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SUMMARY 

Seagrasses, such as the endemic Mediterranean species Posidonia oceanica, are critical components of coastal 

marine ecosystems, providing essential ecosystem services, including carbon sequestration, nutrient cycling, 

and habitat formation. P. oceanica forms extensive meadows that serve as biodiversity hotspots and play a 

crucial role in mitigating climate change through long-term carbon storage. Despite their ecological significance, 

the interactions between P. oceanica and associated organisms, as well as their combined contributions to 

biogeochemical cycling, remain poorly understood, particularly under changing environmental conditions. This 

thesis explores the carbon and nitrogen cycling processes within the P. oceanica holobiont, focusing on the 

epiphytic and microbial communities, microbial driven metabolic processes, and the interaction between P. 

oceanica and larger associated invertebrates, such as the sponge Chondrilla nucula. Through field and laboratory 

experiments, this work demonstrates the significant role of epiphytic algae in the primary production of the 

seagrass holobiont, contributing a substantial portion of net primary production. Nitrogen cycling processes 

such as N¢ fixation, nitrification, and denitrification in the seagrass phyllosphere were quantified, revealing their 

importance in meeting the N demands of the seagrass holobiont, especially under natural ocean acidification 

conditions. Experiments near marine CO¢ vents indicated that ocean acidification accelerates net primary 

production and nitrogen cycling, while the structure of the microbial community associated with P. oceanica 

leaves remains largely stable. The facultative mutualism between P. oceanica and the sponge C. nucula further 

highlights the complexity of the seagrass holobiont. P. oceanica releases dissolved organic carbon, which meets 

a portion of the sponge's respiratory carbon demand. Conversely, C. nucula releases dissolved inorganic 

nitrogen, including ammonium and nitrate generated by microbial nitrification, which supports seagrass growth. 

Stable isotope analysis suggests that the association facilitates nutrient exchange, with P. oceanica preferentially 

absorbing sponge-derived ammonium, while epiphytes may benefit from sponge-produced nitrate. This 

dynamic reduces seasonal fluctuations in productivity, stabilizing the seagrass ecosystem during periods of 

senescence. Sponge-associated nitrification contributes to the nitrogen budget of the seagrass holobiont, 

potentially reducing nutrient limitations in oligotrophic Mediterranean waters. The microbiome of C. nucula 

plays a key role in these processes, harboring nitrifiers that mediate the production of nitrate. High-throughput 

sequencing revealed taxonomic diversity among microbes associated with both the sponge and seagrass, 

including microorganisms involved in carbon and nitrogen cycling processes. These microbial communities not 

only mediate nutrient exchange within the seagrass-sponge association but also contribute to the overall 

resilience and productivity of the ecosystem. This thesis highlights the intricate interactions within the P. 

oceanica holobiont and its nested ecosystem with C. nucula. These findings underscore the importance of 

microbial and epiphytic communities in maintaining the resilience and productivity of seagrass meadows, 

particularly in nutrient-poor environments like the Mediterranean Sea. This research enhances our 

understanding of the biogeochemical processes that support seagrass ecosystem stability and provides valuable 

insights to guide conservation efforts in the face of climate change and anthropogenic pressures. 
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ZUSAMMENFASSUNG 

 

Seegräser, wie die endemische mediterrane Art Posidonia oceanica, sind wichtige Bestandteile mariner 

Küstenökosysteme und erbringen wichtige Ökosystemleistungen, darunter Kohlenstoffbindung, 

Nährstoffkreisläufe und Lebensraumbildung. P. oceanica bildet ausgedehnte Seegraswiesen, die als 

Biodiversitäts-Hotspots dienen und durch langfristige Kohlenstoffspeicherung eine entscheidende Rolle im 

Kampf gegen den Klimawandel spielen. Trotz ihrer herausragenden ökologischen Bedeutung sind Interaktionen 

zwischen P. oceanica und den mit ihr assoziierten Organismen sowie ihr gemeinsamer Beitrag zu 

biogeochemischen Kreisläufen, insbesondere unter veränderten Umweltbedingungen, nach wie vor nur 

unzureichend erforscht. In dieser Arbeit werden Prozesse im Kohlenstoff- und Stickstoffkreislauf innerhalb des 

P. oceanica-Holobionten untersucht, wobei der Schwerpunkt auf den epiphytischen und mikrobiellen 

Gemeinschaften, mikrobiellen Stoffwechselprozessen und der Beziehung zwischen P. oceanica und größeren 

wirbellosen Tieren, wie dem Schwamm Chondrilla nucula, liegt. Anhand von Feld- und Laborexperimenten zeigt 

diese Arbeit die bedeutende Rolle epiphytischer Algen bei der Produktivität des Seegras-Holobionten, die einen 

erheblichen Anteil an der Nettoprimärproduktion haben. Stickstoffkreislaufprozesse, wie N¢-Fixierung, 

Nitrifikation und Denitrifikation in der Phyllosphäre des Seegrases, wurden quantifiziert und ihre Bedeutung für 

die Deckung des Stickstoffbedarfs des Seegras-Holobionten insbesondere unter Ozeanversauerungs-

Bedingungen aufgezeigt. Experimente in der Nähe von marinen CO¢-Quellen zeigten, dass Ozeanversauerung 

die Nettoprimärproduktion und den Stickstoffkreislauf ankurbelt, während die Struktur der mit den Blättern von 

P. oceanica assoziierten mikrobiellen Gemeinschaft weitgehend unverändert bleibt. Der fakultative 

Mutualismus zwischen P. oceanica und dem Schwamm C. nucula verdeutlicht die Komplexität des Seegras-

Holobionten. P. oceanica setzt gelösten organischen Kohlenstoff frei, der einen Teil des Kohlenstoffbedarfs für 

die Respiration des Schwamms deckt. Umgekehrt setzt C. nucula gelösten anorganischen Stickstoff frei, darunter 

Ammonium und Nitrat, das durch mikrobielle Nitrifikation entsteht und das Seegraswachstum unterstützt. Die 

Analyse stabiler Isotope deutet darauf hin, dass die Seegras-Schwamm-Verbindung den Nährstoffaustausch 

erleichtert, wobei P. oceanica bevorzugt vom Schwamm stammendes Ammonium aufnimmt, während die 

Epiphyten möglicherweise durch vom Schwamm stammendes Nitrat profitieren. Diese Dynamik verringert 

saisonale Produktivitätsschwankungen und stabilisiert das Seegras-Ökosystem in Zeiten der Seneszenz. Die mit 

dem Schwamm assoziierte Nitrifikation trägt zum Stickstoffhaushalt des Seegras-Holobionten bei, wodurch die 

Nährstoffbeschränkungen in oligotrophen Gewässern wie dem Mittelmeer verringert werden könnten. Das 

Mikrobiom von C. nucula spielt bei diesen Prozessen eine Schlüsselrolle, denn es beherbergt Nitrifikanten, die 

die an der Produktion von Nitrat beteiligt sind. Die Hochdurchsatz-Sequenzierung ergab eine große 

taxonomische Vielfalt von Mikroorganismen, die mit dem Schwamm und dem Seegras assoziiert sind, 

einschließlich solcher, die an Kohlenstoff- und Stickstoffkreislaufprozessen beteiligt sind. Diese mikrobiellen 

Gemeinschaften vermitteln nicht nur den Nährstoffaustausch innerhalb der Seegras-Schwamm-Assoziation, 

sondern tragen auch zur allgemeinen Widerstandsfähigkeit und Produktivität des Ökosystems bei. In dieser 

Arbeit werden die komplexen Interaktionen innerhalb des P. oceanica 3 Holobionten und seines verschränkten 
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Ökosystems mit C. nucula aufgezeigt. Diese Ergebnisse unterstreichen die Bedeutung der mikrobiellen und 

epiphytischen Gemeinschaften für die Erhaltung der Widerstandsfähigkeit und Produktivität von Seegraswiesen, 

insbesondere in nährstoffarmen Umgebungen wie dem Mittelmeer. Durch die Verbesserung unseres 

Verständnisses dieser Interaktionen liefert diese Arbeit wichtige Erkenntnisse über die biogeochemischen 

Prozesse, die die Stabilität von Seegrasökosystemen unterstützen, und liefert grundlegende Informationen für 

Naturschutzmaßnahmen unter dem Druck des Klimawandels und anderer anthropogener Stressoren. 
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1. GENERAL INTRODUCTION 

 

THE ECOLOGY OF SEAGRASSES 

Seagrasses form a distinct ecological group of aquatic angiosperms, encompassing four families 

(Cymodoceaceae, Hydrocharitaceae, Posidoniaceae, and Zosteraceae), and comprising approximately 72 

species that are specially adapted to thrive in marine environments (Short et al., 2011). They occur in coastal 

regions of all continents, except Antarctica (Short et al., 2007), forming dense meadows that enhance the 

structural complexity of coastal ecosystems and provide valuable ecosystem services (Hemminga & Duarte, 

2000; Nordlund et al., 2016). 

In the Mediterranean Sea, one of the most prominent species is the endemic seagrass Posidonia oceanica, 

commonly known as Neptune grass. It forms extensive seagrass meadows in shallow coastal areas and can be 

found down to 45 meters below sea level (Marbà et al., 2014). Posidonia oceanica has a number of 

morphological characteristics that are well-suited to its life in the marine environment. Its leaves are elongated, 

ribbon-shaped, and covered by a protective cuticle. The leaves are connected to the rhizomes by a lignified leaf 

sheath that also shields the plant's basal meristem. The rhizome, an elongated stem-like structure, allows clonal 

propagation and connects multiple leaf bundles, contributing to the formation of dense seagrass meadows 

(Hemminga & Duarte, 2000).  

Over time, the leaf canopy traps sediment and to avoid being buried, rhizomes of P. oceanica grow vertically. 

The deposited structure of living and dead rhizomes and roots, together with the sediment filling the gaps, is 

known as the seagrass 'matte'. Sediment trapping and vertical rhizome growth cause the matte, and thus the 

seafloor, to rise between 10 and 100 cm per century over time (Boudouresque et al., 2016).  

 
Fig. 1.1. Posidonia oceanica with exposed rhizomes and matte. Credit: Dimitris Poursanidis / Ocean Image Bank 
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Posidonia oceanica plays a crucial role in the Mediterranean ecosystem and provides important ecosystem 

services. It acts as a key habitat provider for a wide range of marine organisms and contributes to the structural 

complexity of coastal habitats and provides essential breeding and feeding grounds for various fish species, 

invertebrates, and other marine flora (Boudouresque et al., 2006; Campagne et al., 2015). Posidonia oceanica is 

also important for water purification through filtration, protection against coastal erosion, water oxygenation, 

nutrient cycling, carbon sequestration, and has a considerable recreational value (Campagne et al. 2015 and 

references therein). The estimated economic value of Mediterranean P. oceanica meadows based on these 

ecosystem services ranges from 284 to 514 ¬/ha/year (Campagne et al., 2015). 

BIOGEOCHEMICAL CYCLING OF CARBON AND NITROGEN IN SEAGRASSES 

One of the most remarkable features of seagrass meadows is their high binding capacity of organic carbon (C). 

Over the past decades, there has been growing interest in C sequestration by coastal ecosystems (mangroves, 

tidal marshes, and seagrasses meadows); the so-called 8blue carbon9 (Nellemann et al., 2010). Carbon 

sequestration by seagrasses is estimated for ca. 10 % of total blue carbon, although seagrass meadows cover 

less than 0.2% of the area of the world's oceans (Duarte et al., 2005; Fourqurean et al., 2012). Seagrass 

restoration and protection are therefore now widely recognized as effective strategies for reducing carbon 

dioxide (CO2) emissions and mitigating future climate change scenarios (Duarte et al., 2013; Greiner et al., 2013; 

Macreadie et al., 2021). Because of its high primary production and long-term C storage in its matte, Posidonia 

oceanica is recognized as one of the most effective seagrasses for C fixation and sequestration (Boudouresque 

et al., 2006; Pergent-Martini et al., 2021). With the potential for inorganic and organic C to exist in these seagrass 

mattes for millennia (Monnier et al., 2020), C sequestration in P. oceanica meadows can even rival peatlands 

(Strack, 2008) or mangroves (Bouillon et al., 2008), 

Seagrasses also play an important role as highly effective nutrient recyclers (Hemminga et al., 1991; Welsh, 

2000). Nitrogen (N) cycling within seagrass ecosystems is of considerable importance, not only for the well-being 

of the seagrass plants themselves but also for the entire ecosystem (Hemminga et al., 1991). The N cycle in 

seagrass habitats is highly complex (see Fig. 1.2.), consisting of numerous interrelated processes that eventually 

transform atmospheric nitrogen gas (N2) into biologically accessible forms, such ammonium (NH4
+) and nitrate 

(NO3
-), and vice versa (Herbert, 1999).  

Nitrogen input, primarily through N2 fixation by diazotrophic microorganisms, turns atmospheric N2 into NH3, 

and thus provides essential bioavailable N sources not only to the seagrass but also to the diverse organisms 

that graze upon it (Heck & Valentine, 2006). Studies show that P. oceanica meadows are usually net sources of 

dissolved organic nitrogen which is important in the N cycle and budget of the Mediterranean Sea (Barrón & 

Duarte, 2009).  

Nitrification is a two-step process occurring under aerobic conditions and converts NH4
+ first to NO2

- and then to 

NO3
-. This NO3

- can serve as substrate for canonical denitrification, a multi-step process in which NO3
-  is first 

converted to NO2
-, then to NO and N2O, and finally to N2 gas under hypoxic or anoxic conditions (Ward, 2008). 

Seagrass sediments, especially in warmer (sub-)tropical regions offer an environment where nitrification and 
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denitrification can be tightly coupled (Eyre et al., 2013; Hoffman et al., 2019). Via the seagrass rhizosphere, O2 

diffuses into the sediment, creating a mosaic of oxic and anoxic microenvironments. Additionally, the relatively 

high organic content of seagrass sediments, resulting from the input of organic particulate matter and root 

exudation processes, offers an abundant substrate for NH4
+ regeneration, promoting nitrification and thus 

enhancing denitrification (Caffrey & Kemp, 1990). N-loss pathways, such as denitrification or the anaerobic 

ammonium oxidation (anammox), can regulate excess nutrients in seagrass sediments and thus mitigate excess 

N loads (Garcias-Bonet et al., 2018).  

While N cycling in seagrass sediments (Herbert, 1999; Holmer, 2019; Salk et al., 2017) or the rhizosphere (Lehnen 

et al., 2016; Mohr et al., 2021) has been the focus of extensive research, precise quantification of N cycling 

processes associated with other parts of the plant, like the leaves, is still sparse. 

 
Fig. 1.2. A simplified illustration of the marine nitrogen cycle. Created with BioRender.com 

THE EFFECTS OF CLIMATE CHANGE ON SEAGRASSES 

The Mediterranean Sea, being semi-enclosed and relatively shallow, is often referred to as a hotspot for climate 

change, for example experiencing seawater warming 20% faster than the global average (Vafeidis et al., 2020). 

Seawater warming has significant effects on seagrasses at the molecular, physiological, morphological, and 

ecosystem level (Nguyen et al., 2021). Ocean warming can induce heat stress, reducing their photosynthetic 

capacity and thus affecting growth rates, leaf and shoot quantity, and overall resilience (e.g., Koch et al., 2013; 

Lee et al., 2007; Nguyen et al., 2021). Long-term warming may also result in local and regional extinctions, 

especially for species that are adapted to cooler environments (Marbà & Duarte, 2010). Additionally, warmer 
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waters in combination with eutrophication can promote algal blooms and invasive species, that have a higher 

temperature tolerance and thus outcompete the seagrass plants (Burkholder et al., 2007; Lee et al., 2007).  

At the same time, the Mediterranean Sea is able to absorb relatively more anthropogenic CO2 per unit area than 

the global ocean because it is more alkaline and because deep waters are ventilated over shorter timescales 

(Schneider et al., 2010), allowing rapid penetration of CO2 in its interior. Thus, the Mediterranean Sea may 

experience significant ocean acidification (OA, i.e. the decrease in seawater pH resulting from increased 

dissolution of atmospheric CO2) over the current century, with seawater pH predicted to decrease between 

0.245 and 0.462 units by 2100, depending on the IPCC SRES scenario (Goyet et al., 2016; IPCC, 2023).  

Ocean acidification negatively impacts many habitat-forming species, such as calcifying algae, corals, or 

molluscs, with cascading effects on the entire marine ecosystem  (Doney et al., 2009; Kroeker et al., 2013; 

Riebesell et al., 2000). Marine macrophytes on the other hand may benefit from increased CO2 concentrations 

as their photosynthetic rates are often C-limited at current CO2 levels (M. Koch et al., 2013). However, OA can 

have complex effects on seagrasses. Several studies showed increased primary production, growth, and shoot 

density under increased CO2 concentrations (Cox et al., 2015; Egea et al., 2018; Hernán et al., 2016; Zimmerman 

et al., 2017), but also increased herbivory on the leaves (Cox et al., 2016; Scartazza et al., 2017). Our knowledge 

about the effects of OA on the biogeochemical cycling of C and N associated with seagrass is still limited. 

Not only the seagrass, but also organisms growing on the leaf surface are affected by changing environmental 

conditions. Calcareous epiphytes including encrusting red algae, bryozoans, foraminifers, and spirorbids decline 

under low pH, while non-calcareous invertebrates like hydrozoans or tunicates can benefit (Donnarumma et al., 

2014; Gravili et al., 2021; Mecca et al., 2020). This community shift in the epiphytic community can have 

cascading effects on the seagrass trophic network and ecosystem functioning. While the effects of OA on the 

macro-epiphytic community have received some attention, there is still a knowledge gap regarding the effects 

of reduced pH on the seagrass microbiome and microbe-associated metabolic processes. 

THE SEAGRASS HOLOBIONT 

Similar to other benthic marine organisms, seagrasses such as P. oceanica harbour diverse and abundant 

communities of microorganisms and larger eukaryotic endo- and epiphytes (Borowitzka et al., 2006). These 

organisms play an important role in shaping seagrass physiology and health (see Fig. 1.3), while also exerting 

control over biogeochemical processes in seagrass meadows (Seymour et al., 2018; Tarquinio et al., 2019; 

Ugarelli et al., 2017). The close relationship between seagrasses and associated organisms supports the idea 

that they together form a 8holobiont9, a concept first described by Margulis (1991). In the holobiont, the host 

organism and its associated partners represent a biological unit in which each member is supported for its 

success (Margulis, 1991). However, the spectrum of ecological interactions occurring between seagrasses and 

associated organisms encompasses a wide range, from mutualistic relationships to parasitism (Seymour et al., 

2018).  

On and within seagrass leaves, roots, rhizomes, and the surrounding sediments, discrete populations of bacteria, 

fungi, microalgae, archaea, and viruses exist (Borowitzka et al., 2006). Seagrasses and their associated 
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microbiome interact within various microniches across different plant parts and the nearby sediments. These 

microenvironments host-specific microbial communities adapted to local conditions, influencing the seagrass 

both positively and negatively (Seymour et al., 2018). 

Seagrass leaves host diverse microbial communities, including bacteria, fungi, and protists. The seagrass 

phyllosphere is primarily colonized by surrounding heterotrophic bacterioplankton, particularly by groups 

typically capable of degrading polymers and known for surface attachment and biofilm formation (Ugarelli et 

al., 2017). Seagrass-associated microorganisms dominate and vary seasonally, with different species peaking in 

summer and winter. Bacteria can promote leaf growth by providing nutrients and controlling algal growth 

(Celdrán et al., 2012), while others break down aging leaves (Barnabas, 1992). The most abundant and diverse 

epiphytes on seagrasses are algae, ranging from unicellular diatoms and dinoflagellates, present on nearly all 

seagrasses, to large macrophytes (Borowitzka et al., 2006). Epiphytic algae are important primary producers 

within the seagrass ecosystem and contribute significantly to the food web. They can comprise more than 50% 

of the primary production in seagrass meadows (Hasegawa et al., 2007; Wear et al., 1999). However, our 

knowledge of the role of epiphytes in the productivity and biogeochemical cycling within the seagrass holobiont, 

especially in response to environmental changes, is still limited. Seagrasses also host a variety of other epiphytes, 

including protozoa, sponges, bryozoans, hydroids, and ascidians. Additionally, sessile invertebrates such as 

sponges, crustaceans and molluscs can inhabit the seagrass phyllosphere (Borowitzka et al., 2006). 

Microorganisms can also live endophytically within seagrass leaves and roots, residing between and inside plant 

cells. These microbes can be symbionts, benefiting the plant, or pathogens that may become harmful under 

certain conditions (Seymour et al., 2018). Few studies have explored the diversity of seagrass endophytes, but 

research on Posidonia oceanica indicates a low number of bacterial taxa, suggesting high specialization for an 

endophytic lifestyle (Garcias-Bonet et al., 2012). Endophytes in roots resemble microbes found in surrounding 

anoxic sediments and are organized by oxygen gradients (Seymour et al., 2018).  

The seagrass rhizosphere harbors about twice the bacterial abundance and biomass compared to nearby non-

vegetated sediments. Unlike the phyllosphere, the rhizosphere microbiome shows significant differences from 

adjacent sediment communities and is more diverse (Ugarelli et al., 2017 and references therein). Seagrass roots 

release dissolved organic carbon (DOC, Sogin et al., 2022) and oxygen (Brodersen et al., 2015), influencing the 

microbial activity and sediment chemistry. Oxygen transported from shoots leaks into the sediment, creating a 

redox gradient that expands oxic zones below the sediment surface, providing a dynamic environment for a 

diverse group of microorganisms (Seymour et al., 2018 and references therein).  

Microorganisms colonizing seagrass surfaces have to withstand plant defense and competition from other 

microbes (Egan et al., 2013), but benefit from dissolved organic nutrients, such as C, N, and phosphorus (P) 

released by the plant (Tarquinio et al., 2019 and references therein). Seagrass roots and rhizomes exude up to 

11% of organic C produced during photosynthesis, which can be metabolized by microorganisms (Holmer et al., 

2001; Moriarty et al., 1986). Seagrasses can also provide iron (Brodersen et al., 2017), crucial for bacterial 

communication and biofilm formation (Vlamakis et al., 2013). Seagrasses also excrete 
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dimethylsulfoniopropionate (DMSP, Borges & Champenois, 2015), which some seagrass-associated 

microorganisms can use as source of sulfur (Egan et al., 2013). 

Seagrass growth can be limited by nutrient availability, particularly N and P (Touchette & Burkholder, 2000). 

Microorganisms associated with seagrasses therefore play a key role in enhancing nutrient access, for example, 

via N2 fixation or by mineralizing organic compounds (Evrard et al., 2005; Welsh, 2000). Cyanobacteria on 

seagrass leaves and sulfate-reducing bacteria on the roots are capable of N2 fixation and can contribute 

significantly to the plant9s N demand (Agawin et al., 2016; Welsh, 2000). Sulfate-reducing bacteria are able to  

mineralize organic nutrients by reducing sulfate, supporting nutrients for seagrass growth (Holmer et al., 2001). 

Their activity leads to toxic hydrogen sulfide accumulation that is highly toxic to seagrasses (Bagarinao, 1992) 

and potential cause of global seagrass die-offs (Borum et al., 2005; M. S. Koch & Erskine, 2001). Seagrasses can 

counter this by translocating photosynthetically produced oxygen from the leaves to the roots, where it leaks 

into the sediment and promotes sulfide oxidation (Borum et al., 2006). Nitrate-reducing sulfur-oxidizing bacteria 

may help oxidizing sulfides and mitigating their toxic effects (Lee & Dunton, 2000). Additionally, some bacterial 

taxa associated with seagrass roots are able to solubilize inorganic phosphorus from insoluble compounds, thus 

increasing nutrient availability for the plant (Jose & Jebakumar, 2014).  

Some seagrass-associated microorganisms can also produce phytohormones that regulate various aspects of 

plant growth, including seed germination, flowering, and fruit production (e.g., Celdrán et al., 2012; Werner & 

Schmülling, 2009). Furthermore, microorganisms associated with seagrasses can produce a variety of bioactive 

metabolites that can protect the plant host from pathogens and biofouling (Armstrong et al., 2001). A prominent 

example of a seagrass pathogen is the protist Labyrinthula spp., the cause of wasting disease that decimated up 

to 90% of Zostera marina in the Northern Hemisphere (Sullivan et al., 2013).  

 
Fig. 1.3. Example of important seagrass-microbe interactions. A: Epiphytic growth of algae, fungi, and heterotrophic microbes on leaves 

reduces incident irradiance and access to dissolved inorganic nitrogen (DIN) from the water column. B: N2-fixing microbial biofilm enhances 

N uptake through the leaves. C: O2 and DOC released from the plant stimulate microbial processes, including sulfur cycling and N2 fixation, 

in the roots and rhizosphere. Adapted from Seymour et al. (2018). Created with BioRender.com 
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THE SEAGRASS NESTED ECOSYSTEM 

Recent studies highlight the importance of nested facilitative interactions in seagrass ecosystems, particularly 

facultative mutualisms with invertebrates and their microbial communities, especially under stressful conditions 

(Malkin & Cardini, 2021). For example, sediment-dwelling macrofauna like lucinid bivalves and their microbial 

symbionts can enhance seagrass resilience by promoting nutrient recycling and detoxifying harmful sulfides 

(Cardini et al., 2022). These nested interactions, or networks of holobionts, are referred to as nested ecosystems 

(Pita et al., 2018).  

Among the benthic holobionts that commonly associate with seagrasses are marine sponges (Ávila et al., 2015; 

Soest et al., 2012), which can grow in close association with the plant. Sponges are filter feeders, capable of 

turning over many thousands of litres of water per day (Godefroy et al., 2019). They often host dense and diverse 

microbial communities themselves (Thomas et al., 2016), and are classified into two categories (i.e. high or low 

microbial abundance 3 HMA or LMA) depending on the number of extracellular bacteria that populate their 

mesohyl matrix (Hentschel et al., 2006). The microbial community of marine sponges plays a vital role in nutrient 

cycling (especially C and N), vitamin synthesis, and defense (Hentschel et al., 2012). Photosynthetic symbionts 

such as cyanobacteria provide organic C to the sponge (Arillo et al., 1993).  

Sponges excrete large amounts of dissolved inorganic nitrogen (DIN), as they produce ammonia as a metabolic 

waste product (Corredor et al., 1988; Diaz & Ward, 1997). Many symbionts in the sponge microbiome play a role 

in N metabolism, especially aerobic processes such as ammonia oxidation, nitrification, or N2 fixation, but also 

anaerobic processes (e.g., denitrification, anammox) (Pita et al., 2018 and references therein).  

Sponges take up dissolved organic matter (DOM) produced by primary producers, such as corals, algae, or 

seagrasses (De Goeij et al., 2013; Rix et al., 2017). This DOM is converted into particulate organic matter (POM) 

and released by the sponge as detritus or taken up by sponge-associated organisms. Through this 8sponge loop9, 

sponges act as intermediaries, efficiently retaining and redistributing nutrients in coastal environments, thus 

supporting their overall productivity and stability (De Goeij et al., 2013). 

Seagrasses are known to release substantial amounts of DOM into the surrounding seawater and sediments 

(Sogin et al., 2022), that can be taken up by the sponges and their microbiome. The plants can also provide 

physical substrate for sponge growth (Archer et al., 2015). Seagrasses on the other side may benefit from 

dissolved inorganic nitrogen (DIN) released by sponges through ammonium excretion, N2 fixation, or nitrification 

(Davy et al., 2002; Jiménez & Ribes, 2007; Fiore et al., 2010; Rix et al., 2015), which can help to overcome N-

limitation in oligotrophic areas. Understanding the mechanisms and rates of C and N cycling in these seagrass-

sponge associations is crucial for unraveling the complexities of nutrient dynamics in coastal ecosystems and 

holds implications for ecosystem functioning. 
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SPECIFIC KNOWLEDGE GAPS 

1'The seagrass phyllosphere is colonized by a multitude of photosynthetically active epiphytes, and their 

biomass often represents a significant proportion of the primary producer biomass (Borowitzka et al., 2006). 

However, our knowledge of the extent of their contribution to the primary production of the seagrass holobiont 

is still limited. Like the seagrass plants, epiphytes are facing environmental changes, such as OA. Growth and 

primary production of marine macrophytes generally benefit from increased CO2 concentrations, as they are 

often C-limited under current C concentrations (M. Koch et al., 2013). The effects of OA on the epiphyte 

community and their contribution to the holobiont productivity with potential consequences for the ecosystem, 

are not well understood. 

2'Biogeochemical cycling of N in seagrass sediments (Herbert, 1999; Holmer, 2019; Salk et al., 2017) and in the 

seagrass rhizosphere (Lehnen et al., 2016; Mohr et al., 2021) plays an important role in the seagrass ecosystem. 

However, precise quantification of N cycling processes associated with other plant parts such as the seagrass 

phyllosphere, and their contribution to the N demand of the seagrass holobiont, is still sparse. Nitrogen cycling 

processes, such as N2 fixation or nitrification, can be negatively affected by changes in the seawater pH 

(Wannicke et al., 2018; Wyatt et al., 2010). Our knowledge of the effects of OA on N cycling processes associated 

with seagrass leaves is sparse. There is also still a knowledge gap regarding the effects of a reduced pH on the 

seagrass microbiome and its role in the functioning of the seagrass holobiont.  

