrogen isotopes in animals. Geochimica et Cosmochimica.
doi:10.1016/0016-7037(81)90244-1

Deutsch, B., Voss, M. and H. Fischer. 2009. Nitrogen transformation processes in the Elbe River: Distinguishing between assimilation and
denitrification by means of stable isotope ratios in nitrate. Aquatic Science. 71: 228-237.

Diaz,R.J.,and R. Rosenberg. 2008. Spreading dead zones and consequences for marine ecosystems. Science. 321 (5891): 926-929.

Dierking, R. 1992. Die Fischfauna im Landschaftsschutzgebiet Mithlenberger Loch. -Gutachterliche Stellungsnahme. Hamburg. 10 S.

Diercking, R.,and L. Wehrmann. 1991. Artenschutzprogramm. Fische und Rundmauler in Hamburg.

Disler, N.N.,and S. A. Smirnov. 1977. Sensory organs of the lateral-line canal system in two percids an their importaince in behavior.
Journal of the Fisheries Research Board of Canada. 34: 1492-1503.

Doi, H., Matsumasa, M., Toya, T., Satoh, N., Mizota, C., Maki, Y., and E. Kikuchi. 2005. Spatial shifts in food sources for macrozoobenthos
in an estuarine ecosystem: Carbon and nitrogen stable isotope analyses. Estuarine, Coastal and Shelf Science. 64: 316-322.

Dolbeth, M., Martinho, F., Leitao, R., Cabral, H., and M. A. Pardal. 2008. Feeding patterns of the dominant benthic and demersal fish
community in a temperature estuary. Journal of Fish Biology. 72: 2500-2517.

Donazar-Aramendia, [, Sanchez-Moyano, J. E., Garcia-Asencio, I., Miré, J. M., Megina, C.,and J. C. Garcia-Gomez. 2019. Human pressures
on two estuaries of the Iberian Peninsula are reflected in food web structure. Scientific Reports. doi: 10.1038/s41598-019-47793-2

Dorjes, J., and H.-E. Reinbeck 1981. Eine Elbstrombucht mit StifSwasserwatten. Natur und Museum. 111(9): 275-285.

Drabble, R. 2012. Monitoring of East Channel dredge areas benthic fish population and its implications. Marine pollution bulletin. 64(2):
363-372.

Ducrotoy, J.-P., Elliott, M., Cutts, N., Franco, A., Little, S., Mazik, K., and M. Wilkinson. 2019. Temperate estuaries: Their ecology under
future environmental changes. pp. 577-594.

183



Durbec, M., Cavalli, L., Grey, J., Chappaz, R., and B. N. The. 2010. The use of stable isotopes to trace small-scale movements by small fish
species. Hydrobiologia. doi:10.1007/s10750-009-0051-z

Eckmann, R. 2004. Overwinter changes in mass and lipid content of Perca fluviatilis and Gymnocephalus cernuus. Journal of Fish Biology..
65:1498-1511.

Egan, S., and M. Gardiner. 2016. Microbial dysbiosis: Rethinking disease in marine ecosystems. Frontiers in Microbiology. 7.
doi:10.3389/FMICB.2016.00991

Egerton, S., Culloty, S., Whooley, J., Stanton, C., and R. P. Ross. 2018. The gut microbiota of marine fish. Frontiers in Microbiology. 9.
doi:10.3389/FMICB.2018.00873

Ehrenbaum, E. 1894. Beitrage zur Naturgeschichte einiger Elbfische. In: Kommission zur wissenschaftlichen Untersuchung der
deutschen Meere in Kiel, Biologische Anstalt auf Helgoland, Wissenschaftliche Meeresuntersuchungen. 1. Verlag von Lipsius and
Tischer, Kiel. 35-82.

Eick, D. 2015. A spatial-temporal analysis of the fish fauna structure of the Elbe estuary. Doctoral thesis. University of Hamburg.

Eick,D.,andR. Thiel. 2014. Fish assemblage patternsin the Elbe estuary: guild composition, spatial and temporal structure, and influence
of environmental factors. Marine Biodiversity. doi:10.1007/s12526-014-0225-4

Elliott M., and F. Dewailly. 1995. The structure and components of European estuarine fish assemblages. Netherland Journal of Aquatic
Ecology. 29:397-417, from https://api.semanticscholar.org/CorpusID:39348354.

Elliot, M., and K. Hemingway. 2002. Fishes in estuaries. Blackwell Science Ltd. doi:10.1002/9780470995228

Elliot, M., and D. McLusky. 2002. The need for definitions in understanding estuaries. Estuarine, Coastal and Shelf Science.
d0i:10.1006/ecss.2002.1031

Elliott, M., and V. Quintino. 2007. The Estuarine Quality Paradox, Environmental Homeostasis and the difficulty of detecting
anthropogenic stress in naturally stressed areas. Marine Pollution Bulletin. doi: 10.1016 /j.marpolbul.2007.02.003

Elliott, M., Whitfield, K. A,, Potter, C. I, Blaber, J. M. S., Cyrus, P. D., Nordlie, G. F., and D. T. Harrison. 2007. The guild approach to
categorizing estuarine fish assemblages: A global review. Fish and Fisheries. 8: 241-268.

Elser, . J., Fagan, W. F., Denno, R. F., Dobberfuhl, D. R,, Folarin, A., Huberty, A., Interlandi, S,, Kilham, S. S., McCauley, E., Schulz, K. L,
Siemann, E. H., and R. W. Sterner. 2000. Nutritional constraints in terrestrial and freshwater food webs. Nature. 408: 578-580.

Erfanmanesh, A., Beikzadeh, B., Mohseni, F. A., Nikaein, D., and T. Mohajerfar. 2019. Ulcerative dermatitis in barramundi due to
coinfection with Streptococcus iniae and Shewanella algae. Diseases of Aquatic Organisms. 134(2): 89-97.

Fairbridge, R. W. 1980. The estuary: its definition and geochemical role. Chemistry and Geochemistry of Estuaries (Olausson, E. & Cato,
I, eds). John Wiley, New York, pp. 1-35.

Fan,S. Li,H,andR. Zhao. 2020. Effects of normoxic and hypoxic conditions on the immune response and gut microbiota of Bostrichthys
sinensis. Aquaculture. 525.doi:10.1016/j.aquaculture.2020.735336

Federal Waterways and Shipping Agency (WSV). 2023. River discharge Neu Darchau. https://www.kuestendaten.de/Tideelbe/ (Accessed
17 April 2024).

Feyrer, F,, Nobriga, M., and T. Sommer. 2007. Multi-decadal trends for three declining fish species: habitat patterns and mechanisms in
the San Francisco Estuary, California, USA. Canadian Journal of Fisheries and Aquatic Sciences. 64: 723-734.

FGG-Elbe. 2021. Strategiepapier der FGG Elbe zur Koordinierung der Uberwachung an ausgewdhlten Uberblicksmessstellen fiir
Oberflachenwasserkorper des deutschen Elbestroms und bedeutender Nebenfliisse. Herausgeber Flussgebietsgemeinschaft Elbe. 31.

184



FGG-Elbe. 2024. Data portal of the FGG-Elbe: www.fgg-elbe.de.; Accessed 15.02.2024.

Fiedler, M. 1991. Die Bedeutung von Makrozoobenthos und Zooplankton der Unterelbe als Fischnahrung (The importance of
macrozoobenthos and zooplankton of the Lower Elbe as food for fish). Doctoral thesis. Universitat Hamburg. 1-226 pp.

Finlay, J. C., and C. Kendall. 2007. Stable isotope tracing of temporal and spatial variability in organic matter sources to freshwater
ecosystems. In Stable Isotopes in Ecology and Environmental Science. Second, pp. 283-333. Ed. by R. Michener and K. Lajtha. Wiley-
Blackwell, Oxford. doi:10.1002/9780470691854.ch10.

Fockedey, N., and J. Mees. 1999. Feeding of the hyperbenthic mysid Neomysis integer in the maximum turbidity zone of the Elbe,
Westerschelde and Gironde estuaries. Journal of Marine Systems. 22: 207-228.

Francescangeli, F., Milker, Y., Bunzel, D., Thomas, H., Norbisrath, M., Schonfeld, ., and G. Schmiedl. 2021. Recent benthic foraminiferal
distribution in the Elbe Estuary (North Sea, Germany): A response to environmental stressors. Estuarine, Coastal and Shelf Science. doi:
10.1016/j.ecss.2021.107198

Franco, A., Elliott, M., Franzoi, P., and P. Torricelli. 2008. Life strategies of fishes in European estuaries: the functional guild approach.
Marine Ecology Progress Series. 354:219—-228.

Francpis-Etienne, S., Nicolas, L., Eric, N., Jaqueline, C., Pierre-Luc, M., Sidki, B., Aleicia, H., Danilo, B., Luis, V. A., and D. Nicolas. 2023.
Important role of endogenous microbial symbionts of fish gills in the challenging but highly biodiverse Amazonian blackwaters. Nature
Communications. 14(1): 1-15.

Franek, D. 1988. 0+ smelt (Osmerus eperlanus L.) and herring (Clupea harengus L.) in the food chain of the Barther Bodden. ICES
Symposium. 1988 BAL/19.

Fricke, K., Baschek, B., Jenal, A., Kneer, C., Weber, I, Bongartz, J., Wyrwa, J., and A. Schol. 2021. Observing water surface temperature from
two different airborne platforms over temporarily flooded Wadden areas at the Elbe estuary - methods for corrections and analysis.
Remote Sensing. doi: 10.3390/1s13081489

Friese, J. D. S. 2020. An empirical evaluation of the quality of salt marshes for nekton in the Wadden Sea. Doctoral thesis. University of
Hamburg.

Froese, R. and D. Pauly. 2022. FishBase.: World Wide Web electronic publication.

Fry, B. 1988. Food web structure on Georges Bank from stable C, N, and S isotopic compositions. Limnology and Oceanography. 33(5):
1182-1190.

Fry, B. 2002. Conservative mixing of stable isotopes across estuarine salinity gradients: A conceptual framework for monitoring
watershed influences on downstream fisheries production. Estuaries. 25(2):264 -271.

Fry, B. 2006. Stable isotope ecology. New York, NY: Springer.

Fry,B.2013. Using stable CNS isotopes to evaluate estuarine sheries condition and health. Isotopes in Environmental and Health Studies.
49(3): 295-304.

Fry, B., and E. B. Sherr 1984. §"3C measurements as indicators of carbon flow in marine and freshwater ecosystems.Contributions in
Marine Science.27:13-47.

Fuller, B. T., Mildner, G., Van Neer, W., Ervynck, A., and M. P. Richards. 2012. Carbon and nitrogen stable isotope ratio analysis of

freshwater, brackish and marine fish from Belgian archaeological sites (1% and 2™ millennium AD). Journal of Analytical Atomic
Spectrometry. 27: 807.

Gasparini, S., and J. Castelt. 1997. Autotrophic and heterotrophic nanoplankton in the diet of the estuarine copepods Eurytemora affinis
and Acartia bifilosa. Journal of Plankton Research. 19: 877-890.

185



Gasparini, S., Castel, J., and X. Irigoien. 1999. Impact of suspended particulate matter on egg production of the estuarine copepod,
Eurytemora affinis. Journal of Marine Systems. 22: 195-205.

Gearing, J. N,, Gearing, P. J., Rudnick, D. T, Requejo, A. G., and M. J. Hutchins. 1984. Isotopic variability of organic carbon in a
phytoplankton-based, temperate estuary. Geochimica et Cosmochimica Acta. 48: 1089-1098.

Geerts, L., T. Cox, J. S., Maris, T., Wolfstein, K., Meire, P., and K. Soetaert. 2017. Substrate origin and morphology differentially determine
oxygen dynamics in two major European estuaries, the Elbe and the Schelde. Estuarine, Coastal and Shelf Science.
d0i:10.1016/j.ecs5.2017.04.009

Ghosh, S.K.,, Wong, M. K. S., Hyodo, S., Goto, S.,and K. Hamasaki. 2022. Temperature modulation alters the gut and skin microbial profiles
of chum salmon (Oncorhynchus keta). Frontiers in Marine Science. 9. doi:10.3389/FMARS.2022.1027621 /BIBTEX

Gibson, R. N. 1994. Impact of habitat quality and quantity on the recruitment of juvenile flatfish. Netherlands Journal of Sea Research.
32:191-206.

Gilarranz, L. J., Mora, C., and J. Bascompte. 2016. Anthropogenic effects are associated with a lower persistence of marine food webs.
Nature Communications. 7(1): 10737.

Gloor, G. B, Macklaim, J. M., Pawlowsky-Glahn, V., and J. J. Egozcue. 2017. Microbiome datasets are compositional: And this is not
optional. In Frontiers in Microbiology. doi:10.3389/fmicb.2017.02224

GOEP (Gesellschaft fiir ckologische Planung e.V.). 2022. https://www.goep.hamburg/nesssand/. (Accessed 22nd Oktober 2022):
Naturschutzgebiet Miihlenberger Loch / Nefsand.

Goering, J., V. Alexander, and N. Haubenstock. 1990. Seasonal variability of stable carbon and nitrogen isotope ratios of organisms in a
North Pacific Bay. Estuarine, Coastal and Shelf Science. 30: 239-260.

Gomez, D., Sunyer,]. O.,and L. Salinas. 2013. The mucosal immune system of fish: The evolution of tolerating commensals while fighting
pathogens. Fish and Shellfish Immunology. 35(6): 1729-1739.

Gronkjeer, P, Pedersen, . B., Ankjeerg, T. T., Kjeldsen, H., Heinemeier, ], Steingrund, P., Nielsen, J. M., and J. T. Christensen. 2013. Stable
N and C isotopes in the organic matrix of fish otoliths: Validation of a new approach for studying spatial and temporal changes in the

trophic structure of aquatic ecosystems. Canadian Journal of Fisheries and Aquatic Sciences. 70(2): 143-146.

Guelinckx, J., Maes, ., De Brabandere, L., Dehairs, F., Ollevier, F., Guelinckx, J., Maes, J., De Brabandere, L., Dehairs, F., and F. Ollevier. 2006.
Migration dynamics of clupeoids in the Schelde estuary: A stable isotope approach. ECSS. 66(3-4): 612-623.

Guelinckx, J., Maes, J., Geysen, B., and F. Ollevier. 2008. Estuarine recruitment of a marine goby reconstructed with an isotopic clock.
Oecoligia. 157: 41-52.

Gutsch, M., and J. Hoffman. 2016. A review of Ruffe (Gymnocephalus cernua) life history in its native versus non-native range. Reviews in
Fish Biology and Fisheries. 26(2): 213-233.

Gutt, J. 1985. The growth of juvenile flounders (Platichthys flesus L.) at salinities of O, 5, 15 and 35 %. Journal of Applied Ichthyology. 1:
17-26.

Haedrich, R. L. 1983. Estuarine fishes. In: Estuaries and Enclosed Seas (ed. B. Ketchum). Elsevier, Amsterdam, pp. 183-207.
Hafen Hamburg Marketing e. V. 2024. https://www.hafen-hamburg.de/de/special/fahrrinnenanpassung/. Accessed 14 August 2024.

Hajdas, I. 2008. Radiocarbon dating and its applications in Quaternary studies. Eiszeitalter und Gegenwart. Quaternary Science Journal.
57(1-2):1-24.

