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Abbreviations 
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Summary 

Seagrasses are marine flowering plants that inhabit coastal waters. Due to their high productivity, 

seagrass meadows provide important ecosystem services at the boundary between land and the ocean. 

At this position, they are impacted by local and global influences from land and sea. Especially human-

caused nutrient and organic matter input from land into coastal waters threaten seagrasses globally. 

Excess nutrients and organic material cause eutrophication in coastal waters. During the process of 

eutrophication, nutrients induce algal growth, which results in light limitation for the benthic 

community. The microbial degradation of the algal biomass consumes oxygen. Thus, oxygen may 

become limiting, further harming the benthic community. Globally, the intensive use of the coastal zone 

through urbanisation and agriculture alters the hydrology and biogeochemistry of watersheds which 

increases the nutrient runoff into the coastal zone. An emerging but previously underestimated source 

of nutrients in the coastal zone is the aquaculture industry. 

As overfishing progressively threatens wild fish stocks, aquaculture is considered an alternative source 

for animal protein to feed the world’s population. Globally, aquaculture production is steadily 

increasing; in 2018, aquaculture production was already similar to the global capture fisheries 

production. There is a strong concentration of aquaculture production in Asia, where 80% of the global 

yield is produced. Effluents, rich in nutrients and organic matter, are often directly discharged into the 

environment without prior treatment, inducing eutrophication and thus threatening coastal 

ecosystems. One ecosystem service of seagrass meadows is filtering nutrients from the water column, 

therefore mitigating eutrophication. Even though it is known that eutrophication causes seagrass loss, 

the trajectory and mechanisms involved in this process remain poorly understood. Furthermore, 

tropical seagrasses are understudied compared to temperate seagrasses, even though seagrass species 

diversity is highest in the tropical Indo-Pacific. 

This dissertation aimed to investigate the effect of aquaculture effluent induced eutrophication on 

tropical multispecies seagrass meadows and their inorganic nitrogen filter function in the short-term 

and the long-term. These effects were studied in NE of the tropical island Hainan, China. On land, a vast 

area is covered by coastal aquaculture ponds, while in the coastal back-reef area, multispecies seagrass 

meadows grow. Different seagrass meadows are subjected to different intensities and histories of 

aquaculture effluent input; therefore, these sites represent a natural laboratory to investigate the long-

term effects of aquaculture effluents. 

Three back-reef areas with different exposure to aquaculture effluent input were chosen to follow the 

long-term impact of eutrophication on seagrass meadows for nearly a decade. Overall, the 

aboveground seagrass biomass in the study area declined by 87% during this period. At sites directly 

and chronically affected by eutrophication, seagrass meadows nearly or completely disappeared. 
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Furthermore, species diversity was lower at these sites. In meadows only remotely and periodically 

affected by eutrophication, seagrass diversity remained stable. I modelled the empirical relationship 

between seagrass biomass and the dissolved inorganic nitrogen (DIN) concentration in the coastal 

water as a proxy for eutrophication. I found that above a threshold of 8 µM DIN concentration, seagrass 

meadows will disappear in the long-term. The large seagrass species Enhalus acoroides and Thalassia 

hemprichii seem to be more resistant to eutrophication as they were the last species found at sites 

chronically affected by aquaculture effluents. At the same time, the species Cyomdocea rotundata, 

Cymodocea serrulata, Halophila ovalis, Halodule uninervis, and Syringodium isoetifolium had already 

disappeared.  

To understand how eutrophication drives seagrass declines, I investigated the immediate responses of 

different seagrass species to eutrophication. Therefore, I artificially fertilized in an in situ experiment a 

part of a periodically eutrophied seagrass meadow in dry and wet season. After four weeks, I measured 

the morphological and physiological adaptions of different seagrass species to fertilization. In the dry 

season, seagrasses were nutrient-limited, as fertilization caused higher growth rates and larger leaf 

areas. In the wet season, the plants had lower growth rates and smaller leaf areas than in the dry 

season, probably induced by eutrophic conditions, including light limitation and high nitrogen 

concentrations in the water column caused by heavy rainfall. Since nutrient concentrations were 

already high in wet season, the artificial fertilization had little effect on the plant’s physiology and 

morphology. Only T. hemprichii morphologically further adapted to the additional nutrient enrichment.  

To sustain their high productivity, seagrasses need to take up nutrients from their environment. 

Seagrasses can mitigate eutrophication by taking up inorganic nutrients from the water column through 

their leaves. The same in situ experiment was conducted to investigate the impact of eutrophication on 

the inorganic nitrogen filter function of seagrasses. Inorganic nitrogen uptake rates of different seagrass 

species were quantified under different trophic conditions. Furthermore, the nitrogen demand for leaf 

growth was calculated from the leaf growth rates and the nitrogen content in the leaves. All species 

preferred ammonium over nitrate, but at low nitrogen availabilities, also nitrate was an important 

nitrogen source. The daily inorganic nitrogen uptake and the nitrogen demand normalised by leaf area 

did not differ between seasons, experimental treatments, and species. However, T. hemprichii covered 

less of its nitrogen demand by uptake through leaves. Conceivably, this species internally recycles 

nitrogen more efficiently than other species. This implies that eutrophication has a strong negative 

effect on the nitrogen filter function of seagrass meadows because it affects seagrass leaf growth and 

leaf biomass and, therefore, their nitrogen demand and uptake. Furthermore, the species composition 

shifted towards a species that covers less of its nitrogen demand by uptake from the water column.  
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Finally, the impact of eutrophication on the nitrogen retention time and nitrogen cycling in the 

ecosystem is discussed. Nitrogen bound in biomass is only temporarily retained and remains in the 

system. It can be remineralised and released again into the water. The retention time depends on 

biochemical and physical parameters, and eutrophication can accelerate nitrogen remineralisation. 

Therefore, once the nitrogen filter function of a seagrass meadow is surpassed, eutrophication is a self-

reinforcing process at multiple levels. In the short-term, it reduces seagrass growth and, therefore, the 

nitrogen demand. In long-term, it causes seagrass loss and a species shift towards a species with a less 

effective nitrogen filter function. Furthermore, it accelerates nitrogen cycling.  

To conclude, eutrophication caused by aquaculture effluents is a severe threat to seagrass meadows 

and, therefore, the release of nutrients into coastal waters needs to be reduced to conserve this 

important coastal ecosystem.
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Zusammenfassung 

Seegräser sind marine Blütenpflanzen, die in Küstengewässern vorkommen. Aufgrund ihrer hohen 

Produktivität erbringen Seegraswiesen an der Grenze zwischen Land und Meer wichtige 

Ökosystemleistungen. An dieser Schnittstelle werden sie durch lokale und globale Einflüsse vom Land 

und vom Meer her beeinflusst. Insbesondere der vom Menschen verursachte Eintrag von Nährstoffen 

und organischem Material vom Land in die Küstengewässer bedroht Seegraswiesen weltweit. Ein 

Überschuss an Nährstoffen und organischem Material im Wasser führt zur Eutrophierung. Während 

des Prozesses der Eutrophierung fördern die Nährstoffe Algenwachstum, was zu einer Lichtlimitierung 

der benthischen Gemeinschaft führt. Die mikrobielle Zersetzung der Algenbiomasse verbraucht 

Sauerstoff. Dadurch kann es zu Sauerstoffmangel kommen, wodurch die benthische Gemeinschaft 

weiter geschädigt wird. Weltweit verändert die intensive Nutzung der Küstengebiete durch 

Verstädterung und Landwirtschaft die Hydrologie und Biogeochemie der Wasserscheiden und erhöht 

den Nährstoffabfluss in die Küstengebiete. Eine aufkommende, aber bisher unterschätzte Quelle für 

Nährstoffe in der Küstenzone ist die Aquakultur.  

Da die Überfischung die Wildfischbestände zunehmend bedroht, gilt die Aquakultur als alternative 

Quelle für tierisches Protein zur Ernährung der Weltbevölkerung. Weltweit nimmt die 

Aquakulturproduktion stetig zu; im Jahr 2018 war die Aquakulturproduktion bereits ähnlich hoch wie 

die weltweite Fischereiproduktion. Die Aquakulturproduktion ist stark auf Asien konzentriert, wo 80% 

des weltweiten Ertrags erzeugt wird. Die nährstoffreichen und mit organischen Stoffen angereicherten 

Abwässer werden oft ohne vorherige Klärung direkt in die Umwelt eingeleitet, wo sie zu Eutrophierung 

führen und so Küstenökosysteme bedrohen. Eine wichtige Ökosystemleistung von Seegraswiesen ist 

die Filterung von Nährstoffen aus der Wassersäule, wodurch Eutrophierung vermindert wird. Obwohl 

bekannt ist, dass Eutrophierung zum Verschwinden von Seegraswiesen führt, sind der genaue Verlauf 

und die daran beteiligten Mechanismen nur unzureichend bekannt. Darüber hinaus sind tropische 

Seegräser im Vergleich zu Seegräsern der gemäßigten Breiten nur unzureichend erforscht, obwohl die 

Artenvielfalt der Seegräser im tropischen Indopazifik am größten ist. 

Ziel dieser Dissertation ist es, die kurz- und langfristigen Auswirkungen der durch Aquakulturabwässer 

verursachten Eutrophierung auf tropische Seegraswiesen und deren anorganische 

Stickstofffilterfunktion zu untersuchen. Als Untersuchungsgebiet wurde der Nordosten von Hainan im 

Südchinesischen Meer gewählt. An Land wird ein großes Gebiet von küstennahen Aquakulturteichen 

eingenommen, während im küstennahen Rückriffgebiet artenreiche Seegraswiesen wachsen. Die 

verschiedenen Seegraswiesen sind unterschiedlich stark mit Aquakulturabwässern belastet; daher ist 

dieser Ort ein natürliches Labor zur Untersuchung der langfristigen Auswirkungen von 

Aquakulturabwässern.  
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Es wurden drei Rückriffgebiete mit unterschiedlicher Belastung durch Aquakulturabwässer ausgewählt, 

um die langfristigen Auswirkungen von Eutrophierung auf Seegraswiesen über einen Zeitraum von fast 

zehn Jahren zu verfolgen. Insgesamt ging die Seegrasblattbiomasse im Untersuchungsgebiet während 

dieses Zeitraums um 87% zurück. An Standorten, die direkt und chronisch von der Eutrophierung 

betroffen waren, verschwanden Seegraswiesen größtenteils oder vollständig. Außerdem war die 

Artenvielfalt an diesen Standorten geringer. In Wiesen, die nur entfernt und periodisch von 

Eutrophierung betroffen waren, war die Seegrasvielfalt unverändert. Ich habe daher den empirischen 

Zusammenhang zwischen der Seegrasblattbiomasse und der Konzentration von gelöstem 

anorganischem Stickstoff (DIN) im Küstenwasser, einem Indikator für Eutrophierung modelliert. Dabei 

habe ich herausgefunden, dass Seegraswiesen ab einem Schwellenwert von 8 µM DIN langfristig 

verschwinden werden. Die großen Seegrasarten Enhalus acoroides und Thalassia hemprichii scheinen 

resistenter gegenüber Eutrophierung zu sein, da sie die letzten Arten waren, die an den von Aquakultur 

betroffenen Standorten vorkamen. Dagegen waren zu diesem Zeitpunkt die Arten Cyomdocea 

rotundata, Cymodocea serrulata, Halophila ovalis, Halodule uninervis und Syringodium isoetifolium 

bereits verschwunden. 

Um zu verstehen, wie Eutrophierung den Rückgang der Seegrasbestände verursacht, habe ich die 

unmittelbaren Reaktionen verschiedener Seegrasarten auf Eutrophierung untersucht. Dazu habe ich 

einen In situ-Versuch durchgeführt und einen Teil einer zeitweise eutrophierten Seegraswiese in der 

Trocken- und in der Regenzeit künstlich gedüngt. Nach vier Wochen habe ich die morphologischen und 

physiologischen Anpassungen der verschiedenen Seegrasarten an die Düngung gemessen. Die 

Seegräser waren in der Trockenzeit nährstofflimitiert, denn die Düngung führte zu höheren 

Wachstumsraten und einer größeren Blattfläche. Im Vergleich zur Trockenzeit wiesen die Pflanzen in 

der Regenzeit geringere Wachstumsraten und eine geringere Blattfläche auf, was auf eutrophe 

Bedingungen wie Lichtlimitierung und hohe Stickstoffkonzentrationen in der Wassersäule infolge 

starker Regenfälle zurückzuführen ist. Da die Nährstoffkonzentrationen in der Regenzeit bereits hoch 

waren, hatte die künstliche Düngung kaum Auswirkungen auf die Physiologie und Morphologie der 

Pflanzen. Nur T. hemprichii passte sich morphologisch weiter an die zusätzliche Düngung an.  

Um ihre hohe Produktivität aufrechtzuerhalten, müssen Seegräser Nährstoffe aus ihrer Umgebung 

aufnehmen. Indem sie über ihre Blätter anorganische Nährstoffe aus der Wassersäule aufnehmen, 

können Seegräser die Eutrophierung abmildern. Um die Auswirkungen der Eutrophierung auf die 

Filterfunktion für anorganischen Stickstoff zu untersuchen, wurde derselbe In situ-Versuchsaufbau 

genutzt. Unter verschiedenen trophischen Bedingungen wurden die Aufnahmeraten von 

anorganischem Stickstoff bei verschiedenen Seegrasarten quantifiziert. Darüber hinaus wurde der 

Stickstoffbedarf für das Blattwachstum aus den Blattwachstumsraten und dem Stickstoffgehalt in den 
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Blättern berechnet. Alle Arten bevorzugten Ammonium gegenüber Nitrat, doch bei geringer 

Stickstoffverfügbarkeit war auch Nitrat eine wichtige Stickstoffquelle. Die tägliche anorganische 

Stickstoffaufnahme und der Stickstoffbedarf, normiert auf die Blattfläche, unterschieden sich nicht 

zwischen den Jahreszeiten, Versuchsreihen und Arten. Allerdings deckte T. hemprichii einen geringeren 

Teil seines Stickstoffbedarfs durch die Stickstoffaufnahme über die Blätter. Es ist denkbar, dass diese 

Art Stickstoff intern effizienter recycelt als andere Arten. Dies bedeutet, dass sich die Eutrophierung 

stark negativ auf die Stickstofffilterfunktion von Seegraswiesen auswirkt, da sie das Wachstum der 

Seegrasblätter und die Blattbiomasse und damit den Stickstoffbedarf beeinflusst. Außerdem verschiebt 

sich die Artenzusammensetzung in Richtung einer Art, die weniger Stickstoff aus der Wassersäule 

aufnimmt. 

Des Weiteren werden die Auswirkungen von Eutrophierung auf die Stickstoffspeicherzeit und den 

Stickstoffkreislauf im Ökosystem erörtert. Der in Biomasse gebundene Stickstoff wird nur 

vorübergehend gebunden und verbleibt im System. Er kann remineralisiert und wieder ins Wasser 

abgegeben werden. Die Verweilzeit hängt von verschiedenen biochemischen und physikalischen 

Parametern ab, und die Eutrophierung kann die Remineralisierung beschleunigen. Daher ist 

Eutrophierung, sobald die Stickstofffilterfunktion von Seegraswiesen überschritten ist, ein sich selbst 

verstärkender Prozess auf mehreren Ebenen. Kurzfristig verringert Eutrophierung das 

Seegraswachstum und damit den Stickstoffbedarf. Langfristig führt Eutrophierung zum Verlust von 

Seegras und zu einer Verschiebung der Arten hin zu Arten mit einer weniger effektiven 

Stickstofffilterfunktion. Außerdem beschleunigt Eutrophierung den Stickstoffkreislauf.  

Zusammenfassend ist festzustellen, dass die durch Aquakulturabwässer verursachte Eutrophierung 

eine ernsthafte Bedrohung für Seegraswiesen darstellt und daher die Freisetzung von Nährstoffen in 

die Küstengewässer reduziert werden muss, um dieses wichtige Küstenökosystem zu erhalten. 
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1.1 Coastal ecosystems under pressure 

Tropical coastal ecosystems include seagrasses, mangroves, and coral reefs which are among the most 

productive and biodiverse ecosystems on earth (Duarte and Cebrián, 1996; Groombridge and Jenkins, 

2003). Located at the boundary between land and ocean, these ecosystems are prone to disturbances, 

as they are impacted by processes both on land as well as in the ocean. These coastal ecosystems fulfil 

a multitude of ecosystem services, including the protection of the coastline, the provision of habitat 

and nursery grounds for economically important species (Barbier et al., 2011), the control of pollution, 

and the biogeochemical cycling of nutrients and other elements (Cullen-Unsworth and Unsworth, 2013; 

Vo et al., 2012; Woodhead et al., 2019). The human population benefits from these ecosystem services. 

Therefore, the highly productive and highly valued coastal zone attracts people. Coastal areas are three 

times more densely populated than non-coastal areas (Small and Nicholls, 2003) and even denser in 

low-elevation coastal zones in Asia (Neumann et al., 2015). The high density is generally a result of the 

highly productive coastal ecosystems which sustain the livelihoods of coastal communities (Salafsky and 

Wollenberg, 2000). However, the intensive use of the coastal zone changes the environment on 

multiple levels. Land-use change influences the hydrology and biogeochemistry of watersheds and thus 

also of the water effluents received by coastal ecosystems, leading to severe environmental 

degradation (Grimm et al., 2008). Despite their importance, coastal ecosystems are severely threatened 

by numerous global and local human pressures (Halpern et al., 2019). Global pressures include rising 

sea surface temperatures, ocean acidification, and sea-level rise, in addition to local pressures related 

to fisheries and pollution, including nutrient and organic pollution (Halpern et al., 2019). The 

construction and operation of coastal aquaculture ponds is one example of how land use in the coastal 

zone severely impacts coastal ecosystems (FAO, 2020; Wang et al., 2020).  

1.2 Aquaculture and the global demand for protein 

The global population has grown by two billion in the last ten years, causing a tremendous increase in 

the global protein demand (United Nations, 2019). Fish and other aquatic resources are one of the 

prime protein sources in the world. Between 1961 and 2017, global fish consumption increased nearly 

twice as fast as the global population, reaching an annual consumption of 20.5 kg of fish per capita in 

2018 (FAO, 2020). On average, 17% of animal protein consumed globally was derived from fish in 2017. 

In some of the least developed countries like Bangladesh, fish accounted for 50% of animal protein 

consumed (FAO, 2020). This highlights the importance of fish and other aquatic species for world 

nutrition. However, despite increasing catch effort, fisheries landings have been declining slowly since 

the late 1980s due to the overexploitation of many commercially important species (Pauly et al., 2002). 

In 2017, 34% of all commercial fish stocks were overfished, with an increasing trend (FAO, 2020). The 
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mismatch between a globally increasing consumption and decreasing catches has been attenuated with 

the production of animal protein by the aquaculture industry. Since 2016, aquaculture production 

accounts for approximately 46% of the world fish production (FAO, 2020) (Figure 1).  

 

Figure 1: Global capture fisheries, aquaculture production, population, and fish consumption per capita. 
Modified from FAO, 2020. 

Mariculture includes offshore and inshore aquaculture, which grows organisms in nets, pens, or 

attached to structures in the sea, and coastal aquaculture, which grows organisms in coastal ponds 

using seawater. Global aquaculture production is dominated by Asian countries, where 80% of the 

coastal aquaculture yield is produced (FAO, 2020). Specifically, China is responsible for 20% of fin fish, 

30% of crustaceans, and 83% of molluscs produced globally in mariculture (FAO, 2020). Besides protein, 

the aquaculture industry provides and secures jobs and livelihoods in rural, coastal communities in 

developing countries (Hishamunda et al., 2009; Primavera, 2006). However, unsustainable coastal 

aquaculture replacing mangrove forests is vulnerable to coastal erosion and flooding, threatening the 

income, safety, and food-safety of the coastal communities (van Wesenbeeck et al., 2015). 

Furthermore, unsustainable aquaculture is a major source of nutrient pollution. In China, the amount 

of nutrients released from mariculture into the coastal zone is similar to the nutrients released by rivers 

(Wang et al., 2020). 
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1.3 Environmental impacts of coastal and marine aquaculture  

In many Central Indo-Pacific countries, traditional coastal aquaculture has existed for centuries. 

However, its rapid expansion and intensification during the second half of the 20th century threaten 

natural coastal ecosystems. Globally, one-third of all mangrove forests is already destroyed, and one-

third of the destroyed area was converted into aquaculture ponds (Valiela et al., 2001). With the 

mangroves, the biodiversity and ecosystem services, including coastal protection, are lost (Carugati et 

al., 2018). Additionally, to habitat destruction, most aquaculture ponds lack proper effluent treatment 

systems. Therefore, excess nutrients, including nitrogen and phosphorus, and organic material from 

feed and faeces are often directly discharged into coastal waters (Li et al., 2011), where they induce 

eutrophication which threatens seagrasses and coral reefs (Herbeck et al., 2014; Roder et al., 2013). 

During the process of eutrophication, the benthic community is exposed to different stressors. At the 

beginning of the process, there is increased availability of nutrients in the water column, which induces 

excess algal growth and decreases light availability for the benthic phototrophic community 

(Burkholder et al., 2007 and references within). Dead algal biomass and high nutrient availability trigger 

the microbial decomposition of labile organic matter (McGlathery et al., 2007; Takasu and Uchino, 

2021). During the microbial degradation, dissolved oxygen concentrations decline, causing hypoxic and 

anoxic conditions that harm benthic flora and fauna (Diaz and Rosenberg, 1995) and alter the 

biogeochemical processes. Furthermore, the anoxic conditions promote the formation of toxic 

sulphides in the sediments (Govers et al., 2014). During microbial decomposition, nutrients are again 

released in inorganic forms, ready for uptake by primary producers (Banta et al., 2004). These 

conditions harm the benthic phototrophic community, including seagrasses and benthic macroalgae. 

Finally, in the long-term, the dominance of a system shifts from large benthic macrophytes (e.g. 

seagrasses or perennial macroalgae) to ephemeral macro- and microalgae (McGlathery, 2001).  

The amount of nitrogen and phosphorus discharged into the environment already exceed the earth’s 

calculated carrying capacity and therefore pose the risk of destabilising the earth in the stable 

Holocene-state (Steffen et al., 2015). Nevertheless, the amount of released nutrients is steadily 

increasing (Beusen et al., 2016; Seitzinger et al., 2010; van Drecht et al., 2009), with adverse effects on 

the receiving aquatic ecosystems (Diaz and Rosenberg, 2008; Rabalais et al., 2010, 2009). The released 

nutrients originate from many different sources, namely agricultural fertilizers and manure, life stock, 

industrial waste, human wastewater, and aquaculture (Malone and Newton, 2020). In China, the 

country with the highest aquaculture production, the nitrogen released from freshwater and marine 

aquaculture was estimated to be 1.6 Tg in 2017 (Wang et al., 2020), which is equivalent to 25% of the 

nitrogen globally released from human sewage into coastal ecosystems (Tuholske et al., 2021). 
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1.4 Seagrasses 

Seagrasses are marine plants that inhabit coastal waters. They belong to the monocotyledons, evolved 

from terrestrial plants (Janssen and Bremer 2004; Les et al. 1997; Waycott et al. 2006), and have 

recolonized marine habitats requiring them to adapt to a saline (Touchette, 2007) and hydrodynamic 

environment. As autotrophs, seagrasses are impacted by slower diffusion rates in water than in air and 

therefore by a limited supply of CO2 as well as by the attenuated and altered solar spectrum (Beer et 

al., 2014). In addition to root uptake, seagrasses have adapted to absorb nutrients from the water 

column through their leaves (Stapel et al., 1996; Viana et al., 2019).  

Seagrasses grow along the coast of all continents except Antarctica and, with only 60 recognized 

species, their taxonomic diversity is low (Short et al., 2007). In the tropical Indo-Pacific, seagrass 

diversity is highest, with approximately 24 species (Short et al., 2007). The global seagrass distribution 

is estimated between 160 387 km2 and 266 562 km2 (McKenzie et al., 2020).  

1.5 Threats to seagrass survival 

Seagrass meadows are globally declining (Dunic et al., 2021; Waycott et al., 2009). The loss rates are, 

however, variable among regions. In Europe, seagrass loss rates were high in the early 20th century but 

have stabilized since, and the extend of seagrass cover is currently increasing (de los Santos et al., 2019; 

Dunic et al., 2021). In contrast, in the tropical Indo-Pacific, the area covered by seagrass meadows 

declines slowly but steadily (Dunic et al., 2021). While in the temperate North Atlantic, a 90% loss of 

Zostera marina meadows in the early 1930s caused by wasting disease had a severe impact on the local 

seagrass distribution (Muehlstein, 1989), regions with higher biodiversity like the tropical Indo-Pacific 

are considered to be more resilient (Unsworth et al., 2015). Unfortunately, the surveyed area in the 

tropical Indo-Pacific is much smaller compared to other regions (Short et al., 2007), indicating a data 

gap and possible underestimation of the loss rates (Dunic et al., 2021).  

The distribution dynamics of seagrasses depend on local and global stressors, their potential 

interaction, and the resistance and recovery of the seagrass, i.e. their resilience (O’Brien et al., 2018). 

Globally, the main driver of seagrass loss is the deterioration of the water quality, primarily caused by 

excess nutrients (Dunic et al., 2021). Recent models find that 88% of all seagrass meadows are exposed 

to nitrogen from human sewage (Tuholske et al., 2021). 

1.6 Eutrophication – a threat to seagrass meadows 

Seagrasses need nutrients to support their high primary productivity. Under nutrient-deficient 

conditions, nutrient addition may increase growth rates and biomass of seagrasses (Agawin et al., 1996; 

Burkholder et al., 1994; Lee and Dunton, 1999; Short, 1987; Udy et al., 1999; Williams, 1990). However, 

in excess, nutrients like nitrogen and phosphorus cause eutrophication, leading to the degradation of 
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seagrass meadows (Burkholder et al., 2007). These excess nutrients can be imported into the ecosystem 

as inorganic nitrogen and phosphorus or as a product of bacterial remineralisation of organic material 

(Jessen et al., 2015). Under eutrophic conditions, seagrasses are subject to multiple stressors, including 

light limitation, as the excess nutrients induce the propagation of other autotrophs like phytoplankton, 

epiphytic algae, and macroalgae (Burkholder et al., 2007). This limits the light availability for benthic 

macrophytes (Krause-Jensen et al., 2008; Silberstein et al., 1986). Furthermore, depending on the 

species, exposure to excess NH4
+ can have negative physiological effects (Brun et al., 2008, 2002; 

Christianen et al., 2011; van der Heide et al., 2008; van Katwijk et al., 1997). 

The increased bacterial remineralisation of organic material during eutrophication can lead to hypoxic 

conditions in the water column and in the sediment (Diaz and Rosenberg, 1995). Additionally, organic 

material in the sediment increases the concentration of H2S in the porewater (Govers et al., 2014). Both 

processes harm seagrass. However, seagrasses can thrive in anoxic sediments with high concentrations 

of organic material and H2S because a part of the photosynthetically produced oxygen is used to oxidise 

H2S into less harmful forms (Brodersen et al., 2015; Hasler-Sheetal and Holmer, 2015). This oxygen also 

diffuses passively from young growing roots into the sediment, where it creates a thin oxic-layer hosting 

sulphide-oxidizing bacteria (Frederiksen and Glud, 2006; Martin et al., 2019). However, light limitation, 

as during eutrophication, impedes this mechanism as photosynthetic rates and oxygen production are 

reduced. Therefore, eutrophication is a major threat to seagrasses globally.  

1.7 Aquaculture effluents induce eutrophication and seagrass loss 

The discharge of untreated effluents from aquaculture facilities causes eutrophication in the receiving 

water bodies (Herbeck et al., 2014; Zhang et al., 2014). Floating fish cages have caused large scale 

seagrass declines of Posidonia oceanica in the Mediterranean, first at the local level, and gradually 

extending to adjacent locations (Apostolaki et al., 2009b; Díaz-Almela et al., 2008; Holmer et al., 2008; 

Ruiz et al., 2001; Telesca et al., 2015). In the Philippines, the long-term exposure to excess nutrients 

from floating cages resulted in the complete disappearance of a seagrass meadow 30 m away from the 

cages, and seagrass species and shoot density loss 300 and 400 m away from the cages (Tanaka et al., 

2014). 

Seagrasses affected by aquaculture effluents show typical physiological and morphological responses 

to eutrophication (Burkholder et al., 2007; Holmer et al., 2008; Pérez et al., 2008). On the meadow 

scale, they have lower shoot densities, lower leaf area, lower biomass, lower species diversity, and high 

epiphyte biomass (Apostolaki et al., 2009b; Herbeck et al., 2014). At the physiological level, seagrass 

plants have a similar nitrogen isotopic composition in the leaf tissue as the effluents, higher leaf 

concentrations of total nitrogen and total phosphorus, reduced carbohydrate reserves in the 
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belowground biomass, and lower growth rates (Apostolaki et al., 2009b; Invers et al., 2004; Zhang et 

al., 2014).  

1.8 The nutrient filter function of seagrasses 

Since seagrasses assimilate nutrients from the water column, they act as natural nutrient filters that 

can mitigate eutrophication (Aoki et al., 2020). Seagrasses meet their nitrogen demand by the uptake 

of organic and inorganic nitrogen through aboveground and belowground tissue  (Touchette and 

Burkholder, 2000a). As NH4
+ uptake requires less energy compared to uptake of other sources, if 

present, NH4
+ is preferred over other nitrogen forms (Touchette and Burkholder, 2000b; Viana et al., 

2019). In theory, seagrass uptake depends on the substrate concentration and usually follows the 

Michaelis-Menten kinetics (Figure 2) (Touchette and Burkholder, 2000a). When the substrate 

concentration is low, it is linearly correlated to the uptake rate, but with increasing substrate 

concentration, the uptake rate levels off (Figure 2) due to the limited availability of enzymes. However, 

this only is true under laboratory conditions with a single substrate supplied. Under natural conditions, 

seagrasses are exposed to a multitude of different factors that affect uptake rates. First, the plants are 

exposed to a pool of different nutrients that influence the uptake of other nutrients. For example, at 

high NO3
- concentrations, NH4

+ uptake rates of Zostera noltii are increased, while NO3
- uptake rates are 

suppressed (Alexandre et al., 2010). 

 

 

Figure 2: Theoretical nutrient uptake curve, according to Michaelis-Menten kinetics (adapted from 
Touchette and Burkholder, 2000). Vmax is the maximum uptake rate, Km is the half-saturation constant, 
α is the uptake affinity, Smin is the minimum substrate concentration for uptake. 

Second, the leaf uptake can vary seasonally. Nitrate pulses to simulate upwelling increased Z. marina’s 

nitrate leaf uptake and photosynthesis in winter, but not in spring (Sandoval-Gil et al., 2019).  

Third, the ratio between uptake through leaves and through roots differs between species and 

environmental conditions (Iizumi and Hattori, 1982; Nayar et al., 2018, 2010; Zhang et al., 2011). In 
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general, at low nutrient concentrations in the water column, nutrients are preferentially taken up 

through the roots, while under high nutrient concentrations, nutrients are taken up through the leaves 

(Alexandre and Santos, 2020a; Iizumi and Hattori, 1982; Nayar et al., 2010, 2018; Zhang et al., 2011). 

Apart from substrate concentration, the impact of environmental factors on seagrass nutrient uptake 

is complex and poorly understood. The uptake can be diffusion-limited, therefore, stronger turbulence 

and flow can increase uptake rates in Z. noltii (Gillis et al., 2017). Since the uptake is an energy-

consuming process, uptake rates can also depend on light availability. Uptake in the dark has only been 

studied for two seagrass species, Z. noltii and Thalassia testudinum (Alexandre et al., 2015; Lee and 

Dunton, 1999).  

Estimates for the potential of seagrasses to mitigate eutrophication considering differing uptake rates 

in darkness and the effect of nutrient availability on uptake rates are lacking. Furthermore, to a certain 

extent, seagrasses can internally recycle nutrients by resorption from older leaves (Stapel et al., 2001). 

The resorption is also affected by nutrient availability (Stapel and Hemminga 1997), which further 

impacts the eutrophication mitigation potential of seagrasses. In summary, nutrient uptake rates and, 

therefore, the mitigation potential of seagrass to eutrophication can vary considerably between 

different environmental conditions, for example between seasons. 

1.9 Knowledge gaps, aims and outline of the thesis  

It has been widely reported that aquaculture effluents cause eutrophication (Bouwman et al., 2013; 

Herbeck et al., 2013; Wang et al., 2020), threatening coastal ecosystems, including seagrasses (Herbeck 

et al., 2014; Ruiz et al., 2001). However, the increasing global demand for products derived from 

aquaculture is causing further growth of coastal aquaculture worldwide (Akber et al., 2020; FAO, 2020).  

As a result of coastal urbanization and, among others, aquaculture, eutrophication is one of the major 

drivers of seagrass loss in the world (Dunic et al., 2021). Even though the principal mechanisms leading 

to seagrass loss by eutrophication have been identified (Burkholder et al., 2007), little is known about 

the consequences of the long-term exposure of seagrasses to eutrophication. Furthermore, factors 

influencing the pace and magnitude of seagrass degradation and their resilience against eutrophication 

remain unknown. Seagrass meadows are widely seen as natural filters of terrestrial nutrients and 

organic matter and mitigate eutrophication, but little is known about their nutrient uptake efficiency 

and filter capacity. The impact of environmental stressors on their nutrient filtering function remains 

unknown. The sustainable development goals 14.1 ‘Reduce Marine Pollution’, 14.2 ‘Protect and restore 

ecosystems’, and 14.5 ‘Conserve coastal and marine areas’ of the United Nations specifically target the 

issues of marine nutrient pollution, the sustainable use of marine ecosystems, and the strengthening 

of their resistance. To achieve these goals, eutrophication thresholds and understanding the dynamics 

in the filter capacity of seagrass meadows are critically needed. 
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This thesis aims to investigate how eutrophication caused by aquaculture pond effluents affects 

seagrass meadows, their biodiversity, their ecological functions, and their resistance in the short- and 

long-term. In order to investigate the effects of aquaculture effluents and eutrophication on seagrasses, 

NE Hainan in China was chosen as the study site. Records show that aquaculture activities and effluents 

in the area started as early as the 1960s (Fu et al., 2021; Herbeck et al., 2020).  