3'Seagrasses interact with a multitude of organisms, forming holobiont networks often described as nested 

ecosystems (Pita et al., 2018). In the Mediterranean Sea, the high microbial abundance (HMA) sponge Chondrilla 

nucula is frequently associated with P. oceanica.  However, a clear categorization of the seagrass-sponge 

relationship within the spectrum of symbiotic interactions4ranging from mutualism to competition4remains 

absent. Additionally, the mechanisms governing the seagrass-sponge-microbe interaction, particularly in 

relation to primary production and the cycling of dissolved organic carbon (DOC), dissolved organic nitrogen 

(DON), and inorganic nutrients, are yet to be explored. 

4'Sponge-associated nitrification is producing the bulk of the DIN released by the sponge (Diaz & Ward, 1997; 

Southwell et al., 2008) and could potentially be important for the seagrass holobiont when growing in 

association. Understanding the mechanisms and rates of nitrification in these seagrass-sponge associations is 

crucial for unraveling the complexity of nutrient dynamics in coastal ecosystems and has implications for 

ecosystem functioning.  

AIMS AND APPROACH 

The overarching aim of this thesis is to address some of the critical knowledge gaps in C and N cycling in the 

seagrass holobiont and nested ecosystem, especially under changing environmental conditions. This PhD thesis 

includes four main studies investigating C and N cycling and microbial transformations in the phyllosphere of the 

P. oceanica holobiont under OA (1, 2) as well as in the nested association between  P. oceanica  and the sponge 

C. nucula (3, 4) to answer the following research questions: 
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1'How does the epiphytic community contribute to seagrass productivity? What are the effects of OA on the 

productivity of seagrass leaves and their epiphytes? What is the ecological relevance? 

2'What are the rates of key microbial N cycling processes under ambient and OA conditions in the P. oceanica 

phyllosphere and how do these processes contribute to the N demand of the seagrass holobiont? How does OA 

affect the diversity of the microbial community on P. oceanica leaves? What role does the microbial community 

on P. oceanica leaves play in N cycling? 

3'How does the association between P. oceanica and the sponge C. nucula affect primary production, inorganic 

and organic nutrient fluxes in the seagrass holobiont? What are the potential benefits for the seagrass and the 

sponge? 

4'What are the potential nitrification rates in the association between P. oceanica and C. nucula? Does the 

microbiome of C. nucula harbor nitrifying microorganisms and can microbial nitrification contribute to the 

seagrass holobiont N demand? 

Fieldwork was carried out in the Gulf of Naples (Tyrrhenian Sea, Italy). To answer parts 1 and 2, experiments 

with P. oceanica were carried out at the eastern coast of Ischia Island. This site is characterized by the presence 

of submarine CO2 vents of volcanic origin, which naturally generate a gradient in CO2 concentration and pH. 

Laboratory incubation experiments with P. oceanica leaves from vent and ambient pH sites were performed to 

assess net primary production and respiration of seagrass leaves and epiphytes. Field experiments with 

incubation chambers were conducted to measure net community production and respiration directly in the 

seagrass meadow. Stable isotope tracers of 15N were used in laboratory incubation experiments to quantify N 

cycling processes in the P. oceanica phyllosphere. 16s rRNA gene amplicon sequencing was used to investigate 

the diversity of the microbial community associated with the P. oceanica phyllosphere, and the microorganisms 

potentially involved in N transformation processes.  

Parts 3 and 4 were carried out in the area of Bacoli in the Gulf of Naples (Tyrrhenian Sea, Italy). Here, patches of 

P. oceanica meadows with a high abundance of C. nucula growing in close association with the seagrass exist. 

Underwater surveys were combined with incubation experiments for assessing fluxes of oxygen, organic and 

inorganic nutrients. Incubation experiments with stable isotope tracers of 15N were used to assess potential 

nitrification rates (PNR) of the seagrass-sponge association. These experiments were complemented with 16s 

rRNA gene amplicon sequencing to explore the diversity of the sponge microbial community, with a specific 

focus on nitrifying microorganisms. 

THESIS STRUCTURE AND OUTLINE 

In this dissertation, I investigated various aspects of host-microbe interactions on marine seagrasses, aiming to 

enhance our understanding of the role of these associations in benthic C and N cycling under changing 

environmental conditions. Chapters 1 and 6 are the general introduction and discussion of this thesis, which 

establish and discuss the main research questions. All other chapters are either published manuscripts, or 

manuscripts in preparation for publication.  
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Fig. 1.4. Overview of thesis chapters. Chapters 2 & 3 investigate C and N cycling in the P. oceanica holobiont under OA, while chapters 4 & 

5 focus on C and N cycling in a seagrass nested ecosystem with the sponge C. nucula. Created with BioRender.com 

In Chapter 2 we investigated the contribution of seagrass epiphytes to net primary production and respiration 

of Posidonia oceanica leaves in incubation experiments. Additionally, we assessed how natural exposure to 

increased CO2 concentrations at volcanic vents affects oxygen fluxes in the seagrass phyllosphere and the in situ 

seagrass community, as well as on the epiphytic community cover and composition.  

Chapter 3 quantifies rates of key nitrogen cycling processes (N2 fixation, nitrification, and denitrification) in the 

P. oceanica phyllosphere, how these rates are affected by naturally increased CO2 concentrations, and how these 

processes contribute to the overall N demand of the seagrass holobiont. We also investigated the microbial 

community structure associated with P. oceanica leaves under CO2 exposure with a focus on potential players 

involved in N cycling processes. 

Chapter 4 presents the association between P. oceanica and the sponge Chondrilla nucula and explores potential 

mutualistic benefits. We investigated whether this association has an effect on seagrass shoot density and 

sponge cover with underwater surveys, or on fluxes of oxygen, carbon, and nitrogen at the community level, 

using incubation experiments. 

In Chapter 5 we quantified potential nitrification rates in the association between P. oceanica and C. nucula in 

incubation experiments using stable isotopes of 15N and explored the potential of C. nucula-associated 

nitrification to contribute to the N demand of the P. oceanica holobiont. Additionally, we investigated the 

sponge microbiome with a specific focus on potential nitrifiers, using 16s rRNA sequencing.  
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ABSTRACT 

Ocean Acidification (OA), due to rising atmospheric CO2, can affect the seagrass holobiont by changing the 

plant9s ecophysiology and the composition and functioning of its epiphytic community. However, our knowledge 

of the role of epiphytes in the productivity of the seagrass holobiont in response to environmental changes is 

still very limited. CO2 vents off Ischia Island (Italy) naturally reduce seawater pH, allowing to investigate the 

adaptation of the seagrass Posidonia oceanica L. (Delile) to OA. Here, we analyzed the percent cover of different 

epiphytic groups and the epiphytic biomass of P. oceanica leaves, collected inside (pH 6.937.9) and outside (pH 

8.138.2) the CO2 vents. We estimated the contribution of epiphytes to net primary production (NPP) and 

respiration (R) of leaf sections collected from the vent and ambient pH sites in laboratory incubations. 

Additionally, we quantified net community production (NCP) and community respiration (CR) of seagrass 

communities in situ at vent and ambient pH sites using benthic chambers. Leaves at ambient pH sites had a 25% 

higher total epiphytic cover with encrusting red algae (32%) dominating the community, while leaves at vent pH 

sites were dominated by hydrozoans (21%). Leaf sections with and without epiphytes from the vent pH site 

produced and respired significantly more oxygen than leaf sections from the ambient pH site, showing an 

average increase of 47 ± 21% (mean ± SE) in NPP and 50 ± 4% in R, respectively. Epiphytes contributed little to 

the increase in R; however, their contribution to NPP was important (56 ± 6% of the total flux). The increase in 

productivity of seagrass leaves adapted to OA was only marginally reflected by the results from the in situ 

benthic chambers, underlining the complexity of the seagrass community response to naturally occurring OA 

conditions. 

KEYWORDS: P. oceanica; CO2 vents; benthic chambers; oxygen fluxes 
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INTRODUCTION 

Seagrasses are among the most important marine ecosystem engineers, providing various ecosystem services 

and maintaining human well-being. The habitat-forming seagrass Posidonia oceanica, endemic to the 

Mediterranean Sea, provides protection from coastal erosion, wastewater treatment and supports fisheries by 

providing habitats and nursery grounds for a broad range of fish and invertebrates (Boudouresque et al., 2006; 

Campagne et al., 2015). Posidonia oceanica meadows have high primary production rates, while decomposition 

rates in the seagrass sediments are rather low, creating an effective long-term carbon (C) sink (Duarte et al., 

2013). Thus, P. oceanica meadows can be regarded as autotrophic ecosystems, releasing substantial amounts 

of oxygen (O2) while intensively sequestering carbon dioxide (CO2) (Barrón et al., 2006).  

Coastal development and climate change have been causing a decline of 13 - 50% of P. oceanica meadows in 

the Mediterranean since 1960 (Marbà et al., 2014). Under worst-case global warming scenarios, it is predicted 

that by 2050 P. oceanica will lose 75% of suitable habitats, and by 2100 it is at risk of functional extinction 

(Chefaoui et al., 2018; Marbà & Duarte, 2010). As a consequence of habitat degradation, and therefore, 

increased seagrass decomposition, the organic C stored in the sea meadows can be emitted as CO2 to the 

atmosphere (Chefaoui et al., 2018; Lovelock et al., 2017). Ocean acidification (OA, the decrease in seawater pH 

due to increased dissolution of atmospheric CO2) is an additional climate change stressor, expected to impact 

habitat-forming species with cascading effects on the whole marine ecosystem (Kroeker et al., 2013; Zunino et 

al., 2021). Marine calcifying organisms such as calcifying algae, corals, or mollusks are negatively affected by OA 

(Doney et al., 2009; Kroeker et al., 2013; Riebesell et al., 2000). Conversely, marine macrophytes may benefit 

from the increased CO2 concentration since their photosynthetic rates are often C limited at current ocean CO2 

levels (Koch et al., 2013). Indeed, mesocosm studies with Zostera spp. and Thalassia hemprichii showed 

increased primary production, growth, and shoot density under increased CO2 availability (Egea et al., 2018; 

Jiang et al., 2010; Zimmerman et al., 2017) and Cymodocea nodosa showed significantly higher seagrass 

productivity in naturally acidified seawater (Apostolaki et al., 2014). Furthermore, by removing CO2 from the 

water column through photosynthetic activity, seagrass meadows can increase pH in their surroundings, thus 

locally buffering OA (Bergstrom et al., 2019; Hendriks et al., 2014).  

The effects of OA on P. oceanica remain unclear. A short-term laboratory study showed that early life stages of 

the plant benefit from future predicted CO2 concentrations and displayed bigger seed size, improved 

photosynthetic performance, and higher C storage in their belowground tissues (Hernán et al., 2016). However, 

seedlings grown under high CO2 concentrations were preferred by herbivorous fish, which could potentially 

offset the positive effects (Hernán et al., 2016). While a reduced seawater pH significantly increased the net 

productivity of adult plants in laboratory experiments (Cox et al., 2015), it did not affect leaf biometrics, 

photosynthetic rates, and leaf growth in mesocosm experiments (Cox et al., 2016). Posidonia oceanica meadows 

near CO2 vents that have long-term adaptation to a reduced seawater pH exhibit higher shoot densities but 

lower leaf lengths, while their photosynthetic performance is similar at vent and ambient pH sites (Hall-Spencer 

et al., 2008; Mecca et al., 2020).  
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Epiphytic algae, invertebrates, and microorganisms living in close association with the seagrass plant form a 

biological unit called a holobiont (Tarquinio et al., 2019; Ugarelli et al., 2017). Epiphytes are key players in the 

seagrass phyllosphere (Brodersen & Kühl, 2022), modulating light-harvesting, gas, and nutrient exchange 

between the plant and the surrounding water and affecting key biogeochemical processes within the holobiont, 

such as C and nitrogen fixation, or transport of oxygen and dissolved organic carbon (DOC) (Seymour et al., 2018; 

Ugarelli et al., 2017). Under ambient pH conditions, P. oceanica leaves are colonized by a large variety of 

epiphytes, ranging from bacteria, such as Cyanobacteria (Ruocco et al., 2018) or Planctomycetes (Kohn et al., 

2020), to fleshy and encrusting red, brown, and green algae (Casola et al., 1987) and calcifying invertebrates. 

Ocean acidification shifts the community structure from encrusting algal epiphytes to fleshy algae and non-

calcifying invertebrates, such as hydrozoans and tunicates (Cox et al., 2015; Martin et al., 2008; Mecca et al., 

2020). This shift in epiphyte community structure can have cascading effects on the associated communities and 

the functioning of the seagrass ecosystem, such as by affecting the light availability of the plant and key 

biogeochemical processes (Tarquinio et al., 2019; Ugarelli et al., 2017).  

Several studies have investigated the phenology of the epiphytic community found along pH gradients at CO2 

vents in the field, finding reduced abundances of calcareous organisms under reduced pH (Hall-Spencer et al., 

2008; Martin et al., 2008; Mecca et al., 2020). However, our knowledge of the role of epiphytes in the 

productivity of the seagrass holobiont in response to environmental changes is still limited. The present study 

aims to assess the effects of OA conditions on the productivity of seagrass communities along the natural CO2 

vents off Ischia Island and to disentangle the role of the epiphytic community vs. the plant host on seagrass 

productivity under OA.  

MATERIAL AND METHODS 

STUDY AREA 

The experiments were conducted in September 2019 and September 2020 at Ischia Island in the Gulf of Naples 

(Tyrrhenian Sea, Italy). The island is characterized by systems of submarine CO2 vents of volcanic origin. The gas 

emitted from the seafloor is composed of CO2 (90.1 - 95.3%), N2 (3.2 - 6.6%), O2 (0.6 - 0.8%), Ar (0.08 - 0.1%), 

and CH4 (0.2 - 0.8%), and it does not contain toxic sulfur compounds nor does it affect the surrounding water 

temperature or salinity (Foo et al., 2018; Hall-Spencer et al., 2008). One study area was located at the shallow 

vent system at Castello Aragonese (CA), where the vents occur at 0.5 - 3 m depth. Here, we selected two sites 

characterized by two different pH regimes (8vent pH9 and 8ambient pH9) at approximately 3 m water depth with 

similar light levels (Table 2.1). The vent pH site was in a venting area on the south side (40°43'50.5"N 

13°57'47.2"E) and the ambient pH site was located on the north side of the Castello (40°43'54.8"N 13°57'47.1"E). 

Another study area for in situ incubations was located at Chiane del lume (CdL), where vents occur at 10 - 12 m 

depth (Table 2.1). Here, the vent pH site was located at the level of Grotta Tisichello (40°42' 53.56"N 13°58' 

2.37"E) and the ambient pH site about 680 m north (40°43.248'N 13° 57.916'E).  
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Table 2.1. Environmental parameters (mean  SE, n) measured at vent and ambient pH sites at Castello Aragonese (CA) and Chiane del Lume 

(CdL). 

 Vent pH Ambient pH 

 CA CdL CA CdL 

Variable Mean  SE n Mean  SE n Mean SE n Mean  SE n 

T (°C) 22.95  0.07 4 25.23  0.02 3 22.95  0.05 4 25.32  0.15 3 

Light (lux) 20001  271 3 4898  2996 3 17807  3349 3 6213  1057 3 

pH 7.34  0.04 2 7.92  0.01 3 8.17  0.02  2 8.18  0.01 2 

DO (mg L-1) 8.50  0.11 4 8.87  0.55 3 8.79  0.22 4 8.71  0.06 3 

DOC ( M) NA  143.79  1.38 2 NA  139.74  4.03 6 

DON ( M) NA  7.13  0.06 2 NA  7.67  0.83 6 

NH4
+ NA  0.61  0.04 2 NA  0.44  0.1 6 

NO3
- NA  0.20  0.14 2 NA  0.20  0.04 6 

Temperature, light, pH, and DO were continuously measured with data loggers (between 12 am and 2 pm of the respective 

incubation day). DOC, DON, NH4
+, and NO3

- were analyzed from samples collected on the respective sampling day. 

EPIPHYTE NPP AND R  

To assess the epiphytic contribution to seagrass productivity, we collected P. oceanica shoots in September 2019 

at the vent and ambient pH sites of Castello Aragonese and transported them directly into the laboratory. We 

selected leaves with homogenous coverage of epiphytes and cut off 3 cm long sections of the central part of the 

leaf, avoiding both young and heavily grazed and senescent parts of the plant. Epiphytes were scraped off with 

a scalpel from half of the leaves, taking care not to damage the plant tissue. A total of 28 P. oceanica leaf sections 

were incubated (from the vent and ambient pH sites, covered by epiphytes (+Epi) or with epiphytes removed (-

Epi), in light or dark incubation) to assess net primary production (NPP),  gross primary production (GPP),  and 

respiration (R). Leaf sections were transferred into transparent 24 ml glass vials filled with seawater from the 

respective pH site. The pH of the water was checked and adjusted if needed to the original site values by CO2 

bubbling. Half of the vials were incubated in the light to assess NPP, and the others were incubated wrapped in 

aluminum foil to assess R in the dark. We incubated the vials on a shaker (Stuart orbital shaker SSL1; 30 rpm) 

under artificial light at 360 ¿mol m-2 s-1, upside down with the transparent bottom exposed to the light source 

and leaf sections standing vertically within the vials. Incubations were conducted in a temperature-controlled 

room at 25°C. Oxygen concentrations were measured at the beginning and the end of the incubation (5-6 h) 

using a fiber-optic oxygen sensor (FireStingO2, PyroScience, Germany), making sure oxygen did not drop below 

50% saturation. Temperature and pH were measured at the beginning and the end of the incubation using a pH 

meter (Multi 3430, WTW, Germany). PH values increased during the light incubations from 6.96 to 7.33 in the 

vent pH treatment and from 8.02 to 8.25 in the ambient pH. In the dark incubations, pH values remained stable 

during the incubation in the vent pH and decreased from 8.02 to 7.91 in the ambient pH treatment. At the end 

of the experiment, we scraped off the epiphytes of the incubated leaf sections, and seagrass leaves and 

epiphytes were dried at 60°C for 48h and weighed separately. NPP and R were normalized to biomass (dry 

weight) since it reflects the different treatments (with and without epiphytes). 
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NCP AND CR  

Natural seagrass communities were incubated in situ in September 2019 at Castello Aragonese (CA) and in 

September 2020 at Chiane del Lume (CdL) to assess their productivity. We estimated net community production 

(NCP), community respiration (CR), and nutrient fluxes during incubations with benthic chambers using the 

design by Olivé et al. (2016), which allows avoiding sediment disturbance, dilution, continuous stirring, or 

gaseous head-space while ensuring mixing through water motion. The chambers consisted of an internal PVC 

cylinder (13 cm diameter) inserted into the plastic bag to maintain the cylindrical shape and standardize the 

chamber volume (10 L), a bottom cylinder inserted approximately 10-15 cm into the sediment, and a gas-tight 

polyethylene plastic bag with a sampling port to draw water samples. The chambers (n = 4) were deployed 

randomly within each station (CA and CdL, each with a vent and ambient pH site) by scuba divers with a minimum 

distance of 3 m to assure independence between the replicates. The incubations were performed during the 

central hours of the days, between 11.00 am and 3.00 pm. During the incubations, we measured temperature, 

pH, dissolved oxygen, and light intensity continuously inside the chambers, using data loggers (Onset Computer 

Corporation, USA). We covered the chambers with opaque polyethylene bags to exclude light and started the 

dark incubation to assess R. After approx. 1.5 h, we removed the covers and recorded the light incubation for 

another 1.5 - 2 h to assess NCP (Olivé et al., 2016). We collected water samples to analyze inorganic and organic 

nutrients with 50 ml acid-washed syringes through the sampling port immediately after the deployment of the 

chambers, after the dark incubation, and after the light incubation. Additionally, we took water samples from 

the water column inside the seagrass meadow and ca. 1 m above. The water samples were used for the analysis 

of dissolved inorganic nitrogen (DIN: ammonium, nitrate, and nitrite), dissolved inorganic phosphate (DIP), DOC, 

and dissolved organic nitrogen (DON). For DIN and DIP determination, we filtered the water through a cellulose 

acetate membrane filter (pore size: 0.22 ¿m) into 20 ml HDPE vials and stored upright at -20°C until analysis with 

a Continuous Flow Analyzer (Flowsys, SYSTEA SpA., Italy). We filtered the water samples for DOC and DON 

determination through precombusted GF/F filters into acid-washed HDPE vials, immediately acidifying the 

samples with 80 µl of 18.5% HCl and storing them at 4°C until analysis on a total organic carbon analyzer (TOC-L 

with TNM-L Unit, Shimadzu Corporation, Japan). We counted the total number of P. oceanica shoots and leaves 

within each incubation chamber and measured the leaf length and width in situ. 

EPIPHYTE BIOMASS AND COMMUNITY STRUCTURE 

We collected 20 P. oceanica leaves at vent pH and 20 at ambient pH sites at Castello Aragonese and directly 

transported them into the laboratory for community identification. We took high-resolution pictures with a 

stereoscope (Zeiss AxioCam 208 color) from both sides of a subset of the leaves (approx. 1 cm width and 3 cm 

length). We analyzed the community structure by identifying major groups and estimated percent cover using 

the software CPCe 4.1, counting 25 random points per frame (20 leaves per site x 2 sides of the leaf = 80 frames 

in total). Subsequently, we carefully scraped off the epiphytes with a scalpel, dried the leaves and epiphytes at 

60°C for 48 h, and weighed them separately to estimate the P. oceanica leaf and epiphyte biomass.  
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DATA ANALYSIS 

NPP and R rates in the laboratory incubations were calculated as: 

!""	$%	&	(()	*!	+
"#	/"#) =

$[&!]"#$%&"[&!]#$#'#%&(7*

+,7-
                                                   (I) 

where [O2] is the oxygen concentration (µmol L-1) in the light (NPP) and the dark (R) incubations, V is the volume 

of the vials (24 mL), DW is the dry weight of the seagrass leaf biomass (g), and t is the incubation time (h). Gross 

primary production (GPP) was calculated as: 

/""	(0)	*!	0
"!	/"#) = !"" + &                                                               (III) 

In situ, NCP and CR were calculated as: 

!2"	$%	2&	(0)	*!	0
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&+&7*

/
                                                             (II) 

where &DO is the slope obtained from the linear regression of the oxygen concentrations (mmol L-1 h-1) during 

the light (NCP) and dark (CR) incubations, V is the volume of the benthic chamber (10 L), and A is the chamber 

area (0.013 m2).  

The daylight NCP and night CR budgets were calculated from the NCP and CR rates during 24 h, considering an 

11:13 light/darkness photoperiod. NCP daily budgets were calculated as the sum of daylight NCP and night CR 

budgets (Olivé et al., 2016).  

STATISTICAL ANALYSIS 

We tested the effects of pH (vent pH vs. ambient pH), treatment (-Epi vs. +Epi), and their interaction on the 

productivity in a two-way ANOVA (Type II) and used estimated marginal means (EMMs) for posthoc pairwise 

comparison of the fitted means. We tested for normality and homogeneity of variances before each analysis 

using Shapiro-Wilk's and Levene's tests. ANOVA Type II was performed despite the unbalanced design, as the 

test is considered robust to moderate departures from unequal sample sizes when the homogeneity of variances 

is met (Langsrud, 2003). 

We tested the effects of the pH (vent pH vs. ambient pH) on the community productivity, the total epiphyte 

cover, and the percent cover of the individual epiphytic groups using one-way ANOVAs (Type II). We tested for 

normality and homogeneity of variances before each analysis using Shapiro-Wilk's and Levene's tests and 

removed outliers and used generalized linear models (GLM) with Poisson or Quasi Poisson distribution when 

normality and homogeneity were not met. All statistical analyses were performed with RStudio (version 3.5.3) 

using the packages car, ggplot2, and emmeans(RStudio Team, 2021).  
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DISCUSSION 

EPIPHYTIC COMMUNITIES DIFFER BETWEEN SEAGRASS LEAVES FROM VENT AND AMBIENT PH SITES 

The epiphytic communities in the studied vent area showed significant differences among pH conditions 

(Fig.2.1). The overall epiphyte cover was 25% higher under ambient pH conditions. Encrusting red algae showed 

a reduced coverage from 32% under ambient pH conditions to 12% under vent pH conditions. The coverage of 

the non-calcifying hydrozoans increased from 7% to 21% under OA conditions. This shift from coralline to non-

calcifying organisms was also found by Mecca et al. (2020) in the vent system of Castello Aragonese. Several 

studies showed that encrusting red algae (Corallinales) are especially vulnerable to acidification due to the 

sensitivity of their carbonate skeleton (Donnarumma et al., 2014; Hall-Spencer et al., 2008; Martin et al., 2008). 

On the other side, hydrozoans show a higher tolerance to reduced seawater pH and can, therefore, outcompete 

more pH-sensitive species (Gravili et al., 2021). In contrast to Mecca et al. (2020), we found that also bryozoans 

were negatively affected by low pH conditions. Bryozoans are calcifying organisms as well, but due to organic 

tissue protecting their skeleton and different mineralogical composition, they are less sensitive to OA than 

coralline algae. However, Rodolfo-Metalpa et al. (2010) found reduced calcification rates under very low pH 

conditions (pH 7.43) and high mortality rates when low pH was combined with high seawater temperatures (25 

-28°C).  

The epiphytic biomass was significantly higher at leaf sections from ambient pH sites (Fig. 2.1). This is attributable 

to the higher epiphytic coverage at ambient pH sites and the difference in epiphytic calcium carbonate mass 

(Martin et al., 2008). The differences in epiphytic biomass between the vent and ambient pH sites of seagrass 

leaves collected from within the benthic chambers were not as pronounced as those of leaf sections in the 

laboratory incubations (0.7-fold increase instead of 2.8-fold increase at vent pH sites) and displayed lower 

values. This results from high variability in epiphytic growth on P. oceanica leaves in situ, including young (non-

epiphytized) and senescent portions that were excluded from the laboratory incubations.  

EPIPHYTES CONTRIBUTE TO LEAF NPP UNDER VENT AND AMBIENT PH CONDITIONS 

In our laboratory incubations, epiphytes accounted for 50% of P. oceanica leaf NPP under vent pH and 62% 

under ambient pH conditions (Fig. 2.2). Several studies have found that epiphytes contribute up to 60% to 

photosynthesis and primary production for different seagrass species, such as Halodule wrightii, Syringodium 

filiforme, Thalassia testudinum (Wear et al., 1999), and Zostera marina (Hasegawa et al., 2007). The epiphytic 

community of P. oceanica can be highly diverse, with 430 epiphyte species recorded on its leaves (Piazzi et al., 

2016). These are accompanied by a diverse prokaryotic community within the leaf biofilm (Kohn et al., 2020). 

Among this community, many members are phototrophs, such as the abundant Corallinales, Ochrophyta, 

Chlorophyta, diatoms, and cyanobacteria (Piazzi et al., 2016). In leaves from the ambient pH site, the bulk of the 

measured epiphytic NPP on the leaves was likely attributable to Corallinales, which covered large portions of 

the leaf surface and are found to be the most abundant epiphytic group (ca. 30% cover) at ambient pH around 

the Castello Aragonese in Ischia (Mecca et al., 2020). Conversely, epiphytic organisms other than Corallinales 
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are likely responsible for the contribution to NPP in leaves from the vent pH site. Within the diverse epiphytic 

consortium, heterotrophic bacteria can also indirectly contribute to primary production, helping to overcome 

the shortcoming of limiting nitrogen and phosphorous (Celdrán et al., 2012). However, with our experimental 

approach, it was not possible to determine micro-epiphytes that occur within the biofilm of the leaf surface, 

such as cyanobacteria, dinoflagellates, foraminifers, or planctomycetes (Kohn et al., 2020; Piazzi et al., 2016). 

Albeit, these epiphytic communities can also turn into a threat to the plant if coastal eutrophication and global 

warming result in their overgrowth on the seagrass phyllosphere (Brodersen et al., 2020; Noisette et al., 2020). 

In these cases, leaf epiphytes can lead to a strong O2 build-up, increased oxidative stress, reduced light 

conditions in the leaf micro-environment in the light, or reduced internal plant aeration and production of 

phytotoxic nitric oxide in the dark (Costa et al., 2015; Noisette et al., 2020). Moreover, thick biofilms can 

thermally stress the underlying plan leaf tissue when the seagrass is already close to its upper thermal limits 

(Noisette et al., 2020).  

While epiphytes clearly drove NPP in our laboratory incubations, R was not affected by the presence/absence 

of epiphytes (Fig.2.2). This is in agreement with the results of Costa et al. (2015), who observed no effects of 

epiphytes on R of P. oceanica shoots. By contrast, Brodersen et al. (2020) found lower R rates in leaves of Zostera 

marina with epiphytes as a consequence of the reduced diffusive O2 uptake of epiphyte-covered seagrass leaves. 

NPP AND R OF SEAGRASS LEAF SECTIONS INCREASE UNDER OA CONDITIONS 

The relationship between decreasing pH and increasing production of P. oceanica has been investigated over a 

wide range of pH from 7.9 to 5.5 (Cox et al., 2015; Guilini et al., 2017; Hall-Spencer et al., 2008), using a variety 

of methods. Other seagrass species, such as Zostera spp. (Egea et al., 2018; Palacios & Zimmerman, 2007), 

Thalassia hemprichii (Jiang et al., 2010), and Cymodocea nodosa (Apostolaki et al., 2014) also showed stimulation 

in productivity under lower pH conditions. NPP, GPP, and R were significantly higher in leaves from vent pH sites 

in our laboratory experiments (Fig. 2.2). On average, NPP increased by 47  21% (mean  SE) and R by 50  4%, 

suggesting that the P. oceanica holobiont is indeed C-limited at current seawater inorganic C concentrations. 