Halet, D., Defoirdt, T., Van Damme, P., Vervaeren, H., Forrez, I., Van De Wiele, T., Boon, N., Sorgeloos, P., Bossier, P, and W. Verstraete.
2007. Poly-B-hydroxybutyrate-accumulating bacteria protect gnotobiotic Artemia franciscana from pathogenic Vibrio campbellii. FEMS

Microbiology Ecology. 60(3): 363-369.

Hafen Hamburg Marketing e.V. 2014. https://www.hafen-hamburg.de/de/special/fahrrinnenanpassung/. Accessed August 2024.

186



Hamburg Port Authority (HPA). 2022. Auswirkungsprognose fiir die Verbringung von Baggergut zur Verbringstelle ,Hamburger
Auflenelbe” bei Elbe-km 749. https://www.hamburg-port-authority.de/fileadmin/user_upload/aphhae2022.pdf (Accessed 1 July
2024).

Hamerlynck, O., and J. Mees. 1991. Temporal and spatial structure in the hyperbenthic community of a shallow coastal area and its
relation to environmental variables. Oceanologica Acta. 205-212.

Hamerlynck, O., and K. Hostens. 1994. Changes in the fish fauna of the Oosterschelde estuary - a ten-year time series of fyke catches.
Hydrobiologia. 282/283:497-507.

Hammar, J., Axenrot, T., Degerman, E., Asp, A,, Bergstrand, E., Enderlein, O., Filipsson, O., and E. Kylberg. 2018. Smelt (Osmerus
eperlanus): Glacial relict, planktivore, predator, competitor, and key prey for the endangered Artcic char in Lake Vittern, southern
Sweden. Journal of Great Lakes Research. 44: 126-139.

Hammerschlag-Peyer, C. M., Yeager, L. A., Aradjo, M. S., and C. A. Layman. 2011. A hypothesis-testing framework for studies
investigating ontogenetic niche shifts using stable isotope ratios. PLoS ONE. doi: 10.1371 /journal.pone.0027104

Han, Q. Zhang, X., Chang, L., Xiao, L., Ahmad, R., Saha, M., Wu, H., and G. Wang. 2021. Dynamic shift of the epibacterial communities
on commercially cultivated Saccharina japonica from mature sporophytes to sporelings and juvenile sporophytes. Journal of Applied
Phycology. 33:1171-1179.

Hansson, S., Hobbie, J. E,, Elmgren, R, Larsson, U., Fry, B.,and S. Johansson. 1997. The stable nitrogen isotope ratio as a marker of food-
web interactions and fish migration. Ecology. 78(7): 2249-2257.

Harmelin-Vivien, M., Dierking, J., Bdnaru, D., Fontaine, M. F., and D. Arlhac. 2010. Seasonal variation in stable C and N isotope ratios of
the Rhone River inputs to the Mediterranean Sea (2004-2005). Biogeochemistry. 100: 139-150.

Harrison, J., Nelson, K., Morcrette, H., Morcrette, C., Preston, J., Helmer, L., Titball, R. W., Butler, C. S.,and S. Wagley. 2022. The increased
prevalence of Vibrio species and the first reporting of Vibrio jasicida and Vibrio rotiferianus at UK shellfish sites. Water Research.
doi:10.1016/].WATRES.2021.117942

Harrison-Day, V., Kirkpatrick, J. B, Prahalad, V., McHenry, M. T., and J. Aalders. 2024. The effect of location, time, and environmental
conditions on fish use of southern temperate saltmarshes. Estuaries and Coasts. 47(4): 1086-1100.

Harrod, C., Grey, J., McCarthy, T. K., and M. Morrissey. 2005. Stable isotope analyses provide new insights into ecological plasticity in a
mixohaline population of European eel. Oecologia. 144: 673-683.

Harvey, C.J. and J. F. Kitchell. 2000. A stable isotope evaluation of the structure and spatial heterogeneity of a Lake Superior food web.
Canadian Journal of Fisheries and Aquatic Sciences. doi: 10.1139/f00-072

Hasenbein, M., Komoroske, L. M., Connon, R. E., Geist, J., and N. A. Fangue. 2013. Turbidity and salinity affect feeding performance and
physiological stress in the endangered delta smelt. Integrative and Comparative Biology. 53(4): 620-634.

Hayden, B., McWilliam-Hughes, S. M., and R. A. Cunjak. 2016. Evidence for limited trophic transfer of allochthonous energy in temperate
river food webs. Freshwater Science. 35(2). doi:10.1086/686001

Heaton, T. H. E. 1986. Isotopic studies of nitrogen pollution in the hydrosphere and atmosphere: a review. Chemical Geology: Isotope
Geoscience section. 59: 87-102.

Hecht, T., and C. D. van der Lingen. 1992. Turbidity-induced changes in feeding strategies of fish in estuaries. South African Journal of
Zoology. 27:95-107.

Hein, S., Sohrt, V., Nehlsen, E., Strotmann, T., and P. Frohle. 2021. Tidal oscillation and resonance in semi-closed estuaries—Empirical
analyses from the Elbe estuary, North Sea. Water. 13: 848.

Heininger, P., Quick, L., Vollmer, S., Keller, I, and R. Schwartz. 2015. Sediment management on river- basinscale: The river Elbe. In
Sediment Matters (pp. 201-247). Springer International Publishing. doi:10.1007/978-3-319-14696-6 13

187



Heintz,R. A., and Vollenweider, J. ]. 2006. Seasonal variation in energy allocation strategies of walleye pollock. Technical report: National
Marine Fisheries Service, Alaska Fisheries Science Center, Auke Bay Laboratory, Juneau, Alaska.

Hemmer-Hanson, J., Nielson, E. E., Grankjeer, P., and V. Loeschke. 2007, Evolutionary mechanisms shaping the genetic population of
marine fishes; lessons from the European flounder (Platichthys flesus L.). Molecular Ecology. 16:3104-3118.

Henderson, P. A. 1989. On the structure of the inshore fish community of England and Wales. Journal of the Marine Biological
Association of the United Kingdom. 69: 145 - 163.

Henderson, P. A.,and R. H. A. Holmes. 1991. On the population dynamics of dab, sole and flounder within Bridgwater Bay in the lower
Severn Estuary, England. Netherlands Journal of Sea Research. 27: 337-344.

Henderson, B. A, and S. J. Nepszy. 1989. Factors affecting recruitment and mortality rates of rainbow smelt (Osmerus mordax) in Lake
Erie, 1963-85. Journal of Great Lakes Research. 15(2): 357-366.

Henning, V., Heining, R, Mendel, L.-C., and E. Tilse. 2016. Flussseeschwalben (Sterna hirundo L.) und Stinte (Osmerus eperlanus L.) in der
Elbmiindung - Die einzigartige Bestandsentwicklung und Nahrungsokologie der grofsten deutschen Flussseeschwalbenkolonie. Corax.
23:87-113.

Hobson, K. A.,1999. Tracing origins and migration of wildlife using stable isotopes: a review. Oecologia 120: 314-326.

Hobson, K. A.,and L. [. Wassenaar. 2008. Tracking animal migration with stable isotopes. 1st ed. Elsevier Inc.

Hoffman, J. C, Limburg, K. E., Bronk, D. A, and J. E. Olney. 2008. Overwintering habitats of migratory juvenile American shad in
Chesapeake Bay. Environmental Biology of Fishes. 81(3): 329-345.

Holker, F., and C. Hammer. 1994. Growth and food of the ruffe Gymnocephalus cernua (L.) in the Elbe estuary. Archive of Fishery and
Marine Research. 42(1): 47-62.

Holker, F., and A. Temming. 1996. Gastric evacuation in ruffe (Gymnocephalus cernuus (L.)) and the estimation of food consumption from
stomach content data of two 24h fisheries in the Elbe Estuary. Archive of Fishery and Marine Research. 44 (1-2): 47-67.

Holker, F., and R. Thiel. 1998. Biology of Ruffe (Gymnocephalus cernuus (L.))-A review of selected aspects from European literature. Journal
of Great Lakes Research. doi:10.1016/50380- 1330(98)70812-3

HPA (Hamburg Port Authority). 2024: https://hpa-staging.neusta-is.de/de/hpa-360/bauprojekte/fahrrinnenanpassung, Accessed
14.08.2024.

Hutchinson, G.E. 1957. Concluding remarks. Cold Spring Harbor Symposia on Quantitative Biology. 22: 415-427.

Hitter, A. 2023. Nahrungsokologische Untersuchungen mittels stabiler Isotopenanalysen und Magenanalysen von Kaulbarsch
Gymnocephalus cernua (Linnaeus, 1758) und Zander Sander lucioperca (Linnaeus, 1758) im Mihlenberger Loch. Bachelor thesis.
University of Hamburg.

Hyndes, G. A., Nagelkerken, I, McLeod, R. ], Connolly, R. M., Lavery, P. S., and M. A. Vanderklift. 2014. Mechanisms and ecological role
of carbon transfer within coastal seascapes. Biological Reviews. 89: 232-254.

[AEA (International Atomic Energy Agency). 2024. https://analytical-reference-materials.iaea.org/stable-isotopes. (Accessed 2
September 2024).

Illing, B. 2009. Biology of the spawning population of twaite shad (Alosa fallax fallax, Lacépéde, 1803) in the Elbe River estuary. Diploma
thesis. University of Hamburg. 72 pp.

llling, B., Sehl, J., and S. Reiser. 2024. Turbidity effects on prey consumption and survival of larval European smelt (Osmerus eperlanus).
Aquatic Sciences. 86(3): 1-15.

188



Irigoien, X., and J. Castel. 1995. Feeding rates and productivity of the copepod Acartia bifilosa in a highly turbid estuary; the Gironde (SW
France). Hydrobiologia. 311:115-125.

Irvine, K., Snook, D,, and B. Moss. 1995. Life histories of Neomysis integer, and its copepod prey, Eurytemora affinis, in a eutrophic and
brackish shallow lake. Hydrobiologia. 72: 147-169.

Itay, P, Shemesh, E., Ofek-Lalzar, M., Davidovich, N, Kroin, Y., Zrihan, S., Stern, N,, Diamant, A., Wosnick, N., Meron, D., Tchernov, D., and
D. Morick. 2022. An insight into gill microbiome of Eastern Mediterranean wild fish by applying next generation sequencing. Frontiers
in Marine Science. doi:10.3389/FMARS.2022.1008103 /BIBTEX

Jackson, A. L., Inger, R., Parnell, A. C.,and S. Bearhop. 2011. Comparing isotopic niche widths among and within communities: SIBER -
Stable Isotope Bayesian Ellipses in R. Journal of Animal Ecology. 80: 595-602.

Jacob, U., K. Mintenbeck, T. Brey, R. Knust, and K. Beyer. 2005. Stable isotope food web studies: a case for standardized sample treatment.
Marine Ecology Progress. Series. 287: 251-253.

Jacobs, A, and H. Y. Chenia. 2011. Biofilm formation and adherence characteristics of an Elizabethkingia meningoseptica isolate from
Oreochromis mossambicus. Annals of Clinical Microbiology and Antimicrobials. doi:10.1186/1476-0711-10-16

Janssen, J. 1997. Comparison of response distance to prey via the lateral line in the ruffe (Gymnocephalus cernuus) and yellow perch (Perca
flavescens) (Pisces: Percidae). Journal of Fish Biology. 921-930.

Jaschinski, S., Hansen, T., and U. Sommer. 2008. Effects of acidification in multiple stable isotope analyses. Limnol. Oceanogr. Methods.
6:12-15.

Jeffrey, S.W., and G. F. Humphrey. 1975. New spectrophotometric equations for determining chlorophyllsa, b, c1 and c2 in higher plants,
algae and natural phytoplankton. Biochemie und Physiologie der Pflanzen. 167: 191-194.

Ji,B. Liu, C., Liang,J.,and . Wang. 2021. Seasonal succession of bacterial communities in three eutrophic freshwater lakes. International
Journal of Environmental Research and Public Health. 18(13): 6950.

Jones, T.R., Henderson, C.J., Olds, A. D., Conolly, R. M., Schlacher, T. A., Hourigan, B.J., Goodridge Gaines, L. A. and B. L. Gilby. 2021. The
mouths of estuaries are key transition zones that concentrate the ecological effects of predators. Estuaries and Coasts. 44: 1557-1567.

Jonge, V. N. de, Schuttelaars, H. M., van Beusekom, J. E., Talke, S. A., and H. E. de Swart. 2014. The influence of channel deepening on
estuarine turbidity levels and dynamics, as exemplified by the Ems estuary. Estuarine, Coastal and Shelf Science. 139: 46-59.

Kaetzel, C. S. 2014. Coevolution of mucosal immunoglobulins and the polymeric immunoglobulin receptor: Evidence that the
commensal microbiota provided the driving force. ISRN Immunology. doi:10.1155/2014 /541537

Kafemann, R. 1992. Okologisch-fischereibiologische Gradienten in Haupt- und Nebenstromgebieten der unteren Tide-Elbe unter
besonderer Berticksichtigung des Mithlenberger Lochs (Ecological and fishery-biological gradients in the main and secondary flow areas
of the lower tidal Elbe with special reference to the Mithlenberger Loch area). Diploma thesis. University of Hamburg.

Kafemann, R, Thiel, R., and A. Sepulveda. 1996. Die fischckologische Bedeutung der Nebenstromgewdasser der Unterelbe. Archiv fir
Hydrobiologie. 110:199-214.

Kakakhel, M. A, Bibi, N., Mahboub, H. H., Wu, F., Sajjad, W., Din, S. Z. U,, Hefny, A. A., and W. Wang. 2023. Influence of biosynthesized
nanoparticles exposure on mortality, residual deposition, and intestinal bacterial dysbiosis in Cyprinus carpio. Comparative Biochemistry
and Physiology Part C: Toxicology and Pharmacology. doi:10.1016/J.CBPC.2022.109473

Kalas S. 1995. The ecology of ruffe, Gymnocephalus cernuus (Pisces: Percidae) introduced to Mildevatn, western Norway Kalas.
Environmental Biology of Fishes. 42:219-232.

189



Kamjunke, N., Brix, H., Floser, G., Bussmann, ., Schiitze, C., Achterberg, E. P., Kédel, U., Fischer, P., Rewrie, L., Sanders, T., Borchardt, D.,
and M. Weitere. 2023. Large-scale nutrient and carbon dynamics along the river-estuary-ocean continuum. Science of The Total
Environment. doi:0.1016/j.scitotenv.2023.164421

Kappenberg, J.,and I. Grabemann. 2001. Variability of the mixing zones and estuarine turbidity maxima in the Elbe and Weser estuaries.
Estuaries. 24: 699-706.

Karlsen, C., Ottem, K. F., Brevik, @. J., Davey, M., Sgrum, H., and H. C. Winther-Larsen. 2017. The environmental and host-associated
bacterial microbiota of Arctic seawater-farmed Atlantic salmon with ulcerative disorders. Journal of Fish Diseases. 40(11): 1645-1663.

Kazanidis, G., Bourgeois, S., and Witte, U. F. M. 2019. On the effects of acid pre-treatment on the elemental and isotopic composition of
lightly- and heavily-calcifies marine invertebrates. Ocean Science Journal. 54(2): 257-270. doi: 10.1007/s12601-019-0014-x

Kelly, C.,and . Salinas. 2017. Under pressure: Interactions between commensal microbiota and the teleost immune system. Frontiers in
Immunology. doi:10.3389/FIMMU.2017.00559

Kennedy, P., Kennedy, H., and Papadimitriou, S. 2005. The effect of acidification on the determination of organic carbon, total nitrogen
and their stable isotopic composition in algae and marine sediment. Rapid Communications in Mass Spectrometry. 19: 1063-1068.