I selected three geomorphologically similar sites where mixed seagrass meadows were subjected to a 

range of aquaculture effluents, from periodically and remotely affected to heavily and chronically 

impacted by eutrophication. The selected seagrass meadows were at similar water depths, eliminating 

depth effects as, e.g. light attenuation. The study area served as a future-laboratory to study seagrass 

responses to nutrient and organic material input due to different levels of long-term impact of 

aquaculture-derived eutrophication at the different sites. Furthermore, the investigations in 2017 were 

based on previous research on the same seagrass meadows in 2008 and 2009 (Herbeck et al., 2014). 

The records show a high seagrass biodiversity with seven seagrass species growing in mixed seagrass 

meadows, enabling the investigation of species-specific responses to eutrophication (Herbeck et al., 

2014).  

This study could serve as a warning example to Indo-Pacific regions if, like predicted, coastal 

aquaculture grows without regulation (FAO, 2020). The research questions selected for this dissertation 

aim to assess the effects of eutrophication on seagrass meadows on different organizational and time 

scales, ranging from species-specific responses to ecosystem-level processes, in the short- as well as in 

the long-term. The following specific research questions were addressed: 

1) What are the short-term morphological and physiological adaptions of seagrasses to nutrient 

enrichment and eutrophication? Are the responses species-specific? 

2) What are the long-term consequences of eutrophication caused by pond aquaculture effluents 

on seagrasses and the ecosystem level? 

3) Does a threshold nutrient concentration exist for the long-term exposure to eutrophication 

above which seagrasses will disappear?  

4) How do nutrient enrichment and eutrophication affect the inorganic nitrogen uptake of 

different seagrass species? Is one species specifically efficient in removing nutrients from the 

water column? 

5) How does eutrophication affect the nitrogen filter function on the ecosystem level, considering 

the short- and long-term impacts on the seagrass? 

6) What are further potential implications of eutrophication for nitrogen cycling in the seagrass 

ecosystem? 
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To answer these research questions, short-term experiments and long-term observations were 

conducted. To assess research question one, an in situ fertilization experiment was set up for four 

weeks in two different seasons at the site least affected by aquaculture effluents. Various 

biogeochemical and ecological parameters and the species-specific physiological and morphological 

adaptions of seagrasses to environmental conditions were assessed. The results are presented and 

discussed in Chapter 2.  

To answer research question two, I conducted an observational study investigating the long-term 

effects of eutrophication on a seagrass ecosystem. Therefore, I compared seagrass species and biomass 

distribution with biogeochemical and ecological parameters at the three sites with different degrees of 

exposure to aquaculture effluents (Chapter 3).  

To study research question three, I used inferential statistics to test the effect of eutrophication on 

seagrass abundance and identified a eutrophication threshold above which the seagrasses are likely to 

disappear in the long-term (Chapter 3).  

In Chapter 4, I used the same manipulative experiment as in Chapter 2 to quantify inorganic nitrogen 

uptake rates using labelled inorganic nitrogen. I investigated uptake rates of several seagrass species 

under different trophic conditions to answer research question four.  

In the final Chapter 5, I answer research question five, synthesise the findings of the preceding chapters, 

and compile the impact of short- and long-term exposure to eutrophication on the seagrass ecosystem 

and its implications for the coastal zone. Moreover, I address research question six and discuss the 

potential environmental implications of eutrophication on the filter function of seagrasses. 

1.10 Study area 

The study area is in the NE of the Chinese island of Hainan (Figure 3). The fieldwork was carried out 

during three sampling campaigns between March 2016 and November 2017. The area of the three 

study sites, Yelin, Changqi, and Qingge, extends along ~30 km of the coastline. In the north of the study 

area, Bamen Bay, a shallow estuary with an area of 40 km2, is fed by the Wenchang and the Wenjiao 

river. Bamen Bay connects to the sea through a narrow channel south of the study site Yelin. The coastal 

zone and the first 5-10 km in the hinterland are flat with a low elevation of < 50 m above sea level. 

Aquaculture ponds occupy large areas in this low-elevation zone. In 2009, aquaculture ponds occupied 

a total area of 3587 ha and there is a considerable amount of floating fish cages in the 

Wenchang/Wenjiao estuary (Herbeck et al., 2020). Most ponds were built between 1966 and 2009, 

with the rate of expansion in the study area slowing down in 2000 (Herbeck et al., 2020). However, in 

the Wenchang county the aquaculture pond area was still expanding in 2018 (Fu et al., 2021). Between 

1966 and 2009, 1917 ha of aquaculture ponds replaced mangrove forest, therefore, accounting for 63% 

of the mangrove loss in the study area (Herbeck et al., 2020).  
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The three sites Yelin, Changqi, and Qingge, differ in the areal extend of aquaculture ponds in the 

hinterland, with Yelin having the lowest and Changqi the highest aquaculture extent (Table 1). A 

coconut palm forest occupied the coastal land in Yelin. Seawards to all sites, fringing coral reefs form 

shallow (<3 m) sheltered back-reef areas of different sizes (Table 1). The semi-diurnal tides range 

between 1-2 m at neap and spring tide. While parts of the intertidal zone are dry during low tide in 

Changqi, this is not the case for Yelin and Qingge.  

 

Figure 3: Map of the study area in Hainan and the study sites in detail. 

 

Table 1: Site characteristics. 

  Yelin Qingge Changqi 
Latitude (N) 19° 31.3'  19°19.7'  19°27.2'  
Longitude (E) 110° 51.9'  110°41.3'  110°47.8'  
Distance between coast and reef (km) 0.8 1 3 
Back-reef area (km²) 1.5 8.4 23.2 
Aquaculture pond area (km²) 0.04 2.4 8.7 
Pond aquaculture effluent impact  low medium high 

 

Hainan lies in the South China Sea in the northern margins of the tropics. Hainan’s climate is 

characterized by tropical monsoons with a dry season from November to April and a wet season from 

May to October (Figure 4). The wet season is characterised by more daily sunshine hours and higher 

sea surface temperature compared to the dry season (Figure 4). The annual rainfall is 1500-2000 mm. 
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Between July and October, seven typhoons hit Hainan on average (Lu et al., 2015), inducing heavy 

rainfall, which contributes 35-60% to the annual precipitation (Huang, 2003). Figure 5 shows the daily 

precipitation relevant to the different experiments. Although both experiments described in Chapters 

2 and 4 were technically carried out in wet season, precipitation during the first experiment (April-May) 

was as low as in dry season and much lower than in the second experiment (September-October). 

Therefore, I used the term ‘dry season’ for the first experiment and ‘wet season’ for the second 

experiment. In Chapter 3, I used the terms ‘spring’(March-April) and ‘autumn’ (August-September). 

 

Figure 4: Long-term monthly averages of A) Sea surface temperature (SST), B) Average daily hours of 
sunshine and monthly precipitation. SST was retrieved from the Integrated Climate Data Center 
('Integrated Climate Data Center', 2017). Data for B was retrieved from the China Meteorological 
Information Centre for the Qionghai weather station (~50 km SW of Yelin). 
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Figure 5: Detailed precipitation during the sampling campaigns. The blue squares indicate when the 
samples for the different chapters were taken, divided by chapters of this thesis.  
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1.11 Publication overview  

I contributed to the chapters to different degrees. My contributions can be found in Table 2.  

Table 2: Contribution of the candidate in % of the total workload. In all chapters, the candidate is the 
first author.  

Chapter 
Concept/ 

design 

Data 

acquisition 

Data analysis/ 

interpretation 

Figures/

tables 

Drafting of 

manuscript 
State of publication 

2 70 80 90 100 90 Under review in 

Estuarine, Coastal and Shelf 

Science  

3 30 50 90 90 90 Published in  

Marine Environmental research 

https://doi.org/10.1016/j.mare

nvres.2020.104986 

4 80 80 90 100 90 In preparation 
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Abstract 
Seagrasses are considered one of the most rapidly declining ecosystems in the world. One of the main 
reasons for this decline is eutrophication during which anthropogenic impacts, including light 
deprivation and nutrient enrichment often result in cumulative stress for seagrasses. Chronic 
eutrophication of coastal waters on the tropical Chinese island of Hainan caused by long-term 
aquaculture effluent input resulted in a massive loss in seagrass abundance and diversity. In order to 
understand the processes leading to this loss we tested how a four-week in situ fertilisation affected 
traits of a multispecies seagrass community in two seasons with different trophic conditions. A temporal 
alleviation from the chronic eutrophication occurs in dry season. During that time, nutrient addition 
increased seagrass growth rates of all species under high light availability and oligotrophic conditions. 
Furthermore, fertilisation led to a greater leaf area per shoot in Cymodocea serrulata and Cymodocea 
rotundata. Our results indicate that fertilisation is less harmful to seagrasses under saturating light 
conditions, for example, when rapid water exchange limits eutrophication caused by the introduced 
nutrients. In contrast, under eutrophic conditions in wet season, growth and leaf area of all species 
were lower than in dry season and fertilization had no effect. Thalassia hemprichii showed signs of 
morphological adaption under eutrophic conditions, suggesting a higher species-level phenotypic 
plasticity and resistance to the stressors involved. As expressed in the fast response under eutrophic 
conditions, our experiment indicates synergetic adverse effects of light reduction and fertilization on 
seagrasses. On an ecosystem scale, it suggests that the filtering capacity of seagrasses for nutrients is 
exhausted and further seagrass loss is to be expected. An improved understanding of species-specific 
physiological and morphological response mechanisms of seagrasses to eutrophication may help to 
identify thresholds of exposure to stressors early on, and hence to be able to predict and possibly avoid 
an upcoming large-scale loss. It also has implications for aquaculture and coastal zone management. 
 
Keywords: Thalassia hemprichii, Cymodocea serrulata, eutrophication, morphology, China, Hainan. 
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2.1 Introduction 

The most common threat to seagrasses is shading through anthropogenic impacts resulting in increased 

nutrient and sediment loadings (Grech et al., 2012). Seagrasses have higher light requirements 

(Dennison et al., 1993) than benthic algae (McGlathery et al., 2012). Yet, they often inhabit shallow 

estuarine or coastal environments which are frequently affected by human impacts resulting in 

diminished light availability and elevated nutrients. Intensive investigations of seagrass responses to 

light reduction resulted in general models (McMahon et al., 2013; Walter G. Nelson, 2017a; Ralph et 

al., 2007a; Waycott et al., 2005). Responses depend on species, the degree of light deprivation and, its 

duration (McMahon et al., 2013). Within seconds to days, light deprivation can affect seagrass 

photosynthesis and cell physiology. Persisting light deprivation for weeks to months impairs seagrass 

morphology and growth, leading to species and density reductions on a meadow scale and finally to 

complete regional seagrass loss (McMahon et al., 2013). Light limitation leads to an immediate 

reduction in available energy and carbon fixation needed for the biosynthesis of amino acids followed 

by a relative increase in tissue nitrogen concentration (McMahon et al., 2013; Statton et al., 2018; 

Villazán et al., 2013). Total nitrogen accumulates in the seagrass tissue in inorganic forms like NH4
+, 

NO3
--, chlorophyll bound-N, free amino acids, and other compounds (Viana et al., 2020, 2019; Villazán 

et al., 2013). Seagrass tissue may also become fragile (Soissons et al., 2018), possibly due to a lack of 

structural carbon skeletons. Seagrass resistance to light deprivation is species-specific; species with 

larger belowground carbon reserves display slower morphological responses to shading than 

opportunistic and colonizing species (Collier et al., 2012b; Statton et al., 2018). 

The biochemical processes of seagrasses following light deprivation and high nitrogen exposure are 

similar (Leoni et al., 2008). Nutrients are essential for seagrasses, and moderate enrichment may 

increase growth rates if the plants grow at nutrient-limiting conditions (Burkholder et al., 2007 and 

references therein). Seagrasses prefer NH4
+ over NO3

- and organic nitrogen, such as free amino acids 

and urea, as a nitrogen source (Viana et al., 2019). The plant’s nitrogen assimilation correlates to its 

photosynthesis (Touchette and Burkholder, 2000 and references therein), which provides the required 

carbon skeletons and energy. In the initial stage, if carbon demand cannot be met, carbon reserves 

from the root and rhizomes are mobilized. However, once these resources are exhausted, the plant 

becomes carbon limited, driving accumulation and storage of inorganic nitrogen, as NH4
+ and NO3

-, and 

organic nitrogen compounds, in the form of free amino acid and residual nitrogen, in the tissue (Villazán 

et al., 2013). The internal accumulation of NH4
+, however, can have direct harmful consequences to the 

plant, as it uncouples the ATP-synthesis during photosynthesis (Touchette and Burkholder, 2000b), 

disrupts the ion-balance and therefore, inhibits the uptake of other cations (Britto and Kronzucker, 

2002). The toxicity has been reported for the temperate seagrass species Zostera marina (tested at 
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NH4
+ concentrations from 25 µM to 250 µM) and exacerbates in cooccurrence with low light, low 

salinity, high pH and high temperature (Moreno-Marín et al., 2018; van der Heide et al., 2008; van 

Katwijk et al., 1997; Villazán et al., 2015, 2013). While the tropical seagrasses H. uninervis and T. 

hemprichii were not sensitive to pulses of 100 µM NHx (Christianen et al., 2011), chronic eutrophication 

with concentrations >8 µM DIN in the water over one or more decades can lead to severe seagrass loss 

(Thomsen et al., 2020).  

Even though the tropical Indo-Pacific is the bioregion with the highest seagrass diversity, supporting 

the growth of 24 seagrass species (Short et al., 2007), knowledge on seagrass ecology is still low (Fortes 

et al., 2018; Ooi et al., 2011). Only 20% of the studies used to identify bioindicators for light stress 

include species from South-East Asia (McMahon et al., 2013). The individual responses of species to 

environmental drivers influence the co-existence of species in multispecies communities (Ooi et al., 

2014; Statton et al., 2018; Terrados et al., 1998). About one-third of all seagrass species grow in the 

tropical Indo-Pacific, and up to 14 species can grow together on reef flats (Short et al., 2007). The 

response of multispecies seagrass meadows to disturbances is poorly understood. However, for the 

protection of a multispecies seagrass meadow, its sensitivity and response to environmental stressors 

need to be identified. Many studies have focused on single species responses to stressors and a few 

studies investigated the response of multispecies seagrass meadows to stressors (Statton et al., 2018). 

While mesocosm experiments allow precise manipulation of parameters, in situ manipulations can 

better reflect natural environmental conditions. However, in situ experiments are prone to unexpected 

events adding to the complexity of the interpretation of the results. Although they are more 

complicated and less controllable, in situ experiments are crucial for investigating a more realistic 

response of ecosystems to disturbances or changes under complex conditions. They will ultimately help 

to determine the influence of these disturbances on species composition and community structure. 

Long-term eutrophication from aquaculture effluents has led to a reduction of seagrass diversity and 

an 87% loss of seagrass biomass at aquaculture effluent affected sites in NE Hainan (Thomsen et al., 

2020). At one of the most affected eutrophic sites, only a few individual plants of one species, T. 

hemprichii, were found after 20 years of aquaculture effluent disposal. Conceivably, this species is more 

resistant to eutrophication than other seagrass species.  

In this study, we investigate the effects of in situ nutrient fertilization on a multispecies seagrass 

meadow during different seasons to assess species-specific responses and species sensitivity to 

fertilization under different environmental light conditions.  

The objectives were to evaluate physiological and morphological responses of four tropical seagrasses 

to fertilization and light deprivation. Our research questions were: How does fertilization affect the 

morphological and physiological traits of different seagrass species in a repeatedly eutrophied seagrass 
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meadow in an oligotrophic and a eutrophic season? What are similarities and differences in species 

trait responses and which species acclimates best to the different conditions? Therefore, we 

hypothesized that fertilization is (i) beneficial for seagrasses under saturated light conditions, but is (ii) 

a stressor during limiting light conditions. Furthermore, we hypothesize that (iii) Thalassia hemprichii 

has a higher phenotypic plasticity towards low light and high nutrient concentrations than other 

species, since it withstood aquaculture effluents affected sites in NE Hainan. 

2.2 Methods 

2.2.1 Study area and site  

The Chinese island Hainan is located in the South China Sea at the northern margin of the tropics. 

Typically, the seasons are characterized by a wet season from May to November and a dry season from 

December to April (Figure 1). The total annual rainfall ranges from 1500 to 2000 mm. Annually, seven 

typhoons affect the island and induce heavy rainfall events from July to October (Lu et al., 2015). The 

semidiurnal tides have a range of about 0.8 -1.8 m at neap and spring tide. The study site is located in 

the North-East of the island, north of the Wenchang/Wenjiao Estuary (WWE). While at this site there 

are only a few aquaculture facilities (4 ha) which discharge their effluents into the backreef, the site is 

seasonally affected by effluents from ponds that fringe the WWE (2432 ha) and from ponds that cover 

a large area (1019 ha) in the hinterland approximately 12 km south from the study site (P. Zhang et al., 

2020). A mixed seagrass meadow of six species grows in the back-reef area with Thalassia hemprichii 

as the dominant species (Herbeck et al., 2014; Thomsen et al., 2020). The other species are Cymodocea 

rotundata, Cymodocea serrulata, Halophila ovalis, Halodule uninervis, and Syringodium isoetifolium. 

Elevated nitrogen stable isotope values (δ15N) in T. hemprichii leaves (Herbeck et al., 2014; Thomsen et 

al., 2020) and phytoplankton bioassays (Herbeck and Unger, 2013) indicate an impact of aquaculture 

pond effluents at the study site. 



Short-term effects 

 53 

 

Figure 1: Long-term monthly and 2017 monthly averages of A) Sea surface temperature (SST), B) 
Average daily hours of sunshine and C) monthly precipitation. SST was retrieved from the Integrated 
Climate Data Center calculated after Reynolds. Data for B and C were retrieved from the China 
Meteorological Information Center for the Qionghai weather station (~50 km SW of Yelin). 

2.2.2 Experimental design and fertilization procedure 

A fertilized area and control area were assigned in the back-reef area of Yelin in dry season from 25th 

of April to 22nd of May and wet season from 21st of September to 26th of October 2017. The areas were 

130-150 m away from the coast and 500 and 300 m apart from each other in dry and wet season 

respectively. As currents usually flow from north to south, the fertilized area was located south of the 

control area. Within the fertilized area, six open-pored terracotta flowerpots were filled with 

commercial balanced (NPK= 15-15-15, N-P2O5-K2O) complete slow-release fertilizer (≥45%) and sealed 

with a PVC-slate at the top opening. The pots were installed top-down in the seagrass meadow, in a 

pentagon shape covering an area of 2.5 m2 with the 6th pot in the centre and fixed with pegs in the 

sediment. Weekly, the fertilizer residues were flushed out, the pots were refilled with one kg of fertilizer 

and cleaned from algae. We are aware that the inferences of this study are limited to the particularities 

of this specific site. Three weeks before the experiment ended in wet season, weather conditions 

changed considerably, starting on the 5th of October with rainy weather conditions followed by the 

marginal impact of the tropical depression 22 on 8th and 9th of October and the tropical typhoon 

‘Khanun’ on 15th and 16th of October.  
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2.2.3 Monitoring of physicochemical characteristics 

Before the weekly fertilizer refill, a WTW® Multi 3430 multiprobe measured the dissolved oxygen (DO), 

pH, salinity, and temperature. Furthermore, a LI-COR LI-192 Underwater Quantum Sensor (LI-COR, 

Lincoln, Nebraska) measured the photosynthetically active radiation (PAR). The attenuation coefficient 

was calculated using K! =
"!"!#

#

$!
 after Kirk, 1994, where I0 and Id are 15 second-averages of the 

photosynthetic photon flux rates (µmol s-1 m-2) directly beneath the water surface and at seagrass 

canopy height (~0.15 m above the sediment) respectively and d is the water depth corrected for the 

measurement at canopy height (-0.15 m). At 0, 10, 25, 50 and 100 cm away from the terracotta pot at 

canopy height, ~15 cm above the sediment, 30 ml water was sampled for nutrient analysis and filtered 

through 0.45 µm pore size Minisart®-syringe filters into sample-water pre-rinsed PE flasks. Nutrient 

samples were stored on ice until freezing at -20°C in the field laboratory on the same day until analysis. 

10 l seawater water were filled into PE-containers for chlorophyll a (chl a) and total suspended matter 

(TSM) analysis. The same day, a defined volume was filtered through pre-combusted (5 h, 450 °C) and 

pre-weighed Whatman® GF/F filters (0.7 µm pore size) in the field laboratory. Filters for TSM analysis 

were dried at 40 °C and reweighed. Filters for chl a were stored frozen (-20 °C). For analysis, half of the 

filter was cut in pieces, manually homogenised and extracted in 5 mL 90% acetone for 24 hours at 4 °C 

in the dark and centrifuged for three minutes. Chl a concentration in the centrifugate was measured 

using a HACH DR3900 spectrophotometer and calculated after Lorenzen (1967).  

An Onset HOBO Pendant® Temperature/Light 64K data logger fixed at sediment height and cleaned 

weekly, measured in situ temperature and light availability (lux) in 10-minute intervals. Lux was 

converted to photosynthetically active radiation as photon flux density (µmol s-1 m-2) using the 

approximated conversion factor 51.2 (Valiela, 1984 as cited in Carruthers et al., 2001). The photon flux 

density was summed up per day, multiplied by 600 to account for the measurements in 10-minute 

intervals, and divided by 1000000, which resulted in a photon flux density in mol d-1 m-2. The ratio of 

positive lux measurements per day multiplied by 24h gave the daylight hours.  

In dry season measurements were made with a Skalar SAN++-System with detection limits of 0.03, 0.17, 

0.22, and 0.08 µM for NO2
-
, NOx (NO3

- + NO2
-
), NH4+, and PO4

3
 respectively. In wet season the 

concentrations were measured with a Shimadzu UV-1700 UV/Vis-spectrophotometer, the detection 

limits were 0.01, 0.08, 0.31, and 0.06 µM for NO2
-
, NOx (NO3

- + NO2
-
), NH4+, and PO4

3-
, respectively..  

2.2.4 Seagrass properties 

Seven days before the end of the experiment, at each treatment, all seagrass shoots within six 400 cm² 

squares were marked using the standard hole punching technique (Short and Duarte, 2001). After one 

week, all seagrasses from the squares were harvested and transported on ice and in the dark to the 
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field laboratory. Seagrass shoots were sorted according to species. On each shoot the leaves were 

counted and inspected for bitemarks and if the tip was intact. The tip ratio was calculated as the number 

of intact leaves divided by the total leaves per shoot. All seagrass leaves of each shoot were separated 

to measure leaf width at the widest point and leaf length, excluding the sheath. Leaf area per shoot 

was calculated, assuming a rectangular shape of the leaves, as the sum of all leaves per shoot. 

Measuring the distance from the sheath to the punched hole determined the productivity of the plants 

(Short and Duarte, 2001), summed up per shoot and expressed as daily growth per shoot (cm2 shoot-1 

day-1). Epiphytes were removed by gentle scraping and 10% HCl. Plant tissue was separated in above- 

and belowground biomass, dried and weighed for biomass determination, excluding the dead sheath.  

Respiration was measured on-site, therefore additional plants, of C. rotundata, C. serrulata and T. 

hemprichii were collected. Seagrass shoots were gently cleaned from any epiphyte and 2-4 shoots each 

species were enclosed in glass incubation jars. The seawater used for these incubations was collected 

early in the morning close to the control treatment to avoid oxygen over-saturation. The incubation 

chambers were wrapped light-tight in two layers of thick black plastic and kept in a water bath in the 

shade to avoid over-heating. Incubations lasted for 15-45 minutes with gentle shaking every 5 minutes 

to allow water movement in the chambers. Temperatures during the incubations ranged from 27.5 to 

29.1 °C in dry season and 28.4 to 29.3 °C in wet season. DO concentrations were read out at the 

beginning and the end of the incubation, using the non-invasive fibre-optic oxygen meter Fibox 4 by 

PreSense. The plant material from the chambers was divided into above- and belowground biomass, 

dried at 40°C and weighed. Respiration rates were calculated by subtracting the DO concentration at 

the start of the incubation from the end concentration and converted to respiration per hour. The rates 

were corrected by subtracting the mean value of four incubations without seagrass and dividing by the 

seagrass dry weight per incubation. Positive respiration rates were excluded from further analysis.  

To estimate the area affected by fertilizer, seagrass plants were collected at 0, 50, 100 and, 150 cm 

away from the terracotta pots in wet season at the end of the experiment. Leaf material (n=4) of the 

second youngest leaf from 2-3 shoots was dried, ground and, analysed for total nitrogen (TN) content 

in a Flash 1112 EA elemental analyser and subsequently for δ15N with a Thermo Finnigan Delta Plus gas 

isotope ratio mass spectrometer. δ15N is given as ‰-deviation of atmospheric air. Repeated 

measurements of internal standards (WFS) ensured the precision of the methods (<0.002% for TN and 

<0.003‰ for δ15N). 

2.2.5 Statistical analyses 

Measurements in wet season two weeks before the weather shift were excluded from the statistical 

analysis but were used to verify environmental conditions before the experiment and duration of light 

deprivation. For all physicochemical and seagrass parameters, effects of seasons (dry and wet) and 
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treatment (control and fertilized) were tested as fixed, categorical variables using Generalized Linear 

Models (GLM). For C. rotundata, only the effects of three categories were tested (dry-season-control, 

dry-season- fertilized, and wet-season-control) due to its absence in wet season at the fertilized site. 

Models were fit using maximum likelihood and tested with Type II Wald χ2 tests. Subsequently, 

differences between means were tested using a Tukey’s post hoc test. Normality and homoscedasticity 

of residuals of the linear models were confirmed by visual inspection of residual plots. Normality was 

tested using the Kolmogorov-Smirnov test. As normality of the residuals of the model for the PO4 

concentration was not archived, a non-parametric Wilcoxon signed-rank test was used, followed by 

adjusting the p-values using the Bonferroni method. All statistical analyses were carried out using R (R 

Core Team, 2019). 

2.3 Results 

2.3.1 Physico-chemical parameters  

Light availability was significantly higher in dry season than in wet season (daylight hours, lux, and Kd) 

(Table 1). A tropical depression and a typhoon reduced the light availability by 82% in wet season over 

the last three weeks of the experiment. Temperature and salinity were lower in wet season, while chl 

a and TSM concentrations were higher in wet season than in dry season (Table 1). The highest 

temperatures measured were 32.9 °C and 30.9 °C in dry season and wet season, respectively. Daily 

temperature variations were low (see Table 1). 

No differences between seasons and treatments were detected for DO concentration (7.2 ± 0.2 mg L-

1), pH values (8.16 ± 0.00), and site depth (0.88 ± 0.02 m). The DIN concentrations were 6-fold and 3.6-

fold higher in wet season compared to dry season at the control and fertilized site, respectively. This 

DIN enrichment in wet season was mainly caused by nitrate concentrations, which were 41-fold higher 

at the control site and 10-fold higher at the fertilized site compared to dry season. The PO4 

concentration was lower in dry season at the control site compared to all other measurements (dry 

season C vs. dry season E: p=0.0058, dry season C vs. wet season E: p=0.0005, dry season C vs. wet 

season C: p= 0.0025). The conditions in wet season before the typhoon season started were similar to 

the conditions in dry season: light availability was 9.0 ± 1.2 mol m2 d-1, the daily light hours were 12.0 

± 0.1 h and the temperature was 31.3 ± 0.0 °C.  
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Table 1: Physical and chemical conditions in dry and wet season (± SE) letters identify differences 
between the means of the groups. There are no differences between the treatment groups. 

 

Table 2: Nutrient concentrations (± SE) letters identify significant differences between the means of the 
groups.  

Season Treatment DIN (µM)  NH4
+(µM)  NOx (µM)  NO3

-(µM) PO4
3-(µM)  

Dry 
Control 1.6 ± 0.3 a 1.2 ± 0.2 ab 0.4 ± 0.1 a 0.2 ± 0.0 a 0.2 ± 0.0 a 

Fertilized 3.2 ± 0.8 b 2.1 ± 0.5 c 1.0 ± 0.3 b 0.9 ± 0.4 b 1.1 ± 0.8 b 

Wet 
Control 9.6 ± 0.7 c 1.0 ± 0.2 a 8.6 ± 0.8 c 8.2 ± 0.8 c 0.7 ± 0.1 b 

Fertilized 11.4 ± 0.8 d 2.5 ± 0.4 bc 9.1 ± 0.5 d 8.7 ± 0.5 d 0.8 ± 0.2 b  

 

2.3.2 Nitrogen tissue content and isotopic composition 

δ15N values in T. hemprichii leaves in wet season were higher at the control site (δ15N 8.39 ± 0.12 ‰) 

than at the fertilized site (δ15N 4.4 ± 0.12 ‰). No correlation was detected with distance to the fertilizing 

pots (Figure 2). 

 

Figure 2: δ15N tissue content of T. hemprichii leaves at the end of the experiment in wet season 2017 
at the control and fertilized site.  
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2.3.3 Morphological and physiological seagrass properties 

In dry season under high light conditions fertilization increased seagrass growth rates and leaves were 

significantly longer, except for H. uninervis (Table 3, Figure 3). Furthermore, C. serrulata plants had 

wider leaves and C. rotundata shoots had fewer leaves in dry season in the fertilized treatment 

compared to the control treatment (Figure 3). In wet season C. serrulata and T. hemprichii shoots had 

lower leaf growth rates, fewer leaves, shorter leaves, and smaller leaf area per shoot than in dry season 

regardless of the fertilization (Figure 3). Furthermore, T. hemprichii had less, but wider and longer 

leaves in the fertilized treatment compared to the control treatment in the wet season. C. rotundata 

leaves were wider in wet season than in dry season (Figure 3). The proportion of intact leaves per shoot 

of C. serrulata was lower in wet season in the fertilized treatment than in all other treatments and 

highest in dry season in the control treatment for T. hemprichii (Figure 4). For all species, lower leaf TN 

concentrations were measured in the control treatment in dry season than in all other treatments 

(Figure 4). Fertilization in dry season resulted in lower respiration rates for C. rotundata and higher 

respiration rates for T. hemprichii (Figure 5). 
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Figure 3: Morphological traits (mean ± SE) of C. rotundata, C. serrulata, H. uninervis, and T. hemprichii 
in dry and wet season at the control and fertilized treatment. 
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Figure 4: Leaf total nitrogen (TN%) and tip ratio (mean ± SE) of C. rotundata, C. serrulata, H. uninervis, 
and T. hemprichii in dry and wet season at the control and fertilized treatment. 

 

Figure 5: Respiration rates (mean ± SE) of C. rotundata, C. serrulata, and T. hemprichii in dry and wet 
season at the control and fertilized treatment. 
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Table 3: Results of 1- and 2-factorial generalized linear models (GLMs): influence of season and 
fertilization on seagrass response parameters. Independent factors (IF) are sampling (Sa), season (S), 
and treatment (T) and their interactions. Rows display response variables. GLMs were performed in R 
using the ‘identity’ link. Bold p-values indicate significant results. 

 C. rotundata H. uninervis 
Variable Distribution IF df Chi2 p Distribution IF df Chi2 p 
Av. leaf length Gaussian Sa 2 23.394 <0.0001 Gamma Sa 1 2.049 0.1523 
Av. leaf width Gaussian Sa 2 48.946 <0.0001 Gaussian Sa 1 4.206 0.0403 
Leaves shoot-1 Gamma Sa 2 13.143 0.0014 Gamma Sa 1 2.239 0.1346 
Leaf area  Gaussian Sa 2 6.113 0.0471 Gamma Sa 1 0.587 0.4436 
growth Gaussian Sa 2 17.176 0.0002 Gamma Sa 1 0.863 0.3529 
Tip ratio Beta Sa 2 7.163 0.0278 Beta Sa 1 0.039 0.8443 
TN (%) Gaussian Sa 2 24.239 <0.0001      
Respiration Gamma Sa 2 14.237 0.0008      
 C. serrulata T. hemprichii 
Variable Distribution IF df Chi2 p Distribution IF df Chi2 p 
Av. leaf length Gaussian S 1 60.888 <0.0001 Gamma S 1 145.987 <0.0001 
  T 1 4.057 0.0439  T 1 16.749 <0.0001 
  SxT 1 16.152 <0.0001  SxT 1 0.468 0.4937 
Av. leaf width Gaussian S 1 1.702 0.1921 Gaussian S 1 25.813 <0.0001 
  T 1 30.945 <0.0001  T 1 3.157 0.0756 
  SxT 1 2.817 0.0933  SxT 1 6.781 0.0092 
Leaves shoot-1 Gamma S 1 22.332 <0.0001 Gamma S 1 110.302 <0.0001 
  T 1 0.037 0.8469  T 1 22.686 <0.0001 
  SxT 1 0.017 0.8951  SxT 1 11.895 0.0006 
Leaf area  Gaussian S 1 59.733 <0.0001 Gamma S 1 89.133 <0.0001 
  T 1 8.883 0.0029  T 1 0.445 0.5047 
  SxT 1 8.964 0.0028  SxT 1 0.878 0.3487 
growth cm2 Gaussian S 1 29.437 <0.0001 Gamma S 1 48.029 <0.0001 
  T 1 2.560 0.1096  T 1 4.099 0.0429 
  SxT 1 10.597 0.0011  SxT 1 2.694 0.1007 
Tip ratio Beta S 1 8.714 0.0032 Beta S 1 28.959 <0.0001 
  T 1 5.012 0.0252  T 1 20.823 <0.0001 
  SxT 1 2.841 0.0919  SxT 1 1.665 0.197 
TN (%) Gaussian S 1 15.514 <0.0001 Gaussian S 1 7.916 0.0049 
  T 1 7.599 0.0058  T 1 2.711 0.0997 
  SxT 1 42.060 <0.0001  SxT 1 4.151 0.0416 
Respiration Gamma S 1 4.880 0.0272 Gamma S 1 12.524 0.0004 
  T 1 10.211 0.0014  T 1 15.269 <0.0001 
  SxT 1 0.036 0.8496  SxT 1 0.007 0.9337 
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2.4 Discussion 

2.4.1 Seagrass response to fertilization under light-saturated and oligotrophic conditions 

As hypothesized, the fertilization had a positive effect on leaf growth in all seagrass species except H. 

uninervis in dry season at high light availability. It resulted in a larger leaf area for both Cymodocea 

species. For T. hemprichii, the climax species with high belowground biomass, the leaf area did not 

increase due to fewer intact leaves per shoot. It is conceivable that fertilization led to carbon limitation 

and less structural carbon in the leaves, which was previously shown for Zostera noltii (Soissons et al., 

2018). 

