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Abstract

Efficient organic carbon (OC) and nutrient cycling between coral reef-associated micro- and macro-
organisms is vital for coral reef functioning and supports the ecosystems’ exceptional productivity.
However, global and local anthropogenic stressors interfere with the transfer of OC within the reef
ecosystem (i.e., through altered benthic-pelagic coupling) as well as within its keystone species, the
coral holobiont (i.e., between coral host and algal endosymbiont). Excess OC inputs though wastewater
and/or algal blooms can stimulate microbe-mediated hypoxia and disease, supporting coral mortality
and resulting in shifts towards macroalgae or soft coral dominance on many degraded reefs. While soft
corals are generally understudied, carbohydrates exuded by macroalgae may support reef degradation
by stimulating bacterioplankton respiration, but the role of carbohydrates released by benthic primary
producers in shaping coral reef community metabolism is still poorly understood. This thesis aims to
improve our knowledge on OC transfer between coral reef micro- and macro-organisms under
environmental change by: i) assessing the effects of global and local stressors on the physiology of the
increasingly widespread soft coral Xenia umbellata, ii) developing an indicator tool for the detection of
OC eutrophication in reefs, and iii) investigating the carbohydrate compositions of hard coral- and
macroalgae exudates and their effects on bacterioplankton communities. The experimental studies in
this thesis include physiological, biogeochemical, and microbial parameters, and were carried out in
aquarium facilities in Bremen and on Curagao, Dutch Caribbean. Findings revealed a high resistance of
X. umbellata to warming, phosphate eutrophication, and acidification, while nitrate eutrophication
reduced its resistance to warming. A newly developed microbial fuel cell (MFC) successfully detected
OC pulses by electrically quantifying microbial degradation of OC in coral reef sediment. Compositional
analyses of coral mucus carbohydrates and comparisons with previously reported data revealed a
correlation with hard coral phylogeny. When comparing hard coral- with macroalgae exudates,
differences in carbohydrate compositions and responses of bacterioplankton communities emerged.
Coral exudates enriched opportunistic microbial taxa commonly considered as stress indicators, while
macroalgae exudates were compositionally similar to ambient reef water and did not induce any shift in
bacterioplankton communities. In conclusion, the soft coral X. umbellata may replace less resistant hard
corals on many reefs in the future, and may therefore sustain some ecosystem functions and services
provided by reefs. However, coastal water quality management will become more important for hard-
and soft corals with ongoing ocean warming. As such, the here presented MFCs could be used to detect
OC eutrophication before benthic community shifts occur. Changes in hard coral assemblages may
influence benthic-pelagic coupling in yet unexplored ways through their compositionally distinct mucus
carbohydrates. Macroalgae exudates will likely reduce trophic transfer of OC compared to coral
exudates due to their inefficient incorporation and/or resistance to microbial degradation. Results further
suggest that not the origin of OC (i.e., coral- vs. macroalgae-derived) per se, but rather an alteration in

OC composition relative to ambient reef water disrupts the stable bacterioplankton community and
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supports the increase of opportunistic microbes. Overall, results presented here can be used by coral reef
managers to target conservation strategies at a soft coral species with high resistance to environmental
change and monitor OC eutrophication in reefs with the here developed MFC biosensors. Finally, this
thesis provides new insights for understanding how benthic macro-organisms shape microbial
communities by altering the OC composition of reef water. As shifts in benthic primary producers are
not exclusive to coral reefs, altered OC compositions may influence microbial communities in a wide

range of coastal ecosystems under environmental change.
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Zusammenfassung

Ein effizienter Kreislauf von organischem Kohlenstoff und Néhrstoffen zwischen Korallenriftf-
assoziierten Mikro- und Makroorganismen ist entscheidend fiir das Funktionieren von Korallenriffen
und triigt zur auBergewdhnlichen Produktivitit dieser Okosysteme bei. Globale und lokale anthropogene
Stressfaktoren storen jedoch den Transfer von organischem Kohlenstoff im Riff-Okosystem. Dies
geschieht zum Beispiel durch eine veridnderte benthisch-pelagische Kopplung, sowie innerhalb der
Schliisselart, dem Korallen-Holobionten, zwischen Korallenwirt und Algen-Endosymbiont. Ein
tiberméBiger Eintrag von organischem Kohlenstoff durch Abwésser und/oder Algenbliiten kann durch
Mikroben vermittelte Hypoxie und Krankheiten verursachen, welche das Korallensterben férdern und
in vielen betroffenen Riffen zu einer Dominanz von Makroalgen oder Weichkorallen fithren. Wéahrend
Weichkorallen im Allgemeinen wenig erforscht sind, kénnen von Makroalgen abgegebene
Kohlenhydrate die Degradierung von Riffen unterstiitzen, indem sie die Atmung des Bakterioplanktons
anregen. Die Rolle der Kohlenhydrate, die von benthischen Primérproduzenten freigesetzt werden, bei
der Gestaltung des Stoffwechsels von Korallenriffgemeinschaften ist jedoch noch wenig erforscht. Das
Ziel dieser Arbeit ist es, unser Wissen tiber den Transfer von organischem Kohlenstoff zwischen Mikro-
und Makroorganismen in Korallenriffen unter verdnderten Umweltbedingungen zu verbessern, indem:
1) die Auswirkungen globaler und lokaler Stressfaktoren auf die Physiologie der zunehmend verbreiteten
Weichkoralle Xenia umbellata getestet werden, ii) ein Indikatorinstrument fiir den Nachweis von
Eutrophierung mit organischem Kohlenstoff in Riffen entwickelt wird und iii) die
Kohlenhydratzusammensetzung von Hartkorallen- und Makroalgenexsudaten und ihre Auswirkungen
auf Bakterioplanktongemeinschaften untersucht werden. Die experimentellen Untersuchungen in dieser
Arbeit umfassen physiologische, biogeochemische und mikrobielle Parameter und wurden in
Aquarienanlagen in Bremen und auf Curacao in der niederldndischen Karibik durchgefiihrt. Die
Ergebnisse zeigen eine hohe Resistenz von X. wumbellata gegeniiber Erwéirmung, Phosphat-
Eutrophierung und Versauerung, wihrend Nitrat-Eutrophierung die Resistenz gegeniiber Erwdrmung
verringert. Eine neu entwickelte mikrobielle Brennstoffzelle (MBZ) konnte erfolgreich Pulse von
organischem Kohlenstoff in Riff-Sediment nachweisen, indem sie den mikrobiellen Abbau von
organischem Kohlenstoff elektrisch quantifizierte. Die Analyse der Zusammensetzung von
Korallenschleim-Kohlenhydraten und der Vergleich mit bisherigen Daten ergaben eine Korrelation mit
der Phylogenie der Steinkorallen. Der Vergleich von Steinkorallen- und Makroalgenexsudaten zeigte
Unterschiede in der Kohlenhydratzusammensetzung und in  den  Reaktionen der
Bakterioplanktongemeinschaften. Korallenexsudate reicherten opportunistische mikrobielle Taxa an,
die gemeinhin als Stressindikatoren gelten, wihrend Makroalgenexsudate in ihrer Zusammensetzung
dem umgebenden Riffwasser dhnelten und keine Verdnderung in den Bakterioplanktongemeinschaften
bewirkten. Zusammenfassend ldsst sich sagen, dass die Weichkoralle X. umbellata in Zukunft in vielen

Riffen die weniger widerstandsfihigen Steinkorallen ersetzen und somit einige Okosystemfunktionen
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und -leistungen der Riffe aufrechterhalten konnte. Mit der fortschreitenden Erwarmung der Ozeane wird
das Management der Wasserqualitit in den Kiistengebieten fiir Hart- und Weichkorallen jedoch immer
wichtiger werden. Die hier vorgestellte MBZ konnte dazu verwendet werden, die Eutrophierung der
Kiistengewisser zu erkennen, bevor es zu einer Verdnderung der benthischen Gemeinschaften kommt.
Verinderungen in Hartkorallengemeinschaften kdnnten die benthisch-pelagische Kopplung auf noch
unerforschte  Weise durch ihre unterschiedlichen  Schleimkohlenhydrate  beeinflussen.
Makroalgenexsudate verringern vermutlich den trophischen Transfer von organischem Kohlenstoff im
Vergleich zu Korallenexsudaten, weil sie weniger effizient umgewandelt werden und/oder gegen den
mikrobiellen Abbau resistent sind. Die Ergebnisse weisen auBBerdem darauf hin, dass nicht die Herkunft
des organischen Kohlenstoffs, also ob er von Korallen oder Makroalgen stammt, entscheidend ist.
Stattdessen stort eine Verdnderung der Zusammensetzung im Vergleich zum Riffwasser die stabile
Bakterioplanktongemeinschaft und fordert das Wachstum opportunistischer Mikroben. Insgesamt
konnen die hier vorgestellten Ergebnisse von Korallenriffmanagern genutzt werden, um
Erhaltungsstrategien auf eine Weichkorallenart mit hoher Resistenz gegeniiber Umweltveranderungen
auszurichten und die Eutrophierung durch organischen Kohlenstoff in Riffen mit den hier entwickelten
MBZ-Biosensoren zu iiberwachen. Letztlich liefert diese Arbeit neue Erkenntnisse dariiber, wie
benthische Makroorganismen mikrobielle Gemeinschaften umformen, indem sie die Zusammensetzung
von organischem Kohlenstoff im Riffwasser verindern. Da Verdnderungen der benthischen
Primérproduzenten nicht auf Korallenriffen beschrinkt sind, kdnnen verdnderte Zusammensetzungen
des organischen Kohlenstoffs die mikrobiellen Gemeinschaften in einer Vielzahl von

Kiistenokosystemen unter sich wandelnden Umweltbedingungen beeinflussen.
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Chapter 1 | General introduction

1.1 Corals are essential for organic carbon cycling in coral reefs

Although inhabiting nutrient-poor waters!, coral reefs are one of the most productive ecosystems on
earth®. This ‘Darwin’s Paradox’, named after its first observer Charles Darwin'?, can be explained by
highly efficient nutrient cycling between the diverse microbes and macrobes making up coral reefs**.
Corals are the main autogenic and allogenic ecosystem engineers of coral reefs, as they provide habitat
for reef organisms and transform large amounts of inorganic- into organic carbon (OC)’. Shallow-water
corals are mostly mixotrophic, acquiring energy from heterotrophic feeding® and primary production,
where OC is photosynthetically fixed by algal symbionts in the tissue of coral holobionts (see Box 1.1).
Up to half of the fixed OC is released by the coral host to form a surface mucus layer (SML)%!° which,
among other functions, protects the underlying tissue from environmental stressors (reviewed by Brown
and Bythell'"). Coral mucus partially dissolves in the water column and feeds bacterioplankton®!%13,
facilitating trophic transfer of OC and other nutrients by supporting the microbial loop'*. Dissolved coral
mucus can further be taken up by sponges, fuelling trophic transfer via sponge detritus production!>1¢
(i.e., the sponge loop’). The non-dissolvable fraction of mucus traps particles from the water column
and sinks to the reef benthos!”!®, where it supports benthic fauna and microbes®. Additionally, particulate
and dissolved OC (POC and DOC, respectively) from coral mucus is transported into permeable
calcareous reef sands, where sediment-dwelling microbes contribute to carbon cycling'®. To summarize,
coral holobionts are primary producers which transfer energy to higher trophic levels through the release

of POC and DOC, thus facilitating the existence of highly diverse and productive ecosystems in a

nutrient-poor marine environment.

Box 1.1 The coral holobiont

Like all animals, corals live in a mutualistic relationship with a diverse microbiome, combined making up a
meta-organism?’ or holobiont?!. Shallow-water corals harbour dinoflagellates of the family Symbiodiniaceae??
in their tissue, which transfer about 40 to 80 % of their photosynthetically fixed OC to the coral host**%. In
return, the coral host provides shelter and adjusts environmental conditions (e.g., supply of inorganic carbon
and nutrients, removal of excess oxygen, exposure to light) to optimize algal photosynthesis?®. Additional
members of the coral holobiont include bacteria, viruses, archaea, fungi, endolithic algae, and other protists
(reviewed by Voolstra et al.?’). These other members of the coral holobiont provide benefits like inorganic

28,29

nitrogen cycling?®?’ and antimicrobial activity against pathogens3%3*! (reviewed by Voolstra et al.??).

1.2 Human stressors change the composition and functioning of coral reefs

Coral reefs provide livelihoods for millions of people worldwide by supporting fishery and tourism

industries®, but are severely threatened by anthropogenic threats including global (e.g., ocean warming,

ocean acidification***%) and local stressors (e.g., coastal development, eutrophication, overfishing?¢>%).
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Chapter 1 | General introduction

It was estimated that 61 % of all coral reefs will soon be affected by global and local stressors
simultaneously®. About half of global hard coral cover was already lost since the 1950s*’ and remaining
assemblages change towards more opportunistic, fast-growing hard coral species*'*. Declining hard
coral cover often coincides with shifts towards other benthic primary producers, where the dominating
organism seems to depend on the biogeographic region*+*¢. The most abundant shifts to alternative
communities in the eastern and central Indo-Pacific are towards soft corals*. Soft corals appear to be

47-50

more resistant to ocean warming and ocean acidification compared to hard corals and can dominate

reefs affected by natural and human-induced disturbances’'**. Xeniids are particularly opportunistic

due to their fast asexual reproduction®*, making them strong invasive species®*. Although soft corals

57,58

may provide less structural complexity and habitat for reef organisms compared to hard corals”’~°, recent

studies suggest they also support reef fish assemblages’*®’. In the Atlantic, Caribbean reefs are
especially vulnerable due to their low biodiversity, resulting in lower functional redundancy and
resilience to disturbances®'. Decades of coastal eutrophication and overfishing, combined with mass
mortality of the herbivorous sea urchin Diadema antillarum and wide-spread coral disease outbreaks®?,
caused shifts to macroalgae dominance throughout the Caribbean in the 1980s%*%* and an 80% decline
in hard coral cover from 1975 to 2000%. This dominance of macroalgae in the Caribbean is still prevalent
today**, and is supported by continued global and local stressors affecting Caribbean reefs®®¢’. These
macroalgae-dominated reefs are less structurally complex®® and support less fish diversity and biomass

production®®.

1.3 Environmental change affects organic carbon cycling in coral reefs

Anthropogenic stressors affect the transfer of OC between the micro- and macro-organisms of the coral

71,72

holobiont®"* and the reef ecosystem’!"”2, with feedback loops connecting processes on the holobiont-

375 summarized in Fig. 1.1).

and ecosystem-scale (e.g.,
Organic carbon transfer within the coral holobiont

78-80

Environmental stressors like ocean warming’®, ocean acidification”’, and eutrophication can cause

a breakdown of the coral-Symbiodiniaceae symbiosis, thus reducing the supply of OC to the coral host.

This dysbiosis is commonly associated with coral bleaching, a loss of Symbiodiniaceae cells and/or

81,82

pigmentation®#2, and can cause coral mortality®’. Several mechanisms have been proposed to underlie

coral bleaching (e.g., oxidative hypothesis, carbon limitation hypothesis, reviewed by Helgoe et al.?%),

but here I will focus on the role of nitrogen (N) in mediating the coral-Symbiodiniaceae symbiosis.

85,86

Excess inorganic N can be caused by coastal pollution and warming, i.e., by stimulating the

metabolism of the coral host’® and/or associated microbes®’. Symbiodiniaceae growth in coral tissue is

t88

normally N limited, allowing OC from photosynthesis to be transferred to the coral host®, while an

69,70

alleviation of N limitation can facilitate a dysbiosis where Symbiodiniaceac may become

parasitic’®®. Symbiodiniaceae can further become phosphorous (P) deficient under high N:P ratios,
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which reduces their resistance to temperature- and light-induced bleaching®. Availability of P may thus
be important to stabilize coral holobiont metabolism during heat stress®’. Ocean acidification can have
positive, negative, and neutral effects on coral holobiont OC cycling (reviewed by Krimer et al.”!), but
will likely add to the negative effects of ocean warming under continued climate change**. Overall,
human-induced stressors can disrupt the symbiotic transfer of OC from Symbiodiniaceae to the coral

host, which weakens the coral host and can ultimately cause coral mortality.

Organic carbon transfer within the reef ecosystem and feedback loops

86,92-94

Elevated inorganic nutrient concentrations can induce micro- and macroalgae blooms and excess

t95

OC input can increase microbial oxygen consumption in sediment® and water column®. Micro- and

macroalgae growth exacerbates OC eutrophication through detritus production®”-*® and high rates of OC

exudation® 1%, Stimulated microbial degradation of OC is a main driver of hypoxia in coral reefs which

102 103

can lead to mass coral mortality'*>. Warming can additionally increase OC release by corals'’” and

74,104

algae and stimulates heterotrophic oxygen consumption by microbes!'®. Overall, organic

eutrophication and warming may thus shift net ecosystem metabolism from autotrophy (production of
OC) to heterotrophy (consumption of OC)*". Indirect effects of human stressors on coral reef OC cycling
are facilitated through shifts in benthic community composition, where the main research focus so far
has been on coral-macroalgae shifts (e.g.,”"!9>1%), Algae usually release more DOC than corals'?7-1%
and stimulate more bacterioplankton growth and respiration, a process termed the microbialization of
reefs'%*!% Increased DOC availability further stimulates nitrogen fixing bacteria, thus increasing N
availability for Symbiodiniaceae which can reduce coral bleaching thresholds®’. Fleshy algae exudates

t75,110

can additionally support opportunistic microbes and potential pathogens in the coral holobion and

in the water column®-!'"". Coral mortality due to bleaching, hypoxia and disease opens up new space for
macroalgae to colonize, resulting in the DDAM (DOC, disease, algae, microbes) positive feedback

loop’>™. These differences in the response of bacterioplankton communities to coral- versus algae

111,112

exudates may be explained by differing exudate compositions Mainly composed of

11,113,114 111,115,116

carbohydrates , coral and macroalgae exudates enrich distinct bacterioplankton lineages

Additionally, bacterioplankton communities of macroalgae-dominated reefs have been suggested to use
less energy efficient metabolic pathways!'%, reducing relative energy transfer to higher trophic levels!'?.
Thus, changes in benthic community composition affect microbial metabolism and OC cycling in the
water column through the release of DOC which often differs in quantity and quality between corals and

fleshy macroalgae.
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Figure 1.1 Organic carbon transfer between micro- and macro-organisms on an undisturbed reef (left) and
on a reef affected by eutrophication and warming (right). Left: Coral holobionts receive OC from their
Symbiodiniaceae and release DOC which fuels microbial growth in the water column. Fleshy algae release
more DOC, resulting in higher microbial respiration. Algae compete for space with hard corals. Right:
Corals receive less OC from Symbiodiniaceae due to dysbiosis and bleaching. Macroalgae increase in
abundance due to excess nutrients, and thus release more DOC. Higher DOC release supports copiotrophic
microbes which consume more oxygen, leading to hypoxia, and more pathogens, causing coral disease.
Coral mortality due to hypoxia, disease and bleaching opens up new space for fleshy algae to grow,
resulting in the DDAM feedback loop (DOC, disease, algae, microbes). Dark grey arrows indicate OC
transfer between micro- and macro-organisms, red arrows mark processes which are detrimental to coral
health, light grey arrows indicate microbial respiration and benthic competition, and the width of arrows
indicates a relative increase or decrease of processes compared to the undisturbed reef. Adapted from
Nelson and Altieri'®. Icon attribution: Integration and Application Network (ian.umces.edu/media-
library).

1.4 Specific knowledge gaps

1 | Shifts towards soft coral dominance on coral reefs are increasingly reported*>', but soft corals are
understudied compared to hard corals*>33!17:118  Xeniids are particularly well adapted to opportunistic
growth™ and polyp pulsation in some xeniid taxa can improve conditions for Symbiodiniaceae

photosynthesis by increasing gas exchange!'!"®

. Evidence also suggests that the pulsating soft coral Xenia
umbellata can compensate energy deficiency from warming through heterotrophic feeding on DOC'%,
However, knowledge on the response of pulsating soft corals and their associated Symbiodiniaceae to

combined warming and eutrophication, and to ocean acidification, is scarce.

2 | Eutrophication is one of the most common local stressors for coral reef ecosystems®****, with
wastewater discharge alone affecting more than half of all coral reefs®. Inorganic nutrient
concentrations are poor indicators for eutrophication, because they are quickly transformed into OC by
phytoplankton®®!?!, Indicators for coastal eutrophication should ideally have fast response times and
high temporal resolution'?, yet no currently used indicator combines these traits. Microbial
communities in reefs respond fast to environmental perturbations'*, but genomic analyses are not suited
for continuous measurements. Microbial fuel cells (MFCs) can generate an electrical signal which is
proportional to the microbial degradation of OC in marine sediments'?*, but it is unknown whether MFCs

can detect OC pulses in permeable coral reef sediment.
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3 | The SML serves vital functions for the coral holobiont!' and upon release, contributes to cycling of
OC within the reef ecosystem!?*. Mucus consists mainly of glycoproteins'!, and particularly the

126127

carbohydrates may contribute to shaping microbial communities in the SM and in the water

surrounding corals''!. Hard coral assemblages are changing in species composition on many reefs

worldwide!?®

, which could affect compositions of reef water because mucus carbohydrate compositions
differ among species'?’. Yet, no patterns could be discerned so far for the phylogenetic variation of coral

mucus carbohydrate compositions'°.

4 | Many reefs worldwide shift in composition towards fleshy macroalgae dominance*® which can affect
bacterioplankton communities and ecosystem-wide cycling of OC!%, Carbohydrates are considered as
especially important for shaping marine bacterioplankton communities'®!, yet few studies have
investigated how different carbohydrates released by corals and macroalgae affect reef bacterioplankton
composition and function. Thus, considerable knowledge gaps remain, particularly on the composition
of high molecular weight (HMW, > 1 kDa) carbohydrates which belong to the most abundant fraction
of DOC in the ocean'®,

1.5 Aims and approach

Aims

Balanced OC transfer between micro- and macro-organisms is essential for the functioning of single
coral holobionts (i.e., the transfer of photosynthates from algal symbionts to their coral host), as well as
the whole coral reef ecosystem (i.e., the trophic transfer of OC from primary producers to consumers).
Global and local anthropogenic stressors affect the flow of organic carbon on both levels, leading to
increased coral mortality and reef degradation. The overall aim of my thesis is thus to investigate coral
reefs under environmental change by studying OC transfer between coral reef micro- and macro-

organisms.
Thereto, I investigated the following research questions:

1 | How does the pulsating soft coral Xenia umbellata respond to global and local environmental

stressors? What are the ecological implications?

2 | Can microbial fuel cells be used to detect OC eutrophication in coral reefs sediments? What is the

ecological relevance?

3 | How does the composition of mucosal carbohydrates vary among hard coral species? What are

potential implications for coral holobiont functioning?

4 | How do carbohydrates exuded by hard corals and macroalgae affect bacterioplankton communities

from an algae-dominated Caribbean reef? What are the ecological implications?
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Approach

Experimental studies with X. umbellata were carried out in a tank system of the Marine Ecology
department at the Centre for Environmental Research and Sustainable Technology (UFT), Bremen,
where soft corals were exposed to single and combined global and local stressors. The MFC was
developed and tested in the same laboratory facility, where artificial wastewater was added to
experimental tanks containing MFCs and coral reef sediments. Coral mucus was sampled from hard
corals grown in Bremen and from corals collected on Curagao, Dutch Caribbean. Monosaccharide
compositions of hydrolysed coral mucus, HMW coral and macroalgae exudates, and macroalgae tissue
extracts were measured in the Marine Glycobiology Department at the Max Planck Institute for Marine
Microbiology, Bremen using high-performance anion exchange chromatography with pulsed
amperometric detection (HPAEC-PAD). For the final research question, we added HMW exudates to
an ambient bacterioplankton community in four-day dark incubations and assessed the microbial

community composition using 16S rRNA sequencing.

1.6 Thesis structure and outline

Chapters 1 and 9 are the general introduction and discussion of this thesis, which develop and discuss
the main research questions. All other chapters are either submitted or already published manuscripts,
or manuscripts in preparation for publication. These chapters are structured in three distinct thematic

sections (see overview of chapters in Fig. 1.2):

Section 1| Effects of global and local stressors on the soft coral Xenia umbellata

In chapters 2 — 5, we investigated the effects of global (warming and acidification) and local (nitrate and
phosphate eutrophication) factors on the physiology of the cosmopolitan soft coral Xenia umbellata.
Multiple parameters were measured to determine the health status of the coral host (i.e. survival, polyp
pulsation, colony growth), Symbiodiniaceae (i.e., cell density, cellular chlorophyll a content, gross
photosynthesis), and the coral holobiont (i.e., respiration, elemental and stable isotope composition). In
chapter 2, we investigated the single and combined effects of nitrate eutrophication and warming on X.
umbellata, while chapters 3 — 4 assessed the effects of phosphate enrichment on the soft coral’s

resistance to warming. In chapter 5, we studied the effects of ocean acidification on X. umbellata.

Section 2 | Development of an indicator tool for the detection of OC eutrophication

To enable real-time monitoring of wastewater-induced OC eutrophication of coral reefs, we developed
and tested a new MFC in chapter 6. In a laboratory experiment, we measured the electrical current
density of MFCs deployed in coral reef sands in response to three consecutive artificial wastewater
pulses. OC content in the tank water was measured weekly with high-temperature catalytic oxidation,

and electrical current density of MFCs was measured daily. We then assessed the suitability of the MFCs
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for the indication of coral reef water quality using a framework of five characteristics developed by

Cooper et al. 122: specificity, monotonicity, variability, ecological relevance, and practicality.