Kerner, M. 2004. Trophic diversity within the planktonic food web of the Elbe Estuary determined on isolated individual species by *C
analysis. Journal of Plankton Research. 26: 1039-1048.

Kerner, M. 2007. Effects of deepening the Elbe Estuary on sediment regime and water quality. Estuarine, Coastal and Shelf Science. 75:
492-500.

Kerstan, M. 1991. The importance of rivers as nursery grounds for O- and 1-group flounder (Platichthys flesus L.) in comparison to the
Wadden sea. Netherlands Journal of Sea Research. 27(3-4): 353-366.

Kigrboe, T.,and]. L. S. Hansen. 1993. Phytoplankton aggregate formation: observations of patterns and mechanisms of cell sticking and
the significance of exopolymeric material. Journal of Plankton Research. 15:993-1018.

Klarian,S. A, Schultz, E. T, Hernandez, M. F., Valdes, ]. A, Fernandoy, F., Barros, M. E., Neira, S.,and H. Arancibia. 2022. Stomach contents
and stable isotope analysis reveal ontogenetic shifts and spatial variability in Brama australis diet. Environmental Biology of Fishes. doi:
10.1007/s10641-022-01365-y

Kling, G.W., Fry, B.,and W. J. O'Brien. 1992. Stable isotopes and planktonic structure in arctic lakes. Ecology. 73: 561-566.

Knebelsberger, T.,and R. Thiel. 2014. Identification of gobies (Teleostei: Perciformes: Gobiidae) from the North and Baltic Seas combining
morphological analysis and DNA barcoding. Zoological Journal of the Linnean Society. 172(4): 831-845.

Koch, E. W., Barbier, E. B, Silliman, B. R, Reed, D. ], Perillo, G. M. E., Hacker, S. D,, Granek, E. F., Primavera, J. H., Muthiga, N., Polasky, S.,
Halpern, B. S., Kennedy, C. J., Kappel, C. V., and E. Wolanski. 2009. Non-linearity in ecosystem services: temporal and spatial variability
in coastal protection. Frontiers in Ecology and the Environment. 7: 29-37.

Koeniger, P., Stumpp, C., and A. Schmidt. 2022. Stable isotope patterns of German rivers with aspects on scales, continuity and network
status. Isotopes in Environmental and Health Studies. 58(4-6): 363-379.

Kohler, A. 1981. Fluktuation der Fischfauna im Elbe-Astuar als Indikator fiir ein gestortes Okosystem. Helgoldnder wissenschaftliche
Meeresuntersuchungen. 34: 263-285.

Kolasinski, J., Rogers, K., and P. Frouin. 2008. Effects of acidification on carbon and nitrogen stable isotopes of benthic macrofauna from
a tropical coral reef. Rapid Communications in Mass Spectrometry. 22: 2955-2960.

Koll, R., Theilen, J., Hauten, E., Woodhouse, . N, Thiel, R., Mollmann, C., and A. Fabrizius. 2024a. Network-based integration of omics,
physiological and environmental data in real-world Elbe estuarine Zander. Science of The Total Environment.
doi:10.1016/].SCITOTENV.2024.173656

190



Koll,R., Hauten, E., Theilen, J., Bang, C., Bouchard, M., Thiel, R., M6llmann, C., Woodhouse, J. N.,and A. Fabrizius. 2024b. Spatio-temporal
fish gill microbiota analysis as indicators in estuarine fish health monitoring. Preprint. doi:10.21203/rs.3.15-4846387/v1

Kolomin, Y. M. 1977. The Nadym River ruffe, Acerina cernua. Journal oflchtyology. 17:345-349.

Kopcke, B. 2002. Die Bedeutung der Nebenelben und Flachwasserbereiche fiir den Populationserhalt von Eurytemora affinis (Calanoida;
Copepoda) in der Tide-Elbe (The importance of side channels and shallow water areas for the conservation of the E. affinis population in
the Elbe estuary). Doctoral thesis. University of Hamburg.

Koppelmann, R., Bottger-Schnack, R., Mobius, J., and H. Weikert. 2009. Trophic relationships of zooplankton in the eastern
Mediterranean based on stable isotope measurements. Journal of Plankton Research. 31: 669-686.

Kotob, M. H., Menanteau-Ledouble, S., Kumar, G., Abdelzaher, M., and M. EI-Matbouli. 2016. The impact of co-infections on fish: a review.
Veterinary Research. 47(1): 1-12.

Kottelat, M., and J. Freyhof. 2007. Handbook of European Freshwater Fishes. Kottelat, Cornol, Switzerland and Freyhof, Berlin, Germany,
646 pp.

Kozich,].J., Westcott, S. L., Baxter, N. T., Highlander, S. K., and P. D. Schloss. 2013. Development of a dual-index sequencing strategy and
curation pipeline for analyzing amplicon sequence data on the miseq illumina sequencing platform. Applied and Environmental
Microbiology. 79(17): 5112-5120.

Kozinska, A., Pazdzior, E., Pikala, A, and W. Niemczuk. 2014. Acinetobacter johnsonii and Acinetobacter lwoffii - The emerging fish
pathogens. Bulletin of the Veterinary Institute in Pulawy. 58(2): 193-199.

Krauss, K., Noe, G., Duberstein, J. A, Conner, W. H., Stagg, C. L., Cormier, N, Jones, M. C., Bernhardt, C. E., Lockaby, B. G., From, A. S., Doyle,
T.W., Day, R. H., Ensign, S. H., Pierfelice, K. N., Hupp, C. R, Chow, A. T., and J. L. Whitbeck. 2018. The role of the upper tidal estuary in
wetland blue carbon storage and flux. Global Biogeochemical Cycles. 32(5): 817-839.

Krueger, F. 2015. Trim Galore!: A wrapper around Cutadapt and FastQC to consistently apply adapter and quality trimming to FastQ les,
with extra functionality for RRBS data. Babraham Institute. 26(7): 530-540.

Krysanova, V., Kundzewicz, Z.W., Pinskwar, [., and A. Habeck. 2006. Regional socio- economic and environmental changes and their
impacts on water resources on example of odra and Elbe basins. Water Resources Management. 20 (4): 607-641.

Kullmann, B, Adamek, M., Steinhagen, D.,and R. Thiel. 201 7. Anthropogenic spreading of anguillid herpesvirus 1 by stocking of infected
farmed European eels, Anguilla anguilla (L.), in the Schlei fjord in northern Germany. Journal of Fish Diseases. 40.

Kundu, G. K., Kim, C,, Kim, D, Bibi, R., Kim, H., and C.-K. Kang. 2021. Phytoplankton fuel fish food webs in a low-turbidity temperate
coastal embayment: A stable isotope approach. Frontiers in Marine Science. 8: 751551.

Kuwae, T, J. Kanda, A. Kubo, F. Nakajima, H. Ogawa, A. Sohma and M. Suzurmura. 2016. Blue carbon in human-dominated estuarine and
shallow coastal systems. Ambio. doi:10.1007/s13280-015-0725-x

Ladiges, W. 1935. Uber die Bedeutung der Copepoden als Fischnahrung im Unterelbegebiet. Zeitschrift fiir Fischerei. 33:1-83.

Lahti, L, and S. Shetty. 2017. Tools for microbiome analysis in R. Microbiome package version. Bioconductor.
http://microbiome.github.io/microbiome

Lal, D. M., Sreekanth, G. B., Soman, C., Sharma, A., and Z.J. Abidi. 2023. Delineating the food web structure in an Indian estuary during
tropical winter employing stable isotope signatures and mixing model. Environmental Science and Pollution Research. 30: 49412-

49434,

Lang, G. 1990. Zur Schwebstoffdynamik von Triibungszonen in Astuaren. Dissertation am Fachbereich Bauingenieur- und
Vermessungswesen, Universitat Hannover.

191



Langfelder, P., and S. Horvath. 2008. WGCNA: An R package for weighted correlation network analysis. BMC Bioinformatics.
doi:10.1186/1471-2105-9-559

Lauchlan, S. S., and . Nagelkerken. 2020. Species range shifts along multistressor mosaics in estuarine environments under future
climate. Fish and Fisheries. 21(1): 32-46.

LAWA. 1998. Beurteilung der Wasserbeschaffenheit von Fliefigewdssern in der Bundesrepublik Deutschland - chemische
Gewdssergliteklassifikation (1. Auflage). Oberirdische Gewasser: Konzepte und Strategien. Berlin: Kulturbuchverlag.

Layman C. A, Winemiller, K. O.,and D. A. Arrington. 2005. Describing the structure and function of a neotropical river food web using
stable isotopes, stomach contents, and functional experiments. Dynamic Food Webs: Multispecies Assemblages, Ecosystem
Development and Environmental Change (Eds P.C. de Ruiter, V. Wolters & J.C. Moore). Elsevier, Amsterdam 395-406.

Layman, C. A., Arrington, D. A, Montana, C. G.,and D. M. Post. 2007. Can stable isotope ratios provide for community-wide measures of
trophic structure? Ecology. 88(1): 42-48.

Layman, C. A, Araujo, M. S., Boucek, R., Hammerschlag-Peyer, C. M., Harrison, E., Jud, Z. R., Matich, P., Rosenblatt, A. E., Vaudo, J. ],
Yeager, L. A, Post, D. M., and S. Bearhop. 2012. Applying stable isotopes to examine food-web structure: an overview of analytical tools.
Biological Reviews. 87:545-562.doi: 10.1111/j.1469-185X.2011.00208.x

Leclerc, J.-C., Riera, P., Noel, L. M.-L. ], Leroux, C., and A. C. Andersen. 2014. Trophic ecology of Pomatoschistus microps within an
intertidal bay (Roscoff, France), investigated through gut content and stable isotope analyses. Marine Ecology. 35: 261-270. doi:
10.1111/maec.12071

Leeuwis, R. H.J., Hall,]. R., Zanuzzo, F. S., Smith, N., Clow, K. A., Kumar, S., Vasquez, I., Goetz, F. W., Johnson, S. C., Rise, M. L., Santander,
J.,and A. K. Gamperl. 2024. Climate change can impair bacterial pathogen defences in sablefish via hypoxia-mediated effects on adaptive
immunity. Developmental & Comparative Immunology. doi:10.1016/].DC1.2024.105161

Legendre, P, and M. J. Anderson. 1999. Distance-based redundancy analysis: testing multispecies responses in multifactorial ecological
experiments. Ecological Monographs. 69(1): 1-24.

Legrand, T.P.R. A, Catalano, S. R., Wos-Oxley, M. L, Stephens, F., Landos, M., Bansemer, M. S, Stone, D. A.].,Qin,]. G.,and A. P. A. Oxley.
2018. The inner workings of the outer surface: Skin and gill microbiota as indicators of changing gut health in yellowtail kingfish.
Frontiers in Microbiology. doi:10.3389/FMICB.2017.02664

Legrand, T.P.R. A, Wynne,]. W, Weyrich,L.S.,and A.P. A. Oxley. 2020. A microbial sea of possibilities: current knowledge and prospects
foran improved understanding of the fish microbiome. Reviews in Aquaculture.12(2): 1101-1134.

Lerner, J. E., Marchese, C.,and B. P. V. Hunt. 2022. Stable isotopes reveal that bottom-up omnivory drives food chain length and trophic
position in eutrophic coastal ecosystems. ICES Journal of Marine Science. 79: 2311-2323.

Leroy, B., Dias, M. S., Giraud, E., Hugueny, B, Jézéquel, C,, Leprieur, F., Oberdorff, T., and P. A. Tedesco. 2019. Global biogeographical
regions of freshwater fish species. Journal of Biogeography. 46(11): 2407-2419.

Levy, M., Kolodziejezyk, A. A., Thaiss, C. A.,and E. Elinav. 2017. Dysbiosis and the immune system. Nature Reviews Immunology. 17(4):
219-232.

Lillelund, K. 1961. Untersuchungen tiber die Biologie und Populationsdynamik des Stintes Osmerus eperlanus eperlanus (Linnaeus 1758),
der Elbe. Archiv fiir Fischereiwissenschaft 12:1.

Lin, H.-J., Kao, W.-Y., and Y.-T. Wang. 2007. Analyses of stomach contents and stable isotopes reveal food sources of estuarine
detritivorous fish in tropical /subtropical Taiwan. Estuarine, Coastal and Shelf Science. doi: 10.1016/j.ecss.2007.02.013

Lindén, E., Lehtiniemi, M., and M. Viitasalo. 2003. Predator avoidance behaviour of Baltic littoral mysids Neomysis integer and Praunus
flexuosus. Marine Biology. doi: 10.1007/s00227-003-1149-x

192



Little, S., Wood, P. J., and M. Elliott. 2017. Quantifying salinity-induced changes on estuarine benthic fauna: The potential implications
of climate change. Estuarine, Coastal and Shelf Science. 198: 610- 625.

Little, S., Lewis, J. P., and H. Pietkiewicz. 2022. Defining estuarine squeeze: The loss of upper estuarine transitional zones against in-
channel barriers through saline intrusion. Estuarine, Coastal and Shelf Science. 278: 108107

Liu,J., Pan, Y. Jin, S, Zheng, Y., Xu, J., Fan, H., Khalid, M., Wang, Y., and M. Hu. 2024. Effects of Citrobacter freundii on sturgeon: Insights
from skin mucosal immunology and microbiota. Fish and Shellfish Immunology. doi:10.1016/J.FS[.2024.109527

Lorgen-Ritchie, M., Clarkson, M., Chalmers, L., Taylor, J. F.,, Migaud, H., and S. A. M. Martin. 2022. Temporal changes in skin and gill
microbiomes of Atlantic salmon in a recirculating aquaculture system - Why do they matter? Aquaculture.
do0i:10.1016/j.aquaculture.2022.738352

Lozan,].L., and H. Kausch. 1996. Warnsignale aus Fliissen und Astuaren. Parey Buch Verlag, Berlin: Wissenschaftliche Fakten.

Luan, Y. Li, M., Zhou, W, Yao, Y., Yang, Y., Zhang, Z., Ringg, E., Erik Olsen, R., Liu Clarke, J., Xie, S., Mai, K., Ran, C.,and Z. Zhou. 2023. The
fish microbiota: Research progress and potential applications. Engineering. 29: 137-146.

Lundstrom, N. C., Beaudreau, A. H., Mueter, F. ], and B. Konar. 2022. Environmental drivers of nearshore fish community composition
and size structure in glacially influenced Gulf of Alaska estuaries. Estuaries and Coasts. 45(7): 2151-2165.

Lyons, K. G., Brigham, C. A., Traut, B. H., and M. W. Schwartz. 2005. Rare species and ecosystem functioning. Conservation Biology. doi:
10.1111/j.1523-1739.2005.00106.x

Maes, J., Taillieu, A., Van Damme, P. A. Cottenie, K., and F. Ollevier. 1998. Seasonal patterns in the fish and crustacean community of a
turbid temperate estuary (Zeeschelde Estuary Belgium). Estuarine and Coastal Marine Science. 47:143-151.

Maes, J., Stevens, M., and F. Ollevier. 2005. The composition and community structure of the ichthyofauna of the upper Scheldt estuary:
synthesis of a 10-year data collection (1991-2001). Journal of Applied Ichthyology. 21: 86-93.