Higher nitrogen availability in the water column led to a higher TN content of seagrass leaves. The high 

TN values exceeded the average for seagrasses (Duarte 1991, Erftemeijer and Herman, 1994), which is 

typical for sites affected by aquaculture and anthropogenic effluents in Hainan (Herbeck et al., 2014; 

Liu et al., 2016; Thomsen et al., 2020). High TN values are a response to increased nitrogen availability 

(Viana et al., 2020) and limited light availability (McMahon et al., 2013; Statton et al., 2018). 

Furthermore, TN concentrations are higher in younger T. hemprichii leaves than in old leaves (Martins 

and Bandeira, 2001). The use of industrial fertilizer, which has a δ15N close to 0, lowered the δ15N in T. 

hemprichii leaves by half in the fertilized treatment (see Figure 2) and showed a consistent effect of the 

fertilizer at least 1.5 m radius around the terracotta pots. The δ15N in T. hemprichii leaves at the control 

site was high compared to undisturbed seagrasses, but typical for this region (Thomsen et al., 2020, Fig. 

10), and indicates an impact from aquaculture effluents. Even though the temperatures in dry and wet 

season were significantly different, it probably had a minor effect on the seagrass growth, as they were 

within the optimum growth range of 27°C (Agawin et al., 2001) to 32.8°C (Pedersen et al., 2016) 

reported for T. hemprichii.  

2.4.2 Seagrass response to eutrophication 

A typhoon-induced wash-out from the Wenchang-Wenjiao estuary and land runoff caused high water 

nitrate concentrations in wet season at both experiment sites. It prevented a low-light and low-nutrient 

concentration treatment. Nevertheless, this typhoon event demonstrates severe nutrient pollution 

even at a site considered to be least affected by aquaculture wastewaters when compared to other 

sites in NE-Hainan (Herbeck et al., 2011, 2014; Thomsen et al., 2020). Differences between dry and wet 

season can only be assigned to combined low light and high nutrient treatment. Therefore, our second 

hypothesis could not be verified, as we did not test the effect of low light alone. Inferences can be 

carefully drawn from comparisons with other studies. In Hainan, the light availability in dry and wet 

season was similar to that in the shading treatment of 41% (8.9 mols PAR m-2 d-1) and 4% (0.9 mols PAR 

m-2 d-1) incident radiation used in a multispecies experiment by Statton et al. (2018), and it was similar 

to the 31% (9.5 mols PAR m-2 d-1) and to the 14% (4.4 mols PAR m-2 d-1 ) surface irradiation (SI) treatment 
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used by Collier et al. (2012). Both experiments were run for a longer time (up to 12 weeks), but sampling 

occurred ~3 weeks after the start of the experiment, which makes these studies comparable to our 

experiment. In the mesocosm experiments, reductions in leaf length were only observed after 46 days 

in T. hemprichii and after 76 days for C. serrulata in the 14% and 1% SI treatments (Collier et al., 2012b). 

Reduction in leaf width was only observed after 76 days in both species (Collier et al., 2012b).  

While Collier et al. (2012) measured youngest mature leaf including the sheath, we measured leaf 

length of all leaves excluding the sheath and calculated the average leaf length of the shoot. If measured 

like Collier et al. (2012), C. serrulata leaves in wet season had a similar length (6.0 ± 0.5 cm) to plants 

from the mesocosms exposed to 11 weeks of very low light (1% SI). T. hemprichii leaf length (8.4 ± 0.3 

cm) was similar to plants exposed to high light treatment (66% SI) (Collier et al., 2012b). The effect of 

fertilization on C. serrulata and T. hemprichii morphological, physiological and biochemical traits was 

investigated at similar light availabilities (8.6 mol photons m-2 d-1) and similar duration (1 month), 

combined with temperature manipulation in a mesocosm experiment (Viana et al., 2020). Leaf length 

of both species was similar in the control treatment in dry season and low nutrient treatment at 26 °C. 

However, in the mesocosms, both species did not show elongated leaves in response to fertilization 

alone (Viana et al., 2020). T. hemprichii leaf width in dry season was similar to those of in situ 

measurements from Tanzania (Deyanova et al., 2017), but was always higher than in the mesocosm 

experiment of Collier et al. (2012). Light deprivation is reported to result in narrower leaves (Collier et 

al., 2012b; Deyanova et al., 2017), which was not observed in our study in wet season. Instead, T. 

hemprichii had 20% wider leaves in the fertilized treatment in wet season, and C. rotundata had 50% 

wider leaves at the control treatment in wet season, compared to both treatments in dry season. It is 

conceivable that the wider leaves are the result of the higher nutrient availability in wet season, as T. 

hemprichii generally has wider leaves at anthropogenically impacted sites in Hainan (Jiang et al., 2019; 

Zhang et al., 2014). It is also conceivable that the duration of our experiment was too short to observe 

narrower leaves due to light deprivation, as significantly narrower leaves were only recorded after 76 

days of low light treatment in the mesocosm experiment of Collier et al. (2012). In dry season, T. 

hemprichii had a similar number of leaves per shoot as plants in Kenya (Uku and Björk, 2005). Similar to 

our observations in dry season, C. rotundata had more leaves per shoot at sites with higher nutrient 

availability in Kenya (Uku and Björk, 2005). However, C. rotundata always had more leaves in Hainan 

than in Kenya (Uku and Björk, 2005). Leaf area of C. serrulata in our experiment was always at least 

twice as large as in the multispecies mesocosm experiment conducted in Australia (Statton et al., 2018). 

However, the morphological response to light and nutrient conditions in wet season was faster than in 

the multispecies mesocosm experiment of Statton et al. (2018). While in the mesocosm experiment the 
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leaf area was significantly reduced to half after nine weeks of low and very low light, in our experiment, 

the leaf area was reduced to one third already after three weeks of light deprivation.  

In situ seagrass leaf extension (cm) in Hainan was faster than in mesocosm experiments conducted in 

Australia, but slower than in situ elongation rates measured in Tanzania. C. serrulata leaf growth per 

shoot (cm2) in wet season at low light conditions was similar to the ambient light and 30°C temperature 

treatment of Collier et al. (2018), while in dry season it was twice as fast at the control treatment and 

thrice as fast at the fertilized treatment (see Supplement Table 5). Similar for T. hemprichii, leaf 

extension rates in wet season were similar to rates after 20 days of the high, moderate, and low light 

treatments, but rates in dry season were twice as high as measured for T. hemprichii at the high and 

moderate light treatment of Collier at al. (2012a; Supplement Table 5). T. hemprichii leaf elongation 

rates in Hainan followed the same trend, with lower growth rates during low light conditions, as in 

Tanzania (Deyanova et al., 2017). However, they were always only one third of the elongation rates 

observed in Tanzania and Kenya (Deyanova et al., 2017; Uku and Björk, 2005). C. rotundata leaf 

elongation rates in dry season were similar to in situ rates in Kenya (Uku and Björk, 2005). Higher growth 

rates in in situ experiments, but similar effects of light reduction on seagrass growth and leaf size 

(despite different times of exposure) emphasize the need for both in situ and mesocosm studies to 

understand complex ecosystem effects to stressors. Furthermore, it is essential to consider that the 

same seagrass species may underly substantial regional differences (Wesselmann et al., 2020). 

In Hainan, the in situ shading and fertilization had a stronger and faster effect on plant phenotype than 

measured in mesocosm shading-experiments from Australia, which indicates a negative synergy of 

simultaneous light reduction and fertilization (Collier et al., 2012b; Statton et al., 2018). These results 

are similar to findings for Z. marina, where NH4
+ fertilization enhanced fitness under saturating light 

conditions (Villazán et al., 2013). However, low light and NH4
+ in combination had a greater negative 

effect than the stressors alone (Villazán et al., 2013). Both stressors result in an internal depletion of 

carbon and competition for energy with other metabolic processes (Brun et al., 2008; La Nafie et al., 

2013). 

2.4.3  Species-specific phenotypic plasticity to high nutrient loads and low light  

Our third hypothesis was verified; T. hemprichii was more responsive to additional fertilization in wet 

season than C. serrulata. For the other species, no inferences can be made due to their partial absence 

in wet season. With additional nutrients at low light conditions, T. hemprichii had fewer but wider and 

longer leaves per shoot than at low light conditions without fertilization, which is probably an adaption 

to avoid self-shading and to out-grow light limitation. The additional nutrients triggered the phenotypic 

acclimation of the plants without a reduction of leaf area. On the other hand, C. serrulata profited more 

from the fertilization during high light conditions, as significantly longer and wider leaves resulted in a 
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larger leaf area of the plant without reducing leaf stability. Compared to C. serrulata, T. hemprichii 

obtains nitrogen mainly through the leaves from the water column, while C. serrulata also relies on 

nitrogen uptake by roots (Viana et al., 2019). Likewise, nitrogen assimilation differs between the two 

species. While C. serrulata tends to reduce nitrate directly to NH4
+, T. hemprichii instead stores the NO3

- 

before reduction (Viana et al., 2019). This storage is an advantage in high nutrient environments, as the 

accumulation of NH4
+ in the tissue is toxic to higher plants (Britto and Kronzucker, 2002). Furthermore, 

while NH4
+ assimilation to amino acids is controlled by environmental nitrogen concentrations in C. 

serrulata, first evidence shows that T. hemprichii has an internal feedback mechanism controlling the 

assimilation of NH4
+ into amino acids (Viana et al., 2019). The different strategies are also reflected in 

the tip ratio, as T. hemprichii leaves had lower stability in all treatments with higher nutrients, while C. 

serrulata leaves had a lower stability only in the high nutrient treatment in wet season. The nutrient 

treatment supplied a mix of nitrogen, phosphate and potassium to the water. PO4
3- may have alleviated 

P limitation, which is often observed in calcium carbonate sediments (Short, 1987). T. hemprichii has 

the largest belowground biomass of the species investigated in this study (Collier et al., 2016). In the 

belowground biomass, carbon is stored in the form of soluble sugars and starch (Viana et al., 2020). It 

can be mobilized during light limitation (Villazán et al., 2013). Therefore, we infer that T. hemprichii is 

more resistant towards low light and high nutrient environments due to its higher phenotypic plasticity 

compared to the other species tested here (Figure 6). Conceivably, this phenotypic plasticity of T. 

hemprichii is one reason for its wide distribution in the tropical Indo-Pacific. 

2.4.4 Effects of long-term chronic eutrophication on short-term stress responses 

Large coastal areas in NE Hainan are covered by aquaculture ponds that release nutrient and organic 

matter rich effluents into the back-reef areas (Duan et al., 2020; Herbeck et al., 2013, 2020). As a result 

of chronic eutrophication, 87% of the seagrass biomass in the area were lost within nine years 

(Thomsen et al., 2020). Two sites south of Yelin with vast areas of aquaculture ponds in the hinterland 

were most affected by the loss due to discharging their effluents into the back-reef areas. At more 

severely affected sites than Yelin, the seagrass species C. rotundata, C. serrulata, and Syringodium 

isoetifolium were absent. After nine years of chronic eutrophication, H. ovalis and H. uninervis were lost 

entirely from the sites, while at one site T. hemprichii was still present. Conceivably, the nutrient 

concentration and light availabilities controlled this species shift. The absence of C. rotundata at the 

fertilized treatment and H. uninervis at both treatments in wet season may also be a result of the 

typhoon-induced high nutrients and light limitation as they were still present at the site during a survey 

approximately one month before the final sampling (Thomsen et al., 2020). Furthermore, these species 

are opportunistic and colonizing respectively, distinguished by their rapid proliferation but also rapid 

disappearance during adverse conditions. In wet season, the DIN water concentration surpassed the 
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threshold of 8 µM above which the seagrass within the region are likely to disappear in the long-term, 

similarly demonstrated at two nearby sites south of Yelin formerly vegetated by seagrasses (Thomsen 

et al., 2020). Yelin is also affected by aquaculture effluents even though there is little direct discharge 

into the backreef area. Instead, the water from the aquaculture-fringed Wenchang-Wenjiao estuary is 

flushed out during heavy rain events, carrying large amounts of organic matter and nutrients to Yelin 

(Herbeck et al., 2011). Annually, 6.6 typhoons hit Hainan on average (Lu et al., 2015) causing periodical 

stress. The recovery time between the eutrophication pulses is probably crucial for seagrass resistance. 

Working in a periodically heavily eutrophic environment provided a unique opportunity to experiment 

with different eutrophic conditions at the same place. Furthermore, this example of extreme coastal 

eutrophication may be a model of future coastal scenarios of uncontrolled coastal nutrient pollution. 

However, the species may have responded differently in a less extreme environment.  

2.4.5 Implications for seagrass conservation and restoration 

Aquaculture products hold an essential share in human nutrition. The global demand for seafood is 

growing, and with it the aquaculture production, to provide essential proteins for world nutrition. 

Furthermore, nearly 20 million people work in the aquaculture sector in Asia, and often the work is 

precarious (FAO, 2020). Therefore, the scope of action is small, but simple settling basins for 

aquaculture effluents that eliminate suspended particles and organic matter and proper sludge disposal 

would alleviate the effect on the receiving ecosystem, by increasing the light availability amongst other 

effects. The restriction of effluent releases to periods with saturating light availability could further 

mitigate the negative impact, as in dry season the additional nutrients increased seagrass growth in all 

species.  

The strong seasonality at the northern margins of the tropics possibly has a strong impact on seagrass 

dynamics. A dormant season in winter is conceivable due to low light availability and water temperature 

(see Figure 1) with lower seagrass light requirements like in temperate seagrasses (Chartrand et al., 

2016; Staehr and Borum, 2011). Long-term studies of fertilization at high light availabilities need to 

confirm the positive effect on multispecies seagrass meadows during all seasons. Interval-effluent-

releases in the dormant season of the seagrasses as recommended for dredging in Australia (Chartrand 

et al., 2016) appear inept, because aquaculture effluents bear two stressors with synergistic effects, 

creating an internal competition for carbon and energy and promoting the accumulation of NH4
+ in the 

tissue. Future studies should evaluate if multispecies seagrass meadows are more resilient to stressors 

like eutrophication than monospecific meadows, and how this affects single species performance.  
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Figure 6: Visual summary: Response of T. hemprichii and C. serrulata to fertilization under different 
trophic conditions. 

2.5 Conclusion 

Our results show that seagrasses benefit from additional nutrients under saturating light conditions, 

while under limiting light conditions morphological adaptions are much faster than at similar light 

conditions in mesocosm experiments. Therefore, we infer that there is a negative synergetic effect of 

low light and fertilization. T. hemprichii has higher phenotypical plasticity towards the combined 

stressors than C. serrulata and the other seagrass species present in the area. The rapid adaption could 

explain the general wide distribution of T. hemprichii and especially at sites with frequent 

eutrophication, where T. hemprichii is often the only seagrass species found. To evaluate seagrass 

health, it is crucial to understand species-specific response mechanisms to stressors. This will ultimately 

allow to predict and possibly prevent large-scale seagrass losses. 
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Appendix 

Table S1: ANOVA results of GLMs for the water nutrients, physical, and chemical parameter at the 
treatment sites in the two seasons 
 kd (gamma) Lux Daylight (h) (gaussian) Conductivity (gamma) 
 df Chi p df Chi p df Chi p df Chi p 

season 1 130.183 < 0.0001 1 1656 < 0.0001 1 64.856 < 0.0001 1 0.133 0.7150 
treatment 1 4.382 0.0363 1 12.720 0.0004 1 2.365 0.1241 1 56.36 < 0.0001 
season:treatment 1 0.396 0.5292 1 0.690 0.4057 1 1.714 0.1904 1 0.066 0.7975 
 Temperature °C (gaussian) DO (gaussian) Chl a (gaussian) TSM (gaussian) 
 df Chi p df Chi p df Chi p df Chi p 
season 1 1472.900 < 0.0001 1 0.002 0.9676 1 0.1519 0.6967 1 47.52 < 0.0001 
treatment 1 2.780 0.0953 1 0.051 0.8206 1 6.9198 0.0085 1 0.001 0.9821 
season:treatment 1 1.400 0.2360 1 0.398 0.5283 1 0.2563 0.6127 1 2.211 0.1370 
 NO3

- (gamma) DIN (gaussian) NH4
+ sqrt (gamma) NOx (gamma) 

 df Chi p df Chi p df Chi p df Chi p 
season 1 102.950 < 0.0001 1 9.613 0.0019 1 9.613 0.0019 1 164.5 < 0.0001 
treatment 1 15.420 < 0.0001 1 87.580 < 0.0001 1 87.575 < 0.0001 1 14.42 0.0001 
season:treatment 1 0.0630 0.8016 1 0.007 0.9332 1 0.007 0.9332 1 0.004 0.9467 

Table S3: Averages ± SE of δ15N of T. hemprichii leaves at both treatment sites and at different distances 
to the point of fertilization. 

Treatment Distance (cm) δ15N (‰) 

Control 

0 8.74 ± 0.17 b 
50 7.78 ± 0.19 b 
100 8.61 ± 0.17 b 
150 8.43 ± 0.04 b 

Fertilized 

0 3.86 ± 0.32 a 
50 4.59 ± 0.22 a 
100 4.51 ± 0.08 a 
150 4.63 ± 0.07 a 

Table S3: ANOVA results of GLM for δ15N in T. hemprichii leaves at the control and fertilized site at 
distance of 0, 0.5, 1 and 1.5 m from the point of fertilization. 

  δ15N 
  df Chi2 p 
Treatment 1 611.15 <0.001 
Distance 1 2.17 0.1411 
Treatment:Distance 1 2.62 0.1056 

Table S4: Morphology of T. hemprichii in autumn before the start of the nutrient enrichment n=5. 

 Leaf length 
(cm) 

leaf width 
(cm) 

Leaves 
shoot-1 

Leaf area 
shoot-1 Tip ratio 

Control 7.7 ± 0.8 1.1 ± 0.1 4.2 ± 0.37 33.6 ± 6.2 0.43 ± 0.03 

Fertilized 6.7 ± 0.4 1.0 ± 0.1 3.8 ± 0.2 26.2 ± 2.1 0.58 ± 0.05 
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Abstract 
Although eutrophication is considered a major driver for global seagrass loss with aquaculture effluents 
being a main factor, little is known about the effect on seagrass meadows in eastern Asia and their 
resilience to long-term nutrient impact. Seagrass meadows impacted by land-based aquaculture since 
the 1990s, were visited in 2008/2009 and revisited after another 9 years of effluent exposure. During 
that period seagrass aboveground biomass declined by 87%. Species diversity decreased with 
increasing effluent exposure. A δ15N of 9.0‰ of seagrass leaves and additional biogeochemical and 
biological indicators identify pond effluents as the driver of the observed eutrophication. When 
continuously exposed to dissolved inorganic nitrogen (DIN) concentrations exceeding a calculated 
threshold of 8 µM DIN seagrass meadows will disappear. Chronic nutrient pollution from aquaculture 
effluents can lead to a reduction of biodiversity and ultimately to a complete loss of seagrasses along 
the aquaculture-dominated coasts in E and SE Asia. 
 
Keywords: Eutrophication, Nutrients, Dissolved inorganic nitrogen, DIN threshold, Biodiversity, 
Thalassia hemprichii, Stable isotopes, Sulphide, Tropical, China
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3.1 Introduction 

Globally, seagrasses are declining at an alarming rate. Estimates based on observations from Australia, 

Europe and North America indicate a 30% loss of seagrass meadows between 1980 and 2009 (Waycott 

et al., 2009). While the decline is decelerating in Europe (de los Santos et al., 2019) data on seagrass 

status in Africa and Asia are scarce. The main reason for seagrass loss is water quality degradation 

including eutrophication (Orth et al., 2006), often connected to urbanization and tourism (Burkholder 

et al., 2007; Ferrera et al., 2016; Ralph et al., 2007b). Increased nutrient and organic matter (OM) input 

to coastal waters is a direct consequence of the growing human population, proliferating settlement 

near the coast, and intensified use of coastal areas by aquaculture (FAO, 2014). Nutrient pollution is an 

increasing threat to coastal ecosystems such as coastal wetlands, coral reefs and seagrass beds 

(Fabricius, 2005; Orth et al., 2006; Waycott et al., 2009). 

Aquaculture food fish production has been gaining importance and was estimated to contribute 44% 

to the total global fish supply by 2014 (FAO, 2016). With more than 60% of the global production, China 

is the main aquaculture-food-fish producer (FAO, 2016). The enormous growth in this sector is 

generating a growing ecological problem. Often aquaculture effluents are directly discharged into the 

environment without treatment, releasing large amounts of OM, suspended particles, and inorganic 

nutrients from uneaten feed and feces of the farmed animals (Burford and Williams, 2001; Herbeck et 

al., 2013; Holmer et al., 2008). The impact of the point source pollution is extensive; nutrients from 

aquaculture facilities were detected in phytoplankton bioassays (Herbeck and Unger, 2013) and 

seagrass in >2.5 km distance from the source (Ruiz et al., 2010). High nutrient concentrations in fish 

farm waste are reported for all aquaculture types (floating cages, net pens and ponds) (Herbeck et al., 

2013; Ruiz et al., 2001), but long-term studies of the effects on the receiving ecosystems are rare.  

Nutrients are essential for seagrasses and increase growth rates (Agawin et al., 1996; Burkholder et al., 

1994; Lee and Dunton, 1999; Short, 1987; Udy et al., 1999; Williams, 1990), but high nutrient loads can 

be deleterious (Govers et al., 2014; Roth and Pregnall, 1988; Santamaria et al., 1994; van Katwijk et al., 

1997). While seagrasses can serve as a natural biofilter for nutrients (Sandoval-Gil et al., 2016) during 

eutrophication phytoplankton, macroalgae, and epiphyte growth is also stimulated (Krause-Jensen et 

al., 2008; Silberstein et al., 1986). This results in reduced light availability for the seagrass. Additionally, 

organic material produced by these algae may accumulate in the sediments and its microbial 

decomposition can create anoxic conditions. These promote the production of phytotoxic sulfides in 

the sediments that may stress seagrass from below (Govers et al., 2014). Aquaculture effluents cause 

eutrophication through chronic and pulsed nutrient enrichment (Herbeck et al., 2014; Zhang et al., 

2014). In the Mediterranean, effluents from fish cages caused immense seagrass declines (Apostolaki 

et al., 2009a; Ruiz et al., 2001; Telesca et al., 2015). Of a 40 ha seagrass meadow, 23% were lost and 
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another 28% showed reduced shoot densities five years after the deployment of fish cages. It was 

followed by further degradation and a loss of four more ha in the following five years (Ruiz et al., 2001). 

As the demand for fish from aquaculture is globally increasing, it is important to identify the long-term 

effects of aquaculture effluents on the performance of seagrass meadows. Furthermore, thresholds 

need to be identified in order to improve nutrient management practices that allow healthy seagrass 

meadows and secure food production. Coastal changes and especially aquaculture development were 

substantial in the South China Sea and generally in Asia in the past 30 years, but knowledge on the 

effects of nutrient enrichment on benthic communities is rare (Krause-Jensen et al., 2008). 

The objectives of this study were (i) to investigate the effect of different magnitudes of long-term pond 

aquaculture effluent disposal into coastal waters on nutrient and suspended matter concentrations in 

the back-reef area and on seagrass meadow characteristics, (ii) to investigate primary and secondary 

impacts of pond aquaculture effluents and eutrophication on seagrass tissue and (iii) to define 

threshold values for environmental parameters that determine seagrass occurrence. In 2017 we 

revisited seagrass sites in back-reef areas affected by different magnitudes of pond aquaculture 

effluents on the Chinese island of Hainan, which were previously investigated in 2008/2009 (Herbeck 

et al., 2014). Seagrass species distribution, biomass, epibiont load, levels of water nutrients, chlorophyll 

a (chl a), and total suspended matter (TSM) concentrations in the water column were recorded for 

stations along transects perpendicular to the coast. δ15N in Thalassia hemprichii leaf tissue and 

epibionts was used to identify the nutrient source and δ34S was measured in T. hemprichii tissue to 

identify possible sulfide intrusion from the sediment into the seagrass. Based on the results of Herbeck 

et al. (2014) we assumed that the area of pond-aquaculture in the hinterland determines the magnitude 

of aquaculture effluents released into the backreef area that relates to the nutrient and suspended 

matter concentration in the coastal waters. We hypothesized that (i) aquaculture effluent exposure will 

result in lower seagrass species richness, shoot densities and biomass, (ii) the duration and intensity of 

aquaculture effluent exposure will influence the magnitude of seagrass meadow response, and (iii) δ15N 

in T. hemprichii leaf tissue and epibionts will be higher and (iv) sulfide intrusion into seagrass tissue will 

be stronger at aquaculture-affected sites. 

3.2 Methods 

3.2.1 Study area and sampling sites 

The Chinese island Hainan is located in the northern margins of the tropics surrounded by the South 

China Sea. The study area extends over ~30 km along the NE coast of Hainan (Figure 1). The tropical 

monsoon climate on Hainan is characterized by a wet season from May to November and a dry season 

from December to April. From July to October heavy typhoon-induced rainfall can contribute 35 – 60% 

of the annual total of 1500 - 2000 mm (Huang, 2003). On average, 6.6 typhoons affect the island 
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annually (Lu et al., 2015). The tides are semidiurnal with a range of about 0.8 -1.8 m at neap and spring 

tide. Along the NE coast of Hainan fringing coral reefs form sheltered back-reef areas of different sizes 

that are shallow (<3 m) and thus suitable for seagrass growth. In the flat hinterland densely 

concentrated coastal pond aquaculture developed rapidly since the 1970s the development was largely 

completed by 2000, and covered an area of ~40 km2 in 2009 (Herbeck et al., 2020). On the whole island 

the coastal pond area is 136 km2 accounting for 0.87% of the Chinese coastal pond aquaculture area. 

Large areas of mangrove forests were cleared to make space for aquaculture farms (Bao et al., 2013; 

Chowdhury et al., 2017). Thus, pond aquaculture was mainly responsible for mangrove loss in the area 

(72%), with 58% of the ponds built in former mangrove areas between 1976 and 2000 (Herbeck et al., 

2020). The study sites are located in the provinces Wenchang and Qionghai that accommodate ~30% 

(150 km²) of the aquaculture ponds of Hainan. The production rose from 16 to 19 t ha-1 between 2009 

and 2017 and was 290,000 t in 2017, including freshwater cultures (Hainan Statistical Yearbook, 2017). 

During harvest, ponds including sedimented materials are completely drained through channels and 

effluents eventually reach coastal waters. It resulted in an annual release of 593 t of nitrogen and 23 t 

of phosphorus into coastal waters in 2008/2009 (Herbeck et al., 2013).  

Comprising of eleven species, the shallow coastal waters of Hainan Island have a high seagrass 

biodiversity. Around ~64% of the total seagrass meadows in China are located on Hainan, in particular 

along its western and southern coasts (Herbeck et al., 2014; Huang et al., 2006; Jiang et al., 2017).  
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Figure 1: Location of the study area in the NE of Hainan, China (E). Overview of the study area (A) and 
location of the study sites Yelin (B), Changqi (C) Qingge (D). The position of the sampling stations on the 
transect are indicated by solid points. The figure is modified after Herbeck et al., 2014. 

Three sites with different magnitude of aquaculture effluent exposure (high, medium, and low) (Table 

1) were investigated along a 30 km section of the NE coast of Hainan (Figure 1). Yelin is the smallest site 

and the least impacted by aquaculture runoff. The hinterland is dominated by a coconut forest with a 

few aquaculture ponds. The Wenchang/Wenjao estuary (40 km²) is located south of Yelin. It is fed by 

two rivers and fringed by an aquaculture pond area in the east. Changqi, the site with the highest impact 

from aquaculture runoff, is located approximately 5 km south of Yelin. Changqi has the largest back-

reef area and the area covered by aquaculture ponds is 10.2 km2 (Herbeck et al., 2020). The medium 

affected site Qingge with a pond area of 1.4 km2 is located ~7 km south of Changqi. The inorganic 

nutrient and OM rich effluents from the aquaculture fish and shrimp ponds are joined into channels 

that discharge directly into the back-reef area.  
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Table 1: Site characteristics (Herbeck et al., 2013, 2020) 

  Yelin Qingge Changqi 
Latitude (N) 19° 31.3'  19°19.7'  19°27.2'  
Longitude (E) 110° 51.9'  110°41.3'  110°47.8'  
Distance to reef (km) 0.8 1 3 
Back-reef area (km²) 1.5 8.4 23.2 
Aquaculture pond area (km²) 
Total Nitrogen Export (t yr-1)  

0.04 
1.9 

1.4 
105.8 

10.2 
392.7 

Pond aquaculture effluent impact  low medium high 
 

Sampling was based on the design of Herbeck et al. (2014) who sampled in autumn 2008 and spring 

2009. For this study we revisited the sites in spring 2017 and autumn 2017. Spring (March and April) 

marks the end of the dormancy period of seagrasses. Autumn (August, September and October) is the 

end of their growth season. Sampling was conducted by snorkeling along coastal transects (0-1km) 

perpendicular to the coast with stations at 0.05km, 0.1km, 0.25km, 0.5km and 1km distance from shore. 

For each station, seagrass species distribution, seagrass biomass, epibiont biomass, and chemical 

component analysis of seagrasses and epibionts were determined to assess seagrass performance. 

Additionally, at the same stations dissolved inorganic nutrients, conductivity, dissolved oxygen (DO), 

pH, TSM, and chl a concentrations were measured in the surface water. Sampling took place during low 

tide at least three times during different days in each season and year.  

3.2.2 Water quality assessment 

The water quality was assessed using indicators of land runoff like salinity, TSM and Si(OH)4, and 

indicators for eutrophication including inorganic nutrients and chl a. Salinity, DO and pH were measured 

in the field using a WTW® Multi 3430 multiprobe. For nutrient analysis 30-50 ml surface water were 

filtered through 0.45 µm pore size Minisart® syringe filters into sample-water pre-rinsed PE flasks and 

consequently stored on ice until return to the field laboratory. Samples were frozen at -20 °C at the 

same day until analysis. For chl a and TSM samples, water was filled in seawater pre-rinsed 10l PE-

containers. In the field laboratory a defined volume was vacuum-filtered through pre-combusted (5 h, 

450 °C) and pre-weighed Whatman® GF/F filters the same day. Filters for TSM were dried at 40 °C and 

re-weighed. Values given are the averages from two filters. Filters for chl a determination were stored 

frozen (-20 °C). For the analysis, half of the filter was cut in pieces, manually homogenized and extracted 

in the dark in 5 mL 90% acetone for 24 hours at 4 °C. The extracts were centrifuged for three minutes 

and chl a concentrations were measured after Lorenzen (1967), using a HACH DR3900 

spectrophotometer. The water nutrient concentrations were measured spectrophotometrically 

according to Grasshoff et al. (1999). Water samples from spring 2017 were analyzed using a continuous 

flow injection analyzing system (Skalar SAN+++System). Determination limits were 0.03, 0.17, 0.08, 0.3, 
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and 0.9 µM for NO2
-
, NOx (NO3

- + NO2
-
), NH4+, PO4

3-
, Si(OH)4 , respectively. The coefficient of variation 

of the procedure was ≤2.1%. Samples from autumn 2017 were analyzed manually, the detection limits 

were 0.03, 0.14, 0.23, 0.12 and 0.11 µM. The coefficient of variation was ≤3.1%. NH4
+ was measured 

after Yu et al., (1994). The NO2
-
, NO3

-
and NH4

+ concentrations sum up to dissolved inorganic nitrogen 

(DIN). For analytical methods used in 2008 and 2009 see Herbeck et al. (2013). 

Photosynthetically active radiation (PAR) was measured as the photosynthetic photon fluence rate 

(µmol s-1 m-2), using a LI-COR LI-192 Underwater Quantum Sensor (LI-COR, Lincoln, Nebraska). The 

average over 15 seconds was measured directly beneath the water surface (I0) and at seagrass canopy 

height (~0.15 m above the sediment) (Id). Additionally, water depth (m) was recorded and corrected for 

the measurement at canopy height (-0.15 m) (d). The three sites were visited for PAR measurements in 

three consecutive days to minimize differences between sites due to precipitation events. PAR was 

measured twice at each station during the same day. The attenuation coefficient was calculated using 

𝐾% =
"$%$#

#

$%
 after Kirk (1994). 

3.2.3 Seagrass assessment 

Seagrass shoots of each species were counted inside 30 squares that varied in size between 625 - 2500 

cm2 at every station along the transects. The 30 squares per station were arranged along three smaller 

~50 m transects with 10 squares each. Two of these smaller transects, were placed parallel to each 

other and the shore with a distance of ~10 m between the transects, the third transect was placed 

perpendicular to the shore. The distance between the squares was approximately 5 m. Additionally, at 

every station in 5 randomly placed squares (625 cm2), above- and belowground seagrass tissue was 

collected. Seagrass shoots were counted (in 5 and 10 squares) and shoot densities were calculated at 

7 (spring 2009) and 27 (spring 2016) additional locations on other transects in the study area.  

Epibionts were removed using 10% HCl and gentle scraping. The leaves were carefully washed in fresh 

water to remove salts. Dry weight (DW) of seagrass parts was determined after drying at 40 °C until 

constant weight. Leaf biomass per shoot was determined for every station and multiplied with shoot 

density to calculate aboveground biomass g DW m-2 (AGBM). Epibionts of 3-10 Thalassia hemprichii 

shoots were scraped into pre-weighed glass vials. Epibionts were almost exclusively algae and not 

differentiated between animals and algae for the analysis. Seagrass and epibionts were dried at 40 °C. 

At each transect point, 10 shoots of T. hemprichii were collected. Plants were rinsed and leaf epibionts 

were removed. For chemical component analysis the first two cm of the second youngest leaf, the first 

three cm of the rhizome, and its affiliated roots were separated and dried at 40 °C. Two to three plants 

were pooled for analysis.  
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The dried seagrass leaves and epibionts were ground and analyzed for total nitrogen (TN) content after 

high temperature combustion in a Flash 1112 EA elemental analyzer and subsequently for nitrogen 

stable isotope composition (δ15N) with a Thermo Finnigan Delta Plus gas isotope ratio mass 

spectrometer. δ15N is given as ‰-deviation from atmospheric air. Repeated measurements of internal 

standards (Pepton and WFS) ensured the precision of the methods (<0.2% for TN and <0.2 ‰ for δ15N). 

In total, five stations along the transects were selected to measure total sulfur (TS) and sulfur stable 

isotope composition (δ34S) in seagrass tissue (leaf, root, rhizome). The aim was to include stations from 

all sites with seagrass present at all samplings. The stations Yelin 0.1 and 0.25 km, Changqi 0.5 and 1 

km, and Qingge 0.5 km were selected. The ground seagrass tissue was analyzed using an Elementar 

vario ISOTOPE cube interfaced to a SerCon 20-22 IRMS (Sercon Ltd., Cheshire, UK). The precision of the 

analysis was <0.02‰ for TS and <0.004‰ for δ34S based on repeated measurements of a T. hemprichii 

rhizome sample. 