Section 3 | Effects of hard corals and macroalgae on carbohydrate- and bacterioplankton

community composition of reef water

In chapter 7, we compared the carbohydrate composition of mucus from five species of hard corals to
previously reported data (for a total of 23 species). Subsequently, we used hierarchal cluster analysis to
create a dendrogram based on similarity of mucus compositions, and compared the dendrogram to the
phylogenetic tree of hard corals. In chapter 8, we compared the composition of HMW carbohydrates
released by a mixed community of hard corals to that of brown macroalgae, all collected at an algae-
dominated reef off Curacao, Dutch Caribbean. Subsequently, we assessed the bacterioplankton
community response to both types of HMW exudates and ambient HMW DOM.

Chapters 2 - 5: Effects of global and local factors on soft corals and their algal symbionts

Chapter 6: Microbial fuel cells in coral reef sediments as indicator tools for organic carbon eutrophication

Chapter 7: Organic carbon compositions of coral mucus from different hard coral species
Chapter 8: Organic carbon released by corals and macroalgae and its effects on bacterioplankton

Hard corals

Section 1 Section 2 Section 3
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Figure 1.2. Overview of chapters in my dissertation, highlighting the transfer of organic carbon (OC)
between micro- and macro-organisms. Icon attribution: Integration and Application Network
(ian.umces.edu/media-library).
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Coral polyp of the soft coral Xenia umbellata harboring Symbiodiniaceae (400 x magnified). Photos by
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2.1 Abstract

The resistance of hard corals to warming can be negatively affected by nitrate eutrophication, but related
knowledge for soft corals is scarce. We thus investigated the ecophysiological response of the pulsating
soft coral Xenia umbellata to different levels of nitrate eutrophication (control = 0.6, medium = 6, high
= 37 uM nitrate) in a laboratory experiment, with additional warming (27.7 to 32.8 °C) from days 17 to
37. High nitrate eutrophication enhanced cellular chlorophyll a content of Symbiodiniaceae by 168 %,
while it reduced gross photosynthesis by 56 %. After additional warming, polyp pulsation rate was
reduced by 100 % in both nitrate eutrophication treatments, and additional polyp loss of 7 % d! and
total fragment mortality of 26 % was observed in the high nitrate eutrophication treatment. Warming
alone did not affect any of the investigated response parameters. These results suggest that X. umbellata
exhibits resistance to warming, which may facilitate ecological dominance over some hard corals as
ocean temperatures warm, though a clear negative physiological response occurs when combined with
nitrate eutrophication. This study thus confirms the importance of investigating combinations of global

and local factors to understand and manage changing coral reefs.

Keywords: multiple stressors, soft coral, global stressor, local stressor, warming, eutrophication, nitrate

An adapted version of this chapter has been published in Scientific Reports 12, 16788.
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2.2 Introduction

Anthropogenically caused accumulation of carbon dioxide (CO.) results in excess heat in the
atmosphere, which is absorbed by the ocean and ultimately causes ocean warming'. Due to this,
increased frequency of coral bleaching events is predicted over the next century, leaving less time for
recovery?. The loss and damage to coral reef ecosystems has serious economic consequences on the

livelihoods of those who depend on fisheries and tourism?.

Coral bleaching is a stress response that is commonly described by a loss of algal symbiont
pigmentation, loss of algal symbiont cell number or a combination of both, which in turn changes coral
colour and constitutes the breakdown of the symbiosis®*. This stress response can be triggered by
seawater warming’, which has been connected to increased production of reactive oxygen species (ROS)
by algal symbionts® and shifts in nutrient cycling between coral host and algal symbiont®. Fitness of
shallow water corals depends on a stable nutritional exchange with their algal symbionts® of the family
Symbiodiniaceae’. When this symbiosis is disrupted, a reduction in the organisms energy budget can

affect coral host health and subsequently cause an increase in mortality®.

The cell numbers of the endosymbiotic algae populations within coral tissues are controlled
through nitrogen (IN) limitation by the coral host® and concentrated discharge of coastal wastewater may
result in excess of dissolved inorganic nutrients such as nitrate’, one of the main forms of inorganic N
in wastewater impacted sites'’. It is now clear that such anthropogenic eutrophication causes
disproportionate nutrient availability which can affect the stability of the coral-algae symbiosis (as
reviewed by Morris et al.!!). Excess N may increase proliferation of algal symbiont cells'?, but may also
increase the cellular demand for other nutrients which can potentially lead to relative phosphorus (P)
starvation'?. Nitrate assimilation in particular is associated with higher energetic costs than ammonium
in plants'* and caused reduced photosynthesis in a hard coral, while ammonium enhanced

photosynthesis'®.

Predicted scenarios of ocean warming and increased inorganic eutrophication will affect most
nearshore coral reefs worldwide simultaneously'®. Furthermore, documented decline in coral cover
varies between regions, indicating that local factors such as water quality may play a role in determining
responses to ocean warming for some coral taxa'”!®. Due to these increasing synergistic pressures facing
coral reefs, studies that investigate the interaction of eutrophication and ocean warming are becoming a
priority®!®. Previous studies show that the thermally-induced bleaching response may be exacerbated

when combined with local eutrophication®*?!

. Synergistic effects of warming and eutrophication on
corals can result for example from P starvation®!®, increased parasitic activity of algal symbionts®*, or
increased oxidative stress*. A recent review by Morris et al.'! summarises the effects of nutrient stress
on corals and its implications for thermal tolerance. Most studies investigating the effects of temperature
and eutrophication on corals have focused on scleractinian corals®® with fewer studies investigating these

combined effects on soft corals?*. Community shifts from hard coral to soft coral dominance have been
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observed under a variety of disturbance regimes?-?°. Thus, soft corals may become more abundant on
some reefs in the future which has implications for whole ecosystems, since soft corals do not have the
ecosystem engineer characteristics of hard corals in supporting reef fish assemblages through structural
complexity??®. However, Epstein & Kingsford® found increasing fish diversity with increasing soft
coral, but not hard coral cover, for a reef in the Great Barrier Reef (GBR) and highlighted that soft corals
could have higher ecological importance than previously assumed. Knowledge about processes
benefiting soft corals under certain environmental conditions is needed to better understand and predict

future coral reef community compositions.

To improve our understanding of the effects of inorganic eutrophication and warming on soft
corals, this study aimed to answer the following research questions: (i) How does nitrate eutrophication
affect Xenia umbellata? (ii) How does chronic nitrate eutrophication affect the response of X. umbellata
to warming? We also discuss whether X. umbellata is more or less resistant to nitrate eutrophication and
warming than hard corals, and the implications for coastal management. X. umbellata was used because
this pulsating soft coral is common and widespread in the Indo-Pacific*®*! and the Red Sea®’. Because
a fully factorial experimental design was not possible with our aquarium facilities, we chose to primarily
investigate the effects of nitrate eutrophication on the resistance of X. umbellata to warming. For this,
X. umbellata was exposed to medium (6 uM) and high (37 uM) nitrate eutrophication (controls ~0.6
uM). After 17 days, temperatures were gradually increased from an average of 27.7 £ 0.7 °C from days
1-16, to 32.8 + 0.3 °C on day 37 in all but control tanks (a total increase of 5 °C over 22 days; see Fig.
2.1 for detailed experimental design). To assess the coral health status in response to nitrate
eutrophication and /or warming, we measured coral colony survival, growth rate, polyp pulsation rate,
gross photosynthesis (Pgross), respiration (R), algal symbiont cell density, chlorophyll a (chl @) content,
coral colouration, and elemental and stable isotope composition (to provide information about nutrient

uptake and utilization).
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2.3 Results

Colony survival and growth rate

The treatment effect on colony survival was significant (Wald-type statistic = 4.14, p < 0.05; ANOVA-
type statistic =4.14, p <0.05). Survival was only affected by high nitrate eutrophication (HN + W) with
additional warming (Fig. 2.2a). The first mortality was observed on day 22 (at 28.4 °C). On day 36 (at
32.4 °C), the average survival was 74 % (Table 2.1).

The overall treatment effect on growth rates was not significant. However, colonies exposed to
high nitrate eutrophication and additional warming (HN + W) displayed partial mortality (mortality of
some colony polyps, measured as negative growth rate), averaging 7.2 + 4.1 % polyp loss d"! during the
last week of the experiment, with a mean temperature of 31.9 °C (Fig. 2.2b). This partial mortality was
significantly higher than observed for all other treatments and controls (pwc, Bonferroni adjustment, #-
test, p < 0.05). Colony growth rates decreased in all tanks shortly after the start of the experiment, and
the time interval of the experiment significantly affected growth rates (2-way mixed ANOVA, F=29.21,
p <0.001).

(a) 27.7°C 28.4°C 28.5°C 30.5°C 32.4°C

100 = i ]L ]L
75 1
501
251
0] L L L L] L
1-16 22 23 28 36

Day
(b) 27.9°C 29.8°C 31.8°C

Survival
(% of colonies)

101

0 ii +-I-i&:| SO B p—— __:T

Partial mortality / Growth rate
(% change in polyp number day~")
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Figure 2.2 (a) Percent survival and (b) growth rates of Xenia umbellata colonies from control tanks with
low nitrate (LN, ~0.6 uM) and three treatments: LN + W = low nitrate (~0.6 uM) + warming from day 17;
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MN + W = medium nitrate eutrophication (~6 uM) + warming from day 17; HN + W = high nitrate
eutrophication (~37 puM) + warming from day 17. Error bars represent standard deviations of three
replicates. Temperatures represent mean temperatures of the respective days or intervals, excluding
controls. Different letters in (b) indicate significant differences between days (pwc, Bonferroni
adjustment, t-test, p < 0.05). Asterisks indicate significant differences between treatments within days
(pwc, Bonferroni adjustment, t-test, * = p < 0.05). For (a), only days with recorded colony mortalities were
plotted (except day 1-16). No post-hoc analysis could be performed for (a) due to lack of variance within
groups where all replicate tanks displayed 100% survival. Raw data is available in Supplementary Table
S2.3.

Table 2.1 Effect size (%) of ecophysiological parameters relative to controls (LN; ~ 0.6 uM NO3, no
warming). Bold values indicate significant differences to controls (LN) and values in brackets indicate
effect size relative to low nitrate-treated colonies exposed to warming (LN + W). Puls. rate = polyp
pulsation rate, Pgr = gross photosynthesis, R = respiration, algae cells = algae symbiont cell density, C:N
= carbon to nitrogen ratio, %N/C = percent nitrogen/carbon of tissue dry weight.

Warming NO;  Puls. Por R Algae Chla Colour score C:N % N % C
(M) rate cells Red Green Blue
No warming 6 +3 -11 +16 -17 +75 0 0 0 -10 +6 -12
(Day 15-17) 37 -34 -56 +19 -10 +168 -4 +16 +29 -28 +23 -18
0.6 -45 +15  +35 -12 +29 0 0 0 -9 +18 +8
+5°C
(Day 37)

37 -100 0 -3 +36 +81 -6 +25 +44 -30 +58 +10

(-100)  (-14) (-28)  (+54) (+40) (-6) (+25) (+44) (-24) (+34) (+2)

Polyp pulsation rate

Overall, the effect of treatment on pulsation rates varied significantly between days of the experiment
(Wald-type statistic = 81.87, p < 0.001; ANOVA-type statistic = 3.52, p < 0.01). Pulsation rates of
colonies exposed to high nitrate eutrophication (HN + W) were reduced by 36 % compared to the
medium nitrate eutrophication treatment (MN + W) after 15 days (Fig. 2.3a, Table 2.1; pwc, Bonferroni
adjustment, Dunn's test, p < 0.05), but they did not significantly differ from controls. On day 22, after
additional warming, pulsation rates of colonies exposed to high nitrate eutrophication decreased by 97
% compared to controls (at 28.4 °C). With medium nitrate eutrophication (MN + W), pulsation rates
remained stable until day 28 (at 30.5 °C) and dropped to zero during the last week of the experiment (at
> 30.6 °C). At the end of the experiment (day 36 at 32.4 °C), pulsation could not be observed under
medium or high nitrate eutrophication. Corals exposed to warming alone (LN + W) exhibited no

significant reduction in pulsation rates.

Coral holobiont gross photosynthesis and respiration rates

The overall effect of treatment on Pgoss Wwas not significant. Colonies exposed to high nitrate
eutrophication (HN + W) exhibited reduced Pgoss (by 56 %) compared to controls after 16 days (Fig.
2.3b, Table 2.1; pwc, Bonferroni adjustment, #-test, p < 0.01). With additional warming, no significant
treatment effect was observed. P values for all treatments varied significantly over time (2-way mixed

ANOVA, F=29.35, p <0.001) with highest values on day 1 and lowest values on day 22 and 37.

Treatments did not significantly affect R, though there was a trend of declining R in all

treatments throughout the experiment (2-way mixed ANOVA, F' =12.08, p <0.001) with highest R on
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day one and eight and lowest R on day 22 (Fig. 2.3b). Spearman’s correlation analysis revealed a

significant negative correlation of Pgoss and R (Supplementary Fig. S2.1, rs=-0.63, n =72, p <0.001).

(a) 27.7°C 28.4°C 30.5°C 32.4°C
60- =,
T
§ T 40 B
B T
s e
o ©
Z £ 20
01 L L L | == |
1 8 15 22 28 36
(b) 27.7°C 28.4°C 30.6°C 32.8°C
200
a b bc c bc c
150

—-re
o
o

»—'—c

(mg O, m?h)
(9]
o

o

i L

ab C bc abc

1 8 16 22 29 37
Day

Treatment [l LNl LN+W ] MN +W [ | HN +W

Figure 2.3 (a) Pulsation rates and (b) gross photosynthesis (Pgross) and respiration (R) of Xenia umbellata
colonies from control tanks with low nitrate (LN, ~0.6 uM) and three treatments: LN + W = low nitrate
(~0.6 uM) + warming from day 17; MN + W = medium nitrate eutrophication (~6 uM) + warming from
day 17; HN + W = high nitrate eutrophication (~37 uM) + warming from day 17. Error bars represent
standard deviations of three replicates. Temperatures represent mean temperatures of the respective days,
excluding controls. Different letters in (a) indicate significant differences between days (pwc, Bonferroni
adjustment, t-test, p < 0.05). Asterisks represent significant differences between treatments within days
(pwc, Bonferroni adjustment, (a) t-test & (b) Dunn's test, ** = p < 0.005, * = p < 0.05). Raw data is
available in Supplementary Table S2.3.
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Respiration / Gross photosynthesis

Algal symbiont cell density, chlorophyll a content, and coral colouration
None of the treatments resulted in significant differences in algal symbiont cell densities throughout the

experiment (Fig. 2.4a, Table 2.1).

Treatments significantly affected algal symbiont chl a content (2-way ANOVA, F=6.648, p <
0.01). Colonies exposed to high nitrate eutrophication (HN + W) exhibited 168 % higher chl a
concentrations than controls (LN) after 15 days (Fig. 2.4b, Table 2.1; pwc, Bonferroni adjustment, #-
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test, p < 0.05). Additional warming did not result in significant differences between treatments by the

end of the experiment (pwc, Bonferroni adjustment, ¢-test, p > 0.05).

The effect of treatment on colour scores varied significantly between days of the experiment
(Wald-type statistic = 731.95, p < 0.001; ANOVA-type statistic = 3.59, p < 0.05). The colour score of
corals exposed to high nitrate eutrophication (HN + W) increased from 1.0 to 3.3 after 15 days (Fig.
2.4c). This was significantly higher compared to all other treatments and controls (pwc, Bonderroni
adjustment, Dunn’s test, p < 0.05). Based on the definition of each colour score (Supplementary Table
S2.2), this was equivalent to a 16 % and 29 % increase in green and blue values, respectively, and
reduced red values by 4 % (Table 2.1). After additional warming, the colour score of all corals exposed
to high nitrate eutrophication was five, which was not significantly different from other treatments or
controls. The change in colour score from one to five was equivalent to increased green and blue values

by 25 % and 44 %, respectively, and reduced red values by 6 %.
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Treatment
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Nitrogen and carbon elemental composition, and stable isotope ratios

Treatments significantly affected the ratios of total carbon (C) to total N (C:N ratios) of coral colonies
(2-way ANOVA, F' = 15.756, p < 0.001). Nitrate eutrophication for 15 days alone did not affect C:N

ratios (Fig. 2.5a, Table 2.1). After additional warming, colonies exposed to high nitrate eutrophication
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(HN + W) displayed 30 % lower C:N ratios compared to controls (pwc, Bonferroni adjustment, #-test, p

<0.01), and 24 % lower C:N ratios compared to colonies exposed to warming alone (LN + W; p > 0.05).

The effect of treatment on percent N content of coral colonies varied between days of the
experiment (2-way ANOVA, F'=4.294, p <0.01). Percent N contents were not affected after 15 days
of nitrate eutrophication alone (Fig. 2.5b, Table 2.1). After additional warming, corals exposed to high
nitrate eutrophication (HN + W) revealed 58 % higher N contents compared to controls (LN; pwc,
Bonferroni adjustment, #-test, p < 0.005), 34 % higher N contents compared to colonies exposed to
warming alone (LN + W; p < 0.05), and 30 % higher N contents compared to colonies exposed to

medium nitrate eutrophication and warming (MN + W; p < 0.05).

The effect of treatment on percent C contents of coral colonies varied between days of the
experiment (2-way ANOVA, F=2.821, p <0.05). Coral colonies exposed to high nitrate eutrophication
(HN + W) displayed 18 % lower C contents compared to controls (LN) after 15 days (Fig. 2.5¢c, Table

2.1; pwe, Bonferroni adjustment, #-test, p < 0.05), with no significant effects after additional warming.

Treatment and day of the experiment both significantly affected '°N values of coral colonies
(2-way ANOVA, Treatment: F = 3.28, p < 0.05; Day: F = 5.04, p < 0.05). The 3"°N values were not
affected after 15 days of nitrate eutrophication alone (Fig. 2.6a), averaging 8.4 + 2.3 %o. After additional
warming, colonies exposed to high nitrate eutrophication (HN + W) exhibited 31 % higher §'°N values
than controls (LN; pwc, Bonferroni adjustment, Dunn’s test, p < 0.05) and 21 % higher 3'°N values

compared to colonies exposed to warming alone (LN + W; p > 0.05).

The overall treatment effect on 8'°C values was not significant. Colonies exposed to high nitrate
eutrophication (HN + W) displayed 7 % higher 8'°C values compared to controls (LN) after 15 days
(Fig. 2.6b; pwc, Bonferroni adjustment, #-test, p < 0.05). No significant treatment effect was observed
after additional warming. The 8"*C values decreased over time, with day of the experiment significantly

affecting 8"°C values (2-way ANOVA, F =5.557, p <0.05).
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2.4 Discussion

Nitrate eutrophication alone did not significantly affect pulsation rate, growth rate or survival

Pulsation rates were reduced by 34 % with high nitrate eutrophication after 15 days, though not
significantly compared to controls. In pulsating soft corals, reduced pulsation rates can also lead to
reduced photosynthesis, as pulsation normally enhances gas exchange, e.g. oxygen transport away from
the coral's surface®. Thus, reduced pulsation rates may have caused reduced Pgoss With high nitrate
eutrophication, or vice versa. Furthermore, reduced Pgoss can lead to reduced transfer of photosynthates
to the coral host'®. Resulting energy depletion of the coral host could have caused a reduction of the
energy demanding pulsation to conserve energy for more vital processes. The additionally observed
increase in 8'°C values in colonies exposed to high nitrate eutrophication compared to controls on day
15 also indicates a shift in C metabolism. Increasing 3"*C values may arise from increasing
photosynthesis®**, which was likely not the case in the present study, as Pgrss declined while §'C
increased. Zooplankton is generally depleted of the heavier '*C isotope** and thus, Grottoli et al.*
interpreted an increase in the 3'3C value of two bleached hard corals to be caused by reduced
heterotrophy. This may also explain the results of the present study, as reduced pulsation rates may
affect the coral’s ability to filter feed**. While coral host growth rate in the present study was not affected
by nitrate eutrophication and no mortality was observed after 15 days at ambient temperatures, growth
rates decreased significantly across all treatments and controls, from an initial five polyps d! to almost
zero. In contrast, eutrophication often leads to declining coral growth rates in hard corals, especially
with simultaneously declining photosynthesis'2. The decline of growth rates observed for all treatments
could be explained by reduced food availability of X. umbellata colonies during the experiment
compared to prior aquarium conditions, where they were kept with other invertebrates and reef fish,

potentially resulting in higher input of organic matter into the water relative to experimental conditions.

High nitrate eutrophication enhanced coral pigmentation, while it reduced photosynthesis

Cellular chl a content was significantly enhanced under high nitrate eutrophication compared to controls
after 15 days, while Pgoss declined, and algal symbiont cell densities remained stable. These observations

are contradictive to previous studies on hard corals, which found simultaneous increases of chl a and

36,37 8,15

Pgross with N eutrophication®®’’, generally explained by a release from N limitation of algal symbionts

However, Ezzat et al.'

also found reduced Pgross With simultaneous increases in total chl ¢ and algal
symbiont cell densities in Stylophora pistillata, and explained this with the energy consuming process
of nitrate reduction in the chloroplasts®. An additional explanation could be a limitation of
photosynthesis by dissolved inorganic carbon (DIC) with increasing cellular chl a contents®’. Release
from N limitation can result in reduced energy supply to the coral host, as photosynthates are
increasingly retained by the algal symbionts for their own growth®®!5, This could affect the energy
demanding CO»-concentration mechanisms (CCMs) by the coral host*®. DIC limitation under continued

irradiance can cause the production of ROS, and reduced photosynthetic rates even before algal
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symbiont expulsion®’. Damage to chl a due to ROS could not be assessed, due to interference of chl a
degradation products with the used method*’. Furthermore, the colour of X. umbellata colonies exposed
to high nitrate eutrophication changed distinctly, with increasing green and blue values (Supplementary
Table S2.2). Change of colour in corals is often associated with coral bleaching. However, bleaching
describes paling of the tissue as a result of loss of algal pigmentation or loss of algal symbionts from the
coral host**, both of which were not observed in the present study. In contrast, tissue darkened while

cellular chl a content increased.

The C:N ratios of X. umbellata tissue and algal symbionts remained above the canonical
Redfield ratio of 6.625*' throughout the experiment (i.e., 6.72 and higher). In addition, phosphate
starvation (e.g., caused by a high influx of N) may cause reduced photosynthesis under high
environmental N:P ratios, especially with increasing algal symbiont populations®!®. High concentrations
of nitrate (37 uM), and subsequent N:P ratios (176:1, based on phosphate concentrations of <0.21 uM,
Supplementary Table S2.1) exceeding the Redfield ratio of 16:1, were accompanied with significantly
reduced Pg.ss after 16 days while no effect on R was observed. However, in the present study, no effect
was found on algal symbiont cell densities (Fig. 2.4a). Rather, algal symbiont cell densities remained
stable and within the range expected for soft corals*’, while cellular chl a content increased. This
suggests a disturbance of photosynthesis rather than loss of algal symbionts to be the cause for reduced
Pgross. Thus, together with the high C:N ratios found in the current study, N may have remained the
limiting nutrient throughout this study or it is possible that X. umbellata has mechanisms in place to
effectively deal with high environmental N availability and/or algal symbiont P starvation. Pupier et
al.*® found up to 10-fold lower dissolved nitrogen assimilation rates in soft corals compared to hard
corals, highlighting their differences in nutritional strategies which may benefit soft corals in eutrophic
environments. Further investigation is required to specify the underlying cause of the reduced
photosynthesis under nitrate eutrophication observed in the present study, with studies simulating
phosphate eutrophication, also in combination with an N-source, to potentially indicate if algal

symbionts of X. umbellata are prone to phosphate starvation.

Bednarz et al.#

found no effect on chl a content, Pgoss Or R in Xenia spp. after four weeks of
ammonium eutrophication (20 uM), indicating potential different effects of ammonium and nitrate on
xeniid corals. Nitrate reduction can act as an additional sink for reduction equivalents involved in
photosynthesis, which was shown to reduce photosynthesis in S. pistillata, with ammonium having an

t!5. Furthermore, nitrate eutrophication in combination with warming caused increased

opposite effec
oxidative stress and coral bleaching in S. pistillata, while ammonium eutrophication benefited the coral
during warming?. Similarly, the resistance of Turbinaria reniformis to warming was increased with
ammonium eutrophication®, but negatively affected by nitrate eutrophication without simultaneous P
enrichment*®. Further studies comparing the effects of nitrate and ammonium eutrophication on the

response of X. umbellata to warming may reveal if nitrate eutrophication has particularly negative
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effects on the response of X. umbellata to warming, or if N eutrophication (and possibly P starvation) is

responsible for the observed effects on thermal tolerance of the soft coral.