Magath, V. 2013. Estuarine life of the diadromous twaite shad: population status, migration behaviour and exposure to predation in the
Elbe. Doctoral thesis. University of Hamburg.

Magath, V. and R. Thiel. 2013. Stock recovery, spawning period and spawning area expansion of the twaite shad Alosa fallax in the Elbe
estuary, southern North Sea. Endangered Species Research. doi: 10.3354 /esr00490

Magath, V., Marohn, L., Fietzke, ., Frische, M., Thiel, R, and J. Dierking. 2013. Migration behaviour of twaite shad Alosa fallax assessed by
otolith Sr:Ca and Ba:Ca profiles. Journal of fish Biology. doi: 10.1111/jfb.12115

Maitland, P.S. 2003. The status of smelt Osmerus eperlanus in England. English Nature Research Reports. 516 pp.

Malick, R. C,, Bera, A. K., Chowdhury, H., Bhattacharya, M., Abdulla, T., Swain, H. S., Baitha, R., Kumar, V., and B. K. Das. 2020.
Identification and pathogenicity study of emerging sh pathogens Acinetobacter junii and Acinetobacter pittii recovered from a disease
outbreak in Labeo catla (Hamilton, 1822) and Hypophthalmichthys molitrix (Valenciennes, 1844) of freshwater wetland in West Bengal,
India. Aquaculture Research. 51(6): 2410-2420.

Malone, T.C., Crocker, L.H., Pike, S.E., and B.W. Wendler. 1988. Influences of river flow on the dynamics of phytoplankton production in
a partially stratified estuary. Marine Ecology. 48: 235-249.

Mancinelli, G. 2012. On the trophic ecology of Gammaridea (Crustacea: Amphipoda) in coastal waters: A European-scale analysis of
stable isotopes data. Estuarine, Coastal and Shelf Science. 114: 130-139.

Marchand, J., Tanguy, A., Laroche, J., Quiniou, L., and D. Moraga. 2003. Responses of European flounder Platichthys flesus populations to
contamination in different estuaries along the Atlantic coast of France. Marine Ecology Progress Series. 260: 273—284.

193



Marsh, A.G.,Grémare, A, and K. R. Tenore. 1989. Effect of food type and ration on growth of juvenile Capitella sp. I (Annelida: Polychaeta):
macro- and micronutrients. Marine Biology. 102: 519-527.

Martens, N., Russnak, V., Woodhouse, J., Grossart, H.,and C.-E. Schaum. 2024. Metabarcoding reveals potentially mixotrophic flagellates
and picophytoplankton as key groups of phytoplankton in the Elbe estuary. Environmental Research. 252: 119126.

Martinez Arbizu. 2020. pairwiseAdonis: Pairwise multilevel comparison using adonis (version 0.4). R package.

Martinho, F., Leitao, R., Neto, J. M., Cabral, H. N., Marques, J. C., and M. A. Pardal. 2007a. The use of nursery areas by juvenile fish in a
temperate estuary, Portugal. Hydrobiologia. 587: 281-290.

Martinho, F., Leitao, R, Viegas, I., Dolbeth, M., Neto, J. M., Cabral, H. N., and M. A. Pardal. 2007b. The influence of an extreme drought
event in the fish community of a southern Europe temperate estuary. Estuarine, Coastal and Shelf Science. 75: 537-546.

Mason, C. F. 1986. Invertebrate populations and biomass over four years in a coastal, saline lagoon. Hydrobiologia. 133:21-29.

Matanza, X. M., and C. R. Osorio. 2018. Transcriptome changes in response to temperature in the fish pathogen Photobacterium damselae
subsp. Damselae: Clues to understand the emergence of disease outbreaks at increased seawater temperatures. PLoS ONE.
doi:10.1371/JOURNAL PONE.0210118

Mateo, M. A., Serrano, O., Serrano, L., and R. H. Michener. 2008. Effects of sample preparation on stable isotope ratios of carbon and
nitrogen in marine invertebrates: Implications for food web studies using stable isotopes. Oecologia. 157(1): 105-115.

Mather, M., Finn J., Kennedy, C. G., Deegan, L. A.,and J. M. Smith. 2013. What happens in an estuary doesn't stay there: Patterns of biotic
connectivity resulting from long term ecological research. Oceanography. 26(3): 168-179.

Matich, P.,and M. R. Heithaus. 2014. Multi-tissue stable isotope analysis and acoustic telemetry reveal seasonal variability in the trophic
interactions of juvenile bull sharks in a coastal estuary. Journal of Animal Ecology. 83:199-213.

Mazumder, D, lles, J., Kelleway, J., Kobayashi, T., Knowles, L., Saintilan, N., and S. Hollins. 2010. Effect of acidification on elemental and
isotopic compositions of sediment organic matter and macroinvertebrate muscle tissues in food web research. Rapid Communications
in Mass Spectrometry. 24: 2938-2942.

McCarthy, I. D., Jones, N. J. E., Moore, D. M., and D. L. Berlinsky. 2019. Determining the optimum temperature and salinity for larval
culture, and describing a culture protocol for the conservation aquaculture for European smelt Osmerus eperlanus (L.). Journal of Applied
Ichthyology. 36(1): 113-120.

McCutchan, J. H. J., Lewis, W. M. J., Kendall, C., and C. C. McGrath. 2003. Variation in trophic shift for stable isotope ratios of carbon,
nitrogen, and sulfur. Oikos. 102: 378-390.

McClelland, J. W., Valiela, I.,and R. H. Michener. 1997. Nitrogen-stable isotope signatures in estuarine food webs: A record of increasing
urbanization in coastal watersheds. Limnology and Oceanography. 42(5): 930-937.

McDowall, R. M. 1992. Diadromy: origins and definitions of terminology. Copeia. 248-251.

McDowall, R. M. 1995. Seasonal pulses in migrations of New Zealand diadromous fish and the potential impacts of river mouth closure.
New Zealand Journal of Marine and Freshwater Research. 29(4): 517-526.

McLeod, E., Chmura, G. L., Bouillon, S., Salm, R., Bjork, M., Duarte, C. M., Lovelock, C. E., Schlesinger, W. H., and B. R. Silliman. 2011. A
blueprint for blue carbon: Toward an improved understanding of the role of vegetated coastal habitats in sequestering COz. Frontiers in
Ecology and the Environment. 9(10): 552-560.

Mcmurdie, P. J., and S. Holmes. 2012. Phyloseq: a bioconductor package for handling and analysis of high-throughput phylogenetic
sequence data. www.worldscientific.com

194



Mees, J., Cattrijsse, A., and O. Hamerlynck. 1993. Distribution and abundance of shallow-water hyperbenthic mysids (Crustacea,
Mysidacea) and euphausiids (Crustacea, Euphausiacea) in the Voordelta and the Westerschelde south-west Netherlands. Cahiers de
Biologie Marine. 34:165-186.

Mees, ]., Fockedey, N., and O. Hamerlynck. 1995. Comparative study of the hyperbenthos of three European estuaries. Hydrobiologia.
311:153-174.

Mendes, C.,Ramos, S., Elliot, M., and A. A. Bordalo. 2020. Feeding strategies and body condition of juvenile European flounder Platichthys
flesus in a nursery habitat. Journal of the Marine Biological Association of the United Kingdom. 100: 795-806.

Michener, R. H., and L. Kaufman. 2007. Stable isotope ratios as tracers in marine food webs: an update, Stable Isotopes in Ecology and
Environmental Science. 2: 238-282.

Michener, R., and K. Lajtha. 2007. Stable Isotopes in Ecology and Environmental Science, 2™ ed. Wiley.
Middelburg,J.J.,and P. M. J. Herman. 2007. Organic matter processing in tidal estuaries. Marine Chemistry. 106: 127-147.

Minich, J. J., Harer, A, Vechinski, J., Frable, B. W., Skelton, Z. R., Kunselman, E., Shane, M. A, Perry, D. S., Gonzalez, A, McDonald, D.,
Knight, R, Michael, T. P.,and E. E. Allen. 2022. Host biology, ecology and the environment influence microbial biomass and diversity in
marine fish species. Nature Communications. 13(1): 1-19.

Minich, J. J., Petrus, S., Michael, J. D., Michael, T. P., Knight, R., and E. E. Allen. 2020. Temporal, environmental, and biological drivers of
the mucosal microbiome in a wild marine fish, Scomber japonicus. mSphere. doi:10.1128/MSPHERE.00401-20

Minier, C., Levy, F., Rabel, D., Bocquené, G., Godefroy, D., Burgeot, T, and F. Leboulenger. 2000. Flounder health status in the Seine Bay.
A multibiomarker study. Marine Environmental Research. 50: 373-377.

Modéran, J., David, V., Bouvais, P., Richard, P., and D. Fichet, D. 2012. Organic matter exploitation in a highly turbid environment:
Planktonic food web in the Charente estuary, France. Estuarine, Coastal and Shelf Science. 98: 126-137.

Moller, H. 1984. Daten zur Biologie der Elbfische. Verlag Heino Moller Kiel.

Moller, H. 1988. Fischbestande und Fischkrankheiten in der Unterelbe: 1984-1986. Verlag Heino Moller Kiel.
Moller, H., and B. Diekwisch. 1991. Larval fish production in the tidal River Elbe 1985-1986. Journal of Fish Biology. 38: 829-838.
Moller, H.,and U. Scholz. 1991. Avoidance of oxygen-poor zones by fish in the Elbe River. Journal of Applied Ichthyology. 7(3): 176-182.

Mondal, H. K., Maji, U.J., Mohanty, S., Sahoo, P. K., and N. K. Maiti. 2022. Alteration of gut microbiota composition and function of Indian
major carp, rohu (Labeo rohita) infected with Argulus siamensis. Microbial Pathogenesis. doi.10.1016/j.micpath.2022.105420

Morais, P.,and F. Daverat. 2016. An introduction to fish migration. CRC Press Taylor & Francis Group, LLC.

Morrissey, C. A., Boldt, A., Mapstone, A., Newton, J., and S. J. Ormerod. 2013. Stable isotopes as indicators of wastewater effects on the
macroinvertebrates of urban rivers. Hydrobiologia. doi: 10.1007/s10750-012-1233-7

Mosman,J. D., Gilby, B. L., Olds, A. D., Goodridge Gaines, L. A., Borland, H. P.,and C. ]. Henderson. 2023. Multiple fish species supplement
predation in estuaries despite the dominance of a single consumer. Estuaries and Coasts. doi:10.1007/s12237-023-01184-z

Mougin, J., and A. Joyce. 2023. Fish disease prevention via microbial dysbiosis-associated biomarkers in aquaculture. Reviews in
Aquaculture. 15(2): 579-594.

Moyle, P. B., Herbold, B., Stevens, D. E., and L. W. Miller. 1992. Life history of delta smelt in the Sacramento-San Joaquin Estuary,
California. Transactions of the American Fisheries Society. 121: 67-77.

195



Miiller-Solger, A. B, Jassby, A. D., and D. C. Miiller-Navarra. 2002. Nutritional quality of food resources for zooplankton (Daphnia) in a
tidal freshwater system (Sacramento-San Joaquin River Delta). Limnology and Oceanography. 47: 1468-1476.

Muus, B.J.,and J. G. Nielsen. 1999. Sea Fish. Hedehusene: Scandinavian Fishing Year Book.

Muylaert, K., and K. Sabbe. 1996. The diatom genus Thalassiosira (Bacillariophyta) in the estuaries of the Schelde (Belgium/The
Netherlands) and the Elbe (Germany). Botanica Marina. 39: 103-115.

Muylaert, K., Tackx, M., and W. Vyverman. 2005. Phytoplankton growth rates in the freshwater tidal reaches of the Schelde estuary
(Belgium) estimated using a simple light- limited primary production model. Hydrobiologia. doi:10.1007/s10750-004-7128-5

Myers, G. S. 1949. Usage of anadromous, catadromous and allied terms for migratory fishes. Copeia. 1949: 89-97.

Nakanishi, T., Shibasaki, Y., and Y. Matsuura. 2015. T Cells in Fish. Biology. 4(4): 640-663.

Nakatani, H., and K. Hori. 2021. Establishing a percutaneous infection model using zebrafish and a salmon pathogen. Biology. 10(2):
166.

Nellen, W.,and R. Thiel. 1994. The life and survival of fish in the Lower Elbe: A study of biological energy and material conversion. Reports
of the DFG german research. 2-3/94: 22-24.

Neto, R. L. B., Cattani, A. P, Spach, H. L., Contente, R. F., Cardoso, O. R., Marion, C., and R. S. Junior. 2023. Patterns in composition and
occurrence of the fish fauna in shallow areas of the Sdo Francisco River mouth. Biota Neotropica. 23(2):€20221387.

Newcombe, C. P.,and . O. Jensen. 1996. Channel suspended sediment and fisheries: A synthesis for quantitative assessment of risk and
impact. North American Journal of Fisheries Management. 16(4): 693-727.

Newsome, S. D., Martinez del Rio, C., Bearhop, S., and D. L. Phillips. 2007. A niche for isotopic ecology. Frontiers in Ecology and the
Environment. 5: 429-436.

Ng,J.S.S., T.-C. Wai,and G. A. Williams. 2007. The effects of acidification on the stable isotope signatures of marine algae and molluscs.
Marine Chemistry. 103: 97-102.

Nielsen, J. M., Clare, E. L., Hayden, B, Brett, M. T., and P. Kratina. 2018. Diet tracing in ecology: Method comparison and selection.
Methods in Ecology and Evolution. doi:10.1111/2041-210X.12869

Northcote, T. G.,and J. Hammar. 2006. Feeding ecology of Coregonus albula and Osmerus eperlanus in the limnetic waters of Lake Malaran,
Sweden. Boreal Environment Research. 11:229-246.

O'Neill, B, De Raedemaecker, F., McGrath, D., and D. Brophy. 2011. An experimental investigation of salinity effects on growth,
development and condition in the European flounder (Platichthys flesus L.). Journal of Experimental Marine Biology and Ecology. 410:
39-44.

Oesmann, S. 1994. Nahrung und Wachstum clupeider Fische in der Unterelbe. Diploma thesis. University of Hamburg.

Ogle,D. H.1998. A synopsis of the biology and life history of ruffe. Journal of Great Lakes Research. doi:10.1016/S0380-1330(98)70811-
1

Ogle, D. H., Selgeby J. H., Savino J. F., Newman R. M., and M. G. Henry. 1995. Diet and feeding periodicity of ruffe in the St. Louis River
estuary, Lake Superior. Transactions of the American Fishes Society. 124: 356-369.

Okon, E. M., Okocha, R. C., Taiwo, A. B., Michael, F. B., and A. M. Bolanle. 2023. Dynamics of co- infection in fish: A review of pathogen-
host interaction and clinical outcome. Fish and Shellfish Immunology Reports. doi:10.1016/J.FSIREP.2023.100096

196



Oksanen, J., Simpson, G., Blanchet, F., Kindt, R., Legendre, P, Minchin, P., O'Hara, R., Solymos, P., Stevens, M., Szoecs, E., Wagner, H.,
Barbour, M., Bedward, M., Bolker, B., Borcard, D., Carvalho, G., Chirico, M., De Caceres, M., Durand, S., et al. 2022. vegan: Community
Ecology Package (R package version 2.6-4).