However, increased seagrass productivity is not necessarily expected to translate into net growth of the 

meadow. Accordingly, an increased vulnerability of P. oceanica leaves to grazing by herbivores (Mecca et al., 

2020) is attributed to the more labile organic composition of the seagrass holobiont (Scartazza et al., 2017) and, 

as our data indicate, the absence of calcareous epiphytes at vent pH sites. Additionally, so far it is not entirely 

clear whether it is the plant or its epiphytes that are mainly benefiting from the increased CO2 concentrations. 

Since epiphytic fleshy algae respond positively to increased CO2 availability (Koch et al., 2013), they could 

compete with their plant host for similar resources under OA conditions. Hansen et al. showed that epiphytes 

of the seagrass Zostera marina can have a competitive advantage under elevated CO2 at seawater temperatures 

up to 22°C. Additionally, epiphytic biofilms reduced the photosynthetic efficiency of the seagrass especially 

under higher temperatures (27°C) (Hansen et al., 2022). Competition between seagrasses and filamentous algal 

epiphytes has been also shown under high CO2 and high light (Burnell et al., 2014) as well as in polluted 

conditions (Mabrouk et al., 2013). In our laboratory incubations, epiphytic contribution to NPP was 62% in leaves 
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from the ambient pH site and 50% in those from the vent pH site (Fig. 2.2). Furthermore, NPP of leaves from the 

vent pH site was higher than NPP of leaves from the ambient pH site by 26% with epiphytes present and by 68% 

with epiphytes removed. While the plant directly benefits from increased CO2 concentrations and reduced 

shading by calcareous epiphytes, the lower epiphytic contribution to NPP in the CO2 vents is likely a combined 

result of changes in biomass, community composition as well as species-specific rates.  

PRODUCTIVITY OF THE SEAGRASS COMMUNITY IS ONLY MARGINALLY AFFECTED BY OA 

P. oceanica meadows at the vent pH sites showed higher shoot density but shorter leaf length and width than 

at ambient pH sites (Table S2.2). Increased shoot density and shorter leaf length under vent pH conditions have 

been reported for P. oceanica and other seagrass species (Hall-Spencer et al., 2008; Martin et al., 2008; Palacios 

& Zimmerman, 2007). These changes in seagrass morphology under OA have been associated with increased 

grazing pressure by herbivores, such as the fish Sarpa salpa, sea urchins, or other invertebrates (Garrard et al., 

2014; Hernán et al., 2016). As a reaction to high grazing activity, P. oceanica invests energy-rich compounds 

produced by photosynthesis into shoot recruitment rather than belowground C storage (Scartazza et al., 2017). 

Fluxes of organic (DOC, DON) and inorganic (NH4
+, NO2

-, NO3
-) nutrients did not differ between vent and ambient 

pH sites in the dark and the light incubations (Table S2.1) but showed high variability among the benthic 

chambers. Phosphate consumption was higher during light incubations than dark incubations at both vent and 

ambient pH sites. Phosphate is essential for effective photosynthesis and therefore actively taken up by 

seagrasses (Touchette & Burkholder, 2000). Our estimates for P. oceanica metabolic daylight, night, and daily 

budgets are in the same order of magnitude as those reported by Olivé et al. (2016) using similar chambers and 

incubation times (Table 2.2). While our daily budgets agree well with their results, we found higher daylight and 

night budgets. This can be an effect of different light intensities during the incubations and different plant 

biomasses within the incubation chambers. Our incubations were carried out in September, while Olivé et al. 

(2016) carried out their incubations in October in Calvi (France), at a higher latitude than our station in Ischia 

(Italy). Despite differences in morphology, and differently from what we have reported for our laboratory 

experiments, there was no statistically significant increase in productivity of in situ seagrass communities at the 

vent pH sites. However, we saw a pattern of higher autotrophy at the vent pH sites of CA and CdL compared to 

the respective ambient pH sites, which resulted in more than two-fold average daily budgets under OA 

conditions. When normalizing the in-situ productivity to biomass (Fig. S2.1), we saw a pattern of higher 

productivity and respiration at the vent site of CA. In contrast, productivity did not differ between the ambient 

and vent sites of CdL. The different patterns of in-situ productivity between the two locations are probably a 

result of their differences in depth and hence light intensity as well as the different bubbling intensity of the CO2 

vents and, therefore, pH ranges. The location of CdL is deeper (10 - 12 m) than CA (3 m), resulting in a 3-fold 

lower light intensity (see Table 2.1). At CdL, the pH range between the ambient and vent site is not as high as 

for CA (7.92 - 8.18 and 7.34 - 8.17, respectively). Eventually, high variability in benthic metabolism prevented 

discerning significant differences. When logistically feasible, follow-up studies should thus consider an increased 

replication when measuring benthic metabolism in situ. 
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Seagrasses are not only colonized by epiphytes living on the leaf surface but also at the roots and rhizomes of 

the plant (Piazzi et al., 2016; Ugarelli et al., 2017). Additionally, various phototrophic and heterotrophic 

organisms inhabit the P. oceanica belowground habitat (Borg et al., 2006). These organisms were unaccounted 

for in our laboratory experiments while they were included in the in situ benthic incubation chambers. A recent 

study on rocky benthic communities from the same CO2 vents in Ischia found functional vulnerability (i.e., 

decrease in functional diversity following the loss of species) to OA to be more pronounced than the 

corresponding decrease in taxonomic diversity, identifying heterotrophic feeding strategies among the 

functional entities that are most vulnerable to OA (Teixidó et al., 2018). If similar scenarios apply to the P. 

oceanica communities, this may explain our results, suggesting increased autotrophy at the vents. This, however, 

may not translate into more C sequestration, as the more labile organic composition of the seagrass holobiont 

(Scartazza et al., 2017) and the absence of calcareous epiphytes at vent pH sites leads to increased grazing and 

C remineralization. Additional experiments with more replication throughout the year would provide helpful 

insights about seasonal patterns that might occur. 

CONCLUSIONS 

In summary, the present study demonstrates that natural CO2 enrichment clearly affects the epiphyte 

community structure and the productivity of both seagrass leaves and their epiphytic community. Epiphytes 

contributed significantly to NPP under vent and ambient pH conditions but not to seagrass respiration. However, 

this was only marginally translated to changes in NCP or CR at the community level in situ. Our results show the 

high complexity of host-epiphyte interactions and their response to environmental changes such as OA. A 

comparison with other studies shows that this response is highly dependent upon spatial and temporal scales, 

the species themselves, and the environmental characteristics of the site. However, it is clear that studies that 

seek to understand seagrass biology and ecology cannot disregard the role of its associated epiphytes.  
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Posidonia oceanica meadow growing at the CO2 vents at Ischia Island (Italy). Photo by Ulisse Cardini. 
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ABSTRACT 

Seagrass meadows form highly productive and diverse ecosystems in coastal areas worldwide, where they are 

increasingly exposed to ocean acidification (OA). Efficient nitrogen (N) cycling and uptake are essential to 

maintain plant productivity, but the effects of OA on N transformations in these systems are poorly understood. 

Here we show that complete N cycling occurs on leaves of the Mediterranean seagrass Posidonia oceanica, with 

OA affecting both N gain and loss while the epiphytic microbial community structure remains largely unaffected. 

Daily leaf-associated N2 fixation contributes to 35% of the plant9s N demand under ambient pH, while it 

contributes to 45% under OA. Nitrification potential is only detected under OA, and N-loss via N2 production 

increases, although the balance remains decisively in favor of enhanced N gain. Our work highlights the role of 

the N-cycling microbiome in seagrass adaptation to OA, with key N transformations accelerating towards 

increased N gain. 
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INTRODUCTION 

Seagrass meadows are highly productive ecosystems worldwide, often occurring in nutrient-limited coastal 

areas (Hemminga & Duarte, 2000). They are among the most ecologically and economically valuable ecosystems 

on Earth (Björk et al., 2008). Providing habitat, breeding grounds, and food for a wide range of organisms, they 

are considered 8hotspots9 for biodiversity (Hyman et al., 2019). They also play an important role in sequestering 

large amounts of carbon, comparable to terrestrial forests (Fourqurean et al., 2012). In particular, the 

Mediterranean seagrass Posidonia oceanica can contribute to climate change mitigation through its effective 

CO2 uptake and large sequestration capacity (Duarte et al., 2013) and may even act as a buffer against ocean 

acidification (OA) by temporarily raising the seawater pH through its daylight photosynthesis (Hendriks et al., 

2014). This is relevant since the Mediterranean Sea has a higher capacity to absorb anthropogenic CO2 than 

other oceans due to its particular CO2 chemistry and active overturning circulation (Lacoue-Labarthe et al., 

2016). The pH of the Mediterranean Sea in the Western basin is predicted to decrease between 0.245 under the 

most optimistic scenario of the <Special Report: Emissions Scenarios= (SRES) and 0.462 units under the most 

pessimistic SRES scenario (IPCC, 2007). 

Generally, marine plants are expected to benefit from increased CO2 concentrations as their photosynthetic 

rates are undersaturated at current CO2 levels (Koch et al., 2013). However, OA has multifaceted effects on P. 

oceanica. Photosynthetic performance of P. oceanica seedlings and net leaf productivity increase under high 

pCO2 (Berlinghof et al., 2022; Cox et al., 2015; Hernán et al., 2016), while OA has little effect on the net 

community production of P. oceanica but results in increased shoot density and shorter leaf length due to 

increased herbivory (Berlinghof et al., 2022; Cox et al., 2016; Scartazza et al., 2017). Calcareous epiphytes such 

as encrusting red algae, bryozoans, foraminifers, and spirorbids decline or even disappear under OA, while non-

calcareous invertebrates such as hydrozoans and tunicates benefit (Berlinghof et al., 2022; Donnarumma et al., 

2014; Gravili et al., 2021; Mecca et al., 2020).  

Much less attention has been paid to the effects of OA on the biogeochemical cycling of elements other than 

carbon, such as nitrogen (N). Nitrogen is an essential nutrient for all living organisms and can be a limiting factor 

for primary production in marine seagrasses (Hemminga et al., 1991), with its availability depending on diverse 

N transformation processes that are performed by a complex network of metabolically diverse microorganisms 

(Kuypers et al., 2018). Seawater pH affects N speciation and concentration, which in turn affects metabolic 

processes and N transformations (Wannicke et al., 2018; Wyatt et al., 2010). Dinitrogen (N2) fixation by N2-fixing 

bacteria and archaea (i.e., diazotrophs) has often been found to increase under OA (Hutchins et al., 2009; 

Wannicke et al., 2018). The reason is not always clear, but in phototrophs, it may involve more energy being 

redirected to the demanding N2 fixation process owing to the down-regulation of carbon-concentrating 

mechanisms (Kranz et al., 2010; Levitan et al., 2007; Wannicke et al., 2018). Autotrophic microbial nitrification 

can be highly sensitive to pH, and nitrification in the open ocean is considerably reduced by OA (Beman et al., 

2011). Dissimilatory nitrate reduction processes (e.g., denitrification or anaerobic ammonium oxidation - 

anammox), which are modular and involve many different bacterial groups often found in low-pH environments, 
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are thought to be less affected by OA, with rates showing contrasting results at low seawater pH (Wannicke et 

al., 2018). 

Many N-cycling microorganisms can be found in close association with P. oceanica, together forming a holobiont 

(Tarquinio et al., 2019; Ugarelli et al., 2017). Seagrass-associated microbes can enhance the N access via 

ammonification and genes for microbial ammonification can be found ubiquitously in this system (Pfister et al., 

2023). N2 fixation by associated diazotrophic microorganisms can be crucial in providing the N required for 

seagrass photosynthesis and growth when its availability is limited (Agawin et al., 2016; Mohr et al., 2021). 

Diazotrophic bacteria have been detected in the rhizosphere of P. oceanica (Garcias-Bonet et al., 2016) with high 

rates of root-associated N2 fixation reported (Lehnen et al., 2016). Analogous to many land plants that associate 

with diazotrophs, a recent study shows that P. oceanica lives in symbiosis with an N2-fixing ³-proteobacterium 

in its roots, providing N in exchange for sugars, that can fully sustain plant biomass production during its primary 

growth season (Mohr et al., 2021). Apart from this root-symbiosis, N2 fixation has been shown to occur 

associated with all parts of P. oceanica, both above and below ground (Agawin et al., 2019).  

Overall, although rhizosphere N cycling has been the focus of extensive research, precise quantification of N 

transformations on seagrass leaves, as well as an evaluation of the effects of OA, are still lacking. Phyllospheric 

N2 fixation can considerably contribute to the N demand of P. oceanica and the N budget in the Mediterranean 

Sea (Agawin et al., 2016; Mohr et al., 2021). Besides N2 fixation, we hypothesize that seagrass leaves could also 

be suitable sites for nitrification. For example, Ling et al. (2018) found a diverse community of ammonia-oxidizing 

archaea (AOA) and bacteria (AOB) associated with different parts of the seagrass Thalassia hemprichii, including 

leaf tissues. Moreover, anoxic parts within µm to mm-thick biofilms on the leaf surface could provide potential 

microhabitats for N loss pathways, such as denitrification (Brodersen & Kühl, 2022; Noisette et al., 2020) or 

anammox performed by groups such as Planctomycetes, which were found to dominate the microbiome of P. 

oceanica leaves at some locations (Kohn et al., 2020).  

Here, we investigate the effects of long-term natural OA occurring at volcanic CO2 vents on the epiphytic 

prokaryotic community of P. oceanica leaves and quantify rates of the key N cycling processes by the plant 

phyllosphere. We test the effects of pH and the presence/absence of epiphytes in multifactorial laboratory 

incubations (see Fig. S3.1), using N stable isotope tracers to quantify N2 fixation, nitrification potential, and 

anammox and denitrification potential, and net nutrient fluxes to quantify assimilatory processes by leaves and 

epiphytes. We complement these analyses with 16s rRNA gene amplicon sequencing to explore the diversity of 

the phyllosphere microbial community and the potential players involved in N transformation processes on 

seagrass leaves.  
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RESULTS AND DISCUSSION 

COMPLETE MICROBIAL N CYCLING OCCURS IN THE P. OCEANICA PHYLLOSPHERE 

Incubation experiments with 15N stable isotope labeling reveal that all key microbial N cycling processes occurred 

in the phyllosphere of P. oceanica, with microbial epiphytes contributing to a net N gain in all conditions by the 

holobiont. To quantify rates of N2 fixation by the phyllosphere diazotrophic community, we incubated leaf 

sections with and without epiphytes in 15N2-enriched seawater. We detected clear 15N2 incorporation in epiphyte 

tissue in the light incubations, ranging from 0.12 ± 0.05 nmol cm-2 h-1 (mean ± SE) at the ambient site to 0.62 ± 

0.15 nmol N cm-2 h-1 at the vent site (Fig. 3.1a). 15N2 incorporation was 409% higher at the vent site (F1,13 = 5.80, 

p = 0.03, R2 =  0.52) and in the same order of magnitude as N2 fixation rates measured in situ in minimally 

disturbed P. oceanica meadows (Agawin et al., 2017). Corresponding to dry weight-based rates of up to 131.08 

nmol N g DW-1 h-1, these rates are also comparable to N2 fixation rates measured by root symbionts of P. oceanica 

under ambient pH (Lehnen et al., 2016; Mohr et al., 2021). Conversely, we observed significant 15N2 

incorporation in only one of four replicates in the dark. We did not observe a significant transfer of fixed N to 

the P. oceanica plant tissues in the limited time frame of the experiment, neither in the light nor in the dark 

(Figs. S3.2, S3.3).  

We explored the potential of the phyllosphere microbiome to nitrify in 15N-NH4
+ incubation experiments. While 

there was a strong variability among samples (Fig. S3.4), we found significant (>2.5 x SD) potential nitrification 

rates (PNR) at the vent site when epiphytes were present (Fig. 3.1b), ranging from 0.031 ± 0.007 pmol N cm-2 h-

1 (mean ± SE) in the dark to 0.058 ± 0.004 pmol N cm-2 h-1 in the light. However, these rates were only marginal 

compared to the other N transformation processes. PNR was 86% higher in the light (F1,13 = 67.00, p < 0.001, R2 

= 0.83). In contrast, we found no significant PNR in incubations with epiphytes from the ambient site, neither in 

the light nor in the dark. The plant can compete with nitrifiers for N, as NH4
+ is typically readily taken up by P. 

oceanica (Lepoint et al., 2002), making the leaf phyllosphere a challenging environment for nitrifying 

prokaryotes. Our measurements of PNR in P. oceanica leaves are of relevance, as they indicate that a community 

of nitrifiers exists that can compete with the plant for NH4
+ uptake. However, with PNR of up to 0.058 ± 0.004 

pmol N cm-2 h-1, their net contribution to NH4
+ or NO2

- oxidation contributes only marginally to the N budget of 

the P. oceanica phyllosphere.  

Previous studies suggested that anoxic parts within thick biofilms on the surface of seagrasses could be suitable 

microhabitats for microbial-mediated N-loss pathways, such as denitrification and anammox (Brodersen & Kühl, 

2022; Noisette et al., 2020). Using incubation experiments of leaf sections amended with 15N-NO3
-, we report 

29N2 production rates ranging from 2.43 ± 0.53 pmol N cm-2 h-1 at the ambient site in the dark to 7.14 ± 2.07 pmol 

N cm-2 h-1 at the vent site in the light (Fig. 3.1c) when epiphytes were present. 29N2 production was 134% higher 

at the vent site (F1,13 = 10.82, p = 0.006, R2 = 0.39), while the light/dark treatment had no effect. A significant 

production rate of 30N2 was only detected at the vent site in the light with epiphytes present (18.84 ± 3.33 pmol 

N cm-2 h-1; Fig. 3.1d). Based on these results, we calculated daily budgets of total N-N2 loss (sum of 29N2 and 30N2 

production) of up to 4.01 ± 0.74 ¿mol N m-2 d-1 (or 0.401 ± 0.074 nmol N cm-2 d-1) at the vent site. These rates 
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The 16s rRNA gene amplicon sequencing of the phyllosphere-associated microbiome revealed a diverse 

microbial community differing between the water column and seagrass leaf community, but not between 

ambient and vent pH (see Fig. S3.6 and Table S3.1) and including many members potentially involved in N 

transformation processes on P. oceanica leaves.  

The leaves were dominated by the phylum Proteobacteria with the classes Alphaproteobacteria (20-22%) and 

Gammaproteobacteria (9-15%) across both pH sites (Fig. 3.2). Among the predominant orders were 

Rhodobacterales (9%), which are commonly found as first colonizers on marine surfaces and seagrasses, 

probably due to their ability to be opportunistic and persist in rapidly changing environments (Dang et al., 2008; 

Mejia et al., 2016; Trevathan-Tackett et al., 2020). About 1.5% of this clade were identified as Epibacterium, a 

genus of common bacteria in coastal areas that have the potential to assimilate ammonium and that also 

expresses antibacterial activity towards other marine bacteria (Matallana-Surget et al., 2018). Other ammonia 

oxidizers, such as the strain HIMB11 were identified in the water column (Durham et al., 2014). Rhodobacterales 

also include (putative) N2 fixers in both terrestrial (Li et al., 2023) and marine (Lesser et al., 2018; Moynihan et 

al., 2022) environments. We found Rhizobiales accounting for 5% of the total leaf community, a taxonomic order 

that includes a diversity of N2-fixing microbes that form symbiotic relationships with terrestrial plants (Lindström 

& Mousavi, 2020) and are known for promoting plant health and growth (Avis et al., 2008). One of the identified 

genera within this clade was Pseudovibrio, a common member of animal and macrophyte holobionts, with the 

capacity to undergo complete denitrification and, in some species, assimilatory nitrate reduction and probably 

another regulator of the microbial community through their antibiotic metabolite production (Blanchet et al., 

2017). 

Cyanobacteria accounted for 2-14% of the total leaf community (Fig. 3.2). Especially the orders Phormidesmiales 

and Cyanobacteriales had a large effect in the differential abundance analysis (Fig. 3.3). Higher N2 fixation rates 

under light conditions suggest a diazotrophic community dominated by species that can cope with O2 production 

from daytime photosynthesis, which would otherwise irreversibly inhibit the enzyme nitrogenase. Among the 

genera that can sustain N2 fixation in the light (Bergman et al., 2013; Berrendero et al., 2016), the leaves from 
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Fig. 3.2. Average relative abundances of prokaryotic taxa. Prokaryotic phyla (a), classes (b), and genera (c) on leaves and water column 

samples from both pH regimes. 
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both pH regimes comprised sequences for Schizothrix (0.22% on leaves vs. 0.01% in the water column) and 

Trichodesmium (up to 0.5% on leaves vs. 0.002% in the water column).  

 
Fig. 3.3. Differential taxonomic order abundance in pooled leaf and water column samples. Positive values mean differential abundance in 

the leaves and negative values in the water column. 

Among the predominant orders in the phylum, Bacteroidota (17%) was the order Flavobacterales (8%). They are 

also frequently found as early colonizers on marine surfaces and seagrasses (Mejia et al., 2016; Trevathan-

Tackett et al., 2020). In other studies, some photosynthetic and light-dependent members of Bacteroidota that 

harbor the nifH gene, e.g., Chlorobaculum and Chlorobium (Agawin et al., 2017) , were more abundant on leaves 

than in the water column. Other heterotrophic bacterial N2 fixers that may depend on seagrass photosynthetic 

exudates (Agawin et al., 2017) were found on P. oceanica leaves within the Desulfobacterota phylum. As part of 

the P. oceanica leaf microbiome, these groups are likely to collectively contribute to N2 fixation as a consortium 

of (directly or indirectly) light-dependent N2 fixers. 
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Granulosicoccus was the phylotype with the largest effect detected in the differential abundance analysis (Fig. 

3.3). It has been often found as part of the phyllosphere microbiome of macroalgae and seagrasses (Crump et 

al., 2018; Sanders-Smith et al., 2020; Weigel et al., 2022) having the potential for dissimilatory nitrate reduction 

to ammonium and the synthesis of vitamins that are needed by their macroalgae host (Weigel et al., 2022). 

Among the potential denitrifiers, the gammaproteobacterium Marinicella was predominantly detected on P. 

oceanica leaves; it often contributes to denitrification in Synechococcus-dominated biofilms and anammox-

concentrating reactors (Van Duc et al., 2018; Yin et al., 2021; Zhang et al., 2021).  

Planctomycetes accounted for 2% of the microbial leaf community (Fig. 3.2) and were more abundant on the 

leaves than in the water column (Fig. 3.3). Planctomycetes are commonly found on macroalgae across the globe 

(Bondoso et al., 2017; Lage & Bondoso, 2014) and can even dominate the P. oceanica leaf microbiome (Kohn et 

al., 2020).  Members of this phylum have been linked to N2 fixation in surface ocean waters (Delmont et al., 

2018). Among Planctomycetes are also members that can utilize anammox to gain energy by anaerobically 

oxidizing NH4
+ with NO2

- as the electron acceptor (Jetten et al., 2009; Strous et al., 1999). There is also potential 

for their participation in nitrification, as the family Gemmataceae and several others that we detected in both 

the leaves and water column harbor the genes to code for the nitronate monooxygenase (Rambo et al., 2020). 

Finally, we found significantly higher relative abundances of the families Nitrosomonadaceae, Nitrospiraceae, 

Nitrospinaceae (AOB), and Nitrosopumilales (AOA) in the phyllosphere of P. oceanica (Fig. S3.7, Table S3.2), all 

of which include nitrifying members (Hutchins & Capone, 2022; Kuypers et al., 2018). In particular, we found a 

higher relative abundance of Nitrosopumilales (family Nitrosopumilaceae) on leaves, which often show a higher 

affinity for ammonia than AOB (Jung et al., 2022; Martens-Habbena et al., 2009), further indicating that 

competition for NH4
+ plays a major role on seagrass leaves. 

OCEAN ACIDIFICATION ACCELERATES N CYCLING TOWARDS HIGHER N2 FIXATION AND N UPTAKE 

Our results show that OA occurring at natural CO2 vents accelerated key N transformation processes associated 

with the phyllosphere of P. oceanica, while the prokaryotic community structure remained largely unaffected. 

To quantify N transformation rates under OA conditions, we incubated leaf sections from CO2 vents, where the 

plant and its epiphytic community are acclimated to long-term CO2 enrichment and lower pH (vent pH = 7.80 ± 

0.14; ambient pH = 8.08 ± 0.04). We found that daylight N2 fixation was significantly higher on leaves acclimated 

to low pH (Fig. 3.1a). The positive response of N2 fixation rates to elevated CO2 concentrations is supported by 

several studies with planktonic diazotrophs, such as Trichodesmium, Crocosphaera, and Nodularia (see review 

papers by Kroeker et al. (2013); Liu et al. (2010); Wannicke et al. (2018)). A widely accepted explanation for the 

positive influence of elevated CO2 concentrations on some diazotrophs is their ability to reallocate energy from 

the downregulation of carbon-concentrating mechanisms to N2 fixation (Kroeker et al., 2013; Wannicke et al., 

2018). 

Notably, potential nitrification (PNR) was only detected under OA conditions in our incubations (Fig. 3.1b). 

Reduced pH is generally expected to negatively affect ammonium oxidation in the first step of nitrification 



 CHAPTER 3' Accelerated nitrogen cycling on Mediterranean seagrass leaves at volcanic CO2 vents  

 58 

(Beman et al., 2011; Kitidis et al., 2011). However, some studies showed that increasing CO2 levels could lead to 

higher autotrophic nitrification rates by reducing CO2 limitation (Hutchins et al., 2009) and that a diverse nitrifier 

community, such as that found in estuarine and coastal sediments, could adapt to a wider range of pH values 

(Fulweiler et al., 2011).  

Ocean acidification is generally not expected to have a major, direct effect on denitrification and anammox, as 

both processes occur in anaerobic environments that already have elevated CO2 concentrations and low pH 

values (Hutchins et al., 2009; Wannicke et al., 2018). However, on P. oceanica leaves under high CO2 conditions, 

an increase in both C (see Berlinghof et al., 2022) and N2 fixation, as well as nitrification, may have favored the 

formation of anoxic microniches on the leaf biofilm and generated organic C and oxidized N compounds available 

for metabolism by denitrifying bacteria.  

We observed that NH4
+ uptake rates were increased by 62 3 97% at the vent site and NO3

- uptake rates were 

increased by 330 - 412 % (Fig. S3.5c, d). At the ambient site, we measured higher epiphyte cover and lower net 

primary production and respiration (Berlinghof et al., 2022), which can affect nutrient uptake rates. Apostolaki 

et al. (2012) showed that N uptake in leaves decreases with increasing epiphyte load, suggesting that epiphyte 

overgrowth inhibits leaf N uptake in P. oceanica. On the other hand, the seagrass may adapt to an increased N 

demand due to higher productivity under OA. This agrees with Ravaglioli et al. (2017), who found overexpression 

of N transporter genes after nutrient addition at low pH, suggesting increased N uptake by the seagrass.   

While N cycling on the P. oceanica phyllosphere accelerated under high CO2, the prokaryotic community 

structure remained largely unaffected. Similarly, Banister et al. (2021) found that the leaf-associated 

microbiome of the seagrass Cymodocea nodosa was stable across pH gradients at a comparable Mediterranean 

CO2 vent site. The microbial community of P. oceanica was also found to be stable in environments differing in 

other geomorphological traits, e.g., depth, substrate, and turbidity (Rotini et al., 2023). Conversely, colonization 

experiments using an inert substrate showed marked differences in coastal microbial biofilms between natural 

pH and vent-exposed sites (Lidbury et al., 2012). A stable microbial community in our study supports the 

hypothesis of a microbiome that is regulated by interactions with its plant host (Crump et al., 2018), while our 

biogeochemical measurements suggest the presence of coupled metabolisms between the seagrass and its 

microbiome contributing to plant health and adaptation in a high-CO2 world. 

PHYLLOSPHERE N CYCLING CONTRIBUTES TO THE HOLOBIONT N DEMAND 

We calculated daily rates in mmol N m-2 d-1 of plant and epiphyte-mediated N-cycling processes at vent and 

ambient pH based on a 12:12 light/dark cycle (Fig. 3.4a, b). We further calculated the percentage of daily primary 

production of the P. oceanica holobiont (plant + epiphytes) that can be supported by leaf-associated N2 fixation 

(Fig. 3.4c, d).  
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Fig. 3.4. Overview of N cycling processes under ambient and vent pH conditions. The metabolic rates (in mmol m-2 meadow area d-1) for plant- 

and epiphyte-mediated processes under ambient (A) and vent (B) pH conditions, based on a 12:12 h light and dark cycle, are depicted in the 

upper portion of each panel. Data distribution is shown in a box plot format, with the center line denoting the median value (50th percentile), 

the box encapsulating the interquartile range (25th to 75th percentiles), and whiskers indicating the 5th and 95th percentiles. Nitrification was 

not detectable (n.d.) at the ambient site. The lower portion of each panel employs arrow size to convey the relative differences in N cycling 

processes. Additionally, the % contribution of N2 fixation to the estimated N demand of the plant, as well as relevant taxa in the microbial 

community for each N cycling process, are provided for further context. 