3.2.4 Statistical Analysis/ Data Analysis 

Data are presented as means ± SE of the mean, if not stated otherwise. Differences in surface water 

properties in the back-reef areas like, for example, nutrient concentrations (DIN, NH4
+, NOx, PO4

3-, 

Si(OH)4 in µM) and suspended materials (TSM in mg L-1 and chl a in µg L-1) were investigated using a 

general linear model (GLM) to test direct and interactive effects of site (fixed factor; Yelin, Qingge, and 

Changqi), year (fixed factors; 2008/2009 and 2017) and season (fixed factor; spring and autumn). 

Differences in the light attenuation coefficient Kd among the sites were investigated using a Mann-

Whitney U-test, correcting the p values for multiple comparisons using the Bonferroni method. The 

spatial and temporal differences in seagrass density was examined using a zero-inflated generalized 

linear a mixed effect model (R package ‘glmmTMB’ (Brooks et al., 2017)); site (Yelin, Qingge, and 

Changqi), year (2008/2009 and 2017), season (spring and autumn) were included as fixed factors in the 

conditional model; site (Yelin, Qingge, and Changqi), and year (2008/2009 and 2017) were included as 

fixed factors in the zero-inflation model. T. hemprichii and epibiont tissue compounds (δ15N, TN and 

δ34S) were tested for direct and interactive fixed effects of site (Yelin and Changqi), year (2008/2009 

and 2017) and season (spring and autumn) using a GLM. Due to the absence of T. hemprichii in Qingge 

in autumn 2017, samples from Qingge were analyzed separately using a GLM and testing differences 

between the samplings (autumn 2008, spring 2009 and spring 2017) as a fixed factor. All models were 

fit by maximum likelihood, and Type II Wald χ2 tests were used to assess the significance of the fixed 

effects in the models. Significant main effects and interactions were subsequently tested using a 

Tukey’s post hoc test to identify differences between means. Residuals were tested for normality using 

the Kolmogorov-Smirnov test, furthermore residual plots were inspected visually to ensure normality 

and homoscedasticity in the linear models. To visualize differences and similarities between sites, 
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seasons and years in the water quality parameters from the back-reef areas, a principal component 

analysis (PCA) was performed. A Spearman correlation test of water quality parameters revealed a 

strong correlation between DIN concentration and other parameters indicating eutrophication (chl a: 

ρ=0.67, P<0.001; PO4
3-: ρ=0.62, P<0.001; TSM: ρ=0.69, P<0.001) (Table S1). Therefore, DIN was chosen 

as an integrated proxy for eutrophication. To identify possible thresholds in the effects of DIN 

concentration on seagrass biomass, the data were divided into homogeneous groups (‘tree’ package; 

Ripley, 2019). The three resulting groups were tested for differences using a Mann-Whitney U-test. 

Subsequently, p values were corrected for multiple comparisons using the Bonferroni method. A 

Spearman correlation test was done to test the relationship between δ34S in T. hemprichii root tissue 

and seagrass AGBM. 

To test the effect of long-term eutrophication through pond aquaculture effluents on seagrass biomass 

we implemented a hurdle model of seagrass biomass as a function of the DIN concentration and year 

(2008/2009 and 2017) using the zero trick (Nzoufras, 2011; Zuur and Ieno, 2016) in a Bayesian analysis 

framework with MCMC (Markov-Chain-Monte-Carlo) (see Supplement Equation 1 for the equation 

used). To incorporate the dependency among observations from the same site and season, both were 

included in the model as random intercepts. A MCMC is essentially a simulation technique to obtain 

the distribution of each parameter in a model. Therefore, a prior distribution of the model parameters 

is assumed (diffuse normal priors for regression parameters and gamma priors for the random 

intercepts). For r (the extra parameter for the gamma GLM) a gamma prior was used. From this 

distribution, 250,000 iterations were performed for every parameter three times (multiple chains in 

this case three chains) of which the first 100,000 were discarded (burn-in). The burn-in is discarded 

because the convergence in the following iterations is usually much better (good mixing). Of the 

remaining 150,000 iterations, every 10th was stored (thinning rate of 10). Using multiple chains allows 

checking for model convergence and improves the model inference. The aim is to know the (posterior) 

distribution of each parameter in the model. The response is assumed to be drawn from this probability 

distribution based on the actual data. The MCMC was applied using JAGS (Plummer 2001) via the 

package R2jags (Su & Yajima 2012) in R (R Core Team 2019).	All statistical analyses were carried out 

using R (R Core Team, 2019). 

3.3 Results 

3.3.1 Nutrients and biogeochemical properties in the back-reef areas 

TSM, chl a, DIN concentrations and the light attenuation coefficient Kd all showed highest values in 

Changqi in autumn 2017 (Figure 2). While the TSM concentrations in Yelin and Qingge were between 

22-29 mg L-1 in all years, the TSM concentration more than doubled in Changqi from 31 mg L-1 in spring 

2009 to 76 mg L-1 in autumn 2017. In spring 2009, chl a varied between 5-7 µg L-1 at all sites. In Changqi, 
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chl a concentrations doubled from autumn 2008 to spring 2017, and tripled to 21 µg L-1 in autumn 

2017. Also in Qingge concentrations doubled in autumn 2017 compared to spring 2009, while in Yelin 

the chl a concentration halved to 1 µg L-1 in both seasons 2017. The DIN concentration in Changqi in 

2008 and 2009 was more than twice as high as in Qingge and Yelin in the same seasons. The DIN 

concentrations in Qingge increased from 2.6 µM in autumn 2008 to 12.5 µM in autumn 2017. In the 

same time the DIN concentration in Changqi nearly tripled from 8.6 µM in autumn 2008 to 23.3 µM in 

autumn 2017. The concentration in Yelin was always lower than in the same season in Changqi (Table 

S2, S3). 

 

 

Figure 2: Mean ± SE of TSM, chl a, and DIN concentration from the transects in the back-reef areas. 
Lowercase letters indicate significant differences in concentrations between sites, years and seasons. 

The light attenuation coefficient Kd was significantly different between all sites in autumn 2017. In Yelin 

the Kd was lowest (0.5 ± 0.1 m-1), followed by Qingge (1.0 ± 0.1 m-1) and Changqi (2.0 ± 0.8 m-1). 

The PCA indicates a high variability in water quality within sites and years; Changqi shows the highest 

variability in autumn in both years and Yelin has the lowest variability in spring 2017 (Figure 3). PC1 

explained 46% of the variation (Table S4). It was positively driven by DIN (loading: 0.50), Si (loading: 

0.45), TSM (loading: 0.42) and and chl a (loading: 0.38). PC2 explained 24% of the variation. It was 

negatively driven by PO4
3- (loading: -0.63) and salinity (loading: -0.56). TSM and DIN have similar 

loadings in PC1 and PC2 (Table S4). 
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Figure 3: Principal component analysis (PCA) of water quality descriptors Si, salinity, DIN, PO4
3-, chl a, 

and TSM for all stations along the transects in the back-reef. Colors indicate the sites and shapes 
indicate season and year of sampling.  

3.3.2 Seagrass species abundance, shoot density and biomass  

Seagrass was found in 50 ± 2% (SE) of all sampled squares in 2008/2009. The average seagrass biomass 

was 45.9 ± 2.8 mg DW m-², including the squares (50%) in which no seagrass was found. In 2017, 

seagrass was only found in 19 ± 1% of the squares, resulting in an average of 5.9 ± 0.5 mg seagrass DW 

m-². This is a reduction in seagrass presence of 62% and a biomass loss of 87% by 2017. Seagrass density 

was lower at both aquaculture effluent affected sites in 2017 than in 2008/2009 with no general 

seasonal trend (Figure 4, Table S5). A complete seagrass loss occurred at the near-shore stations (<0.5 

km) at both sites affected by pond aquaculture effluents between 2008/2009 and 2017 (Figure 5). In 

Changqi, seagrass abundance in 2017 was ≤ 13% of that recorded in 2008/2009. In Qingge, almost the 

entire seagrass meadow was lost (Figure 5), only eight shoots per m² of Enhalus acoroides remained in 

0.5 km distance from the coast. No species disappeared in Yelin, but the total seagrass abundance 

declined, only 15% of the abundance recorded in spring 2009 were found in spring 2017 (Figure 4). 

In total seven seagrass species were found in the study area. T. hemprichii was the dominant species 

and the only species common at all sites. In Yelin, T. hemprichii, Cymodocea rotundata, Cymodocea 
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serrulata, Halodule uninervis, Halophila ovalis and Syringodium isoetifolium were found during all 

samplings (Figure 5). In Qingge, T. hemprichii and E. acoroides were found in 2008 and 2009, while in 

2017 only E. acoroides was found. In Changqi, T. hemprichii, E. acoroides, H. ovalis and H. uninervis were 

found in 2008 and 2009, but only T. hemprichii and Enhalus acoroides occurred in 2017 (Figure 5).  

 

Figure 4: Seagrass shoot density (± SE) by site and year. Letters indicate differences between sites and 
samplings. 
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Figure 5: Mean seagrass shoot densities (± SD) by species at the three study sites along transects (n=30).  
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3.3.3 Nitrogen and sulfide contents and isotopic composition of T. hemprichii and epibionts 

TN content of T. hemprichii leaves ranged from 1.6 - 3.9%. The highest values were measured in spring 

2009 (Figure 6, Table S6, Table S7). Average TN in epibionts from T. hemprichii leaves varied from 0.2 - 

2.8%, with highest values measured in Yelin in spring 2009 (Figure 6, Table S8, Table S7). Leaf δ15N of T. 

hemprichii ranged from 4.6 - 12.4‰. In 2017, the values were higher at all sites than in the same season 

in 2008/2009, δ15N values from Changqi almost doubled from autumn 2008 to autumn 2017 (Figure 6). 

Epibiont δ15N ranged from 6.7 - 13.3‰ and highest values were measured in Changqi in 2017. The 

epibiont load varied from 0.001 to 2.26 g DW g-1 leaf DW. Higher loads were measured in autumn, but 

were not always significant due to high variations (Table S9).  

 

Figure 6: δ15N and TN of T. hemprichii and epibionts ± SE. Letters indicate significant differences 
between sites and samplings in Yelin and Changqi. Numbers identify differences between samplings in 
Qingge.  
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TS in T. hemprichii leaves ranged from 0.3 – 0.7%. Lowest values were measured in Changqi in spring 

2009, highest values were measured in Yelin and Changqi in autumn 2017 (Figure 7, Table S10, Table 

S11). While in Changqi a seasonal variation with higher values in autumn was found, no seasonal 

differences were found in Yelin. TS in T. hemprichii roots ranged from 0.4 - 1.1%. Lowest values were 

measured in Changqi in 2008/2009. No differences were detected between seasons (Figure 7). TS 

values in T. hemprichii rhizomes ranged from 0.4 - 1.3%. Lowest values were measured in Changqi in 

autumn 2017. T. hemprichii leaf δ34S ranged from 15.0 - 20.3‰. Highest values were measured in 

autumn 2017, lowest values were measured in Changqi in spring 2008 (Figure 7, Table S10, Table S11). 

In Yelin, no significant differences were found between seasons within the same year, while in Changqi 

the values were higher in autumn in both years. Root δ34S ranged between -3.2 and 17.0‰. In general, 

values were higher in 2017 than in 2008/2009 and higher in spring than in autumn. In Changqi, the 

values were always higher compared to the same season in Yelin. δ34S in T. hemprichii rhizomes ranged 

from 5.3‰ to 20.2‰. Values were higher in Changqi than in Yelin. No seasonal or annual differences 

were found. Sulfide intrusion in T. hemprichii roots was positively correlated with seagrass biomass 

(Correlation of T. hemprichii root δ34S and seagrass AGBM Spearman correlation r: -0.59, p= 0.001). 
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Figure 7: δ34S and TS (mean ± SE) in T. hemprichii leaves, roots, and rhizomes. Letters indicate significant 
differences between sites and samplings in Yelin and Changqi; Qingge was not tested. 

3.3.4 Estimation of nutrient concentration thresholds for seagrass occurrence 

The Regression Tree analysis (Figure S1) resulted in a separation of biomass vs. DIN concentration into 

three groups: high biomass (<0.9 µM), medium biomass (0.9-8 µM), and low biomass (>8 µM) (Figure 

8). Seagrass biomass was significantly higher in groups 1 and 2 than in group 3. 
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Figure 8: Seagrass biomass against DIN concentration data, separated into three groups according to 
the results from the regression tree (Figure S2). Lowercase letters indicate differences between groups. 

The mixing of chains in the Bayesian model was good. The Bayesian model revealed a relevant impact 

of DIN and year and of their interaction on seagrass biomass, because zero was not in the 95% credible 

interval (see results of Bayesian model, Table S12). Seagrass biomass was (Figure 9 A and B) lower in 

2017 than in 2008/2009. In both years, DIN and seagrass biomass are negatively correlated. 

b

a

a
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Figure 9: Seagrass aboveground biomass and DIN concentration in the water. The vertical grey lines 
represent the separation of the data into the different groups based on the result of the regression 
tree. A and B show data points from transects and random points in the back-reef area in 2008/2009 
and 2017, respectively. The regression lines denote the expected seagrass biomass and the shaded area 
is the 95% credible interval at certain DIN values calculated from the Bayesian model. In C, 
measurements of the same seagrass species in different regions are plotted on top of the model results 
shown in A and B. Literature sources for panel C are listed in the supplement. 

3.4 Discussion 

3.4.1 Spatio-temporal variation of nutrient and suspended matter dispersal in the coastal zone 

The amount of aquaculture effluents affected the water quality in the back-reef areas. While in 

2008/2009 the effects in water quality parameters were detected only in the near-shore stations 

(Herbeck et al., 2014, 2013), the nutrient and suspended matter concentrations were higher along the 

whole transect in Changqi in 2017 (Figure 2). The effect of aquaculture effluents was most evident in 
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2017 with higher DIN concentrations in Qingge than in Yelin (Figure 2). Since the areal expansion of 

aquaculture ponds was largely completed by 2000 (Herbeck et al., 2020), it is conceivable that the 

higher productivity of the aquaculture facilities caused the higher the nitrogen and suspended matter 

concentration in the back-reef area. In general, nutrient concentrations have a wide range in seagrass 

habitats. The mean DIN concentrations at aquaculture-affected sites from this study ranged between 

2.6 - 23.3 µM, which is in the same range of values reported in a recent study from the south of Hainan 

(Jiang et al., 2019). However, these DIN concentrations were considerably higher than those reported 

from healthy seagrass meadows of the Indo-Pacific Ocean, ranging from 2.0-2.3 µM DIN (e.g. Touchette 

& Burkholder, 2000). Also, in Yelin DIN concentrations exceeded this range during two samplings. As 

the affinity to NH4
+ in micro- and macroalgae and marine plants is very high, it is conceivable that the 

seagrasses were assimilating a substantial part of the nutrients from the water column in 2008/2009, 

while in 2017 this natural filter was missing in Qingge and Changqi. The maximum DIN concentrations 

in autumn 2017 coincided with the harvesting season of the aquaculture ponds. Furthermore, strong 

rain events that flush nutrients from land into the coastal waters are more frequent in the rainy season 

(Herbeck et al., 2011). Since PO4
3- concentrations in this study and in Jiang et al. (2019) were in the 

same range of 0.1-1.7 µM as reported from other regions without major anthropogenic impact (e.g. 

Touchette & Burkholder, 2000), the seagrass meadows of Hainan seem especially impacted by elevated 

nitrogen input. Chl a concentrations in the whole study area were higher than in other coastal seagrass 

meadows, but lower in Yelin in 2017. Chl a concentrations were 0.01-0.11 µg L-1 close to fish cages in 

the Mediterranean (Holmer et al., 2008), 2-8 µg L-1 in Florida (Heck et al., 2006) and 2.8 ± 0.5 µg L-1 and 

1.8 ± 0.3 µg L-1, respectively, at urbanized and reference sites in Brazil (Scherner et al., 2013). The 

elevated chl a concentrations may originate directly from pond and creek release. In addition, the 

nutrients from the ponds induce primary production in the water column in the whole back-reef area 

(Herbeck and Unger, 2013). The TSM concentration at all Hainan sites was higher than in seagrass 

meadows in other regions, i.e. 5.2-26.2 mg L-1 in Indonesia (Erftemeijer, 1994), 5.2- 25.2 mg L-1 in Kenya 

(Bouillon et al., 2007), up to 19 mg L-1 in the Philippines (Bach et al., 1998), and 5-25 mg L-1 in Australia 

(Bulthuis et al., 1984). Seagrass canopies reduce water velocity through friction (Fonseca et al., 1982) 

and thus allow particles to settle. Furthermore, seagrass meadows prevent resuspension of sediments 

(Bulthuis et al., 1984; Terrados and Duarte, 2000). The high TSM concentration in Hainan is likely the 

result of a loss of this ecosystem function because of the seagrass loss in Changqi. The elevated chl a 

and TSM concentrations even during dry weather conditions probably create light stress through 

shading for the seagrasses. Extreme precipitation events further impair these conditions (Herbeck et 

al., 2011; Krumme et al., 2012). The elevated nutrients and suspended matter in Yelin possibly originate 

from a combination of exported aquaculture effluents from Changqi and discharge from the 
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Wenchang/Wenjiao estuary. A passive hydrodynamic tracer model predicted that the fringing reef 

prevents the export of water from the back-reef area into the open ocean. Instead, most of the particles 

from Changqi move parallel to the coast northwards and reach Yelin after 30 h (T. Pohlmann pers. 

comm.). Furthermore, the Wenchang/Wenjiao estuary is fringed by a lot of aquaculture ponds and also 

harbors floating cages. 

The light attenuation coefficient Kd in Qingge was in the same range as values measured at aquaculture-

affected sites that showed seagrass loss in the Philippines. In Changqi, light attenuation was higher than 

in the Philippines (Tanaka et al., 2014). In Yelin, Kd was similar to that of an affected site that showed a 

reduction in shoot density in the Philippines (Bach et al., 1998; Tanaka et al., 2014) and it was higher 

than at seagrass sites in Zanzibar (Belshe et al., 2018). The high light attenuation at all the sites in Hainan 

indicates light limitation for seagrasses. 

3.4.2 Spatio-temporal variation in seagrass abundance and community composition  

Seagrass densities and species number were lower at aquaculture effluent affected sites, which 

confirms our first hypothesis. Our second hypothesis was also confirmed, as another eight years of 

effluent exposure resulted in lower seagrass densities at all sites and seagrass loss at the aquaculture 

affected sites. Apparently, at highly impacted sites like Qingge and Changqi it is only a matter of time 

for the seagrasses to disappear totally. 

The species remaining at the aquaculture affected sites, T. hemprichii and E. acoroides, require more 

light, but also have more energy reserves stored in their roots. It is conceivable, that the small species 

H. uninervis and H. ovalis disappeared from Changqi, because they are less resistant to light reduction 

than bigger species like C. serrulata (Collier et al., 2016). T. hemprichii appears more resistant to stress 

from aquaculture effluents as shoot densities remained surprisingly constant in Yelin and in Changqi at 

1 km distance from the coast, while all other seagrasses had lower densities in 2017. In other regions, 

C. serrulata and E. acoroides were more resistant to siltation (Terrados et al., 1998), and C. serrulata 

was also more resistant to low light availability (Tanaka and Nakaoka, 2007) than T. hemprichii. 

However, light reduction through shading by seaweed farming in Zanzibar impaired E. acoroides, but 

not T. hemprichii (Eklöf et al., 2006). Furthermore, faster leaf growth under elevated nitrogen 

concentrations of 16 µM compared to 4 µM was measured for T. hemprichii, while the growth of other 

species (C. rotundata and Thalassodendron ciliatum) was not affected (Uku and Björk, 2005). 

Aquaculture facilities impair seagrass meadows globally. Seagrass is often not present close to fish 

cages or within the effluent plume, while seagrass biomass increases with increasing distance 

(Apostolaki et al., 2009a; Herbeck et al., 2014; Liu et al., 2016; Ruiz et al., 2001; Tanaka et al., 2014). 

Relocation of fish cages to alleviate the impact on seagrass ecosystems may lead to seagrass recovery 
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(Kletou et al., 2018). In the NE of Hainan, species and biomass were lost at aquaculture-affected sites. 

T. hemprichii appears to be the most resistant species to the stressors. 

3.4.3 Direct and indirect effects of aquaculture effluents on seagrass performance as indicated by 

δ15N, epibionts and δ34S 

The TN content in T. hemprichii leaves was in the range of aquaculture-affected plants in former studies 

conducted in Hainan (Jiang et al., 2019; Liu et al., 2016; Zhang et al., 2014) and higher than the TN 

content of plants growing at offshore sites (Jiang et al., 2019). Shading may also increase the relative N 

and P concentration in seagrass shoots (McMahon et al., 2013). As no inter-site differences in TN were 

found, but light availability was different between the sites, the higher TN content appears to be a direct 

response to higher N availability in the water. 

The δ15N values in T. hemprichii leaves in the whole study area were among the highest measured 

worldwide (Figure 10). The values in 2017 were higher than at aquaculture-affected sites in southern 

Hainan (Jiang et al., 2019). The highest δ15N values of up to 12‰, measured in Changqi confirmed our 

third hypothesis. The values were similar to those of T. hemprichii in Mombasa, Kenya, which was 

heavily affected by municipal and domestic sewage discharge (Mwaura et al., 2017). The high values at 

the Hainan sites were likely a result of N-rich discharges from aquaculture ponds, as municipal sewage 

was minor. Pond effluents had a high δ15N-NH4
+ of ~17 ‰ in Changqi (Herbeck and Unger, 2013). TN 

and δ15N in T. hemprichii leaf tissue were positively correlated with water column NH4
+ concentration 

in Qingge and Changqi (Herbeck et al. 2014). Higher δ15N values in autumn correspond with higher DIN 

concentrations in 2017, i.e. in the growth and harvesting season of the aquaculture ponds. δ15N was 

significantly higher at all sites in 2017 than in the same season in 2008/2009, reflecting the higher 

production rate in the ponds in the area. In Yelin, high δ15N values are probably the result of aquaculture 

effluent transport along-shore from Changqi (T. Pohlmann pers. comm.) and from the 

Wenchang/Wenjiao estuary that drains into the sea near Yelin during the wet season. On average, 6.6 

typhoons hit Hainan every year (Lu et al., 2015), which cause pulses of high nutrient and OM loads 

entailing temporary eutrophication of coastal waters (Herbeck et al., 2011). Our results indicate that 

Hainan is an extreme example for anthropogenic eutrophication on coastal organisms and habitats. 

Higher δ15N values in 2017 than in 2008/2009 indicate that this effect even increased over time. 
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Figure 10: δ15N in T. hemprichii leaf tissue at the transects and other locations in the Indian and Pacific 
Oceans. Literature sources are listed in the supplement. 

The higher epibiont biomass in Hainan in autumn was similar to that observed in Papua New Guinea, 

where higher epiphyte loads were measured in summer (Heijs, 1984). It is conceivable that the epibiont 

growth follows a seasonal pattern driven by light availability. As in 2017 in Changqi the TSM and chl a 

concentrations were always very high, the light limitation may have inhibited a seasonal pattern. In 

general, water column nutrient loads are not directly related to epiphyte loads, as multiple interacting 

processes, including mitigating factors such as grazing, are involved (Fourqurean et al., 2010; Krause-

Jensen et al., 2008; Nelson, 2017a). Still, the concept of a positive correlation between nutrient 

enrichment and epiphyte growth is widely accepted (Burkholder et al., 2007; Krause-Jensen et al., 2008; 

Leoni et al., 2008). A comparison of numbers between studies is fraught with uncertainties, because no 

general applicable and convertible metric is used and numbers on epiphyte loads of tropical seagrasses 

like T. hemprichii are rare (Nelson, 2017a, 2017b). Despite missing classifications, the epibionts growing 

on the seagrass certainly increased light limitation for the plants in Hainan. 

A higher δ34S in roots and leaves of T. hemprichii in 2017 points to less sulfide intrusion than in 

2008/2009, which falsifies the fourth hypothesis. Seagrass root tissue is most affected by sulfide 

intrusion (Holmer et al., 2006). δ34S in the roots was always higher in Changqi than in Yelin, indicating 

less sulfide intrusion in the former. In general, sulfide pools are positively correlated with shoot 

densities (Holmer and Nielsen, 1997). The positive correlation between sulfide intrusion and seagrass 
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biomass indicates that the higher δ34S in 2017 is not necessarily due to an improvement of conditions 

for seagrass growth, but instead it is an indicator for a smaller sedimentary sulfide pool due to lower 

seagrass densities. Elevated sulfide intrusion as detected by low δ34S values was observed in 

belowground seagrass compartments in the direct vicinity of fish cages in the Mediterranean 

(Frederiksen et al., 2007). This could have been one driver for seagrass loss also in the nearshore 

stations in Hainan, as the intrusion of the phytotoxin hydrogen sulfide from sediments is known a global 

driver of seagrass decline (Frederiksen et al., 2007; Holmer et al., 2009, 2006). Nevertheless, higher 

δ34S in T. hemprichii tissue in 2017 than in 2008/2009, suggests that sulfide intrusion is not inhibiting 

the seagrass recolonization in NE Hainan. Instead, water quality is the factor limiting seagrass growth, 

as the aquaculture effluent input causes elevated nutrients and induces shading through 

eutrophication. 

3.4.4 Long-term effects of pulsed aquaculture effluent inputs on distribution and biomass of 

seagrasses 

Staring in the late 1960s aquaculture pond area increased rapidly on Hainan, mainly at the expense of 

mangrove forests, and reached its present areal extent at the end of the 20th century (Herbeck et al., 

2020). An increasing d15N and associated changes in the biogeochemistry in an age-dated sediment 

core close to large areas of pond aquaculture in the 1990s and in particular in the 2000s document the 

effect on the biogeochemistry of coastal waters (Herbeck et al., 2020). It is therefore conceivable that 

seagrasses along the Hainan coast were exposed to nutrient-rich coastal waters since the 1990s. Our 

data set allowed the construction of a model that describes the relationship between seagrass biomass 

and DIN concentration in the water column. This model not only enables assessment of the relationship 

statistically, but also allows to predict future seagrass distribution depending on the DIN concentration 

in the water. It predicts seagrass biomass at specific DIN concentrations in two scenarios (Figure 9, A 

and B). It displays the impact of DIN after roughly a decade of seagrass exposure to high effluent 

disposal into coastal waters in 2008/09 (Figure 9, A), and the effect after additional nine years of 

effluent release as a consequence of intensified aquaculture production in 2017 (Figure 9, B). It is 

conceivable that the seagrass loss due to nutrient pollution forms a positive feedback loop, as 

ecosystem functions like nutrient uptake and particle trapping are lost along with the seagrass 

meadows. It is reasonable that the change in biomass in 2008/2009 is steeper than in 2017 (Figure 9, A 

and B), because eutrophication-sensitive seagrass species were more abundant in 2008/2009, while in 

2017 the remaining, more resistant species T. hemprichii was most abundant. The collapse of 

seagrasses in the study area within only nine years highlights that seagrass loss can be fast once a 

certain threshold is exceeded. In our case, seagrasses flourish at concentrations <0.9 µM DIN, while 

they likely disappear at DIN >8 µM. These thresholds are strikingly similar to those determined for high 
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coral cover and species richness in Hong Kong ( <2 µM DIN), whereas no live coral was found at 

concentrations >9 µM DIN (Duprey et al., 2016). It is conceivable that the threshold of <0.9 µM DIN 

from Hainan to sustain high seagrass biomass was as low, because seagrass removed nutrients from 

the water column.  

In combination with the DIN thresholds, the model allows the prediction of seagrass biomass at sites 

potentially suitable for seagrass growth. Seagrass aboveground biomasses from other sites in South-

East Asia fall into the seagrass biomass credible intervals calculated for 2008/2009 (Figure 9, C). 

Furthermore, it allows the classification of potentially eutrophic seagrass sites and a prediction of future 

seagrass biomass. All sites from Figure 9, panel C that fall above the 8 µM DIN threshold are known to 

be impacted by eutrophication from various anthropogenic activities (Jiang et al., 2019, 2017; Uku and 

Björk, 2005). Based on the results of our study these seagrass meadows are likely to disappear if 

nutrient pollution persists.  

3.4.5 Other possible driving factors and uncertainties 

Thresholds may vary for different regions and species, as relationships underlie location- and species-

specific factors and combinations of those like, for example, sediment conditions, hydrodynamics, 

sediment composition, herbivore pressure, and flushing time. The half-life flushing time, i.e. the time 

after which 50% of the water is exchanged in the back-reef areas around Changqi, was low with an 

annual mean of 17.8 h for northern Changqi and 15.6 h for southern Changqi and a maximum of 37 h 

in February and 10h in July, August and September (T. Pohlmann pers. comm.). These were even lower 

than the flushing times for a typical coral reef estimated from numerical models, where 45% of the 

material was still present after 10 days (Black et al., 1990). In Lianzhou Bay in the northern Beibu Golf, 

residence time (average time that a water molecule needs to leave a particular area) was 34 h to 6 days 

(Sun et al., 2014). The fast export in our study area due to the hydrodynamics, therefore, may be a 

mitigating factor.  

Other factors may have also contributed to the seagrass declines. Among those are tropical storms and 

heat waves, and human use of the resources in the back-reef area. For example, we observed the 

harvesting of mussels that were dug out of the muddy sediments close to the shore at low tide, mainly 

in Changqi, and fishing by using cast nets or small gillnets. However, the potential impacts of these 

activities could not be assessed in this study. Nevertheless, it underscores that the resilience of tropical 

seagrass beds is impaired by a multitude of factors, the interaction of which is quite obvious, but not 

well understood. 

3.5 Conclusions 

Long-term exposure to aquaculture effluents with high nutrient concentrations over approximately two 

decades had severe consequences for the seagrass meadows along the Hainan coast. The 87% seagrass 
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biomass reduction in 9 years in NE Hainan exceeds globally extrapolated loss rates from other regions 

(Waycott et al., 2009). Taking into account that Hainan holds <1% of the total area covered by 

aquaculture ponds in China (Duan et al., 2020) and the fact that the largest increase in coastal 

aquaculture in the country took place in the 1990s (Ren et al., 2019) it is conceivable that aquaculture 

pond effluents are a serious threat to coastal ecosystems along the whole Chinese coast, and in 

particular to seagrass meadows. The seagrass loss along with its ecological functions after long-term 

eutrophication from aquaculture effluents indicates the loss of resilience against nutrient pollution. The 

nutrient pollution further impairs key ecosystem functions like nutrient uptake and particle trapping 

leading to a positive feedback loop. As the coastal zone is intensively used and important for people’s 

livelihoods, a targeted management that includes aquaculture effluent treatment is required to sustain 

ecosystem services and biodiversity. On the long-term a DIN threshold concentration of 8 µM should 

not be surpassed, else seagrasses are likely to disappear. We encourage regular seagrass monitoring 

and long-term studies to assess the magnitude and timescales of impact of the growing aquaculture in 

SE Asia on the seagrass ecosystems and to critically test the threshold also in coastal systems with 

different environmental settings and socio-economic contexts.  
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Appendix 

Supporting information for: The end of resilience: Nitrogen thresholds predicting seagrass loss after 
decades of exposure to aquaculture effluent input  

 

Figure S1: A) Averages of monthly Sea Surface Temperature (SST) from 1982-2018, means calculated 
from Integrated Climate Data Center, 2017. B) Sunshine hours (h day-1) and monthly precipitation (mm) 
at Qionghai weather station (~40 km south of Qingge). Gray bars represent average monthly 
precipitation from 1971-2000 (gray bars). Data are from the China Meterological Information Center, 
2017 (CMDC - China Meterological Information Center [WWW Document], 2017. URL 
http://data.cma.cn/ (accessed 1.3.19)).  

Table S1: Spearman’s rank correlation between nutrient, chlorophyll a and TSM concentrations and 
salinity values from the back-reef area. In the lower left part of the table Spearman’s ρ (rho) is displayed 
and the upper right part of the table shows the p values indicating if the correlation is significant. 

  DIN NH4
+ NOx PO4

3- Si Chl a TSM Salinity 
DIN (µM)  < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.200 
NH4

+ (µM) 0.834  < 0.001 < 0.001 0.013 < 0.001 < 0.001 0.974 
NOx (µM) 0.934 0.612  < 0.001 < 0.001 < 0.001 < 0.001 0.030 
PO4

3- (µM) 0.627 0.725 0.448  0.219 < 0.001 0.028 0.875 
Si (µM) 0.657 0.331 0.768 0.167  < 0.001 < 0.001 < 0.001 

Chl a (µg L-1) 0.672 0.544 0.657 0.464 0.626  < 0.001 < 0.001 
TSM (mg L-1) 0.692 0.532 0.703 0.294 0.569 0.779  0.004 

Salinity -0.174 -0.004 -0.291 0.021 -0.656 -0.520 -0.375  
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Table S3: Results of generalized linear m
odels (G

LM
) of the nutrient and physico-chem

ical m
easurem

ents in the backreef area. 
Significant predictors are indicated in bold. 
 

D
IN
 (y= x + 3.7) 

N
H
4 (y= x + 1.4) 

N
O
x (y= x + 3.5) 

PO
4 (y= x + 0.8) 

Si 
  

df 
Chi² 

p 
df 

Chi² 
p 

df 
Chi² 

p 
df 

Chi² 
p 

df 
Chi² 

p 
year 

1 
6.618 

0.010 
1 

0.186 
0.666 

1 
13.126 

<0.001 
1 

2.327 
0.127 

1 
1.553 

0.213 
site 

2 
78.377 

<0.001 
2 

89.646 
<0.001 

2 
75.914 

<0.001 
2 

44.883 
<0.001 

2 
53.350 

<0.001 
dist 

1 
11.081 

0.001 
1 

11.759 
0.001 

1 
14.223 

<0.001 
1 

13.968 
<0.001 

1 
9.183 

0.002 
season 

1 
3.179 

0.075 
1 

50.859 
<0.001 

1 
2.372 

0.123 
1 

40.397 
<0.001 

1 
33.343 

<0.001 
year x site 

2 
22.817 
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2 
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<0.001 

2 
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0.435 

1 
3.895 

0.048 
1 

12.555 
<0.001 

1 
1.050 

0.306 
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27.651 
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16.427 
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1 

114.046 
<0.001 

1 
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0.140 
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0.727 
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Table S4: Loadings of nutrients, physical, chemical and biogeochemical parameters across sites, 
distances, seasons and years on PC1 and PC2 in the PCA. The percentage represents the explained 
variance by the PC. 