Ostle, N.J., R. Bol, K. J. Petzke and S. C. Jarvis. 1999. Compound specific 6"°Noso values: amino acids in grassland and arable soils. Soil
Biology and Biochemistry. 31: 1751-1755.

Papenmeier, S., Schrottke, K., and A. Bartholoma. 2014. Over time and space changing characteristics of estuarine suspended particles
in the German Weser and Elbe estuaries. Journal of Sea Research. 85:104-115.

Parker Stetter, S. L., Stritzel Thomson, J. L., Rudstam, L. G., Parrish, D. L, and P. J. Sullivan. 2007. Importance and predictability of
cannibalism in rainbow smelt. Transactions of the American Fisheries Society. 136(1): 227-237.

Parnell, A., and R. Inger. 2023. Stable Isotope Mixing Models in R with simmr. R Version 4.3.1. Available online at: https://cran.r-
project.org/web /packages/simmr/vignettes/simmr.html

Pasquaud, S., Lobry, J., and P. Elie. 2007. Facing the necessity of describing estuarine ecosystems: A review of food web ecology study
techniques. Hydrobiologia. 588:159-172

Pasquaud, S., Elie, P., Jeantet, C., Billy, I, Martinez, P., and M. Girardin. 2008. A preliminary investigation of the fish food web in the
Gironde estuary, France, using dietary and stable isotope analyses. Estuarine, Coastal and Shelf Science. 78: 267-279.

Pasquaud, S., Vasconcelos, R. P., Franca, S., Henriques, S., Costa, M. J., and H. Cabral. 2015. Worldwide patterns of fish biodiversity in
estuaries: Effect of global vs. local factors. Estuarine, Coastal and Shelf Science. doi:10.1016/j.ecss.2014.12.050

Pein, J., Eisele, A., Sanders, T., Daewel, U., Stanev, E. V., van Beusekom, J. E. E., Staneva, J., and C. Schrum. 2021. Seasonal stratification
and biogeochemical turnover in the freshwater reach of a partially mixed dredged estuary. Frontiers in Marine Science.

doi:10.3389/fmars.2021.623714

Pein, J., Staneva, J., Mayer, B., Palmer, M. D., and C. Schrum. 2023. A framework for estuarine future sea-level scenarios: Response of the
industrialised Elbe estuary to projected mean sea level rise and internal variability. Frontiers in Marine Science. 10.

Peitsch, A. 1995. Production rates of Eurytemora affinis in the Elbe estuary, comparison of field and enclosure production estimates.
Hydrobiologia. doi: 10.1007/BFO0008576

Petersen, W., Schroeder, F.,and F.-D. Bockelmann. 2011. FerryBox - Application of continuous water quality observations along transects
in the North Sea. Ocean Dynamics. 61: 1541-1554.

Peterson, B. J., and B. Fry. 1987. Stable isotopes in ecosystem studies. Annual Review of Ecology, Evolution, and Systematics. 18: 293-
320.

Petitjean, Q., Jean, S., Cote, J., Larcher, T., Angelier, F., Ribout, C., Perrault, A., Laffaille, P, and L. Jacquin. 2020. Direct and indirect effects
of multiple environmental stressors on fish health in human-altered rivers. Science of the Total Environment.
do0i:10.1016/j.scitotenv.2020.140657

Petrovic, D., Fersch, B.,and H. Kunstmann. 2022. Droughts in Germany: performance of regional climate models in reproducing observed
characteristics. Natural Hazards and Earth System Sciences. 22(12): 3875-3895.

Petursdottir, H., Falk-Petersen, S., and A. Gislason. 2012. Trophic interactions of meso- and macrozooplankton and fish in Iceland Sea as
evaluated by fatty acid and stable isotope analysis. ICES Journal of Marine Science. 69(7): 1277-1288. doi:10.1093 /icesjms /fss125

Phillips, D. L. 2012. Converting isotope values to diet composition: the use of mixing models. Journal of Mammalogy. 93(2): 342-352.

Phillips D. L., and J. W. Gregg. 2003. Source partitioning using stable isotopes: coping with too many sources. Oecologia. 136:261-269.

197



Pihl, L. and R. Rosenberg. 1982. Production, abundance, and biomass of mobile epibenthic marine fauna in shallow waters, western
Sweden. Journal of Experimental Marine Biology and Ecology. 57:273-301.

Pike, C., Crook, V., and M. Gollock, M. 2020. Anguilla anguilla. The IUCN Red List of Threatened Species 2020: e T60344A152845178.

Pires-Teixeira, L., Neres-Lima, V., and J. Creed. 2020. Is acidification of samples for isotopic analysis of carbon and nitrogen necessary for
shoreline marine species? Marine and. Freshwater Research. 72(2): 256-262.

Pittman, S.J., and C. A. McAlpine. 2001. Movements of marine fish and decapod crustaceans: Process, theory and application. Advances
in Marine Biology. 44: 204-294.

Platell, M. E., Orr, P. A, and I. C. Potter. 2006. Inter- and intraspecific partitioning of food resources by six large and abundant fish species
in a seasonally open estuary. Journal of Fish Biology. doi:10.1111/j.1095-8649.2006.01098.x

Plummer, M. 2003. JAGS: a program for analysis of Bayesian graphical models using Gibbs sampling. Proceedings of the 3 International
Workshop Distributed Statistical Computing (Vienna: Technische Universitat Wien). 1-8.

Poiesz, S. S. H., Witte, J. 1. J., van der Meer, M. T. ], van der Veer, H. W., and K. E. R. Soetaert. 2021. Trophic structure and resource
utilization of the coastal fish community in the western Wadden Sea: evidence from stable isotope data analysis. Marine Ecology Progress
Series. doi: 10.3354 /meps13855

Popov, A. N. 2006. Biology and reproduction of smelt (Osmerus eperlanus L.) in the eastern Gulf of Finland. Lavrentieva, G.M. &
Susloparova, O.N., eds. 92-118.

Popova, O. A.,Reshetnikov, Y. S., Kiyashko, V. 1., Dgebuadze, Y. Y., and V. N. Mikheev. 1998. Ruffe from the former USSR: Variability within
the largest part of its natural range. Journal of Great Lakes Research. 24(2): 263-284.

Post, D. M. 2002. Using stable isotopes to estimate trophic position: models, methods, and assumptions. Ecology. 83: 703.

Pothoven, S. A, Vanderploeg, H. A, Ludsin, S. A., Hock, T. O., and S. B. Brandt. 2009. Feeding ecology of emerald shiners and rainbow
smelt in central Lake Erie. Journal of Great Lakes Research. doi: 10.1016/j.jglr.2008.11.011

Potter, 1. C., Bird, D.]., Claridge, P. N., Clarke, K. R., Hyndes, G. A., and L. C. Newton. 2001. Fish fauna of the Severn Estuary. Are there long-
term changes in abundance and species composition and are the recruitment patterns of the main marine species correlated? Journal of
Experimental Marine Biology and Ecology. 258: 15-37.

Potter, I. C., Tweedley, J. R, Elliot, M., and A. K. Whitfield. 2015. The ways in which fish use estuaries: a refinement and expansion of the
guild approach. Fish and Fisheries. 16: 230-239.

Prahalad, V., Harrison-Day, V., McQuillan, P., and C. Creighton. 2019. Expanding fish productivity in Tasmanian saltmarsh wetlands
through tidal reconnection and habitat repair. Marine and Freshwater Research. 70(1): 140-151.

Pratt, T. and M. Fox. 2002. Influence of predation risk on the overwintering mortality and energetic relationships of young-of-year
walleyes. Transactions of the American Fisheries Society., 131: 885-898.

Pratte, Z. A, Besson, M., Hollman, R. D,, and F. J. Stewarta. 2018. The gills of reef fish support a distinct microbiome influenced by
hostspecific factors. Applied and Environmental Microbiology. doi:10.1128/AEM.00063-18

Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., Peplies, J., and F. O. Glockner. 2013. The SILVA ribosomal RNA gene

database project: improved data processing and web-based tools. Nucleic Acids Research. 41(D1), D590-D596.
doi:10.1093/NAR/GKS1219

Quevedo, M., Svanbéck, R., and P. Eklov. 2009. Intrapopulation niche partitioning in a generalist predator limits food web connectivity.
Ecology. 90(8): 2263-2274.

198



Quezada-Romegialli, C., Jackson, A. L., Hayden, B., Kahilainen, K. K., Lopes, C., and C. Harrod. 2018. tRophicPosition, an r package for the
Bayesian estimation of trophic position from consumer stable isotope ratios. Methods in Ecology and Evolution. 9(6): 1592-1599.

Quinn, G. P, and M. J. Keough. 2002. Experimental Design and Data Analysis for Biologists. Cambridge: Cambridge University Press.
R Core Team. 2024. R: A language and environment for statistical computing. R Foundation for Statistical Computing, Vienna, Austria.

Rakauskas, V., Patys, Z., Dainys, J., Lesutiene, ], LoZys, L. and K. Arba¢iauskas. 2013. Increasing population of the invader round goby,
Neogobius melanostomus (Actinopterygii: Perciformes: Gobiidae), and its trophic role in the Curonian Lagoon, SE Baltic Sea. Acta
Ichthyologica et Piscatoria. 43 (2): 95-108.

Ralston, D. K., and W. R. Geyer. 2019. Response to channel deepening of the salinity intrusion, estuarine circulation, and stratification in
an urbanized estuary. Journal of Geophysical Research: Oceans. 124(7): 4784-4802.

Rappé, K., Fockedey, N., Van Colen, C., Cattrijsse, A., Mees, J., and M. Vincx. 2011. Spatial distribution and general population
characteristics of mysid shrimps in the Westerschelde estuary (SW Netherlands). Estuarine, Coastal and Shelf Science. 91: 187-197.

Ravinet, M., Prodohl, P. A, and C. Harrod. 2013. Parallel and nonparallel ecological, morphological and genetic divergence in lake-stream
stickleback from a single catchment. Journal of Evolutionary Biology. 26: 186-204. doi: 10.1111 /jeb.12049

Reese, A., Zimmermann, T., Profrock, D., and J. Irrgeher. 2019. Extreme spatial variation of Sr, Nd and Pb isotopic signatures and 48
element mass fractions in surface sediment of the Elbe river estuary - Suitable tracers for processes in dynamic environments? Science of
the Total Environment. 668: 512-523.

Remy, F., Darchambeau, F., Melchior, A., and G. Lepoint. 2017. Impact of food type on respiration, fractionation and turnover of carbon
and nitrogen stable isotopes in the marine amphipod Gammarus aequicauda (Martynov, 1931). Journal of Experimental Marine Biology
and Ecology. 486:358-367.

Ricart, A. M., York, P. H., Bryant, C. V., Rasheed, M. A., lerodiaconou, D., and P. I. Macreadie. 2020. High variability of blue carbon storage
in seagrass meadows at the estuary scale. Scientific Reports. doi:10.1038/s41598-020-62639-y

Riedel-Lorjé, J. C.,and T. Gaumert. 1982. 100 Jahre Elbe-Forschung — Hydrobiologische Situation und Fischbestand 1842-1943 unter
dem Einfluss von Stromverbau und Sielleitungen. A century of Elbe research - Hydrobiological conditions and fish populations from
1842 to 1943 under the influence of construction projects and sewage discharge. Archiv fiir Hydrobiologie /Supplementband 61 (Unters.
Elbe-Astuar. 5(3): 317-176.

Riedel-Lorjé, J., Agatha, S., Holst, H., Kopcke, B., Krieg, H. ], and H. Zimmermann. 1998. Kleinlebewesen der Tideelbe.
Arbeitsgemeinschaft fiir die Reinhaltung der Elbe (ARGE).

Robins, P. E., Skov, M. W, Lewis, M. J., Giménez, L., Davies, A. G., Malham, S. K., Neill, S. P., McDonald, J. E., Whitton, T. A, Jackson, S. E.,
and C. F. Jago. 2016. Impact of climate change on UK estuaries: A review of past trends and potential projections. Estuarine, Coastal and
Shelf Science. 169:119-135.

Rochard, E., and P. Elie. 1994. La macrofaune aquatique de l'estuaire de la Gironde. Contribution au livre blanc de 'Agence de 'Eau Adour
Garonne: 1-56.].-L. Mauvaisand J.-F. Guillaud (eds.) Etat des connaissances sur l'estuaire de la Gironde. Agence de I'Eau Adour-Garonne,
Editions Bergeret, Bordeaux, France: 115.

Roeselers, G., Mittge, E. K., Stephens, W. Z., Parichy, D. M., Cavanaugh, C. M., Guillemin, K., and J. F. Rawls. 2011. Evidence for a core gut
microbiota in the zebrafish. ISME Journal. 5(10): 1595-1608.

Rosado, D., Pérez-Losada, M., Pereira, A., Severino, R., and R. Xavier. 2021. Effects of aging on the skin and gill microbiota of farmed
seabass and seabream. Animal Microbiome. doi:10.1186/S42523-020-00072-2

Rosinski, C. L., Vinson, M. R., and D. L. Yule. 2020. Niche partitioning among native ciscoes and nonnative rainbow smelt in Lake
Superior. Transactions of the American Fisheries Society. 149: 184-203.

199



Rothhaupt, K.-O., Hanselmann, A. J., and E. Yohannes. 2014. Niche differentiation between sympatric alien aquatic crustaceans: An
isotopic evidence. Basic and Applied Ecology. 15:453-463.

RTG2530. 2021. https://www.biologie.uni-hamburg.de/en/forschung/grk2530/blog/2021/0407-estuary-zones.html, Accessed
08.10.2024

Russo, R. C.,and R. V. Thurston. 1977. The acute toxicity of nitrite to fishes. Recent advances in fish toxicology. 118-131.

Salgueiro, V., Manageiro, V., Bandarra, N. M., Reis, L., Ferreira, E., and M. Canica. 2020. Bacterial diversity and antibiotic susceptibility of
Sparus aurata from Aquaculture. Microorganisms. 8(9): 1343.

Salinas, I. 2015. The mucosal immune system of teleost fish. Biology. 4(3): 525-539.

Salujoe, ], Gottlob, H., Agasild, H., Haberman, J., Krause, T., and P. Zingel. 2008. Feeding of 0+ smelt Osmerus eperlanus in Lake Peipsi.
Estonian Journal of Ecology. 57(1): 58-69.

Sampaio, E,, Santos, C., Rosa, 1. C., Ferreira, V., Portner, H. O., Duarte, C. M., Levin, L. A., and R. Rosa 2021. Impacts of hypoxic events
surpass those of future ocean warming and acidification. Nature Ecology and Evolution. 5(3): 311-321.

Samsing, F., and A. C. Barnes. 2024. The rise of the opportunists: What are the drivers of the increase in infectious diseases caused by
environmental and commensal bacteria? Reviews in Aquaculture. doi:10.1111/RAQ.12922

Sanders, T., Schol, A., and K. Dahnke. 2018. Hot spots of nitrification in the Elbe estuary and their Impact on nitrate regeneration.
Estuaries and Coasts. doi: 10.1007/s12237-017-0264-8

Sato, N, Yamane, N, and T. Kawamura. 1982. Systemic Citrobacter freundii infection among sunfish Mola mola in Matsushima Aquarium.
NIPPON SUISAN GAKKAISHI. 48(11): 1551-1557.

Schéperclaus, W. 1979. Fischkrankheiten, Teil 2: AVFK-B, Teil 2. Berlin: De Gruyter.