Although NCP, and thus the seagrass N demand, was higher under OA, the contribution of N2 fixation to meeting 

this demand was increased at vent pH. N2 fixation contributed with 169 ± 71 mmol N m-2 d-1 to 35 % of the 

seagrass N demand at ambient pH and with 493 ± 129 mmol N m-2 d-1 to 45 % at vent pH (Fig. 3.4). The 

contribution of N2 fixation to the seagrass N demand has been reported to be highly variable over seasonal (e.g., 

Agawin et al., 2017; Cardini et al., 2018) and spatial (Agawin et al., 2017) gradients.  Integrating the seasonal 

values over a year, Agawin et al. (2017) calculated that ca. 15% of the annual plant N demand can be provided 

by aboveground N2 fixation in P. oceanica meadows. Further research (e.g., using NanoSIMS or longer-term 

incubations) should investigate how much of the N fixed by the epiphytic diazotrophs is actually transferred to 

the plant host. 

A large fraction of the P. oceanica holobiont N demand was obtained through NH4
+ uptake with 829 ± 87 mmol 

N m-2 d-1 at the ambient and 3376 ± 461 mmol N m-2 d-1 at the vent site (Fig. 3.4). NH4
+ uptake was considered 

being plant-mediated, because the presence of epiphytes had no significant effect (Fig S3.5). NO3
- uptake, 

primarily attributed to the epiphytic community, contributed with 159 ± 37 mmol N m-2 d-1 at the ambient and 

555 ± 139 mmol N m-2 d-1 at the vent site. NO3
- uptake rates were comparable to the annual average NO3

- leaf 

uptake by Lepoint et al. (2002) (1.2 g N m-2 yr-1 = 235 mmol N m-2 d-1). Conversely, our NH4
+ uptake rates were 

higher than their maximum values obtained in spring months (1300 mg N m-2 h-1 = 2227 mmol N m-2 d-1; Lepoint 

et al., 2002). However, they also show that large seasonal differences can occur, with values ranging from 0 to 
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2227 mmol N m-2 d-1. The total N gain in our study (N2 fixation + NH4
+ and NO3

- uptake - N loss) was 1115 ± 194 

mmol N m-2 d-1 at the ambient and 4410 ± 727 mmol N m-2 d-1 at the vent site. Thus, OA tipped the balance 

decisively in favor of increased N gain.  

Taken together, our results show that major N cycling processes occur on P. oceanica leaves, and that epiphytes 

contribute to net N uptake by the holobiont. Ocean acidification occurring at the investigated volcanic CO2 vent 

accelerates N cycling, while the prokaryotic community structure remains largely unaffected. At a vent pH (~ 7), 

high rates of microbial daylight N2 fixation on the phyllosphere of P. oceanica can partially sustain the increased 

C-fixation and thus N demand of the holobiont. Further experiments at comparable sites with reduced pH should 

investigate whether our results can be generalized to a broader spatial scale. Access to diverse N sources may 

help to avoid competition within the holobiont. Adaptation of marine plants to environmental changes is 

fundamental for their survival; here we show that functional plasticity of their N-cycling microbiome is a key 

factor in regulating seagrass holobiont functioning on a changing planet.  

METHODS 

STUDY AREA AND SAMPLING 

The study area is located at the islet of Castello Aragonese on the northeastern coast of the island of Ischia 

(Tyrrhenian Sea, Italy). This site is characterized by the presence of submarine CO2 vents of volcanic origin, which 

naturally generate a gradient in CO2 concentration and pH, without affecting the surrounding water temperature 

or salinity (Foo et al., 2018; Hall-Spencer et al., 2008). Around the islet, meadows of P. oceanica occur at depths 

of 0.5 - 3 m, also extending into vent zones with low pH. We selected two sites characterized by different pH 

regimes (vent pH = 7.80 ± 0.14; ambient pH = 8.08 ± 0.04; Table S3.3) at approximately 3 m water depth. We 

restricted our study locations to these sites because not many vent sites have comparable levels of CO2, depth, 

light, and hydrodynamics. Increasing the number of locations would have increased confounding factors, 

potentially affecting the reliability and consistency of our data. The vent pH site was located in a vent area on 

the south side (40°43'50.5"N 13°57'47.2"E) and the ambient pH site was located on the north side of the bridge 

(40°43'54.8"N 13°57'47.1"E).  

For the incubation experiments, shoots of P. oceanica were collected at each site at three days in September 

2019 and transported directly to the laboratory. Sections of the central part of the leaf (3 cm in length) were cut 

off, selecting leaves with homogeneous epiphyte coverage, and avoiding heavily grazed and senescent parts of 

the plant, as described in Berlinghof et al. (2022). Macro-epiphytes and biofilm were carefully removed from 

half of the seagrass leaves with a scalpel, ensuring the removal of the majority of microbial epiphytes and taking 

special care not to damage the plant tissue. Leaf sections from the vent pH and ambient pH sites, with epiphytes 

present (n = 4) or removed (n = 3), were used for dark and incubations. Focusing on the leaves allowed us to 

control for the community composition within the phyllosphere exposed to oxygen-rich seawaters and avoid 

contrasting processes occurring between the mainly oxidized aboveground phyllosphere and the mainly reduced 

belowground rhizosphere. 
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Samples for microbial community analysis were collected in October 2019 at the vent (n = 3) and ambient site 

(n = 4) described above. Before disturbing the plants, we collected 5 L of seawater from the water column above 

the plants at each site. Whole seagrass plants were collected, and the central part of the leaf was cut off with 

sterile tools, washed with sterile NaCl solution [0.8 % m/v] to remove loosely attached microorganisms, and 

transferred to 15 mL falcon tubes with sterile tweezers. The falcon tubes were kept in dry ice during transport 

to the laboratory (SZN Villa Dohrn, Ischia, Italy) and then stored at -20°C. In the laboratory, the seawater was 

immediately filtered on 0.2 ¿m cellulose nitrate membrane filters (n = 2 at each site) and the filters were stored 

at -20°C until further genetic analysis.  

PROKARYOTIC DNA EXTRACTION, AMPLIFICATION, AND SEQUENCING 

DNA from seagrass and seawater samples was extracted using the Qiagen DNeasy Powersoil Kit (Qiagen). For 

seawater, the entire membrane filters were used, while for seagrass, we cut approximately 1 g of the central 

part of the leaf. Leaf samples were placed into 2 mL vials containing 600 µL of sterile NaCl solution [0.8 % m/v] 

and were vortexed three times for 30 s according to the protocol of the Seagrass Microbiome Project 

(https://seagrassmicrobiome.org). The solution was transferred to the Powerbead columns (Qiagen) and then 

processed according to the manufacturer9s instructions with slight modifications to increase DNA yield and 

quality, as described in Basili et al. (2020). The extracted DNA samples were quantified using a microvolume 

spectrophotometer (Thermo Scientific NanoDrop 2000c) and stored at -20 °C until processing.  

Illumina MiSeq sequencing (2 x 300 bp paired-end protocol) of the hypervariable V4 region of the 16S rRNA gene 

was performed using the 515FB and 806RB bacteria- and archaea-specific primers (Walters et al., 2016). The 

primers were removed from the raw sequence data using cutadapt v2.8 (Martin, 2011) and the fastq files were 

processed using the R package DADA2 (Callahan et al., 2016; R Core team, 2023). Quality filtering and denoising 

of the trimmed fastq files was performed using the following parameters: <truncLen = c(200, 200), maxEE = c(2, 

2), truncQ = 2, ndmaxN = 0). Paired-end reads were then merged into amplicon sequence variants (ASVs); 

chimeric sequences were identified and removed. Prokaryotic taxonomy assignment was performed using the 

SILVA v138 database (Quast et al., 2012). The complete pipeline is openly available in the research compendium 

accompanying this paper at https://github.com/luismmontilla/embrace. The sequences are available in the NCBI 

SRA database as the BioProject ID PRJNA824287. 

BIOINFORMATICS AND DATA ANALYSIS OF THE SEQUENCING DATA 

The ASV matrix was analyzed as a compositional dataset, as described in detail in other works (Gloor et al., 2017; 

Quinn et al., 2018). Briefly, we transformed the raw pseudo-counts using the centered-log ratio to handle the 

data in a Euclidean space. We then tested the null hypothesis of no effect of the factors described above on the 

prokaryotic community associated with P. oceanica using a permutation-based multivariate analysis of variance 

(PERMANOVA) derived from a Euclidean distance matrix. We performed this test using the vegan package for R 

(Anderson, 2001; Oksanen et al., 2020). In addition, we performed a differential abundance analysis of the ASVs 

(pooled leaf vs water column samples) using the ANOVA-like differential expression method implemented in the 

https://seagrassmicrobiome.org/
https://github.com/luismmontilla/embrace
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ALDEX2 package for R (Fernandes et al., 2013). This algorithm produces consistent results, whereas other 

analyses can be variable depending on the parameters set by the researcher or required by the dataset (Nearing 

et al., 2022). 

DINITROGEN FIXATION  

The 15N2-enriched seawater addition method was used to determine N2 fixation rates (Klawonn et al., 2015). The 

15N2 gas (Cambridge Isotope Laboratories Inc.) was tested negative for contamination with 15N3labeled 

ammonium. Stock solutions of 0.22 µm filtered and 15N2-enriched water from the two study sites (vent and 

ambient pH) were prepared and gently transferred to 24 mL glass vials to minimize gas exchange with the 

atmosphere. Subsequently, one section of a seagrass leaf with (n = 4) and without epiphytes (n = 3) was added 

per vial and the vials were sealed without leaving any headspace. Additionally, vials with 0.22 µm filtered but 

unenriched site water containing leaves with epiphytes served as controls to account for potential variation in 

the natural abundance of 15N in epiphytes or leaves (n = 3, see also Fig. S3.1 for the experimental design). The 

vials were incubated on a shaker (Stuart Orbital Shaker SSL1; 30 rpm); vials for dark incubations were covered 

with aluminum foil. Incubations were performed in a temperature-controlled room at 22°C. After an incubation 

period of T0 = 0 h, T1 = 5 h, and T2 = 9 h light/ 8 h dark, three or four vials from each treatment were opened 

for sampling. At the beginning and end of the incubation, oxygen concentrations in the incubation vials were 

measured without opening the vials using a fiber-optic oxygen sensor with sensor spots (FireStingO2, 

PyroScience), and pH was measured using a pH meter (Multi 3430, WTW).  

For tissue analysis, epiphytes were removed from seagrass leaves with a scalpel, transferred separately into 

Eppendorf tubes, and freeze-dried for 72 h. They were then homogenized in a mortar, weighed, and transferred 

into tin cups to determine carbon (%C) and nitrogen content (%N), and 15N incorporation. Water samples were 

transferred to 12 mL exetainers (Labco Ltd) and fixed with 200 ¿L of 7 M ZnCl2 for 29N2 and 30N2 analyses to 

calculate atom% excess of the medium. In addition, samples for the analysis of dissolved inorganic nitrogen (DIN: 

NH4
+, NO2

-, NOx
-) and PO4

3- were transferred to 20 ml HDPE vials and stored at -20°C until further analysis. 

Carbon (%C) and nitrogen (%N) content and the isotopic composition (·13C, ·15N) in seagrass leaves and epiphyte 

tissue were analyzed by isotope ratio mass spectrometry (IRMS, Delta plus V, Thermo Scientific) coupled to an 

elemental analyzer (Flash EA1112, Thermo Scientific) at Aarhus University (Denmark). 15N2 fixation rates were 

calculated according to Montoya et al. (1996): 

15Nexcess = 15Nsample 3 15NNA      (I) 

N2 fixation = (atom%(15Nexcess) / atom%(15Nmedium)) x (PNsample / t)  (II) 

15Nsample is the 15N content of the samples after exposure to 15N2 enriched seawater, and 15NNA is the 15N content 

in natural abundance samples without 15N2 exposure. The enrichment of samples (15Nexcess) was considered 

significant for samples with a value greater than 2.5 times the standard deviation of the mean of the natural 

abundance samples. 15Nmedium is the enrichment of the incubation medium at the end of the incubations. With 
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our approach, we achieved an enrichment of >16.0 atom %15N in the incubation vials. PNsample is the N content 

of the sample (¿g), and t represents the incubation time (h). 15N2 fixation rates were normalized per seagrass 

leaf area (cm2). The C:N molar ratio was determined as C:N= (% C/12) / (% N/14). 

Dissolved nutrient concentrations (NH4
+, NO2

-, NOx
-, PO4

-) were measured with a continuous flow analyzer 

(Flowsys, SYSTEA S.p.A.). NO3
- concentrations were calculated as the difference between NOx

- and NO2
-. 

Subsequently, nutrient fluxes were calculated as the difference between final and initial nutrient concentrations, 

corrected for controls, and normalized to leaf area. 

POTENTIAL NITRIFICATION RATES  

Nitrification potential was determined using stock solutions of 0.22 µm filtered water from the study sites (vent 

and ambient pH site) with an ambient NH4
+

 concentration of 0.65 µM that was enriched with 15NH4
+

 (g98 atom 

%15N) to a final concentration of 20 µM. The incubation was performed as described above (see also Fig. S3.1 

for the experimental design) with sampling times at T0 = 0h, T1 = 2h, T2 = 5h, and T3 = 9 h light/ 8 h dark. Water 

samples were filtered at 0.22 µm, transferred to 15 mL polypropylene tubes, and stored at -20°C for the analysis 

of NO3
- production. Vials with 0.22 µm filtered site water with 20 µM 15NH4

+
 but without leaves served as controls 

for background microbial activity in the water column (n = 3). 

Isotopic samples for 15NO3
- production were analyzed by isotope ratio mass spectrometry (IRMS) using a 

modified version of the Ti(III) reduction method described by Altabet et al. (2019). Sample aliquots for 

nitrification analysis (3 mL) were acidified by adding 10 µL of 2.5 nM sulfanilic acid in 10% HCl to each 1 mL of 

sample, then added to 3 mL of the international standard USGS-32 (·15N = +1800) in a 12 mL exetainer, so that 

the final concentration of USGS-32 was 0.1 ppm NO3-N (~7 µM NO3
-). After combining the sample with the 

standard, the exetainer headspace was flushed with argon for 2 minutes. NO3
- was then converted to nitrous 

oxide (N2O) for stable N isotope analysis by adding 200 µL zinc-treated 30% TiCl3. The exetainers were 

immediately sealed with a gas-tight, pierceable, chlorobutyl rubber septum and the final reaction volume was 

6.15 mL. The Ti(III)-treated samples were left at room temperature for >12 h to convert NO3
- to N2O. The 

headspace of the exetainer was sampled with a double-holed needle using a CTC PAL autosampler and a 

modified flush-fill line of a GasBench device (Thermo Scientific). The flush rate was ca. 25 mL min-1 and the 

flushing time was 5.5 min. The headspace sample was passed through a magnesium perchlorate and ascarite 

trap to remove water and CO2, respectively, and then collected in a sample loop (50 cm PoraPlot Q; ø = 0.53 

mm; Restek) submersed in liquid nitrogen. N2O in the sample was then separated from CO2 and other gases by 

injecting onto a Carboxen 1010 PLOT column (30 m × 0.53 mm, 30 µm film thickness, Supelco; temp = 90 °C, 

flow rate 2.6 mL min-1) with helium as carrier gas. The sample was then transferred to a MAT253 PLUS IRMS via 

a Conflo interface (ThermoScientific). ·15N values were determined relative to the N2O working gas, and then 

corrected for linearity according to the peak height relationship and the titanium-to-sample ratio (Altabet et al., 

2019); the absolute value of the linear correction term was <1.30 for all samples. The corrected values were 

then normalized to the ·15N-air scale by simultaneous analysis of the international standards USGS32, USGS34, 

and USGS35. The ·15N value of NO3
- in the sample was finally determined via a mass balance of the relative NO3

- 
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concentrations of the sample and USGS32, the measured ·15N value of the mixture, and the accepted ·15N value 

of USGS32. The external precision of the ·15N measurement (± one standard deviation of the mean) determined 

for an in-house standard was 1.10.  

Potential nitrification rates (PNR) were calculated using an equation modified from Beman et al. (2011): 

15Nexcess = 15Nt 3 15N0       (III) 

PNR = (atom%(15Nexcess) / atom%(15Nmedium)) x ([NO3
-] / t)   (IV) 

15Nt is the 15N content of the samples in the NO3
2 pool measured at time t, and 15N0 is the 15N content in the NO3

2 

pool measured at the beginning of the incubations. The enrichment of samples (15Nexcess) was considered 

significant for samples with a value greater than 2.5 times the standard deviation of the mean of the T0 samples. 

15Nmedium is the enrichment of the incubation medium at the end of the incubations. Based on the NH4
+ 

concentrations measured before and after the addition of 15NH4
+, this resulted in a theoretical enrichment of 

>95.9 atom %15N in the incubation medium. [NO3
-] is the concentration of NO3

-
 (¿M) and t is the incubation time 

(h). Potential nitrification rates were normalized per seagrass leaf area (cm2) and corrected for the rates in 

control incubations without organisms.  

POTENTIAL ANAMMOX AND DENITRIFICATION RATES  

To determine the rates of N loss via N2 production (combined denitrification and anammox), stock solutions of 

0.22 µm filtered water from the two study sites (vent and ambient pH) with an ambient NO3
- concentration of 

1.94 µM were enriched with 15NO3
-
 (g98 atom %15N) to a final concentration of 10 µM. The incubation was 

performed as described above (see also Fig. S3.1 for the experimental design), with sampling times at T0 = 0 h, 

T1 = 2 h, T2 = 5 h, and T3 = 9 h light/ 8h dark. Vials with 0.22 µm filtered site water from each of the study sites 

with 10 µM 15NO3
- but without leaves served as controls for background microbial activity in the water column 

(n = 3). Water samples were transferred into 12 mL exetainers and fixed with 200 ¿L of 7 M ZnCl2 for 29N2 and 

30N2 analyses.  

Isotopic samples for 29N2 and 30N2 production were analyzed by gas chromatography-isotope ratio mass 

spectrometry (GasBench, Thermo Scientific). 29N2 and 30N2 concentrations were calculated via linear regression 

of a standard curve with N2 air standards.  Production rates of 15N-enriched N2 gas were calculated from the 

difference in 29N2 or 30N2 concentrations between T1 (2 h) and T2 (5 h), as we observed a lag phase from T0 to 

T1. Because the changes in 29N2 and 30N2 concentrations were very small (Table S3.4), we decided to report 29N2 

and 30N2 production rates instead of further transforming the data to calculate denitrification or anammox rates. 

29N2 and 30N2 production rates were normalized to seagrass leaf area (cm2) and corrected for the rates in control 

incubations without organisms.  

HOLOBIONT N DEMAND CALCULATIONS 

To calculate daily metabolic rates of plant and epiphyte-mediated N cycling processes, we integrated rates of N2 
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fixation, nitrification potential, N loss (denitrification and anammox), NO3
-, and NH4

+ uptake in the light and dark 

incubations assuming a daily 12:12 h light/dark cycle. This way we obtained daily rates in mmol N m-2
leaf area d-1 

at vent and ambient pH. We further used net community productivity (NCP) from Berlinghof et al.12 (using a 

photosynthetic quotient of 1), C:N ratios (Fig. S3.8), average leaf density and dry weight per leaf at the ambient 

and vent site (Table S3.5) to calculate the potential percentage of daily primary production of the seagrass 

holobiont (plant + epiphytes) that can be supported by leaf-associated N2 fixation.  

STATISTICS AND REPRODUCIBILITY 

For the incubation experiments, we used central sections of P. oceanica leaves from the vent and ambient pH 

site with epiphytes present (n = 4) or removed (n = 3) in the dark and incubations (see Fig S1). Samples were not 

measured repeatedly; for every sampling timepoint, a new incubation vial was opened and measured.  

We tested for normality and homogeneity of variances before each analysis using Shapiro-Wilk's and Levene's 

tests and transformed data or removed outliers if normality and homogeneity of variances were not met. We 

tested the effects of pH (vent pH vs. ambient pH), treatment (with and without epiphytes), and their interaction 

on the 15N2 incorporation rates, potential nitrification rates (PNR), 29N2 and 30N2 production rates, and the 

nutrient fluxes using two-way ANOVAs (type II). We tested the effects of pH (vent pH vs. ambient pH) on the C:N 

ratios of leaves and epiphytes using a one-way ANOVA (type II). All statistical analyses were performed with R 

(R Core team, 2023, version 4.1.2) using the packages car and emmeans.  
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RECIPROCAL NUTRITIONAL BENEFITS IN A SPONGE-SEAGRASS ASSOCIATION 
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ABSTRACT 

Sponges commonly form associations within seagrass meadows, but their potential impact on seagrass 

productivity and nutrient cycles remains poorly understood. This study investigates the association between the 

demosponge Chondrilla nucula and the Mediterranean seagrass Posidonia oceanica in two sampling occasions 

during the plant growth (spring) and senescence (autumn) seasons at a small inlet near Naples, Italy, where the 

sponge grows conspicuously within the seagrass bed. We found a non-linear relationship between the benthic 

cover of the sponge and the seagrass, with higher C. nucula cover linked to intermediate P. oceanica cover, 

suggesting spatial dependence. P. oceanica showed higher net primary production (NPP) in spring, while C. 

nucula was net heterotrophic in spring but exhibited slightly positive NPP in autumn. NPP remained stable when 

the two organisms were associated, regardless of the season. C. nucula consistently contributed inorganic 

nutrients to the association in the form of phosphate, ammonium, and substantial nitrate, recycling nutrients 

that potentially benefited P. oceanica in its growth season. In return, the seagrass consistently provided 

dissolved organic carbon, which aided sponge nutrition in spring. These findings suggest reciprocal benefits in 

the interaction between C. nucula and P. oceanica, with nutrient exchange facilitating a facultative mutualism 

that potentially supports and stabilizes the productivity of the seagrass ecosystem. 

KEYWORDS: Posidonia oceanica; Chondrilla nucula; holobiont; facilitation; oxygen fluxes; nutrient fluxes; 

stable isotopes analyses 

A modified version of this chapter is in preparation for publication in Limnology and Oceanography. 
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INTRODUCTION 

Seagrasses are vital ecosystem engineers that create habitats for diverse marine life. Seagrass meadows support 

significantly more species than unvegetated areas, particularly among fish and invertebrate communities (Heck 

et al., 2008), while fostering complex epibenthic assemblages (Whippo et al., 2018). Many invertebrates use 

these meadows as sources of organic matter (Kharlamenko et al., 2001) and as shelter (Boström & Bonsdorff, 

1997), and they also host diverse microbiomes that perform key ecosystem functions, contributing to so-called 

nested ecosystems (Malkin & Cardini, 2021; Mcfall-Ngai et al., 2013; Pita et al., 2018). Positive species 

interactions are recognized as crucial drivers of community structure and ecosystem functioning in seagrass 

ecosystems (Cardini et al., 2019, 2022; Gagnon et al., 2021; Malkin & Cardini, 2021). However, although this 

topic has been well explored in terrestrial environments, substantial knowledge gaps remain in marine systems 

(e.g., Bulleri, 2009). 

Among seagrass-associated invertebrates, sponges play a crucial role in nutrient cycling. They consume dissolved 

organic carbon (DOC) and transform it into detritus, making it available for higher trophic levels through what is 

known as the sponge loop (De Goeij et al., 2013; Rix et al., 2017). High-microbial abundance (HMA) sponges, in 

particular, absorb dissolved organic matter (DOM) and release nitrate (NO3
-), ammonium (NH4

+), and phosphate 

(PO4
3-), which are essential for nutrient recycling (Maldonado et al., 2012). This function makes sponges 

beneficial partners for primary producers (PP), such as seagrasses and macroalgae, which release large amounts 

of DOM into their surroundings (Barrón et al., 2014). At the same time, the growth of PP is often limited by 

inorganic nitrogen (Touchette & Burkholder, 2000), underscoring the potential significance of sponge-PP 

interactions. 

Sponge-PP associations have been documented in various marine environments. On coral reefs, sponges absorb 

DOC from corals and macroalgae, returning inorganic nutrients in a reciprocal, mutually beneficial relationship 

(Campana et al., 2021; Pawlik & McMurray, 2020; Rix et al., 2017). Similar associations occur in mangrove 

ecosystems, where sponges release nitrogen that supports mangrove growth, while receiving carbon from 

mangrove roots, establishing facultative mutualisms (Ellison et al., 1996). 

In seagrass meadows, sponges have been shown to enhance growth and nutrient content of primary producers, 

as demonstrated in the association of the sponge Ircina felix with the seagrass Thalassia testudinum and other 

non-dominant seagrass species (Archer et al., 2021). Another example involves T. testudinum benefiting from 

nutrients like NH4
+ and PO4

3- released by the sponge Halichondria melanadocia (Archer et al., 2015, 2018). 

However, despite growing research interest in sponge-PP associations, only a limited number of studies have 

been dedicated to these interactions to date, leaving key ecological processes insufficiently understood. In 

particular, a quantification of the effect of sponge-seagrass associations on seagrass productivity and nutrient 

cycles remains largely unexplored, and the extent to which these interactions enhance or stabilize seagrass 

primary production under varying environmental conditions is still unclear. Addressing these gaps is essential 

for understanding the resilience of seagrass ecosystems and their capacity to adapt to global change. 
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In the Mediterranean Sea, the seagrass Posidonia oceanica forms extensive meadows that extend from the 

surface down to about 40 m depth. Among the variety of associated biodiversity, shallow P. oceanica meadows 

frequently host the demosponge Chondrilla nucula (Pansini & Pronzato, 1985). C. nucula is widespread across 

the Mediterranean Sea and is classified as a high-microbial-abundance (HMA) sponge (Erwin et al., 2012), 

harboring a rich and diverse microbiome dominated by cyanobacteria (Mazzella et al., 2024). Similar microbiome 

compositions have been found in C. nucula populations across other Mediterranean locations (Thiel et al., 2007) 

and in the congeneric C. caribensis from the Caribbean (Hill et al., 2006), suggesting stable core bacterial 

assemblages in Chondrilla spp. across regions. Phylogenetic analyses identified cyanobacterial symbionts in C. 

nucula and proposed them as Candidatus Synechococcus spongiarum for C. nucula from the Mediterranean and 

C. australiensis from Australia (Usher et al., 2004). In the Caribbean species C. caribensis, these symbionts 

provide nutritional benefits through photosynthate translocation and algal cell ingestion (Hudspith et al., 2022). 

This study investigates the association between C. nucula and P. oceanica in the central Tyrrhenian Sea (Italy), 

focusing on a coastal site in the Gulf of Pozzuoli. Here, C. nucula grows abundantly at the base of seagrass shoots 

and expands laterally to adjacent rhizomes, despite the availability of alternative substrates nearby. We explore 

whether the C. nucula-P. oceanica association can be characterized as a facultative mutualism, hypothesizing 

that DOM released by P. oceanica supports sponge nutrition, while the sponge provides a source of inorganic 

nutrients to the seagrass. 

To test this hypothesis, we: (i) conducted a spatial distribution analysis of C. nucula within the seagrass meadow, 

(ii) quantified net fluxes of oxygen, organic, and inorganic nutrients in closed chamber incubations, and (iii) used 

stable isotope analyses to examine potential signals of nutrient transfer in the sponge-seagrass association. 

These experiments evaluated the effect of each organism, both individually and in association, during the plant 

growth (spring) and senescence (autumn) seasons. Together, these approaches helped to gain clarity on the 

nature of this sponge-seagrass association and determine whether nutrient exchange plays a role, supporting 

the characterization of this association as a facultative mutualism. 

METHODS 

STUDY AREA AND BENTHIC COVER 

Experiments were conducted in the "Schiacchetiello" inlet (40.7938 N, 14.0870 E, Southern Tyrrhenian Sea, 

Mediterranean), located in the municipality of Bacoli, Italy. Here, the seagrass P. oceanica grows at depths of 0-

6 m, forming a patchy meadow. In many patches, the sponge C. nucula is found growing at the base of seagrass 

shoots, enveloping the rhizomes (Fig. 4.1 A-D). We conducted video transects by snorkeling along the longest 

distance across the shallow (0.5 - 2 m) seagrass patches in November 2021. Video footage was processed using 

FFMPEG (https://ffmpeg.org/) to extract frames, from which 82 images were randomly selected from high 

quality images. We used these images to estimate the cover percentage of the primary benthic substrates within 

replicated 0.25 m² quadrats, resulting in a total surveyed area of 20.5 m². Inorganic and organic nutrient 

concentrations, as well as light intensity and temperature data, were collected upon each sampling occasion 

https://ffmpeg.org/
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with methods as those reported in the following section to characterize environmental conditions at the study 

site where sampling took place for the following incubations. 

 

Fig. 4.1. Photographic documentation of the association between P. oceanica and C. nucula at the study site. (A) Close-up of a P. oceanica 

shoot with a C. nucula bundle surrounding the transition zone between the leaves and foliar sheath. (B) Detail of sponge bundles firmly 

attached to individual shoots. (C, D) Large C. nucula colonies covering multiple shoots and fusing into extensive, contiguous growths. Photos: 

U. Cardini. 

 

Table 4.1. Environmental conditions at the study site in the two seasons at the time of the incubation experiments. Bold p values indicate 

significant differences between the two seasons in the respective variable (t-test). 