Nitrate eutrophication negatively affected the resistance of X. umbellata to warming

Pulsation stopped with combined nitrate eutrophication (both medium and high concentrations) and
warming at the end of the experiment, with additional increased partial mortality and 26 % colony
mortality with high nitrate eutrophication. In contrast, corals exposed to warming alone only exhibited
a 45 % reduction in pulsation rates relative to controls (not significant), with stable growth rates and no
mortality. This strongly indicates negative effects of nitrate eutrophication, even at medium
concentrations, on the resistance of X. umbellata to warming, while photophysiological parameters
(algal symbiont cell density, pigmentation, photosynthesis) were not negatively affected. N
eutrophication can increase the susceptibility of hard corals to warming, due to P starvation®!®, oxidative
stress?, or increased parasitism of algal symbionts??. All of these explanations presume a decrease in
photophysiological parameters, but recently, Radecker et al.® found increased parasitism (i.e., reduced
transfer of photosynthates to the coral host) in algal symbionts prior to loss of algal symbiont cells from
the coral host. Thus, it may be possible that the coral-algae symbiosis of X. umbellata in the present
study was disrupted at the end of the experiment. A future experiment with similar experimental N and
warming treatments and additional phosphate eutrophication could reveal if P starvation affects the
resistance of X. umbellata to warming. For hard corals, moderate combined N and P eutrophication may

even be beneficial under future ocean conditions®’.

Warming did not affect photophysiological parameters regardless of nitrate eutrophication

Algal symbiont cell density increased by 36 %, although not significantly, under combined high nitrate
eutrophication and warming compared to controls, whereas cell densities did not change in the warming
treatment. Similarly, chl a content per algal symbiont cell and Pgoss Were not significantly affected by
warming, regardless of nitrate eutrophication treatment. These results suggest that algal symbionts of X.
umbellata were not negatively affected by the exposure to warming or combined warming and

eutrophication.

Warming usually causes a loss of algal symbionts in Xenia*®*. Xenia sp. from the GBR showed
highest loss of algal symbionts at 30 °C after only two days*® and Xenia elongata from the GBR was
suggested as a biological indicator species for major bleaching events due to its high sensitivity to
warming®. The superior thermal tolerance of X. umbellata from the northern Red Sea in the present
study over Xenia spp. from the GBR concurs with predictions of previous studies %2, that corals of
the northern Red Sea have especially high thermal tolerances, making this region a potential thermal
refuge for coral reefs. Studies comparing the thermal tolerance of X. umbellata along the north-south
gradient of the Red Sea (e.g., as Sawall et al.®) may reveal if the observed high thermal tolerance is

caused by local adaptation or if it is a general trait of the species. Increasing algal symbiont cell densities
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are a common response to N eutrophication in corals, as N is often the limiting factor for algal symbiont
growth®. Enhanced %N content and 3'°N values of corals exposed to high nitrate eutrophication and
warming at the end of the experiment suggest that nitrate was taken up, as dinitrogen fixation commonly
leads to reduced 8'°N 3* and thus, assimilation of anthropogenic N can be traced through increasing §'°N
>3 Although %C values in the present study increased (not significantly) in the high eutrophication
treatment after additional warming, possibly due to non-significant increases in algal symbiont cell
densities, the C:N ratio was significantly reduced, further supporting X. umbellata’s incorporation of N
from nitrate. Karcher et al.*® found reduced C:N values for xeniids, but not for turf algae or hard corals
exposed to inorganic fertilizer. They concluded that soft corals may be more strongly affected by poor

water quality due to their “luxury consumption™’ of N.

Coral tissue darkened with high nitrate eutrophication and warming, with no significant
differences in algal symbiont cell density or chl @ content. A similar observation was reported by Tilstra

et al.’®

, who observed changes in colouration of S. pistillata colonies exposed to warming, without
simultaneous changes in algal symbiont cell density or chl a content. Variation in colouration can also
be caused by changing concentrations of the accessory pigment peridinin®®, which can be affected by
changing nutrient and temperature conditions in corals*. Additionally, non-significant changes in chl a
contents, and algal symbiont cell densities, as well as protective algal pigments, especially conversions
in xanthophyll pools, likely contributed to the change in colour®. Darkening of the tissue due to
increases in algal symbiont cell densities after nitrate eutrophication has been observed for S. pistillata,
which led to increased light absorbance®'. Similarly, Fabricius®® found darker pigmentation of Acropora
millepora in nutrient rich nearshore waters, and measured higher temperatures at their tissue surface,
especially in areas with low water movement. Thus, darkening of corals in the present study could have
caused increased water temperatures around the tissue surface through higher absorbance, potentially
increasing thermal stress for X. umbellata with high nitrate eutrophication. The simultaneously reduced
pulsation rate could have exacerbated this effect, as normal pulsation enhances mixing across the coral-

water boundary layer®. Studies on pulsating soft corals should therefore monitor effects of pigmentation

and pulsation rates on the corals' surface temperatures.

Nitrate concentrations of 15 uM in combination with warming reduced P significantly for
the hard coral Porites fave, when normalized to chl a content and algal symbiont cell density®. Pyross in
the present study was standardized to surface area and non-significant increases in algal cell densities
may have compensated for reduced per-cell photosynthesis, resulting in similar Pgoss values to controls.
This is especially likely considering the reduced P observed before and shortly after the start of
warming (day 16 and 22) with high nitrate eutrophication. Thus, Pgoss Was initially reduced by high
nitrate eutrophication, but whole-colony photosynthesis was likely compensated by enhanced algal
symbiont cell densities (though not significant) with additional warming. R remained stable between
treatments throughout the study. In contrast, coral holobiont R increased with warming for Orbicella

aveolata® and S. pistillata, indicative for stress and increased energy demand®. Soft corals tend to have
p gy
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a higher heterotrophic capacity compared to hard corals, which likely alleviates their dependency on
algal symbionts for metabolism during bleaching®”*°. However, R rates in the present study strongly
correlated with Pgross, Suggesting that photosynthates were the main organic C source for R, despite the
supply of zooplankton-containing coral food. The importance of heterotrophy in Xenia is not fully
understood. Lewis®* found particulate matter in the coral's gastrovascular cavity and Vollstedt et al.'”
found that X. umbellata tfed with dissolved organic carbon (DOC) had higher thermal tolerance than
starved colonies. Further investigation is needed to clarify if heterotrophic particle feeding similarly

enhances thermal tolerance of X. umbellata.

Algal symbiont communities of the X. umbellata in the present study persisted despite
potentially stressful conditions (as indicated by reduced pulsation rates, partial, and complete mortality)
during high nitrate eutrophication and warming. Similar results were found for X. elongata, in which
large numbers of algal symbiont cells were seen in necrotic tissue following exposure to a chemical
dispersant®. Interestingly, some pulsating soft coral species have been reported to display within-colony
algal symbiont migration into the gastrovascular cavity upon thermal stress, and thereby mitigating the
bleaching response®. However, enhanced pigmentation measured in the tentacles of polyps in the
present study is evidence against migration of algal symbionts into the gastrovascular cavity, as polyps

of xeniids studied by Parrin et al.®’

visibly paled due to migrating algal symbionts. Future studies are
recommended to employ further microscopic analyses of host tissue to account for algal cell movement
(e.g., as Parrin et al.%°), as reuptake from the gastrovascular system could also provide insight into post-

bleaching recovery and resilience®®,.

Is X. umbellata more or less resistant to nitrate eutrophication and warming than hard corals?

Comparisons across eight similar experimental studies (all using nitrate as N source) on ten different
hard coral species revealed that seven hard coral species were negatively affected by warming alone,
whereas warming up to 32.8 °C over 22 days did not affect X. umbellata in the present study (Table
2.2). However, differences in temperature treatments, origins of the mother colonies, and other
experimental conditions (e.g., feeding regime, P concentrations) between studies may have led to
different outcomes. Nonetheless, X. umbellata appears to be less sensitive to warming than some reef
building scleractinian corals, including S. pistillata from the northern Red Sea®. Overall, seven species
were more negatively affected by combined nitrate eutrophication and warming than by warming alone
in at least one response parameter. All of these previous studies used lower nitrate concentrations than
the present study (< 37 uM) and seven of them were conducted over shorter experimental time periods.
Six of the studies revealed reductions in photophysiology (algal symbiont cell density, chlorophyll
content, photosynthesis), which were not significantly reduced by warming or the combined treatment
in the present study. Therefore, while results of this study indicate that nitrate eutrophication can affect
the otherwise high resistance of X. umbellata to warming, these impacts appear to be less than observed

for a range of scleractinian corals.
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Table 2.2 Experimental studies on effects of combined nitrate eutrophication and warming on hard corals
in comparison to the present study. Only parameters similar to the ones measured in the present study were
summarized. NO3; = Nitrate concentration, Warming = increase of temperature relative to controls, algal
symbionts = algal symbiont cell density; Fv/Fm = maximum quantum efficiency of Photosystem II. %
values are changes relative to controls (* changes of imbalanced relativ e to nutrient replete conditions), n.
s. = no significant difference to controls. Effect: "+" = combined warming and nitrate eutrophication result
in greater reduction than warming alone; "-" = combined warming and nitrate eutrophication result in lesser
reduction than warming alone; "=" = combined nitrate eutrophication and warming have similar effects to
warming alone; "0" = no effects detected.

NOs: 15 pM Porites cylindrica Algal symbionts n.s.
days Warming: 2 °C Philippines Paross Warming: reduced by ~20 % +
63 Warming + NOs: reduced by ~50 %
R n.s. 0
Growth n.s. 0
30 NOs: 20 pM Pocillopora damicornis  Algal symbionts Warming: n. s. +
days Warming: 5 °C Gulf of Panama Warming + NOs: reduced by ~50 %
Chl a content Warming: n. s. -
83 Warming + NOs: increase by
~100 %
Porites lobata Algal symbionts Warming: reduced by ~30 % =
Gulf of Panama Warming + NOs: reduced by ~30 %
Chl a content ns. 0
One NOs: 5 uM Turbinaria mesenteria Pyross n.s. 0
34 day Warming: 6 °C Vietnam R ns. 0
Mortality Warming: 16.7 % +
Warming + NOs: 33 %
90 NOs: 4 uM Acropora millepor, Fv/Fm n.s. 0
days Warming: 4 °C  Central Great Barrier Skeletal growth Warming: reduced by 45 % =
Reef Warming + NOs: reduced by 45 %
20 Mortality n.s. 0
Montipora tuberculosa ~ Fv/Fm n.s. 0
Central Great Barrier Skeletal growth ns. 0
Reef Mortality ns. 0
10 NO;: ~2.7 uM Acropora polystoma Algal symbionts Warming + light + NO3 + PO4: n. s. +
days Warming: 6 °C Warming + light + NO;: reduced by 60 %*
9 + light stress Chl a content n.s. 0
Fv/Fm Warming + light + NO3 + PO4: dropped later below +
critical threshold
Warming + light + NO;: dropped earlier
20 NO;: ~2.7 uM Acropora micro- Mortality Warming + light + NO3 + PO4: 0 % +
days Warming: 9 °C phthalma Warming + light + NOs: 100 %*
+ light stress
Two NO;: 10 uM Pocillopora damicornis ~ Algal symbionts Warming: reduced -
85 days Warming: 5 °C Japan Warming + NOs: reduced, higher increase after
recovery
Chlorophyll content Warming: n. s. +
Warming + NOs: reduced after recovery
Fv/Fm Warming: reduced +
Warming + NOs: reduced, longer recovery period
36 Six NO;: 10 uM Montipora digitata Algal symbionts Warming: reduced by ~50 % after 6 days +
days Warming: 5 °C Japan Warming + NOs: reduced by ~50 % after 3 days
Fv/Fm Warming: reduced by ~30 % after 6 days =
Warming + NOs: reduced by ~30 % after 6 days
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23 35 NOs: 3 uM Stylophora pistillata Algal symbionts Warming: reduced by 46 %
days Warming: 5 °C Northern Red Sea Warming + NOs: reduced by 33 %
Chlorophyll content Warming: reduced by 36 %
Warming + NO;: reduced by 28 %

Fv/Fm Warming: reduced by 31 % +
Warming + NO;: reduced by 42 %
Growth Warming: reduced by 66 %
(calcification) Warming + NOs: no effect
37 NOs: Xenia umbellata Algal symbionts n.s. 0
days 6 uM /37 uM Northern Red Sea Chl @ content ns. 0
. Warming: 5 °C Paross ns 0
<
=
@ R n.s. 0
g
2 Growth Warming: n. s. 0/+
Il
~

Warming + NOs: n. s. / partial mortality
Mortality Warming: 0 % 0/+
Warming + NO3: 0 % /26 %

What are the implications for coastal management?

In the present study, tank microcosms were enriched daily to nitrate concentrations of 6 pM and 37 uM,
but measurements conducted only two to three hours later indicated nitrate concentrations of the water
column averaging 2 uM and 23 pM, respectively. Thus, nitrate concentrations used in the present study
represent daily nitrate input and not average nitrate concentrations during the whole experiment. In
contrast, in situ nitrate measurements represent only what is present in the water column at a specific
point of time, and are therefore not equivalent to nitrate input into the system due to rapid assimilation,
for example by phytoplankton®. The finding of the present study that nitrate eutrophication as low as 2
- 6 uM can impact soft coral resistance to warming is relevant for the management of nearshore corals
impacted by eutrophication. In the Red Sea for example, Ziegler et al.” observed that soft corals,
particularly xeniids, dominated reefs along the highly developed Jeddah coastline and Pefia-Garcia et
al.'® measured total nitrogen (TN) concentrations of > 6 pM at these exact locations and concentrations
of up to 2000 uM TN within the city bay. Nitrate composed on average 41 % of TN in wastewater,
making it the most common source of anthropogenic N at these sites. For the GBR, Gruber et al.”!
reported highest nitrate + nitrite concentrations of 4.8 uM (300 pg L!) near river mouths and up to 2.4
uM (150 ug L) at inshore reefs in the Tully region, with average nitrate + nitrite concentrations for the
GBR below 1 uM. Xenia is one of the dominating soft coral genera on near shore reefs’?> and upper
mesophotic reefs” of the GBR and was the only soft coral genus observed during a recent study in the
Red Sea (El-Khaled et al., in press.). Additionally, Xenia was involved in hard coral to soft coral
community shifts after blast fishing®' and an outbreak of the corallivore Acanthaster planci’. Moreover,
Ziegler et al.” reported highest abundance of Xenia at sites impacted by sedimentation and sewage
discharge in the Red Sea (~12-15 % vs. 0-3 % at other sites). Although soft corals provide less structural
complexity than hard corals*’-*%, they may still be a suitable habitat for many fish species®. Results of
the present study indicate that soft coral populations may be severely impacted by the effects of
combined nitrate eutrophication (of > 2 - 6 pM) and warming. This can potentially lead to further
degradation of these ecosystems towards dominance of macro- and turf algae, which often benefit from
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N eutrophication®®. Thus, the results presented here support the conservation approach of enhancing

7576 for soft

coral resistance to global threats by managing local factors like inorganic N eutrophication
coral conservation. However, soft corals may be more resistant to nitrate eutrophication and warming
than some hard coral taxa, which may facilitate community shifts from hard coral to soft coral

dominance.
2.5 Methods

Experimental design and conditions

X. umbellata specimens used for the present study were collected from the northern Red Sea and
maintained under aquarium conditions (salinity ~ 35 %o, temperature ~ 27 °C) for over three years prior
to the start of this experiment. Mother colonies from the maintenance aquarium were fragmented with
sterile scalpels and attached to coral plugs (AF Plug Rocks, Aquaforest, Poland) with rubber bands. All
mother colonies originated from the same genotype to reduce genotype-associated variation in the
response to the experimental conditions. During a two-week acclimation period under ambient
conditions, colonies were able to heal and grow onto coral plugs within the experimental tanks. Prior to
the start of the experiment, a total of 168 colonies were randomly distributed among twelve experimental
tanks (each 60 L). The tanks were separated into a technical part with heater, pump, and temperature
logger (HOBO pendant temp/light, Onset, USA) and the experimental part. The experimental part was
laid out with approximately 10 cm of sand five months before the start of the experiment to create a
microcosm with microbial activity. Tanks were filled with 43 L of artificial seawater, prepared in a
barrel with demineralized water and aquarium sea salt (Zoo Mix, Tropic Marin, Switzerland) to dissolve
and reach required temperatures. In total, 14 coral colonies were placed on grid plateaus in each tank.
Two light-emitting diode (LED) lamps (one Royal Blue matrix module and one Ultra Blue White matrix
module, WALTRON daytime® LED light, Germany) were adjusted above each tank to guarantee equal
light intensities measured in photosynthetically active radiation (PAR, Supplementary Table S2.1) with
the LI-1400 Data Logger (LI-COR Biosciences, Germany) and day:night cycles of 12:12 h PAR was
chosen to be close to conditions in the maintenance aquarium (~100 umol photons m s™). The tanks
were arranged in a three-level tower system with four tanks per level. The four treatments were
distributed in an approximate latin square design, with each treatment in every level (Fig. 2.1). The coral
colonies were fed with dried marine plankton (Reef-Roids, Polyp Lab, USA) at concentrations of 10 mg
L' twice a week throughout the experiment to keep conditions close to the previous maintenance
aquarium. Pumps were turned off for 30 minutes during feeding. The twelve tanks were connected to
form one system with continuous water through-flow, and separated on day one of the experiment to
ensure equal water quality among treatments at the start of the experiment. During the experiment,
oxygen, pH, salinity, and temperature were measured daily and salinity and temperatures were adjusted

when necessary. Chemical water parameters for all tanks were maintained at equal conditions
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(Supplementary Table S2.1) through regular water exchange of 10-20 %. Tanks were cleaned every one

to two weeks to remove any biofouling.

Experimental nitrate and temperature treatments

Nitrate was adjusted to medium (6 puM) and high (37 uM) concentrations, which are comparable to

%1320 and in situ conditions around coastal

previous nitrate eutrophication experiments with corals
metropolitan areas in the Red Sea'®. Each treatment was replicated in three tanks while six other tanks
were kept at low nitrate concentrations (~0.6 uM). These were divided into three controls (LN) and three
tanks with additional warming from day 17 (LN + W, Figure 1). Nitrate solutions were prepared from
sodium nitrate (NaNO3) and demineralized water before every addition. Nitrate concentrations were
measured twice a week photometrically (Supplementary Fig. S2.2). Briefly, 100 mg zinc dust and 1 mL
cadmium-sulphate solution (CdSOs4 x 8 H,O) were added to 10 mL water samples to reduce nitrate to
nitrite. Subsequently, 0.05 mL sulphanilamide-solution (C¢HsN2O,S) and 0.05 mL N-(1-naphthyl)
ethylenediamine dihydrochloride) were added. The resulting change in colouration is linear to the nitrate
concentration and was measured with a photometer after calibration (Trilogy, Turner Designs, USA).
Nitrate was added once on day one and daily from day five of the experiment, as nitrate was taken up
rapidly from the water column. For medium concentrations (6 uM), it was assumed that nitrate was
reduced to ambient concentrations within a day, as concentrations in high treatment tanks were reduced
by 24.6 £ 9.1 uM per day. From day eleven, nitrate concentrations in the high eutrophication treatments
were measured daily and adjusted to the aimed concentration. Temperatures fluctuated by ~1 °C on a
daily basis due to additional heat created by the LED lamps. Temperatures were equal among all tanks
for the first 16 days, averaging 27.7 £ 0.7 °C and fluctuating between 26.1 °C and 29.3 °C due to weather
conditions affecting the indoor temperatures (Fig. 2.1). From day 17, temperatures in all but three control
tanks (LN) were gradually increased and reached 32.8 + 0.3 °C on day 37. Control tanks (LN) were not
experimentally warmed and stayed within the initial temperature range until day 35, when the
temperature in one control tank increased to 30 °C, and on day 37 to 30.7 °C due to the heat coming

from adjacent tanks.

Growth rate and survival measurement

The polyps of three marked coral colonies were counted by the same observer every five to eleven days
and percent growth rates were calculated as the change in total number of polyps which were counted
(p) standardized to the number of days (d) that have passed since the last measurement relative to the

initial number of counted polyps (Formula 2.1).

Dstart

((Pend— Pstart))
Growth rate = (+) * 100 (Formula 2.1)

Negative growth rates were defined as partial mortality (i.e., mortality of some colony polyps), which

is a characteristic of modular colonial organisms like corals, where parts of their living tissue can die
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off without causing whole-colony mortality’’. Mean growth rates of three colonies were calculated per
tank. X. umbellata colonies were individually placed into glass jars within the experimental tanks
without exposing them to air, then the jars were removed from the tanks and kept in tempered water
baths of the same temperature as the respective experimental tank to avoid stress from sudden
temperature change prior to counting. Soft tweezers were used to spread and count the polyps. Colony
survival of all X. umbellata colonies present in the experimental tanks was determined daily by checking
for polyp movement. Corals that did not show movement were touched with soft tweezers to test for a

reaction. Unresponsive colonies were defined as dead and removed from the tanks.

Pulsation rate measurement

Pulsation rate as a proxy for coral health was counted following the method developed by Vollstedt et
al.'®. Briefly, pulsation rates of three randomly selected polyps from three marked colonies per
experimental tank were measured by the same observer at noon, before addition of coral food, and every
six to eight days, starting on day one of the experiment. Mean rates were calculated for each colony and
subsequently, for each tank, resulting in three replicate values per treatment. Pulsations were counted
within a time frame of 30 seconds and standardized to one minute with one pulsation defined as one
whole contraction of the polyp (open — fully closed — open). Incomplete contractions were not counted.
Upon mortality of marked colonies, new colonies from the same tank were allocated to pulsation

measurements.

Gross photosynthesis and respiration measurements

Every six to eight days, starting on day one of the experiment, one marked colony per tank (same colony
measured each time point, n = 3) was placed into 160-mL gas tight jars submerged in the experimental
tanks to avoid stress from air exposure. Jars were removed from the experimental tanks, closed without
capturing air and incubated for 90 to 120 minutes in the light (135 + 4 umol photons m? s PAR) and
in darkness in tempered water baths of the same temperature as the respective experimental tank. Stirring
bars in the jars ensured homogenous oxygen concentrations. Oxygen concentrations were measured with
an optode sensor (HACH LDO, HACH HQ 40d, Hach Lange, Germany) before and after each
incubation and the start concentration was subtracted from the end concentration to eventually calculate
oxygen fluxes (0xy), which was defined as net photosynthesis (P..) in the light, and R in the dark. Values
were normalized to incubation time (/). Biofouling on the plug was carefully removed with a soft brush
prior to being placed in the jars, though to account for any remaining biofilm, one blank plug was placed
in every tank during the experiment and used for blank P,.cand R measurements. For every measurement
day, one to two tanks were randomly chosen for blank incubations and additional blank incubations
were conducted on day 35. The average of all blank oxygen fluxes (n = 24, blank) standardized to time
of incubation (/1) was subtracted from the coral incubations for each, light and dark incubations, as there
was no significant difference in blank fluxes between treatments (1-way ANOVA; Light: F=0.445,
p=0.775; Dark: F=2.029, P=0.131). After the incubations, the number of polyps per colony (p) was
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multiplied by the average surface area (s5) of one X. umbellata polyp** to normalize oxygen fluxes to
colony surface area. This method was established by Bednarz et al.** for Xenia. Measurements of the
polyps were taken from pictures using the software ImagelJ (1.53e, Wayne Rasband and contributors,
National Institutes of Health, USA) to reduce stress on the corals and to avoid polyp retraction affecting
the measurement. In this way, 80 random polyps from 18 colonies used in the experiment were

measured. Finally, all values were normalized to the volume of the incubation jars (v, Formula 2.2).

(oxyight or dark)  (Plankight or dark))
h h

Pret (light) OF R(aark) = —— (Formula 2.2)

Gross photosynthesis (Pyoss) was calculated with Formula 2.3,

Pyross = Pret + |R| (Formula 2.3)

Sample processing for algal symbiont cell density and chlorophyll 2 measurement

Methods for soft coral sample processing and normalisation metrics were adopted as recommended by
Pupier et al.*>. Briefly, on day 1, 15, and 37, one colony per tank (i.e. three colonies per treatment) was
removed from its coral plug, any biofouling was removed, and finally stored in plastic bags and frozen
at -20 °C. All samples were then freeze-dried at -60 °C for 24 h and stored in the dark pending analysis.
Dry weight (DW) of each sample was used as the normalisation metric for algal symbiont cell density.
Samples were homogenised in distilled water, as Pupier et al.**> found no differences in algal symbiont
cell densities when samples were prepared with distilled water or filtered seawater. The tissue slurry

was used for algal cell density counts and chl a measurement.

To separate coral tissue and algal cells in the tissue slurry, subsamples were centrifuged for 10
minutes, supernatant discarded, pellet re-suspended in 2 mL distilled water, centrifuged again for 10
minutes and the supernatant discarded. The pellet was re-suspended in 2 mL distilled water, thoroughly
mixed and transferred onto two grids of one haemocytometer (Improved Neubauer counting chamber,
depth 0.1 mm) allowing for two replicate counts per sample. For algal symbiont counts, the standardized

haemocytometer counting method described by LeGresley & McDermott’ was used.