Variable PC1 (46%) PC2 (24%) 

Si 0.45 0.37 
Salinity -0.38 -0.56 

DIN 0.50 -0.26 

PO43- 0.27 -0.63 

chl a 0.39 0.09 

TSM 0.42 -0.27 

Table S5: Results of the zero-inflated generalized linear a mixed effect model testing spatial and 
temporal differences in seagrass density.  

  df Chi² p 

Site 2 421.7 <0.001 

Season 1 11.3 <0.001 

Year 1 304.5 <0.001 

Distance 1 50.9 <0.001 

Site:Season 2 9.9 <0.001 

Site:Year 2 81.5 <0.001 

Season:Year 1 0.3 0.594 

Site:Season:Year 2 65.9 <0.001 

Table S6: Average (±SE) of δ15N and TN of T. hemprichii leaves at the sites and distances from different 
sampling campaigns in spring 2009, autumn 2008 and spring and autumn 2017.  

    2009/2008 2017 2009/2008 2017 

Site Distance Spring Autumn Spring Autumn Spring Autumn Spring Autumn 

    δ15N (‰) T. hemprichii leaf TN (%) T. hemprichii leaf 

Yelin 0.05 6.41±0.32 7.09±0.18 7.71±0.27 7.72±0.19 3.49±0.13 2.94±0.07 2.63±0.36 2.74±0.09  
0.1 7.42±0.33 8.28±0.1 8.87±0.09 8.67±0.27 3.48±0.08 3.01±0.09 2.9±0.07 2.82±0.03  
0.25 7.36±0.25 7.72±0.11 6.58±0.18 8.51±0.28 3.07±0.16 2.93±0.11 3.19±0.1 2.82±0.08  
0.5 7.5±0.26 NSG 9.23±0.07 8.79±0.15 3.1±0.06 NSG 2.86±0.05 2.52±0.14 

Qingge 0.05 NSG NSG NSG NSG NSG NSG NSG NSG  
0.1 8.46±0.31 8.15±0.13 NSG NSG 3.16±0.07 2.65±0.05 NSG NSG  
0.25 7.02±0.23 6.88±0.22 NSG NSG 3.12±0.09 2.41±0.14 NSG NSG  
0.5 7.14±0.12 8.08±0.15 7.89±0.07 NSG 3.02±0.09 2.25±0.11 2.75±0.05 NSG  
1 7.34±0.19 NSG NSG NSG 3.14±0.11 NSG NSG NSG 

Changqi 0.05 NSG NSG NSG NSG NSG NSG NSG NSG  
0.1 8.11±0.9 8.38±0.11 NSG NSG 2.9±0.03 3.05±0.19 NSG NSG 

 
0.25 7.03±1.08 8.07±0.08 NSG NSG 2.98±0.1 2.88±0.25 NSG NSG  
0.5 6.43±0.47 8.43±0.14 12.2±0.13 NSG 2.85±0.01 2.35±0.02 2.74±0.05 NSG 

  1 5.26±0.23 5.76±0.2 11.24±0.24 10.44±0.23 3.12±0.05 2.92±0.08 2.73±0.06 2.93±0.09 

  



Long-term effects 

 112 

Table S7: Results of generalized linear models (GLM) of the δ15N and TN of T. hemprichii leaves and its 
epibionts. Significant predictors are indicated in bold. 
 

δ 15N T. hemprichii leaf TN T. hemprichii leaf δ 15N Epibionts Epibiont load 

  df Chi² p df Chi² p df Chi² p df Chi² p 

year 1 77.357 <0.001 1 17.819 <0.001 1 38.171 <0.001 1 0.674 0.412 
site 1 3.494 0.062 1 4.436 0.035 1 37.837 <0.001 1 0.423 0.516 

season 1 6.653 0.010 1 9.530 0.002 1 0.167 0.682 1 32.058 <0.001 

year x site 1 42.410 <0.001 1 2.999 0.083 1 26.674 <0.001 1 0.107 0.744 

year x season 1 1.330 0.249 1 3.509 0.061 1 0.001 0.975 1 0.038 0.846 

site x season 1 0.239 0.625 1 4.903 0.027 1 4.221 0.040 1 0.142 0.706 

year x site x season   3.599 0.058 1 0.611 0.434 1 0.188 0.665 1 9.678 0.002 

 

Table S8: Average (± SE) of δ15N and TN of epibionts from T. hemprichii leaves at the sites and distances 
from different sampling campaigns in Spring 2009, Autumn 2008 and spring and autumn 2017. 

  
 

2009/2008 2017 2009/2008 2017 

Site Distance Spring Autumn Spring Autumn Spring Autumn Spring Autumn 

  
 

δ15N (‰) Epibionts TN (%) Epibionts 

Yelin 0.05 7.52±0.06 8.79±0.59 9.35±0.61 7.65±0.11 1.12±0.02 0.81±0.15 0.57±0.13 0.26±0.02  
0.1 8.50±0.38 9.01±0.69 8.83±0.61 9.64±0.31 1.15±0.09 0.63±0.08 0.85±0.16 1.18±0.54  
0.25 8.61±0.61 8.12±0.37 8.2±0.36 9.78±0.25 0.70±0.10 0.53±0.09 0.66±0.17 0.61±0.03  
0.5 7.34±0.14 NSG 8.8±0.13 9.72±0.26 1.07±0.02 NSG 0.86±0.13 0.59±0.07 

Qingge 0.05 NSG NSG NSG NSG NSG NSG NSG NSG  
0.1 8.61±0.02 7.72±0.19 NSG NSG 1.4±0.06 0.42±0.05 NSG NSG  
0.25 7.14±0.04 5.79±0.19 NSG NSG 1.32±0.06 0.46±0.05 NSG NSG  
0.5 7.25±0.34 5.24±0.31 NSG NSG 1.22±0.1 0.61±0.01 NSG NSG  
1 7.3±0.06 NSG NSG NSG 1.32±0.11 NSG NSG NSG 

Changqi 0.05 NSG NSG NSG NSG NSG NSG NSG NSG  
0.1 9.47±0.56 8.78±0.64 NSG NSG 0.68±0.06 0.57±0.02 NSG NSG 

 
0.25 10.13±0.18 9.43±0.32 NSG NSG 1.06±0.10 0.90±0.12 NSG NSG  
0.5 9.43±0.33 7.85±0.23 12.25±NA NSG 0.99±0.12 0.52±0.03 0.88±NA NSG  
1 8.31±0.06 8.18±0.41 12.54±0.26 12.22±0.43 0.95±0.04 0.39±0.03 0.7±0.04 0.73±0.09 

 

Table S9: Average epibiont loads (± SE) from Yelin and Changqi. Lowercase letters indicate significant 
differences. 

Epibiont load g DW gDW-1 (leaf) 

Yelin site mean 0.21±0.04a 0.39±0.06ab 0.21±0.03a 0.65±0.14b 
Changqi 0.5 and 1 km 0.21±0.04a 0.57±0.09b 0.37±0.15ab 0.31±0.05ab 
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Table S10: Average (± SE) of δ34S and TS in different plant parts of T. hemprichii. 

    2009/2008 2017 2009/2008 2017 
Site Distance Spring Autumn Spring Autumn Spring Autumn Spring Autumn 
  (km) δ34S T. hemprichii leaf TS % T. hemprichii leaf 

Yelin 0.05 18.67±0.20 16.68±1.22     0.56±0.01 0.51±0.1 NT   
 0.1 17.96±0.15 17.22±0.23 20.21±0.09 19.7±0.27 0.67±0.02 0.50±0.01 0.58±0.03 0.72±0.04 
 0.25 17.81±0.35 18.44±0.21 18.72±0.49 19.7±0.25 0.68±0.03 0.68±0.02 0.69±0.02 0.79±0.02 
 0.5 18.68±0.27     0.56±0.03    

Qingge 0.05 NSG NSG NSG NSG      
 0.1 18.50±0.12 18.61±0.08    0.75±0.03 0.71±0.01   
 0.25 18.10±0.23 17.29±0.72    0.54±0.02 0.52±0.04   
 0.5 18.59±0.03 18.19±0.17 19.87±0.15   0.67±0.02 0.71±0.03 0.59±0.02  
 1 18.87±0.02     0.70±0.04    

Changqi 0.05 NSG NSG NSG NSG NSG NSG NSG NSG 
 0.01 16.48±0.66 17.77±0.41 NSG NSG 0.32±0.13 0.6±0.03 NSG NSG 
 0.25 16.39±0.46 NA NSG NSG 0.55±0.01 0.05±NA NSG NSG 
 0.5 15.61±0.36 19.02±0.23 19.8±0.17 NSG 0.44±0.01 0.67±0.02 0.57±0.04 NSG 
 1 16.19±0.49 18.12±0.56 17.28±0.43 19.85±0.04 0.40±0.03 0.6±0.02 0.34±0.01 0.74±0.02 
    δ34S T. hemprichii rhizome TS % T. hemprichii rhizome 
Yelin 0.05 12.74±0.65 11.85±1.61     0.69±0.13 0.67±0.05     
 0.1 13.38±0.77 15.62±0.36 17.89±1.41 17.34±1.62 1.02±0.09 0.56±0.04 0.78±0.1 0.78±0.04 
 0.25 17.63±0.51 12.11±3.55 10.00±3.76 3.87±2.35 0.85±0.10 0.76±0.13 1.17±0.13 1.21±0.18 
 0.5 13.92±2.22     0.77±0.15    

Qingge 0.05           
 0.1 16.52±1.24 10.62±1.61    0.70±0.01 0.79±0.09   
 0.25 14.22±4.07 14.59±0.59    0.80±0.18 0.61±0.05   
 0.5 17.20±0.55 11.75±2.33 16.33±0.85   0.74±0.02 0.66±0.05 0.67±0.06  
 1 15.82±1.75     0.65±0.22    

Changqi 0.05   NSG NSG NSG  NSG NSG NSG 
 0.1 18.86±0.27 12.96±2.35 NSG NSG 0.68±0.06 0.56±0.07 NSG NSG 
 0.25 16.15±0.67 15.33±1.61 NSG NSG 0.86±0.10 0.59±0.13 NSG NSG 
 0.5 16.54±0.62  19.17±0.53 NSG 0.70±0.02  0.93±0.01 NSG 
 1 16.73±1.60 12.88±0.39 19.79±0.34 19.06±0.28 0.54±0.15 0.77±0.14 0.98±0.05 0.52±0.04 
    δ34S T. hemprichii root TS % T. hemprichii root 
Yelin 0.05 4.95±0.88 -0.41±1.93     1.04±0.15 0.62±0.04     
 0.1 6.02±0.82 1.60±1.26 11.31±1.08 13.05±0.04 0.76±0.12 0.59±0.04 0.69±0.06 0.66±0.01 
 0.25 9.64±5.14 2.41±2.11 9.62±1.05 8.62±1.53 0.46±0.04 0.56±0.03 0.83±0.02 0.68±0.04 
 0.5 6.52±1.52     0.59±0.11    

Qingge 0.05           
 0.1 13.73±1.35 6.70±2.09    0.85±0.29 0.33±0.13   
 0.25 8.63±1.93 0.92±0.58    0.53±0.07 0.68±0.01   
 0.5 10.73±1.26 5.72±0.83 10.48±0.23   0.57±0.09 0.50±0.04 0.72±0.05  
 1 14.50±0.83     0.62±0.15    

Changqi 0.05           
 0.1 10.71±1.59 6.84±2.83    0.33±0.05 0.46±0.06   
 0.25 4.52±1.88 2.58±0.22    0.52±0.04 0.39±0.09   
 0.5 5.29±4.59 1.82±5.07 14.65±0.34   0.49±0.04 0.83±0.30 0.75±0.08  
 1 6.21±0.24 5.18±0.40 16.01±0.50 14.22±0.41 0.52±0.05 0.50±0.06 0.93±0.03 0.60±0.04 
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Table S11: Results of generalized linear models (GLM) of the δ34S and TS of T. hemprichii plant parts and 
epibiont load in Yelin and Changqi. Data are from spring 2009, autumn 2008 and spring and autumn in 
2017. Significant predictors are indicated in bold. 

 
δ34S T. hemprichii leaf δ34S T. hemprichii root δ34S T. hemprichii rhizome 

  df Chi² p df Chi² p df Chi² p 

year 1 56.606 <0.001 1 58.086 <0.001 1 7.914 0.005 
site 1 9.48 0.002 1 15.109 <0.001 1 0.846 0.358 
season 1 9.126 0.003 1 19.385 <0.001 1 2.926 0.087 

year x site 1 0.706 0.401 1 0.647 0.421 1 3.141 0.076 

year x season 1 0.166 0.683 1 2.275 0.132 1 0.377 0.539 

site x season 1 24.811 <0.001 1 1.557 0.212 1 0.161 0.688 

year x site x season 1 2.989 0.084 1 0.47 0.493 1 0.353 0.552           

 
TS T. hemprichii leaf TS T. hemprichii root TS T. hemprichii rhizome 

  df Chi² p df Chi² p df Chi² p 

year 1 4.947 0.026 1 11.979 0.001 1 6.117 0.013 

site 1 15.924 <0.001 1 9.005 0.003 1 9.271 0.002 

season 1 19.630 <0.001 1 0.447 0.504 1 9.264 0.002 

year x site 1 0.104 0.747 1 2.706 0.100 1 2.904 0.088 

year x season 1 5.045 0.025 1 1.048 0.306 1 0.241 0.624 
site x season 1 16.008 <0.001 1 1.980 0.159 1 1.031 0.310 
year x site x season 1 0.309 0.578 1 2.942 0.086 1 6.485 0.011 

 

 

Figure S2: Result of regression tree. 
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The full hurdle model formulation for the seagrass biomass data using a gamma distribution and site 
and season as random factors is given by:  

𝐵𝑖𝑜𝑚𝑎𝑠𝑠&'(~	𝑍𝐴𝐺(µ&'( , 𝜋&'()        eq. 1 

The 𝐵𝑖𝑜𝑚𝑎𝑠𝑠&'( is the seagrass biomass at observation ijk, it has a Zero Altered Gamma (ZAG) 
distribution with values µ&'( and 𝜋&'( 

𝐸5𝐵𝑖𝑜𝑚𝑎𝑠𝑠&'(6 = 	𝜋&'( ×	µ&'(        eq. 2 

Where E is the expected value that is equal to µ&'( (from the Gamma part of the model) and 𝜋&'( (from 
Bernoulli part of the model). 

𝑣𝑎𝑟(𝐵𝑖𝑜𝑚𝑎𝑠𝑠&'() =
)&'(×+,))&'(	×+

+
×	µ.&'(      eq. 3 

Eq. 3 is the combined variance of the Biomass from the two model parts µ for the Gamma distribution 
of the positive biomass data and p for the Bernoulli distribution for the binary part of the model. 

log5µ&'(6 = 𝛽/ + 𝛽. × 𝑑𝑖𝑛&'( + 𝛽0 × 𝑦𝑒𝑎𝑟&'( + 𝑠𝑖𝑡𝑒/& + 𝑠𝑒𝑎𝑠𝑜𝑛/'    eq. 4 

µ&'( is the biomass in observation ijk if seagrass is present (non-zero biomass data), using a log link 
function to ensure that the fitted values are always positive. 𝛽/ is the intercept, 𝑑𝑖𝑛&'(and 𝑦𝑒𝑎𝑟&'( are 
the fixed factors and 𝑠𝑖𝑡𝑒/&  and 𝑠𝑒𝑎𝑠𝑜𝑛/'  are random factors of the model. 

𝑙𝑜𝑔𝑖𝑡5𝜋&'(6 = 𝛾/ + 𝛾. × 𝑑𝑖𝑛&'( + 𝛾0 × 𝑦𝑒𝑎𝑟&'( + 𝑠𝑖𝑡𝑒.& + 𝑠𝑒𝑎𝑠𝑜𝑛.'    eq. 5 

In eq. 5 𝜋&'( is the probability that seagrass is present (success=1) at observation ijk, based on a Poisson 
distribution of the data. 𝛾/ is the intercept. 𝑑𝑖𝑛&'(and 𝑦𝑒𝑎𝑟&'( are the fixed factors and 𝑠𝑖𝑡𝑒.&  and 
𝑠𝑒𝑎𝑠𝑜𝑛.'  are random factors of the model. 

𝑠𝑖𝑡𝑒/& ,.& ~𝑁(0, 𝜎1&23. )          eq. 6 

𝑠𝑒𝑎𝑠𝑜𝑛/' ,.' ~𝑁(0, 𝜎134156. )        eq. 7 

Eq. 6 and 7 define the probabilities of the random effects site and season used in eq. 4 and 5. 

  



Long-term effects 

 116 

Table S12: Point and credible interval estimates of the gamma and Bernoulli model (posterior mean 
and lower and upper 2.5 percentiles).  

Model part Parameter Posterior mean 0.025 Quantile 0.975 Quantile 
Gamma Intercept 4.11662 2.24303 5.6394 
 DIN -0.47818 -0.60918 -0.3392 
 Year -0.90566 -1.0671 -0.7415 
 DIN x Year 0.20033 -0.03047 0.4358 
Bernoulli Intercept -0.01692 -1.48793 2.028 
 DIN -1.21386 -1.50154 -0.9351 
 Year -1.6018 -1.83142 -1.3762 
 DIN x Year 0.67257 0.32771 1.0149 
 r 1.34531 1.22536 1.4715 
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Abstract 
Eutrophication threatens seagrass ecosystems, but seagrass meadows can mitigate eutrophication 
through their nutrient filter function. In NE Hainan, China, the coastal ecosystems suffer from long-term 
chronic eutrophication from pond aquaculture effluents, a condition that more coastal ecosystems may 
face in the future due to the intensive use of the coasts. In this environment, we tested how a four-
week in situ nutrient enrichment affected inorganic nitrogen uptake rates of a multispecies seagrass 
meadow in two seasons with different trophic conditions (oligotrophic vs eutrophic) in light and in 
darkness. All species maintained inorganic nitrogen uptake in the dark and preferred ammonium over 
nitrate, if present. Nitrate uptake was highest at the lowest nitrogen concentrations, while ammonium 
uptake was positively affected by the presence of nitrate. In sum, Cymodocea serrulata had higher daily 
inorganic nitrogen uptake rates than the climax species Thalassia hemprichii, while Cymodocea 
rotundata uptake rates were not different to the other species. Overall, the seagrass species covered 
25-55% of their nitrogen demand for leaf growth through leaf inorganic nitrogen uptake, with Thalassia 
hemprichii covering less of its demand through leaf uptake than Cymodocea serrulata and Cymodocea 
rotundata. Thus, biodiversity influences the nitrogen filter function, because a multispecies seagrass 
meadow has a higher nitrogen filter capacity than a monospecific T. hemprichii meadow. Cumulative 
daily uptake rates per leaf biomass were not different between the treatments, however, 
eutrophication negatively affected seagrass biomass. Hence, with biomass and biodiversity loss, the 
nitrogen filter function is also lost. On an ecosystem scale, this suggests that eutrophication diminishes 
the nitrogen filtering capacity of seagrasses and therefore, in Hainan further seagrass loss is to be 
expected. 
 
Key words: Ecosystem services, nitrogen uptake, C. rotundata, C. serrulata, T. hemprichii  
 





Nitrogen filter function 

  121 

4.1 Introduction 

Seagrasses inhabit shallow coastal waters at the land-sea interface. They rank among the most 

productive ecosystems and fulfil a multitude of ecosystem services (Nordlund et al., 2016). With their 

high primary productivity, seagrasses sustain key ecosystem services, as they capture and store large 

amounts of carbon in their biomass and sediments, fuel food webs, provide coastal protection or 

increase water clarity, taking up nutrients and trapping sediments and other particles (e.g. microplastics 

(Dahl et al., 2021)) and acting as water natural filters (van der Heide et al., 2007). This high productivity 

requires continuous external nutrient supply from the environment. In healthy seagrass meadows, the 

assimilation of nitrogen and other nutrients into seagrass biomass limits the bioavailability for other 

primary producers, such as phytoplankton and macroalgae. However, if nutrient supply exceeds the 

filter function capacity of seagrasses, the excess nutrients may induce the proliferation of 

phytoplankton and macroalgae, leading to the so-called eutrophication process (Burkholder et al., 

2007; McGlathery, 2001). 

Eutrophication caused by nutrient inputs resulting from intensive anthropogenic use of the coastal zone 

and the hinterland is one of the major threats to seagrass ecosystems globally. Excess nutrients trigger 

the growth of algae (both phytoplankton and macroalgae), which ultimately cause an increase in the 

organic matter concentrations, anoxic sediment conditions or a reduction of light availability to 

seagrass. During the last decades, anthropogenic nitrogen inputs, and the associated eutrophication 

processes, have been related with biomass and biodiversity losses in seagrass meadows worldwide 

(Kamermans et al., 2002), especially in quiet, and poorly flushed estuaries where nutrient loads are 

intense and frequent (Burkholder et al., 2007). For instance, in East and Southeast Asia, nitrogen-rich 

effluents from coastal and marine aquaculture has caused eutrophication and endangered coastal 

ecosystems (Herbeck et al., 2014, 2013; Herbeck and Unger, 2013; Roder et al., 2013). 

In tropical areas, which are usually naturally oligotrophic, low environmental nutrient concentrations 

limit the productivity of seagrasses, while light availability is high (Agawin et al., 1996; Powell et al., 

1989). Among the consequences of eutrophication, nutrient enrichment and decreasing light 

availability have been related with changes in the seagrass performance (Collier et al., 2012b; Herbeck 

et al., 2014; Statton et al., 2018; Tanaka et al., 2014). Several indicators for increasing nitrogen exposure 

have been identified in seagrasses, such as an initial increase of seagrass growth (Agawin et al., 1996; 

Terrados et al., 1999), elevated total nitrogen (TN) concentrations in tissues (e.g. Agawin et al., 1996), 

altered morphology (Thomsen et al., 2021 under review) or a reduction of carbohydrate reserves in 

belowground biomass (Invers et al., 2004). On the other side, low light availability reduces growth rates, 

induces the shedding of leaves, and reduces carbohydrate reserves in belowground biomass (see 

review by McMahon et al., 2013 and references therein). These changes may ultimately affect the 
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ecosystem functions and services of seagrass meadows including their nitrogen sink function; however, 

the impact of eutrophication on this ecosystem service has yet received little attention. 

The changing trophic status of seagrass meadows, from natural to eutrophic, could influence several 

processes directly related with this nitrogen sink function, such as nitrogen uptake and assimilation, 

nitrogen demand or productivity (in terms of biomass). Moreover, as seagrass performance has been 

shown to be species-specific, different seagrass species may become winners or losers under the same 

changing scenarios. In some terrestrial plants and algae, nitrogen assimilation depends on energy and 

carbohydrates from photosynthesis, therefore prolonged light deprivation may impair nitrogen uptake 

(Delhon et al., 1995; Pereira et al., 2008). In contrast, some seagrass species, such as the tropical 

seagrass species Thalassia testudinum, can maintain a stable nitrogen uptake over up to nine hours of 

darkness (Lee and Dunton, 1999). Nitrate uptake is maintained in the darkness in the temperate 

seagrass species Z. noltii by catabolizing its carbohydrate reserves (Alexandre et al., 2015).  

Seagrass species have differential concentrations of carbohydrate reserves (Duarte, 1990), which are 

build up during high light conditions, when photosynthetic rates are high, inferring different living 

strategies. Therefore, seagrasses can adapt to nutrient conditions to meet their demand and 

contribution of aboveground and belowground nitrogen uptake can vary substantially intra- and 

interspecifically (Iizumi and Hattori, 1982; Nayar et al., 2018, 2010; Zhang et al., 2011). The preferred 

nitrogen sources are NH4
+ followed by NO3

- through leaf uptake (Viana et al., 2019) and NH4
+ through 

belowground uptake (Touchette and Burkholder, 2000a). With the increased availability of inorganic 

nutrients in the water column, leaf uptake gains in importance (Alexandre and Santos, 2020a; Iizumi 

and Hattori, 1982; Nayar et al., 2010, 2018; Zhang et al., 2011). Through nutrient uptake from the water 

column the plants limit the bioavailability for algae and may therefore mitigate the risk of 

eutrophication.  

NH4
+ leaf uptake usually follows Michaelis-Menten kinetics (Touchette and Burkholder, 2000a), 

implying a linear correlation at substrate concentrations below the half-saturation constant (Km). For 

Thalassia hemprichii NH4
+ uptake Km is reached at substrate concentrations from 21-77 µM (Stapel et 

al., 1996; Zhang et al., 2011), these concentrations are unlikely to occur in healthy tropical seagrass 

meadows. NO3
- uptake may also follow Michaelis-Menten kinetics if applied alone but its uptake is 

generally lower than for NH4
+ (Lee and Dunton, 1999). However, if like in the natural environment, a 

pool of different nitrogen sources is available, NH4
+ is preferred over NO3

-. In Z. noltii at concentrations 

> 5µM NH4
+ and NO3

-, NO3
- uptake is suppressed while NH4

+ uptake is increased (Alexandre et al., 2010). 

The preference of NH4
+ over NO3

- is energetically advantageous for the plants, as NO3
- uptake involves 

an energy-demanding active transport system (Touchette and Burkholder, 2000a). As seagrass 
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physiology differs among species, it is essential to investigate species-specific nutrient dynamics. In 

particular, little is known about nitrogen uptake in tropical seagrass species.  

The cumulative human impact on marine ecosystems in Asia is very high (Halpern et al., 2008). In 

southern China, coastal waters are under high anthropogenic pressure, especially from aquaculture (Hu 

et al., 2021). Aquaculture effluents are rich in nutrients and organic matter and can cause 

eutrophication in coastal waters (Herbeck et al., 2013). The eutrophication from aquaculture effluents 

caused a 87% seagrass decline in NE Hainan in the last decade (Thomsen et al., 2020). The seagrass 

aboveground biomass was negatively correlated to the DIN water concentration used as a proxy for 

eutrophication and above a threshold of 8 µM DIN seagrasses are likely to disappear in the long-term. 

In NE Hainan, the exposure to eutrophication from aquaculture effluents varies between seagrass sites 

and seasons, therefore this location is well-suited to study how anthropogenic eutrophication affects 

the performance of tropical Indo-Pacific seagrass species and consequently their ecosystem services 

such as the nitrogen filter function.  

This study aimed to determine how different trophic states (control or fertilized) occurring during two 

different seasons (dry or wet) affect inorganic nitrogen uptake by leaves of seagrass species within the 

ecosystem under light and darkness conditions; as well as leaf biomass, growth rate and N demand, 

related with nitrogen filter function. For this purpose, we investigated an artificially fertilized plot and 

a control plot within a multispecies seagrass meadow in the coast of Hainan (China) in two different 

seasons. At each season, once the desired trophic conditions were reached, we quantified the leaf 

uptake rates of NH4
+ and NO3

- of the species present at that time under light and dark conditions. We 

further estimated leaf biomass and growth, and N demand, to finally discuss how these changes in 

plant´s performance are related with the nitrogen filtering capacity of seagrass meadows. 

We hypothesized that (i) leaf NO3
- uptake is the highest at low nitrogen conditions, while NH4

+ is the 

highest at high nitrogen concentrations. The cumulative (ii) leaf inorganic nitrogen uptake is higher 

under fertilized conditions than under control conditions. Furthermore, that (iii) all species can acquire 

NH4
+ and NO3

- through their leaves in light and darkness. Relative leaf growth is (iv) higher at dry season 

and under fertilized conditions and (v) species with higher TN reserves have a higher nitrogen demand 

and uptake than species with low total nitrogen (TN) in the tissues. 

4.2 Methods 

4.2.1 Study area and site  

The experimental site Yelin (19° 31.3’ N, 110° 51.9’ E) is located north of the Wenchang-Wenjiao Estuary 

outlet at the NE coast of the Hainan Island, China. Hainan’s climate is characterized by a warm, rainy, 

and sunny season from May to November and a cold, dry, and cloudy season from December to April. 

On average, 7 typhoons hit the island annually, inducing heavy rain events between July and October 
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(Lu et al., 2015). The annual rainfall ranges from 1500 to 2000 mm. Semidiurnal tides range from 0.8 to 

1.8 m at neap and spring tide respectively. The coastal zone of NE Hainan is covered by large areas 

(~4000 ha) of aquaculture ponds. In fact, the areal conversion of mangrove forests to aquaculture 

ponds gained in pace in the mid 1970s and reached its current extend by 2000 (Herbeck et al., 2020). 

As a consequence, 87% of the seagrass biomass in NE Hainan was lost between 2009 and 2017 due to 

eutrophication caused by aquaculture effluents (Thomsen et al., 2020); and even complete seagrass 

meadow losses were recorded at two sites with effluents from aquaculture ponds discharging directly 

into the coastal waters.  

The experimental site, is remotely affected by aquaculture ponds´ effluents, but its waters are 

periodically eutrophied, when typhoons and heavy rainfall wash out nutrient and organic matter rich 

waters from ponds that fringe the Wenchang-Wenjiao Estuary (Herbeck et al., 2011). These nitrogen 

loading events have caused biomass declines but no species loss, and result in comparatively high 

nitrogen stable isotope values (δ15N) of up to 9 ‰ in T. hemprichii leaves (Herbeck et al., 2014; Thomsen 

et al., 2020) and phytoplankton bioassays (Herbeck and Unger, 2013).  

The experimental seagrass meadow was at 0.9 m depth. Six seagrass species grow in a 1.5 km2 backreef 

area. Thalassia hemprichii is the most abundant, followed by Cymodocea serrulata, C. rotundata, and 

Syringodium isoetifolium. Close to the coast, Halodule uninervis and Halophila ovalis grow intermixed 

with the other species (Herbeck et al., 2014; Thomsen et al., 2020).  

4.2.2 Experimental design and fertilization procedure 

We conducted an in situ fertilization experiment to create two trophic conditions in Yelin during dry 

and wet seasons. With this purpose, we fertilized an area 2.5 m2 of the seagrass meadow with nutrients, 

while keeping a plot of the same size with no artificial fertilization. The experimental areas were 120-

150 m away from the shore. To secure independence between the seasons, the experimental areas 

were in dry season were not the same as in wet season. The control and the fertilized treatments in the 

seagrass meadow were 300 m apart in dry season and 500 m apart in wet season. The fertilized 

treatment was located south of the control plot, as currents usually flow from north to south.  

To fertilize the water column, we sealed open-pored terracotta flowerpots at the top-opening using 

non-permeable PVC-slates. The flowerpots were filled with one kg of commercial balanced (NPK= 15-

15-15, N-P2O5-K2O) compound fertilizer with ≥45% being nutrients according the Chinese standard GB 

15063 2009. Afterwards the flowerpots were placed upside-down in the seagrass meadow with the 

PVC-slate facing the sediment and secured with pegs. The fertilizer could diffuse through the open-

pored terracotta into the water column. Five of these flowerpots were arranged in the experimental 

plot forming a pentagon shape of 2.5 m2 with a sixth pot in the centre. Weekly, the fertilizer residues 

and algae growing in the pots were removed, and the pots were refilled with one kg of fertilizer.  
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The fertilization lasted from 25th of April to 22nd of May 2017 (27 days) in dry season and from 21st of 

September to 26th of October 2017 (35 days) in the wet season. In the wet season, two weeks after the 

fertilization started, the experimental site was remotely impacted by a cyclone, causing excessive rain 

and wind. These weather conditions persisted for the remaining three weeks until the end of the 

experiment. On the 5th of October it started raining, this was followed by the marginal impact of the 

tropical depression 22 on 8th and 9th of October and the tropical typhoon ‘Khanun’ on 15th and 16th of 

October. 

At the end of the fertilization experiments, during seagrass collection for growth measurements (see 

section 2.5) in 6 installed quadrates per plot, additional 4-5 seagrass plants of species present at each 

sampling were sampled next to the quadrates and stored in ice. These plants were transported to the 

laboratory and cleaned from epiphytes, divided into leaves, roots, and rhizomes, dried at 40°C until 

constant weight, and homogenized with mortar and pestle. The youngest two centimetres of the 

second youngest leaves from 4-5 seagrass plants were pooled and used to determine the pre-

incubation total nitrogen (TN) and nitrogen stable isotopes (δ15N) of each seagrass species present.  

4.2.3 Monitoring of physicochemical characteristics 

In order to assure that different trophic conditions were reached at both plots, fertilized and control, 

different environmental indicators related with eutrophication processes were weekly monitored 

during the experiment. The physicochemical characteristics of seawater were monitored just before 

the weekly refilling of the fertilizer pots. The salinity was measured in the water at seagrass canopy 

height using a WTW® Multi 3430 multiprobe.  

Seawater for nutrient analysis was sampled during low tide at canopy height at 0, 10, 25, 50, and 100 

cm distance from the terracotta pots. The water was immediately filtered through 0.45 µm pore size 

Minisart®-syringe filters into PE flasks, stored on ice, and frozen at -20°C until analysis at Leibniz Centre 

for tropical Marine Science (ZMT) in Germany. In dry season measurements were made with a Skalar 

SAN++-System with detection limits of 0.03, 0.17, 0.22, and 0.08 µM for NO2
-
, NOx (NO3

- + NO2
-
), NH4+, 

and PO4
3
 respectively. In wet season the concentrations were measured with a Shimadzu UV-1700 

UV/Vis-spectrophotometer, the detection limits were 0.01, 0.08, 0.31, and 0.06 µM for NO2
-
, NOx (NO3

- 

+ NO2
-
), NH4+, and PO4

3-
, respectively.  

Chl a and total suspended matter (TSM) were analysed from surface seawater above the experimental 

plots. Seawater samples were collected in PE-containers of 10 L volume, stored in the shade and 

transported to the field laboratory. On the same day, the water samples were filtered through pre-

combusted (5 h, 450 °C) and pre-weighed Whatman® GF/F filters (≈0.7 µm pore size). The filters for the 

TSM analysis were subsequently dried at 40 °C until constant weight and reweighed to estimate the 

TSM concentration (mg L-1). The filters for chl a analysis, were stored frozen (-20 °C) until analysis in the 
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field laboratory. The chl a was extracted from the manually homogenized filters in 5 mL 90% acetone 

for 24 hours at 4 °C in the dark and centrifuged for three minutes. The centrifugate was used to measure 

the chl a concentration (µg L-1) after Lorenzen (1967) using a HACH DR3900 spectrophotometer.  