Season NH4
+ (µM) NOx

- (µM) PO4
3- (µM) DOC (µM) DON (µM) Light intensity (LUX) Temperature (°C) 

Autumn 0.98 ± 0.01 0.97 ± 0.08 0.05 ± 0.01 117.3 ± 12.5 6.4 ± 2.9 49371 ± 42228 19.5 ± 0.1 

Spring 0.39 ± 0.05 0.66 ± 0.03 0.06 ± 0.01 81.9 ± 4.0 6.2 ± 0.2 66313 ± 34418 20.2 ± 0.1 

p value 0.003 0.009 0.129 0.004 0.943 0.314 <0.001 
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OXYGEN AND NUTRIENT FLUXES 

P. oceanica shoots (hereafter "seagrass"), C. nucula bundles ("sponge"), and seagrass shoots hosting C. nucula 

("association") were collected from shallow beds (~1.5 m depth) for in situ closed-chamber incubations, as in 

Pfister et al. (2023). These experiments were performed during midday hours on one sampling occasion in each 

of two seasons: autumn (November 2021) and spring (May 2022). We acknowledge that the lack of within-

season replication limits our ability to assess intra-seasonal variability. However, the study was designed to 

capture distinct differences between two key periods in the plant9s life cycle: the growth season (spring) and the 

senescence season (autumn). These represent critical phases of biological activity, and the experiments were 

intended to provide a comparative snapshot of these distinct functional states. In autumn, incubations were 

conducted using 0.55 L cylindrical chambers (n = 3) for >3.75 hours; in spring, we used 1.1 L chambers (n = 4) 

for >6 hours to adjust for longer leaf length in this season and to maintain a similar biomass to volume ratio. 

Control chambers (n = 3) containing only seawater were included to measure fluxes from the water column 

community. Another full set of chambers were wrapped in three layers of black polyethylene to block light and 

incubated as <dark= chambers alongside the "light" chambers. The chambers were held in floating crates to 

maintain exposure to natural sunlight (for the <light= chambers) and seawater temperature while allowing for 

gentle wave action to prevent stratification. HOBO data loggers were used to monitor light intensity and 

temperature both within the chambers and externally, ensuring conditions resembled those found in situ. 

Discrete measurements with a LICOR light sensor allowed verifying that light chambers in autumn (when light 

intensity was lower, see Table 4.1) received light levels well above saturation irradiance (>400 µmol quanta       

m-2 s-1). At the beginning and end of each incubation, O¢ concentrations inside the chambers were measured 

using a portable digital meter (WTW Multi 3430 Set K). After the incubations, 30 mL of seawater from each 

chamber was collected for dissolved organic carbon (DOC) and nitrogen (DON) analysis, and 20 mL was collected 

for inorganic nutrient measurements (NH4
+, NO2

-, NO3
-, and PO4

3-). Samples were collected with acid-washed 

syringes and filtered immediately: DOC/DON samples were filtered using pre-combusted GF/F glass microfiber 

filters (pore size: 0.7 µm), acidified with 80 µL HCl (6 M), and refrigerated at 4°C until analysis. Inorganic nutrient 

samples were filtered through 0.22 µm PES membranes, frozen in situ, and stored at -20°C. DOC/DON was 

analyzed using a TOC-L Analyzer with TN unit (Shimadzu Corporation, Japan), while inorganic nutrients were 

measured with a continuous flow analyzer (Flowsys, SYSTEA SpA). Sponge and seagrass samples from each 

chamber were lyophilized for dry weight determination. Hourly flux rates for oxygen and nutrients were 

calculated as the change in analyte concentrations over incubation time corrected for the signal in the controls 

and the effective seawater volume in the chamber, standardized to the dry weight of the organisms and 

expressed in µmol analyte g DW{¹ h{¹. Daily rates were expressed in µmol analyte g DW{¹ d{¹ considering a 

light:dark photoperiod of 12h light and 12h dark. 

STABLE ISOTOPE ANALYSES 

To examine potential signals of nutrient transfer in the sponge-seagrass association, in spring 2022 we collected 

samples of P. oceanica (leaves and epiphytes) and C. nucula, when growing associated vs non-associated. 

Epiphytes were gently scraped off seagrass leaves and stored in Eppendorf tubes. All samples were placed in 
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acid-washed vials and lyophilized for 48 hours. Dried tissues were ground to a fine powder using a tissue lyser, 

then acid-fumed before being weighed into silver capsules for isotope analysis. Samples were analyzed using a 

Flash Elemental Analyzer (Thermo Scientific) equipped with a single reactor (1020°C), along with a MAT 253 Plus 

isotope ratio mass spectrometer (IRMS) interfaced with a Conflo IV system (Thermo Scientific, Bremen, 

Germany). The ·¹³C and ·¹uN values were normalized to Vienna Pee Dee Belemnite and atmospheric air, 

respectively, after correcting for blanks, ion source linearity, and standardizing against laboratory working 

standards and international reference materials (IAEA-600, IAEA-603). Precision was typically <0.10 for ·¹³C 

and 0.20 for ·¹uN. The molar C:N ratios (mol:mol) were calculated from C and N weights in the capsules (µg) 

and based on their respective molecular weights. 

DATA ANALYSIS 

Net primary production (NPP) and respiration (R) were determined based on hourly O¢ fluxes in light and dark 

incubations, respectively. To compute integrated rates of gross primary production (GPP = NPP + |R|), daily net 

community production (NCP = GPP × 12 - |R| × 24), and daily fluxes for each nutrient (Daily Flux = light flux × 12 

+ dark flux × 12), we generated analytical combinations of the observed values for light and dark fluxes, assuming 

equal duration of daylight or darkness. Each pair of independent values was combined using the respective 

formulas to compute the distribution of integrated rates (n = 9 for autumn, n = 16 for spring). This output 

provided a comprehensive distribution of the potential outcomes based on the input datasets. We examined 

potential asymmetries in the dependence between seagrass and sponge cover using the "qad" package 

(Griessenberger et al., 2022) and modeled their relationship using a generalized additive model (GAM) with the 

"mgcv" package (Wood, 2011). Permutation-based analysis of variance (PERMANOVA) using Euclidean distance 

were performed on each response variable (Anderson, 2017) to test the effects of Community (seagrass, sponge, 

association) and Season (autumn, spring) on hourly and daily oxygen fluxes as well as daily nutrient fluxes, while 

separate PERMANOVAs assessed hourly nutrient fluxes with Condition (light, dark) as an additional factor. ·¹³C 

and ·¹uN values and C:N ratios were tested for differences among Sample types (P. oceanica leaves, P. oceanica 

epiphytes, C. nucula) and Association types (associated vs non-associated) using PERMANOVA. Statistical 

differences in environmental conditions among both seasons for light intensity, temperature, organic (DOC, 

DON) and inorganic (NH4
+, NOx

-, PO4
3-) nutrients were assessed using Welch9s t-test. All data analyses were 

performed with R software (R Core team, 2023). 

 

RESULTS 

ENVIRONMENTAL CONDITIONS AND SEAGRASS-SPONGE ASSOCIATION PATTERNS 

Environmental variables at the sampling site were higher in autumn than in spring for NH4
+, NO2

-, NO3
-, and DOC 

concentrations, as well as for seawater temperature (Table 4.1). The relationship between seagrass and sponge 

cover was non-linear (Fig. 4.2), and our model revealed a cubic curve (edf = 3.7, p = 6.55 × 10{u), with a peak in 
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of ca. 10 when the plant was associated with the sponge (from 5.9 ± 1.00 to 7.3 ± 1.50, Fig. S4.3, Table S4.8, 

S4.9).  

DISCUSSION 

This study provides new insights into an association between the seagrass P. oceanica and the sponge C. nucula, 

revealing key aspects of their interaction. We found that the association displays non-linear spatial dependence, 

with higher sponge abundance linked to intermediate seagrass cover. Further, we found evidence that the 

sponge benefited from DOC released by the seagrass in spring, while contributing substantial inorganic nitrogen, 

which may support seagrass productivity. These findings support the hypothesis of a facultative mutualism 

between P. oceanica and C. nucula, advance our understanding of the ecological dynamics within P. oceanica 

meadows, and highlight the importance of sponges in maintaining meadow stability and nutrient cycling. 

THE SPONGE-SEAGRASS ASSOCIATION SHOWS SPATIAL DEPENDENCE 

We found evidence that the association between C. nucula and P. oceanica displays non-linear spatial 

dependence, with the maximum sponge cover occurring at intermediate seagrass cover (>75%) and areas of 

both low and high seagrass cover corresponding to minimal sponge presence. This pattern suggests that at 

intermediate levels of seagrass cover, there is a favorable balance of available substrate and resource availability 

for both organisms at this site. These results align with Archer et al. (2015), who reported that intermediate 

seagrass cover offers sufficient substrate for sponge colonization without significantly reducing water flow or 

light, which could otherwise impair sponge nutrition and/or seagrass photosynthesis. This is relevant because C. 

nucula, similarly to its congeneric species from the Caribbean and Australia, is a photophilic HMA sponge with a 

rich microbiome dominated by autotrophic cyanobacteria, which contribute to its energy production (Hudspith 

et al., 2022; Mazzella et al., 2024; Usher et al., 2004). However, a previous report found that photoautotrophy 

could account for only a small fraction of the total daily carbon uptake in the Caribbean congeneric C. caribensis 

(ca. 7%), while DOC uptake contributed the most to the sponge diet (ca. 92%, Hudspith et al., 2022). At our study 

site, this may provide a competitive advantage for C. nucula to associate with a large primary producer, such as 

P. oceanica, which is known to release large amounts of DOM (Barrón & Duarte, 2009). The asymmetric spatial 

dependence of the sponge and seagrass indicates neutrality for P. oceanica toward the presence of the sponge. 

However, this neutrality could be the result of a balance between positive and negative effects, rather than the 

absence of interaction, as Mathis & Bronstein (2020) suggested. In particular, the seagrass may compete with 

the sponge for space, while at the same time may benefit from its efficient nutrient recycling capacity. 

ASSOCIATION WITH THE SPONGE STABILIZES MEADOW PRODUCTIVITY 

NPP measurements show that the sponge was near zero metabolic balance in autumn but shifted to net 

heterotrophy in spring. In contrast, the seagrass and the seagrass-sponge association remained autotrophic 

throughout both seasons. Our respirometry results are consistent with rates and seasonal dynamics described 

in previous studies (Berlinghof et al., 2022; Koopmans et al., 2020; Olivé et al., 2016), providing confidence that 

the data collected on these occasions are representative of broader seasonal processes, and confirming a shift 
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for the plant from a highly productive growth phase in spring to a senescent phase in autumn. Sponges where 

symbiont photosynthesis exceeds holobiont respiration are termed <net phototrophic= and are estimated to 

have >50% of their daily respiratory needs met by their photosynthetic partners (Wilkinson & Trott, 1985). 

Although microbial diversity in C. nucula was not assessed in this study, our rates are to be attributed to 

cyanobacterial symbiont photosynthesis (Usher et al., 2004), which contributed significantly to sponge nutrition, 

providing approximately 52% of daily respiratory carbon demand in autumn while only a minor fraction in spring 

(Fig. 4.6). This underscores the importance of mixotrophy in this sponge, which, similar to what has been 

reported for a congeneric species in the Caribbean, may rely heavily on DOM uptake (Hudspith et al., 2022). P. 

oceanica showed strong seasonality in productivity (NPP and NCP), but this variation was significantly less 

pronounced when C. nucula was present, indicating a buffering effect by the sponge due to its increased 

autotrophy in autumn. It is known that biodiversity can enhance productivity, resource use, and stability of 

seagrass ecosystems (Duffy, 2006). Similarly to land plants, where species interactions that present asynchrony 

in species fluctuations result in niche partitioning or facilitation and increase both productivity and temporal 

stability (Isbell et al., 2009), meadows colonized by C. nucula may exhibit lower primary production relative to 

non-colonized meadows during productive seasons, but increased sponge activity during the plant senescence 

season may buffer the ecosystem against nutrient limitations, favoring nutrient recycling and promoting long-

term stability. 

NUTRIENT FLUXES BETWEEN SEAGRASS AND SPONGE UNDERPIN THE ASSOCIATION 

P. oceanica contributed significant amounts of DOM (as DOC and DON) to its surrounding environment, 

particularly in spring, concomitant with the highest plant NPP rates. P. oceanica is known to enhance DOC fluxes 

relative to adjacent unvegetated sediments, as these plants produce nonstructural carbohydrates in excess 

(Barrón & Duarte, 2009; Sogin et al., 2022). In particular, we estimate that the plant released approximately 46% 

and 33% of its NCP as DOC in autumn and spring, respectively. This is lower than the 71% estimate by Barrón 

and Duarte (2009), for a P. oceanica community in Mallorca Island (Spain), although their estimate also included 

contributions from allochthonous inputs. 

DON was for the most part released by all community types across both seasons, albeit with high variability. The 

pattern mirrored that of DOC fluxes, with the highest DON release observed in seagrass during spring, coinciding 

with its growth season, and a tendency for DON uptake by the sponge and the association also in spring. DON 

fluxes in benthic organisms such as seagrasses and sponges have been rarely documented. The rates measured 

here are lower but comparable to those reported by Liu et al. (2018) for the tropical seagrasses Thalassia 

hemprichii and Enhalus acoroides, attributed to the leaching of nonstructural carbohydrates and other labile 

organic matter from seagrass leaves. In addition to seagrass leaching, epiphytes and sponges may also contribute 

DON to the surrounding environment. These sources of DON may have supported sponge heterotrophy in 

spring, as well as microbial processes such as ammonification (Pfister et al., 2023) and nitrification (Berlinghof 

et al., 2024), thereby facilitating nitrogen cycling within the studied system.  
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Concurrently, we detected net DOC uptake by C. nucula during spring, under both light and dark conditions, 

while the sponge released DOC in autumn. DOC uptake/release aligns with the sponge9s mixotrophic condition, 

shifting between autotrophy-dominated in autumn (DOC release) and heterotrophy-dominated (DOC uptake) in 

spring, as indicated by our measurements of NPP. If we assume linear DOC removal by the sponge in response 

to rising DOC concentrations in the environment (Ribes et al., 2023) and similar DOC release rates by the plant 

when associated with the sponge compared to when it is not associated, we can estimate that the DOC released 

by the seagrass in spring may have covered approximately 33% of the sponge's respiratory carbon demand (Fig. 

4.6), a decrease from 92% in the congeneric low-light dwelling C. caribensis (Hudspith et al., 2022). Given the 

difference in depth niches between the two species and the shallow depth at our study site, it is reasonable to 

expect that C. nucula relies more on photoautotrophy compared to its congeneric species from the Caribbean. 

This reliance on photoautotrophy was estimated to cover approximately 52% of its respiratory carbon needs in 

autumn and around 10% in spring (Fig. 4.6). 

While the seagrass contributed DOC, which was taken up by the sponge in spring, the sponge excreted significant 

amounts of NH4
+ and NO3

- potentially benefiting plant growth. Indeed, we measured substantial uptake of both 

NH4
+ and NO3

- by the seagrass, particularly during spring, which coincides with its peak productivity season. HMA 

sponges are particularly known for contributing dissolved inorganic nutrients to their surroundings, primarily in 

the forms NH4
+ and NO3

- and PO3
4- (Maldonado et al., 2012). Notably, C. nucula exhibited substantial NOx{ fluxes 

in both autumn and spring. These fluxes are likely the result of microbial nitrification within the sponge's body. 

Numerous studies have demonstrated that sponges often associate with ammonium-oxidizing and nitrite-

oxidizing microorganisms (Jiménez & Ribes, 2007; Schläppy et al., 2010; Southwell et al., 2008), and C. nucula at 

our study site is probably no exception. Specifically, NO2
- and NO3

- production rates in C. nucula aligned closely 

with those reported in previous studies from the Caribbean (Corredor et al., 1988; Diaz & Ward, 1997), and 

showed that 98% of NOx
- was released as NO3

-. This pattern indicates the coexistence of ammonia-oxidation and 

nitrite-oxidation within the sponge holobiont. Further studies are needed to quantify these processes using 

stable isotope labeling. However, if we conservatively assume that the plant's uptake remains constant when in 

association with the sponge compared to when it is not, we can estimate that the sponge contributed 

approximately 10% to the plant N demand in spring through NOx
- uptake and about 13% through NH4

+ uptake 

(Fig. 4.6). 

Our analysis of stable isotope data reveals that both the plant and its epiphytes exhibited higher ·¹uN values 

when associated with the sponge compared to when they were found alone. Significant isotopic fractionation 

occurs during microbial nitrification, resulting in the product NO3
- being depleted in ·¹uN while the residual NH4

+ 

becomes enriched in ·¹uN (Casciotti & Buchwald, 2012). In fact, the isotopic composition of NO3
- expelled from 

sponges in situ has lower ·¹uN values than NO3
- from the ambient water column due to nitrification (Southwell 

et al., 2008). Therefore, in our study, the increase in ·¹uN values in both the plant and its epiphytes when 

associated with the sponge may have resulted from the preferential incorporation of ·¹uN-enriched residual 

NH4
+ excreted by the sponge, which becomes enriched in ¹uN during microbial nitrification. Seagrasses often 

exhibit preferential uptake of NH4
+, with NO3

- uptake rates representing only a small fraction of total nitrogen 
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Posidonia oceanica and Chondrilla nucula growing in associa,on in the Gulf of Naples (Italy). Photo by Ulisse Cardini. 
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ABSTRACT 

In the Mediterranean Sea, the demosponge Chondrilla nucula can occur in close association with the native 

seagrass Posidonia oceanica. C. nucula harbors a diverse and abundant microbial community, including potential 

nitrifiers. Thus, the sponge may contribute to the nitrogen (N) demand of the seagrass holobiont. In this study, 

we investigated potential nitrification rates (PNR) and inorganic N fluxes within this association at a site where 

C. nucula covered 18  3 % of the seagrass meadow area, during plant growth (spring) and senescence (autumn). 

Using incubation experiments with 15N-labeled ammonium, we measured PNR and inorganic N of the seagrass-

sponge association, and of sponge and seagrass independently, under light and dark conditions. We 

supplemented these experiments with 16s rRNA gene amplicon sequencing to characterize the microbial 

community of the sponge. PNR was exclusively measured when the sponge was present (alone or in association 

with the seagrass). PNR was highest in the dark and when C. nucula was associated with the seagrass, ranging 

from 21 ± 7 to 267 ± 33 nmol N g DW-1 h-1 in spring and autumn, respectively.  Sponge-mediated PNR can support 

8% of the N demand of the P. oceanica holobiont during growth and 47 % during senescence. We identified key 

nitrifying bacterial and archaeal groups as members of the sponge9s microbial community. While C. nucula 

released inorganic N, potentially sustaining the seagrass, it benefitted from dissolved organic carbon released 

by P. oceanica. These results suggest that the interaction between C. nucula and P. oceanica is mutually 

beneficial, ultimately supporting and stabilizing the seagrass ecosystem.  

 

 

A modified version of this chapter is in preparation for publication in ISME Communications. 
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INTRODUCTION 

Seagrasses are marine flowering plants that form vital ecosystems in coastal regions around the world, providing 

a range of ecological services and supporting high biodiversity (Costanza et al., 1997; Nordlund et al., 2016). 

Seagrasses can be considered as holobionts, forming complex symbiotic relationships with a diverse microbiome 

that includes bacteria, fungi, and other microorganisms living on the plant surfaces and within their tissues. 

These microbial communities are crucial for plant physiology and health because of their role in nutrient cycling, 

access to sunlight, or as protection against pathogens (e.g., Seymour et al., 2018; Tarquinio et al., 2019; Ugarelli 

et al., 2017). For instance, leaf epiphytes contribute to plant nitrogen (N) requirements by fixing atmospheric N2 

and converting into bioavailable forms (e.g., Agawin et al., 2016; Mohr et al., 2021; Welsh, 2000), while sulfate-

reducing bacteria in the rhizosphere contribute to nutrient mineralization (Holmer et al., 2001; Nielsen et al., 

2001). The seagrass holobiont is further embedded in a 8nested ecosystem9 (see Pita et al., 2018), where larger 

organisms, such as lucinid clams or sponges and their respective microbiome, interact with seagrasses and their 

associated microbes (Cardini et al., 2022; Malkin & Cardini, 2021). These nested interactions create a complex 

web of relationships that fundamentally contribute to the overall functioning of seagrass ecosystems. 

Marine sponges (Porifera) represent one of the oldest and most primitive multicellular organisms on Earth. As 

filter feeders, they feed on microorganisms and can host dense and diverse microbial communities in their 

mesohyl matrix (Thomas et al., 2016). In recent years, there has been a growing emphasis on researching 

sponges and their prokaryotic symbionts, investigating their role in the biogeochemical cycling of nutrients 

(Maldonado et al., 2012 and references therein; Pita et al., 2018) and particularly on quantifying fluxes of 

dissolved inorganic nitrogen (DIN) released by sponges. Sponge-associated nitrification was hereby found to be 

the process producing the bulk of the DIN released (Diaz & Ward, 1997; Southwell, Weisz, et al., 2008). 

Sponges are commonly found in seagrass meadows (Ávila et al., 2015; Soest et al., 2012) and can grow in very 

close association with the plants. However, the mechanisms and potential benefits of this association in terms 

of nutrient cycling still need to be investigated. Seagrasses are known to release large quantities of dissolved 

organic matter (DOM) into the surrounding seawater and sediments (Barrón & Duarte, 2009; Sogin et al., 2022). 

Sponges have the ability to take up DOM, which is then recycled to particulate organic matter (POM) that is 

released by the sponge and can be taken up by higher trophic levels. This process is also known as the <sponge 

loop=, a benthic counterpart of the oceanic microbial loop (De Goeij et al., 2013; Rix et al., 2017). The seagrass 

on the other hand may benefit from the release of DIN by the sponges via ammonium excretion, nitrogen 

fixation, or nitrification (Davy et al., 2002; Jiménez & Ribes, 2007; Fiore et al., 2010; Rix et al., 2015), as primary 

production in oligotrophic areas is often N-limited. Studies of an association between the seagrass Thalassia 

testudinum and the sponge Halichondria melanadocia in the Caribbean Sea revealed a context depended 

commensal relationship, balancing between the negative shading effect of the sponge for the seagrass with 

positive effects of N and phosphorus supplied by the sponge (Archer et al., 2015). This way, sponges can facilitate 

the growth of primary producers (Archer et al., 2021). At the same time, the sponge benefits from the substrate 

for growth provided by the plant (Archer et al., 2015).  
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A similar association can be found in the Mediterranean Sea between the demosponge Chondrilla nucula and 

the endemic seagrass Posidonia oceanica. The sponge can be found growing in very close association with the 

seagrass, attached to the lower part of the leaves (see Fig. 4.1 in Chapter 4). Belonging to the high microbial 

abundance (HMA) sponges, C. nucula harbors a distinct and diverse procaryotic community, including 

Cyanobacteria, Acidobacteria, Gamma-, and Deltaproteobacteria (Hill et al., 2006; Thiel et al., 2007) and also 

potential nitrifiers (Mazzella et al., 2024). Studies showed that C. nucula can release high amounts of DIN (17 - 

44 nmol DIN g dry wt-1 min-1, Diaz & Ward, 1997; 141  26 ¿mol NO3
- + NO2

- L21 sponge h21, Hoer et al., 2018; 

600 nmol NO3
- dry wt-1 h-1, Corredor et al., 1988). The excretion of nitrate or nitrite is taken as first evidence of 

the presence of microbial nitrifiers in the sponges (Corredor et al., 1988; Diaz & Ward, 1997; Jiménez & Ribes, 

2007). Understanding the mechanisms and rates of nitrification in these associations is important for unraveling 

the complexity of N dynamics in coastal ecosystems, with consequences for biodiversity and ecosystem 

functioning. 

Nitrification is a pivotal process in the nitrogen (N) cycle and plays a fundamental role in shaping the nutrient 

dynamics of marine ecosystems. This biological transformation involves the oxidation of ammonia (NH3) to 

nitrite (NO2
-) and subsequently to nitrate (NO3

-), each process mediated by distinct groups of microorganisms 

(Ward, 2008). The first step, the oxidation from ammonia to nitrite, is performed by ammonia-oxidizing bacteria 

(AOB) or archaea (AOA), while the second step, the oxidation of nitrite to nitrate, is carried out by nitrite-

oxidizing bacteria (NOB) (Ward, 2008). These nitrifying microorganisms can be found in the open ocean (Beman 

et al., 2013; Francis et al., 2005; Wuchter et al., 2006), coastal sediments (Freitag & Prosser, 2003; Park et al., 

2008), but also marine invertebrates, such as sponges (Bayer et al., 2007; Hoffmann et al., 2009). Measurements 

of high nitrification rates based on the release of nitrite and nitrate have been reported from several tropical 

and temperate sponges (Bayer et al., 2008; Diaz & Ward, 1997; Hoffmann et al., 2009; Jiménez & Ribes, 2007; 

Nemoy et al., 2021).  

In this study, we investigated the process of sponge-associated microbial nitrification as an indicator of a 

potential mutualism in the association between P. oceanica and C. nucula. We quantified potential nitrification 

rates (PNR) and net fluxes of inorganic and organic nutrients within the association and the organisms alone in 

incubation experiments, using 15N labeled ammonium, both in the light and in the dark. We complement these 

analyses with 16s rRNA gene amplicon sequencing to explore the diversity of the sponge microbial community, 

and the potential players involved in nitrification. 

METHODS 

STUDY SITE AND SAMPLING 

The incubation experiments were performed in May and October 2022 at the Schiacchetiello inlet (40°47'36.9"N 

14°05'13.4"E) in the area of Bacoli (Tyrrhenian Sea, Italy). Here, shallow patches (0-6 m depth) of a P. oceanica 

meadow with a high C. nucula coverage exist (Table 5.1). The site is characterized by high human pressure due 

to tourism (e.g., boat anchoring in the meadows) and eutrophication due to a nearby mussel farm. We collected 

the aboveground part of P. oceanica shoots when growing alone, small specimens of C. nucula (max. 5 cm Æ) 
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growing alone and both when growing in association. We selected P. oceanica shoots in the central part of the 

meadow patches to avoid edge effects. C. nucula was carefully removed from the substrate to avoid any damage 

to the tissue. Shoots of P. oceanica with the sponge growing attached to the lower part of the leaves (see Fig. 

4.1, Chapter 4) were considered as association. We made sure that the organisms stayed submerged in the water 

until further use. 

Table 5.1. Environmental parameters (mean ± SE) measured in May and October 2022. Temperature and light were 
con,nuously measured with data loggers (between ca. 10 am and 5 pm of the respec,ve incuba,on day). DOC, DON, NH4

+, 
and NO3

- were analyzed from samples collected on the respec,ve sampling day (n = 3). Sponge coverage and shoot density 
were collected in autumn at 8 meadow patches with 8 random subplots each (25 x 25 cm).  

 Spring Autumn 

Water temperature (°C) 21.03  0.01 24.52  0.04 

Light (Lux) 58441  2748 39007  1498 

Dissolved oxygen (mg/L) 8.10  0.03 7.52  0.12 

DOC ( M) 106.46  4.91 134.37  8.03 

DON ( M) 7.82  0.68 11.25  0.29 

NH4
+ ( M) 12.74  3.09 2.76  1.75 

NO3
- ( M) 2.06  1.23 2.21  0.03 

Sponge coverage (%) --- 18.33  2.72 

Seagrass shoot density (m-2) --- 349.00  16.71 

Samples for the microbial community analysis of the sponge were collected in May 2022 at the site described 

above. Five specimens of C. nucula growing alone and in association were removed from the substrate, cut into 

pieces with sterile scalpels, and washed with sterile filtered seawater to remove rubble or organisms attached. 

They were then transferred into sterile 50 mL Falcon tubes filled with stabilizing buffer solution (RNAlater) and 

stored on dry ice until transferred to the laboratory, where they were stored at -20°C until further analysis. For 

the microbial community of the water column, we collected 5 L of seawater from the sampling site and filtered 

5 x 1 L on 0.22 ¿m cellulose nitrate membrane filters. The filters were transferred into sterile 15 mL Falcon tubes 

filled with RNAlater and stored on dry ice until transfer to the laboratory, where they were stored at -20°C until 

further analysis. 

INCUBATION EXPERIMENT WITH STABLE ISOTOPES 

PNR was determined by amending site water with 5 M 15NH4
+ (g98 atom %15N) tracing solution. For the 

incubations, we filled acid-washed polyethylene chambers (1100 mL) with site water and added seagrass, 

sponge, or the association (n = 4) for incubating in the light or the dark. We added 500 µL of a 10 mM 15NH4
+ 

stock solution to each chamber, closed them without air bubbles, and gently inverted them. This resulted in an 

enrichment of 60.19 atom% 15N-NH4
+ in spring and of 76.51 atom% in autumn in the incubation chambers. 15N-

NH4
+-enriched chambers (also 5 M) without organisms served as controls for background processes in the 

water column (n = 2). Chambers with the seagrass-sponge association but without 15N-NH4
+- enrichment served 

as controls for our isotope enrichment method (n = 2).  