Subsamples for the chl a concentration measurement were rinsed twice by centrifugation as
described previously. The remaining pellet was re-suspended in 2 mL 100 % acetone for chlorophyll
extraction, and kept in darkness for 24 h at 4 °C. Under minimal light exposure, the extraction sample
was centrifuged for five minutes and then transferred into two quartz cuvettes, allowing for two replicate
readings per sample. Chl a concentration measurements were conducted using a UV -Spectrophotometer
(GENESYS 150, Fisher Scientific, Germany), following the method for dinoflagellates described by
Jeffrey & Humphrey”. Resulting concentrations were standardized to host DW and subsequently, to

algal symbiont cell density to calculate cellular chl a content.
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Quantification of coral colouration

Photographs of three colonies per tank were taken over the course of the experiment. Documenting the
same colonies was important for establishing changes over time. Photographs were taken under white
light with an Olympus TG6 underwater camera with fixed manual settings (ISO 100, /1.4, x4
magnification). A colour standard was used for later white balance adjustment in Adobe Photoshop CS6.
One marked colony per high nitrate enriched tank was used to create colour reference cards similar to
the method by Siebeck et al.>, who identified brightness, saturation and hues that correlated with algal
symbiont densities and chl a content of hard corals to monitor coral bleaching. Since X. umbellata lacks
a calcium carbonate skeleton that can act as a white contrast when algal symbionts are removed from
host tissue, red, green, and blue (RGB) pixel values were used in the present study to assess overall
colouration change. Briefly, for each coral, five polyps were randomly selected and RGB values (25x25
pixel square) obtained from their tentacles. Previous studies have found algal densities frequently higher
in tentacles and tentacle tips®, thus these areas are likely prone to colouration change. The resulting
range of RGB values (Supplementary Fig. S2.3) was used to identify five colour scores by #HEX colour
codes (Supplementary Table S2.2) which represented the change in colouration from one (initial colour)
to five (most darkened). Using these colour references, the colour score of three marked colonies per
tank was identified by one observer from pictures taken as described above. Mean colour scores were

calculated per tank, resulting in three replicates per treatment.

Carbon and nitrogen elemental, and stable isotope analysis

Colonies for elemental analysis were randomly chosen from each tank and removed from coral plugs,
stored in plastic bags and frozen at -20 °C pending analysis. X. umbellata colonies were dried in an oven
for 48 h at 40 °C until weight consistency was reached, then grinded with a mortar and pestle, and the
tissue powder was transferred into tin cups. Carbon (C) and N quantities and stable isotope ratios were
analysed as described in Karcher et al.>®. Isotopic ratios () are shown as the ratio of heavier:lighter
isotope (*C:'2C or '>N:!*N) and notated as either 6'*C or 8"°N (%o) using Formula 2.4:

5X = (TL’” - 1) % 1,000 (Formula 2.4)

Treference

where 7reference is Vienna Pee Dee Belemnite for §'*C (0.01118) and atmospheric N for §'°N

(0.00368).

Statistical analyses

All data was presented as means with error bars representing standard deviations, and the alpha levels
for all statistical tests were set to p = 0.05. To test for significant effects of treatments over time for
randomly collected data (Cell density, chl a & elemental stoichiometry), 2-way analyses of variance
(ANOVA) were conducted, and non-normally distributed data (3'N) were rank-transformed and

analysed using non-parametric approaches (ARTool package), as proposed by Feys®!. For data obtained
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from the repeated measurements Pgoss, R, and growth rate, a 2-way mixed-model ANOVA was
conducted with 'day' as within-subject factor and 'treatment' as between-subject factor. Normality was
tested with the Shapiro-Wilk test, homogeneity of variance was tested with the Levene's test, and no
outliers were identified (7statix package). Box's M-test was used to confirm homogeneity of covariance,
and sphericity was tested with the Mauchly's test and corrected with the Greenhouse-Geisser sphericity
correction when violated. For non-parametric data of repeated measurements (survival, pulsation rates,
colour scores), non-parametric mixed-effects models were conducted using the R package nparLD*.
For post-hoc analysis, pairwise comparisons (pwc) with Bonferroni adjustment were used, with #-test
for parametric and Dunn's test for non-parametric data. No post-hoc test could be conducted for survival
data, as there was no variance within most groups. Day one was excluded to enable post-hoc tests for
colour score data, because all groups had identical values. Spearman’s correlation was run to test for the

relationship between Pgross and R.
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3.1 Abstract

Hard corals are in decline as a result of the simultaneous occurrence of global (e.g., ocean warming) and
local (e.g., inorganic eutrophication) factors, facilitating phase shifts towards soft coral dominated reefs.
Yet, related knowledge about soft coral responses to anthropogenic factors remains scarce. We thus
investigated the ecophysiological response of the pulsating soft coral Xenia umbellata to individual and
combined effects of phosphate enrichment (1, 2, and 8 uM) and ocean warming (26 to 32 °C) over 35
days. Throughout the experiment, we assessed pulsation, mortality, Symbiodiniaceae density, and
cellular chlorophyll a content. Simulated ocean warming up to 30 °C led to a significant increase in
polyp pulsation and by the end of the experiment to a significant increase in Symbiodiniaceae density,
whereas cellular chlorophyll a content significantly decreased with warming, regardless of the
phosphate treatment. The combination of phosphate enrichment and simulated ocean warming increased
pulsation significantly by 41 — 44 %. Warming alone and phosphate enrichment alone did not affect any
of the investigated response parameters. Overall, X. umbellata displayed a high resilience towards ocean
warming with no mortality in all treatments. Phosphate enrichment enabled soft corals to significantly
increase their pulsation under increasing temperatures which may enhance their resilience towards ocean

warming. This, in turn, could further facilitate their dominance over hard corals on future reefs.

Keywords: multiple stressors, soft coral, global factor, local factor, ocean warming, eutrophication,

phosphate, pulsation

An adapted version of this chapter has been published in Frontiers in Marine Science 9, 1026321.
https://doi.org/10.3389/fmars.2022.1026321
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3.2 Introduction

Tropical coral reefs provide essential ecosystem services including food provision, carbon sequestration,
and coastal protection!~. Yet, the simultaneous occurrence of global and local factors has contributed to
the decline of live coral cover and the capacity of coral reefs to provide ecosystem services by half since
the 1950s>. Specifically, the simultaneous occurrence of global ocean warming and local eutrophication

exacerbates this alarming trend*”.

Both ocean warming and eutrophication have been linked to bleaching in hard corals®®. In most
cases, extensive coral bleaching has been attributed to elevated ocean temperatures’. Following
bleaching, hard corals can return to pre-bleaching states if the stressful conditions are relatively mild
and short-term®!°, Nevertheless, mass coral bleaching events have increased in magnitude and frequency
in response to steadily warming ocean temperatures, leaving reef-building corals with insufficient time

to recover! 12

. In addition, reduced water quality can interact with ocean warming and exacerbate the
thermal-induced bleaching response in hard corals®!*!°, Inorganic eutrophication, especially in form of
nitrate enrichment, can cause an increase in density in algal symbionts of the family Symbiodiniaceae
in host corals, thereby possibly shifting Symbiodiniaceae from a nitrogen limited to a phosphate starved
state'>!®. Eutrophication can also shift the mutualism between host corals and Symbiodiniaceae towards
parasitism or increase oxidative stress in corals®!”. Subsequently, corals are more susceptible to

bleaching due to the destabilisation of the coral-algal symbiosis'®.

Together, global and local anthropogenic factors lead to hard coral decline and thus facilitate
phase shifts on coral reefs towards new, rather opportunistic benthic organisms!*2!. These are often
associated with shifts from hard coral dominated to macroalgae dominated communities, while shifts
towards other benthic communities following a disturbance are also possible outcomes??2*, Several
studies observed an increase in soft coral abundances or reefs shifting from a previously hard coral
dominated to a soft coral dominated state’>2%, Norstrom et al.?* hypothesized that shifts from hard to
soft coral dominated reefs are often related to changes in the dynamics of bottom-up factors such as
eutrophication. Although soft corals are important constituents in coral reef ecosystems, influencing
ecological and biochemical processes on coral reefs?® >3, they do not provide the diverse ecosystem

services of hard corals?’343,

Soft corals are successful colonisers due to fast growth rates, high fecundity, multiple dispersal
modes, and strong chemical defence mechanisms®>**%°, These features help soft corals to dominate
space, pre-empty settlement room, inhibit hard coral recruitment, or imped hard coral growth on
reefs?*2°. This makes them strong competitors against hard corals, specifically under environmental
pressures. Soft corals display a considerable resilience towards global factors such as ocean warming
and acidification®’*7®. In addition, some soft coral species benefit from active heterotrophy by helping
them to sustain their metabolism requirements during thermal stress?'*°. Soft corals generally rely more

on heterotrophic feeding because of their lower photosynthetic activity compared to hard corals***!,
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Indeed, reefs dominated by zooxanthellate soft corals extract large quantities of suspended particulate
matter from the water column due to high levels of heterotrophy™®. In particular, pulsating soft corals
seem to cope better under ocean warming and eutrophication*?. Recently, Vollstedt et al.** observed that
the pulsating soft coral Xenia umbellata benefits from organic eutrophication (in form of glucose),
resulting in an increased resilience to warming. In contrast, inorganic eutrophication (in form of nitrate)
decreased the resilience of X. umbellata to warming® supporting the finding of Wiedenmann et al.'>:
high nitrogen to phosphorus (N:P) ratios can decrease the resilience of corals to warming, possibly due
to a destabilised symbiosis between the coral host and its Symbiodiniaceae following phosphate
starvation. Phosphate (POs") generally plays an important role during thermal stress in corals by

maintaining Symbiodiniaceae density and photosynthetic rates*.

In the last decades, the body of literature concerning multiple stressor effects on coral reefs is
growing® ', Yet, there are notable gaps in the literature with respect to numerous interaction pairs
including temperature as a global factor and eutrophication as a local factor*®. Additionally, previous
studies concentrated on threats to hard corals with less attention on soft corals, despite their potentially
important ecological roles and increasing occurrence on many coral reefs?2%3°, Hence, understanding
how the ecophysiology of soft corals is affected by anthropogenic factors and what drives shifts on coral
reefs towards a soft coral dominated state is fundamental for predicting future scenarios and

implementing management actions.

To improve our understanding of the combined effects of inorganic eutrophication and warming
on soft corals, this study aims to answer the following research questions: (1) How does phosphate
enrichment affect X. umbellata? and (2) How does phosphate enrichment affect the response of X.
umbellata to warming? The pulsating soft coral X. umbellata was used as a study organism because it is
a common species in the Indo-Pacific region®>*%4% We hypothesise that phosphate, in contrast to
nitrate, will increase the resilience of X. umbellata to warming because its Symbiodiniaceae will not
suffer from phosphate starvation'>!®4*. We tested our hypothesis in a five-week laboratory experiment
with two phases. First, corals were exposed to phosphate enrichment (1, 2, 8 uM PO,*- addition) under
ambient temperature (26 °C) for two weeks. Second, ocean warming was simulated by a stepwise
increase in water temperature from 26 to 32 °C over the course of three weeks. To assess coral health in
response to phosphate enrichment and/or warming, we measured ecophysiological parameters such as
pulsation, mortality, Symbiodiniaceae density and their cellular chlorophyll a (Chl. @) content. By
answering the research questions, our study aims to fill the knowledge gaps regarding the interactive
effects of global and local factors on the eco-physiology of soft corals. Addressing these knowledge
gaps will help to better understand phase shift dynamics and to predict the resilience of coral reefs in

the future of the Anthropocene.
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3.3 Materials and methods

Experimental design and conditions

The study was conducted in the Marine Ecology Laboratory at the University of Bremen, Germany, in
2020. Xenia umbellata specimens used for the present study were collected in the northern Red Sea in
2017 and kept in a maintenance aquarium under controlled conditions. Prior to the experiment, clonal
mother colonies were fragmented into 276 smaller colonies using a scalpel and attached to calcium
carbonate plugs (AF Plug Rocks, Aquaforest, Poland) with rubber bands. After coral fragments healed
and were firmly attached to the plugs, the rubber bands were removed. Colonies were transferred from
the maintenance aquarium to a tower system, which consisted of 12 individual tanks (60 L). 23 colonies
were placed onto grid plateaus in each tank. Three of the colonies per tank were allocated for the
observational parameter pulsation. Three random colonies per tank were used to assess Symbiodiniaceae
density and cellular Chl. a concentration by freezing one colony per tank at -20 °C, pending further

analysis, at three time points (day 0, 14, and 35). All colonies were used to observe mortality.

The 12 individual tanks were arranged in a three-level tower system with four tanks per level.
Each tank contained ~ 40 L artificial seawater prepared from demineralized (DM) water and artificial
sea salt (Zoo Mix, Tropic Marin, Switzerland). The tanks were separated into a technical part and an
experimental part. The technical part contained a thermostat (3613 aquarium heater. 75 W220-240 V;
EHEIM GmbH and Co. KG, Germany), temperature controller (Schego Thermostat TRD 1000 Art.-Nr.
112), recirculation pump (EHEIM CompactOn 1000 pump; EHEIM GmbH and Co. KG, Germany), and
a temperature logger (HOBO pendant temp/light, Onset, USA). The experimental part contained X.
umbellata colonies on polycarbonate grid plateaus and a calcium carbonate sand layer of approx. 10 cm.
The reef sand (grain size 0.5 — 1.2 mm) (Orbit-Aquaristik, Germany) was transferred into the tanks 5
weeks before the start of the experiment, so that a microcosm with microbial activity could develop.
Two light emitting diode (LED) lights (Royal Blue—matrix module and Ultra Blue White 1:1—matrix
module, WALTRON daytime LED light, Germany) were adjusted above each tank. LED lights operated
with a light intensity of 109.8 + 12.1 umol quanta m™ s, which was measured in photosynthetically
active radiation (PAR) using a LI-1400 Data Logger (LI-COR Biosciences, Germany), in a day-night
rhythm of 12-12 h (Table 3.1).

During an acclimation phase of 14 days, experimental tanks stayed connected to the
maintenance aquarium (~ 24 °C). Afterwards, the tower system was disconnected from the main system
and tanks were separated at the start of the experiment (day 0) to ensure equal starting water conditions
across treatments. Further, the temperature in each tank was increased to ~ 26 °C (1 °C per day) to
commensurate experimental conditions of previous studies ***. 10 % of the artificial seawater was
replaced daily to maintain a high water renewal rate in each tank. Temperature, salinity, pH, and
dissolved oxygen were measured daily with a digital multimeter (Hach HQ40D portable multi meter,

United States) and chemical water quality parameters were monitored twice a week (Table 3.1). PO*
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concentrations were measured daily using a photometer (Turner Designs Trilogy Laboratory
Fluorometer). To this end, we adjusted the protocol of a commercially available phosphate test kit for
salt water (TESTLAB MARIN, JBL, Germany) by quantifying weights and volumes of reagents and by
creating a calibration curve (R? = 0.97). Phosphate concentrations were manually adjusted using a 1 M
stock solution of disodium hydrogen phosphate (purity > 98 %, Sigma-Aldrich 71645). Coral colonies
were fed ~ 0.1 g dried marine plankton (150 — 200 pM) (Reef-Roids, Polyp Lab, USA) per tank two
times per week to sustain previous maintenance conditions and avoid stress due to starvation. Tanks and

grid plateaus were cleaned once a week.

Table 3.1 Mean values (+ SD) of water quality parameters maintained in the tower system throughout the
experiment (excluding PO43- concentrations and temperature).

Parameter Mean Values (+£SD)
PAR (umol m?s™) 109.8 + 12.1
Salinity (%) 36.0+0.4

pH 8.6+ 0.4
Dissolved oxygen (mg L") 92+0.8
Alkalinity (°dH) 72412
Calcium (mg L) 430.6+47.1
Magnesium (mg L) 14934+ 144.7
Nitrite (mg L) <0.01

Nitrate (mg L) <05
Ammonia (mg L) <0.05

Experimental phosphate and temperature treatments

Xenia umbellata was exposed to three different phosphate treatments. Three tanks served as controls in
which colonies were exposed to very low phosphate concentrations (< 0.2 uM), simulating natural
phosphate loads in oligotrophic reefs'3>!2, Further, three different phosphate enrichment treatments
were maintained in three tanks each by daily additions of disodium hydrogen phosphate (purity > 98 %,
Sigma-Aldrich 71645). Phosphate treatments were adjusted to low (1 uM), medium (2 uM), and high (8
uM) concentrations which are comparable to previous phosphate experiments with corals and human-

induced in situ conditions in coastal waters!'>2!->3-38

Phosphate concentrations were measured daily in all tanks to maintain the different phosphate
treatments as described before. A photometric o-phosphate determination method was applied by using
JBL ProAqua Phosphat Test-Kits and the resulting change in colouration was measured with a calibrated
photometer (Turner Designs Trilogy Laboratory Fluorometer). Subsequently, the amount of phosphate
needed to be added to maintain phosphate treatments was adjusted. The first phosphate addition was
carried out after the recording of baseline values (day 0). Afterwards, phosphate addition was

administered every afternoon.

During the first experimental phase (day 1 — 14), the water temperature was kept stable at 26 °C
in all tanks. During the second experimental phase (day 15 —35), the temperature was increased stepwise
by 2 °C over three days (1 °C per day) and then kept stable for four days. This procedure was repeated
until the final water temperature of 32 °C was reached. The selected temperature treatment was based
on the experimental design of previous studies investigating the combined effect of organic/inorganic

eutrophication and ocean warming on X. umbellata**.
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Effects on pulsation and mortality

Pulsation and mortality of X. umbellata colonies were monitored once a week throughout the
experiment. Pulsations of three randomly selected polyps from three marked colonies per experimental
tank were counted following the method developed by Vollstedt et al.*>. Polyp pulsations were assessed
in the morning to avoid the effects of circadian rhythms and possible disturbances due to other
measurements and before the addition of coral food. Pulsations were counted for 30 sec. and then
standardized to one minute as a comparative unit (beats min'). Only whole tentacle contractions of a
polyp (open — fully closed — open) passed as a pulsation and were counted. Mean rates were calculated

for each colony and subsequently for each tank, resulting in three true replicates per treatment.

Mortality was assessed for all X. umbellata colonies by counting the number of colonies alive
or dead in each tank. In case of uncertainty, colonies were observed for polyp pulsation or tissue
necrosis. If no reaction of polyps in combination with tissue necrosis was observed, colonies were

determined to be dead and removed from the tank.

Symbiodiniaceae analysis

Sample processing and normalization metrics for Symbiodiniaceae analysis in soft corals followed the
methods recommended by Pupier et al.*. One colony per tank was randomly selected at the start of the
experiment (day 0) and the end of the first and second experimental phase (day 14, day 35), resulting in
three temporal samples and replicates per treatment. Colonies were removed from their coral plugs,

rinsed with DM water, and frozen at -20 °C until further analysis.

At the end of the five-week experiment, all samples were freeze-dried at -60 °C for 24 h and
stored under dry and dark conditions. The dry weight (DW) of the colonies was measured and used as a
normalization metric. All samples were then homogenized in 10 mL DM water by using a hand tissue
grinder (10 mL glass Potter-Elvehjem). Afterwards, two subsamples were transferred into 2 mL
Eppendorf cups to analyse Symbiodiniaceae densities and Chl. a concentrations within 24 h. Subsamples
were centrifuged for 10 min, supernatants were discarded, and pellets were re-suspended in DM water.

Subsamples were centrifuged again for 10 min and supernatants were discarded.

Pellets of the subsamples for the Symbiodiniaceae density counts were re-suspended in 2 mL
DM water. After samples were thoroughly mixed, 10 pL of the sample was transferred onto two
hemocytometers (Improved Neubauer counting chamber, depth 0.1 mm), allowing for two replicate
counts per sample. To obtain Symbiodiniaceae densities, the hemocytometer counting method as
described by LeGresley & McDermott® was applied. Consequently, counts were adjusted to the total
initial sample volume of 10 mL to calculate the algal cell density of the colony. The mean algal cell
density per tank, obtained from the two replicate counts, was then normalized to host DW. In total, three

replicates per treatment were obtained.
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Pellets of the Chl. a subsamples were re-suspended in 2 mL 100 % acetone to extract chlorophyll
from Symbiodiniaceae, and stored in darkness for 24 h at 4 °C. Following this, samples were centrifuged
for 5 min and then transferred into two quartz cuvettes, allowing for two replicate readings per sample.
The determination of Chl. a concentrations followed the method described by Jeffrey & Humphrey®!
which is used for the spectrophotometric determination of Chl. @ in dinoflagellates. Chl. a concentrations
were measured at two fixed wavelengths (663 nm and 630 nm) using a UV-Spectrophotometer
(GENESYS 150, Fisher Scientific, Germany). Resulting concentrations were standardized to host DW
and subsequently to Symbiodiniaceae density to calculate the mean cellular Chl. a concentration per
algal cell. In total, three replicates per treatment were obtained. All Chl. a analysis steps were conducted

under minimal light exposure.

Statistical analyses

The statistical analysis was carried out in R version 3.6.1 using the packages tidyverse, ggplot2, ggpubr,
and rstatix®>%. Parametric data obtained from repeated measurements (i.e., pulsation) was analyzed by
using a 2-way mixed ANOVA to test for significant differences between “days” as within-subject factors
and “treatments” as between-subject factor. To check assumptions, normality was tested with the
Shapiro-Wilk test, homogeneity of variance was confirmed by the Levene’s test, homogeneity of
covariance was tested with the Box’s M-test, and sphericity was assessed by the Mauchly’s test.
Randomly collected parametric data (Symbiodiniaceae density counts and cellular Chl. a
concentrations) was analyzed by using a two-way ANOVA. To check assumptions, normality was tested
with the Shapiro-Wilk test and homogeneity of variance was confirmed by the Levene’s test. In order
to normalize the cellular Chl. a data, a log10 transformation was applied. No outliers were identified
using the rstatix package. For post-hoc analysis, pairwise comparisons (pwc) with Bonferroni
adjustment were applied. A pairwise #-test was used for parametric data while for non-parametric data
a paired Wilcoxon signed-rank test for within-subject factors and a Dunn’s test for between-subject
factors was used. Results in text, figures, and tables were represented as means + standard error of the

mean (SEM) and differences were considered as statistically significant at p < 0.05.
3.4 Results

Effects of phosphate enrichment

During the first experimental phase, the two-week exposure to phosphate enrichment did not
significantly affect any of the investigated ecophysiological parameters of X. umbellata. Colonies
exposed to different phosphate treatments did not display significant differences in pulsation (two-way
mixed ANOVA, Fg, 5 = 3.71, p = 0.06) (Fig. 3.1, Supplementary Table S3.1). Yet, regardless of the
phosphate treatment, average pulsation significantly increased from 36 + 1.3 on day 0 (baseline value)
to 43 +2.0 beats min "' on day 14. At the end of the first experimental phase, no mortality of X. umbellata

colonies was observed. Further, there were no statistically significant differences in Symbiodiniaceae
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densities (two-way ANOVA, F,24)=0.860, p = 0.48) (Fig. 3.2, Supplementary Table S3.1) and cellular
Chl. a concentrations in X. umbellata colonies (two-way ANOVA, F3,24)= 0.770, p = 0.52) (Fig. 3.3,
Supplementary Table S3.1).
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Figure 3.1 Pulsation rates + SEM of Xenia umbellata colonies (n = 3) kept at different phosphate
concentrations (control < 0.2 uM; low ~ 1 uM; medium ~ 2 pm; high ~ 8 pM) and exposed to an artificially
induced water temperature increase. Bars represent the mean of three replicates. Different capital letter s
above bars indicate significant differences between days and different letters within bars show significant
differences within treatments over time (pwc, Bonferroni adjustment, pairwise #-test, * = p < 0.05). Raw
data is available in Supplementary Table S3.1.
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Figure 3.2 Symbiodiniaceae density + SEM of Xenia umbellata colonies (n = 3) kept at different phosphate
concentrations (control < 0.2 uM; low ~ 1 uM; medium ~ 2 pm; high ~ 8 pM) and exposed to an artificially
induced water temperature increase. Bars represent the mean of three replicates. Different capital letter s
above bars indicate significant differences between days and different letters within bars show significant
differences within treatments over time (pwc, Bonferroni adjustment, ¢-test, ** = p < 0.01). Raw data is
available in Supplementary Table S3.1.
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Figure 3.3 Cellular chlorophyll a = SEM of Xenia umbellata colonies (n = 3) kept at different phosphate
concentrations (control < 0.2 uM; low ~ 1 uM; medium ~ 2 pm; high ~ 8 pM) and exposed to an artificially
induced water temperature increase. Bars represent the mean of three replicates. Different capital letter s
above bars indicate significant differences between days and different letters within bars show significant
differences within treatments over time (pwc, Bonferroni adjustment, pairwise ¢-test, * = p < 0.05). Raw
data is available in Supplementary Table S3.1.

Effects of warming

Warming significantly affected pulsation of X. umbellata colonies (two-way mixed ANOVA, Fs, 10) =
49.464, p < 0.001), regardless of the phosphate treatment, by increasing average pulsation up to 30 °C
from day 0 to day 28 by 3 3% (pwc, Bonferroni adjustment, pairwise #-test, p < 0.001) (Fig. 3.1).
Temperatures exceeding 30 °C led to a general significant decrease in pulsation in all treatments from
day 28 to day 35 of 15 % (pwc, Bonferroni adjustment, pairwise ¢-test, p <0.001). Despite slight necrosis
in some colonies (single polyp mortality), at the end of the experiment, all colonies survived. Warming
caused a significant increase in average Symbiodiniaceae densities (two-way ANOVA, F(z, 24) = 7.996,
p < 0.01), regardless of the phosphate treatment (Fig. 3.2). Yet, the effect of warming alone was not
significant in control colonies which showed an increase in Symbiodiniaceae densities by ~ 63 %,
possibly due to the low number of replicates (n = 3). Warming led to a general decrease in cellular Chl.
a concentrations (two-way ANOVA, F(, 24y = 12.927, p < 0.001) within all treatments (Fig. 3.3).
Nevertheless, at the end of the experiment, only Chl. a concentrations in control colonies exposed to
warming alone significantly decreased by ~ 80 % compared to baseline values (pwc, Bonferroni

adjustment, z-test, p < 0.01).