As an estimate of water clarity, we calculated the light attenuation coefficient. Therefore, we measured 

photosynthetically active radiation (PAR) using a LI-COR LI-192 Underwater Quantum Sensor (LI-COR, 

Lincoln, Nebraska). The photosynthetic photon flux rates (µmol photons s-1 m-2) was measured directly 

beneath the surface and at canopy height. The average of three different measurements of 15 seconds 

was used. The light attenuation coefficient was calculated using the formula proposed by Kirk (1994)  

 K! =
"!"!#

#

$!
,  

where I0 and Id are the measurements directly beneath the water surface and at seagrass canopy height 

respectively, and d is the water depth (m) from the surface to the canopy height.  

To estimate daily light availability (mol m-2 d-1) and average temperature (°C) at both plots, in situ 

temperature and light availability were continuously logged every 10-minutes using Onset HOBO 

Pendant® Temperature/Light 64K data loggers. The loggers were installed at sediment surface level and 

were cleaned weekly. The light measurements were recorded in lux and converted to photosynthetic 

active radiation (PAR) as photon flux density (µmol photons s-1 m-2) using the approximated conversion 

factor 51.2 (Valiela, 1984 as cited in Carruthers et al., 2001) and multiplying the sum of all 

measurements of one day by 600 to account for the 10-minute measuring intervals. Furthermore, we 

calculated the daylight hours from the light availability measurements. 

4.2.4 Seagrass incubations 

In both seasons at the end of the fertilization experiment, whole plants of all seagrass species present 

in the experimental (i.e. fertilized and control) plots were collected. All plants used for the experiment 

consisted of shoots with at least two leaves, a few roots, and a small piece of rhizome. To create similar 

starting conditions, we placed the plants in a bucket in the dark with control seawater for one hour 

before the incubation. We used 1.1 L glass incubation chambers that were filled with seawater sampled 

early in the morning close to the control site. Above- and belowground tissues were incubated in the 

same chamber, as previous experiments with Z. noltii showed no effect of rhizosphere oxygenation and 

inorganic nitrogen availability on leaf inorganic nitrogen uptake rates (Alexandre et al., 2011, 2010). 

The species were incubated separately in four independent incubation chambers for each species, 

treatment, and light-condition, resulting in four replicates. Three to four plants of the same species 

were placed in each incubation chamber, while for the small species Halophila ovalis and Halodule 

uninervis, more plants (i.e. 8 shoots) were used.  

Each incubation chamber was spiked with a pre-prepared solution 15N-labelled ammonium or nitrate. 

The solution was prepared with 98 atom % 15N of (15NH4)2SO4 or K15NO3 (Sigma Aldrich, Germany). The 



Nitrogen filter function 

 127 

final concentration was 2.5 µM of either 15NH4 or 15NO3 and nutrient concentrations present in the 

natural seawater. Nitrogen concentrations of 2.5 µM are typical for the site (Thomsen et al., 2020) and 

ensured no nitrogen depletion in the incubation chambers within the incubation time of one hour. 

Incubations under light and dark conditions were performed simultaneously. Incubations of the light 

treatments were performed under ambient light conditions, while the incubations chambers of the 

dark conditions were wrapped in two layers of thick, black plastic. This yielded a total of 8 treatments 

(2 trophic levels, fertilized or control; 2 levels of light availability, light or dark; x 2 N sources, NH4
+ or 

NO3
-) per season (dry and wet).  

To avoid overheating, the chambers were placed in a large box filled with seawater, which was regularly 

monitored and exchanged with fresh seawater, so it did not exceed 30 °C in the incubation chambers. 

During the experiment the incubation chambers were shaken and rolled every 10 minutes to limit the 

build-up of a diffusion gradient. All incubations lasted one hour to avoid bacteria remineralisation (Hach 

et al., 2020). For logistic reasons, the incubations with plants from the different trophic conditions, 

fertilized and control, were made on two consecutive days but always between 10 am and 2 pm.  

Once the incubations had finished, the seagrass plants were removed from the chambers, rinsed with 

control seawater, and placed on ice to transport them to the field laboratory. Plants were transported 

to the laboratory and processed (see section 2.2). Water samples for nutrient concentration 

measurement were taken from the incubation chambers before and after the incubations. The 

sampling, treatment and analysis was the same as for the other water nutrient samples (see section 

2.3).  

4.2.5 Seagrass leaf biomass, growth, and nitrogen demand 

In order to estimate the seagrass leaf biomass, six 20 x 20 cm quadrats were installed in the fertilized 

and at the control plots, three weeks after the fertilization started in the dry season, and 4 weeks after 

the fertilization started in wet season. Seagrass shoots inside the quadrats were marked at the basal 

part of the leaf near the sediment surface using the punch-hole method (Short and Duarte, 2001). After 

one week, all seagrass shoots within the quadrats were collected and gently cleaned from epiphytes 

with seawater. Leaf growth was calculated using the standard punch hole method on all marked shoots 

(Zieman, 1974). If shoots were missed and showed no holes, total leaf biomass was determined. All leaf 

biomass was dried at 40 °C until constant weight, weighed and subsequently homogenized with mortar 

and pestle for TN analysed (see section 2.6). 

Relative daily growth rates (gDW-1 d-1; DW=dry weight) were calculated by dividing the newly grown 

biomass through the old leaf biomass and divided by the number of days between marking and 

harvesting (i.e. 7 days). The sum of new, old and unmarked leaf biomass was converted to the leaf 

biomass per square meter.  
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The relative nitrogen demand (µM N gDW-1 d-1) for the new leaf biomass was calculated by multiplying 

the relative growth rate with the TN of the new leaf biomass. The relative nitrogen demand multiplied 

by the leaf biomass per square meter gave the N demand per area (µM N m-2 d-1). 

4.2.6 Nitrogen uptake calculation 

We calculated the species-specific leaf 15N uptake (V15N: expressed µM N g DW−1 h−1) from the 

concentration of the 15N in leaves by using V15N =
FN × (AFsample - AFbackground)

MN × t
, where FN is the total nitrogen in 

the leaf sample (g N g-1 DW), AFsample is the atom percent 15N in the seagrass leaf after the incubation 

and AFbackground is the atom percent 15N in the seagrass leaf prior to incubation, MN is the molar mass of 

nitrogen (14 × 10-4 g µmol-1), and t is the incubation time (in h). Plants sampled in the experimental 

plots (see section 2.2) were used for background values in these calculations. The specific 15N uptake 

rate was corrected for the nitrogen concentration in the natural seawater used for the incubations 

resulting in the N uptake rate. For simplicity, we assumed the 15N in NH4
+ and NO3

- of the natural 

seawater to be zero, and that the nutrient concentration remained constant during the incubations.  

Non-15N-enriched seagrass leaf samples (i.e. background samples from section 2.2 and 2.5) were 

analysed in a Flash 1112 EA elemental analyser, and subsequently the 15N content was measured with 

a Thermo Finnigan Delta Plus gas isotope ratio mass spectrometer at the ZMT (Bremen, Germany). 15N 

enriched samples were analysed for their stable nitrogen isotope composition and TN content at the 

Stable Isotope Facility at the University of California, Davis (USA).  

4.2.7 Statistical analyses 

The impact of the fertilization treatment (control vs. fertilized) and season (dry vs. wet season) on the 

physicochemical parameters was tested. All environmental parameters measured in wet season before 

the 6th od October, when it started raining, were excluded from the statistical analysis. 

For the uptake rates a full factorial design was not possible, as not all species were present in all seasons 

and treatments. Halophila ovalis and H. uninervis were only present in spring in the control treatment. 

Therefore, for these species differences in uptake rates between light (light vs dark) and N-type (NO3
- 

and NH4
+) were analysed for the dry-control treatment only. For C. rotundata, not enough plants were 

found in the fertilized treatment in wet season. Therefore, the effect of season and treatment were 

combined in the categories: dry-control, dry-enriched and wet-control. Furthermore, differences in C. 

rotundata uptake rates between light (light vs dark) and N-type (NO3
- and NH4

+) were analysed. 

Differences of NO3
- and NH4

+ uptake rates within the same season and treatment were compared 

between species (which ever present) as categorial variables. Finally, we tested the differences in 

uptake rates of C. rotundata, C. serrulata and T. hemprichii in a mixed effect model with species as a 

categorial variable and N-type and season and treatment as a random factor.  
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Aboveground biomass and nitrogen demand per area were tested for differences between seasons as 

categorical variables only. Seagrass biomass can be heterogenous across the meadow and we did not 

quantify seagrass biomass before the fertilization. The initial differences in biomass could result in 

misleading conclusions. However, we tested for differences between species, seasons and treatments 

as categorial variables in the relative nitrogen demand. Furthermore, we tested differences in the 

nitrogen demand covered through inorganic nitrogen uptake by species, using the calculations for each 

season and treatment as replicates.  

All comparisons were tested using Generalized Linear Models (GLM). The models were fit using 

maximum likelihood and tested with Type II Wald χ2 tests. Homoscedasticity of residuals of the linear 

models was confirmed by visual inspection of residual plots. Normality was tested using the 

Kolmogorov-Smirnov test. Afterwards, Tukey´s post-hoc tests were used to compare the means. As the 

residuals in the model for the PO4 concentration were not normally distributed, a non-parametric 

Wilcoxon signed-rank test was used, followed by adjusting the p values using the Bonferroni method. 

All statistical analyses were carried out using R (R Core Team, 2019). All values are given as mean ± SE. 

Letters identify significant differences (p-value<0.05) between the means of the groups. 

4.3 Results 

4.3.1 Physicochemical characteristics during in situ nutrient enrichment 

The conditions in dry and wet season were markedly different. The light availability in wet season was 

80% lower than in dry season (Supplementary Material Table S2). Daylight hours were significantly 

higher, 13.2 ± 0.1 h, in dry than in wet season, 10.8 ± 0.3 h. The extinction coefficient of light (Kd) was 

significantly lower in dry season (0.64 ± 0.05) than in wet season (2.22 ± 0.90), the same trend was 

observed for TSM (dry: 15.85 ± 1.77 mg L-1, wet: 39.11 ± 2.97 mg L-1) and chl a concentration (dry: 0.58 

± 0.13 µg L-1; wet: 1.15 ± 0.13 µg L-1). Furthermore, temperature and salinity were significantly lower in 

wet season than in dry season (Supplementary Material Table S2 and S3). Average temperatures were 

29.3 °C in dry season and 28.5 °C in wet season with low daily variations. The DO concentration (7.2 ± 

0.2 mg L-1), pH (8.16 ± 0.0), and depth (0.88 ± 0.02 m) was not different between experimental plots.  

Regarding nutrient concentrations in seawater, significant differences were observed between control 

and fertilized plots (Table 1). In the specific case of nitrate, the concentration in control plots in wet 

season was 41-fold significantly higher than in dry season. While phosphate concentrations in the 

control plots were 3-fold significantly higher in wet season than in dry season; and ammonium 

concentrations at the control and fertilized plots did not differ between seasons (Table 1, 

Supplementary Material Table S4). 
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Table 1: Seawater nutrient concentrations in the control and fertilized plots in the dry and wet seasons 
in 2017.  

Season Treatment n DIN (µM)  NH4
+ (µM)  NOx (µM)  NO3 (µM) PO4 (µM)  

Dry 
Control 9 1.6 ± 0.3 a 1.2 ± 0.2 ab 0.4 ± 0.1 a 0.2 ± 0.0 a 0.2 ± 0.0 a 
Fertilized 10 3.2 ± 0.8 b 2.1 ± 0.5 c 1.0 ± 0.3 b 0.9 ± 0.4 b 1.1 ± 0.8 b 

Wet 
Control 9 9.6 ± 0.7 c 1.0 ± 0.3 a 8.6 ± 0.8 c 8.2 ± 0.8 c 0.7 ± 0.1 b 
Fertilized 14 11.4 ± 0.8 d 2.2 ± 0.5 bc 9.1 ± 0.5 d 8.7 ± 0.5 d 0.8 ± 0.2 b  

 

4.3.2 Seagrass leaf nitrogen content and stable isotope composition 

The TN content in leaves of C. rotundata, C. serrulata, and T. hemprichii collected in the dry season at 

the control plot was ~20% significantly lower than in all other treatments regardless of the season 

(Figure 1, Supplementary Material Table S4). The TN content of T. hemprichii leaves was significantly 

higher than the other species in all seasons and treatments. Still, it did not significantly differ from the 

TN in C. serrulata leaves in the fertilized treatment in dry season (Figure 1). The nitrogen concentration 

in H. ovalis leaves was the lowest of all species in the control plots in dry season, the only time that this 

species was present (Figure 1). 

 

Figure 1: Leaf total nitrogen (TN %, mean ± SE, n=3) at the control and fertilized treatments in dry and 
wet season 2017. Letters indicate differences among species in the same treatment and season, and 
numbers indicate intraspecific differences between seasons and treatments.  

Regarding the leaf δ15N values, all species showed significantly lower values under the fertilized 

treatment compared to the control treatment of the same season (Figure 2, Supplementary Material 

Table S5). The fertilisation in the dry season resulted in a 36% reduction of leaf δ15N values in C. 
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rotundata, a 31% reduction in C. serrulata, and a 26% reduction in T. hemprichii. In the wet season the 

differences between treatments were even higher than in dry season, average leaf δ15N values in the 

fertilized treatment was 81% and 48% lower than in the control treatment in C. serrulata and T. 

hemprichii respectively (Figure 2). As for TN leaf content, δ15N values in T. hemprichii leaves were higher 

than for the other species in the same treatment. C. serrulata had higher δ15N values in leaves than C. 

rotundata in both treatments in dry season (Figure 2, Supplementary Material Table S5).  

 

Figure 2: Leaf nitrogen stable isotope composition (δ15N, ‰, mean ± SE, n=3) in dry and wet season at 
the control and fertilized treatment. Letters indicate differences among species in the same treatment 
and season, and the numbers indicate intraspecific differences between treatments and seasons. 

4.3.3 Inorganic nitrogen leaf uptake rates 

The concentration of the 15N labelled nitrogen (either NH4
+ or NO3

-) added at the start of all incubations 

was always 2.5 µM. However, the natural seawater used for the incubations also contained inorganic 

nitrogen (see Supplementary Material Table S1). In the dry season the background nitrogen 

concentrations were 0.7 ± 0.35 µM NH4
+ and 0.36 ± 0.21 µM NO3

- before the addition of the tracer for 

the incubations with plants from the control treatment and 2.04 ± 1.19 µM NH4
+ and 0.74 ± 0.37 µM 

NO3
- for the plants from the fertilized treatment. In wet season the initial nitrogen concentrations 

before the addition of the tracer were 1.23 ± 0.71 µM NH4
+ and 7.17 ± 1.37 µM NO3

- for plants from 

the control treatment and 1.5 ± 0.87 µM NH4
+ and 7.41 ± 0.39 µM NO3

- for plants from the fertilized 

treatment. 
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All species showed significantly higher NH4
+ uptake rates in wet season than in dry season (Figure 3). 

Regarding NO3
- uptake rates, C. rotundata and C. serrulata in the control treatment showed seven- and 

three-times higher uptake rates in dry than in wet season (Figure 3).  

The trophic condition had no significant effect on uptake rates regardless the season and nitrogen 

source. Only C. serrulata and T. hemprichii grown at the fertilized plot in dry season, showed NO3
- 

uptake rates significantly lower than at the control site (Figure 3, Supplementary Material Table S6).  

All seagrass species could take up both nitrogen sources through leaves under light and darkness 

conditions (Figure 3). Uptake rates tended to be in light, however, often this was not significant. There 

were no systematic differences between uptake rates in light and dark incubations (Figure 3). NO3
- 

uptake rates in light were significantly higher than in the dark for C. rotundata grown in dry season in 

the fertilized treatment, and significantly lower in wet season in the control treatment. T. hemprichii 

NO3
- uptake rates were significantly higher in light than in the dark in plants grown in the dry season at 

the control site. In all NH4
+ uptake measurements in wet season, the uptake rates were significantly 

higher in light than in darkness, except for T. hemprichii in the control treatment. In the dry season, 

NH4
+ uptake rates were significantly higher in light than in the dark for C. rotundata in the fertilized 

treatment and for T. hemprichii in the control treatment. Overall, the NH4
+ uptake rates in the dark 

were 20% lower in dry season and 40% lower in wet season compared to uptake rates in light, while 

differences in NO3
- uptake rates between light and dark were lower.  
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Figure 3: Inorganic nitrogen uptake rates in light (µmol N gDW-1 h-1 mean ± SE) plotted against the 
uptake rates in the dark. If the point is located above the grey line, uptake rates are higher in the light 
than in the dark. Asterisks indicate if the differences are significant. Capital letters indicate differences 
in NH4

+ uptake rates between seasons and treatments within the same species. Lower case letters 
indicate differences in NO3

- uptake rates between seasons and treatments within the same species.  

Under light conditions, NH4
+ uptake rates were always higher than NO3

- uptake rates (Figure 4). 

However, these differences were not significant for C. rotundata, C. serrulata, and T. hemprichii grown 

in the dry season under the control treatment.  

The lowest NO3
- uptake rates were observed in C. rotundata grown during the wet season at the control 

site, followed by T. hemprichii and C. serrulata grown in the same conditions (Figure 4). The highest 

NO3
- uptake rates were measured for C. serrulata grown in the control treatment during the dry season. 

Contrary to NO3
-, the lowest uptake rates of NH4

+ were observed in H. ovalis and T. hemprichii in the 

dry season at the control treatment, followed by C. rotundata, C. serrulata and H. uninervis had 

significantly higher uptake rates. 

When considering differences among species, no differences among uptake rates of C. rotundata, C. 

serrulata, and T. hemprichii grown in the dry season at the fertilized treatment were detected (Figure 

4, Supplementary Material Table S7). In the wet season, there was an interaction between seagrass 
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species and nitrogen source in plants grown in the control treatment, showing similar NH4
+ uptake rates 

of C. rotundata, C. serrulata, and T. hemprichii, but significantly lower NO3
- uptake rates in C. rotundata 

than in C. serrulata and T. hemprichii. Contrary, in the fertilized treatment, NO3
- uptake rates of C. 

serrulata and T. hemprichii were both low and significantly similar, while C. serrulata had higher NH4
+ 

uptake rates than T. hemprichii (Figure 4, Supplementary Material Table S7).  

C. rotundata and C. serrulata NO3
- uptake rates were significantly and negatively correlated to NH4

+ 

uptake rates, while this correlation was not significant for T. hemprichii (Figure 4).  

 

Figure 4: Seagrass leaf ammonium vs nitrate uptake rates in the light (µmol N gDW-1 h-1). Capital black 
letters indicate differences in NH4

+ uptake rates among species within the same season and treatment. 
Lower case red letters indicate differences in NO3

- uptake rates among species in the same season and 
treatment. No letters indicate no differences in inorganic nitrogen uptake rates among species’ uptake 
rates within the same nitrogen source. The regression lines indicate the correlation of NH4

+ uptake and 
NO3

- uptake within seagrass species.  
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4.3.4 Seagrass leaf biomass, leaf growth and nitrogen required for this growth 

The following results are limited to measurements for C. rotundata, C. serrulata, and T. hemprichii since 

H. ovalis and H. uninervis were not abundant enough to reliably measure leaf growth (e.g. present in 

less than 3 quadrates used to quantify leaf growth), same is true for C. rotundata in wet season in the 

fertilized treatment. The average leaf biomass, as the sum of C. serrulata, C. serrulata, and T. hemprichii 

regardless of the fertilization treatment was 54.2 gDW m-2 with seasonal variations. In dry season the 

average leaf biomass as the sum of all species was ~3 times and significantly higher compared to wet 

season (Supplementary material Table S8). This was significant for all species found in both seasons 

regardless of the treatment (Supplementary material Table S8, Figure 5). T. hemprichii is the species 

with the highest leaf biomass at the study site in both seasons (Figure 5). 

 

Figure 5: Leaf biomass measurements of the different seagrass species (different colors) grown under 
fertilized and control treatments (different symbols) in dry and wet season. The average (±SE) is shown 
in the framed round symbols. 

Average seagrass leaf production was also significantly higher in dry (1.5 ± 0.3 gDW m-2 d-1) than in wet 

season (0.8 ± 0.2 gDW m-2 d-1) (p = 0.0024). Leaf production was significantly correlated to standing leaf 

biomass across treatments and seasons (Supplementary Material Figure S1). However, if leaf 

production and nitrogen demand for new leaf biomass is normalized by the standing seagrass leaf 

biomass no differences in nitrogen demand between seasons, treatments and species were detected 
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(Supplementary Material Figure S2). The nitrogen demand covered by NO3
- uptake tended to be the 

highest in all species grown in the dry season in the control treatment (Figure 4, Supplementary 

Material Figure S2). On average, T. hemprichii covered 30% of its nitrogen demand for leaf growth 

through inorganic nitrogen uptake by leaves, this is significantly less than C. rotundata covered 45% (p 

= 0.043), and C. serrulata 48% (p = 0.010) (Supplementary Material Table S9 and Figure S2). The 

nitrogen demand per area was higher in dry season compared to wet season for C. serrulata (p = 

0.0094) and T. hemprichii (p = 0.0086) (Figure 6).  

 

Figure 6: Daily nitrogen demand for leaf growth and Ni leaf uptake rates of the different inorganic 
sources, normalized to area. The grey bars indicate the daily nitrogen demand (µMol N m-2) calculated 
from normalized leaf growth and the nitrogen content of the new leaf material. The stacked bars are 
the daily inorganic nitrogen uptake rates through seagrass leaves calculated from the seagrass 
incubations. Letters indicate differences in nitrogen demand between the different treatments within 
the same species. 

4.4 Discussion 

Our study showed that both inorganic nitrogen sources are taken up through leaves by all seagrass 

species in the light and in darkness. Uptake of NH4
+ and NO3

- were negatively correlated, with a strong 

preference for NH4
+ at higher nitrogen availability. The nutrient enrichment had a significant positive 

effect on the nutrient concentration in the water in both seasons and on the plants' nitrogen 

concentration in dry season. However, the eutrophication that followed strong precipitation had a 

stronger effect on inorganic nitrogen uptake rates, than the fertilization alone. The production of new 

leaf material per area was dependent on the standing leaf biomass. However, if normalized by standing 

leaf biomass leaf production did not differ between species, seasons, or treatments. Overall, T. 

hemprichii leaf uptake rates were lower than of C. rotundata and C. serrulata. Only 25-55% of the leaf 
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nitrogen demand is covered by inorganic nitrogen uptake through leaves, with T. hemprichii covering 

only 30% of its demand through leaf uptake at most.  

4.4.1 Meadow trophic conditions affect nitrogen content and isotopic composition in seagrass leaves 

The lower nitrogen content in leaves of all plants in dry season at the control site compared to all other 

treatments reflect the lower nitrogen availability in this treatment during the dry season. The dissolved 

nitrogen values close to 0 observed suggests a potential nitrogen limitation of plants within this 

treatment in this season. As observed within this season, fertilized seagrasses often had higher leaf 

nitrogen content compared to their control treatment. For instance, fertilized E. acoroides and T. 

hemprichii plants showed higher TN leaf concentrations than control plants in the Philippines (Agawin 

et al., 1996; Terrados et al., 1999). This was not the case for the rest of the treatments in our study, 

probably because during wet season, natural seawater nitrogen availability was already high, suggesting 

that nitrogen was not a limiting factor during this season, and not showing a response to further 

nutrient enrichment. 

A fertilization experiment conducted in seagrass meadows in the Philippines reported similar nitrogen 

content in C. rotundata and T. hemprichii leaves at the control site as well as at the fertilized site (Agawin 

et al., 1996). Like in the study from the Philippines, T. hemprichii had higher leaf nitrogen concentrations 

compared to the other species in the same treatment (Agawin et al., 1996). Similar observations were 

made in a study which compared nitrogen concentrations of different primary producers in the Red 

Sea, among the seagrasses, also T. hemprichii showed the highest leaf nitrogen concentrations (Duarte 

et al., 2018). This has also been observed in below-ground tissues, such as roots and rhizomes, in which 

T. hemprichii had a higher N content than C. serrulata and Halophila stipulacea (Viana et al., 2020). This 

is coherent with the persistent life history strategy of T. hemprichii, which includes the storage of 

nitrogen, rather than immediately investing the nitrogen for growth, which is typical for small and fast 

growing species like H. ovalis.  

The lower δ15N values in the fertilized treatment compared to the control treatment from the same 

season indicate that the plants readily took up the nitrogen from the fertilizer, even during the wet 

season when natural seawater nutrients were already high. In wet season the preference for the 

nutrients from the fertilizer is higher compared to dry season, as shown in the even lower δ15N values 

in T. hemprichii and C. serrulata leaves in the fertilized treatment in wet season compared to the 

fertilized treatment in dry season. This could indicate a substrate-feedback mechanism as shown in Z. 

noltei where the presence of NO3
- increases NH4

+ uptake and inhibits NO3
- uptake (Alexandre et al., 

2010). 

The meadow trophic conditions and isotopic signature of the available nitrogen was apparent in the 

nitrogen content and nitrogen isotopic composition in seagrass leaves of all species. However, T. 
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hemprichii had a higher nitrogen content and δ15N values in all treatments and season compared to all 

other species. 

Exposure of Zostera marina leaves to NH4
+ concentrations higher than 15 µM, negatively affected NH4

+ 

root uptake rates (Thursby and Harlin, 1982). Another effect of high water column NH4
+ availability is 

that seagrasses shift nitrogen acquisition from belowground-uptake to aboveground-uptake, e.g. T. 

hemprichii had a higher aboveground NH4
+ uptake at a site with higher nutrient availability in Hainan 

(Zhang et al., 2011). 

4.4.2 Influence of trophic conditions on leaf Ni uptake rates 

NH4
+ and NO3

- uptake rates were negatively correlated shown by higher NH4
+ and lower NO3

- uptake 

rates in wet season. Our first hypothesis was verified, C. rotundata and C. serrulata acquired less NO3
- 

in both treatments in wet season compared to the control treatment in dry season. Simultaneously 

both species acquired more NH4
+ through leaf uptake in wet season than in dry season. In experiments 

investigating NH4
+ and NO3

- uptake kinetics, often the inorganic nitrogen source is supplied alone, in 

this case the uptake usually follows the Michaelis-Menten kinetics (Alexandre et al., 2011; Lee and 

Dunton, 1999; Stapel et al., 1996; Zhang et al., 2011). However, if both nitrogen species are abundant, 

NH4
+ uptake is higher than NO3

- uptake. The preference of aboveground tissues for NH4
+ over other 

nitrogen sources has been reported for various seagrass species (Alexandre et al., 2015, 2011, 2010; 

Alexandre and Santos, 2020b; Engeland et al., 2011; Viana et al., 2019). NH4
+ uptake is energetically 

more efficient than NO3
- uptake (Touchette and Burkholder, 2000a). Proposed mechanism that down 

regulate NO3
- uptake are that the presence of NH4

+ or one of its products from assimilation suppresses 

the nitrate reductase activity (Alexandre et al., 2010) or the active membrane transport of NO3
- (Iizumi 

and Hattori, 1982).  

However, the inhibition of NO3
- uptake and increase in NH4

+ uptake seems to be concentration 

dependent. While in dry season higher NH4
+ and lower NO3

- uptake rates in the fertilized treatment was 

non-significant, this trend was significant in all species comparing wet season to dry season. This 

correlates with the nitrogen availability in the seasons and treatments, while the fertilization had a 

marginal effect on nutrient concentrations in the water column, the eutrophication in wet season had 

a strong effect on the light availability and the NO3
- concentration in the water column. For Z. noltei 

similar observations were made, while at low substrate concentrations of ~2 µM multiple organic and 

inorganic sources did not affect uptake rates of the other substrates in Z. noltei (La Nafie et al., 2014). 

While, in an experiment with substrate concentrations of 5 µM NO3
- and NH4

+ each, lower NO3
- uptake 

rates were observed in Z. noltei (Alexandre et al., 2010).  

In our study the NO3
- uptake rates are suppressed in wet season at ambient NO3

- concentrations of ~9 

µM for C. rotundata and C. serrulata. Similarly, Z. marina in Mexico displayed lower NO3
- uptake rates 
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at similarly high NO3
- concentrations in the upwelling season. The NH4

+ concentrations in this study may 

have been too low to affect uptake rates. In Mexico, NH4
+ from oyster farms led to a locally higher leaf 

NH4
+ uptake, affinity for NH4

+, and primary production in Z. marina, which used NH4
+ concentrations >5 

µM (Sandoval-Gil et al., 2016, 2015). However, the plants in Mexico were not light limited in the 

upwelling season (Sandoval-Gil et al., 2016, 2015).  

The seagrasses prefer NH4
+ over NO3

-, however, in dry season in the control treatment, in the absence 

of or at low concentrations of the energetically cheaper N-source NH4
+, NO3

- is an important nitrogen 

source for the plants. In all seasons and treatments, T. hemprichii tended to have lower uptake rates 

than C. rotundata and C. serrulata, only the NO3
- uptake rates in wet season when NO3

- uptake rates 

were suppressed, T. hemprichii uptake rakes were less affected.  

4.4.3 Influence of light on Ni uptake 

Since inorganic nitrogen uptake and assimilation requires energy and carbon skeletons, nitrogen uptake 

is dependent either directly on photosynthesis or on energy and carbon reserves (Touchette and 

Burkholder, 2007, 2000a). In this study NH4
+ uptake rates were always lower in the dark than in the 

light, this trend was stronger and significant in wet season. Conceivably, after two weeks of light 

limitation the carbon reserves in the leaves were exhausted and NH4
+ assimilation was reduced in the 

darkness, while during active photosynthesis the seagrasses maintained NH4
+ assimilation. The dwarf 

eelgrass Z. noltei catabolizes starch from the leaves in order to maintain NH4
+ uptake rates, and its 

starch reserves in roots and rhizomes to maintain NO3
- uptake in darkness (Alexandre et al., 2015). As 

NO3
- assimilation requires more energy than NH4

+ assimilation (Touchette and Burkholder, 2000a) we 

would expect lower NO3
- uptake rates in the dark in the wet season. Conceivably, NO3

- uptake rates 

were suppressed at higher environmental inorganic nitrogen concentrations, resulting in small 

differences between light and darkness. Longer pre-incubations in darkness and indicators of tissue 

carbon metabolism and enzyme activity could further elucidate the underlying processes and 

differences between species.  

Our third hypothesis was verified, as all species can take up NO3
- and NH4

+ in the light and in darkness 

and maintain it during at least two hours into the night after dusk. This was expected, as the NH4
+ and 

NO3
- uptake through leaves, as well as NH4

+ uptake through roots, in the darkness has been reported 

for other seagrass species (Alexandre et al., 2015; Iizumi and Hattori, 1982; Lee and Dunton, 1999). 

However, it is essential to verify for these species as reduced nitrogen assimilation have been recorded 

in some terrestrial plants and algae in darkness (Delhon et al., 1995; Pereira et al., 2008). 

4.4.4 Standing leaf biomass controls leaf production and nitrogen demand 

Our fourth hypothesis was verified, as leaf production was higher at high light availability in dry season 

than in wet season supported by a three-fold higher standing leaf biomass in dry season. The leaf 
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production is strongly correlated to the standing leaf biomass, and if the available photosynthetic active 

tissue is considered, all seagrass species produced a similar amount of new leaf biomass in all 

treatments. Like for E. acoroides in the Philippines, where nutrient additions led to a simultaneous 

increase in growth and shoot size (Terrados et al., 1999), the relative leaf growth rate of the tropical 

species studied was not affected in our experiment. Relative daily growth rates (g gDW-1 d-1) of C. 

rotundata and T. hemprichii were in the same range as growth rates of the same species measured in 

Kenya and Indonesia (Erftemeijer and Herman, 1994; Uku and Björk, 2005). C. serrulata relative growth 

rates were twice as high as in studies from Papua New Guinea, the Philippines and Australia (Heijs, 

1985; Udy and Dennison, 1997; Vermaat et al., 1995). Indicating, that C. serrulata was less nutrient 

limited in this study. 

Our fifth hypothesis was not confirmed; even though T. hemprichii had higher TN values in the leaves, 

it had neither a higher relative nitrogen demand nor higher nitrogen uptake rates than the other 

species. However, as T. hemprichii has the highest biomass of all species in this multi species meadow 

(Thomsen et al., 2020) it has the highest nitrogen demand per area. Seasonal fluctuations in seagrass 

leaf biomass are common and leaf biomass in this study falls in the range of other studies in Indonesia 

and Kenya (Erftemeijer and Herman, 1994; Uku and Björk, 2005). However, we found that the nitrogen 

filter capacity equally underlies these seasonal variations. Furthermore, the seagrass biomass at the 

site is 75% lower than recorded 9 years earlier (Thomsen et al., 2020). The nitrogen filter function was 

lost together with the seagrass biomass.  

4.4.5 Seagrasses as natural nitrogen filters 

Even though seagrasses are threatened by eutrophication, they can also counteract to it though their 

nutrient filter function. For their high productivity, seagrasses require nitrogen from their environment. 

Therefore, seagrasses can incorporate organic and inorganic nitrogen, through aboveground and 

belowground biomass (Viana et al., 2019; Vonk et al., 2008). Nitrogen uptake through leaves limits the 

availability for macro- and microalgae and therefore mitigates eutrophication. However, internal 

recycling and uptake from belowground reduces the nitrogen filter function of seagrasses. Nitrogen 

acquisition and recycling are species-specific and depends on trophic conditions. Enhalus acoroides and 

T. hemprichii allocate 90-95% of their nitrogen demand for leaf growth, while C. rotundata and H. 

uninervis relatively allocate more of their nitrogen in apical growth (Erftemeijer et al., 1993; Marbà et 

al., 2002). Nutrient resorption from senescent leaves can contribute ~10% of the plants’ nitrogen 

demand. In contrast, the resorption of T. hemprichii and E. acoroides can be higher than in other 

species, because translocation within one plant is more likely than the translocation between plants 

(Stapel and Hemminga, 1997). Furthermore, higher leaf nitrogen concentrations at a site with higher 

water nitrogen concentration relative to the control site coincided with higher nitrogen resorption 
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efficiency in T. hemprichii and E. acoroides (Stapel and Hemminga 1997). This is counterintuitive at first, 

but if a large nitrogen pool is available, a smaller fraction is used for structural cell components, where 

resorption is lower (Stapel and Hemminga 1997). Thalassia hemprichii can cover up to 28% of its 

nitrogen demand for leaf growth through internal reuse (Stapel et al., 2001). In our study T. hemprichii 

covered 30% of its nitrogen requirements with inorganic nitrogen assimilation through leaves; this is 

similar to P. oceanica which covers 26% of its annual nitrogen requirements through leaf uptake 

(Lepoint et al., 2002). However, it is ~15% less than C. rotundata and C. serrulata cover through leaf 

uptake. Furthermore, T. hemprichii had higher total nitrogen content and a higher δ15N signal in the 

leaves compared to the other species in our study. It is conceivable that T. hemprichii relies on 

additional nitrogen sources or higher internal recycling and therefore has a lower filter function. This 

implies that a meadow with the climax seagrass T. hemprichii only would have a lower filter function 

than a meadow with C. rotundata and C. serrulata of the same biomass. However, by only considering 

leaf growth, we underestimate the nitrogen demand, as whole plant production may be up to an order 

of magnitude higher than aboveground production only (Tomasko and Dunton, 1995). 