T0 samples for the analysis of O2 production were taken from the bottom of the chambers to reduce gas 

exchange in 12 mL exetainers (Labco Ltd.) using acid-washed syringes and tubes and were subsequently fixed 
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with 100 L 7 M ZnCl2. T0 samples for the analysis of dissolved inorganic nutrients (DIN: NH4
+, NO2

-, NOx
- and 

PO4
3-), dissolved organic carbon and nitrogen (DOC, DON), and 15NO3

- concentrations were taken in triplicates 

from an extra incubation chamber with 5 M 15N-NH4
+-enrichment without organisms added. The chambers 

were refilled with site water, closed without air bubbles, and placed upside down in two plastic crates, making 

sure the seagrass shoots and sponges were placed the right way around and to not create shading from the 

chamber lids or the crates. One crate was covered with black plastic bags for the dark incubation; then both 

crates were placed for 5-6 h floating in the water to ensure a stable temperature, light availability, and mixing 

via wave activity (16 chambers per crate, 32 chambers in total). Temperature and light were continually 

measured during the incubation with HOBO data loggers (Onset Computer Corporation) inside a control 

chamber and in the water column. 

At the end of the incubation, the chambers were opened and Tfinal samples for O2 analysis were taken as 

described above. Samples for the analysis of 15NO3
- production were filtered with 0.2 m disposable syringe 

filters into 50 mL acid-washed Falcon tubes and stored on dry ice until transported to the laboratory, where they 

were frozen at -20°C until further analysis. Samples to analyze DIN were filtered with 0.2 m disposable syringe 

filters into 20 mL acid-washed HDPE vials and stored on dry ice until transported to the laboratory, where they 

were frozen at -20°C until further analysis. Samples to analyze DOC and DON were filtered with precombusted 

(400°C, 4 to 5 h) 0.7 m GF/F filters into 30 mL acid-washed HDPE vials, fixed with 80 L 18% HCl, and stored in 

cool boxes until transferred to the laboratory, where they were stored at 6°C until further analysis. The biomass 

(seagrass and sponges) was collected in zip-lock bags and stored in cool boxes until further processing. In the 

lab, the biomass samples were then processed by separating seagrass leaves, seagrass epiphytes, and sponges 

for measuring the wet weight. After the samples were freeze-dried for 24 h, the dry weight of each tissue type 

was measured. To measure background C and N concentrations at the study site, 1000 mL of water column 

samples for T0 as well as the remaining water of the incubation chambers at Tfinal was filtered with precombusted 

0.7 m GF/F filters. The filters were stored in 15 mL centrifuge tubes on dry ice until transport to the laboratory, 

where they were frozen at -20°C until further analysis. 

POTENTIAL NITRIFICATION RATES (PNR) 

Isotopic samples for 15NO3
- production were analyzed by isotope ratio mass spectrometry (IRMS, 

ThermoScientific) using the Ti(III) reduction method as described in (Berlinghof et al., 2024). Potential 

nitrification rates (PNR) were calculated using an equation modified from (Beman et al., 2011): 

15Nexcess = 15Nt 3 15N0       (I) 

PNR = (atom%(15Nexcess) / atom%(15Nmedium)) x ([NO3
-] / t)   (II) 

15Nt is the 15N content of the samples in the NO3
2 pool measured at time t, and 15N0 is the 15N content in the NO3

2 

pool measured at the beginning of the incubations. The enrichment of samples (15Nexcess) was considered 

significant for samples with a value greater than 2.5 times the standard deviation of the mean of the T0 samples. 

15Nmedium is the enrichment of the incubation medium at the end of the incubations. Based on the NH4
+ 
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concentrations measured before and after the addition of 15NH4
+, this resulted in an enrichment of >95.9 atom 

%15N in the incubation medium. [NO3
-] is the concentration of NO3

-
 (¿M) and t is the incubation time (h). PNR 

was corrected for the rates in control incubations without organisms. Since PNR was only detected in incubations 

where the sponge was present, they were normalized to sponge dry weight (g) in the SG + SP and SP treatments; 

and to seagrass dry weight (g) in the SG treatments. 

STABLE ISOTOPE ANALYSIS  

We collected samples of P. oceanica (leaves and epiphytes, in autumn additionally seagrass meristem tissue) 

and C. nucula, when growing associated vs non-associated. Epiphytes were carefully scraped off the seagrass 

leaves and stored in Eppendorf tubes. All samples were stored in acid-washed vials and lyophilized. The samples 

were ground to a fine powder using a tissue lyser, acid-fumed with HCl and then weighed into silver capsules for 

isotope analysis. The samples were analyzed using a Flash Elemental Analyzer (Thermo Scientific) equipped with 

a single reactor (1020°C), along with a MAT 253 Plus isotope ratio mass spectrometer (IRMS) interfaced with a 

Conflo IV system (Thermo Scientific, Bremen, Germany). The ·¹³C and ·¹uN values were corrected for blanks, ion 

source linearity, standardized against laboratory working standards and international reference materials (IAEA-

600, IAEA-603) and normalized to Vienna Pee Dee Belemnite and atmospheric air, respectively. Precision was 

typically <0.10 for ·¹³C and 0.50 for ·¹uN. The molar C:N ratios (mol:mol) were calculated from C and N weights 

in the capsules (µg) and based on their respective molecular weights. 

FLUXES OF OXYGEN, INORGANIC AND ORGANIC NUTRIENTS 

Oxygen concentrations from T0 and Tfinal sampling were measured with a membrane-introduction mass 

spectrometry (MIMS, Bay Instruments, LLC). All samples were measured in technical quadruplicates and 0.2 M 

filtered seawater (20°C, salinity = 38 psu) was used as standard to calculate the O2 concentrations from the 

atomic mass of 32. The lowest oxygen saturation in the dark incubations dropped to 38% of the initial O2 

concentration and the highest in the light incubation increased to 179%.  

Dissolved inorganic nutrient concentrations (NH4
+, NO2

-, NO3
-, PO4

-) were measured with a continuous flow 

analyzer (Flowsys, SYSTEA SpA.). NO3
- concentrations were calculated as the difference between NOx

- and NO2
-. 

DOC and DON concentrations were measured with a TOC-L Analyzer with TN unit (Shimadzu Corporation, Japan). 

Net nutrient fluxes were calculated as the difference between final and initial nutrient concentrations, corrected 

for controls, and normalized to biomass dry weight. 

DATA ANALYSIS  

To compute daily, integrated rates of nutrient fluxes (daily flux = light flux × 12 + dark flux × 12), we generated 

analytical combinations of the observed light and dark fluxes, assuming a daily 12:12 h light/dark cycle. Each pair 

of independent values was combined to calculate the distribution of integrated rates (n=4). The results present 

a thorough distribution of potential outcomes derived from the input data. Permutation-based analysis of 

variance (PERMANOVA) using Euclidean distance was performed on each response variable (Anderson, 2017) to 
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test the effects of community (seagrass, sponge, association) and season (spring vs autumn) on PNR, O2,  

inorganic and organic nutrient fluxes. ·¹³C, ·¹uN values and C:N ratios were tested for differences among tissue 

types (P. oceanica leaves, P. oceanica meristem, P. oceanica epiphytes, C. nucula), association types (associated 

vs non-associated) and season (spring vs autumn) using PERMANOVA (n=8). Pairwise comparisons were 

performed using Tukey9s honest significant difference (HSD) test. All statistical analyses were performed with R 

version 4.2.3 (R Core team, 2023) using the packages car and emmeans.  

HOLOBIONT N DEMAND CALCULATIONS 

To calculate how much DIN C. nucula can provide via nitrification and ammonification for the N demand of the 

P. oceanica holobiont (plant + epiphytes), we integrated PNR in light and dark incubations assuming a daily 12:12 

h light/dark cycle. We further used the daily O2 budget (using a photosynthetic quotient of 1) and C:N ratios of 

seagrass leaf and epiphyte tissue to calculate the potential percentage of daily primary production of the 

seagrass holobiont that can be supported by sponge-mediated PNR.  

PROKARYOTIC DNA EXTRACTION, AMPLIFICATION, AND SEQUENCING 

DNA from sponge and seawater samples was extracted using the Qiagen DNeasy Powersoil Kit (Qiagen) following 

a modified version of the method described by Taylor et al. (2004). Sponge tissue was grounded, resuspended 

in sterile distilled water and left for 1 hour. The tissue was transferred into a fast-prep tube (or tube containing 

0,5 g of silica beads) and 1 ml of extraction buffer, 0.015 g of PVPP, 300 microliters of chloroform-Isoamylic 

(24:1) was added. The fast-prep tube was centrifuged at 15.000 g for 30 min, the supernatant was collected and 

precipitated over night at room temperature with 3M sodium acetate (0.1 x sample volume) and isopropanol 

(0.7 x sample volume). Then the samples were centrifuged at 14.000 rpm for 30 min, and the pellets were 

washed twice with 70% ethanol, dried at 37°C, and re-suspended in 50 µl Tris HCL (pH 8; 10 mM). The water 

filters were cut in little pieces and transferred sterile into a 50 ml Falcon tube. Then 2.25 ml of extraction buffer 

and 100 microliter of Proteinase K (Stock 100 µg/µl) was added, and the samples were incubated at 37°C on a 

shaker for 30 minutes and then at 55°C for 30 min in a water bath. 0.25 ml of SDS 20% were added to each 

sample and they were incubated for 5 minutes in dry ice or -80° and 3x5 minutes in a water bath at 65°C. The 

samples were centrifuged for 10 minutes at 7000 rpm, and the supernatant was transferred into a new sterile 

50 ml Falcon tube. 900 µl extraction buffer and 100 µl of SDS 20% were added to the pellet in the old Falcon 

tube, vortexted, incubated for 5 minutes at 65°C, centrifuge for 10 minutes at 7000 rpm, and the supernatant 

was transferred to the supernatant previously taken. Chloroform:Isoamyl alcohol (24:1; 1 x sample volume) was 

added, centrifuged for 10 minutes at 7000 rpm, and the supernatant was transferred into a new sterile 15 ml 

Falcon tube. Isopropanol (0.6 x sample volume) was added and precipitate overnight. Then each sample was 

splitted into 3 x 2 mL Eppendorf tubes, centrifuged for 30 minutes at 14000 rpm, the supernatant was discarded, 

the pellet was dried at room temperature for 1 hour and then resuspended in 50 µl of sterile water.  

The extracted DNA samples were quantified using a microvolume spectrophotometer (Thermo Scientific 

NanoDrop 2000c) and stored at -20 °C until processing. PacBio Sequel sequencing of the full 16S rRNA gene was 
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performed using the 27F (=AGRGTTYGATYMTGGCTCAG) and 1492R (=RGYTACCTTGTTACGACTT) bacteria-

specific primers. Additionally, PacBio Sequel sequencing was performed with Arch21Ftrim 

(=TCCGGTTGATCCYGCCGG) and A1401R (=CRGTGWGTRCAAGGRGCA) as archaea-specific primers. The primers 

were removed from the raw sequence data and the fastq files were processed using the R package DADA2 

v.1.28.0 (Callahan et al., 2016). Quality filtering and denoising of the trimmed fastq files was performed using 

the following parameters: <minQ=3, minLen=1000, maxLen=1600, maxN=0, rm.phix=FALSE, maxEE=2). Paired-

end reads were then merged into amplicon sequence variants (ASVs); chimeric sequences were identified and 

removed. Prokaryotic taxonomy assignment was performed using the SILVA v 138.1 database.  

BIOINFORMATICS AND DATA ANALYSIS OF THE SEQUENCING DATA 

The ASV matrix was analyzed using the R package phyloseq v.1.44.0 (McMurdie & Holmes, 2013). Chloroplast 

and mitochondrial sequences were removed, the data was transformed to relative abundances and samples 

were pooled per treatment (sponge alone, sponge from association, water column) to calculate the average 

relative abundances. We tested the effects of sample type (sponge vs water column) and sponge type 

(associated vs non-associated) on the microbial community associated with C. nucula at genus level in a 

differential abundance analysis using the R package DESeq2 v.1.40.2 (Love et al., 2014). The dataset was then 

filtered for nitrifying taxa, and we tested the effects of sample and sponge type using a permutation-based 

multivariate analysis of variance derived from a Euclidean distance matrix using the vegan package v. 2.6.4 

(Oksanen et al., 2020). 

RESULTS 

POTENTIAL NITRIFICATION RATES (PNR) 

We explored the nitrification potential of the seagrass and sponge microbiomes in incubation experiments with 

amended 15N-NH4
+. We found significant (>2.5 x SD of T0) potential nitrification rates (PNR) in incubations where 

the sponge was present but not when only seagrass was present (Fig. 5.1, Table S5.1). PNR were highest in the 

association, followed by the sponge, although differences between these treatments were only significant in 

autumn (Fig. 5.1, Table S5.2). In spring, PNR reached 5.31 ± 0.75 nmol g DW-1 h-1 (mean ± SE) in the association 

in the light (Fig. 5.1a) and 21.51 ± 6.76 nmol g DW-1 h-1 in the dark (Fig. 5.1b). In autumn, PNR in the association 

reached 106.15 ± 16.21 nmol g DW-1 h-1 in the light (Fig. 5.1c), and 267.25 ± 33.01 nmol g DW-1 h-1 in dark 

incubations treatment (Fig. 5.1d). The sponge showed intermediate PNR rates in spring (3.74 ± 1.93 nmol g DW-

1 h-1 in the light and 13.40 ± 3.53 nmol g DW-1 h-1 in the dark, Fig. 5.1a, b) and in autumn (26.13 ± 6.85 nmol g 

DW-1 h-1 in the light and 45.39 ± 14.86 nmol g DW-1 h-1 in the dark, Fig. 5.1c, d). The seagrass showed PNR close 

to zero in all incubations (Fig. 5.1). PNR of the sponge and the association was higher in dark incubations than in 

the light with rates 259 % (sponge) and 305 % (association) higher in spring and 74 % (sponge) and 152 % 

(association) higher in autumn (Fig. 5.1, Table S5.2). A seasonal effect was particularly evident in the association, 

where PNR in autumn was one magnitude higher than in spring (Fig. 5.1, Table S5.2). 
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and accounted for 2.62 ± 0.76 % (mean ± SE). Nitrosococcaceae accounted for 0.42 ± 0.12 % of the sponge 

microbial communities and 0.09 ± 0.07 % in the water column (Fig. 5.5). Within the family of Nitrosococcaceae 

we found the genera Cm1-21 and AqS1, both belonging to AOB. Additionally, in a separate sequencing approach, 

we found the AOA taxon Candidatus Nitrosopumilus present in the sponge microbiome with no differences if 

the sponge was growing alone or in association with the seagrass. 

 

 
Fig. 5.5. Average rela,ve abundances of nitrifying families in the microbial community of C. nucula growing in associa,on 
with P. oceanica (n=8), growing alone (n=4), and of the water column (n=4) in autumn. 

DISCUSSION 

This study of potential nitrification rates (PNR) and inorganic nutrient fluxes is the first to show that DIN provided 

by nitrification in the sponge Chondrilla nucula can be taken up by the seagrass Posidonia oceanica, supporting 

the N demand of the seagrass holobiont. The 16s rRNA gene amplicon sequencing of the sponge-associated 

microbiome revealed a diverse microbial community, including microorganisms involved in nitrification. 

Seagrasses in the Mediterranean Sea are threatened by climate change and anthropogenic impact 

(Boudouresque et al., 2009). This specific seagrass-sponge association, however, can thrive in an environment 

with high human pressure. Thus, investigating the biogeochemical and molecular mechanisms involved in its 

regulation can help to understand if this association can be beneficial for both partners under future 

environmental conditions. 

NITRIFICATION CONTRIBUTES TO N-CYCLING IN THE SEAGRASS-HOLOBIONT 

PNR of the P. oceanica - C. nucula association in dark incubations (21.51 ± 6.76 nmol g DW-1 h-1 in spring and 

267.25 ± 33.01 nmol g DW-1 h-1 in autumn, Fig. 5.1) are within the range of those reported for other 

Mediterranean sponges (344 nmol g DW-1 h-1 in unstimulated incubations, Bayer et al., 2008; 180 - 780 nmol g 

DW-1 h-1, Jiménez & Ribes, 2007), and tropical sponges (30 - 2650 nmol g DW-1 h-1, Diaz & Ward, 1997). Reported 

PNR in surface sediments of seagrass meadows (0.15 - 1.0 ¿mol g21 d21, corresponding to 6.25 - 41.67 nmol g21 

h21, Lin et al., 2021) or sandy estuaries (up to 40 nmol g DW-1 h-1 (Magalhães et al., 2005) are slightly lower. Since 
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sponges are frequently found in many benthic environments such as seagrass meadows, the DIN excretion via 

nitrification can contribute significantly to nitrogen cycling (Diaz & Ward, 1997; Jiménez & Ribes, 2007). We 

found higher PNR in dark incubations, which is in line with the widely accepted explanation that both parts of 

the nitrification process (ammonium and nitrite oxidation) are light-inhibited (Guerrero & Jones, 1996; Horrigan 

et al., 1981). 

We observed higher ·¹uN values in natural abundance samples of seagrass leaves and epiphytes when the plant 

was associated with the sponge in spring and of seagrass meristem tissue in autumn (Fig. S5.1). Nitrification is 

causing negative fractionation of NO3
- (depleted in ·¹uN) and positive fractionation of NH4

+ (enriched in ·¹uN; 

Casciotti, 2016; Mariotti et al., 1981). NO3
- excreted from sponges and produced by nitrification, can therefore 

have lower ·¹uN values than NO3
- from the water column (Southwell, Popp, et al., 2008). At the same time, 

fractionation of NH4
+ during uptake could increase the ·¹uN in the residual NH4

+ pool in the sponge tissue (Hoch 

et al., 1994). Our higher ·¹uN values in plant and epiphyte tissue indicate that ·¹uN -enriched NH4
+ excreted by 

the sponge was preferential taken up in the association. P. oceanica can assimilate N as NH4
+ or NO3

- but usually 

shows a higher affinity for NH4
+ (Touchette & Burkholder, 2000). Berlinghof et al. (2024) showed that P. oceanica 

prefers NH4
+ uptake, while its epiphytes may preferentially use NO3

- as a strategy to avoid competition for N with 

the plant. The plant could therefore also compete for NH4
+ with the sponge nitrifiers. We observed NH4

+ 

production by the sponge only in spring, indicating that DIN excreted via nitrification might become more 

important in autumn. We measured high NO3
- production by the sponge (17.78 ± 3.49 mol g DW-1 d-1 in spring 

and 23.59 ± 2.89 mol g DW-1 d-1 in autumn), while the seagrass showed net fluxes close to zero or NO3
- uptake 

(Fig. 5.2). Net NO3
- fluxes in incubations with the seagrass-sponge association were also close to zero or showed 

NO3
- production, but lower compared to incubations with the sponge alone. This indicates that sponge-mediated 

nitrification produces NO3
- that is taken up by the seagrass holobiont. Whether NO3

- produced by sponge-

associated nitrification benefits the seagrass or rather its associated epiphytes needs to be further investigated.  

SEASONAL DIFFERENCES IN PNR AND NUTRIENT FLUXES 

We observed PNR to be one order of magnitude higher in autumn than in spring (Fig. 5.1). Potential nitrification 

rates tend to be higher during the warmer seasons in salt marshes and estuary sediments. However, strong, site-

specific variations are often reported (Caffrey et al., 2003; Dollhopf et al., 2005). While environmental 

conditions, such as temperature, light or water column O2 concentrations were similar across seasons (Table 

5.1), ambient NH4
+ concentrations were higher in spring (12.74  3.09 ¿M in spring vs 2.76  1.75 ¿M in autumn) 

and would therefore, in contrast to our findings, indicate higher PNR in spring.  

P. oceanica can exhibit strong seasonal dynamics, depending on light and temperature, but also on local factors 

such as nutrient availability (Alcoverro et al., 1995). Metabolism studies show that the main growth phase occurs 

in spring while in autumn the seagrass is in a senescent phase (Berlinghof et al., 2022; Koopmans et al., 2020; 

Olivé et al., 2016). Accordingly, uptake rates of NH4
+ and NO3

- by P. oceanica tend to be highest in spring and 

early summer (Lepoint et al., 2002; Nayar et al., 2010). At our study site, we observed seasonal morphological 

differences of the seagrass, indicating higher growth and biomass in spring and less in autumn, when we noticed 
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high leaf loss and a shorter average leaf length. With P. oceanica being in its main growth phase in spring and 

early summer at our study location, there could have been increased competition for NH4
+ by the plant, resulting 

in lower NH4
+ availability for the nitrifying microbial community of the sponge and thus lower PNR.  

POTENTIAL EFFECTS AT THE HOLOBIONT AND ECOSYSTEM LEVEL 

We calculated the N demand of P. oceanica with the daily C budget based on the O2 fluxes and the C:N ratios of 

the holobiont (seagrass + epiphytes, Table 5.2). We further calculated the percentage of daily primary 

production of the seagrass holobiont that can be supported by sponge-mediated PNR. Based on these 

assumptions, sponge-mediated PNR can support 8.35 % of the holobiont primary production in spring and even 

47.38 % in autumn. Since P. oceanica prefers the uptake of NH4
+ over NO3

- (Touchette & Burkholder, 2000), while 

epiphytes potentially prefer NO3
- (Berlinghof et al., 2024), it appears as if mostly the seagrass epiphytes can 

benefit from sponge-mediated PNR.  

We observed DON production by C. nucula in both seasons (Fig. 5.3c, d). Ammonification of DON by 

seagrass-associated microbes produces NH4
+ that can enhance the access of the seagrass to inorganic N as 

shown by Pfister et al., 2023. Thus, DON released by the sponge could further support the N demand of the 

seagrass holobiont. The sponge on the other side, can take up DOC release by the seagrass (Fig. 5.3a, b). 

However, the extent of these beneficial processes varies a lot throughout seasons and depends on 

environmental conditions, such as light or nutrient availability. Further investigations of the benefits for the 

sponge in this association are therefore needed. 

Table 5.2. Nitrogen requirements of the P. oceanica holobiont (plant + epiphytes) in spring and autumn. 

Season 
Daily C budget 

(¿mol g DW-1 d-1) 

CN ratio 

holobiont 

N demand 

(¿mol g DW-1 d-1) 

Daily PNR budget 

(¿mol g DW-1 d-1) 

% support 

Spring 57.37 23.3 2.462 0.21 8.35 
Autumn 50.36 27.8 1.811 0.86 47.38 

 

MICROBIAL COMMUNITY 

We found a diverse microbial community associated with C. nucula (Fig. 5.4) that was not affected by the 

association with P. oceanica. Chondrilla nucula harbors a distinct and stable bacterial community little affected 

by ambient seawater in the Mediterranean Sea  (Thiel et al., 2007) or the Caribbean (Hill et al., 2006). Among 

the most prevalent and most distinct groups we found, was the Synechococcus spongiarum group 

(Cyanobacteria). These cyanobacterial symbionts are commonly found in marine sponges (Konstantinou et al., 

2018; Usher, 2008), and are also reported for C. nucula (Usher et al., 2004). Another frequent group in the 

sponge communities were members of the family Rhodobacteraceae (Alphaproteobacteria); a family known to 

have several symbionts capable of fixing C via anoxygenic photosynthesis (Brinkmann et al., 2018) and also 

previously reported for C. nucula (Thiel et al., 2007). Families of the order Sphingomondales 

(Alphaproteobacteria) are known to be associated with marine sponges and have been linked to vitamin B12 

synthesis (Thomas et al., 2010). Additionally, it has been demonstrated that the presence of 

Sphingomonadaceae can enhance degradation rates of artificial chemicals (Dai et al., 2022; Oh & Choi, 2019). 
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As C. nucula has been shown to have a high capacity for bioaccumulation of pollutants (Ferrante et al., 2018), 

this could explain the high differential abundance of Sphingomonas in the microbial community of the sponge. 

Another dominant group was the family Microtrichaceae, which is potentially involved in nitrate supply as part 

of a nitrification-anammox system (Szitenberg et al., 2022).  

Among the bacterial groups involved in nitrification (Fig. 5.5), we found the nitrite-oxidizing bacteria (NOB) 

Nitrospira within the family Nitrospiraceae (Nitrospiria), which is also reported for other species such as the 

cold-water sponge Geodia baretti (Hoffmann et al., 2009), but to our knowledge so far not for C. nucula. We also 

recovered the genera Cm1-21 and AqS1, both ammonia-oxidizing bacteria (AOB) within the family of 

Nitrosococcaceae (Gammaproteobacteria) (Hollingsworth et al., 2021; Semedo et al., 2021). We found the 

ammonia-oxidizing archaea (AOA) Candidatus Nitrosopumilus, and studies showed that they are stable 

associates of many sponge species (Bayer et al., 2008; Hoffmann et al., 2009; Holmes & Blanch, 2007).  

Taken together, at the ecosystem level, we could show that the symbiosis between P. oceanica, C. nucula, and 

their microbiomes contributes significantly to nitrogen cycling. Since C. nucula shows a strong ability to compete 

for space (Bond & Harris, 1988; Milanese et al., 2003), it can quickly colonize new substrates. With increasing 

human pressure, that will open more space for the sponge to occupy (for example by boat anchoring in seagrass 

meadows, as we have seen at our study location), it is therefore essential to further investigate the dynamics of 

seagrass-sponge-associations and their implications at the ecosystem level as well as its potential as a nature-

based solution for seagrass protection measures. 
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6. GENERAL DISCUSSION 

 

THESIS HIGHLIGHTS 

¨ Seagrass epiphytes contribute significantly to the net primary production of the Posidonia oceanica 

holobiont (Chapter 2) 

¨ Key nitrogen cycling processes (N2 fixation, nitrification, denitrification/anammox) occur in the P. 

oceanica phyllosphere (Chapter 3) 

¨ Natural ocean acidification accelerates net primary production and key nitrogen cycling processes in 

the P. oceanica phyllosphere, while the prokaryotic community structure remains largely unaffected 

(Chapters 2 & 3) 

¨ P. oceanica and C. nucula live in facultative mutualism, where the sponge benefits from carbon released 

by the plant while providing key inorganic nutrients that can support seagrass productivity (Chapters 4 

& 5) 

¨ C. nucula harbors nitrifying microorganisms that can provide nitrogen to the P. oceanica holobiont 

(Chapter 5) 

 

OVERVIEW 

This thesis aims to increase our knowledge of carbon (C) and nitrogen (N) cycling in benthic host-microbe 

associations under environmental change. Research on seagrass holobionts has gained increasing attention over 

the last decade, as it is now known that the presence of the seagrass microbiome is critical for the development 

of the plants, from seed germination to enhanced nutrient availability and defense against pathogens (Seymour 

et al., 2018; Tarquinio et al., 2019; Ugarelli et al., 2017). These holobionts do not exist in isolation, but are 

embedded within communities of other organisms that coexist and interact with progressively larger networks 

of increasingly complex assemblages of microbes, fungi, plants, and animals (Mcfall-Ngai et al., 2013; Pita et al., 

2018). This dissertation contributes to a broader understanding of the mechanisms shaping these complex host-

microbe interactions, particularly under environmental and anthropogenic stressors. We provide new insights 

into I) the contribution of the seagrass Posidonia oceanica and its epiphytes to primary production under ocean 

acidification (Chapter 2), II) the microbiome associated with the P. oceanica phyllosphere and the key nitrogen 

cycling processes they provide (Chapter 3), III) nutrient fluxes and primary productivity in the association 

between P. oceanica and the sponge Chondrilla nucula (Chapter 4), and IV) nitrification in the P. oceanica- C. 

nucula association (Chapter 5). 
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SYNOPTIC ANSWERS TO RESEARCH QUESTIONS 

1' How does the epiphytic community contribute to seagrass productivity? What are the effects of OA on the 

productivity of seagrass leaves and their epiphytes? What is the ecological relevance? 

Epiphytes contributed significantly to the net primary production (NPP) and gross primary production (GPP) of 

P. oceanica leaves (Chapter 2), accounting for 50% of NPP at vent pH and 62% at ambient pH conditions. Despite 

the significant role of epiphytes in driving GPP and NPP, their presence did not affect respiration (R) in our 

experiments. Posidonia oceanica leaves from vent pH showed 47  21% (mean  SE) higher NPP and 50  4% R, 

indicating that the seagrass is indeed carbon-limited under current seawater carbon concentrations. These 

results are consistent with studies showing increased primary productivity of P. oceanica and other seagrass 

species under decreasing pH (Apostolaki et al., 2014; Cox et al., 2015; Egea et al., 2018; Guilini et al., 2017; Hall-

Spencer et al., 2008; Jiang et al., 2010). However, higher seagrass productivity does not necessarily result in an 

overall increase in meadow growth. Posidonia oceanica meadows at vent pH sites have higher shoot density, 

but shorter leaves compared to ambient pH sites. These morphological changes, reported also in other studies 

(Guilini et al., 2017; Mecca et al., 2020), are likely due to increased grazing pressure, attributed to the more 

labile organic composition of the seagrass holobiont (Scartazza et al., 2017) and, as our data indicate, the 

absence of calcareous epiphytes at vent pH sites. This increased herbivory is prompting the seagrass to allocate 

energy to shoot recruitment rather than belowground carbon storage.  