Effects of combined phosphate enrichment and warming

Xenia umbellata colonies in the medium and high phosphate treatment significantly increased their
pulsation rates when exposed to additional warming (Fig. 3.1). The colonies exposed to medium
phosphate enrichment and warming showed a significant increase in their pulsation by ~ 10% from day
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7 to day 21 and ~ 44 % from day 0 to day 28 (pwc, Bonferroni adjustment, pairwise #-test, p < 0.05).
The colonies exposed to high phosphate enrichment and warming significantly increased their pulsation
by ~ 18 % from day 7 to day 28 (pwc, Bonferroni adjustment, pairwise ¢-test, p < 0.05). Further, these
colonies showed a significant increase in pulsation of ~ 41 % from day 0 to day 28 (pwc, Bonferroni
adjustment, pairwise t-test, p < 0.01). Survival was not affected by the combined effect of phosphate
enrichment and simulated ocean warming over a short period of three weeks. The Symbiodiniaceae
density of colonies exposed to medium phosphate enrichment and warming was significantly increased
by ~ 195 % (pwc, Bonferroni adjustment, ¢-test, p < 0.01) (Fig. 3.2). In contrast, warming from 26 °C
to 32 °C caused an increase in Symbiodiniaceae densities of colonies exposed to low or high phosphate
enrichment by ~ 109 %, and ~ 31 %, respectively. At the end of the experiment, Chl. a concentrations
of colonies exposed to the combined factors of low, medium, and high phosphate enrichment and

warming decreased by ~ 65 %, ~55 %, and ~30 %, respectively, compared to baseline values (Fig. 3.3).
3.5 Discussion

How does phosphate enrichment affect X. umbellata?

Phosphate enrichment did not significantly influence pulsation or survival

Inorganic phosphate enrichment alone did not affect polyp pulsation in X. umbellata. Similar, Vollstedt
et al.*? found that organic eutrophication in form of glucose had no effect on pulsation in the same
species. However, a significant increase in pulsation was observed during the first week of the
experiment in the present study. While baseline values were measured shortly after the tower system
was disconnected from the maintenance aquarium (~ 24 °C), the temperature in the tower system was

42,43

increased to ~ 26 °C to commensurate experimental conditions of previous studies*~**, possibly leading
to the increase in pulsation. Pulsation in this study was comparable to observations in another laboratory
experiment with X. umbellata at ambient temperatures of 26 — 28 °C* and were similar to in situ
pulsation rates of Heteroxenia fiicscescens, another pulsating soft coral in the family Xeniidae, in the
Red Sea®%. While inorganic phosphate enrichment does not suggest a disturbance of pulsation in X.
umbellata, other studies discovered that exposure to excess concentrations of inorganic ions (potassium,
sodium, magnesium, calcium), crude oil, or a chemical dispersant caused reduced pulsation or paralysis

in xeniid soft corals®%%¢7

. Horridge®” suggested that the excess of certain inorganic ions caused
alterations of the polarisation of excitable membranes in Heteroxenia affecting pulsation. Studivan et
al.%, in comparison, hypothesised that reduced pulsation in Xenia elongata after the exposure to a
chemical dispersant may be related to reduced photosynthetic rates of Symbiodiniaceae or increased
coral respiration. This, in turn, alleviates the necessity of pulsation behaviour to facilitate rapid oxygen

diffusion on the coral surface.

Soft coral colonies did not show any signs of mortality in the present study due to inorganic

phosphate enrichment at ambient temperatures. In contrast, phosphate enrichment can cause increased
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mortality®, reduced coral growt , and altered skeletogenesis'>"" in hard corals as a result of reduced
light availability due to nutrient-stimulated phytoplankton growth, increased competition with
macroalgae, and inhibited calcification. Yet, phosphate enrichment can also lead to enhanced hard coral
growth at the cost of a significant reduction in skeletal density and an increased porosity, increasing the
susceptibility of hard corals to breakage by natural events or colonisation by internal bioeroders!'>3¢"!,
While soft corals lack a calcium carbonate skeleton, they do produce internal sclerites of calcium

carbonate for the structural support of colonies and protection against predation’73

. So far, only a single
study by McCauley and Goulet” investigated the effect of phosphate enrichment (4 uM) on sclerites in
two gorgonians, Pseudoplexaura porosa and Eunicea tourneforti, and found that sclerite content and
their isotopic signatures were not affected. Considering that the effect of phosphate enrichment seems
to be highly species specific in hard corals, it is sensible that future studies investigate the effect of

phosphate enrichment on sclerites in pulsating Xeniidae and other soft coral species.

Phosphate enrichment did not affect symbiotic Symbiodiniaceae

After 14 days, phosphate enrichment alone did not cause significant differences in Symbiodiniaceae
density and cellular Chl. a concentration, suggesting no disruption of the symbiotic relationship between
Symbiodiniaceae and X. umbellata. In contrast, Bednarz et al.*! observed that Chl. a tissue content in
Xenia sp. significantly increased after a 4-week exposure to phosphate enrichment (2 uM). Similar
observations have been made in hard coral studies, where phosphate enrichment over time periods of 4
to 58 weeks resulted in significantly increased Symbiodiniaceae densities and Chl. a tissue contents’~
7. In comparison to the present study, these corals were exposed to phosphate enrichment over longer
periods which could explain the different results, suggesting that phosphate may not have an immediate
effect on Symbiodiniaceae. In addition, these studies measured Chl. a tissue content, not cellular Chl. a
concentrations as in the present study. Another possibility could be that Symbiodiniaceae in the present
study stored inorganic phosphate as a precaution measure in case of reduced heterotrophy rather than
using it for population density growth or increasing cellular Chl. a concentrations. This is supported by
previous studies that found Symbiodiniaceae acting as a sink of inorganic nutrients within the symbiotic
association and actively controlling uptake rates depending on the organic and inorganic feeding history
of the coral host’®?®. For instance, phosphate uptake rates by Symbiodiniaceae were significantly

increased in starved corals and anemones” 8!,

How does phosphate enrichment affect the response of X. umbellata to warming?

Phosphate enrichment increased the resilience of X. umbellata fo warming

Across all three phosphate treatments and controls, pulsation increased with warming up to a
temperature of 30 °C. Specifically, colonies exposed to medium and high phosphate enrichment under

warming significantly increased their pulsation by 44 % and 41 %, respectively, compared to their
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baseline values. However, temperatures exceeding 30 °C led to an overall decrease in pulsation. These
findings suggest that phosphate enrichment may support X. umbellata to increase its pulsation under
warming to a certain thermal threshold. The continuous pulsation can benefit the coral in several ways
by promoting water movement around the colony, fast removal of excess oxygen at the coral surface,
and preventing the refiltration of water by neighbouring polyps®2. This, in turn, enhances the coral’s
photosynthesis and food supply with particulate and dissolved organic matter®®. The significantly
increased pulsation observed in colonies exposed to phosphate enrichment under warming may enhance
the heterotrophic feeding ability of X. umbellata and thus may support retaining necessary energy levels
to withstand thermal stress. Further, increased pulsation rates may help to mitigate high water
temperatures at the coral surface and may reduce their thermal bleaching susceptibility. In comparison,
colonies exposed to organic eutrophication maintained but did not increase their pulsation under
warming*?. Overall, pulsating xeniid soft corals could be considered bioindicators by using pulsation
rate as an easily detectable, non-invasive, and inexpensive early warning indicator for changes in water

quality and ocean warming (sensu Vollstedt et al.*?).

Throughout the experiment, no mortality was observed in colonies exposed to phosphate
enrichment and/or warming. Hence, X. umbellata generally displayed a high resistance towards ocean
warming. However, previous work predicted Xenia spp. to be more susceptible to rising ocean
temperatures than other Octocorallia in the Great Barrier Reef*”:%, One possible explanation for the high
thermal tolerance of X. umbellata in our study could be their origination from the northern Red Sea.
Studies discovered that hard corals are generally more thermal tolerant in the northern Red Sea®*%,
which may also apply to soft coral species. Another explanation could be the short exposure time (three
weeks) of colonies to simulated ocean warming and thus may not be reflective of true thermal stress
leading to colony mortality in this species. Yet, Vollstedt et al.** observed a 30 % mortality rate of
colonies with increasing temperatures up to 32 °C after three weeks that were not exposed to glucose
enrichment (low (10 mg/L), medium (20 mg/L), high (40 mg/L)). As our study used a similar design to
simulate ocean warming from 26 to 32 °C over the course of three weeks as Vollstedt et al.**, the finding
of Vollstedt et al.** is contradictory to the observation in the present phosphate enrichment experiment,
where warming alone did not result in colony mortality. An explanation could be that corals exposed to
warming alone in the present experiment were able to maintain survival due to supplemental feed as an
additional energy resource. Vollstedt et al.*’ hypothesised that X. umbellata can switch from
photoautotrophy to mixotrophy, if necessary. Further, Hughes & Grottoli®® hypothesised that
heterotrophic compensation in corals could be a sign of resilience towards ocean warming. Heterotrophy
could supply the coral holobiont with additional energy resources and may help the coral host to
maintain functions, especially when experiencing autotrophic disruption®”%%, However, Ezzat et al.%
points out that a shift towards greater heterotrophy under thermal stress requires a minimum of

autotrophically acquired inorganic nutrients to be functional.
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Regardless of phosphate treatment, Symbiodiniaceae density increased, while cellular Chl. a

concentration decreased under warming

Warming significantly increased Symbiodiniaceae densities while cellular Chl. a contents were
significantly decreased, regardless of the phosphate treatment. Increases in Symbiodiniaceae densities
can be observed when Symbiodiniaceae are no longer nutrient restricted, especially when they are not
nitrogen limited®>*!. While Symbiodiniaceae were not significantly affected by phosphate enrichment
in the present study, higher Symbiodiniaceae densities could have been caused by increased dinitrogen
fixation due to higher diazotroph activity because of warming®!®%2. Lesser et al.”® observed that
Symbiodiniaceae are the primary users of the dinitrogen fixation products of diazotrophs, implying that
this process is important for primary production. However, Rédecker et al.'® observed that heat stress
reduces the contribution of diazotrophs to coral holobiont nitrogen cycling. They found that in the coral
Stylophora pistillata, even though dinitrogen fixation rates were increased under warming, the

additional fixed nitrogen was not assimilated by the coral tissue or the Symbiodiniaceae.

Phosphate plays a central role in the bleaching susceptibility of corals. Phosphate uptake rates
can significantly increase while nitrate uptake rates significantly decrease in corals exposed to thermal
stress*+**. Corals required inorganic phosphate rather than nitrate during thermal stress to maintain their
Symbiodiniaceae density and photosynthetic rate, as well as to enhance the translocation and retention
of carbon within the host tissue**. Therefore, phosphate starvation can destabilise the coral-algal
symbioses, resulting in an increased bleaching susceptibility of corals!’*2, Wiedenmann et al.'s, for
instance, observed that corals previously incubated at high N:P ratios (< 5 weeks) displayed signs of
bleaching within 10 days when exposed to a stepwise increase in heat (up to 30 °C) and light (up to 160
umol m™ s7") stress due to phosphate starvation. Supporting results were observed by Thobor et al.*,
who found a higher susceptibility of X. umbellata to ocean warming when previously exposed to nitrate
enrichment (37 uM) for two weeks followed by a combined treatment of nitrate enrichment and a
stepwise temperature increase from 26 to 32 °C in three weeks. However, X. umbellata colonies in the

present study were not exposed to high N:P ratios and thus should not suffer from phosphate starvation.

The increase in Symbiodiniaceae density was accompanied by a reduction in cellular Chl. a
content. Similar results have been reported by Hoegh-Guldberg & Smith?’, who observed that cellular
Chl. a concentrations in Symbiodiniaceae of the coral Seriatopora hystrix decreased while
Symbiodiniaceae population densities increased. They hypothesised that this was the result of reduced
inorganic nitrogen availability to Symbiodiniaceae at high population densities. Reduced chlorophyll
content due to reduced inorganic nitrogen availability has also previously been observed for marine
algae®® %, In addition, Béraud et al.”” showed that heat stress in combination with reduced nitrogen
availability resulted in reduced cellular Chl. a concentrations in the scleractinian coral Turbinaria
reniformis. Other studies observed that the chlorophyll content of the sea anemone Aiptasia pallida

decreased as the host was starved'®. Hence, reduced cellular Chl. a contents in the present study could
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be explained by either reduced inorganic nitrogen availability per algal cell, reduced heterotrophy,

thermal stress of Symbiodiniaceae, or a combination of all these factors.

Overall, X. umbellata displayed a high resilience towards phosphate enrichment and/or ocean
warming. This, in turn, could further increase their dominance over hard corals on future reefs. Soft
corals, in general, have several competitive advantages against hard corals due to their high fecundity,
multiple dispersal modes, chemical defence mechanisms, and their higher resistance to ocean warming
and acidification?>?73682_ Shifts from hard to soft coral dominated reefs will have major implications for
ecosystem functions as soft corals provide less structural complexity than hard corals, even though soft
corals may still provide a suitable habitat for many fish species***. Xeniids, for instance, were already
associated with shifts from hard to soft coral dominated reefs after blast fishing events in the Komodo
National Park in Indonesia and an outbreak of the corallivore Acanthaster planci in the South Sinai

25,26

region of the Red Sea**°. In addition, Xenia displayed higher abundances at sites exposed to

sedimentation and wastewater discharges compared to unimpacted sites in the Red Sea!®!.

Conclusion

Our findings suggest that inorganic phosphate enrichment enhanced the resilience of the pulsating soft
coral X. umbellata towards ocean warming by enabling them to increase their pulsation. Although X.
umbellata may be more resistant towards phosphate enrichment in a warming ocean compared to hard
corals, they are still restricted in their capability to deal with eutrophication. Inorganic nitrate
enrichment, for instance, reduced the resilience of X. umbellata towards ocean warming, causing
reduced pulsation, darkening of colonies, and high rates of partial as well as whole-colony mortality*’.
Considering that human activities will likely further increase nutrient levels in coastal ecosystems, a
continued degradation of hard and soft coral communities under ocean warming is likely, shifting
tropical reefs towards a macro- and turf algae dominated state, which often benefit from
eutrophication®*!%1%_ Thus, our findings support the conservation strategy of strengthening coral
resilience towards climate change by addressing local factors such as inorganic eutrophication through
regional management measures!® 1%, It is of great importance to not only control nutrient inputs into
coastal systems, but also to consider managing N:P ratios directly as imbalanced ratios have been found
to be especially harmful to corals!>**%2, A starting point to reach favourable N:P ratios is to focus on
local nutrient profiles, adjusting agriculture and tertiary wastewater-treatment practices, and to evaluate
whether the reduction of nitrate or phosphate or both nutrients is the most effective to promote reef

resilience!> 106107,
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4.1 Abstract

Both global and local factors affect coral reefs worldwide, sometimes simultaneously. An interplay of
these factors can lead to phase shifts from hard coral dominance to algae or other invertebrates,
particularly soft corals. However, most studies have targeted the effects of single factors, leaving
pronounced knowledge gaps regarding the effects of combined factors on soft corals. Here, we
investigated the single and combined effects of phosphate enrichment (1, 2, and 8 uM) and seawater
temperature increase (26 to 32 °C) on the soft coral Xenia umbellata by quantifying oxygen fluxes,
protein content, and stable isotope signatures in a 5-week laboratory experiment. Findings revealed no
significant effects of temperature increase, phosphate enrichment, and the combination of both factors
on oxygen fluxes. However, regardless of the phosphate treatment, total protein content and carbon
stable isotope ratios decreased significantly by 62 % and 7 % under temperature increase, respectively,
suggesting an increased assimilation of their energy reserves. Therefore, we hypothesize that
heterotrophic feeding may be important for X. umbellata to sustain their energy reserves under
temperature increase, highlighting the advantages of a mixotrophic strategy. Overall, X. umbellata
shows a high tolerance towards changes in global and local factors, which may explain their competitive

advantage observed at many Indo-Pacific reef locations.

Keywords: multiple stressors, global factor, local factor, ocean warming, isotopes, oxygen flux,

mixotrophy

An adapted version of this chapter has been published in Scientific Reports 12, 22135.
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4.2 Introduction

Coral reefs are highly diverse and complex ecosystems that play a crucial role for humankind as they
provide a range of ecosystem services!?. Although coral reefs are ecologically and economically
important, they are in decline due to several global and local anthropogenic factors®3. On a global scale,
they are affected by increasing seawater temperatures?, ocean acidification’, and higher ultraviolet
radiation®. While on a local scale, they may additionally experience factors such as eutrophication in
coastal waters”®. This often results in substantial ecological shifts, also termed phase shifts, due to the
decline in coral cover, loss of diversity on coral reefs’, and general reef degradation'®. As these global
and local factors can impact a coral reef simultaneously, it is important to understand which factors are
the main drivers of ecological degradation and possible phase shifts, and how they interact with each

other!!.

Over the last decades, many studies examined the effects of thermal stress'?> or nutrient
enrichment®' on corals. However, their main focus was on single factors and their impacts on hard coral
species. Thermal stress can lead to bleaching of the corals and subsequently reduced photosynthetic
capacity'® but also a higher rate of mortality'®, decreased growth'®, and an increased susceptibility to
diseases'’. Experiments that examined hard corals under nutrient-enriched conditions showed widely

varying results, ranging from somewhat positive effects'®?! to clear negative impacts®* 2.

Recently, research is increasingly focussed on the combination of different potential
stressors'"?, Experiments with combined nutrient enrichment and thermal stress showed divergent

results. Experiments by Wiedenmann et al.?

showed that hard corals exposed to increased
concentrations of dissolved inorganic nitrogen (DIN) were more susceptible to bleaching than corals
exposed to low DIN concentrations. This increased bleaching susceptibility may ultimately be caused
by a change in the holobionts’ resource partitioning?’. The endosymbiotic algae of the family
Symbiodiniaceae?® may retain more photosynthates for its own growth as nitrogen (N) is no longer the
limiting nutrient, which is essential for steady translocation of photosynthates from the Symbiodiniaceae
to the coral host®!. Consequently, an increase in DIN leads to increasing numbers of algae, which
results in phosphorous (P) starvation and in the end to alterations in the thylakoid membranes. This
increases the susceptibility of the coral holobiont to thermal and light stress?. As in this hypothesis P

is the limiting factor, enriching the water with P can potentially prevent bleaching?®*?

. This interruption
of N limitation for the Symbiodiniaceae may also be induced by increasing water temperatures?’>2. As
such, P may be of extreme importance for future coral reef health. Since the scientific focus was directed

at hard corals, it remains primarily unknown how soft corals are affected by multiple stressors™.

In general, soft corals are more resilient to ocean acidification and warming compared to hard
corals***. In addition, many soft corals can rapidly colonize new areas due to their high fecundity and

different dispersal modes®**’. Given the decrease in hard coral cover on many reefs and reported shifts

38,39
b

in benthic reef communities towards non-hard coral taxa it is crucial to understand the
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3335 and how they may alter the nutrient budgets on

ecophysiology of soft corals under different factors
coral reefs***!, Particularly successful spreaders are soft corals that belong to the family of Xeniidae.
Xeniids are recently being considered as strong invasive species that dominate alternative states on many

36,44

reefs after phase shifts, like in the Caribbean Sea*>**, Indonesia®®*, or the southwest Atlantic***®, Few

studies, conducted on the soft coral Xenia umbellata, showed that glucose enrichment*’*? increased,

t 49

while nitrate enrichment * decreased the corals' tolerance to thermal stress. Yet, it remains unknown

how phosphate (PO.,) enrichment affects its tolerance to warming.

Therefore, we conducted a five-week manipulative aquarium experiment to assess the effects of
PO4 enrichment and warming as single and combined factors on 1) oxygen fluxes, 2) protein content,
and 3) elemental and stable isotope composition of the soft coral X. umbellata. For this, coral fragments

were exposed to three different, ecologically relevant®

concentrations of PO4 (1, 2, and 8§ pM) in
combination with warming (26 to 32 °C). The response variables were assessed at different timepoints
and finally we put the results in the context of X. umbellata’s metabolism and hypothesize what the

ecological effects may be.
4.3 Material and methods

Experimental design

We conducted a five-week manipulative aquarium experiment in the Marine Ecology Lab in the Centre
for Environmental Research and Sustainable Technology (UFT) at the University of Bremen in Bremen,
Germany. The specimens of X. umbellata that were used in this experiment are originally from the Red
Sea and have been in steady culture in the main holding tank for more than two years on a day-night
1

rhythm of 12:12 hours (temperature ~ 27 °C, salinity ~ 35 %o, light ~ 100 umol photons m? s
photosynthetically active radiation (PAR)).

Clonal Xenia colonies from the main holding tank were fragmented into 260 smaller colonies
of approximately 1-2 cm in width using a scalpel. All colony fragments, at the beginning of the
experiment, were similarly sized and roughly contained between 20 and 60 polyps. We then attached
these fragments to plugs made of calcium carbonate (AF Plug Rocks, Aquaforest, Poland) using rubber
bands. For healing from the fragmentation process, colonies were kept under regular maintenance
conditions for 2 weeks. After that, we evenly and randomly distributed the colonies among 12 individual
tanks with each individual tank having a total volume of 60 L filled with 40 L of artificial seawater to
let them acclimatize to the new environment for two weeks before the start of the experiment. Each tank
consisted of 2 parts that were interconnected, i.e. a technical part and an experimental part. In the
technical part we installed a heater (3613 aquarium heater; 75 W 220-240 V; EHEIM GmbH and Co.
KG, Germany) and a recirculation pump (EHEIM CompactOn 1000 pump; EHEIM GmbH and Co. KG,
Germany) to ensure constant temperatures and water flow. Each heater was connected to a separate

temperature controller (TRD digital, SCHEGO GmbH and Co. KG, Germany) to allow for precise
86



Chapter 4 | The widely distributed soft coral Xenia umbellata exhibits high resistance against
phosphate enrichment and temperature increase
control of the water temperature. Each tank was filled with artificial seawater (Zoo Mix, Tropic Marin,
Switzerland) and a layer of CaCOsreef sand to ensure the development of healthy mesocosms. A HOBO
Pendant Data Logger (HOBO pendant temp/light, Onset, USA) was placed at the bottom of the
experimental part of the tank during the whole experiment to monitor temperature and light conditions
(measurements were taken every hour). Coral fragments (n = 20 per tank) were then placed on a grid
made from eggcrate. Above each experimental part of the tank, we placed two light-emitting diode
(LED) lamps (one Royal Blue matrix module and one Ultra Blue White matrix module, WALTRON
daytime LED light, Germany) so that light levels were similar to conditions in the maintenance aquarium
(~ 100 umol photons m? s' PAR) on a day-night rhythm of 12:12 hours. Light intensities were tested
twice a week with a LI-1400 Data Logger (LI-COR Biosciences GmbH, Germany) and adjusted when

necessary.

To ensure stable conditions in the tanks, 10 % daily water exchanges were done to mimic the
high renewal rate of seawater that can be found on coral reefs. Due to the daily water exchanges we did
not install additional protein skimmers. Water parameters were maintained at the following levels (mean
+ SD): salinity 36.1 £ 0.3 %o, nitrate <0.5 mg L, ammonium <0.05 mg L', nitrite <0.01 mg L', calcium
435+ 150 mg L', alkalinity 7.3 = 2.5°dH, magnesium 1495+ 514 mg L', and pH 8.6 + 0.2. These water
parameters are equal to the ones the corals previously experienced over the last two years in the main
holding tank filled with artificial seawater, with the elevated pH value likely caused by a high animal to
water ratio. Coral plugs were cleaned from biofouling twice per week. Also, we fed the corals with 0.1
g of dried marine plankton (Reef-Roids, Polyp Lab, USA) per tank twice a week to avoid stress from
starvation and to mimic conditions from the main holding tank. Yet, in the main holding tank corals
lived in an ecosystem also containing fish and other organisms, hence in the holding tank they may have
benefited also indirectly from the fish feed entering the water column which was missing in our

experimental setup.

Experimental phosphate and temperature treatments

We created three different PO4 enrichment treatments (1, 2, and 8 uM), which are comparable to
previously conducted experiments with corals in the lab and the field>*?*5!"5* and a control treatment
without PO, addition (n = 3 tanks per treatment). For the first 14 days of the experiment, the corals were
exposed to PO, enrichment only (Fig. 4.1). The length of the pure eutrophication treatment was chosen
1) as a previous study could already detect an effect of PO, and nitrate (NOs) after two weeks>, and 2)
to allow for a better comparison due to similar experimental design of closely related studies conducted
on X. umbellata®*. To keep the PO4 enrichment treatments stable, we measured PO4 concentrations
every day after the water exchange with an adjusted protocol of a commercially available PO4* test kit
for salt water (TESTLAB MARIN, JBL, Germany) using a photometer (Turner Designs Trilogy

Laboratory Fluorometer). For this we quantified weights and volumes of reagents and created a
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calibration curve (R? = 0.967). Afterwards PO4concentrations were manually adjusted in each tank using

a 1 M stock solution from sodium phosphate dibasic Dihydrate (Na,HPO4 x 2 H>0).