Despite these species-specific differences, the higher the seagrass biomass, the higher the nitrogen 

filter function and therefore prevention or mitigation of eutrophication in the seagrass meadow and 

the adjacent coastal waters. However, seagrass leaf biomass at our study site was comparatively low 

compared to earlier measurements (Herbeck et al., 2014; Thomsen et al., 2020) and in the range of 

aboveground biomass measured in multispecies meadows in the Philippines (Terrados et al., 1998). 

Conceivably at high seagrass densities production and nitrogen filter function levels off.  

Shading and eutrophication lead to physiological and morphological adaptions of seagrasses like lower 

growth, narrower and shorter leaves, as well as less leaves per shoot (Czerny and Dunton, 1995; Lee 

and Dunton, 1997; Ruiz and Romero, 2003, 2001). In Hainan, seasonal variations with lower leaf 

biomass in autumn (wet season) have been recorded (Herbeck et al., 2014; Thomsen et al., 2020). In 

this area, plant size (unpublished data) and biomass (this study) were larger in the wet season at high 

light and low nutrient availability, inferring a higher nitrogen filtering capacity during that season. With 

the loss of the biomass, also the nitrogen filter function is lost.  

The nitrogen uptake potential of a seagrass community is greater than solely the uptake of individual 

seagrass plants. Even though epiphytes hold only a minor part of the biomass in the ecosystem 

compared to the seagrass biomass, their specific NO3
- and NH4

+ uptake rates can be up to an order of 

magnitude higher than the seagrass nitrogen uptake rate (Apostolaki et al., 2012). However, there are 

species-specific differences in nitrogen uptake rates with higher uptake rates by crustose coralline algae 

than by brown algae (Lepoint et al., 2007). On the other side, excess epiphytes limit the light availability 

for seagrass and therefore impedes its productivity.  
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An estimated 103.6 tons of DIN are discharged from aquaculture ponds into the coastal waters annually 

(Herbeck and Unger, 2013). With an average uptake rate of 34.6 µM N gDW-1 d-1 across the three 

species and a moderate seagrass leaf biomass of 54.2 gDW m-2 like recorded in this study, the meadow 

would need to be 10.2 km2 large to filter the inorganic discharges. With 33.1 km2 backreef area in NE 

Hainan (Herbeck and Unger, 2013), shallow enough for potential seagrass growth, the inorganic 

nitrogen from aquaculture effluents could potentially be filtered. However, seagrass biomass is 

declining in NE Hainan, because of the eutrophication caused from pond aquaculture effluents, the 

seagrass biomass declined by 87% between 2008 and 2017 (Thomsen et al., 2020). We calculated a 

eutrophication threshold of 8 µM DIN for the region, above which seagrasses will likely disappear on 

the long-term (Thomsen et al., 2020). Apparently, the discharges exceeded the filter function of the 

seagrass meadow. Seagrass close to the shore were the untreated effluents are discharged into the 

coastal waters disappeared first followed by the seagrass in the whole backreef area (Herbeck et al., 

2014; Thomsen et al., 2020). Even though, a large seagrass meadow has the potential filter function 

practically, local eutrophication at point sources will still lead to the decline and loss of the seagrass 

meadow. Furthermore, only 21% of the nitrogen discharged from the aquaculture ponds is dissolved 

inorganic nitrogen. Additionally, 77 tons dissolved organic nitrogen and 320 tons particulate nitrogen 

are discharged annually (Herbeck and Unger, 2013). To fully quantify the nitrogen filter function, further 

studies on organic nitrogen uptake and the nitrogen filter function on ecosystem level are needed. For 

coastal zone management in Hainan, we recommend reducing the nitrogen and organic matter loads 

to conserve the seagrass meadows. 

4.5 Conclusion 

Our results show that all investigated seagrass species acquire NO3
- and NH4

+ through the leaves in the 

light and the dark. The cumulative daily inorganic nitrogen uptake rates were not affected by the trophic 

conditions. However, NH4
+ uptake is preferred over NO3

-, and the plants shift towards NH4
+ uptake 

when grown under high nitrogen availability and eutrophic conditions, while NO3
- uptake is suppressed. 

Relative seagrass growth rates and relative nitrogen demand were similar under all trophic conditions. 

However, eutrophication reduces the seagrass biomass and, therefore, the meadow’s nitrogen filter 

function. This implies that seagrasses are more efficient in preventing eutrophication than in mitigating 

it when they are already negatively affected. Furthermore, high biomass seagrass meadows with a high 

filter function are therefore more resilient to eutrophication. 

Filter function can be maximised with higher seagrass productivity but our results also indicate that 

higher seagrass biodiversity increases the filter function, as the climax species T. hemprichii covers ~15% 

less of its nitrogen demand for leaf growth through inorganic nitrogen uptake through leaves. T. 

hemprichii has a higher nitrogen tissue content, which it conceivably recycles internally more efficiently 
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than the other species. Therefore, it has a lower nitrogen filter function than C. rotundata and C. 

serrulata.  

Overall, the filter function and potential area where seagrasses could grow in NE Hainan is large enough 

to filter the dissolved inorganic nitrogen from aquaculture effluents. However, the nitrogen filter 

function seems to be exceeded over the last decade as the coastal waters are heavily eutrophied, 

leading to strong seagrass declines. Therefore, in the current state, with the intensive discharges from 

aquaculture ponds and eutrophication in the coastal waters, the backreef area is not suitable for 

seagrass growth.  
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Apendix 

Table S2: Inorganic nutrient concentrations (± SE, n > 3) in incubation chambers before the addition of 
2.5 µM tracer 

Season Treatment NH4
+
 (µM)  NO3

- (µM) 

Dry Control 0.7 ± 0.4  0.4 ± 0.2  
Fertilized 2.0 ± 1.2  0.7 ± 0.4  

Wet Control 1.2 ± 0.7  7.2 ± 1.4  
Fertilized 1.5 ± 0.9  7.4 ± 0.4  

 

Table S2: Physical and chemical conditions in dry and wet seasons (± SE). Uppercase letters identify 
differences between the means of the groups. There are no differences between the treatment groups. 

Season Treatment 
Daylight  

(h) 

PAR  

(mol m-2 d-1) 
Kd 

T  

(°C) 
Salinity 

Chl a  

(µg L-1) 

TSM  

(mg L-1) 

Dry 
Control 13.2 ± 0.2b 9.1 ± 1.3b 0.7 ± 0.1a 29.2 ± 0.0b 33.2 ± 0.2b 0.6 ± 0.1a 17.9 ± 2.8a 

Fertilized 13.2 ± 0.2b 9.0 ± 1.3b 0.8 ± 0.1a 29.3 ± 0.0b 33.2 ± 0.4b 0.6 ± 0.3a 13.1 ± 0.8a 

Wet 
Control 10.4 ± 0.4a 1.2 ± 0.2a 2.4 ± 0.3b 28.5 ± 0.0a 31.4 ± 0.2a 1.1 ± 0.2b 36.7 ± 3.8b 

Fertilized 11.2 ± 0.3a 1.6 ± 0.4a 2.0 ± 0.3b 28.5 ± 0.0a 31.3 ± 0.2a 1.2 ± 0.2b 42.0 ± 4.8b 

Table S3: ANOVA results of GLMs for the water nutrient concentrations, physical, and chemical 
parameters in fertilized and control plots (treatments) in the two seasons (dry or wet). Significant p-
values are highlighted in boldface. 

 kd (gamma) Lux Daylight hours (gaussian) Conductivity (gamma) 
 df Chi² p df Chi² p df Chi² p df Chi² p 

season 1 130.183 < 0.0001 1 1656 < 0.0001 1 64.856 < 0.0001 1 0.133 0.7150 
treatment 1 4.382 0.0363 1 12.720 0.0004 1 2.365 0.1241 1 56.36 < 0.0001 
season:treatment 1 0.396 0.5292 1 0.690 0.4057 1 1.714 0.1904 1 0.066 0.7975 
 Temperature (gaussian) DO (gaussian) Chl a (gaussian) TSM (gaussian) 
 df Chi² p df Chi² p df Chi² p df Chi² p 
season 1 1472.900 < 0.0001 1 0.002 0.9676 1 0.1519 0.6967 1 47.52 < 0.0001 
treatment 1 2.780 0.0953 1 0.051 0.8206 1 6.9198 0.0085 1 0.001 0.9821 
season:treatment 1 1.400 0.2360 1 0.398 0.5283 1 0.2563 0.6127 1 2.211 0.1370 
 NO3

- (gamma) DIN (gaussian) NH4
+ sqrt (gamma) NOx (gamma) 

 df Chi² p df Chi² p df Chi² p df Chi² p 
season 1 102.950 < 0.0001 1 9.613 0.0019 1 9.613 0.0019 1 164.5 < 0.0001 
treatment 1 15.420 0.0001 1 87.580 < 0.0001 1 87.575 < 0.0001 1 14.42 0.0001 
season:treatment 1 0.0630 0.8016 1 0.007 0.9332 1 0.007 0.9332 1 0.004 0.9467 
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Table S4: ANOVA results of GLMs for the TN content in seagrass leaves in each seagrass species, seasons 
(dry or wet) and treatments (fertilized or control).  
 TN T. hemprichii (gaussian)  TN C. serrulata (gaussian)  TN C. rotundata (gaussian)  
 df Chi² p df Chi² p   df Chi² p 
season 1 9.7992 0.0017 1 11.970 0.0005  season-treatment 1 34.874 < 0.0001 
treatment 1 5.3799 0.0203 1 15.239  0.0001       

season:treatment 1 2.5167 0.1126 1 26.148 < 0.0001       
 TN dry control TN dry fertilized TN wet control TN wet fertilized 
 df Chi² p df Chi² p df Chi² p df Chi² p 
Species 4 170.29 < 0.0001 2 6.2975 0.0429 2 46.529 < 0.0001 1 33.275 < 0.0001 
 

Table S5: ANOVA results of GLMs for the δ15N values in seagrass leaves in each seagrass species, seasons 
(dry or wet) and treatments (fertilized or control).  
 δ15N T. hemprichii (gaussian)  δ15N C. serrulata (gaussian)  δ15N C. rotundata (gaussian) 
 df Chi² p df Chi² p   df Chi² p 
season 1 34.24 <0.0001 1 218.95 <0.0001  season-treatment 2 548.28 <0.0001 

 treatment 1 550.71 <0.0001 1 658.14 <0.0001       

season:treatment 1 16.30  0.0001 1 52.96 <0.0001       
 δ15N dry control δ15N dry fertilized δ15N wet control δ15N wet fertilized 
 df Chi² p df Chi² p df Chi² p df Chi² p 
Species 4 384.25 <0.0001 2 69.296 <0.0001 2 131.52 <0.0001 1 43.697 <0.0001 
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Table S6: ANOVA results of GLMs for the NH4
+ and NO3

- uptake rates in C. rotundata, C. serrulata, T. 
hemprichii, H. ovalis and H. uninervis grown under two trophic conditions (fertilized or control) at the 
two different seasons (dry or wet) and light conditions (light or dark). 

 NH4
+ uptake C. rotundata NO3

- uptake C. rotundata 

 df Chi² p df Chi² p 
season-treatment 2 18.7786 0.0001 2 66.395 < 0.0001 
light/dark 1 22.0408 < 0.0001 1 2.12 0.145417 
season-treatment:light/dark 2 0.4928 0.7816 2 12.316 0.002117 

 NH4
+ uptake C. serrulata NO3

- uptake C. serrulata 

 df Chi² p df Chi² p 
season 1 15.553 0.0001 1 40.072 < 0.0001 
treatment 1 0.1407 0.7076 1 6.768 0.0093 
light/dark 1 26.5443 < 0.0001 1 3.184 0.0744 
season:treatment 1 7.3655 0.0066 1 0.242 0.6228 
season:light/dark 1 7.8641 0.0050 1 3.069 0.0798 
treatment:light/dark 1 0.2401 0.6241 1 0.173 0.6775 
season:treatment:light/dark 1 3.1694 0.075028 1 0.063 0.8011 

 NH4
+ uptake T. hemprichii NO3

- uptake T. hemprichii 

 df Chi² p df Chi² p 
season 1 29.0375 < 0.0001 1 0.2722 0.6019 
treatment 1 0.4927 0.4827 1 10.5121 0.0012 
Light/dark 1 9.1334 0.0025 1 3.1051 0.0781 
season:treatment 1 9.8708 0.0017 1 2.7455 0.0975 
season:light/dark 1 0.2702 0.6032 1 5.6852 0.0171 
treatment:light/dark 1 0.0948 0.7581 1 2.4127 0.1204 
season:treatment:light/dark 1 6.0822 0.0136 1 0.6812 0.4092 

 NH4
+ uptake H. ovalis NO3

- uptake H. ovalis 

 df Chi² p df Chi² p 
Light/dark 1 1.1021 0.2938 1 3.7511 0.0528 

 NH4
+ uptake H. uninervis NO3

- uptake H. uninervis 

 df Chi² p df Chi² p 
Light/dark 1 0.43191 0.5111 1 3.7511 0.0528 
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Table S7: ANOVA results of GLMs for the Ni uptake rates measured in light in the different treatments 
and seasons, tested for differences in species and inorganic nitrogen form (NH4

+ or NO3
-). 

 dry control dry fertilized  wet control wet fertilized  
  df Chi² p df Chi² p df Chi² p df Chi² p 
species 4 69.832 <0.0001 4 4.8204 0.0898 2 2.469 0.2910 1 5.82 0.0159 
nitrogen 1 53.902 <0.0001 1 25.7192 <0.0001 1 160.015 <0.0001 1 374.68 <0.0001 
species:nitrogen 4 34.615 <0.0001 4 2.3771 0.3047 2 9.478 0.0087 1 0.9 0.3425 
 

Table S8: Average seagrass leaf biomass (± SE) of the multispecies seagrass meadow in dry and wet 
season regardless of the fertilization treatment 

 Leaf biomass (gDW m-2) 
 Dry season Wet season p 
C. rotundata 7.56 ± 1.81 ( n= 7) 2.48 ± 0.83 ( n= 6) 0.034 
C. serrulata 21.14 ± 6.26 ( n= 8) 5.56 ± 1.33 ( n= 11) 0.0001 
H. uninervis 3.33 ± 1.04 ( n= 6) 0.13 ± 0.11 ( n= 2) NA 
T. hemprichii 59.21 ± 6.36 ( n= 11) 22.02 ± 2.17 ( n= 11) 0.0013 
Sum 81.22 ± 7.86 ( n= 11) 28.96 ± 2.70 ( n= 11) <0.0001 

 

 

Figure S1: Daily seagrass leaf production as a function of leaf biomass. The colors indicate the different 
species, and the symbols indicate different treatments.  

●

●

●●●●

●

●

●

●

●

●

●

●

●

●

●●
●

●

●

●●

●

●

●

●

●

●
●

●

●

p < 0.001 ,  r2 = 0.93

0.00

0.02

0.04

0.06

0.08

0.10

0.0 0.2 0.4 0.6 0.8 1.0 1.2
Seagrass leaf biomass ( gDW )

Le
af

 p
ro

du
ct

io
n 

ra
te

 ( 
gD

W
 d
−1

 )

Season
Treatment

●

●

Dry Control

Dry Fertilized

Wet Control

Wet Fertilized

Species

●

●

●

●

C. rotundata

C. serrulata

H. uninervis

T. hemprichii



Nitrogen filter function 

 154 

 

Figure S2: Average daily nitrogen demand (± SE) for leaf growth and Ni leaf uptake rates of the different 
inorganic sources normalized by standing leaf biomass. The grey bars indicate the daily nitrogen 
demand (µMol N gDW-1 d-1) calculated from relative leaf growth and the nitrogen content of the new 
leaf material. The stacked bars are the daily inorganic nitrogen uptake rates through seagrass leaves 
calculated from the seagrass incubations.  

 

Table S9: ANOVA result of GLM testing how much of the nitrogen demand is covered through inorganic 
leaf uptake between seagrass species 

 
Percent N demand covered  

  df Chi² p 

Species 2 9.1828 0.0101 
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Seagrasses are fundamental ecosystem service providers in coastal areas. At the local level, coastal 

communities profit from better nutrition, coastal protection, and a healthy coastal environment (Ruiz-

Frau et al., 2017); on a global scale, seagrass meadows contribute to mitigating climate change 

(Macreadie et al., 2021). Unfortunately, seagrasses are declining globally, primary due to local 

anthropogenic stressors like coastal development and poor water quality (Dunic et al., 2021). Research 

on local anthropogenic impacts on seagrasses is, therefore, a priority for seagrass conservation. With 

the rapid expansion of coastal aquaculture in the Central Indo-Pacific since the 1960s and the 

intensified production due to technological advancements, coastal aquaculture is threatening marine 

ecosystems, including seagrasses. The effluents discharged by aquaculture facilities deteriorate water 

quality through the addition of inorganic nutrients and organic matter, which can induce 

eutrophication. These effluents represent local point sources of pollution, widespread in Asian 

countries (FAO, 2020). We know that eutrophication degrades seagrass ecosystems, causes seagrass 

loss, induces (harmful) algal blooms (Heisler et al., 2008), alters the food web (Tewfik et al., 2005), 

increases anoxia and hypoxia (Rabalais et al., 2010), and modifies biogeochemical processes, including 

organic matter degradation (Takasu and Uchino, 2021, McGlathery et al., 2007, Liu et al., 2020). 

However, how these changes interact and drive the seagrass degradation and losses require further 

research to ultimately assess the consequences of eutrophication on seagrass ecosystems and their 

ecosystem functions. 

 

Thus, this thesis contributes to the knowledge on how Indo-Pacific seagrass species cope with 

eutrophication caused by aquaculture effluents and provides tools for coastal management to prevent 

further seagrass losses. Therefore, in this discussion, I follow the nitrogen from its source in coastal 

aquaculture ponds in NE Hainan, via its assimilation in coastal seagrasses to its fate as plant-bound 

nutrients in the seagrass ecosystem.  

First, I comprehensively display the general impacts of coastal pond aquaculture on the coastal 

ecosystems and discuss the developments of coastal pond aquaculture in NE Hainan. Second, I present 

the physiological and morphological responses of seagrass to eutrophication and show why species-

specific responses determine the impact of aquaculture on coastal communities. Third, I present the 

long-term effects of eutrophication on seagrass meadows and show how the intensity and duration of 

eutrophication shape benthic communities. Fourth, I explore different nutrient thresholds of seagrass 

meadows and show why they are an important tool for policy- and decision-makers to protect seagrass. 

Fifth, I discuss how nitrogen concentrations and eutrophication affect the inorganic nitrogen uptake 

and show that eutrophication affects the nitrogen filter function of seagrass meadows from the 

individual plant level to the community level. Sixth, I discuss the fate of the nitrogen assimilated in 
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seagrass meadows and show that eutrophication accelerates nitrogen cycling and is, therefore, a self-

reinforcing process. Seventh, I discuss how the results in Hainan are related to global seagrass loss and 

how the outcome of this thesis can help global seagrass conservation. Last, I discuss recent coastal 

developments in Hainan and propose further monitoring and research directions. 

5.1 The source: Aquaculture practices and their effects on coastal ecosystems  

Coastal aquaculture poses serious threats to natural coastal ecosystems. These threats are connected 

to i) the requirement of space to build ponds, ii) the requirements for the operation of the aquaculture 

facility, including livestock, feed, and water, and iii) the disposal of waste products.  

5.1.1 Coastal aquaculture and mangroves  

Due to the low elevation and the access to coastal water, coastal wetlands and floodplains are suitable 

places for coastal aquaculture. In the tropics, mangrove forests grow in low-elevation coastal areas. 

About 10% of the global mangrove area has already been converted into aquaculture ponds (Valiela et 

al., 2001). Naturally, the mangrove ecosystem has a high biodiversity and fulfils different ecosystem 

services (Lee et al., 2014). Through their high primary productivity and inundated, anoxic sediments, 

mangroves sequester and store carbon from the atmosphere counteracting climate change (Macreadie 

et al., 2021). By occupying periodically and permanently flooded areas, mangroves protect the coast 

from the strong physical forces of the sea (Menéndez et al., 2020). They are home and nurseries for 

many flora and fauna species, including commercially important fishes and crustaceans (Lee et al., 

2014). Logging mangroves to build aquaculture ponds transforms a biodiversity hot spot into vast areas 

of monocultures (Tran and Fischer, 2017), which increases coastal erosion (Herbeck et al., 2020) and 

decreases the natural flood and wave protection of coasts (Menéndez et al., 2020). 

5.1.2 Aquaculture impacts on fish stocks 

Apart from logging mangroves for pond construction, also the intensive culture systems and their 

demand for water and feed to operate the ponds threaten other coastal ecosystems. Aquaculture pond 

water and effluents can contain parasites and pathogens that harm farmed animals and wildlife 

(Bouwmeester et al., 2021), leading to the prevalent use of antibiotics and disinfectants. In the vicinity 

of aquaculture farms in the South China Sea, up to 22 different antibiotics have been detected in the 

marine environment, some of which bioaccumulating in fish, molluscs, and shrimps (Chen et al., 2015). 

In the case of shrimps, the concentration of antibiotics even exceeded safe levels for human 

consumption (Chen et al., 2015).  

In China, the country with the largest aquaculture production globally (FAO, 2020), farmed and 

especially farmed carnivorous species are increasingly high valued (Miao and Liao, 2007). These species 

are fed with fishmeal and ‘feed-grade fish’, a general term for non-food fish and crustaceans, as well as 

juveniles of species generally used as food fish (W. Zhang et al., 2020). In 2016, 35% of Chinas marine 
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catch of 4.5 million metric tonnes was feed-grade fish and ended up as feed in aquacultures (W. Zhang 

et al., 2020). This is nearly as much as the whole marine catch of the United States of America (third in 

the ranking of marine catch by country in 2016, according to FAO, 2020). The share of feed-grade fish 

in Hainan’s fisheries catch was 65%, of which 89% were juveniles (W. Zhang et al., 2020). Even though 

the impact of aquaculture on marine wild fisheries in China has weakened since 2003 and the 

production of domestic fishmeal has stabilised, the amount of imported fish meal as feed for 

aquaculture production is steadily increasing (Zhao et al., 2021). Overall, unsustainable practices in 

Chinese aquaculture contribute to overfishing, lead to a loss in fish biodiversity and their ecosystem 

function, and reduce the resources for artisanal fisheries (Cao et al., 2015).  

Moreover, many species, like grouper, cannot be successfully reproduced in aquaculture. Therefore, 

farming these species requires the capture of wild post-larvae or fingerlings, impacting the stock of the 

wild population (Tupper and Sheriff, 2008). Despite the effort to increase the reproduction in 

hatcheries, only one-third of groupers grown in aquaculture were also reproduced in captivity (Tupper 

and Sheriff, 2008). Similar practices were common in shrimp aquaculture until the production of 

shrimps in hatcheries started in the 1980s after wild catches declined due to overexploitation (Islam et 

al., 2004). Fishing post-larvae, fry, and fingerlings also involves high mortality rates of the bycatch 

(Johannes and Ogburn, 1999). This impacts the recruitment of other marine species with negative 

consequences for biodiversity, food chains, ecosystem functions, and food security.  

5.1.3 The water demand of aquaculture  

Another essential factor for operating coastal aquaculture ponds is the supply of seawater. The volume 

of water needed for cultivation depends on the requirements of the farmed species. In coastal ponds 

in NE Hainan, two grouper species, Epinephelus awoar and Epinephelus lanceolatus, are the main fishes 

cultivated, while Litopenaeus vannamei, Penaeus chinensis, and Penaeus monodon are the most 

commonly farmed shrimp species (Herbeck et al., 2013). In shrimp ponds, less water is exchanged than 

in fish ponds, where a part of the pond water is exchanged weekly with fresh seawater (Herbeck et al., 

2013). For the cultivation of the marine snail Babylonia spp., flow-through systems with a constant 

water supply are needed. This is the case in Changqi, where the need for a secure and constant water 

supply led to the construction of trenches in the intertidal zone between 2009 and 2019 (Figure 1). This 

has, to date, unknown consequences for the marine organisms inhabiting this area.  
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Figure 1: Satellite image of the coastal backreef area in Changqi, NE Hainan, in 2009 and 2019. While in 
2009, the coastline seemed relatively undisturbed, in 2016, snail farms occupied the same area. As snail 
farms need a constant water supply, up to 0.5 km long trenches were dug into the backreef area to 
retain water during low tide. Source: Google Earth. 

5.1.4 Aquaculture effluents  

Another threat of coastal pond aquaculture to other ecosystems is the disposal of waste products. A 

major problem is that most of the nutrients supplied by feed are not retained in the biomass of the fed 

organism but remain in the water as excess food or excrements (Piedrahita, 2003). The feed and faeces 

accumulate in the pond water and nutrients from the feed and microbial remineralisation of organic 

material stimulate microalgal growth. Regular water exchange and the cleaning of the ponds after a 

production cycle, including the flushing of accumulated sludge at the bottom of the pond, secure the 

well-being and growth of cultured animals. The pond effluents are often discharged without prior 

treatment via natural creeks or artificial channels into coastal waters (Herbeck et al., 2013; Wang et al., 

2020). Despite the clear effects of nitrogen emitted from aquaculture ponds on coastal systems, this 

nitrogen source has been long neglected in national and global nitrogen budgets. Only in recent years, 

the amount of nitrogen released from Chinese mariculture facilities has been quantified to a similar 

quantity of the combined nitrogen release by all Chinese rivers (Wang et al., 2020). While the nitrogen 

releases have doubled between 2006 and 2017, there are regional differences, with higher emissions 

in China’s southern provinces (Wang et al., 2020). The pond operation mode determines the water 

quality in the ponds and drainage channels. Differences are driven by the pond bottom type (Burford 

and Longmore, 2001; Hopkins et al., 1994), type of feed (Boyd et al., 2007; Burford and Williams, 2001), 

time since the last water exchange (Hopkins et al., 1993), stocking density (Briggs and Funge-Smith, 

1994), age and type of cultivated animals, and number and active hours of the aeration systems 

(reviewed in Hargreaves, 1998).  

5.1.5 Developments in aquaculture in NE Hainan 

In NE Hainan, only one production cycle (~12 months) for grouper is possible per year, while shrimp 

production allows 3-4 cycles per year and harvesting after ~3 months (Herbeck et al., 2013). After 

0.5 km

2009 2019
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harvest, all water is discharged from the pond and the accumulated sludge at the bottom of the pond 

is flushed into the channels. The complete clearance and the regular partial water exchange cause 

pulses of excess nutrients, organic matter, and suspended sediments in the coastal waters. During the 

colder winter months (December to February), fewer ponds are in operation (Herbeck et al., 2013), 

resulting in a seasonal difference in the amount and composition of pond effluents released into coastal 

waters. Effluent release, inorganic nutrients, and organic matter loads were generally at a maximum in 

the wet season (Herbeck et al., 2013), when pond water exchange, water temperature, precipitation, 

and microbial reworking were highest. However, effluent nutrient and organic matter concentrations 

were also higher in 2017 than in former years and other regions of the world (Burford et al., 2003). In 

2017, the shrimp pond NOx concentrations were more than an order of magnitude higher, TSM 

concentrations were three times higher, NH4
+ concentrations were higher by a factor of two, and 

chlorophyll a concentrations were lower than concentrations in shrimp ponds in NE Australia in the late 

growth season (compiled in Burford et al., 2003). The higher nitrogen and TSM concentrations occurred 

probably due to higher stocking densities of animals in Hainan compared to Australia. The annual 

production in NE Hainan has increased from 16 to 19 tons per hectare between 2009 and 2017 (Hainan 

Statistical Yearbook 2016), but the areal extent of aquaculture ponds in the study area remained stable. 

Conceivably, the increased production can be attributed to higher stocking densities, which are possible 

due to technical advances, e.g., in electrical aeration systems and continuous power supply. Moreover, 

the dominant culture type in Hainan changed from shrimp to fish. While in 2008/2009, 60% of the 

ponds were used for shrimp farming and 40% for fish farming (Herbeck et al., 2013), in 2017, 70% of 

the ponds were used for fish cultivation, almost exclusively carnivorous grouper species. In general, 

carnivorous fish mariculture releases more phosphorus and nitrogen than any other type of 

aquaculture (Bouwman et al., 2013). In our study area, fish cultivation requires more frequent water 

exchange than shrimp cultivation. During regular water exchanges, up to 30% of the pond water is 

discharged into the channels; in fish ponds, this amount of water is exchanged weekly, while in shrimp 

ponds, the water is exchanged monthly. Similar concentrations of nutrients in shrimp and fish ponds 

(Figure 2) but a more frequent water exchange in fish ponds imply more intense and more frequent 

environmental pollution through fish aquaculture than through shrimp aquaculture. 

In NE Hainan, low-oxygenated bottom water is discharged during the water exchange. This results in a 

lower DO concentration in the creeks, which inhibits nitrification and results in a higher ammonium 

concentration (Figure 2). The lower TSM and chlorophyll a concentration in the creeks in 2017 

compared to 2009 may be caused by more frequent water exchanges due to the shift from shrimp to 

fish ponds. The discharge of nutrients and organic matter causes eutrophication in the coastal waters. 
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The short- and long-term impacts on the adjacent coastal seagrass meadows were studied in Chapter 

2 and Chapter 3 and will be comprehensively discussed in the next section.  

 

Figure 2: Concentrations (mean ± SE) of inorganic nutrients and biochemical parameters in fish and 
shrimp ponds and creeks in NE Hainan in 2008/2009 and 2017. Data from 2008 and 2009 are from 
Herbeck et al., 2013. Salinity measurements in the wet season in 2008/2009 are missing. 

5.2 Short-term effects of eutrophication on seagrass meadows  

The impact of eutrophication on benthic communities depends on its intensity and duration. Here, I 

consider ‘short-term’ as an exposure of weeks to months to nutrient enrichment and eutrophication. 

Over four weeks, a multispecies seagrass meadow was artificially fertilized in an in situ experiment. At 

the end of the experiment, morphological and physiological traits of the different seagrass species were 

measured. This manipulative experiment was carried out at the end of dry season, at low nutrient and 

high light availabilities, and repeated in wet season when strong precipitation induced eutrophication 

Fish Shrimp Creek

0

20

40

60

N
O

3−   (
 µ

M
 )

Fish Shrimp Creek

0

50

100

150

N
O

x 
 ( 

µM
 )

0

50

100

150

N
H

4+   (
 µ

M
 )

0

50

100

150

200

D
IN

 (µ
M

)

0

10

20

30

PO
43−

  (
 µ

M
 )

15

20

25

30

Sa
lin

ity

08/09 17 08/09 17 08/09 17
0

50

100

150

C
hl

or
op

hy
ll α

  (
 µ

g 
L−

1  )

08/09 17 08/09 17 08/09 17

100

200

300

400

TS
M

  (
 m

g 
L−

1  )

Season Dry Wet



Synoptic discussion 

 163 

with high ambient nutrient concentrations and low light availability. The fertilization experiment was 

successful, as nitrogen concentrations in leaves of fertilized plants were higher than in leaves of non-

fertilized plants in dry season (Chapter 2). Under the high light availability in dry season, the fertilization 

resulted in faster growth and larger leaf area, indicating that seagrass growth was nutrient-limited. 

These results are confirmed by earlier studies where nutrient enrichment alleviated nutrient limitation 

and therefore increased seagrass productivity, growth, and leaf area (e.g. Agawin et al., 1996; Allgeier 

et al., 2013; Terrados et al., 1999).  

Despite the positive effects of nutrient addition, indicating better seagrass fitness under non-light 

limiting conditions, eutrophication, including light limitation, has negative effects, also in the short-

term. Already after four weeks of exposure to eutrophication, with nutrient levels above the proposed 

threshold of 8 µM DIN concentration in the water column (Chapter 3), seagrass fitness was severely 

reduced. During the eutrophication in the wet season, the fertilization treatment had no effect on the 

seagrass, as the meadow was already saturated by the ambient nutrient concentrations. The growth 

rates were even lower than in the dry season, indicating strong negative effects of eutrophication that 

includes, apart from excess nutrients, also light limitation. The seagrasses adapted to the severe light 

deficiency by reducing their leaf area and shedding their leaves, a common plant response to reduce 

energy demand and avoid self-shading (Enríquez and Pantoja-Reyes, 2005; Mackey et al., 2007; Olesen 

et al., 2002). However, the morphological responses of C. serrulata and T. hemprichii to eutrophication 

were much faster than in a shading experiment conducted in mesocosms in Australia (Collier et al., 

2012b; Statton et al., 2018), indicating a cumulative negative effect of the two stressors high nutrient 

concentrations and light limitation. The process additionally could be driven by increased epiphyte 

growth through nutrient enrichment (Peterson et al., 2007), which would further reduce the seagrass’ 

light availability. Compared to the light attenuation in the water column, the light attenuation of 

epiphytes is small, but its impact may be critical, especially in turbid waters (Ow et al., 2020). 

Despite the regular precipitation-induced eutrophication at this site (Herbeck et al., 2011), the seagrass 

diversity remained high over the last decade (Chapter 3), indicating that the meadow is resistant against 

the seasonal eutrophication. Periods without eutrophication as in the dry season, could contribute to 

the long-term survival and diversity of the meadow. This seasonal effect is often neglected and should 

be incorporated, e.g., when modelling the impact of eutrophication on coastal ecosystems, including 

seagrasses. Furthermore, it indicates that stressors can be dynamic, like nutrient pulses caused by the 

water exchange in aquaculture ponds. Therefore, in upcoming experiments, stressor dynamics should 

be considered. 