Epiphytic communities growing at vent pH (OA conditions) differed significantly from communities growing 

under ambient pH conditions (Chapter 2). Overall epiphyte cover was 25% higher under ambient pH. Encrusting 

red algae decreased from 32% coverage at ambient pH to 12% at vent pH, while non-calcifying hydrozoans 

increased from 7% to 21%. This shift from coralline to non-calcifying organisms is in line with findings from other 

studies (Cox et al., 2015; Gravili et al., 2021; Mecca et al., 2020). Epiphytic biomass was significantly higher at 

ambient pH sites, due to higher coverage and calcium carbonate mass (Chapter 2). Furthermore, the epiphytic 

contribution to NPP was different under altered pH conditions. Net primary production of leaves from the vent 

pH site was 26% higher with epiphytes present and even 68% with epiphytes removed. The lower epiphytic 

contribution to NPP in the CO2 vents was likely a combined result of changes in biomass, community 

composition, as well as species-specific rates.  

In situ, there were no significant differences in net community productivity (NCP) or community respiration (CR), 

though a trend toward higher autotrophy was observed at one of the investigated sites (Chapter 2). This 

highlights the high complexity of host-epiphyte interactions and their response to environmental changes, such 

as OA. 

 

 



 CHAPTER 6'General Discussion  

 119 

2'What are the rates of key microbial N cycling processes under ambient and OA conditions in the P. oceanica 

phyllosphere and how do these processes contribute to the N demand of the seagrass holobiont? How does 

OA affect the diversity of the microbial community on P. oceanica leaves? What role does the microbial 

community on P. oceanica leaves play in N cycling? 

Incubation experiments with 15N stable isotope labeling demonstrated that all key microbial N cycling processes 

occur in the P. oceanica phyllosphere, resulting in a net N gain by the holobiont under ambient and OA conditions 

(Chapter 3). We detected N2 incorporation rates by epiphytes in light incubations, reaching 0.62 ± 0.15 nmol N 

cm-2 h-1 under OA conditions. These rates were comparable to N2 fixation rates measured in situ in minimally 

disturbed P. oceanica meadows (Agawin et al., 2017) and to rates measured by root symbionts of P. oceanica 

under ambient pH (Lehnen et al., 2016; Mohr et al., 2021). Microbial-mediated N-loss pathways (denitrification 

and anammox) were also observed, with N2 production rates up to 7.14 ± 2.07 pmol N cm-2 h-1 in light conditions 

at the vent site (Chapter 3). The daily budgets of total N loss at the vent site were significant, and comparable 

to N loss rates reported from seagrass sediments by Salk et al. (2017). The presence of Planctomycetes and 

detectable rates of 29N2 production in our incubations suggest that anammox may play an important role as an 

N loss pathway on seagrass leaves. Nitrification potential was detected only at the vent site, though rates are 

low, contributing marginally to the N budget. Notably, NO3
- uptake rates increased significantly (147-270%) in 

the presence of epiphytes (Chapter 3), indicating a potential strategy by epiphytes to reduce competition for N 

with the plant that prefers NH4
+ over NO3

- uptake (Touchette & Burkholder, 2000). 

Ocean acidification at natural CO2 vents accelerates N cycling on P. oceanica leaves, tipping the balance 

decisively in favor of increased N gain. Under OA conditions, daylight N2 fixation rates were 409% higher (Chapter 

3); the positive response of N2 fixation rates to elevated CO2 concentrations is supported by several studies with 

planktonic diazotrophs (Kroeker et al., 2013; Liu et al., 2010; Wannicke et al., 2018). NH4
+ uptake increased by 

62-97% and NO3
- uptake by 330-412% at the vent pH site (Chapter 3), probably due to decreased epiphytic load 

(Apostolaki et al., 2012). Conversely to other studies (Beman et al., 2011; Kitidis et al., 2011), nitrification 

potential was only detected under OA conditions in our incubations. Increasing CO2 levels could result in higher 

autotrophic nitrification rates by reducing CO2 limitation (Hutchins et al., 2009) and a diverse nitrifier community 

can adapt to a wider range of pH values (Fulweiler et al., 2011). Although OA is not expected to have direct 

effects on denitrification and anammox, an increase in both C and N2 fixation, may have favored the formation 

of anoxic microniches on the leaf biofilm and generated organic C and oxidized N compounds available for 

metabolism by denitrifying bacteria.  

16S rRNA gene sequencing revealed distinct microbial communities on P. oceanica leaves compared to the water 

column, with no significant differences between ambient and vent pH sites (Chapter 3). The leaves were 

dominated by Proteobacteria, particularly Alphaproteobacteria (20-22%) and Gammaproteobacteria (9-15%). 

Key groups included Rhodobacterales, known for early colonization and N2 fixation (Dang et al., 2008; Mejia et 

al., 2016; Trevathan-Tackett et al., 2020), and Rhizobiales, which include a diversity of N2-fixing microbes that 

can form symbiotic relationships with terrestrial plants (Lindström & Mousavi, 2020) and are known for 
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promoting plant health and growth (Avis et al., 2008). We found Cyanobacteria (2-14%), among which are taxa 

that can cope with O2 production from daytime photosynthesis, and thus, sustain N2 fixation in the light. 

Planctomycetes accounted for 2% of the microbial leaf community, among them members known for their 

abilities for N2 fixation and anammox (Delmont et al., 2018; Jetten et al., 2009; Strous et al., 1999). We found 

the nitrifying families Nitrosomonadaceae, Nitrospiraceae, Nitrospinaceae (ammonia-oxidizing bacteria; AOB), 

and Nitrosopumilales (ammonia-oxidizing archaea; AOA) in the phyllosphere of P. oceanica (Hutchins & Capone, 

2022; Kuypers et al., 2018).  

 
Fig. 6.1. Carbon and nitrogen cycling within the Posidonia oceanica holobiont under ambient and vent pH conditions 

(Chapters 2 & 3). Epiphytes contribute significantly to P. oceanica productivity (Chapter 2) and key N cycling processes (N2 

fixation, nitrification, denitrification/anammox; Chapter 3) in the  seagrass phyllosphere. OA accelerates holobiont 

productivity (Chapter 2) and N cycling processes (Chapter 3). OA affects larger calcifying epiphytes (Chapter 2), while the 

microbial community remains unchanged (Chapter 3). Created with BioRender.com. 

3'How does the association between P. oceanica and the sponge Chondrilla nucula affect primary production, 

inorganic and organic nutrient fluxes in the seagrass holobiont? What are potential benefits for the seagrass 

and the sponge? 

The association between the seagrass P. oceanica and the sponge C. nucula reveals a dynamic and reciprocal 

interaction that influences primary production and nutrient fluxes within the seagrass holobiont (Chapter 4). 

Net primary production (NPP) measurements showed that C. nucula was near metabolic balance in autumn but 

shifted to net heterotrophy in spring. In contrast, P. oceanica and its association with the sponge remained 

autotrophic year-round. The photosynthetic activity of cyanobacterial symbionts in C. nucula provided 52% of 

its respiratory carbon needs in autumn and only 10% in spring (Chapter 4). This emphasizes the sponge's reliance 

on mixotrophy, with dissolved organic matter (DOM) uptake playing a larger role, which is also reported for a 
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congeneric species in the Caribbean (Hudspith et al., 2022). Our results show high P. oceanica productivity in 

spring and senescence in autumn, aligning with previous studies on seasonal dynamics of the seagrass9 

productivity (Koopmans et al., 2020; Olivé et al., 2016). However, the presence of C. nucula appears to buffer 

seasonal productivity variations of the seagrass, likely due to increased sponge autotrophy in autumn. Seagrass 

meadows associated with C. nucula may experience reduced primary production during growth periods but 

benefit from enhanced nutrient recycling during senescence periods, promoting ecosystem stability and long-

term resilience (Duffy, 2006; Isbell et al., 2009).  

P. oceanica released significant amounts of dissolved organic carbon (DOC; 46% and 33% of NCP in autumn and 

spring, respectively; Chapter 4). Concurrently, we detected net DOC uptake by C. nucula during spring and 

release in autumn, aligning with the sponge9s mixotrophic strategy, shifting between heterotrophy in spring and 

autotrophy in autumn. The sponge, in turn, provided substantial amounts of NH¤z and NO£{, with NO£{ fluxes 

(13.6 - 16.7 µmol g{¹ day{¹) likely driven by nitrification (Jiménez & Ribes, 2007; Schläppy et al., 2010; Southwell 

et al., 2008). This nutrient exchange benefits the seagrass, contributing 10% to the plant's N demand in spring 

through NO3{ uptake and about 13% through NH¤z uptake.  

Field observations demonstrated a non-linear relationship between their benthic cover, with maximum sponge 

cover (~10%) occurring at intermediate seagrass densities (~75%; Chapter 4). This pattern suggests a spatial 

dependence of both organisms, favoring a balance of available substrate and resource availability (Archer et al., 

2015). While the seagrass appears neutral to the sponge's presence, this neutrality likely reflects a balance 

between competition for space and benefits from nutrient recycling by the sponge. 

4'What are the potential nitrification rates in the association between P. oceanica and C. nucula? Does the 

microbiome of C. nucula harbor nitrifying microorganisms and can microbial nitrification contribute to the 

seagrass holobiont N demand? 

We were able to demonstrate that dissolved inorganic nitrogen (DIN) from nitrification in the sponge C. nucula 

can be taken up by the seagrass P. oceanica, supporting its N demand (Chapter 5). With rates of 21 ± 7 nmol g 

DW-1 h-1 in spring and 267 ± 33 nmol g DW-1 h-1 in autumn, the potential nitrification rates (PNR) of C. nucula in 

association with the seagrass were comparable to other Mediterranean and tropical sponges (Bayer et al., 2008; 

Diaz & Ward, 1997; Jiménez & Ribes, 2007). Sponge-mediated nitrification supplied NO3
-, which was utilized by 

the seagrass holobiont. The sponge also released dissolved organic nitrogen (DON), which can additionally 

benefit the seagrass, while it can take up dissolved organic carbon (DOC) released by the seagrass (Sogin et al., 

2022). PNR was highest in autumn, possibly due to reduced competition for NH4
+ from the seagrass during this 

period of lower growth. Microbial-mediated nitrification associated with C. nucula can support a substantial 

proportion of the seagrass holobiont's primary production, 8% in spring and 47% in autumn (Chapter 5). The 

seasonal variation in nutrient dynamics emphasizes the importance of understanding how environmental factors 

influence these associations. 
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Stable isotope analyses showed increased ·¹uN values in P. oceanica and its epiphytes when associated with the 

sponge (Chapter 5). This enrichment was likely driven by the uptake of ·¹uN-enriched residual NH¤z excreted by 

the sponge, which becomes enriched during nitrification (Casciotti, 2016; Mariotti et al., 1981). While P. oceanica 

can assimilate both NH¤z and NO£{, it typically favors NH¤z (Touchette & Burkholder, 2000). In Chapter 3, we 

have demonstrated that epiphytes may rely more on NO£{ to reduce competition with the plant. However, 

sponge-derived NH¤z production was only observed in spring (Chapter 5), suggesting that NO£{ produced via 

nitrification becomes more important in autumn. Contrarily, the sponge showed high NO£{ production (17.78 ± 

3.49 µmol g{¹ day{¹ in spring and 23.59 ± 2.89 µmol g{¹ day{¹ in autumn), while the seagrass displayed near-zero 

net flux or uptake. In incubations with the association, NO£{ fluxes were lower than in sponge-only incubations, 

indicating sponge-mediated nitrification contributes NO£{ that is taken up by the seagrass holobiont. Further 

research is needed to clarify whether sponge-produced NO£{ benefits P. oceanica directly or rather its epiphytes. 

We found a distinct and stable microbial community associated with C. nucula that is not affected by the 

association state with P. oceanica (Chapter 5). This is consistent with other studies that found the microbiome 

of C. nucula not affected by ambient seawater in the Mediterranean Sea  (Thiel et al., 2007) or the Caribbean 

(Hill et al., 2006). Key bacterial groups involved in nitrification were the nitrite-oxidizing bacteria (NOB) Nitrospira 

within the family Nitrospiraceae (Nitrospiria), and the genera Cm1-21 and AqS1, both ammonia-oxidizing 

bacteria (AOB) within the family of Nitrosococcaceae (Gammaproteobacteria) (Chapter 5). Additionally, we 

found the ammonia-oxidizing archaea (AOA) Candidatus Nitrosopumilus, which are stable associates of many 

sponge species (Bayer et al., 2008; Hoffmann et al., 2009; Holmes & Blanch, 2007).  

 
Fig. 6.2. The seagrass-sponge association as an example of a nested ecosystem (Chapters 4 & 5). DOC released by the 

seagrass can benefit the sponge, while the plant benefits from DIN released by the sponge (Chapter 4). Seagrass and sponge 

can compete with or facilitate each other depending on environmental conditions (Chapter 4). The seagrass-sponge-microbe 

community affects nutrient cycling, primary production, and other ecosystem services while it is influenced by environmental 

factors such as temperature, light, pH, and nutrient concentrations (Chapter 5). Adapted from Pita et al. (2018). Created with 

BioRender.com. 
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OUTLOOK AND FUTURE RESEARCH DIRECTIONS 

This thesis combined research on the physiology, biogeochemistry, and microbial ecology of the Posidonia 

oceanica holobiont under environmental change and on different levels of ecological organization. We could 

demonstrate that organisms associated with the seagrass plant, be it microorganisms, macro-epiphytes, or 

larger invertebrates, play a crucial role in the biogeochemical cycling of C and N, and thus the plant9s physiology 

and health. Environmental stressors, such as OA, can tip the balance in favor of either benefits or increased 

competition for the seagrass host. However, knowledge about biogeochemical cycling within the seagrass 

holobiont is still limited, and by answering the research questions included in this thesis, several questions for 

future research emerge: 

1'How does OA affect the in situ seagrass community productivity? 

We could show that natural CO2 enrichment increases the productivity of both seagrass leaves and their 

epiphytic community ex situ (Chapter 2). However, this was only marginally translated to changes in NCP or CR 

in situ. While laboratory studies provide excellent insights into metabolic processes, these results demonstrate 

the high complexity of host-epiphyte interactions and their response to environmental changes. Future studies 

should thus also focus on the benthic metabolism at the community level and especially on the role of seagrass 

epiphytes. Additionally, experiments throughout the year would provide helpful insights about seasonal 

patterns that might occur. 

2' How much of the N fixed by epiphytic diazotrophs is transferred to the seagrass host? 

The results of Chapter 3 show N2 incorporation in epiphyte tissue in our incubation experiments with a 15N2 

tracer, highlighting the role of the seagrass microbiome in N cycling and thus plant physiology and health. 

However, in the limited time frame of the experiment, we could not measure a significant transfer of fixed N to 

the P. oceanica plant tissues. Therefore, further research (e.g., using NanoSIMS or longer-term incubations with 

stable isotopes) should investigate how much of the N2 fixed by the epiphytic diazotrophs can actually be 

transferred to the plant host. 

3'How does the sponge Chondrilla nucula benefit from the association with P. oceanica? 

In Chapter 4, we demonstrated a reciprocal interaction between C. nucula and P. oceanica, with nutrient 

exchange facilitating a facultative mutualism that supports the productivity of the holobiont. While the seagrass 

benefits from nutrients released by the sponge, the sponge may benefit from DOC released by the seagrass. As 

shown in the study, the extent of these beneficial processes can vary a lot throughout seasons. Further 

investigations should therefore focus on the benefits for the sponge throughout the year. 
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4' Who benefits from sponge-mediated nitrification in the seagrass holobiont? 

In our incubation experiments amended with 15N ammonium in Chapter 5, we could measure high nitrification 

rates mediated by the sponge C. nucula. However, we demonstrated in Chapter 3 that while the seagrass host 

preferentially takes up NH4
+, its epiphytes may rely more on NO£{ to reduce competition with the plant. 

Therefore, whether NO3
- produced by sponge-associated nitrification benefits the seagrass or rather its 

associated epiphytes needs to be further investigated by using specifically targeting stable isotope techniques.  
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Table S2.2. Morphological traits (mean  SE) of P. oceanica leaves from acidified and control sites pH at Castello Aragonese 

(CA) and Chiane del Lume (CdL). ANOVA results testing the differences between sites and station are given.  
Variable Vent pH 

(mean  SE) 

Ambient pH 

(mean  SE) 

ANOVA Sum of Squares F-value p-value 

 CA (n=4) CdL (n=3) CA (n=4) CdL (n=4)     

Shoot density  

(m-2) 

504.13  

 117.07 

307.15  

 57.50  

315.12  

 58.21  

118.13  

 56.26  

Site (df=1) 

Station (df=1) 

132705 

144120 

4.87 

5.29 

<0.05 

<0.05 

Leaf length  

(cm) 

9.35  

 0.21 

19.08  

 0.47  

13.90  

 0.58  

23.63  

 1.06  

Site (df=1) 

Station (df=1) 

25454 

5510 

262.08 

56.74 

<0.001 

<0.001 

Leaf width  

(cm)  

0.912  

 0.004 

0.904  

 0.004  

1.026  

 0.005  

0.952  

 0.004  

Site (df=1) 

Station (df=1) 

1.86 

0.36 

379.73 

73.80 

<0.001 

<0.001 

Leaf area index  

(m2 m-2) 

3.17  

 0.43 

5.25  

 0.75  

3.01  

 0.31 

5.09  

 0.10  

Site (df=1) 

Station (df=1) 

0.10 

16.01 

0.16 

27.83 

<0.001 

ns 
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Table S3.1. Permutation-based analysis of variance (PERMANOVA) of the microbial communities associated with P. oceanica 

leaves, water column and pH regime. The table provides the degrees of freedom (Df), sum of squares (SS), proportion of 

variance explained (R²), pseudo-F statistics, and associated p-values (P(>F)) for each source of variation. Bold p-values (p < 

0.05) indicate which factors contribute to differences in the measured variables. 

Source of variation Df SS R2 Pseudo-F P(>F) 

pH regime 1 822 0.06 2.01 0.189 

Compartment 1 8929 0.70 21.88  <0.001 

Treatment x Compartment 1 618 0.05 1.51 0.208 

Residual 6 2449 0.19   

Total 9 12816 1.00   

 

 

 

 

 

 

 

 

Table S3.2. Permutation-based analysis of variance (PERMANOVA) of the nitrifying communities associated with P. oceanica 

leaves, water column and pH regime. The table provides the degrees of freedom (Df), sum of squares (SS), proportion of 

variance explained (R²), pseudo-F statistics, and associated p-values (P(>F)) for each source of variation. Bold p-values (p < 

0.05) indicate which factors contribute to differences in the measured variables. 

Source of variation Df SS R2 Pseudo-F P(>F) 

pH regime 1 1.16E-08 0.00 0.78 0.986 

Compartment 1 1.44E-06 0.11 9.67 <0.001 

Treatment x Compartment 1 2.25E-08 0.00 0.15 0.960 

Residual 76 1.13E-05 0.89   

Total 79 1.28E-05 1.00   

 

 

 

 

 

 

 

 

Table S3.3. Environmental parameters (mean ± SE, n=3) measured at the vent and ambient pH site at Castello Aragonese. 

 

 Ambient pH Vent pH 

T (°C) 23.94 ± 0.05 23.74 ± 0.01 

Light (Lux) 10438 ± 872 16631 ± 628 

pH 8.07 ± 0.08 7.06 ± 0.37 

DO (mg L-1) 9.15 ± 0.02 8.26 ± 0.02 

 

Average temperature, light, and DO were continuously measured with data loggers during the sampling time between 11 

am and 4 pm of the respective sampling day. PH was measured on 13.09.2019 with a pH logger (n ambient = 15, n vent = 8). 
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Table S3.4. 29N2 and 30N2 concentrations in the denitrification experiment at different incubation timepoints (mean  SD). 

Site Timepoint Incubation Treatment 
29N2 concentration 

(nmol/L) 

30N2 concentration 

(nmol/L) 

Vent  

T0   0.080 ± 0.015 0.263 ± 0.012 

T1 light +Epi 0.075 ± 0.008 0.313 ± 0.024 

T1 light -Epi 0.062 ± 0.006 0.355 ± 0.013 

T1 dark +Epi 0.057 ± 0.008 0.323 ± 0.056 

T1 dark -Epi 0.056 ± 0.008 0.249 ± 0.007 

T2 light control 0.091 ± 0.018 0.019 ± 0.038 

T2 dark control 0.042 ± 0.051 -0.015 ± 0.054 

T2 light +Epi 0.144 ± 0.036 0.369 ± 0.059 

T2 light -Epi 0.105 ± 0.027 0.091 ± 0.021 

T2 dark +Epi 0.097 ± 0.013 0.069 ± 0.008 

T2 dark -Epi 0.098 ± 0.010 0.062 ± 0.012 

Ambient 

T0   0.059 ± 0.015 0.302 ± 0.041 

T1 light +Epi 0.022 ± 0.080 0.231 ± 0.063 

T1 light -Epi 0.010 ± 0.114 0.229 ± 0.060 

T1 dark +Epi 0.025 ± 0.067 0.206 ± 0.062 

T1 dark -Epi -0.006 ± 0.096 0.209 ± 0.009 

T2 light control 0.104 ± 0.013 0.026 ± 0.006 

T2 dark control 0.097 ± 0.012 0.050 ± 0.023 

T2 light +Epi 0.122 ± 0.015 0.053 ± 0.037 

T2 light -Epi 0.072 ± 0.051 0.036 ± 0.043 

T2 dark +Epi 0.110 ± 0.014 0.024 ± 0.030 

T2 dark -Epi 0.035 ± 0.048 -0.071 ± 0.104 

 

 

 

 

 

 

Table S3.5. Morphological traits (mean  SE) of P. oceanica from ambient and vent pH sites.  

 Ambient pH Vent pH 

Shoot density (m-2) 527.38  110.90 1130.09  234.24 

Leaf density (m-2) 4237.85  515.01 7496.29  674.21 

Leaf dry weight (g) 0.041  0.005 0.087  0.013 
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SUPPLEMENTARY MATERIAL TO CHAPTER 4 

 

SUPPLEMENTARY METHODS  

To evaluate the reciprocal nutritional benefits between the sponge and the seagrass, we estimated the sponge 

daily respiratory carbon (C) demand and the seagrass daily nitrogen (N) demand in Fig. 4.6. These estimates 

were derived from sponge respiration data and plant NCP, respectively, assuming a 24h cycle for respiration and 

a respiratory/photosynthetic quotient of 1 for C demand, and a 12:12 h light/dark cycle and average plant C:N 

ratio of 16 for N demand (Fig. S4.3). To quantify the contribution of different C sources to the sponge respiratory 

C demand, we used the daily sponge DOC uptake and GPP rates to calculate the percentage of C demand met 

by heterotrophic DOC uptake and photoautotrophic C fixation, respectively. The remainder was attributed to 

particulate organic carbon (POC) uptake via filter-feeding. This approach was conservative because sponge DOC 

uptake was lower than seagrass DOC release, although it is possible that sponge DOC uptake (and its contribution 

to the sponge respiratory C demand) increased when in association with the seagrass. For the seagrass, we used 

daily plant NH¤z and NO³{ uptake rates to conservatively estimate the percentage of its total daily N demand 

potentially fulfilled by NH¤z and NO³{ released by the sponge. The remainder was attributed to other N sources. 

This approach was also conservative because seagrass uptake rates were lower than sponge release, although 

plant uptake rates (and their contribution to the plant N demand) may have increased when associated with the 

sponge. 
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Fig. S4.1. Dissolved organic matter (DOM) fluxes expressed as µmol DW{¹ g{¹ h{¹ for dissolved organic carbon (DOC, top 

panels) and dissolved organic nitrogen (DON, bottom panels) across three communities4Posidonia oceanica (Seagrass), 

Chondrilla nucula (Sponge), and their Association. Fluxes are shown separately for two seasons: Autumn (left) and Spring 

(right). Each boxplot displays the fluxes under dark (gray) and light (teal) conditions. Positive values represent net release, 

while negative values indicate uptake. The horizontal dashed line marks the zero-flux threshold. Whiskers denote variability 

across replicates, and the central line in each box indicates the median flux. 
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Fig. S4.2. Inorganic nutrient fluxes expressed as µmol DW{¹ g{¹ h{¹ for ammonium (NH¤z, top panels), nitrate+nitrite (NO³-, 

middle panels), and phosphate (PO¤³{, bottom panels) across three communities4Posidonia oceanica (Seagrass), Chondrilla 

nucula (Sponge), and their Association. Fluxes are presented separately for Autumn (left) and Spring (right) seasons under 

dark (gray) and light (teal) conditions. Positive values represent net release, while negative values indicate uptake. The 

horizontal dashed line marks the zero-flux threshold. Whiskers display variability across replicates, with the central line in 

each box representing the median flux. 
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Fig. S4.3. Stable isotope composition and C/N ratios across communities in the association (A) and non-association (N-A) 

states. (a) ·¹³C values (0), (b) ·¹uN values (0), and (c) C/N ratios for Posidonia oceanica, Chondrilla nucula, and seagrass 

epiphytes. Each boxplot shows the distribution of values, with individual data points represented by black dots and the mean 

indicated by a red dot. Whiskers display the range of variability across replicates. 

 
 
 

 

 

 
Table S1. Coefficients of asymmetric dependency between the benthic cover of the seagrass Posidonia oceanica and the 

sponge Chondrilla nucula. The coefficient q(X,Y) indicates the strength of the dependency of organism Y on organism X. The 

asymmetry coefficient quantifies the imbalance between these dependencies, with a non-significant value suggesting that 

the interaction does not exhibit a strong directional asymmetry. 

Coefficients q p-value 

q(C. nucula, P. oceanica) 0.249 0.021 

q(P. oceanica, C. nucula) 0.381 0.001 

asymmetry -0.132 0.106 
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Table S4.2. Permutation-based analysis of variance (PERMANOVA) for net primary production (NPP, µmol O¢ g DW{¹ h{¹), 

respiration (R, µmol O¢ g DW{¹ h{¹), gross primary production (GPP, µmol O¢ g DW{¹ h{¹) and daily net community production 

(NCP, µmol O¢ g DW{¹ d{¹) across different Community types, Seasons, and their interaction. The table provides the degrees 

of freedom (Df), sum of squares (SS), proportion of variance explained (R²), pseudo-F statistics, and associated p-values 

(P(>F)) for each source of variation. Bold p-values (p < 0.05) indicate which factors contribute to differences in the measured 

variables. 

Variable Source of variation  Df SS R2 Pseudo-F P (>F) 

Net primary production 

(NPP) 

Community 2 963.6 0.83 63.48 0.001 

Season 1 5.3 0.00 0.70 0.389 

Community:Season 2 81.9 0.07 5.40 0.022 

Residual 15 113.9 0.10   

Total 20 1164.6 1.00   

Respiration (R) 

Community 2 13.6 0.33 9.20 0.001 

Season 1 13.7 0.33 18.51 0.001 

Community:Season 2 4.0 0.10 2.68 0.108 

Residual 14 10.4 0.25   

Total 19 41.7 1.00   

Gross primary production 

(GPP) 

Community 2 2588.8 0.79 208.26 0.001 

Season 1 12.7 0.00 2.05 0.159 

Community:Season 2 271.5 0.08 21.84 0.001 

Residual 65 404.0 0.12   

Total 70 3277.0 1.00   

Net community 

production (NCP) 

Community 2 592852 0.84 332.33 0.001 

Season 1 14804 0.02 16.60 0.003 

Community:Season 2 38754 0.06 21.72 0.001 

Residual 65 57978 0.08   

Total 70 704388 1.00   
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Table S4.3. Adjusted p-values from multilevel pairwise comparisons of net primary production (NPP), gross primary 

production (GPP) and net community production (NCP) between Community and Season. The comparisons are performed 

using Tukey9s honest significant difference (HSD) test. Bold p-values indicate combinations that differ significantly (p < 0.05). 

NPP  
Seagrass 

(Autumn) 

Seagrass  

(Spring) 

Sponge 

(Autumn) 

Sponge  

(Spring) 

Association 

(Autumn) 

Association  

(Spring) 

Seagrass 

(Autumn) 
x           

Seagrass 

(Spring) 
0.067 x         

Sponge 

(Autumn) 
0.100 0.034 x       

Sponge  

(Spring) 
0.029 0.032 0.136 x     

Association 

(Autumn) 
0.500 0.030 0.100 0.024 x   

Association 

(Spring) 
0.356 0.025 0.031 0.030 0.855 x 

 

GPP 
Seagrass 

(Autumn) 

Seagrass  

(Spring) 

Sponge 

(Autumn) 

Sponge  

(Spring) 

Association 

(Autumn) 

Association  

(Spring) 

Seagrass 

(Autumn) 
x           

Seagrass 

(Spring) 
0.008 x         

Sponge 

(Autumn) 
0.001 0.001 x       

Sponge  

(Spring) 
0.001 0.001 0.001 x     

Association 

(Autumn) 
0.150 0.001 0.002 0.001 x   

Association 

(Spring) 
0.008 0.001 0.001 0.001 0.375 x 

 

NCP 
Seagrass 

(Autumn) 

Seagrass  

(Spring) 

Sponge 

(Autumn) 

Sponge  

(Spring) 

Association 

(Autumn) 

Association  

(Spring) 

Seagrass 

(Autumn) 
x           

Seagrass 

(Spring) 
0.001 x         

Sponge 

(Autumn) 
0.001 0.001 x       

Sponge  

(Spring) 
0.001 0.001 0.602 x     

Association 

(Autumn) 
0.419 0.001 0.001 0.001 x   

Association 

(Spring) 
0.320 0.001 0.001 0.001 0.858 x 

  



 Appendix: Supplementary material  

 143 

Table S4.4. PERMANOVA for hourly (µmol g DW{¹ h{¹) and daily (µmol g DW{¹ d{¹) DOC and DON fluxes across different 

Community types, Seasons, Condition (light vs dark, when present) and their interaction terms. The table provides the 

degrees of freedom (Df), sum of squares (SS), proportion of variance explained (R²), pseudo-F statistics, and associated p-

values (P(>F)) for each source of variation. Bold p-values (p < 0.05) indicate which factors contribute to differences in the 

measured variables. 