On day 15, we started the second part of the experiment with the stepwise ramping of the
temperature up to 32 °C (Fig. 4.1). For this, the temperature was increased by 1 °C day’ on two
consecutive days and then kept constant for five days. We conducted such a 7-day cycle three times
until the temperature reached 32 °C. The temperature treatment in our laboratory experiment were
synonymous to 2-degree heating weeks (DHW)*® in the first, 6 DHW in the second, and 12 DHW in the
third week of the 2™ phase of the experiment.

32 °C
400~
28 °C .~
26 °C

Week 1 Week 2 Week 3 Weak J Week 5

1% experimental phase 2" experimental phase
Sampling WD 'l.l"!|'1 'l.n"'l;'E ".u"'.!’ﬂ "-"']'4 W5
Oxygen flux: X X X X X X
Protein: X X X
Isotopes: X x X

Figure 4.1. Experimental design with a 1% experimental phase of pure PO4 enrichment, followed by a 2™
experimental phase during which temperature was increased stepwise from 26 to 32 °C. Sampling of
oxygen fluxes took place after each week (WO0-5), while corals for protein content as well as elemental and
stable isotope analysis were collected at the beginning, and at the end of each experimental phase.

Oxygen flux measurements

One fragment per tank (n = 3 per treatment) was labeled and used throughout the experiment to
determine the rates of oxygen consumption in the dark (dark respiration, R) and oxygen production in
the light (net photosynthesis, P..). The smallest colony tested for oxygen fluxes consisted of 28 polyps,
while the biggest colony consisted of 70 polyps. To avoid stress, we transferred the colonies without air
exposure to incubation chambers with a volume of 160 mL. We filled the incubation chambers with
water from the respective tank and sealed them gas-tight without air bubbles inside. Then, we placed
them in a temperature bath on a magnetic stirrer (Thermo Scientific, Variomag Poly) with 190 rotations
per minute (rpm) for 1.5 to 2 h in the light and dark. The stirring bars allowed for mixing of the water
column and ensured homogenous oxygen concentrations in the chambers throughout the measurement.
The light used to measure oxygen production was emitted with approximately 100 umol photons m~2 s-
' PAR by an LED light (Royal Blue—matrix module and Ultra Blue White 1:1—matrix module,
WALTRON daytime LED light, Germany) to ensure equal light conditions as in the experimental tower.
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We measured O, concentrations within each chamber before and after each incubation by an
optode sensor (HACH LDO, HACH HQ 40d, Hach Lange, Germany). For later analysis, we calculated
Pyt in the light, and R in the dark, accounted for water background metabolism, and normalized the flux
by incubation duration, chamber volume, and the corals' surface area (SA), to account for the differences
in coral fragment size. This is common procedure when calculating oxygen fluxes and has been done in

47,49

many studies beforehand>’-*°, with studies conducted on X. umbellata*’* reporting oxygen fluxes in the

unit of mg O, m? h'. The calculations of the SA per polyp were based on the geometric method

developed by Bednarz et al.

, multiplying the average polyp SA with the number of polyps. We
additionally calculated gross photosynthesis (P.ss) rates, based on the assumption that respiration is
constant during the day. Yet, as respiration rates may be significantly higher during active
photosynthesis than in the dark®, the calculated P05 Tates can be seen as conservative estimates based
on dark respiration. Running a linear regression on the log-transformed data, we analysed that both Pgross
and R were negatively allometric to the number of polyps with a slope of 0.34 and 0.50, respectively.
This indicates that larger colonies produce and consume more oxygen, but relatively less oxygen is
produced and consumed per polyp. Therefore, two hypotheses arise: 1) the ratio of coral base to polyp
number of coral fragments with many polyps may be smaller than the ratio of colonies with fewer

polyps, and is not accounted for by the method of Bednarz et al.>?, and 2) self-shading in bigger colonies

could also potentially cause non-isometric scaling.

Protein content measurements

For measuring the total protein quantification, we used the Bradford assay®' following the Coomassie
Protein Assay Kit (Thermo Scientific). For this, we took one X. umbellata fragment out of each tank (n
= 3 per treatment) randomly each week, rinsed it in distilled water to remove salt, and stored it in a
plastic bag in the freezer at - 20 °C until further processing. We lyophilized these colonies for 24 h at -
60 °C and stored them under dark and dry conditions pending analysis. During lyophilization the
samples get freeze-dried by sublimating all the liquid from the sample, leaving only the dry compounds
of the animal, e.g., protein and carbohydrates, behind. After that, we then ground those dried samples
using mortar and pestle and measured the dry weight (DW) of each colony to use as a normalization
metric. The DW of the colonies ranged from 12 to 97 mg (see Supplementary Material). We used this
to standardize the protein content of each colony. Using a linear regression on the log-transformed data
of protein content and DW, we found a strong correlation between protein content and DW (R? = 0.80,
see Supplementary Fig. S4.3). The slope above 1 indicates a positive allometry with protein content

increasing faster than colony size.

After this, we homogenized the powder from every single sample in 5 mL of distilled water
using a high-speed homogenizer (VEVOR, FSH-2A) for 2 min to extract the protein. For further
quantification of the protein, we loaded 1 mL from each sample and mixed it with 1 mL of Bradford

Dye Reagent 1x (Coomassie Brilliant Blue) in cuvettes. Lastly, we incubated the samples at room
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temperature for 10 minutes and read the absorbance in the spectrophotometer under 595 nm wavelength.
To gain the resulting concentration of protein in the water we calculated it via the measured absorbance,
using a diluted Bovine Serum Albumin (BSA) calibration curve, and then standardized it to water

volume and coral dry weight.

Carbon and nitrogen elemental, and stable isotope analysis

To assess carbon (C) and nitrogen (N) isotope signatures and C:N ratios of X. umbellata, we conducted
an elemental and stable isotope analysis on the entire holobiont. Every week on the first day we
randomly selected one fragment of each tank (n = 3 per treatment), counted polyps, removed the colony
from the plug, washed it in distilled water to remove salt, stored it in a plastic bag, and froze the sample
at - 20 °C until further processing. Upon processing, X. umbellata colonies were dried in sterile glass
petri dishes at 40 °C until weight consistency was reached (~48 h). Then, we ground the dried colonies
into a fine powder using mortar and pestle, weighed the tissue powder, and transferred 1-2 mg into tin
cups. Samples were analysed for C and N quantities as well as stable isotope ratios as described in
Karcher et al.*’. Isotopic ratios () are given as the ratio of the heavier to the lighter isotope ("N:"*N or
BC:12C) and notated as either 8'°N or 8'3C (%o) using Formula 4.1:

5X = (TL’” - 1) - 1,000 (Formula 4.1)

Treference
where Ireference for 8°N is atmospheric N (0.00368) and Vienna Pee Dee Belemnite (0.01118) for §!°C.

By analysing the corals' elemental and stable isotope composition, it is possible to infer the
sources of C and N in the coral holobiont. While carbon stable isotope ratios (6'°C) are often used to
understand the corals' C-metabolism™®, the N stable isotope composition (5'°N) can be used as a
bioindicator to determine the N source of the holobiont®?. This can be done as different sources for C
and N result in different stable isotope ratios. While C fixed by the Symbiodiniaceae is mostly comprised
out of dissolved inorganic carbon (DIC) from the surrounding seawater (3'C DIC = 0 %0)**%, C
acquired via heterotrophic feeding on plankton has a different §'°C value (e.g. 8"*C zoop = —19 %o or
more negative® ). Therefore, 8'°C values vary proportionately to the contribution of either
photosynthates or heterotrophic feeding as the main C source for the coral®~’2. The same applies to §'°N
values, which are used to determine whether the corals are getting their N mainly from dinitrogen (N>)
fixation of atmospheric N, (8'N = 0 %0)”?, which decreases the values’. Or if the coral is getting its N
from other sources like sewage- and tourism-derived nutrient loading”, which increases the value with

increasing uptake of anthropogenic N7,

Statistical analysis

We carried out the statistical analysis using RStudio (Version 1.4.1106)"7 with the packages tidyverse’®,
ggpubr’”, and rstatix®®. As we used three separate tanks per treatment, we did not have a nested design

and assume the tank effect to be zero for all statistical analyses. Additionally, all data was tested for
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possible tank effects by inspecting it for significant differences between tanks in all measured water
parameters, but none were detected. To test for significant effects of treatments over time in invasive
parameters (protein content and elemental stoichiometry) we used the 2-way analyses of variance
(ANOVA). Log-transformation of ratios was not conducted as the data was normally distributed. We
tested repeated measurements (Pgross, and R) using a 2-way mixed ANOVA with 'Time' as within-
subject factor and '"Treatment' as between-subject factor. First, we tested data sets for outliers and then
tested normal distribution of the data using the Shapiro Wilk test and additionally qgplots for visual
confirmation. We conducted 'Levene's test to test for homogeneity of variances, while we used 'Box's
M-test for homogeneity of covariances. Thereby, sphericity was automatically tested with 'Mauchly's
test and corrected when violated using the Greenhouse-Geisser sphericity correction. Lastly, we did a
post-hoc analysis using pairwise comparison tests with Bonferroni adjustment with #-tests, and Dunn's
test for non-parametric data. We considered results to be significant with a p-value lower than 0.05 (p <

0.05) and display them as mean =+ standard deviation.
4.4 Results

Effects on oxygen fluxes

Compared to baseline values both, P values and R, remained stable under PO4 enrichment and
temperature increase, alone and combined. The growth of investigated coral colonies was around 0.14

—0.30 polyps per day without any significant differences between treatments.

Under ambient conditions, X. umbellata colonies exhibited stable oxygen fluxes with P and
R values averaging 74 and - 36 mg O, m? h!, respectively. Though the overall effect of PO4 enrichment
on Py values (Fig. 4.2) was not significant (2-way mixed ANOVA, F 5= 2.987, p = 0.096), there
was a significant difference between the Pgross values of colonies in the low and high PO, treatment in
week 4 (pwc, Bonferroni adjustment, ¢-test, p = 0.0386). Additionally, Pgoss values for all treatments
varied significantly over time (2-way mixed ANOVA, Fs, 400 = 8.538, p < 0.001) with highest values
after 5 and lowest values after 2 weeks. When temperatures increased to 30 °C, colonies from the low
PO, treatment had a Pgross rate 31 % higher than colonies from the high PO, treatment (91.5 and 63.2 mg
0, m? h'!, respectively). During the remaining days of the experiment, no significant treatment effects
were observed, and all Py values were stable compared to baseline measurements throughout the

experiment.

Respiration, just like Pgoss values, was unaffected by PO4 enrichment, as controls were not
significantly different from PO, treated colonies, but showed significant differences over time (2-way
mixed ANOVA, Fi34, 1069 = 9.308, p = 0.008) with respiration rates being the lowest after two weeks
of pure PO4 enrichment (Fig. 4.2). However, while respiration increased during the stepwise temperature

increase compared to values from week 2, with the highest values in weeks 4 and 5 (-38.215 and -38.899
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mg O, m? h'!, respectively), it did not significantly change compared to baseline values (-37.648 mg O,

m2h').
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Figure 4.2. Gross- (Pgross), net photosynthesis (Pnet), and respiration (R) of Xenia umbellata under
experimental conditions: only temperature increase without POs addition (control), 1 uM POs +
temperature increased from week 3 onwards (1 uM POQOg), 2 uM PO4 + temperature increased (2 uM POa),
and 8 pM POg + temperature increased (8 pM POs). Letters indicate significant differences for P gross and
R between weeks and asterisks indicate significant differences between treatments per time (p < 0.05,
pairwise comparison f-test, Bonferroni adjustment). Error bars represent standard deviations. Dots
represent the individually measured data points. The vertical line indicates the start of the temperature
treatment and the average temperature for all tanks for the different time points is given on top of the
graph. Raw data is available in Supplementary Table S4.2.

Effects on protein content

Protein content did not change between different PO4 enrichment treatments but changed over time and

with increasing temperatures.

Protein content in X. umbellata colonies (Fig. 4.3, Supplementary Fig. S4.3) changed
significantly between PO4 enrichment (2-way mixed ANOVA, F3.24)=3.076, p = 0.047) and over time
(2-way mixed ANOVA, F224 = 174.187, p < 0.001). The highest values were found in the baseline
measurement with on average 20.2 g protein g coral DW. After two weeks of PO, enrichment alone,
protein content significantly decreased by more than 50 % to 9.48 ug protein g' coral DW (pwe,
Bonferroni adjustment, #-test, p < 0.001), and after the additional temperature increase, protein content
dropped further down to 3.56 pg protein g' coral DW, which differed significantly from the two
previous measurements (pwc, Bonferroni adjustment, #-test, p <0.001). While there were no significant
differences between PO, treatments at each time point, there were highly significant differences in each
treatment over time, with the highest values always at the start and lowest values at the end of the
experiment. Only the control and medium POy treatment corals showed no further significant decline in

protein content during the additional temperature increase in the last three weeks of the experiment.
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Figure 4.3. Protein content of Xenia umbellata colonies under experimental conditions: only temperature
increase without PO4 addition (control), 1 uM POa4 + temperature increased from week 3 onwards (1 pM
POa4), 2 pM PO4 + temperature increased (2 uM POa), and 8 pM PO4 + temperature increased (8 pM
POa4). Letters above bars indicate significant differences between weeks and letters within bars indicate
significant differences within the treatment over time (p < 0.05, pairwise comparison #-test, Bonferroni
adjustment). Error bars represent standard deviations. Dots represent the individually measured data
points. The vertical line indicates the start of the temperature treatment and the average temperature for
all tanks for the different time points is given on top of the graph. Raw data is available in Supplementary
Table S4.2.

Effects on stable isotope signatures

All tested stable isotope signatures remained stable between different PO, enrichment treatments
throughout the experiment and were only significantly affected by time and the stepwise temperature

increase.

The 8"°N, as well as 8"°C values, changed significantly over time (2-way ANOVA, 8'°N: F24
=5.957,p=0.008; 8"°C: Fo24=18.212, p<0.001) (Fig. 4.4a & b). While 8"°N values (Fig. 4.4b) stayed
constant at a level of 7.5 %o within the first two weeks of pure PO4 enrichment, they decreased
significantly by 10 % over the stepwise temperature increase compared to the baseline (pwc, Bonferroni
adjustment, Dunn's test, p = 0.0112). The §"3C values (Fig. 4.4a) also decreased significantly during the
temperature increase by 6.9 and 4.3 % compared to baseline and the values after two weeks of PO4

treatment (p < 0.001 and p = 0.0018, respectively).

The C content of the coral colonies showed no significant differences, while percent N content
significantly changed over time (2-way ANOVA, F23=11.212, p <0.001) (Fig. 4.4c & d). The values
decreased by 14 % within the first two weeks of the experiment compared to the baselines (p < 0.001)
and returned close to starting values of 3.1 % N again after the stepwise temperature increase. These
differences in percent N content then lead to a significant difference in the total C:N ratio over time (2-
way ANOVA, F24) = 8.863, p =0.001) (Fig.4.4e). The C:N ratio after two weeks of PO4 enrichment
was on average 6.9 % higher and significantly different from the ratios at the start and end of the

experiment (p < 0.001 and p = 0.0137, respectively).
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Figure 4.4. Carbon (a), and Nitrogen (b) stable isotope ratio, percent carbon (¢), percent nitrogen (d), and
carbon to nitrogen ratio (e) of Xenia umbellata colonies under experimental phosphate conditions: only
temperature increase without PO4 addition (control), 1 uM PO4 + temperature increased from week 3
onwards (I uM POa4), 2 uM POu4 + temperature increased (2 uM POa4), and 8 uM POgs + temperature
increased (8 uM POa4). Letters indicate significant differences between weeks (p < 0.05, pairwise
comparison f-test, Bonferroni adjustment). Error bars represent standard errors. Dots represent the
individually measured data points. The vertical line indicates the start of the temperature treatment and the
average temperature for all tanks for the different time points is given on top of the graph. Raw data is
available in Supplementary Table S4.2.

4.5 Discussion

While hard coral cover decreases on reefs worldwide®' %>

, a shift to other benthic organisms, such as
soft corals, can be observed®®*°. As such, we tested the (combined) effects of two potentially stressful
factors, i.e., PO4 enrichment and warming, on the pulsating soft coral X. umbellata. Our results suggest

a high tolerance of X. umbellata towards increasing temperatures, regardless of PO4 enrichment.

How does PO4 enrichment affect X. umbellata?

In general, no significant differences between X. umbellata in the control and PO, treatment groups were
observed throughout the experiment, showing that PO, had no measurable effect on the coral in the
observed parameters. Compared to hard corals, soft corals have lower photosynthetic productivity,
observable in their respective Pgoss/R ratio of 1.0-1.3, while hard corals range within a Pgross/R ratio of
2-4%086 L ight intensity may have played a role, too. Mergner & Svoboda®® measured oxygen fluxes of
soft and hard corals from the same location, thereby reducing the effect of light intensity as far as
possible. Also, Fabricius & Klumpp® acknowledged this possible limitation when comparing oxygen
fluxes from different studies in their discussion. When comparing the absolute values for Py and R of

studies on X. umbellata, Pgoss values reach 22 up to 140 mg O, m? h'!, while respiration ranges between
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- 11 and - 60 mg O, m™? h'!. Despite this range, with a Pgss/R ratio of around 2 measured in this study
and previously*’#>52, X. umbellata has higher photosynthetic productivity compared to other soft corals
but is still at the lower edge of productivity compared to hard corals. The measured oxygen fluxes in
our experiment remained stable under all added PO, concentrations. These results are in contrast with a
study by Bednarz et al.?, which showed increased gross photosynthesis in xeniids under POs
enrichment, most likely due to increased chlorophyll a (chl @) concentrations. Our results also show that
throughout the experiment the protein content significantly decreased in all colonies, regardless of PO4
enrichment. Particularly the decrease in protein content over the first two weeks without warming was
surprising, as the corals have not faced a specific stressor and did not show increased respiration rates,
which would indicate an increased energy demand. While X. umbellata can live autotrophically®’, it is
a heterotrophic suspension feeder®. So, this reduction in protein content indicates that X. umbellata
metabolised its protein energy reserves, probably as a result of reduced heterotrophy during the

experiment, as they were only fed twice a week with dried zooplankton.
How does PO4 enrichment affect the response of X. umbellata to a temperature increase?

Warming does not disrupt oxygen fluxes in X. umbellata

While direct evidence showing that X. umbellata experiences PO, starvation under warming scenarios,
as hypothesized for hard corals by Wiedenmann et al.?¢, is missing in our study, we here show that PO4
enrichment does not affect the corals tolerance towards warming. Overall, the measured oxygen fluxes
in our experiment and respectively the Pgs/R ratio remained stable around 2 in response to warming,
regardless of PO, enrichment. The Pgoss/R ratio above 1 indicates that X. umbellata can sustain its energy
needs via net autotrophy and does not necessarily rely on heterotrophic feeding to meet their daily
metabolic demands®. These results are surprising at first, as warming increases the respiration of hard
corals as a sign of stress and increased energy demand?’*°. At the same time, a general decrease in
photosynthesis was often observed when temperatures exceeded 31 °C, due to a damaged photosystem
I during temperature stress'*?!*? or as a result of decreased Symbiodiniaceae density or their chl a
concentrations®. A possible explanation for the constant photosynthesis rates observed in the present

194

study may be the special characteristic of X. umbellata being a pulsating coral”®. Pulsation is known to

have a positive effect on the corals' photosynthetic activity, as it enhances gas exchange, leading to a
greater efflux of oxygen from the coral tissues and increases the photosynthetic activity>>.
Additionally, the constant water movement may alleviate the coral from high temperature stress as fresh
seawater is constantly circulating around the polyps, avoiding the build-up of a heated boundary layer.
This may have enabled the corals used in the present study to sustain their photosynthetic efficiency
even under warming scenarios. An experiment observing the effects of NO3 enrichment under warming

on X. umbellata® found that NO; enrichment decreased Pgross rates, possibly due to the reduced pulsation

of the polyps. Lastly, Simancas-Giraldo et al.*’ found that X. umbellata colonies exhibit both reduced
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Pgross and R under warming, regardless of additional glucose enrichment. The authors argued that the

reduced respiration rates may be a result of an explicit metabolic depression.

Warming leads to a significant decrease in protein content, 015N, and 613C

The protein content continued to significantly decrease over time with increasing temperature. This may
contradict other studies, which showed that water temperature did not affect the protein content of the
hard corals Stylophora pistillata® and Turbinaria reniformis®. Yet, it could also be an effect of time
and not temperature specifically, as protein content already significantly declined without increased
temperatures, showing that X. umbellata metabolizes its energy reserves in the experimental setup.
Additionally, total N content went back to baseline values under increased temperatures, regardless of
POg4 treatment. A possible explanation could be that the higher temperatures led to increased N, fixation,

as shown in several studies on hard corals®®®°

, and therefore higher N availability and incorporation of
it in the tissue of the holobiont. This hypothesis is supported by the decrease in 3'°N as this could be a
sign of increased N, fixation’. Increased N, fixation may relieve the Symbiodiniaceae from N-
limitation. In combination with retaining their photosynthates for themselves, these conditions may
allow the Symbiodiniaceae to grow, leaving the host with less organic C, as demonstrated for the hard
coral species Stylophora pistillata®. This hypothesis is supported by the parallel study of Klinke et al.

100

(unpublished)'™, who showed increased algal cell densities under higher temperatures. However, a

recent study by Rédecker et al.!!

shows that diazotrophs derived N may not be utilized by the
Symbiodiniaceae under heat stress. Yet, as the coral is catabolizing its protein reserves, N is also released
and becomes available. As X. umbellata seems to be rather tolerant toward increased temperatures, the

alleviation from N-limitation may be due to N, fixation, or N from the proteins, or a combination of

both.

In the present study, both §'N and §'3C significantly decreased from the start of the experiment
until the end after five weeks of PO4 enrichment and additional warming, regardless of the PO4
treatment. A decrease in 3'°C is often a sign that less photosynthates are shared with the host organism
who then, in turn, relies more on heterotrophic feeding, as zooplankton is depleted of the heavier *C
isotope!?>1%, However, in our study, we did not observe a change in oxygen fluxes, therefore fewer
photosynthates are unlikely to be the reason for this decrease. A possible explanation could be that 1)
the corals preferentially catabolized isotopically heavier organic matter, therefore reducing the §*C
value®. For example, bleached corals have reduced photosynthesis and catabolize heavier-isotope lipids,
which overall depletes the lipid 8'°C™. In the present study, the corals gradually lost their protein
content, suggesting that at the same time isotopically heavier lipids may have been catabolized. Tanaka

1. suggest the same pathway as an explanation for the depletion of 8'*C in their corals experiencing

eta
pure NOj3 enrichment, implying that corals under imbalanced N:P ratios consume more lipids than corals
under balanced N:P ratios. Another possible explanation for a decrease in §'°C may be 2) a net release

of Symbiodiniaceae derived photosynthates into the water column, thereby shifting the §'*C value.
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While the results of measured total organic carbon (TOC) concentrations in the water during the
incubation for oxygen fluxes were obscured by high standard deviation and background fluxes, a net
release of TOC was observed for colonies under PO4 enrichment (see Supplementary Fig. S4.1). Lastly,
an alternative explanation could be 3) the metabolization of the added marine zooplankton (reef roids)
in the tanks’ sediment. Thereby, the reef roids may have altered the isotopic composition of the available
CO; in the tank which was then used by the corals for photosynthesis thereby causing the more negative

813C through a secondary pathway.

Ecological implications

Despite soft corals’ growing importance due to phase shifts and their increasing abundance on reefs
worldwide, there is a knowledge gap on how the simultaneously occurring alterations in the seawater
N:P ratio and ocean warming scenarios affect soft coral species. Since 64 % of all reefs are located near
the shoreline of densely populated areas, they are more likely to be exposed to high inputs of inorganic

26,104,105

nutrients in the water from human activities Groundwater percolation and submarine

groundwater discharge is likely a major source of nutrient input on reefs>*1%¢197 Combined with ocean

warming, this can have detrimental effects on hard corals®®1%,

Compared to studies conducted with hard corals looking at either nutrient enrichment or
temperature increase (Supplementary Table S4.1), it becomes clear that X. umbellata is relatively
unaffected by these factors. In Supplementary Table S4.1 it is shown that warming above 2.5 °C led to
lowered Pgoss, increased R and consequently reduced P/R ratios in 85 % of species observed. Also,
Fv/Fm, a proxy of photosynthetic activity, decreased in 6 of 7 observed species. Additionally, protein
content was reduced in half of the observed species, indicating a need for using energy reserves under
increased temperatures. While generally less studies focus on the effects of PO4 enrichment compared
to temperature increase, only two studies combined these two factors. One of these two studies showed
that Stylophora pistillata had reduced Fv/Fm and Pne under temperature increase and nutrient
enrichment, respectively, leaving the authors to hypothesize that eutrophication may compromise the

corals resilience to global change!'®”

. While the other study showed that Pocillopora damicornis had
increased R under warming, even more pronounced when combined with PO4 enrichment, and

decreased Pgross rates™.

With X. umbellata being able to live autotrophically®’, and not showing any changes in Pgross
and R values under warming and POj4 enriched conditions, this would imply their resistance towards
these two factors, even under extended periods. Nevertheless, our study indicates that X. umbellata had
to utilize its energy reserves during the course of the experiment. Thobor et al.** found a significant
decrease in Pgross of X. umbellata under nitrate enrichment, but no significant changes under temperature
increase. The combination of both factors led to severe declines in polyp pulsation, increased tissue loss,
and mortality. This indicates that while X. umbellata is resistant towards warming, nitrate enrichment

may reduce this resistance, potentially by disrupting the symbiosis between the coral host and its
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Symbiodiniaceae, as was found for hard corals?. This scenario would lead to a higher dependence of

the coral on heterotrophic feeding.