On species level, T. hemprichii was the only species that increased leaf length as an adaption to 

additional nutrients under eutrophic conditions, which could be advantageous under low light 
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conditions. This adaption might be enabled by carbohydrates stored in the large belowground biomass 

(Collier et al., 2021), which could act as energy reserve. This could be part of the explanation why T. 

hemprichii is one of the last surviving species at sites heavily affected by long-term eutrophication 

(Chapter 3). 

 

5.3 Long-term effects of eutrophication on seagrass abundance and biodiversity 

The long-term exposure to intensive eutrophication had drastic effects on the investigated seagrass 

meadows. In Changqi and Qingge, 98% and 93% of the seagrass biomass per m2 was lost (Chapter 3). 

This observation is a warning for other areas impacted by intensive eutrophication.  

The magnitude and trajectory of the decline rates depend on the local stressors and the seagrass 

species affected. A recent study revealed that in Changqi, a large coastal area was already occupied by 

aquaculture ponds in 1995, while in Qingge, the expansion of the pond area lagged ~5 years behind (Fu 

et al., 2021). Therefore, additionally to the larger pond area, the longer exposure to aquaculture 

effluents in Changqi compared to Qingge could explain why seagrass biomass and species diversity was 

lower in Changqi than in Qingge in 2008/2009 (Herbeck et al., 2014). 

Apart from the largescale seagrass loss, also seagrass biodiversity was remarkably lower at sites with 

direct input of aquaculture effluents. This indicates that vulnerability differs among seagrass species. In 

2017, only T. hemprichii and E. acoroides could be found in Changqi, whereas in Qingge, only T. 

hemprichii survived. Similar trends, however, not as drastic, were observed in two seagrass meadows 

in the Philippines and Micronesia. A steadily increasing nutrient pollution from coastal settlements led 

to a steady seagrass decline within 5-8 years (Short et al., 2014). In Micronesia, mainly C. rotundata and 

H. uninervis declined, while T. hemprichii and H. ovalis abundance remained stable. In the Philippines, 

Key findings related to research question 1:  

What are the short-term morphological and physiological adaptions of seagrasses to nutrient 

enrichment and eutrophication? Are the responses species-specific? 

• Fertilization alleviated nutrient limitation in dry season and, therefore, increased 

seagrass productivity. 

• Short-term eutrophication reduced seagrass productivity. 

• Despite periodical eutrophication in Yelin, the long-term survival of the seagrass 

meadow indicates its resistance to short-term eutrophication. Periods without 

eutrophication, as in dry season, could contribute to long-term survival. 

• Only T. hemprichii morphologically adapted to fertilization under eutrophic 

conditions and, therefore, had a relative advantage compared to the other seagrass 

species. 
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the species dominance in the meadow shifted from C. rotundata towards T. hemprichii, indicating a 

higher resistance of T. hemprichii to nutrient pollution (Short et al., 2014). In the Philippines, changes 

in seagrass density and species composition were observed within 17 years (Tanaka et al., 2014). While 

in 1995, the response of seagrass to a siltation gradient was investigated (Bach et al., 1998), nutrient 

enrichment from close-by fish pens and cages were an additional stressor at the same site in 2012 

(Tanaka et al., 2014). Initially, C. serrulata was thought to be more resistant to siltation than T. 

hemprichii (Bach et al., 1998). However, C. serrulata has disappeared from most sites by 2012, probably 

due to additional nutrients and eutrophication from the expanding aquaculture, while T. hemprichii was 

still present at all sites (Tanaka et al., 2014). This indicates that large species with a high nitrogen 

demand and large belowground carbohydrate storage like E. acoroides and T. hemprichii are more 

resistant than other species to eutrophication from aquaculture effluents (Collier et al., 2021; Agawin 

et al., 1996). 

The seagrass meadow in Yelin was exposed to lower and only periodical impact of eutrophication; still, 

the biomass per m2 was reduced by 81%. This reduction was greater than expected but can be explained 

by the fact that initial biomass in 2008/2009 was much higher than at any other site. When re-visiting 

Yelin in 2017, biomass was still higher than in Changqi and Qingge in 2008/2009. Also, the biodiversity 

remained on a high level. The reduction in seagrass biomass could also be impacted by observational 

biases. As seen in Chapter 2, seagrass biomass can change within weeks as a reaction to changing 

environmental factors. The high biomass in 2008 could, therefore, be related to low precipitation in the 

months before sampling (Chapter 1, Figure 5). Furthermore, in 2008, seagrass biomass was measured 

in July and August, whereas in 2017, biomass was measured in September, when daily sunshine hours 

were lower (Chapter 1, Figure 4). Despite the high variability in Yelin, seagrass biomass and density are 

within the same range of other multispecies seagrass meadows of the same species in the Indo-Pacific 

(Agawin et al., 2001; Short et al., 2014; Terrados et al., 1998). 

An almost complete loss of seagrass meadows, as in Changqi and Qingge, means that recovery has to 

start from bare sediment and is, therefore, less likely than at meadows with a reduced seagrass density 

but high biodiversity, as in Yelin. A more frequent seagrass monitoring would allow detecting trends in 

seagrass abundance earlier.  
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5.4 Thresholds of seagrass resistance 

Seagrass declines and disappears as a result of eutrophication. Therefore, the maximum nitrogen 

carrying capacity of the seagrass meadow is an important parameter for conservation. To date, these 

thresholds have been calculated based on annual nitrogen discharge loadings that a specific seagrass 

meadow in a specific location can persist. Relevant thresholds are compiled in Table 1. The annual 

nitrogen loads discharged by aquaculture at the study sites in NE Hainan were 1.3 t N km-2 y-1 in Yelin, 

12.6 t N km-2 y-1 in Qingge, and 16.9 t N km-2 y-1 in Changqi, as calculated from data collected in 2009 

(Herbeck and Unger, 2013). Qingge and Changqi exceed most existing thresholds (Table 1), while in 

Yelin, the annual load was within the thresholds.  

Even though these thresholds are certainly useful, their applicability is limited to the system they have 

been calculated for. Furthermore, the high variability of the thresholds, even for one species, 

demonstrates their limitation to the specific location as they depend on several properties, including 

hydrodynamic factors controlling the residence time of water, and seagrass species and biomass. A 

recent study introduced a dynamic nitrogen load threshold, calculated depending on the duration of 

exposure in months, to predict seagrass loss (Table 1, Fernandes et al., 2019). However, all nitrogen 

load thresholds do not consider seasonal variations in nitrogen input rate, hydrodynamics, and seagrass 

nitrogen filter function. Furthermore, all thresholds require extensive knowledge on the watershed, 

river and surface runoff volume, and sources of nutrient input; data that may not be available 

everywhere and underlie uncertainties and seasonal variations. It is necessary also to point out that 

most thresholds were calculated for temperate seagrass in the United States (Table 1), demonstrating 

a research gap for tropical seagrasses. Moreover, nutrient input from land has different effects on 

seagrass meadows at different distances to the coast. While seagrasses growing directly at the coast in 

shallow depths are immediately exposed to nutrient enrichment and low light, seagrasses that grow in 

further away from the coast and in deeper areas may only be exposed to low light. In NE Hainan, for 

Key findings related to research question 2:  

What are the long-term consequences of eutrophication caused by pond aquaculture 

effluents on seagrasses and the ecosystem level? 

• Long-term eutrophication from aquaculture pond effluents causes a reduction in 

seagrass abundance and biodiversity.  

• T. hemprichii and E. acoroides are more resistant to eutrophication than C. 

rotundata, C. serrulata, H. ovalis, H. uninervis, and S. isoetifolium in the long-term.  

• The magnitude and trajectory of the decline depends on the intensity and duration 

of eutrophication.  
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example, the backreef area is shallow, with a maximum depth of 1.5-3 m during spring high tide. 

Unsurprisingly, the successional seagrass loss started directly at the point source and further 

progressed until degrading the whole meadow in the long-term (Chapter 3).  

Table 1: Nitrogen load thresholds for different seagrass meadows, compiled from the available 
literature  

Location 
N load 
(t N km-2 y-1) 

Response Seagrass species Reference 

Waiquot Bay, USA 
15 loss Z. marina 

Bowen and Valiela, 2001 
30 complete loss  

Chesapeake Bay, 
USA 

6.1 complete loss 
Submerged aquatic 
vegetation (SAV) 

Li et al., 2007 

Indian River 
Lagoon, USA 

0.24 - 0.32 

Required for 
seagrass growth 
at 1.2-1.8 m 
depth 

Halodule wrightii, 
Syringodium filiforme, 
Thalassia testudinum, 
Halophila engelmanii 
Halophila johnsonii, 
Ruppia maritima 

Steward and Green, 2007 

Waiquot Bay, USA 
3 80-96% loss 

Z. marina Hauxwell et al., 2003 
6 complete loss 

New England 
estuaries, USA 

10 complete loss Z. marina Latimer and Rego, 2010 

Gulf Saint 
Vincent, Australia 

2.02 
(1 month) 

36% loss Posidonia sinuosa, 
Posidonia angustifolia, 
Amphibolis antarctica 

Fernandes et al., 2019 
1.09 
(6 months) 

28% loss 

Across New 
Zealand 

18.25 90% loss Zostera spp. 
Robertson and Savage, 
2021 

 

To overcome these difficulties and limitations, we proposed a more direct threshold (Chapter 3). After 

documenting severe seagrass declines as a response to eutrophication, the relationship between 

aboveground seagrass biomass and DIN concentration as a proxy for eutrophication was modelled 

(Chapter 3). The model predicted the loss of the seagrass meadows in Hainan due to long-term 

eutrophication when surpassing 8 µM DIN concentration in seawater.  

The direct threshold proposed indicates acute nitrogen pollution exceeding the nitrogen filter function 

of the seagrass meadow, harming the meadow in the long-term. Even though also this threshold is 

species- and location-specific, and its timescale remains vague, it is a convenient indicator that requires 

less knowledge on the watershed hydrology, which might not be available everywhere, and is 

inexpensive to measure and therefore suitable for long-term monitoring. By default, this threshold 

integrates all nitrogen sources and considers all nitrogen sinks, including the nitrogen filter function of 

seagrass meadows, which can vary among season, seagrass species composition, and biomass (Chapter 
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4). To our knowledge, this is the first eutrophication threshold calculated for a multispecies seagrass 

meadow in the Indo-Pacific.  

 

5.5 The sink: Seagrass meadows as natural nitrogen filters  

Seagrasses take up inorganic nitrogen not only through their roots but also through their leaves, limiting 

the bioavailability to algae and thus mitigating eutrophication. NO3
- and NH4

+ availability affected each 

other’s uptake rates in seagrass leaves (Chapter 4). Under nitrogen-limited conditions, NO3
- was an 

important nitrogen source for the plants, while under eutrophic conditions, all seagrasses preferred 

NH4
+ and NO3

- uptake was suppressed (Chapter 4). This was expected, as NH4
+ uptake is energetically 

advantageous over NO3
- uptake (Touchette and Burkholder, 2000a). I expected T. hemprichii to have 

higher inorganic nitrogen uptake rates than C. rotundata and C. serrulata due to its higher leaf nitrogen 

content (Chapter 4, Figure 1). However, T. hemprichii had similar or lower NH4
+ and NO3

- uptake rates 

than C. rotundata and C. serrulata (Chapter 4). Overall, T. hemprichii covered less of its nitrogen demand 

by the uptake of inorganic nitrogen through its leaves and seems to be more efficient in internally 

recycling nitrogen for leaf growth. This implicates that T. hemprichii has a lower capacity to filter 

inorganic nutrients from the water column than expected.  

 

As a reaction to the eutrophic conditions during the wet season, all plants lowered their energy and 

carbon demand by reducing leaf growth and leaf biomass within the four weeks of the experiment 

Key findings related to research question 3:  

Does a threshold nutrient concentration exist for the long-term exposure to eutrophication 

above which seagrasses will disappear? 

• In the long-term, seagrasses are likely to disappear if DIN water concentrations 

exceed 8 µM.  

Key findings related to research question 4: 

How do nutrient enrichment and eutrophication affect the inorganic nitrogen uptake of 

different seagrass species? Is one species specifically efficient in removing nutrients from the 

water column? 

• Seagrasses prefer NH4
+ over NO3

- as a nitrogen source. In nutrient limited conditions, 

however, NO3
- is an important nitrogen source. 

• The daily uptake rates relative to the leaf biomass of the plants were not different 

between species and not affected by fertilization or eutrophication. 

• T. hemprichii has a lower nitrogen filter function per biomass than the other species 

because it covers less of its nitrogen demand through leaf uptake. 
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(Chapter 2, Chapter 4). Therefore, eutrophication also had a strong negative effect on the nitrogen filter 

function. Although uptake rates per leaf biomass remained similar, the leaf biomass was strongly 

reduced as an adaption to eutrophication, leading to lower overall uptake rates of the investigated 

meadows. This is important as it implies a strong seasonality of the nitrogen filter function in Hainan, 

with less inorganic nitrogen being filtered from the water column in the wet season than in the dry 

season. 

Interestingly, in the wet season, the eutrophication threshold of 8 µM DIN concentration in the water 

column was exceeded during the experiment, demonstrating that exceeding this threshold even for a 

short time (weeks to months) has severe consequences for seagrass meadows and their filter function. 

If the nutrient input surpasses the carrying capacity of a seagrass meadow and induces eutrophication, 

a tipping point is reached. The eutrophication lowers the seagrass’ nutrient filter function, triggering a 

positive feedback loop (Figure 3, Process B).  

Besides a loss in seagrass abundance, the long-term effects of eutrophication included reduced 

seagrass biodiversity (Chapter 3), which impacted the nitrogen filter function of the seagrass meadows 

because of the disappearance of seagrass species with high nitrogen uptake rates. T. hemprichii was 

more resistant to eutrophication than C. rotundata and C. serrulata, but T. hemprichii has a lower 

nitrogen uptake rate, which translates in a lower acquisition of inorganic nitrogen from the water 

column. The reduced species diversity accelerates the positive feedback loop by eliminating species 

with higher nitrogen uptake rates (C. serrulata and C. rotundata) and reducing the meadow´s filter 

function (Figure 3, Process A). 

In Chapter 3, I upscaled the inorganic nitrogen filter function of a multispecies seagrass meadow. I 

estimated that a meadow with an average seagrass biomass of 54.2 gDW m-2 would need to have an 

area of 10.2 km2 to filter the annual discharge of 103.6 tons of DIN into the coastal waters of NE Hainan. 

This estimation is formulated explicitly as an incentive to increase the seagrass distribution in the 

coastal zone rather than a budget that can be discharged into seagrass meadows without further 

regulations. Explicit nutrient pollution budgets imply a certainty that cannot be achieved because 

eutrophication affects ecosystems on multiple levels. 

Naturally, the biomass of seagrass meadows is highly variable, both in space and time. Seagrass density 

is not homogenous within meadows (Chapter 2) and their species composition and density can differ 

considerably at the local scale (Chapter 3). Also, the exact seagrass distribution is often not known. A 

calculated nitrogen budget is therefore only valid for a short time. Seagrass biomass and growth are 

strongly affected by weather conditions (Chapter 2, 3, 4). Light limitation due to high turbidity affects 

seagrass photosynthesis and physiology (McMahon et al., 2013). Therefore, uptake rates differ 

between seasons, which is not considered in nutrient budgets.  
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Also, the hydrodynamic conditions in the backreef area are variable across the year and the residence 

time of water in the backreef area affects the nitrogen cycling in and the nitrogen export from the 

ecosystem (Paerl et al., 2006). It is therefore unknown how long inorganic nutrients and organic matter 

remain in the system. Furthermore, the impact of effluents causes gradual seagrass meadow 

degradation, starting at the point source (Chapter 3), which implies that a calculated nitrogen budget 

has different effects on different meadows. Also, only one-fifth of the discharged nitrogen from the 

aquaculture ponds is dissolved inorganic nitrogen, the bulk is organic nitrogen. Therefore, static 

nitrogen budgets need to be questioned. Rather, indicators should be used that integrate the intensity 

of eutrophication over different levels, as the proposed DIN concentration threshold. However, also 

this static value is affected by some of the above-mentioned factors. 

Also, the retention time of nutrients in biomass influences the impact of eutrophication on nitrogen 

cycling in seagrass meadows. This will, therefore, be discussed in the following part. 

 

Figure 3: Conceptual model outlining the self-reinforcing nature of eutrophication in seagrass meadows 
and the functional links between the aquaculture effluents, as the source of eutrophication, 
eutrophication, and the seagrass meadow characteristics controlling the seagrass nitrogen filter 
function. 
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Key findings related to research question 5: 

How does eutrophication affect the nitrogen filter function on the ecosystem level, 

considering the short- and long-term impacts on the seagrass? 

• Eutrophication reduced seagrass leaf biomass and leaf growth and, therefore, the 

meadow’s nitrogen filter function. This implies that above a tipping point, the 

seagrasses nitrogen filter function becomes inefficient, triggering a self-reinforcing 

process that leads to even higher nitrogen concentrations. 

• T. hemprichii seems to be more resistant to eutrophication. A shift from a 

multispecies seagrass meadow towards a monospecific meadow can change the 

nitrogen filter function.  
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5.6 Nutrient cycling in seagrass meadows 

5.6.1 Nutrient burial in seagrass meadows 

Seagrass meadows are an effective sink for organic material, including nutrients and carbon. Different 

processes influence the long-term storage of organic material in seagrass meadows. Seagrass 

aboveground biomass reduces wave and current velocity, thereby increasing sedimentation rates and 

the trapping of particulate organic matter (Fonseca et al., 2019; Gambi et al., 1990; van der Heide et 

al., 2011). Furthermore, seagrasses stabilise sediments and reduce the resuspension and export of 

organic material and nutrients (Barrón et al., 2006), leading to the long-term storage of trapped 

particles. The retention time of organic material depends on its decomposition rate and, therefore, on 

its chemical composition and the environmental conditions. The retention time for nutrients and 

carbon is longest if the decomposition is incomplete or slow. This occurs if the organic material contains 

a large refractory fraction and accumulates in anoxic sediment (McGlathery et al., 2007; Trevathan-

Tackett et al., 2017b). Organic material with little structural tissue, few refractory compounds, and high 

nutrient content, as from macroalgae, decompose faster than seagrass tissue with higher structural 

tissue content (Trevathan-Tackett et al., 2017a, Banta et al., 2004, Enríquez et al., 1993). Therefore, 

seagrass roots and rhizomes are particularly persistent to remineralisation, as the material is buried in 

sediment and has a high proportion of refractory organic material (Banta et al., 2004; Trevathan-Tackett 

et al., 2017a). However, the retention potential depends also on the seagrass species. Large-sized 

species tend to develop a greater belowground biomass, which indicates a higher burial capacity (Collier 

et al., 2021; Duarte and Chiscano, 1999; Mazarrasa et al., 2021). The belowground biomass in 

multispecies seagrass meadows is higher than in monospecific meadows in tropical and sub-tropical 

Australia, indicating a longer retention of nutrients in multispecies seagrass meadows (Collier et al., 

2021). 

However, only a fraction of the plant material is buried in sediments and most nutrients assimilated by 

primary producers, including seagrasses, are only retained for a limited time until they are released 

again (McGlathery et al., 2007 and references within). Also, plant-bound nutrients can leak from live 

tissue, be released through remineralisation, or excreted by grazers after consumption (Cebrian, 2002; 

Cerco and Seitzinger, 1997; Duarte and Cebrián, 1996). The interaction of these processes has, 

therefore, to be considered when assessing the significance of seagrasses as nutrient sinks. 

5.6.2 Nutrient availability and eutrophication accelerate nutrient cycling  

Furthermore, eutrophication influences many of the above-mentioned processes and has a strong 

impact on the nutrient-sink potential of seagrass meadows. The nutrient concentrations in seagrass 

leaves reflect the nutrient availability in the surrounding water, exhibiting higher nitrogen and 

phosphorus tissue content at high availability (Duarte, 1990; Chapter 2). Higher tissue nutrient 
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concentrations increase the decomposition of organic material and thus its release to the surrounding 

water. In the Mediterranean, Cymodocea nodosa leaves with a high nutrient content, grown under 

nutrient-rich conditions, decomposed two times faster than leaves with lower tissue nutrient content, 

grown under nutrient-poor conditions (Pérez et al., 2001). Furthermore, the addition of algal biomass 

stimulates the decomposition of recalcitrant organic seagrass matter (Liu et al., 2020). The nitrogen 

content in seagrass leaves is, therefore, an important indicator for nutrient enrichment. Leaves from 

different seagrass species could be remineralised at different rates due to differences in the nitrogen 

content (Chapter 4, Figure 1). A limitation in only one essential nutrient may inhibit microbial 

degradation (Banta et al., 2004), but eutrophication can lead to higher nutrient concentrations in the 

buried organic material, end this limitation, and increase remineralisation rates (Figure 3, Process C) 

(Takasu and Uchino, 2021). Furthermore, seagrass meadows develop less belowground biomass under 

high nutrient availability (Roca et al., 2016; Statton et al., 2014), suggesting a lower nutrient retention 

in the sediments of nutrient-enriched seagrass meadows (Figure 3, Process C).  

5.6.3 Nutrient cycling in tropical Hainan 

In Hainan, I observed only little organic material in and on the sediment. The shallow water depth could 

affect the organic matter accumulation, as burial seems to be higher in deeper seagrass meadows 

(Lavery et al., 2013). Furthermore, strong tidal and coastal currents could have hindered the 

accumulation of organic material. High water temperatures, like in Hainan, increase the microbial decay 

of biomass and accelerate nitrogen cycling (Lønborg et al., 2021; Pendall et al., 2004; Pietikäinen et al., 

2005). At the same time, due to the high temperatures and light availability during the whole year, 

there is a permanent risk of algal blooms after nutrient enrichment and, thus, eutrophication. 

Therefore, I assume high remineralisation and low nutrient retention rates as temperatures and 

nutrient availability in Hainan are high. 

In the coast-aquaculture system, however, nutrient recycling can lead to adverse effects for the 

receiving environment. Nutrients from excess feed and faeces from ponds are assimilated by primary 

producers, which are consumed by herbivorous fish, which are caught and fed to the organisms in the 

aquaculture ponds (Herbeck et al., 2021). In summary, the impact of nitrogen from aquaculture ponds 

on the coastal ecosystems may be underestimated. Eutrophication controls the nitrogen filter function 

of seagrasses by reducing the retention time and accelerating the nitrogen cycling. Future research 

should explore the retention time of nitrogen in tropical multispecies seagrass meadows and elucidate 

the effect of eutrophication on nutrient burial. Also, species-specific remineralisation rates are needed 

to further understand nitrogen cycling and to quantify the filter function of seagrass meadows. 
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5.7 Implications in the global context and for local management  

Eutrophication threatens seagrasses globally. Agriculture, livestock wastes, and human sewage are 

among the most important nitrogen sources (Tuholske et al., 2021), while nitrogen input from 

aquaculture has only recently been considered in calculations of the nitrogen export budgets (Wang et 

al., 2020). However, aquaculture emits a considerable amount of nutrients, with Chinese mariculture 

releasing a similar amount of nitrogen into the coastal waters as all Chinese rivers combined (Wang et 

al., 2020). Globally, aquaculture production is highest in Asia (FAO, 2020). However, with wild fish stocks 

being increasingly overfished, the share of aquaculture production is rising (FAO, 2020), hence 

increasing the risk of coastal eutrophication that threatens all coastal ecosystems, including mangroves, 

seagrass meadows, and coral reefs. Therefore, our study site in Hainan is not only an extreme example 

for eutrophication from aquaculture effluents but also a realistic future scenario for other regions, 

especially in Asia. However, conservationists and policymakers globally can learn from Hainan. To avoid 

the degradation of coastal ecosystems, the effluents from aquaculture need to be treated. Nutrients 

can be removed using biofiltration, bioremediation, biofloc, and integrated multitrophic aquaculture 

(Ahmad et al., 2021). These methods rely on plants, algae, microbes, and other organisms that remove 

dissolved nutrients from effluents. Algae, for instance, can be grown, either within the pond or in 

separate compartments (Ramli et al., 2020). The farmed algae can be an additional income for the 

farmers (Milhazes-Cunha and Otero, 2017), diversifying their income, and thus increasing the resilience 

of the human coastal communities (Uddin et al., 2021). 

The effluent disposal of aquaculture ponds should be regulated and controlled like industrial wastes. A 

few countries, including Thailand and the USA, have implemented water quality standards for 

aquaculture effluents, such as thresholds for pH, TSM, and biochemical and chemical oxygen demand 

(Ahmad et al., 2021). However, it is crucial to include nutrient concentrations, organic material, and 

Key findings related to research question 6:  

What are further potential implications of eutrophication for nitrogen cycling in the seagrass 

ecosystem? 

• Nutrient enrichment and eutrophication accelerate the remineralisation of organic 

material, releasing biomass-bound nutrients faster and intensifying eutrophication. 

• For seagrass conservation, the full impact of eutrophication on seagrass meadows 

has to be known. Therefore, we need to investigate the impact of environmental 

factors like nutrient enrichment on nitrogen cycling to be able to quantify the 

nitrogen filter function and estimate the retention time of nitrogen in seagrass 

meadows. 
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discharge volume to quantify the total output into the coastal environment and evaluate the risk of 

eutrophication. Even if effluents are treated, the impact of nutrients on the receiving environment has 

to be considered in planning aquaculture facilities and be monitored.  

DIN concentration in the coastal water should be included in regular and long-term monitoring as an 

indicator for eutrophication. The proposed DIN threshold has many advantages over other thresholds 

(Chapter 4) and measurements are comparably easy and inexpensive. However, the DIN threshold 

concentration should be verified at other seagrass sites and possibly be further adapted to the local 

settings. 

 

5.8 Recent coastal protection and seagrass restoration in NE Hainan  

To inform policymakers and stakeholders about the key results of the ECOLOC project, we held a 

stakeholder workshop in Hainan in 2018 and summarised the key findings and management 

recommendations in a policy brief (J. Zhang et al., 2020). Meanwhile, Chinas environmental protection 

plan aims to put 25% of its land under legal protection (Gao, 2019). It is expected that with the final 

release of the 14th Five Year Plan, the regulations and environmental standards will become stricter 

(Zhang and Chen, 2021). The plan includes a ‘Beautiful Bays’ campaign by the Ministry of Ecology and 

Environment, focusing on coastal protection and ecosystem restoration. Because of the role of Hainan 

as a showcase province for China’s ‘Blue Ecological Civilisation’ programme, large scale ecosystem 

restoration projects are planned on Hainan (Zhang and Chen, 2021). Since 2019, already 6.7 km2 of 

aquaculture facilities have been removed, including the snail farms in Changqi that require continuous 

flow-through systems (Figure 1) (Zhang and Chen, 2021). It is planned to integrate these farms in 

modern aquaculture facilities with a centralized inflow and sewage treatment. Furthermore, methods 

of water recycling in aquaculture farms are being investigated. Some ponds were transformed into 

artificial wetlands intended to remediate aquaculture effluents using the macroalgae Caulerpa spp. and 

Gracilaria spp.. Overall, the government plans to restore 190 km2 of mangrove forests, plant additional 

10 km2 in China’s southern provinces, and further protect 55% of the country’s mangrove forests (Yang, 

2020). Since 2000, the mangrove area in China has already increased by 70 km2. However, most 

Key findings in the global context and management recommendations:  

• Eutrophication from aquaculture effluents is an increasing threat to coastal 

ecosystems, especially in Asia. 

• Effluents should be treated and need to be regulated.  

• Monitoring programs of effluents and coastal waters should include eutrophication 

indicators like DIN concentration.  
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mangroves were planted in tidal flats instead of restoring mangroves in aquaculture pond areas (Bao 

et al., 2020).  

Besides mangrove restoration, research on seagrass restoration has commenced. The Hainan Academy 

of Ocean and Fisheries Sciences (HAOFS) has built a research and breeding facility for seagrasses in 

Hainan. Furthermore, a seagrass restoration project was initiated in 2018. In this project, two 

restoration methods are applied, one using seagrass seeds and one using plants fixed on artificial grids 

that are transplanted into the coastal zone. In 2019, E. acoroides and T. hemprichii were transplanted 

and seeded to a coastal area of 700 m2. According to Chen Shiquan from HAOFS, survival rates after 

one year were 89% for E. acoroides and 56% for T. hemprichii (CGTN, 2020; Zhao and Zhu, 2020). 

However, in the long-term, seagrass restoration will only be successful if the water quality is adequate 

for seagrass growth (Chapter 3), which will require limiting nutrient pollution from aquaculture 

effluents to a minimum. Monitoring is needed to investigate whether the remediation measures are 

sufficient to improve the water quality in the coastal zone. Once the water quality is restored, adequate 

seagrass restoration methods considering the strong hydrodynamics and loose sediments in the 

backreef areas may be needed (Paulo et al., 2019). So far, the restored seagrass area is small compared 

to the seagrass area lost due to the eutrophication from aquaculture pond effluents. 

5.9 Limitations and future research 

Manipulative field experiments are always constrained in the length of the experiment. Therefore, the 

scope and questions must be balanced against the time and effort. The fertilization experiment only 

lasted 4-5 weeks, replicated in two different seasons. This was sufficient to study the immediate effects 

of nutrient enrichment. To investigate the full effect of the nutrient enrichment and to make long-term 

predictions, the experiment should be carried out throughout all seasons and continue seagrass 

monitoring after the fertilization treatment has stopped. For the long-term observations, shorter 

sampling intervals could reveal the seagrass loss dynamics in more detail and identify possible other 

factors involved in the seagrass loss. Often, logistic and economic reasons prevent long-term 

experiments. Citizen science initiatives, like SeagrassWatch (www.seagrasswatch.com) and 

SeagrassNet (www.seagrassnet.org), can provide long-term seagrass distribution and community data 

that are important to understand long-term seagrass dynamics. However, by default, the sampling is 

limited to simple and little-invasive measurements. At the same time, citizen science projects educate 

the public and potential stakeholders. The education and involvement of stakeholders are important 

for the acceptance of conservation measures (Dalton et al., 2012, Dietz and Stern, 2008). A first citizen 

science seagrass monitoring took place in NE Hainan in spring 2019, initiated by ZMT, within a follow-

up project of the ECOLOC project (Zhang, n.d.).  
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In the light of the current large-scale coastal remediation projects in NE Hainan, this study provides a 

good baseline to evaluate its effectiveness. The transformation of the coastal pond aquaculture to an 

environmentally friendlier economy will be challenging. However, if positive environmental effects are 

measurable, this large-scale coastal restoration project can be a showcase and prototype for other 

areas and regions to follow. This thesis provides methods for measurements, and new monitoring data 

can be directly compared to the long-term results from this thesis as a baseline of seagrass distribution 

prior to the remediation project. The potential seagrass recovery should be monitored in short 

intervals, ideally quarterly, but at least annually at the same season, respecting the seasonal variability 

in seagrass biomass (Chapter 2). Seagrass species dynamics and the recovery rates of different species 

in multispecies meadows could identify species appropriate for restoration. Furthermore, coastal 

remediation project is a rare opportunity to assess how long nutrients from chronic eutrophication 

persist in an ecosystem and how long it takes to restore the ecosystem services provided by the 

seagrass meadows. 

5.10 Conclusion 

Eutrophication is one of the main drivers of seagrass decline. Besides agricultural and urban effluents, 

aquaculture effluents are an additional source of nutrients, increasing the likelihood of eutrophication. 

Therefore, the expansion of aquaculture in Asia poses a strong threat to coastal ecosystems because 

aquaculture effluents induce eutrophication in coastal water. The negative impact of eutrophication on 

seagrasses is already well known, but the actual processes behind these effects remain unclear. With 

this thesis, I want to contribute to closing this knowledge gap. A key for understanding eutrophication-

induced seagrass loss is learning about ecosystem changes during the progressive enrichment with 

nutrients and its effects on the nitrogen cycle. Therefore, I studied seagrass meadows exposed to 

different intensities and frequencies of eutrophication in NE Hainan, China. To investigate the short-

term effects of eutrophication, I artificially fertilized a seagrass meadow, and to assess long-term 

effects, I compared seagrass distribution and traits with data collected nine years earlier. 

Short-term exposure to excess nutrients increased seagrass growth rates, but short-term exposure to 

eutrophication resulted in lower growth rates. Long-term exposure to aquaculture effluents caused a 

dramatic loss in seagrass abundance and diversity. The results of my research led to the understanding 

that eutrophication can reach a tipping point, after which it becomes a self-reinforcing process. The 

main reason for this is that the nutrient filter function of seagrasses is impeded by the negative impact 

of eutrophication on seagrass biomass, diversity, and nutrient sequestration potential. In Hainan, this 

could be the case at DIN concentration above 8 µM. 

This thesis highlights the severe impact of untreated effluent input on coastal seagrass ecosystems. 

Considering the projected growth of aquaculture in Asia, many other places will face similar 
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consequences if aquaculture does not adopt more sustainable practices, including the treatment of 

their effluents. To maintain the livelihoods and food security of coastal communities, seagrass 

ecosystems and their important ecosystem services have to be conserved.  
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Appendix 

Water quality assessment in aquaculture ponds and creeks in Figure 2: 

Surface water for water quality assessment was retrieved from the ponds and creeks using buckets. On 

site salinity, DO and pH were measured using a WTW® Multi 3430 multiprobe. For nutrient analysis 

water was filtered through 0.45 µm pore size Minisart® syringe-filters into PE flasks. First the PE flasks 

were rinsed with the filtered sample water, then filled with 30-50 ml water and stored on ice. The 

samples were frozen at -20 °C at the same day until analysis at ZMT. For chl a and TSM samples, water 

was filled in sample pre-rinsed 2l PE-containers and transported to the field laboratory. On the same 

day, the water was vacuum-filtered through pre-combusted (5 h, 450 °C) and pre-weighed Whatman® 

GF/F filters. The volume filtered was defined and varied between 20 mL. Filters for TSM were dried at 

40 °C and re-weighed at ZMT. TSM values are averages from two filters. The filters for chl a 

determination were frozen (-20 °C). Chl a determination was done in the field laboratory. Therefore, 

half of the filter was manually homogenized and extracted in the dark in 5 mL 90% acetone for 24 hours 

at 4 °C. Afterwards, the extracts were centrifuged for three minutes and chl a concentrations were 

measured after Lorenzen (1967), using a HACH DR3900 spectrophotometer. At ZMT the water nutrient 

concentrations were measured spectrophotometrically according to Grasshoff et al. (1999). Water 

samples were analysed using a TECAN Infinite F200 plate reader. Quantification limits were 1.274, 

3.357, 6.407, and 1.983 µM and for NO2
-
, NOx (NO3

- + NO2
-
), NH4+, PO4

3-
 respectively.  
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