Variable Source of variation  Df SS R2 Pseudo-F P (>F) 

Hourly DOC fluxes 

Community 2 22.21 0.15 7.61 0.001 

Season 1 14.81 0.10 10.15 0.005 

Condition 1 14.82 0.10 10.16 0.004 

Community:Season 2 12.04 0.08 4.13 0.040 

Community:Condition 2 24.93 0.17 8.54 0.001 

Season:Condition 1 13.32 0.09 9.13 0.009 

Community:Season:Condition 2 9.06 0.06 3.10 0.057 

Residual 24 35.01 0.24   

Total 35 146.20 1.00   

Hourly DON fluxes 

Community 2 0.57 0.08 2.89 0.082 

Season 1 0.04 0.01 0.46 0.513 

Condition 1 0.10 0.01 1.01 0.341 

Community:Season 2 0.64 0.09 3.26 0.053 

Community:Condition 2 1.45 0.19 7.40 0.003 

Season:Condition 1 1.75 0.23 17.82 0.002 

Community:Season:Condition 2 0.58 0.08 2.97 0.071 

Residual 24 2.36 0.31   

Total 35 7.50 1.00   

Daily DOC fluxes 

Community 2 25459 0.38 38.82 0.001 

Season 1 11740 0.17 35.80 0.001 

Community:Season 2 14172 0.21 21.61 0.001 

Residual 48 15741 0.23   

Total 53 67112 1.00   

Daily DON fluxes 

Community 2 502.44 0.21 11.53 0.001 

Season 1 33.01 0.01 1.51 0.225 

Community:Season 2 776.75 0.33 17.82 0.001 

Residual 48 1045.98 0.44   

Total 53 2358.18 1.00   
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Table S4.5. Adjusted p-values from multilevel pairwise comparisons of hourly DOC and DON fluxes between Community and 

Condition, and daily DOC and DON fluxes between Community and Season. The comparisons are performed using Tukey9s 

honest significant difference (HSD) test. Bold p-values indicate combinations that differ significantly (p < 0.05). 

 Hourly DOC 

fluxes 

Seagrass 

(daylight) 

Seagrass 

(dark) 

Sponge 

(daylight) 

Sponge 

(dark) 

Association 

(daylight) 

Association 

(dark) 

Seagrass 

(daylight) 
x           

Seagrass 

(dark) 
0.011 x         

Sponge 

(daylight) 
0.008 0.337 x       

Sponge 

(dark) 
0.009 0.710 0.495 x     

Association 

(daylight) 
0.186 0.118 0.031 0.078 x   

Association 

(dark) 
0.017 0.369 0.871 0.578 0.050 x 

 

 Hourly DON 

fluxes 

Seagrass 

(daylight) 

Seagrass 

(dark) 

Sponge 

(daylight) 

Sponge 

(dark) 

Association 

(daylight) 

Association 

(dark) 

Seagrass 

(daylight) 
x      

Seagrass 

(dark) 
0.832 x     

Sponge 

(daylight) 
0.198 0.071 x    

Sponge 

(dark) 
0.707 0.257 0.001 x   

Association 

(daylight) 
0.600 0.533 0.229 0.126 x  

Association 

(dark) 
0.216 0.034 0.975 0.004 0.204 x 

 

Daily DOC 

fluxes 

Seagrass 

(Autumn) 

Seagrass  

(Spring) 

Sponge 

(Autumn) 

Sponge  

(Spring) 

Association 

(Autumn) 

Association  

(Spring) 

Seagrass 

(Autumn) 
x           

Seagrass 

(Spring) 
0.010 x         

Sponge 

(Autumn) 
0.004 0.001 x       

Sponge  

(Spring) 
0.001 0.001 0.001 x     

Association 

(Autumn) 
0.925 0.048 0.068 0.001 x   

Association 

(Spring) 
0.001 0.001 0.002 0.020 0.002 x 

 

Daily DON 

fluxes 

Seagrass 

(Autumn) 

Seagrass  

(Spring) 

Sponge 

(Autumn) 

Sponge  

(Spring) 

Association 

(Autumn) 

Association  

(Spring) 

Seagrass 

(Autumn) 
x           

Seagrass 

(Spring) 
0.001 x         

Sponge 

(Autumn) 
0.049 0.020 x       

Sponge  

(Spring) 
0.705 0.001 0.009 x     

Association 

(Autumn) 
0.193 0.001 0.003 0.316 x   

Association 

(Spring) 
0.307 0.001 0.009 0.443 0.753 x 
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Table S4.6. PERMANOVA for hourly (µmol g DW{¹ h{¹) and daily (µmol g DW{¹ d{¹) NH4
+, NOx

-, PO4
3- fluxes (µmol g DW{¹ h{¹) 

across different Community types, Seasons, Condition (light vs dark, when present) and their interaction terms. The table 

provides the degrees of freedom (Df), sum of squares (SS), proportion of variance explained (R²), pseudo-F statistics, and 

associated p-values (P(>F)) for each source of variation. Bold p-values (p < 0.05) indicate which factors contribute to 

differences in the measured variables. 

Variable Source of variation  Df SS R2 Pseudo-F P (>F) 

Hourly NH4
+ fluxes 

Community 2 0.07 0.27 16.38 0.001 

Season 1 0.00 0.02 1.93 0.178 

Condition 1 0.01 0.05 6.44 0.026 

Community:Season 2 0.04 0.16 9.86 0.003 

Community:Condition 2 0.01 0.06 3.41 0.050 

Season:Condition 1 0.04 0.18 21.09 0.001 

Community:Season:Condition 2 0.01 0.03 1.58 0.233 

Residual 28 0.06 0.23   

Total 39 0.25 1.00   

Hourly NOx
- fluxes 

Community 2 3.27 0.56 31.06 0.001 

Season 1 0.06 0.01 1.22 0.298 

Condition 1 0.36 0.06 6.76 0.009 

Community:Season 2 0.08 0.01 0.72 0.509 

Community:Condition 2 0.52 0.09 4.91 0.013 

Season:Condition 1 0.05 0.01 0.96 0.347 

Community:Season:Condition 2 0.01 0.00 0.13 0.872 

Residual 28 1.47 0.25   

Total 39 5.82 1.00   

Hourly PO4
3- fluxes 

Community 2 0.001 0.29 9.24 0.002 

Season 1 0.000 0.08 4.93 0.040 

Condition 1 0.000 0.00 0.00 0.980 

Community:Season 2 0.000 0.04 1.13 0.328 

Community:Condition 2 0.000 0.05 1.62 0.204 

Season:Condition 1 0.000 0.00 0.06 0.797 

Community:Season:Condition 2 0.000 0.09 2.86 0.086 

Residual 28 0.001 0.45   

Total 39 0.002 1.00   

Daily NH4
+ fluxes 

Community 2 79.80 0.58 86.21 0.001 

Season 1 0.89 0.01 1.92 0.189 

Community:Season 2 30.60 0.22 33.06 0.001 

Residual 58 26.84 0.19   

Total 63 138.13 1.00   

Daily NOx
- fluxes 

Community 2 2763.4 0.78 121.04 0.001 

Season 1 50.6 0.01 4.43 0.048 

Community:Season 2 53.8 0.02 2.35 0.116 

Residual 58 662.1 0.19   

Total 63 3529.8 1.00   

Daily PO4
3- fluxes 

Community 2 0.77 0.48 37.66 0.001 

Season 1 0.23 0.14 21.96 0.001 

Community:Season 2 0.03 0.02 1.59 0.186 

Residual 58 0.60 0.37   

Total 63 1.63 1.00   
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Table S4.7. Adjusted p-values from multilevel pairwise comparisons of hourly NH4
+ and NOx

- fluxes between Community and 

Condition, and daily NH4
+ fluxes between Community and Season. The comparisons are performed using Tukey9s honest 

significant difference (HSD) test. Bold p-values indicate combinations that differ significantly (p < 0.05). 

 Hourly NH4
+ 

fluxes 

Seagrass 

(daylight) 

Seagrass 

(dark) 

Sponge 

(daylight) 

Sponge 

(dark) 

Association 

(daylight) 

Association 

(dark) 

Seagrass 

(daylight) 
x      

Seagrass 

(dark) 
0.427 x     

Sponge 

(daylight) 
0.023 0.002 x    

Sponge 

(dark) 
0.359 0.019 0.035 x   

Association 

(daylight) 
0.285 0.018 0.110 0.802 x  

Association 

(dark) 
0.197 0.005 0.059 0.628 0.886 x 

 

 Hourly NOx
- 

fluxes 

Seagrass 

(daylight) 

Seagrass 

(dark) 

Sponge 

(daylight) 

Sponge 

(dark) 

Association 

(daylight) 

Association 

(dark) 

Seagrass 

(daylight) 
x           

Seagrass 

(dark) 
0.051 x         

Sponge 

(daylight) 
0.002 0.005 x       

Sponge 

(dark) 
0.001 0.004 0.037 x     

Association 

(daylight) 
0.005 0.004 0.038 0.002 x   

Association 

(dark) 
0.002 0.001 0.228 0.002 0.192 x 

 

Daily NH4
+ 

fluxes 

Seagrass 

(Autumn) 

Seagrass  

(Spring) 

Sponge 

(Autumn) 

Sponge  

(Spring) 

Association 

(Autumn) 

Association  

(Spring) 

Seagrass 

(Autumn) 
x           

Seagrass 

(Spring) 
0.001 x         

Sponge 

(Autumn) 
0.002 0.001 x       

Sponge  

(Spring) 
0.002 0.001 0.001 x     

Association 

(Autumn) 
0.001 0.001 0.009 0.027 x   

Association 

(Spring) 
0.105 0.001 0.368 0.001 0.005 x 
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Table S4.8. PERMANOVA for ·¹³C and ·¹uN values and C:N ratios across different Sample types and Association types. The 

table provides the degrees of freedom (Df), sum of squares (SS), proportion of variance explained (R²), pseudo-F statistics, 

and associated p-values (P(>F)) for each source of variation. Bold p-values (p < 0.05) indicate which factors contribute to 

differences in the measured variables. 

Variable Source of variation  Df SS R2 Pseudo-F P (>F) 

·¹³C values 

Sample 2 658.12 0.82 208.75 0.001 

Association 1 2.35 0.00 1.49 0.236 

Sample:Association 2 1.15 0.00 0.37 0.700 

Residual 91 143.45 0.18   

Total 96 805.07 1.00   

·¹uN values 

Sample 2 75.99 0.46 50.64 0.001 

Association 1 13.83 0.08 18.44 0.001 

Sample:Association 2 7.56 0.05 5.04 0.005 

Residual 91 68.28 0.41   

Total 96 165.66 1.00   

C:N ratios 

Sample 2 3241.8 0.71 112.31 0.001 

Association 1 6.7 0.00 0.46 0.509 

Sample:Association 2 9.4 0.00 0.32 0.692 

Residual 91 1313.4 0.29   

Total 96 4571.3 1.00   

 

 

Table S4.9. Adjusted p-values from multilevel pairwise comparisons of ·¹uN values between Sample types and Association 

types. The comparisons are performed using Tukey9s honest significant difference (HSD) test. Bold p-values indicate 

combinations that differ significantly (p < 0.05). 

·15N values 

P. oceanica 

leaves 

(associated) 

P. oceanica 

leaves 

(not 

associated) 

C. nucula 

(associated) 

C. nucula 

(not 

associated) 

P. oceanica 

epiphytes 

(associated) 

P. oceanica 

epiphytes 

(not 

associated) 

P. oceanica leaves 

(associated) 
x      

P. oceanica leaves 

(not associated) 
0.001 x     

C. nucula 

(associated) 
0.001 0.001 x    

C. nucula 

(not associated) 
0.001 0.001 0.734 x   

P. oceanica 

epiphytes 

(associated) 

0.001 0.001 0.106 0.104 x  

P. oceanica 

epiphytes 

(not associated) 

0.064 0.001 0.011 0.029 0.027 x 
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Fig. S5.3. Principal coordinates analysis of the bacterial community from Chondrilla nucula growing alone or in association 

and the water column community. 

 

 

Fig. S5.4. Differential abundances in sponge and water column samples as log2FoldChange. Positive values mean differential 

abundance is higher in the water column and negative values higher in the sponges. 
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Table S5.1. Permutation-based analysis of variance (PERMANOVA) for PNR (nmol N g DW{¹ h{¹) on different community types, 

incubation types, seasons, and their interactions. The table provides the degrees of freedom (Df), sum of squares (SS), 

proportion of variance explained (R²), pseudo-F statistics, and associated p-values (P(>F)) for each source of variation. Bold 

p-values (p < 0.05) indicate which factors contribute to differences in the measured variables. 

Source of variation  Df SS R2 Pseudo-F P (>F) 

Community 2 79707 0.29 61.26 0.001 

Season 1 58900 0.21 90.54 0.001 

Incubation 1 16269 0.06 25.01 0.001 

Community: Season 2 63357 0.23 48.70 0.001 

Community: Incubation 2 16468 0.06 12.66 0.002 

Season: Incubation 1 9010 0.03 13.85 0.001 

Community: Season: Incubation 2 12072 0.04 9.28 0.002 

Residual 31 20166 0.07   

Total 42 275949 1.00   

 

 

 

Table S5.2. Adjusted p-values from multilevel pairwise comparisons of PNR between community and season. The 

comparisons are performed using Tukey9s honest significant difference (HSD) test. Bold p-values indicate combinations that 

differ significantly (p < 0.05). 

PNR  
Seagrass 

(spring) 

Seagrass  

(autumn) 

Sponge 

(spring) 

Sponge  

(autumn) 

Association 

(spring) 

Association  

(autumn) 

Seagrass (spring) x           

Seagrass (autumn) 1.000 x         

Sponge (spring) 0.988 0.999 x       

Sponge (autumn) 0.637 0.724 0.857 x     

Association (spring) 0.992 0.995 1.000 0.914 x   

Association (autumn) <0.001 <0.001 <0.001 <0.001 <0.001 x 

 

 

 

 

Table S5.3. Adjusted p-values from multilevel pairwise comparisons of PNR between community and incubation type. The 

comparisons are performed using Tukey9s honest significant difference (HSD) test. Bold p-values indicate combinations that 

differ significantly (p < 0.05). 

PNR  
Seagrass 

(light) 

Seagrass  

(dark) 
Sponge (light) 

Sponge  

(dark) 

Association 

(light) 

Association  

(dark) 

Seagrass (light) x           

Seagrass (dark) 1.000 x         

Sponge (light) 0.998 0.997 x       

Sponge (dark) 0.971 0.956 0.999 x     

Association (light) 0.688 0.595 0.863 0.967 x   

Association (dark) 0.006 0.002 0.008 0.016 0.109 x 
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Table S5.4. Permutation-based analysis of variance (PERMANOVA) of ·¹uN (0), ·¹3C (0), and C:N ratio (mol:mol) on different 

tissue types, association types, seasons, and their interaction. The table provides the degrees of freedom (Df), sum of squares 

(SS), proportion of variance explained (R²), pseudo-F statistics, and associated p-values (P(>F)) for each source of variation. 

Bold p-values (p < 0.05) indicate which factors contribute to differences in the measured variables. 

Variable Source of variation  Df SS R2 Pseudo-F P (>F) 

·¹uN 

Tissue 5 276.89 0.56 88.75 0.001 

Association 1 18.50 0.04 29.65 0.001 

Season 1 93.24 0.19 149.43 0.001 

Tissue: Association 5 9.60 0.02 3.08 0.018 

Tissue: Season 1 7.45 0.02 11.95 0.001 

Association: Season 1 2.69 0.01 4.32 0.031 

Tissue: Association: Season 1 2.63 0.01 4.22 0.045 

Residual 136 82.99 0.17   

Total 151 494.01 1.00   

·¹3C 

Tissue 5 559.73 0.55 58.59 0.001 

Association 1 0.02 0.00 0.01 0.925 

Season 1 131.74 0.13 68.95 0.001 

Tissue: Association 5 14.15 0.01 1.48 0.198 

Tissue: Season 1 79.56 0.08 41.64 0.001 

Association: Season 1 1.61 0.00 0.84 0.331 

Tissue: Association: Season 1 1.22 0.00 0.64 0.420 

Residual 124 236.93 0.23   

Total 139 1024.97 1.00   

C:N 

Tissue 5 15645.9 0.87 211.15 0.001 

Association 1 2.5 0.00 0.17 0.674 

Season 1 104.1 0.01 7.02 0.010 

Tissue: Association 5 139.9 0.01 1.89 0.115 

Tissue: Season 1 86.3 0.01 5.82 0.017 

Association: Season 1 1.2 0.00 0.08 0.773 

Tissue: Association: Season 1 0.8 0.00 0.05 0.812 

Residual 132 1956.2 0.11   

Total 147 17936.8 1.00   
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Table S5.5. Adjusted p-values from multilevel pairwise comparisons of ·¹uN (0) between tissue types and association types 

in spring. The comparisons are performed using Tukey9s honest significant difference (HSD) test. Bold p-values indicate 

combinations that differ significantly (p < 0.05). 

·¹uN 
Young leaves 

(associated) 

Young 

leaves (not 

associated) 

Old leaves 

(associated) 

Old leaves 

(not 

associated) 

Epiphytes 

(associated) 

Epiphytes 

(not 

associated) 

Sponge 

(associated) 

Sponge (not 

associated) 

Young 

leaves 

(associated) 

x        

Young 

leaves (not 

associated) 

0.955 x       

Old leaves 

(associated) 
1.000 0.996 x      

Old leaves 

(not 

associated) 

<0.001 0.017 0.002 x     

Epiphytes 

(associated) 
0.014 <0.001 0.004 <0.001 x    

Epiphytes 

(not 

associated) 

1.000 0.887 0.999 <0.001 0.026 x   

Sponge 

(associated) 
0.267 0.018 0.126 <0.001 0.930 0.389 x  

Sponge (not 

associated) 
0.849 0.207 0.638 <0.001 0.384 0.932 0.977 x 

 

 

 

Table S5.6. Adjusted p-values from multilevel pairwise comparisons of ·¹uN (0) between tissue types and association types 

in autumn. The comparisons are performed using Tukey9s honest significant difference (HSD) test. Bold p-values indicate 

combinations that differ significantly (p < 0.05). 

·¹uN 
Leaves 

 (associated) 

Leaves (not 

associated) 

Epiphytes 

(associated) 

Epiphytes 

(not 

associated) 

Meristem 

(associated) 

Meristem 

(not 

associated) 

Sponge 

(associated) 

Sponge (not 

associated) 

Leaves 

 (associated) 
x        

Leaves (not 

associated) 
1.000 x       

Epiphytes 

(associated) 
<0.001 <0.001 x      

Epiphytes 

(not 

associated) 

<0.001 <0.001 1.000 x     

Meristem 

(associated) 
<0.001 <0.001 <0.001 <0.001 x    

Meristem 

(not 

associated) 

<0.001 <0.001 0.369 0.517 0.092 x   

Sponge 

(associated) 
<0.001 <0.001 <0.001 <0.001 0.990 0.005 x  

Sponge (not 

associated) 
<0.001 <0.001 0.002 0.002 0.999 0.333 0.808 x 
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Table S5.7. Adjusted p-values from multilevel pairwise comparisons of ·¹3C (0) between tissue types and association types 

in spring. The comparisons are performed using Tukey9s honest significant difference (HSD) test. Bold p-values indicate 

combinations that differ significantly (p < 0.05). 

·¹3C 
Young leaves 

(associated) 

Young 

leaves (not 

associated) 

Old leaves 

(associated) 

Old leaves 

(not 

associated) 

Epiphytes 

(associated) 

Epiphytes 

(not 

associated) 

Sponge 

(associated) 

Sponge (not 

associated) 

Young 

leaves 

(associated) 

x        

Young 

leaves (not 

associated) 

0.452 x       

Old leaves 

(associated) 
1.000 0.292 x      

Old leaves 

(not 

associated) 

1.000 0.664 0.999 x     

Epiphytes 

(associated) 
<0.001 <0.001 <0.001 <0.001 x    

Epiphytes 

(not 

associated) 

<0.001 <0.001 <0.001 <0.001 0.461 x   

Sponge 

(associated) 
<0.001 <0.001 <0.001 <0.001 0.894 0.995 x  

Sponge (not 

associated) 
<0.001 <0.001 <0.001 <0.001 0.251 1.000 0.952 x 

 

 

 

 

 

Table S5.8. Adjusted p-values from multilevel pairwise comparisons of ·¹3C (0) between tissue types and association types 

in autumn. The comparisons are performed using Tukey9s honest significant difference (HSD) test. Bold p-values indicate 

combinations that differ significantly (p < 0.05). 

·¹3C 
Leaves 

 (associated) 

Leaves (not 

associated) 

Epiphytes 

(associated) 

Epiphytes 

(not 

associated) 

Meristem 

(associated) 

Meristem 

(not 

associated) 

Sponge 

(associated) 

Sponge (not 

associated) 

Leaves 

(associated) 
x        

Leaves (not 

associated) 
0.997 x       

Epiphytes 

(associated) 
0.998 1.000 x      

Epiphytes 

(not 

associated) 

0.999 1.000 1.000 x     

Meristem 

(associated) 
0.004 0.008 0.009 0.007 x    

Meristem 

(not 

associated) 

<0.001 <0.001 <0.001 <0.001 0.921 x   

Sponge 

(associated) 
<0.001 <0.001 <0.001 <0.001 0.867 1.000 x  

Sponge (not 

associated) 
<0.001 <0.001 <0.001 <0.001 0.953 1.000 0.998 x 
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Table S5.9. Permutation-based analysis of variance (PERMANOVA) of daily NH4
+, NO3

- and NO2
- fluxes ( mol g DW-1 d-1) on 

different community types, seasons, and their interaction. The table provides the degrees of freedom (Df), sum of squares 

(SS), proportion of variance explained (R²), pseudo-F statistics, and associated p-values (P(>F)) for each source of variation. 

Bold p-values (p < 0.05) indicate which factors contribute to differences in the measured variables. 

Variable Source of variation  Df SS R2 Pseudo-F P (>F) 

NH4
+ 

Community 2 919 0.14 2.94 0.079 

Season 1 2671 0.39 17.09 0.001 

Community: Season 2 681 0.10 2.18 0.142 

Residual 16 2501 0.37   

Total 21 6771 1.00   

NO3
- 

Community 2 2848 0.76 54.54 0.001 

Season 1 5.4 0.00 0.21 0.651 

Community: Season 2 400 0.11 7.66 0.003 

Residual 18 470 0.13   

Total 23 3724 1.00   

NO2
- 

Community 2 0.39 0.27 9.98 0.002 

Season 1 0.65 0.45 33.06 0.001 

Community: Season 2 0.07 0.05 1.89 0.184 

Residual 17 0.34 0.23   

Total 22 1.49 1.00   

 

 

 

Table S5.10. Adjusted p-values from multilevel pairwise comparisons of daily NH4
+, NO3

- and NO2
- fluxes ( mol g DW-1 d-1) 

between community and season. The comparisons are performed using Tukey9s honest significant difference (HSD) test. Bold 

p-values indicate combinations that differ significantly (p < 0.05). 

Variable  Seagrass 

(spring) 

Seagrass  

(autumn) 

Sponge 

(spring) 

Sponge  

(autumn) 

Association 

(spring) 

Association  

(autumn) 

NH4
+ 

 Seagrass (spring) x           

 Seagrass (autumn) 0.926 x         

 Sponge (spring) 0.077 0.012 x       

 Sponge (autumn) 0.941 1.000 0.021 x     

 Association (spring) 0.553 0.142 0.782 0.191 x   

 Association (autumn) 0.880 1.000 0.015 1.000 0.140 x 

NO3
- 

Seagrass (spring) x           

Seagrass (autumn) 0.082 x         

Sponge (spring) <0.001 <0.001 x       

Sponge (autumn) <0.001 <0.001 0.604 x     

Association (spring) 0.968 0.017 0.005 <0.001 x   

Association (autumn) 0.089 <0.001 0.274 0.013 0.330 x 

NO2
- 

Seagrass (spring) x           

Seagrass (autumn) 0.078 x         

Sponge (spring) 0.047 <0.001 x       

Sponge (autumn) 0.525 0.911 0.002 x     

Association (spring) 0.946 0.340 0.008 0.934 x   

Association (autumn) 0.045 1.000 <0.001 0.798 0.221 x 
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Table S5.11. Permutation-based analysis of variance (PERMANOVA) of daily DOC and DON fluxes ( mol g DW-1 d-1) on 

different community types, seasons, and their interaction. The table provides the degrees of freedom (Df), sum of squares 

(SS), proportion of variance explained (R²), pseudo-F statistics, and associated p-values (P(>F)) for each source of variation. 

Bold p-values (p < 0.05) indicate which factors contribute to differences in the measured variables. 

Variable Source of variation  Df SS R2 Pseudo-F P (>F) 

DOC 

Community 2 129813 0.69 28.25 0.001 

Season 1 52 0.00 0.02 0.870 

Community: Season 2 20703 0.11 4.51 0.039 

Residual 17 39058 0.21   

Total 22 189626 1.00   

DON 

Community 2 8131 0.85 14.33 0.001 

Season 1 39 0.00 0.67 0.366 

Community: Season 2 603 0.06 1.15 0.011 

Residual 16 763 0.08   

Total 21 9535 1.00   

 

 

 

 

 

 

 

 

Table S5.12. Adjusted p-values from multilevel pairwise comparisons of daily DOC and DON fluxes ( mol g DW-1 d-1) between 

community and season. The comparisons are performed using Tukey9s honest significant difference (HSD) test. Bold p-values 

indicate combinations that differ significantly (p < 0.05). 

Variable  Seagrass 

(spring) 

Seagrass  

(autumn) 

Sponge 

(spring) 

Sponge  

(autumn) 

Association 

(spring) 

Association  

(autumn) 

DOC 

 Seagrass (spring) x      

 Seagrass (autumn) 0.766 x     

 Sponge (spring) 0.007 <0.001 x    

 Sponge (autumn) 0.034 0.002 0.964 x   

 Association (spring) 0.074 0.005 0.831 0.998 x  

 Association (autumn) <0.001 <0.001 0.690 0.286 0.157 x 

DON 

Seagrass (spring) x 
     

Seagrass (autumn) 1.000 x 
    

Sponge (spring) <0.001 <0.001 x 
   

Sponge (autumn) <0.001 <0.001 0.054 x 
  

Association (spring) 1.000 1.000 <0.001 <0.001 x 
 

Association (autumn) 0.500 0.411 <0.001 <0.001 0.481 x 
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Table S5.13. Permutation-based analysis of variance (PERMANOVA) of O2 fluxes ( mol g DW-1 d-1) on different community 

types, incubation types, seasons, and their interactions. The table provides the degrees of freedom (Df), sum of squares (SS), 

proportion of variance explained (R²), pseudo-F statistics, and associated p-values (P(>F)) for each source of variation. Bold 

p-values (p < 0.05) indicate which factors contribute to differences in the measured variables. 

Source of variation  Df SS R2 Pseudo-F P (>F) 

Community 2 971.4 0.17 29.62 0.001 

Season 1 295.7 0.05 18.03 0.001 

Incubation 1 3426.4 0.61 208.98 0.001 

Community: Season 2 7.5 0.00 0.23 0.791 

Community: Incubation 2 211.1 0.04 6.44 0.005 

Season: Incubation 1 13.0 0.00 0.79 0.387 

Community: Season: Incubation 2 109.5 0.02 3.34 0.049 

Residual 36 590.2 0.10   

Total 47 5624.8 1.00   

 

 

 

 

 

 

 

 

Table S5.14. Adjusted p-values from multilevel pairwise comparisons of O2 fluxes between community and season. The 

comparisons are performed using Tukey9s honest significant difference (HSD) test. Bold p-values indicate combinations that 

differ significantly (p < 0.05). 

O2  
Seagrass 

(spring) 

Seagrass  

(autumn) 

Sponge 

(spring) 

Sponge  

(autumn) 

Association 

(spring) 

Association  

(autumn) 

Seagrass (spring) x      

Seagrass (autumn) 0.962 x     

Sponge (spring) 0.402 0.878 x    

Sponge (autumn) 0.036 0.220 0.840 x   

Association (spring) 0.992 1.000 0.758 0.137 x  

Association (autumn) 0.670 0.984 0.998 0.590 0.940 x 

 

 

 

 

Table S5.15. Permutation-based analysis of variance (PERMANOVA) of the nitrifying community abundance between sample 

type (sponge vs water column) and association type (associated vs non-associated). The table provides the degrees of 

freedom (Df), sum of squares (SS), proportion of variance explained (R²), pseudo-F statistics, and associated p-values (P(>F)) 

for each source of variation. Bold p-values (p < 0.05) indicate which factors contribute to differences in the measured 

variables. 

Source of variation Df SS R2 Pseudo-F P(>F) 

Sample  1 0.0013 0.11 3.5704 0.050 

Association  1 0.0001 0.05 0.1492 0.729 

Residual 29 0.0106 0.89   

Total 31 0.0120 1.00   

 

 

 

 

 

 

 