While hard corals from the northern Red Sea show a net release of particulate organic matter
(POM)MC, X. umbellata showed net POM uptake®. Such coral-derived POM plays an essential role in
the recycling of nutrients in reef ecosystems''!. With X. umbellata not contributing to POM release, but
instead actively taking up the organic matter, this may have implications for reef C cycling under shifts
towards soft coral dominance due to their invasiveness. But not only C cycling may change in soft coral
dominated reefs, but also N cycling. In this context, a study of El-Khaled et al.*! speculated that soft
corals, i.e. Xenia sp., can help alleviate reefs from excessive N, as they may play a key role in reef-wide
denitrification. Future studies should therefore conduct further investigations into the metabolism of X.
umbellata to help clarify under which scenarios this functional autotroph changes to a mixotrophic

strategy, to what extent, and how this may affect overall energy and nutrient budgets on future reefs.
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5.1 Abstract

Coral reefs may experience lower pH values as a result of ocean acidification (OA), which has negative
consequences, particularly for calcifying organisms. Thus far, the effects of this global factor have been
mainly investigated on hard corals, while the effects on soft corals remain relatively understudied. We
therefore carried out a manipulative aquarium experiment for 21 days to study the response of the
widespread pulsating soft coral Xenia umbellata to simulated OA conditions. We gradually decreased
the pH from ambient (~8.3) to three consecutive 7-day long pH treatments of 8.0, 7.8, and 7.6, using a
CO; dosing system. Monitored response variables included pulsation rate, specific growth rate, visual
coloration, survival, Symbiodiniaceae cell densities and chlorophyll @ content, photosynthesis and
respiration, and finally stable isotopes of carbon (C) and nitrogen (N) as well as CN content. Pulsation
decreased compared to controls with each consecutive lowering of the pH, i.e., 17 % at pH 8.0, 26 % at
pH 7.8 and 32 % at pH 7.6, accompanied by an initial decrease in growth rates of ~60 % at pH 8.0, not
decreasing further at lower pH. An 8.3 %o decrease of 8'3C confirmed that OA exposed colonies had a
higher uptake and availability of atmospheric CO,. Coral productivity, i.e., photosynthesis, was not
affected by higher dissolved inorganic C availability and none of the remaining response variables
showed any significant differences. Our findings suggest that pulsation is a phenotypically plastic
mechanism for X. umbellata to adjust to different pH values, resulting in reduced growth rates only,
while maintaining high productivity. Consequently, pulsation may allow X. umbellata to inhabit a broad
pH range with minimal effects on its overall health. This resilience may contribute to the competitive

advantage that soft corals, particularly X. umbellata, have over hard corals.

Keywords: soft coral, ocean acidification, global stressor, pulsation, phenotypic plasticity

An adapted version of this chapter has been published in PLOS ONE 18, €0294470.

https://doi.org/10.1371/journal.pone.0294470
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5.2 Introduction

Coral reefs are under threat from a variety of factors, including anthropogenically induced ocean
acidification (OA)!. Ocean acidification is characterized by a drop in pH caused by the increased
dissolution of atmospheric CO, in ocean water®. Since the start of industrialization and the subsequent
increase of atmospheric CO; concentrations, the pH of the world's oceans has already decreased by 0.1
units and is currently at an average of 8.13*. This value is expected to drop further by 0.3 to 0.4 units
over the next 100 years>¢ if current CO, emissions persist. Simultaneously, because of the more acidic

water, the aragonite saturation state decreases’, rendering calcifying organisms especially vulnerable?®.

Scleractinian, or hard corals, i.e., the ecosystem engineers of coral reefs’, are an example of
such. The effects of OA on hard corals are usually negative and can be direct, e.g., by reduced

101" reduced sexual recruitment'?, reduced fixation of essential nitrogen by

calcification rates
diazotrophs', and increased macrobioerosion', or indirect, e.g., from coral competition and
(macro)algal interactions'®. Some studies report high interspecific variability'® and severity!” in hard
corals’ responses, while others report short-term resistance'®, or even positive effects by benefiting

photophysiological measures'®.

The focus of OA research has been primarily on hard corals while the second biggest taxon on
coral reefs, i.e., soft corals, especially from tropical regions, are relatively overlooked. Soft corals may
overtake reefs as the dominant taxon after die-offs of hard coral®*?>¢¢- 2, Despite the lower structural
complexity that comes with soft coral dominance (compared to hard coral dominance), they may still
provide important habitat to e.g., reef fishes>**. Some OA studies on tropical soft corals reported no

26,27

negative effects on the corals’ physiology***/, while others reported relatively minor negative

effects?®%. Gabay and colleagues?*?’

suggested that the tissue of soft corals may act as a protective
barrier against OA associated physiological and morphological change, i.e., the dissolution of calcium
carbonate sclerites in their hydroskeleton. Ultimately, this may differentiate soft corals from hard corals

in their response to OA.

Soft corals of the Xeniidae family are particularly successful, both as native spreaders and non-

30,31

native invaders’”'. Because of their extensive vegetative reproduction with high growth rates,

recruitment abilities, high fecundity, and extended annual planulation, these colony-forming soft corals

often take over disturbed habitats3?34

. Like most hard corals, xeniids are photosymbiotic animals living
in close association with endosymbiotic dinoflagellates of the family Symbiodiniaceae®, which enables
effective utilization and storage of nutrients and photosynthates (i.e., photosynthetically fixed carbon).
Furthermore, the characteristic pulsating movement of some xeniid species effectively prevents
refiltration by neighboring polyps through the induced upward movement of water*, thereby increasing
photosynthesis, heterotrophic feeding, and nutrient uptake®’. The pulsation of xeniids is not always

consistent, however, and can change according to the environmental conditions the xeniid is exposed

t00** ™, Pulsation may thus be used as a first indicator for environmental change.
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The current study aimed to assess the effects of short-term OA on the physiology of the pulsating
xeniid species Xenia umbellata. To do so, we investigated the ecological response of the coral holobiont
based on pulsation rate, specific growth rate (SGR), visual coloration, survival, Symbiodiniaceae cell
densities, chlorophyll a (chl. @) content, oxygen fluxes, carbon (C) and nitrogen (IN) isotope signatures,
and CN content. We hypothesized, based on previous research, that OA would increase the incorporation
of lighter C isotopes due to higher atmospherically derived dissolved inorganic carbon (DIC)
availability*!, but that further response variables would remain unaffected®#-*°. However, in case C was
the limiting factor for primary production, we hypothesized an increase in net photosynthesis and

respiration*?, followed by increased pulsation rates and holobiont C and N content.
5.3 Materials and Methods

Sample species, setup, and maintenance

Fragments of X. umbellata were taken from several mother colonies of the same genotype that have
been cultured under stable conditions for several years in the aquarium facilities at the University of
Bremen Marine Ecology department. This particular genotype was purchased at a retail shop in
Germany and originally sampled in the Red Sea. Colonies from the main holding aquarium were
fragmented following the plug mesh method by*. In brief, colonies were cut into smaller 2 cm pieces
and secured to a calcium carbonate plug (AF Plug Rocks, Aquaforest, Poland), creating a total of 132
fragments. Fragments were randomly distributed over 12 independent glass aquaria (60 L) on 40 x 20
cm plastic grids, with a minimum of 2 cm between each fragment, resulting in 11 fragments per

aquarium,

Each aquarium was divided into 1) a technical part containing a heating element (EHEIM
thermo control, 5S0W, EHEIM, Germany, accuracy £ 0.5 °C), which was sufficient to keep the water
temperatures stable, a return pump for water circulation (EHEIM CompactOn 300 pump, EHEIM,
Germany), and a pendant logger (HOBO pendant, Onset, USA, accuracy £ 0.5 °C) for constant
measurements of temperature and light, and 2) an experimental part housing the corals. Both parts were
separated by a glass wall with an overflow but had a consistent water exchange using the previously
described return pump. The light was provided by LED lamps (Royal blue matrix module and ultra-
white blue 1:3-matrix module WALTRON daytime) in a 12:12 h day-night cycle at a PAR intensity of
~100 umol photons m ™ s™!. Tanks were filled with unfiltered artificial seawater, which was created by
adding aquarium sea salt (Zoo Mix, Tropic Marin, Switzerland) in a barrel with demineralized water
containing a heating element and circulation pump. Salinity and temperature were checked daily using
a portable multimeter (HACH HQ40D portable multimeter, United States, accuracy =+ 0.5). For salinity,

a value of 35 %o was targeted, while temperature was kept at 25.7 = 0.3 °C. Nitrate, nitrite, ammonium

and phosphate were measured twice per week, calcium and magnesium were measured once per week,

and alkalinity was tested daily using JBL TestLab Marin test kits. Water parameters (except for pH) of
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all tanks were constantly maintained throughout the entire experiment (see Table 5.1). Biofouling on

glass surfaces was removed regularly without physically disturbing the fragments.

Table 5.1 Mean + S.D. of water/environmental
parameters maintained in all tanks. PAR =

The experiment was run for 21 days as previous _Photosynthetically active radiation.

Experimental design

Parameter Mean values (* SD)

research conducted with the same organisms resulted | Temperature 25.7+0.3°C
Salinity 35.1 £ 0.1 %o

in reactions of response variables within this | PAR ~100 pmol m™? s™*
Nitrate < 0.5 ppm

timeframe3®*°. Controls and OA treatments were | Nitrite <0.01 ppm
Ammonium < 0.05 ppm

h replicated in six ria (n =6), randoml Phosphate < 0.02 ppm
each replicated in six aquaria (Ngeatment = 6), randomly Copan™ 377 + 28 ppm
: _ : Magnesium 1327 £ 72 ppm
arranged in a three-level tower with four tanks per Alkalinity 812 Kl

level to ensure equal representation.

The acidification of the water took place in three stages by sequentially decreasing pH-levels
from ambient, i.e., the pH of our holding tank: pH of ~8.3 £ 0.1, to 8.0, 7.8, and finally to 7.6, each of
which was maintained for a full week. According to the IPCC, pH 8.0 and 7.8 represent values that will
be reached within the next decades under the RCP8.5 scenario®, while a pH of 7.6 is an even more

extreme value than expected by IPCC scenarios.

The water within six aquaria was acidified using a CO; system (see Supplementary Figure S1)
while maintaining stable alkalinity. A pH computer (NBS; pH computer set, Aqua Medic, accuracy 0.01
pH) was used to keep the pH stable. A CO; reactor (Aqua Medic) was used to dissolve CO; bubbles in
the water. This reactor was connected via 4/6 mm tubing with fine needle valves and check valves to
prevent backflow of water, a solenoid valve (M-valve Standard, Aqua Medic) for control, a CO; cylinder

(Dupla), and a pressure reducer (Aqua Medic)*.

Ecological assessments

To compare between treatments, pulsation, growth, coloration, survival, and oxygen fluxes were
measured after each one-week period at a certain pH level, thus three times in total. Chlorophyll a,

isotope signatures and CN content were only measured at the end of the experiment on day 21.

Pulsation rates

Polyp pulsation was counted for 30 seconds, and one pulsation was defined as the motion of a polyp
from being fully closed to opened to closed again®’. The results were extrapolated to one minute to allow
for comparisons with previous studies. For each tank, the pulsation of one polyp from three separate
fragments, i.e., 36 fragments in total, the same fragments every week, was counted and averaged for
further analysis. These three pseudo-replicates were averaged for statistical analyses, resulting in six
tank replicates per treatment. The circulation pump of each respective tank was turned off 1 minute
before the start of counting. Counting started approximately 10 minutes after the start of the light cycle

in the morning to avoid differences due to circadian rhythms.
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Specific growth rate
The estimate the SGR, all polyps of marked fragments were counted manually using tweezers while
being submerged at all times to reduce further stress. Three colonies per aquarium were considered for

SGR. These three pseudo-replicates were averaged for statistical analyses, resulting in six tank replicates

per treatment. The SGR was calculated using Formula 5.14+4,
SGR(d™1) = % (Formula 5.1)

Piand P describe the final and the initial number of polyps, while At is the growth interval in days. The
final growth rate unit is polyp polyp™ d! which can be simplified to d-'.

Visual coloration

A total of 12 colonies (one per tank) were examined weekly for visual coloration as an indicator of
bleaching according to Thobor and colleagues *. Briefly, photos were taken weekly with an Olympus
TG6 underwater camera, with fixed manual settings (ISO 100, /1.4, x4 magnification), and under
identical light conditions. For correcting the white balance and obtaining red, green, and blue (RGB)
pixel values, Adobe Photoshop 2020 was used. Color values from the tentacles of five randomly chosen
polyps (25 x 25-pixel square) were averaged per colony. The RGB values were then averaged per
treatment per day and the resulting #HEX color was reported visually. The use of one fragment per tank

was representative of all fragments in their respective tanks (Tilstra, personal observation).

Survival

All colonies were monitored for survival throughout the experiment. Due to the high regeneration
capacity of X. umbellata®’, colonies were only considered dead when they completely disappeared from

the plug.

Symbiodiniaceae cell density and chlorophyll a content

On every measurement day, 12 colonies (one colony per tank) were randomly chosen and frozen at -20
°C until further processing. Upon processing, samples were thawed, 10 mL of demineralized water was
added, and homogenized (MONIPA™ High Speed Homogenizer FSH-2A) into a slurry. To separate
the coral tissue and the Symbiodiniaceae cells, the slurry was centrifuged for 10 mins at 6000 rpm. The
supernatant was discarded, and the remaining pellet was resuspended in 2 mL distilled water and again
centrifuged at 6000 rpm for another 10 mins in order to further separate the coral tissue and the
Symbiodiniaceae cells. The supernatant was again discarded and the remaining pellet was resuspended
in 2 mL of distilled water. To count the Symbiodiniaceae cells, 10 pL of resuspended cells were loaded
on both grids of a counting chamber (Neubauer™ counting chamber, 0.1 mm depth). Cells were then
counted using a microscope (DN-107T Digital Microscope, Xiamen Phio Scientific Instruments Co.,
Ltd). Cell counts from both grids were averaged for downstream analysis. Symbiodiniaceae cells were

normalized to the surface area to obtain the cell density. For this purpose, photos were evaluated with
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ImagelJ, measuring the surface area of six polyps (three large polyps and three small polyps) each. The
mean value and the number of polyps of the respective colony then produced the surface area, which

led to the unit of “Symbiodiniaceae cells cm™”.

Chlorophyll a was measured according to Jeffrey and Humprey*® at the end of the experiment
(day 21). Briefly, a pellet with known Symbiodiniaceae cell count was resuspended in 90 % acetone,
vortexed and left in darkness for 24 h at 4 °C. After centrifugation, the supernatant was transferred to
two 1 mL glass cuvettes. Chlorophyll a content was then measured in total darkness using a Trilogy
Fluorometer (Turner Designs) fitted with a chl. @ module against a pre-made calibration curve. Each
sample was measured three times resulting in two times three measurements per treatment sample.

Replicates were averaged and normalized per Symbiodiniaceae cell.

Oxygen fluxes

Net photosynthesis (7..) and dark respiration (R4..) rates were assessed by oxygen flow with light and

dark incubations***°

. The same colonies were used as for coloration in order to establish a potential
connection. Briefly, the respective colony (one colony per tank) was placed in a 160 mL glass jar
containing water from its respective tank. The jar was sealed airtight avoiding capture of air bubbles,
and placed in a water bath with a constant temperature of 26 °C and ~100 pmol photons m™2 s™! of light
for Pyt measurements using the same LED lights as the experimental tanks. Constant water mixing in
the jars was ensured by using stirring plates with 190 rpm (Poly 15, Thermo Scientific VARIOMAG®
Magnetic Stirrers) and a magnetic stirrer in each jar. The oxygen concentration was measured at the
start, i.e., before closing the lid, as well as at the end of the incubation, i.c., after 1 h in the light for Pne
and 1 h in total darkness for Ry, using an optode sensor (Hach IntelliCAL/Optical Dissolved Oxygen

Probe). Dark respiration is presented as a negative value. Gross photosynthesis (Pgross) Was calculated

using Formula 5.2,
Pgross = Pret — Rdark (Formula 5.2)

Oxygen measurements were normalized to the surface area to obtain oxygen fluxes. For this purpose,
photos were evaluated with ImagelJ, measuring the surface area of six polyps (three large polyps and
three small polyps) each. The mean value and the number of polyps of the respective colony then

produced the surface area, which led to the unit of “pug O, cm? h'”,

Stable isotope signatures and CN content

To assess the effects of increased DIC on the isotope signatures and elemental composition of holobiont
C and N, six samples from both treatments, i.e., one colony per tank, were taken at the end of the
experiment (day 21) and prepared according to Mezger and colleagues®’. Briefly, colonies were carefully
detached from the plug and thoroughly rinsed with distilled water to eliminate any traces of salt.
Subsequently, the colony was placed in a plastic bag and preserved by freezing it at a temperature of -

20 °C. For subsequent processing, X. umbellata colonies were dried in sterile glass petri dishes at a
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temperature of 40 °C, for a minimum of 48 h, and beyond if required, until they reached a consistent
weight. Following this, the dried colonies were ground into a fine powder using a mortar and pestle. The
resulting tissue powder was weighed, and 1-2 mg of the powder was then transferred into 5x9 mm tin
cups (IVA Analysentechnik GmbH & Co. KG, Germany). Prepared samples were shipped to the Natural

History Museum in Berlin and analyzed according to Karcher and colleagues®?.

Statistical analysis

Statistical analyses were carried out using Sigmaplot v12.0 (Systat software). All data were normally
distributed (Shapiro-Wilk normality test) with homogeneity of variances (Levene’s test). Water
parameters as well as pulsation rate, visual coloration, SGR, and oxygen flux data were analyzed via
two-way repeated measures analysis of variance (2-way RM ANOVA) as data were obtained every
week from the same colony. For this analysis, ‘Day’ and ‘Treatment’ were set as fixed factors, while
tank number was used as subject. Symbiodiniaceae cell density data, which was collected from a
different colony every week, was analyzed with a two-way analysis of variance (2-way ANOVA). For
this analysis, ‘Day’ and ‘Treatment’ were set as fixed factors. Chlorophyll a content, isotope signatures,
and CN content were analyzed via t-tests. Furthermore, all pairwise multiple comparison procedures
were conducted to confirm the significant differences by carrying out Tukey’s post hoc multiple
comparison tests. Figures were generated with R (version 2023.03.0+386) and SigmaPlot v12.0 (Systat

software). All data are presented as mean =+ S.E. unless stated otherwise.
5.4 Results

Water parameters

Water parameters, except for pH, in all aquaria remained constant throughout the experiment (Table
5.1). There were no significant differences between aquaria for either parameter. The pH in the aquaria
without acidification averaged 8.3 + 0.1. The pH of six OA tanks averaged at 8.0 + 0.1 in the first week,
7.8 £ 0.1 in the week after, and 7.6 + 0.1 in the last week.

Pulsation rate

In general, pulsation rates were lower in OA treatments compared to the control (Fig. 5.1). There was a
significant interactive effect of Day and Treatment (2-way RM ANOVA, Fy2 = 12.6, p < 0.001).
Pulsation rates of control fragments remained constant for the first two weeks (41 + 1 and 40 + 1 beats
min’, respectively) and then decreased significantly to an average of 37 & 1 beats min™'in the final week
(Fig. 5.1). For OA treatments, pulsation rates averaged at 34 + 1 beats min™' at pH 8.0, 30 + 1 beats min-
"at pH 7.8, and 25 + 1 beats min™ at pH 7.6. All OA treatments differed significantly from the controls
and each other (pairwise comparison, p < 0.001) (Fig. 5.1).
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Figure 5.1. Pulsation rates of Xenia umbellata exposed to ocean acidification (OA). The black horizontal
line in each boxplot represents the median, while the black diamond represents the mean. Blue boxplots
are controls; green boxplots are the OA treatments. Small black circles represent data points (Nireatment = 6),
and big black circles represent outliers. Significant differences (p < 0.05) within treatments between days
are shown by different letters, while differences between treatments per day are shown by asterisks (*** p
<0.001).

Specific growth rate

All colonies had a positive SGR during the experiment (Fig. 5.2). Colonies exposed to OA had
significantly lower SGR compared to the control during all three weeks of the experiment (pairwise
comparison, p < 0.01 for all significant comparisons). Significant main effects were found for Treatment
(2-way RM ANOVA, Fi20 = 67.6, p < 0.001) and Day (2-way RM ANOVA, F>2 =29.5, p <0.001).
The SGR for both the control and OA treatments decreased significantly (pairwise comparison, p < 0.01
for all significant comparisons) after the first week and remained stable over the last two weeks (Fig.
5.2). Specific growth rates of control colonies decreased with 58 % at day 7 — day 14 and 54 % at day
14 — day 21 compared to day 0 — day 7, while SGR of OA exposed colonies with decreased with 58 %
and 65 %, respectively (Fig. 5.2).

Visual coloration and survival

There were no significant differences between treatments for red, green, or blue coloration (p = 0.656,
p = 0.405, p = 0.218, respectively). Overall, colors remained relatively consistent throughout the

experiment and all coral fragments (100 %) survived the experiment (Fig. 5.2).
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Figure 5.2. Specific growth rates, visual coloration, and survival of Xenia umbellata exposed to ocean
acidification (OA). Color squares represent the average color of the colonies in its respective treatment
(#HEX, based on Red, Green and Blue [RGB] values of photographs). Percentages inside the color squares
refer to coral colonies that survived the treatment; i.c., all colonies survived in every treatment. The black
horizontal line in each boxplot represents the median, while the black diamond represents the mean. Blue
boxplots are controls; green boxplots are the OA treatments. Small black circles represent data points
(Nireatment = 6), and big black circles represent outliers. Significant differences (p < 0.05) within treatments
between days are shown by different letters, while differences between treatments per day are shown by
asterisks (* p <0.05, ** p <0.01, *** p <0.001).

Symbiodiniaceae cell density and chlorophyll a content

In general, cell densities were always lower in the OA treatment compared to the control, but not
significantly (Fig. 5.3A). Significant main effects were found for Treatment (2-way ANOVA, F>30 =
15.1, p <0.001) and Day (2-way ANOVA, F 3, = 7.6, p = 0.010), but pairwise comparisons were only
significant for changes in Symbiodiniaceae cell densities, and not between the control and the OA
treatment. On day 7, cell densities for the control and OA treatment were 5.85 + 0.46 and 5.03 + 0.72
x10° cells cm™, respectively, which increased on day 14 by 35 % and 27 %, respectively, and decreased
on day 21 by 40 % and 50 %, respectively, compared to day 14 (Fig. 5.3A). Chlorophyll a content was
not significantly different between control (4.77 + 0.73 pg cell'") and OA exposed colonies (6.56 + 1.76
pg cell!) at the end of the experiment (t-test, p = 0.371) (Fig. 5.3B).
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Figure 5.3. Symbiodiniaceae cell density (A) and chlorophyll a content (B) of Xenia umbellata exposed
to ocean acidification (OA). The black horizontal line in each boxplot represents the median, while the
black diamond represents the mean. Blue boxplots are controls; green boxplots are the OA treatments.
Small black circles represent data points (Nyeament = 6), and big black circles represent outliers. For (A):
Significant differences (p < 0.05) within treatments between days are shown by different letters, while no
significant differences were found between treatments per day. For (B): No significant differences were
found between treatments.

Oxygen fluxes

A significant main effect was found for Day for Pnei (2-way RM ANOVA, F220 = 8.5, p = 0.002), Pigross
(2-way RM ANOVA, F>20 = 8.8, p=0.002), and Rgarx (2-way RM ANOVA, F>0=5.9, p <0.009), but
not for Treatment nor was there an interaction of Day and Treatment. In general, Prei, Pgross, and Raark
decreased after Day 7 by ~28 %, ~26 % and ~19 %, respectively, for Day 14 and 21 (Fig. 5.4). No

significant difference between control and OA treatment was found for any day.
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Figure 5.4. Oxygen fluxes of Xenia umbellata exposed to ocean acidification (OA). Pgross = gross
photosynthesis, Pnet = net photosynthesis, and Rgark = dark respiration. Blue bars represent the control;
green bars represent the OA treatments. Bars are mean + standard error (Nucamment = 6). Significant
differences (p < 0.05) within treatments between days are shown by different letters (Pgross and Pper share
the same significance letters), while no significant differences were found between treatments per day .
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Stable isotope signatures and CN content

The 3"3C of OA exposed colonies significantly decreased compared to the control (z-test, p < 0.001), on
average by 8.3 %o (Fig. 5.5A). Colonies exposed to OA revealed a non-significant (z-test, p = 0.09)
increase in %C compared to controls by ~3 % (Fig. 5.5B). Nitrogen isotopes (8'°N) remained stable at
8.6 £ 0.1 %o and 8.7 £ 0.1 %o for the OA and control colonies, respectively (Fig. 5.5C). The percentage
of N in the holobiont remained stable at 3.0 £ 0.1 for both treatments (Fig. 5.5D). The C:N ratio was
higher in the OA treatment (10.0 £ 0.5), but not significantly (¢-test, p = 0.14) compared to the control
(9.0 £0.4) (Fig. 5.5E).
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Figure 5.5. Stable isotope signature of carbon (3'*C) (A), elemental composition of carbon (%C) (B),
stable isotope signature of nitrogen (8'°N) (C), elemental composition of nitrogen (%N) (D) and ratio of
carbon and nitrogen (E) of the Xenia umbellata holobiont exposed to ocean acidification (OA) at day 21.
The black horizontal line in each boxplot represents the median, while the black diamond represents the
mean. Blue boxplots are controls; green boxplots are the OA treatments. Small black circles represent data
points (Nueatment = 6), and big black circles represent outliers. Significant differences between treatments
are shown by asterisks (*** p < 0.001).