Scheifler, M., Magnanou, E,, Sanchez-Brosseau, S.,and Y. Desdevises. 2023. Host-microbiota-parasite interactions in two wild sparid fish
species, Diplodus annularis and Oblada melanura (Teleostei, Sparidae) over a year: a pilot study. BMC Microbiology. 23(1): 1-16.

Scheifler, M., Sanchez-Brosseau, S., Magnanou, E., and Y. Desdevises. 2022. Diversity and structure of sparids external microbiota
(Teleostei) and its link with monogenean ectoparasites. Animal Microbiome. 4(1): 27.

Schelske C. L. and E. P. Odum. 1962. Mechanisms maintaining high productivity in Georgia estuaries. Proceedings of the Gulf and
Caribbean Fisheries Institute.14: 75-80.

Schlacher T. A.,and R. M. Connolly. 2014. Effects of acid treatment on carbon and nitrogen stable isotope ratios in ecological samples: a
review and synthesis. Methods in Ecology and. Evolution. 5: 541-550. doi: 10.1111/2041-210X.12183

Schmidt, V. T., Smith, K. F., Melvin, D. W., and L. A. Amaral-Zettler. 2015. Community assembly of a euryhaline fish microbiome during
salinity acclimation. Molecular Ecology. 24(10): 2537-2550.

Schneider, C. A, Rasband, W. S., and K. W. Eliceiri. 2012. NIH Image to ImageJ: 25 years of image analysis. Nature Methods.
doi:10.1038/nmeth.2089

Schoer, J. H. 1990. Determination of the origin of suspended matter and sediments in the Elbe estuary using natural tracers. Estuaries.
13:161-172.

Scholle, J., and B. Schuchardt. 2020. Analyse langerfristiger Daten zur Abundanz verschiedener Altersklassen des Stints (Osmerus
eperlanus) im Elbdstuar.

Schroeder, F. 1997. Water quality in the Elbe estuary: Significance of different processes for the oxygen deficit at Hamburg.
Environmental Modeling and Assessment. 2(1): 73-82.

200



Schubiger, C. B., Orfe, L. H., Sudheesh, P. S., Cain, K. D,, Shah, D. H.,and D. R. Calla. 2015. Entericidin is required for a probiotic treatment
(Enterobacter sp. Strain C6-6) to protect trout from cold-water disease challenge. Applied and Environmental Microbiology. 81(2): 658-
665.

Schulz, G, Sanders, T., Voynova, Y. G., Bange, H. W., and K. Dahnke. 2023. Seasonal variability of nitrous oxide concentrations and
emissions in a temperate estuary. Biogeosciences. 20(15): 3229-3247.

Schwedhelm, E., Salomons, W, Schoer, J., and H.-D. Knauth. 1988. Provenance of the sediments and the suspended matter of the Elbe
estuary. GKSS Rep. 88/E/20, Geesthacht.

Schwentner, M., Zahiri, R., Yamamoto, S., Husemann, M., Kullmann, B., and R. Thiel. 2021. eDNA as a tool for non-invasive monitoring
of the fauna of a turbid, well-mixed system, the Elbe estuary in Germany. PLoS ONE. 16(4): e0250452.

Sehnal, L., Brammer-Robbins, E., Wormington, A. M., Blaha, L., Bisesi, J., Larkin, I, Martyniuk, C.]., Simonin, M.,and O. Adamovsky. 2021,
Microbiome composition and function in aquatic vertebrates: Small organisms making big impacts on aquatic animal health. Frontiers
in Microbiology. doi:10.3389/FMICB.2021.567408 /BIBTEX

Seitz, R. D., Wennhage, H., Bergstrom, U, Lipcius, R. N., and T. Ysebaert. 2014. Ecological value of coastal habitats for commercially and
ecologically important species. In ICES Journal of Marine Science. https://doi.org/10.1093/icesjms/fst152

Selleslagh, J. and R. Amara. 2008. Environmental factors structuring fish composition and assemblages in a small macrotidal estuary
(eastern English Channel). Estuarine, Coastal and Shelf Science. 79: 507-517.

Selleslagh, J., Blanchet, H., Bachelet, G., and J. Lobry. 2015. Feeding habitats, connectivity and origin of organic matter supporting fish
populations in an estuary with a reduced intertidal area assessed by stable isotope analysis. Estuaries and Coasts. 38: 1431-1447.

Semmens, B. X., Ward, E. J., Moore, J]. W., and C. T. Darimont. 2009. Quantifying inter-and intra-population niche variability using
hierarchical bayesian stable isotope mixing models. PloS ONE. 4(7): 1-9.

Sendek, D. S. and D. V. Bogdanov. 2019. European smelt Osmerus eperlanus in the eastern Gulf of Finland, Baltic Sea: Stock status and
fishery. Journal of Fish Biology. doi: 10.1111/jfb.14009

Sepulveda, A, Thiel, R., and W. Nellen. 1993. Distribution patterns and production of early life stages of European smelt, Osmerus
eperlanus L., from the Elbe River. [CES C.M. 39: 1-14.

Sepulveda, A. 1994, Daily growth in increments in the otoliths of European smelt Osmerus eperlanus larvae. Marine Ecology Progress
Series. 108:33-42.

Serrano, O., Serrano, L., Mateo, M. A., Colombini, I., Chelazzi, L., Gagnarli, E., and M. Fallaci. 2008. Acid washing effect on elemental and
isotopic composition of whole beach arthropods: Implications for food web studies using stable isotopes. Acta Oecologica (Montrouge).
34:89-96.

Sexton, A, Beisel, J.-N., Staentzel, C., Wolter, C., Tales, E., Belliard, ., Buijse, A. D., Fernandéz, V. M., Wantzen, K. M., Jahnig, S. C., de Leaniz,
C.G., Schmidt-Kloiber, A., Haase, P., Forio, M. A. E., Archambaud, G., Fruget, J.-F., Dohet, A, Evtimova, V., Csabai, Z., Floury, M., Goethals,
P. Varbir¢, G., Canedo-Arguelles, M., Larranaga, A., Maire, A, Schafer, R. B., Sinclair, J. S., Vannevel, R, Welti, E. A. R., and A. Jeliazkov..
2024. Inland navigation and land use interact to impact European freshwater biodiversity. Nature Ecology and Evolution. 8: 1-11.

Sharpton, T. J., Stagaman, K., Sieler, M. ], Arnold, H. K., and E. W. Davis II. Phylogenetic. 2021. Phylogenetic integration reveals the
zebrafish core microbiome and its sensitivity to environmental exposures. Toxics. 9(1): 10.

Shi, F., Lu, Z., Yang, M., Li, F,, Zhan, F.,, Zhao, L., Li, Y., Li, Q, Li, J., Li, ], Lin, L., and Z. Qin. 2021. Astragalus polysaccharides mediate the
immune  response and  intestinal  microbiota in  grass carp  (Ctenopharyngodon  idellus).  Aquaculture.

d0i:10.1016/J. AQUACULTURE.2020.736205

Sierszen, M. E., Keough, J. R., and C. A. Hagley. 1996. Trophic analysis of ruffe (Gymnocephalus cernuus) and white perch (Morone
americana) in a Lake Superior coastal food web, using stable isotope techniques. Journal of Great Lakes Research. 22(2): 436-443.

201



Silliman, B.R., Grosholz, T.,and M. D. Bertness (Eds). 2009. Human impacts on salt marshes: a global perspective. Berkeley, CA: University
of California Press.

Slater, J., Lankford, T., and J. Buckel. 2007. Overwintering ability of young-of- the-year bluefish Pomatomus saltatrix: effect of ration and
cohort of origin on survival. Marine Ecology Progress Series. 339: 259-269.

Smith, B.N.,and S. Epstein. 1971. Two categories of *C/**Cratios for higher plants. Plant Physiology. 47: 380-384.

Smith, S.J., Friedrichs, C. T. 2011 Size and settling velocities of cohesive flocs and suspended sediment aggregates in a trailing suction
hopper dredge plume. Continental Shelf Research. 31:550-5S63. doi:10. 1016/j. csr. 2010. 04. 002

Smith, J. A,, Mazumber, D., Suthers, I. M., and M. D. Taylor. 2013. To fit or not to fit: Evaluating stable isotope mixing models using
simulated mixing polygons. Methods in Ecology and Evolution. 4(7): 612-618. doi: 10.1111/2041-210X.12048

Song, Z.,Ye, W., Tao, Y., Zheng, T., Qiang, J., Li, Y., Liu, W., and P. Xu. 2023. Transcriptome and 16S rRNA analyses reveal that hypoxic

stress affects the antioxidant capacity of largemouth bass (Micropterus salmoides), resulting in intestinal tissue damage and structural
changes in microflora. Antioxidants. doi:10.3390/ANTIOX12010001/S1

Sgreide, ]. E.,, Tamelander, T., Hop, H., Hobson, K. A., and I. Johansen. 2006. Sample preparation effects on stable C and N isotope values:
a comparison of methods in Arctic marine food web studies. Marine Ecology Progress Series. 328: 17 - 28.

Souza, A. T, Dias, E., Nogueira, A., Campos, ], Marques, J. C.,and I. Martins. 2013. Population ecology and habitat preferences of juvenile
flounder Platichthys flesus (Actinopterygii: Pleuronectidae) in a temperate estuary. Journal of Sea Research. 79: 60-69.

Spieckermann, M., Grongroft, A., Karrasch, M., Neumann, A.,and A. Eschenbach. 2022. Oxygen consumption of resuspended sediments
of the upper Elbe estuary: Process identification and prognosis. Aquatic Geochemistry. doi:10.1007/s10498-021-09401-6

Statham, P.J. 2012. Nutrients in estuaries — An overview and the potential impacts of climate change. Science of the Total Environment.
434:213-227.

Steidle, L,,and R. Vennell. 2024. Phytoplankton retention mechanisms in estuaries: a case study of the Elbe estuary. Nonlinear Processes
in Geophysics. 31:151-164.

Sterner, R. W, and J. J. Elser. 2003. The stoichiometry of autotroph growth: Variation at the base of food webs. Ecological Stoichiometry.
pp. 80-134. Princeton University Press. doi:10.1515/9781400885695-007

Stoecker, D. K., and J. M. Capuzzo. 1990. Predation on Protozoa: its importance to zooplankton. Journal of Plankton.
doi:10.1093 /plankt/12.5.891

Stompe, D. K., Moyle, P. B., Oken, K. L., Hobbs, J. A.,and J. R. Durand. 2023. A spatiotemporal history of key pelagic fish species in the San
Francisco estuary, CA. Estuaries and Coasts. doi: 10.1007/s12237-023-01189-8

Strand, M. A, Jin, Y., Sandve, S. R., Pope, P. B., and T. R. Hvidsten. 2021. Transkingdom network analysis provides insight into host-
microbiome interactions in Atlantic salmon. Computational and Structural Biotechnology Journal. 19: 1028-1034.

Summers, R. W. 1979. Life cycle and population ecology of the flounder Platichthys flesus (L.) in the Ythan estuary, Scotland. Journal of
Natural Hististory. 13:703—723.

Sun, B. Y, Yang H. X, He, W., Tian, D. Y., Kou, H. Y., Wu, K., Yang, C. G., Cheng, Z. Q., and X. H. Song. 2021. A grass carp model with an
antibiotic-disrupted intestinal microbiota. Aquaculture. doi:10.1016/]. AQUACULTURE.2021.736790

Suzzi, A. L, Stat, M., Gaston, T. F.,and M. ]. Huggett. 2023. Spatial patternsin host-associated and free-living bacterial communities across
six temperate estuaries. FEMS Microbiology Ecology. 99(7): 1-12.

Suzzi, A L., Stat, M., Gaston, T. F., Siboni, N., Williams, N. L. R., Seymour, J. R.,and M. J. Huggett. 2023. Elevated estuary water temperature
drives fish gut dysbiosisand increased loads of pathogenic vibrionaceae. Environmental Research. doi:10.1016/J. ENVRES.2022.115144

202



Suzzi, A. L., Stat, M., MacFarlane, G. R., Seymour, J. R, Williams, N. L., Gaston, T. F., Alam, M. R., and M. J. Huggett. 2022. Legacy metal
contamination is reflected in the fish gut microbiome in an wurbanised estuary. Environmental Pollution.
doi:10.1016/].ENVPOL.2022.120222

Svirgsden, R., Albert, A., Rohtla, M., Taal, L., Saks, L., Verliin, A., Kesler, M., Hubel, K., Vetemaa, M., and T. Saat. 2015. Variations in egg
characteristics of ruffe Gymnocephalus cernua inhabiting brackish and freshwater environments. Helgoland Marine Research. 69: 273-
283.

Sweeting C. J., Barry, J., Barnes, C., Polunin, N. V. C., and S. Jennings. 2007a. Effects of body size and environment on diet- tissue 6"°N
fractionation in fishes. Journal of Experimental Marine Biology and Ecology. 340: 1-10.

Sweeting C. J., Barry, J., Polunin, N. V. C., and S. Jennings. 2007b. Effects of body size and environment on diet-tissue §'*C fractionation
in fishes. Journal of Experimental Marine Biology and Ecology. 352: 165—176.

Sylvain, F. E., Holland, A, Bouslama, S., Audet-Gilbert, E., Lavoie, C., Luis Val, A., and N. Derome. 2020. Fish skin and gut microbiomes
show contrasting signatures of host species and habitat. Applied and Environmental Microbiology. 86(16): 1-15.

Sylvain, F.-E., Leroux, N., Normandeau, E., Holland, A., Bouslama, S., Mercier, P.-L., Luis Val, A., and N. Derome. 2022. Genomic and
environmental factors shape the active gill bacterial community of an Amazonian teleost holobiont. Microbiology Spectrum.
doi:10.1128/SPECTRUM.02064-22

Syvéranta, J., Lensu, A., Marjomaki, T. J., Oksanen, S., and R. I. Jones. 2013. An empirical evaluation of the utility of convex hull and
standard ellipse areas for assessing population niche widths from stable isotope data. PloS ONE. 8(2): 256094.

Taal, I, Saks, L., Nedolgova, S., Verliin, A., Kesler, M., Jirgens, K., Svirgsden, R., Vetemaa, M., and T. Saat. 2014. Diet composition of smelt
Osmerus eperlanus (Linnaeus) in brackish near-shore ecosystem (Eru Bay, Baltic Sea). Ecology of Freshwater Fish. doi: 10.1111 /eff.12044

Tackx, M. L. M., Herman, P. J. M., Gasparini, S., Irigoien, X., Billiones, R., and M. H. Daro. 2003. Selective feeding of Eurytemora affinis
(Copepoda, Calanoida) in temperate estuaries: Model and field observations. Estuarine, Coastal and Shelf Science. 56:305-311.

Taupp, T., Hellmann, C., Gergs, R., Winkelmann, C., and M. A. Wetzel. 2017. Life under exceptional conditions—Isotopic niches of
benthic invertebrates in the estuarine maximum turbidity zone. Estuaries and Coasts. 40: 502-512.

Taupp, T., and M. A. Wetzel. 2014. Leaving the beaten track—Approaches beyond the Venice System to classify estuarine waters
according to salinity. Estuarine, Coastal and Shelf Science. 148: 27-35.

Theilen, J., Sarrazin, V., Hauten, E., Koll, R., Mollmann, C., Fabrizius, A., and R. Thiel. 2024. Long-term changes in the ichthyofaunal
composition in a temperate estuarine ecosystem — developments in the Elbe estuary over the past 40 years. In Conference Poster.

Thiel, R. 1990. Untersuchungen zur Okologie der Jung- und Kleinfischgemeinschaften in einem Boddengewdsser der stidlichen Ostsee.
Doctoral thesis, University of Rostock: 176 S.

Thiel, R. 2001. Spatial gradients of food consumption and production of juvenile fish in the lower River Elbe. River Systems. 12: 441-
462.

Thiel, R. 2003. Astuare - wichtige Lebensrdume fiir Fische der Nord- und Ostsee. Meer und Museum. 17: 36-44.
Thiel, R. 2011. Die Fischfauna europdischer Astuare. Eine Strukturanalyse mit Schwerpunkt Tideelbe. Dolling und Galitz Verlag.

Thiel, R., and A. Bos. 1998. Fischereibiologische Untersuchung verschiedender Schlenzen an der Stromelbe in Hamburg. Study for the
Environmental Agency Hamburg, Final report.

Thiel, R., and M. Pezenburg. 2001. Einfluss gewdsserbaulicher Mafénahmen auf die Funktion des Mihlenberger Lochs als Laich-und
Aufwuchsgebiet fiir Fische. Unveroff. Gutachten im Auftrag der Umweltbehorde Hamburg.

203



Thiel, R. and I. C. Potter. 2001. The ichthyofaunal composition of the Elbe Estuary: An analysis in space and time. Marine Biology. 138:
603-616.

Thiel, R. and R. Thiel. 2015. Atlas der Fische und Neunaugen Hamburgs. Freie und Hanse Stadt Hamburg. 170.

Thiel, R., Septlveda, A., Kafemann, R., and W. Nellen. 1995. Environmental factors as forces structuring the fish community of the Elbe
Estuary. Journal of Fish Biology. 46(1): 47-69.

Thiel, R., Septlveda, A., and Oesmann, S. 1996. Occurrence and distribution of twaite shad (Alosa fallax Lacépede) in the lower Elbe River,
Germany. Conservation of Endangered Freshwater Fish in Europe. 157-170.

Thiel, R., Riel, P, Neumann, R., Winkler, H. M., Béttcher, U.,and T. Grohsler. 2008. Return of twaite shad Alosa fallax (Lacépede, 1803) to
the Southern Baltic Sea and the transitional area between the Baltic and North Seas. Hydrobiologia. 602: 161-177.

Thiel, R., Winkler, H. M., Sarrazin, V., Bottcher, U., Danhardt, A., Dorow, M., Dureuil, M., George, M., Kuhs, V. N, Oesterwind, D., Probst,
W. N., Schaarschmidt, T. and R. Vorberg. 2024. Rote Liste und Gesamtartenliste der Fische und Neunaugen (Actinopterygii,
Elasmobranchii und Petromyzontida) der marinen Gewasser Deutschlands. Naturschutz und Biologische Vielfalt.

Thomas, M. 1998. Temporal changes in the movements and abundance of Thames estuary fish populations. In: Attrill MJ (ed) A
rehabilitated estuarine ecosystem. Kluwer, Dordrecht. pp 115-139.

Thornton, S. F., and J. McManus. 1994. Application of organic carbon and nitrogen stable osotope and C/N ratios as source indicators of
organic matter provenance in estuarine systems: Evidence from the Tay Estuary, Scotland. Estuarine, Coastal and Shelf Science. 38:219-
233.

Tigan, G., Mulvaney, W, Ellison, L., Schultz, A, and T.-C. Hung. 2020. Effects of light and turbidity on feeding, growth, and survival of
larval Delta Smelt (Hypomesus transpacificus, Actinopterygii, Osmeridae). Hydrobiologia. 847: 2883-2894.

Tobias-Hiinefeldt, S. P., van Beusekom, J. E. E,, Russnak, V., Dahnke, K., Streit, W. R., and H.-P. Grossart. 2024. Seasonality, rather than
estuarine gradient or particle suspension/sinking dynamics, determines estuarine carbon distributions. Science of The Total
Environment. doi:10.1016/j.scitotenv.2024.171962

Tournois, J., Darnaude, A. M., Ferraton, F., Aliaume, C., Mercier, L., and D. ]. McKenzie. 2017. Lagoon nurseries make a major contribution
to adult populations of a highly prized coastal fish. Limnology and Oceanography. doi:10.1002/Ino.10496

Trancart, T., Lambert, P., Rochard, E., Daverat, F., Coustillas, J., and C. Roqueplo. 2012. Alternative flood tide transport tactics in
catadromous species: Anguilla anqguilla, Liza ramada and Platichthys flesus. Estuarine, Coastal and Shelf Science. 99: 191-198.

TroastB. V., Walters L. ]., and G. S. Cook. 2022. A multi-tiered assessment of fish community responses to habitat restoration in a coastal
lagoon. Marine Ecology Progress Series. 698: 1-14.

Trueman, C. N., MacKenzie, K. M., and M. R. Palmer. 2012. Identifying migrations in marine fishes through stable-isotope analysis.
Journal of Fish Biology. 81:826-847.

Tsoukalas, D., Hoel, S, Lerfall, J., and A. N. Jakobsen. 2023. Photobacterium predominate the microbial communities of muscle of
European plaice (Pleuronectes platessa) caught in the Norwegian sea independent of skin and gills microbiota, shing season, and storage
conditions. International Journal of Food Microbiology. doi:10.1016/].JFOODMICR0O.2023.110222

Turner,R. E., Milan, C. S., Swenson, E. M., and J. M. Lee. 2022. Peak chlorophyll a concentrations in the lower Mississippi River from 1997
to 2018. Limnology and Oceanography. 67: 703-712.

Tweedley, J. R, Warwick, R. M., Valesini, F. ]., Platell, M. E., and . C. Potter. 2012. The use of benthic macroinvertebrates to establish a
benchmark for evaluating the environmental quality of microtidal, temperate southern hemisphere estuaries. Marine Pollution Bulletin.
64:1210-1221.

van Beusekom, J., Thiel, R., Bobsien, I., Boersma, M., Buschbaum, C., Danhardt, A., Darr, A., Friedland, R., Kloppmann, M., Kroncke, I, Rick,
J.,and M. Wetzel. 2018. Aquatische Okosysteme: Nordsee, Wattenmeer, Elbedstuar und Ostsee. pp. 89-107.

204



Van Den Meersche, K., Van Rijswijk, P., Soetaert, K., and J. J. Middelburg. 2009. Autochthonous and allochthonous contributions to
mesozooplankton diet in a tidal river and estuary: Integrating carbon isotope and fatty acid constraints. Limnology and Oceanography.
54:62-74.

van Kessel, M. A, H.J,, Mesman, R.J., Arshad, A., Metz, ]. R., Spanings, F. A. T.,van Dalen, S. C. M., van Niftrik, L., Flik, G., Wendelaar Bonga,
S.E. Jetten, M. S. M., Klaren, P. H. M., and H. ]. M. Op den Camp. 2016. Branchial nitrogen cycle symbionts can remove ammonia in fish
gills. Environmental Microbiology Reports. 8(5): 590-594.

van Maren, D. S., van Kessel, T., Cronin, K., and L. Sittoni. 2015. The impact of channel deepening and dredging on estuarine sediment
concentration. Continental Shelf Research. 95: 1-14.

VanNeer, A, D. Nachtsheim, U. Siebertand T. Taupp. 2023. Movements and spatial usage ofharbour sealsin the Elbe estuary in Germany.
Scientific Reports. doi:10.1038/s41598-023-33594-1

Vander Zanden, M. ], Cabana, G., and J. B. Rasmussen. 1997. Comparing trophic position of freshwater fish calculated using stable
nitrogen isotope ratios (5*°N) and literature dietary data. Canadian Journal of Fisheries and Aquatic Sciences. 54(5): 1142-1158.

Vander Zanden, M. J., Clayton, M. K., Moody, E. K., Solomon, C. T., and B. C. Weidel. 2015. Stable isotope turnover and half-life in animal
tissues: A literature synthesis. PLOS ONE. doi:10.1371 /journal.pone.0116182

Varela, . L., Nikouli, E., Medina, A., Papaspyrou, S., and K. Kormas. 2024. The gills and skin microbiota of five pelagic fish species from
the Atlantic Ocean. International Microbiology. doi:10.1007/510123-024-00524-8 /FIGURES/5

Vasemagi, A., Visse, M., and V. Kisand. 2017. Effect of environmental factors and an emerging parasitic disease on gut microbiome of
wild salmonid fish. mSphere. doi:10.1128 /MSPHERE.00418-17

Vetemaa, M., and T. Saat. 1996. Effect of salinity on the development of freshwater and brackish-water ruffe Gymnocephalus cernua (L.)
embryos. Annales Zoologici Fennici. 33(3,4): 687-691.

Vezzulli, L., Colwell, R. R.,and C. Pruzzo. 2013. Ocean warming and spread of pathogenic vibrios in the aquatic environment. Microbial
Ecology. 65(4): 817-825.

Vinni, M., Lappalainen, J., Malinen, T., and H. Peltonen. 2004. Seasonal bottlenecks in diet shifts and growth of smelt in a large eutrophic
lake. Journal of Fish Biology. 64: 567-579.

Vinni, M., Lappalainen, J.,and J. Horppila. 2005. Temporal and size-related changes in the frequency of empty stomachs in smelt. Journal
of Fish Biology. 66: 578-582.

Visca, P, Seifert, H., and K. J. Towner. 2011. Acinetobacter infection - An emerging threat to human health. [UBMB Life. 63(12): 1048-
1054.

Wang, W. zheng, Huang, J. sheng, Zhang, J. dong, Wang, Z. liang, Li, H. juan, Amenyogbe, E., and G. Chen. 2021. Effects of hypoxia stress
on the intestinal microflora of juvenile of cobia (Rachycentron canadum). Aquaculture. doi:10.1016/j.aquaculture.2021.736419

Wei, F., Sakata, K., Asakura, T,, Date, Y., and J. Kikuchi. 2018. Systemic homeostasis in metabolome, ionome, and microbiome of wild
yellowfin goby in estuarine ecosystem. Scientific Reports. doi:10.1038/s41598-018-20120-x

Weilbeer, H., Winterscheid, A., Strotmann, T., Entelmann, 1., Shaikh, S., and B. Vaessen 2021. Analyse der hydrologischen und
morphologischen Entwicklung in der Tideelbe fiir den Zeitraum von 2013 bis 2018. Die Kiiste. doi:10. 18171/10891 04

Wayland, M. and K. A. Hobson. 2001. Stable carbon, nitrogen, and sulfur isotope ratios in riparian food webs on rivers receiving sewage
and pulp-mill effluents. Canadian Journal of Zoology. 79: 5-15.

West, J. B., Bowen, G.].,Cerling, T. E.,and . R. Ehleringer. 2006. Stable isotopes as one of nature ‘s ecological recorders. TRENDS in Ecology
and Evolution. 21(7): 408-414.

Wetzel, M., Wahrendorf, D., and P. C. von der Ohe. 2013. Sediment pollution in the Elbe estuary and its potential toxicity at different
trophic levels. Science of the Total Environment. 449: 199-207.

205



Wetzel, M. A., Scholle, J., and K. Teschke. 2014. Artificial structures in sediment-dominated estuaries and their possible influences on
the ecosystem. Marine Environmental Research. 99. 125-135.

Whitehead, P., Bauchot, M. L., Hureau, J. C., Nielsen, J., and E. Tortonese. Fishes of the North-eastern Atlantic and the Mediterranean:
Poissons de I'Atlantique du Nord-Est et de la Méditerranée.

Whitfield A K. 1999. Ichthyofaunal assemblages in estuaries: A South African case study. Rev. Fish Biol. Fish. 9 (2): 151- 186.
doi:10.1023/a:1008994405375

Whitfield, A. K. 2015. Review Paper - Why are there so few freshwater fish species in most estuaries? Journal of Fish Biology. 86: 1227-
1250. doi:10.1111/jtb.12641

Whitfield A.K. 2021. Estuaries — how challenging are these constantly changing aquatic environments for associated fish species?
Environmental Biology of Fishes. 104: 517-528. d0i:10.1007/s10641-021-01085-9

Whitfield, A. K. and T. D. Harrison. 2020. Fish species redundancy in estuaries: A major conservation concern in temperate estuaries
under global change pressures. Aquatic Conservation: Marine and Freshwater Ecosystems. Short Communication.
doi:10.1002 /aqc.3482

Whitfield, A. K., Able, K. W., Blaber, S.]J. M, and M. Elliot. 2022. Fish and Fisheries — A Global Perspective. Wiley Blackwell.

Wilber, D., and D. Clarke. 2001. Biological effects of suspended sediments: A review of suspended sediment impacts on fish and shellfish
with relation to dredging activities in estuaries. North American Journal of Fisheries Management. 21: 855-875.

Wilkes Walburn, J., Wemheuer, B., Thomas, T., Copeland, E., O'Connor, W., Booth, M., Fielder, S., and S. Egan. 2019. Diet and diet-
associated bacteria shape early microbiome development in yellowtail kingfish (Seriola lalandi). Microbial Biotechnology. 12(2): 275-
288.

Wilson, J. G. 2002. Productivity, fisheries and aquaculture in temperate estuaries. Estuarine, Coastal and Shelf Science. 55: 953-967.

Winkler, G., Martineau, C., Dodson, J. J., Vincent, W. F., and L. E. Johnson. 2007. Trophic dynamics of two sympatric mysid species in an
estuarine transition zone. Marine Ecology Progress Series. 332:171-187.

Wise, A. L., LaFrentz, B. R, Kelly, A. M., Liles, M. R, Griffin, M. ., Beck, B. H.,and T. J. Bruce. 2024. Coinfection of channel catfish (Ictalurus
punctatus) with virulent Aeromonas hydrophila and Flavobacterium covae exacerbates mortality. Journal of Fish Diseases.
doi:10.1111/JFD.13912

Wolfstein, K., and L. Kies. 1995. A case study on the oxygen budget in the freshwater part of the Elbe estuary. Variation in phytoplankton
pigments in the Elbe estuary before and during the oxygen minima in 1992 and 1993. Archiv fuer Hydrobiologie. Supplement. 1: 39-
54.

Wolfstein, K. 1996. Untersuchungen zur Bedeutung des Phytoplanktons als Bestandteil der Schwebstoffe fiir das Okosystem Tide-Elbe
(Investigations about the significance of phytoplankton as a component of suspended matter for the tidal Elbe ecosystem). Doctoral
thesis. University of Hamburg.

Xavier, R., Severino, R., and S. M. Silva. 2024. Signatures of dysbiosis in fish microbiomes in the context of aquaculture. Reviews in
Aquaculture. 16(2): 706-731.

Xiao, Z., Zhang, S., Yan, P., Huo,J.,and M. Aurangzeib. 2022. Microbial community and their potential functions after natural vegetation
restoration in gullies of farmland in mollisols of northeast China. Land. 11(12): 2231.

Yajima, D., Fujita, H., Hayashi, I, Shima, G., Suzuki, K., and H. Toju. 2023. Core species and interactions prominent in fish-associated
microbiome dynamics. Microbiome. 11(1): 1-15.

Yang, Z. F.,, Chen, D, and B. P. Xiao. 2019. Impact assessment of dredging on fish eggs and larvae: A case study in Caotan, South China.
IOP Conference Series: Earth and Environmental Science. 351: 012035.

206



Yang, S., Xu, W., Tan, C,, Li, M., Li, D,, Zhang, C., Feng, L., Chen, Q., Jiang,J., Li, Y., Du, Z., Luo, W., Li, C., Gong, Q., Huang, X., Du, X., Du, J.,
Liu, G., and J. Wu. 2022. Heat stress weakens the skin barrier function in sturgeon by decreasing mucus secretion and disrupting the
mucosal microbiota. Frontiers in Microbiology. doi:10.3389/FMICB.2022.860079/BIBTEX

Yang, C., Zhang, H., Feng, Y., Hu, Y., Chen, S., Guo, S., and Z. Zeng. 2023. Effect of microbial communities on nitrogen and phosphorus
metabolism in rivers with different heavy metal pollution. Environmental Science and Pollution Research. 30(37): 87398-87411.

Yokoyama, H.,and Y. Ishihi. 2006. Variation in 6*C and 6'°N among different tissues of three estuarine bivalves: implications for dietary
reconstructions. Plankton and Benthos Research. 1: 178-182.

Yokoyama, H., Tamaki, A., Harada, K., Shimoda, K., Koyama, K., and Y. Ishihi. 2005. Variability of diet-tissue isotopic fractionation in
estuarine macrobenthos. Marine Ecology Progress Series. 296:115-128.

Yu,Y.Y. Ding, L. G., Huang, Z. Y., Xu, H. Y., and Z. Xu. 2021. Commensal bacteria-immunity crosstalk shapes mucosal homeostasis in
teleost fish. Reviews in Aquaculture. 13(4): 2322-2343.

Zhang, X., Ding, L., Yu, Y., Kong, W., Yin, Y., Huang, Z., Zhang, X., and Z. Xu. 2018. The change of teleost skin commensal microbiota is
associated with skin mucosal transcriptomic responses during parasitic infection by Ichthyophthirius multillis. Frontiers in Immunology.
doi:10.3389/FIMMU.2018.02972

Zhang, Y., Liang, X.-F., He, S., and L. Li. 2021. Effects of long-term low-concentration nitrite exposure and detoxification on growth
performance, antioxidant  capacities, and immune responses in  Chinese perch (Siniperca chuatsi).
do0i:10.1016/j.aquaculture.2020.736123

Zhang, M., Dou, Y., Xiao, Z., Xue, M., Jiang, N, Liu, W., Xu, C., Fan, Y., Zhang, Q., and Y. Zhou. 2023. Identification of an Acinetobacter
Iwoffii  strain isolated from diseased hybrid sturgeon (Acipenser baerii x  Acipenser schrenckii). Aquaculture.
doi:10.1016/). AQUACULTURE.2023.739649

Zhong, Y., Xia, H,, Zhong, Y., and H. Xia. 2023. Characterization of the nitrogen removal potential of two newly isolated Acinetobacter
strains under low temperature. Water. 15(16): 2990.

Zhu,]., Weisberg, R., Zheng, L., and S. Han. 2014. Influences of channel deepening and widening on the tidal and nontidal circulations of
Tampa Bay. Estuaries and Coasts. 38:132-150.

Zimmermann-Timm, H., Holst, H., Miller, S., and S. Muller. 1998. Seasonal dynamics of aggregates and their typical biocoenosis in the
Elbe estuary. Estuaries. 21:613.

Zou, Y., Wu, D, Wei, L., Xiao, J., Zhang, P, Huang, H., Zhang, Y., and Z. Guo. 2023. Mucus-associated microbiotas among different body
sites of wild tuna from the South China Sea. Frontiers in Marine Science,. doi:10.3389/FMARS.2022.1073264 /BIBTEX

207



Acknowledgments

First of all, I would like to thank my supervisor Prof. Dr. Christian Mollmann, for his time, his
expertise and his trust in me. Special thanks go to Prof. Dr. Peter Grgnkjzer for his great support and
his willingness to host me temporarily in his research group in Aarhus (what a wonderful time!). 1
am also grateful to Prof. Dr. Kai Jensen and Dr. Arne Malzahn for being part of my examination
committee. Thanks to the RTG2530, especially Dr. Susanne Stirn and Prof. Dr. Elisa Schaum, for all
the organization and the fruitful discussions that enabled me to think outside the box. Science is
ultimately a team effort, which is why the creation of these chapters would not have been possible
without the helpful input of my co-authors.

Special thanks go to our fishermen, especially Claus and Harald Zeeck as well as Dirk Stumpe and
the vessel “Ostetal” (our lady, who has always reliably brought us the treasures of the Elbe to
daylight). [ am thankful to my colleagues Raphael Koll and Jesse Theilen for the unforgettable time
during our long working days on board. Thank you for all the organization, the hand-in-hand work,
the many meetings, fish talks and funny moments. Without you, the creation of this thesis would
not have been possible!

Many thanks to my colleagues in the office, Johanna Biederbick, Tobias Refsing and Jan Conrad, for
the scientific exchange, shared sweets and all the coffee during our brainstorming sessions. [ would
also like to thank Joachim Liitke, Sven Stacker, Stefanie Schnell and Dominik Auch for their
technical support and practical assistance during my laboratory work as well as Stephanie
Kondratowicz, Julia Friese and our involved students for their commitment in the field in all
weathers. [ am grateful to Dr. Steffen Funk for always having an open ear and a brilliant (Magen-
Mann) idea ready for me. Thanks to Dr. Victoria Sarrazin who went through this thesis and gave me
helpful comments as well as emotional support.

Even though I cannot mention everyone by name here,  would like to thank the IMF family for their
support, helpfulness and sharing of experiences (e.g., the entertaining anecdotes during lunch
breaks and the catchy explanations on our sea trips).

Even if my circle of friends didn't have that much of me in recent years, I would like to thank Lisa,
Jannik and Laura in particular for their patience, encouraging words and active support, even in
difficult situations. Thanks to my Radio Brennt! crew (particularly Max for the many feierabend
beers) and my bands Tape Shapes (especially Dominik for the 10 years of fish talks, for your calmness
and your mental support), Orange Ate Kid (Bandraum ist Stammtisch, Psychiater und Proberaum in
EINS) and Lucky You.

To Tim, thank you for your love and trust in me when I didn't have it. Without your distraction [
would never be able to walk through life as relaxed as I normally do. You are my anchor!

Last but not least,  would like to thank my family. Mama for your always effective Rhineland advice
and wisdom (Et hdt schon immer jut jejange!; Elena, you can't write it like that, it's not High German!),
Papa and Isolde for your support in the form of advice and lovingly packed sweeping parcels, my
sister Jule and my aunt Michaela for your emotional support and Opa for always being there,
supporting and listening. Thank you for always believing in me!

208



Eidesstattliche Versicherung:

Hiermit versichere ich an Eides statt, die vorliegende Dissertationsschrift selbst verfasst
und keine anderen als die angegebenen Hilfsmittel und Quellen benutzt zu haben.

Sofern im Zuge der Erstellung der vorliegenden Dissertationsschrift generative Kiinstliche
Intelligenz (gKI) basierte elektronische Hilfsmittel verwendet wurden, versichere ich, dass
meine eigene Leistung im Vordergrund stand und dass eine vollstandige Dokumentation
aller verwendeten Hilfsmittel gemafs der Guten wissenschaftlichen Praxis vorliegt. Ich
trage die Verantwortung fur eventuell durch die gKI generierte fehlerhafte oder verzerrte
Inhalte, fehlerhafte Referenzen, Verstofe gegen das Datenschutz- und Urheberrecht oder
Plagiate.

Affidavit:

[ hereby declare and affirm that this doctoral dissertation is my own work and that I have
not used any aids and sources other than those indicated.

[f electronic resources based on generative artificial intelligence (gAl) were used in the
course of writing this dissertation, I confirm that my own work was the main and value-
adding contribution and that complete documentation of all resources used is available in
accordance with good scientific practice. [ am responsible for any erroneous or distorted
content, incorrect references, violations of data protection and copyright law or plagiarism
that may have been generated by the gAl

Hamburg, den 10. Oktober 2024

209



Contribution of authors

Chapter 2: Characterizing intraspecific habitat exploitation of anadromous key species

Osmerus eperlanus along the salinity gradient of a large European estuary

Authors: Elena Hauten, Johanna Biederbick, Steffen Funk, Raphael Koll, Jesse Theilen,

Andrej Fabrizius, Ralf Thiel, Kai Jensen, Peter Grgnkjeer and Christian Mollmann

This chapter is a draft currently being prepared for publication in a scientific journal. The
contribution of the authors is as follows: Elena Hauten (EH), Peter Grgnkjeer (PG) and
Christian Mollmann (CM) developed the objective of this study, whereby PG and CM
supervised the work. EH conducted the field work (methodology) together with Jesse
Theilen (JT) und Rapahel Koll (RK). Laboratory work was done by EH. Data analyses was
developed by EH, PG and Steffen Funk (SF) with the advice of CM, and conducted by EH.
Data visualization was created by EH. Ralf Thiel (RT), Kai Jensen (K]J), Andrej Fabrizius (AF)
and CM provided the funding acquisition of the study including methodology and the
publishing process. All co-authors reviewed and edited the original draft written by EH.

Confirmation of correctness

Yy y
/ /] 4 7/
L -

Hamburg, 10. October 2024 /

Place, date Christian Mollmann

210



Chapter 3: Tracking life cycle strategies of flounder and ruffe in the Elbe estuary

Authors: Elena Hauten, Johanna Biederbick, Steffen Funk, Raphael Koll, Jesse Theilen,
Andrej Fabrizius, Ralf Thiel, Peter Grgnkjeer and Christian Mollmann'

This chapter is a draft currently being prepared for publication in a scientific journal. The
contribution of the authors is as follows: Elena Hauten (EH) and Christian Méllmann (CM)
were responsible for the conceptual design of this study. EH, Raphael Koll (RK) and Jesse
Theilen (JT) collected fish in the field. Sampling preparation in the laboratory was
conducted by EH. EH, CM and Steffen Funk (SF) developed the data analysis concept, which
was implemented and visualized by EH. Ralf Thiel (RT) and CM generated the funding for
this study. Peter Grgnkjeer (PT) and Johanna Biederbick (JB) improved the writing process
with their expertise. The original draft was written by EH and edited and reviewed by all co-

authors. This study was supervised by CM.

Confirmation of correctness

Hamburg, 10. October 2024 Ei

Place, date Christian Mollmann

211



Chapter 4: Spatial and temporal patterns of zooplankton trophic interactions and

carbon sources in the eutrophic Elbe estuary (Germany)

Authors: Johanna Biederbick, Christian Mollmann, Elena Hauten, Vanessa Russnak, Niko

Lahajnar, Thomas Hansen, Jan Dierking and Rolf Koppelmann'

This chapter is a draft that is submitted to ICES Journal of Marine Science (07/2024). The
contribution of the authorsis as follows: Johanna Biederbick (JB), Christian Mollmann (CM),
Jan Dierking (JD) and Rolf Koppelmann (RK) developed the concept for this study. JB mainly
conducted the laboratory work under advice of RK and JD. Elena Hauten (EH) conducted
the sample collection and preparation of seasonal caught fish larvae Osmerus eperlanus for
this study. Niko Lahajnar (NL), Thomas Hansen (TH) and JD analyzed selected stable isotope
samples in their laboratories. Vanessa Russnak (VR) provided abiotic data and EH stable
isotope data of fish larvae for this study. Data analysis was developed by JD, RK and JB and
was further implemented and visualized by JB. Work development of ]B was accompanied
by EH with the supervision of RK, JB and CM. Funding acquisition was coordinated by CM.
All co-authors reviewed and edited the original draft written by JB.

Confirmation of correctness

A n
I/ 5/ y /
/ / 7/ ¢ e
/ Y /s YA/
'-./{ & < ’

Hamburg, 10. October 2024 /

Place, date Christian Mollmann

212



Chapter 5: Is acidification of common estuarine macroinvertebrates in stable isotope

approaches necessary to analyze aquatic food webs?

Authors: Elena Hauten, Amami Perera and Christian Mollmann

This chapter is a draft submitted to Limnology and Oceanography: Methods (02/2024) and
currently under submission. The contribution of the authors is as follows: Elena Hauten
(EH) designed the experimental design for this study and collected macroinvertebrate
individuals in the field. Amami Perera (AP) prepared the samples in the laboratory and
conducted statistical analysis under advice of EH. AP gave comments on the first draft
written by EH. EH analyzed and visualized the data for the publishing process. Christian
Mollmann (CM) coordinated the funding acquisition and contributed to the writing process

by reviewing and editing the original draft written by EH. This study was supervised by CM.

Confirmation of correctness

/

90 T,
w1/ { N L
Hamburg, 10. October 2024 i
Place, date Christian Mollmann

213



Chapter 6: Environmental factors affecting the fish fauna structure in a temperate

mesotidal estuary: a 40-year long-term study in the Elbe estuary

Authors: Jesse Theilen, Victoria Sarrazin, Elena Hauten, Raphael Koll, Christian Méllmann,
Andrej Fabrizius and Ralf Thiel

This chapter is a draft submitted to Estuarine, Coastal and Shelf Science (08/2024). The
contribution of the authors is as follows: Jesse Theilen (JT) and Ralf Thiel (RT) designed the
objectives and administration of this study. The concept of this study was developed by JT,
RT, Andrej Fabrizius (AF)and Christian Méllmann (CM). JT, Elena Hauten (EH) and Raphael
Koll (RK]) collected fish and implemented data acquisition in the field. Funding acquisition
and supervision were implemented by AF, CM and RT. The curation of the long-term data
was coordinated by Victoria Sarrazin (VS) and JT. JT analyzed and visualized the data under
the advice of RT and VS. All co-authors critically reviewed and edited the original draft
written by JT.

Confirmation of correctness

Hamburg, 10. October 2024 /

Place, date Christian Mollmann

214



Chapter 7: Spatio-temporal fish gill microbiota analysis as indicators in estuarine fish
health monitoring

Authors: Raphael Koll, Elena Hauten, Jesse Theilen, Corinna Bang, Michelle Bouchard, Ralf
Thiel, Christian Mollmann, Jason Nicholas Woodhouse and Andrej Fabrizius'

This chapter is a draft submitted to International Society for Microbial Ecology Journal
(07/2024). The contribution of the authors is as follows: Raphael Koll (RK) and Andrej
Fabrizius (AF) were responsible for the conceptual planning and administration of the study
design. RK, Elena Hauten (EH) and Jesse Theilen (JT) collected samples during field
research. RK conducted laboratory work and was supported by Michelle Bouchard (MB).
Data curation was implemented by RK, MB, EH and Corinna Bang (CB). RK conducted the
data analysis under supervision of Jason Woodhouse (JW) and AF. Formal analysis and
visualization were mainly conducted by RK with the support of EH who provided stable
isotope data (6**C) of ruffe and smelt samples. EH additionally visualized the isotope data
and created parts of the map describing the study area. Funding acquisition was
coordinated by AF, Ralf Thiel (RT) and Christian Mollmann (CM). JT provided permit
acquisition. RKwrote the original draft of the manuscript with the supervision of AF. All co-

authors reviewed and edited the manuscript.

Confirmation of correctness

Hamburg, 10. October 2024 /

Place, date Christian Mollmann

215