5.5 Discussion

Previous studies reported marginal effects of OA on soft coral health (Table 5.2), while none of these
studies (except for one observation) reported altered physiology of xeniids in response to OA. In the
present study, we found reduced pulsation and growth of the xeniid X. umbellata in response to OA. We
posit that pulsation may be a very beneficial and phenotypically plastic trait for xeniids when exposed
to higher pCO; concentrations. As a result, pulsating xeniids may become even more dominant under

future climate change scenarios.

Acidification did not affect the photophysiology of X. umbellata

The §'3C of the OA exposed colonies revealed a significant decrease compared to the control colonies,
by ~8.3 %o, indicating a higher uptake and incorporation of the lighter >C isotope from atmospheric
CO; into the holobiont®*. Lighter C isotope signatures were also found in hard corals exposed to OA*!,
thus indicating similar responses between hard and soft corals. However, this increased incorporation,
and ultimately availability, of DIC was not reflected in the C content or the C:N ratios, highlighting that
C was likely not the limiting nutrient for coral productivity*. The higher availability and a subsequent
alleviation of C limitation would have theoretically resulted in higher numbers of Symbiodiniaceae cells
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through the use of before unused N3*3, Though, in the present study, cell densities of Symbiodiniaceae,
as well as chl. a content of Symbiodiniaceae, in OA exposed colonies were not significantly different
from the controls. Concentrations of environmental dissolved inorganic N (DIN) also remained stable
(Table 5.1). We can thus conclude that N was likely the limiting nutrient for primary production
throughout the entire experiment. This was further evidenced by stable Pruei, Pgross and Rk between
control and OA treatment. As pulsation and the fluxes of oxygen may be linked*’, we expected pulsation

rates to remain stable as well?.

Acidification affected pulsation and growth of X. umbellata

Even though the photophysiology of the holobiont remained unaffected, pulsation was significantly
affected. Pulsation rates gradually decreased with every decrease in water pH compared to the control
at the same stage, i.¢., a decrease of 17 % at pH 8.0, 26 % at pH 7.8 and 32 % at pH 7.6. Previous studies
have reported reductions of Xenia spp. pulsation rates in response to warming®’, heavy nitrate
eutrophication®®, a lack of a heterotrophic food source (Hill et al., in review), and exposure to oil
dispersants*®. The synchronous opening and contracting of the polyp tentacles, in a continuous rhythm,
results in a water flow that enhances photosynthesis by rapidly removing excess oxygen while increasing
CO; affinity of ribulose-1,5-bisphosphate carboxylase oxygenase (RuBisCO) and preventing refiltration
of surrounding water by neighboring polyps**7°°. As such, a decrease in pulsation rates should
theoretically have resulted in decreased photosynthesis, which remained unaffected. We therefore
hypothesize that X. umbellata reduced its pulsation to compensate for the higher availability of DIC*,
thus reducing gas exchange to maintain stable productivity, which may have ultimately reduced the

effects of OA on the corals’ photophysiology.

As pulsation is an energy costly process*®, the reduction in pulsation rates could preserve energy
for other vital processes such as growth. However, the observed reduction in pulsation rates associated
with OA exposed colonies was accompanied with a decrease in SGR compared to controls. Growth rates
in OA treatments decreased by 58 % and 65 %, respectively, during the second and third week compared
to the first week of the experiment. Although growth rates in control tanks were also reduced in the
second and third week (by 57 % and 53 %, respectively), this was less pronounced than the decline in
OA treatments. We speculate that both treatments experienced an unknown factor affecting both
treatments, e.g., a lower availability of (in)organic nutrients, not measurable by our analytic tests, that
are available in the holding tank of the mother colonies*™">!. This lower availability of (in)organic
nutrients may have been exacerbated by diminished pulsation rates associated with OA exposed
colonies, though only at pH 7.6 in the third week. Indeed, lower pulsation rates and subsequent increased
water refiltration by adjacent polyps may have reduced the uptake of particulate (e.g., detritus, small
phyto- and zooplankton) and dissolved (e.g., small carbohydrates, amino and fatty acids) organic matter,
as well as the supply of (in)organic N and phosphorus (P), which are essential for soft coral growth?’.

In addition, the energy obtained from translocated photosynthates by the Symbiodiniaceae may have
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been redirected to other processes, e.g., mucus production, in the holobiont rather than invested in
growth. Translocation of photosynthates may even increase under OA as found for the hard coral
Stylophora pistillata, though this was accompanied by reduced cell densities of the Symbiodiniaceae

and their chl. a content®

. This is less likely to have happened in the present study as both remained
stable. The opposite, i.e., a reduction in photosynthate translocation, would theoretically be possible, but
could not be inferred with the reported response variables in our study. Future studies could shed light
on resource acquiring/partitioning by separating the coral tissue and Symbiodiniaceae for isotope and
elemental analyses, use labelled isotopes of C and N, and/or by performing nutrient uptake incubations.
Taken together, our results suggest that X. umbellata had less nutrients and/or energy available for
growth under OA conditions, which could have been induced by lower pulsation rates and/or altered use

of translocated photosynthates.

Comparison to previous studies on octocorals

Previous studies have shown that xeniids could be protected from OA as their tissue may act as a
protective barrier’®*’. Our results suggest that this is not necessarily the case for X. umbellata since
pulsation- and growth rates in the present study were affected, thus partially contrasting®® (Table 5.2).
In their study, while exposing the pulsating xeniid Ovabunda macrospiculata to pH values of 7.6 and
7.3, pulsation and growth both persisted (though caution is needed as they quantified growth as “sclerite
weight to polyp weight”). Hence, different species can show different responses to stressors, even if
they belong to the same family and may therefore be more similar in physiology®. To our knowledge,
only one observation mentions flaccid and unhealthy-looking Xenia sp. with less coordinated pulsation
in response to lower pH exposure (8.1 and lower)®. In the present study, colonies remained visually
healthy and continued to pulsate in a coordinated manner. In accordance with %, Symbiodiniaceae cell
density and chl. a content remained unaffected, while another study on hard corals found reductions in
both response variables®.

Table 5.2. Comparison of results of previous OA experiments/observations using soft corals. N = Nitrogen,

C = Carbon, Pyet = net photosynthesis, Pgross = gross photosynthesis, Raark = dark respiration, Chl. a =
Chlorophyll a, *Observation made by the book authors, not part of an empirical study

Soft coral . pH Exposure iz Non-affected response
5 Family response 5 Reference
species exposures length : variables
variables
Visual coloration, survival,
Reduced L
. 7 days . Symbiodiniaceae cell
Xenia " 8.3, 8.0, pulsation rate, .
Xeniidae per OA density, chl. a content, Present study
umbellata 78,76 growth rate 1581 O
treatment and 5%3C Pnet, Pgross: Rdarky 0 N, A’Cv
%N, C:N content
Xenia sp. Xeniidae <8.1 Longer  Uncoordinated 5
periods pulsation
Reduced
Corallium Coralliidae 8.09,7.88, 10and45 biocalcification, _ 61
rubrum 7.77 days growth rates
and feeding
Corallium i%lf;rtilogy Carbohydrate, lipid,
Coralliidae 8.1,7.81 314 days ’ protein and fatty acid 62
rubrum reduced i
composition
growth rate
Symbiodiniaceae cell
Ovabtnda Xeniidae 82,76, 30-90 - density and chl. a content, | %
macrospiculata 7.3 days . o
sclerite weight;polyp
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weight, pulsation rate,
polyp weight
Heteroxenia Xeniidae 8.2, 7.6, 30-90 ) Symbiodiniaceae cell
fuscescens 7.3 days density and chl. a content
Sarcophyton . 8.2,7.6, ~150 Symbiodiniaceae cell
sp. Alcyoniidae 7.3 days ) density and chl. a content
2;2%’;7;?”/81‘6 Xeniidae ?g 76, 42 days - Sclerite microstructure 7
Growth and
calcification
Eunicea fusca Plexautidae 8.1 -7.1 28 days both - 63
decreased with
decreasing pH
Reduced
cytotoxic .
;ergf r’r;yt on Alcyoniidae 352; 8.0, 3 days compounds %tgtg))(lc compounds (at 8
’ (only at pH ’
7.8)

. Antioxidant enzymes, lipid
Verstillum Veretilidae 8.0, 7.7 60 days - peroxidation, heat shock 64
cynomorium

response
Reduced

. maximum
fhyt/sma Alcyoniidae ~81,~79. 49 days relative Alpha, Fv/Fm, Ek, 2
ulvum ~7.7 NPQmax

electron
transport rate

Ecological implications

In the present study, we found no effect of strong OA (pH 7.6) on the photophysiology of X. umbellata,
while pulsation and growth rates were significantly impacted compared to controls. Octocorals that have
been exposed to longer periods of ecologically relevant pH values (i.e., above ~7.8) have shown little to
no negative effects (Table 5.2). In contrast, though in accordance with the present study, hard corals
have shown reductions of 50 % in skeletal growth at similar pH ranges'®%. Previous research on
octocorals (Table 5.2) suggests that the calcium carbonate microstructures (i.e., the sclerites) of
octocorals maintain their integrity under OA conditions?*?’. However, to better predict the success of X.
umbellata under future OA scenario, future studies should assess the dissolution and production rates of
the sclerites as well as their microstructure, i.e., morphology®-’. If the sclerites of X. umbellata also
maintain their integrity under OA conditions, a reduction in growth is only a small price to pay to remain
viable. Ocean acidification is a gradual process where pH will decrease mostly linearly over the next
decades rather than abruptly within days. Therefore, the results obtained in the present short-term study
may differ from long-term effects on X. umbellata. Additionally, differences in light intensities due to
large depth ranges of xeniids®, could potentially interact with acidification and further influence the
physiological responses. Thus, caution is required in extrapolating data of the present study to imply

natural ecological effects.

Xenia umbellata has been subject to experiments assessing the (combined) effects of global
and/or local factors; e.g., dissolved organic carbon (DOC) eutrophication and warming®>*"-%% nitrate
eutrophication and warming®, phosphate eutrophication and warming®'®, water flow and food
availability (Hill et al., in review), and in-situ eutrophication®>’°, Future scenarios for corals will likely
include multiple global and local factors, with ocean warming as the most urgent threat. In some of the

previously mentioned studies, the addition of a local factor mitigated the effects of ocean warming %316,
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while others exacerbated the effects of ocean warming®. Future studies should also investigate
combined effects of multiple global factors that are expected to happen simultaneously, i.e., ocean
warming and acidification®&"!, When there are too many stress factors, shifts in community composition
may happen, where for example, soft corals will replace hard corals’. Xeniids in particular are rapid,
opportunistic colonizers of disturbed habitats, especially coral relicts, which are relatively resistant to
ocean warming*®3°. Their rapid clonal growth through a strategy of larval incubation and effective
asexual reproduction, as well as the production of allelopathic substances that chemically inhibits the
growth of other organisms, helps them spread widely*>. This shift away from hard corals can have
harmful effects because they provide complex three-dimensional habitats for other organisms®’.

Therefore, a wide distribution of soft corals has consequences for the functioning of the whole reef.

In conclusion, we posit that X. umbellata may adjust to OA by altering its pulsation activity,
highlighting the phenotypic plasticity of this trait. Whilst cautiously interpreting the results of the present
study due to its short-term nature, this study provides further evidence for the competitive advantage

that X. umbellata may have over hard corals under future climate change scenarios.
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6.1 Abstract

Eutrophication with organic carbon (OC) can be harmful for corals and their reefs due to its stimulating
effects on associated and sedimentary microbes, leading to oxygen deficits. Mitigation measures require
real-time monitoring of wastewater pulses close to coral reefs, where biogenic carbonate sands act as
biocatalytic filters for OC. Microbial fuel cells (MFCs) where the anode is deployed in sediments and
the cathode is in contact with the overlying water can directly generate electricity from the microbial
degradation of OC in sediments, but their application in coral reefs has not yet been tested. During a
laboratory experiment, we thus investigated if MFCs, vertically deployed in coral reef sands, can be
used as indicator tools for eutrophication with artificial wastewater (AW, prepared from organic
compounds and chemicals) at OC concentrations of 20, 40, or 52 mg C L-! higher than controls. AW
pulses were repeated three times at every concentration, with five weeks between the first and second
pulse, and six months between the second and third pulse. Results revealed significant increases in
current densities in all AW treatments (means up to 11, 36, and 39 mV m™, respectively), while controls
remained stable and low (-1 to 3 mV m™). Current densities and OC concentrations correlated
significantly (rm= 0.64), and the slope of the correlation increased with each consecutive AW pulse.
This highlights the functionality of the MFC as a qualitative indicator tool for OC pulses even months
after deployment. The response time of the MFCs was fast (< 1 day) compared to other indicators for
water quality (e.g., coral colony- or community measures that take weeks to years to respond), and they
successfully detected OC concentrations expected for wastewater effluents. Measurements can be
automated for continuous monitoring, and no laboratory facilities are required (as for OC analysis),
making MFC sensors a suitable tool for remote locations. Overall, these findings emphasize the high
potential of these low-cost (< 20 € per MFC) MFCs as indicator tools for OC pulses in coral reef

environments.

Keywords: biosensor, coastal management, monitoring, benthic metabolism, pollution, sewage

An adapted version of this chapter has been published in Ecological Indicators 153, 110385.
https://doi.org/10.1016/j.ecolind.2023.110385
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6.2 Introduction

It is predicted that 83 % of coral reefs will be affected by local stressors! such as eutrophication through
terrestrial run-off and sewage discharge®*. This results in pollution of coastal ecosystems with inorganic
nutrients (inorganic eutrophication) which can alleviate nutrient limitations of autotrophs?, and
eutrophication with organic substances, where the containing carbon can provide energy for
heterotrophs?. For hard corals, the main ecosystem engineers of coral reefs>, organic eutrophication can

7

disrupt the symbiosis with their associated microbiome®’ which can lead to coral bleaching® and

mortality®. Organic eutrophication stimulates the microbial oxygen consumption in reef sediment®!°,

and in the water column'!'?

, which can lead to the formation of hypoxic zones and mass coral
mortality!'!. Furthermore, eutrophication can lead to phase shifts towards macroalgae, which release
organic matter (OM) that exasperates the degradation of reefs'*!4. Past research has focused on the
effects of inorganic eutrophication on corals'>!¢ and reefs!”!®, but with this building evidence for severe

OM effects, the importance of monitoring and regulating coastal OM input increases>®.

Nutrient concentrations in the water can be highly variable on temporal and spatial scales due
to hydrodynamics and fast turnover'®. Additionally, water parameters alone provide no information on
ecological relevance'® and represent only the condition at the time of sampling, whereas specific features
of organisms or communities (i.e. bioindicators) may represent a time-integrated response?. In order to
detect acute pollution events and prevent large-scale shifts in reef benthic community composition,
changes in water quality should be detected early and fast, which requires high temporal resolution of

21,22’ and

measurements?’. Coral reef microbiome compositions are fast and informative bioindicators
i 1 di di lity?*. H hod ists f
may vary 1n calcareous sediments according to water quality~. However, no method yet exists for

continuous monitoring of the benthic microbial response to eutrophication.

Coral reef carbonate sands harbor high densities of bacteria and function as biocatalytic filter
systems?*. Oxygen penetrates only the first few millimeters of coral reef sediment when hydrodynamics
are low?, highlighting the importance of anaerobic processes. The oxygen- and redox gradient between
seawater and sediment can be used to generate electricity with microbial fuel cells (MFCs), where the
anode is buried in anaerobic sediment and the cathode is exposed to oxygen in the overlying water (see
illustrated principle of MFC in Fig. 6.1)*?% Electrochemically active microbes in the sediment
(exoelectrogens) donate electrons from the anaerobic oxidation of OM to the anode, which are
transported to the cathode through an external circuit, and finally react with oxygen to form water
(Lovley, 2006; Tender et al., 2002). In addition to power supply, MFCs can be used as biosensors for a
range of water properties reviewed by Cui et al.**. One use of MFC biosensors is to measure the amount
of biologically degradable OM in wastewater treatment plants, based on the limitation of the electron
flow by availability of OM?!-33. Studies using sediment MFCs as biosensors are scarce, but the design

may provide higher stability than floating MFCs for in situ sensing shown previously>*.
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Thus, our study aims to answer the question if MFCs deployed in coral reef carbonate sediments
can be used as indicator tools for OM eutrophication from wastewater pulses. Cooper et al.?° proposed
that a good bioindicator for water quality should display: (%) a high specificity, meaning that the indicator
responds to the stressor of interest alone; (i) a high monotonicity; which means that both the intensity
and the duration of the stressor are accurately displayed by the indicator; and (iif) a low background
variability. In addition, a good bioindicator should be (iv) ecologically relevant, and (v) practical®’. We
aim to address all of these criteria with regards to the tested MFCs. To accomplish this, we conducted a
laboratory experiment where we exposed MFCs, developed for deployment in coral reef sands, to three
concentrations of artificial wastewater (AW; 20, 40, or 52 mg OC L' higher than controls). AW pulses
were repeated three times at every concentration, with five weeks between the first and second pulse,
and six months between the second and third pulse. Voltage (transformed into current density) was
measured daily, and organic carbon (OC) content of the water column was used as a proxy for OM
concentration and was measured weekly. If successful, these MFCs could be deployed in situ to monitor
anaerobic microbial degradation of OM and may be used as continuous-measurement indicator tools for

wastewater/ OM eutrophication in the future.
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Figure 6.1. Simplified design and principle of microbial fuel cells (MFCs) where the anode is buried in
anaerobic sediment and the cathode is in contact with oxygen in the water column. Organic matter (OM)
fuels the donation of electrons (e-) to the anode, which are transported over an external resistor (R) to the
cathode, where they react with oxygen to form water. This creates an electric potential difference which
can be measured as voltage (V). When the concentration of OM increases due to wastewater input (right
panel; bold black = stimulated), more e- are donated to the anode and the electric potential difference
increases, which can be measured as a peak in V. Chemical reactions from Lovley (2006).

6.3 Material and methods

The microbial fuel cells

MFCs were constructed from polymethylmethacrylate (PMMA) frames which held electrodes and
titanium wires (grade 1; d = 0.2 mm; AWG 32; Zivipf, Germany) in a vertical alignment, fixed with
plastic screws (see simplified design in Fig. 6.1, and photographs of MFC in Fig. 6.2 a & c). The
electrodes consisted of graphite felt (Sigracell® battery felt, SGL Carbon, Germany) with an active

surface area of 4 cm? and a distance of 3 cm between anode and cathode. Anode and cathode were
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connected over a 2 kQ load resistor (MBB 0207-25; 0.1 %; Miitron, Germany), covered by a plastic box
on top of the MFC. Wires extruding out of these boxes were connected to external luster terminals (2.5
mm?; 12 poles; 400 V; Bauhaus, Germany) for measurement of electrical potential difference (Volt)

over the load resistor between anode and cathode.
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Figure 6.2. Construction of the microbial fuel cell (MFC, a, b & ¢) and deployment in tank microcosm
(d). (a) Inside view of MFC with four electrodes (one additional set for comparisons between sediment
depths, data not reported here). (b) Top view of closed MFC where one resistor is exposed (later covered
by shrinking tube and plastic box). (¢) Detailed view of one electrode made of graphite felt with two
titanium wires woven through. (d) Experimental setup with two MFCs (one closed circuit and one open
circuit) in every tank, filled with coral reef sediment to cover the anodes and artificial seawater to cover
the cathodes.

Experimental conditions

Twelve tanks were filled with 1.85 L artificial seawater (deionized water with dissolved sea salt at ~ 34
%o, ZooMix Sea Salt 10751, Tropic Marin, Switzerland) and natural coral reef sand (1-3 mm grain size)
of 17 cm sediment depth (Fig. 6.2 d). The microbiome in experimental tanks developed from ambient
microbes growing in the sediment and artificial seawater, and was selected for by coral reef-like
conditions (i.e., natural coral reef sediment, artificial seawater). Black plastic wrappings on the outside
ensured no sideways light penetration of the sands. MFCs were deployed vertically in the tanks, with
the anode in the sand at a sediment depth of 2-3 c¢m, and the cathode in the overlying water column. A
second, open circuit MFC was deployed in every tank to monitor open circuit electrode potentials of the
cathode (Supplementary Fig. S6.1) and anode (results not displayed here) in relation to a saturated

calomel electrode (SCE). To ensure aerobic conditions in the water column, air pumps (Eheim

air100, Eheim GmbH & Co. KG, Germany) were active at all times. Light modules above each tank
(Ultra Blue White, daytime LED; Waltron GmbH, Germany) simulated natural light:dark cycles of
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12:12 h. Salinity and temperature were measured daily, and salinity was adjusted to approximately 34
%o if necessary (i. e., ranged between 33 and 35 %o), while temperature was monitored only and ranged
between 21.3 and 24.3 °C. Clinging wrap was used to cover the tanks to reduce evaporation. AW stock
sub-solutions were prepared according to DIN 11733 (2004) for domestic wastewater by dissolving
specific organic compounds and chemicals (listed in Table 6.1) in artificial seawater (ZooMix Sea Salt,
Tropic Marin AG, Switzerland). Stock sub-solutions were stored for a maximum of two days at 4 °C in
the dark. AW was prepared by mixing equal parts of stock sub-solutions A-E (Table 6.1), resulting in
final OC concentrations of 109 mg OC L'+ 3 SD. Three tanks were allocated to either control (no AW
addition, 2 mg OC L' + 1 SD), low AW (peaks at 20 mg C L' + 4 SD), medium AW (peaks at 40 mg
OC L'+ 10 SD), and high AW (peaks at 52 mg OC L'+ 6 SD) treatments. These concentrations of OC
are within the range of wastewater treatment plant effluents®. Electric potential differences (/) over the
2 kQ load resistor (R) were measured daily and current (/) was calculated (Formula 6.1) and divided by

the geometric surface area of the anode for current density.

I = % (Formula 6.1)

The first 25 days after the initiation of the MFCs were not displayed, as microbial biofilms presumably
formed, and electric potential differences increased until they reached a stable state. Afterwards, baseline
values were recorded for 10 days, and the first AW pulse was initiated on day 36 in the evening after
the daily measurement of electric potential differences. Treatment-specific OC concentrations were
achieved by displacing calculated volumes of artificial seawater with the AW stock solution. The next
measurement was conducted 12-15 h afterwards, to give the AW time to settle down and for the electric
potential differences to stabilize. Five weeks after the first AW pulse, on day 71, a second AW pulse
was initiated as described above. Afterwards, the electric potential differences were continuously
measured without any AW addition, and no OC measurements were conducted for 6 months. On day
264, a third AW pulse was initiated as described above.

Table 6.1. Chemical composition of artificial wastewater (AW) stock sub-solutions to prepare AW

according to the German Institute for Standardization (DIN) 11733 (2004) for domestic wastewater. All
compounds were dissolved in artificial seawater.

Sub- Compound Chemical formula  Concentration %
solution gLh (of g LY
A Peptone from casein 2 27
B Meat extract - 1 13
C Glucose monohydrate CsH,06 * H,O 0.2 3
D Ammonium chloride NH,4CI 0.21 3
Potassium dihydrogen phosphate KH,PO4 0.04 <1
Disodium hydrogen phosphate dihydrate Na,HPO, * 2H,0 0.36 5
Sodium hydrogen carbonate NaHCO; 2.94 39
Sodium chloride NaCl 0.58 <1
E Iron (1II) chloride hexahydrate FeCl; * 6H,0 0.4 5

Organic carbon measurements

OC concentrations in the water column were measured weekly with high-temperature catalytic oxidation

(TOC-L, Shimadzu, Germany). The first OC measurement after each AW pulse was done approximately
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12 h after AW addition. Because the OC concentration measurements were conducted without
acidification of the samples to a pH of 2-3%, dissolved inorganic carbon (DIC) was not removed,
resulting in very high measured concentrations of OC + DIC in control tanks (20 mg L'+ 5 SD). From
the measured OC + DIC, OC was estimated using Formula 6.2 for every measurement day. To calculate
the % DIC content in the samples from control tanks, AW was first measured with the same method as
used for the samples, and then acidified to pH < 2 and re-measured. This resulted in 89 % decrease of
measured OC concentrations (from 20.6 to 2.2 mg L™). To estimate the amount of OC in the samples
(OClestimatca), assuming constant DIC contents in all tanks, we calculated the mean amount of DIC of the
three controls for every measurement day (i.e., 89 % of the mean measured value OC + DIC controls) and
subtracted this from all measured values (OC + DIC,p), including the tanks with elevated OC from AW.

Thus, the relative differences between all tanks remained the same.

OCestimatea = OC + DICy;; — ((OC + DIC ontrois) * 0.89) (Formula 6.2)

Statistical analyses

Outliers were excluded when voltage measurements indicated a malfunctioning of the MFC or of the
measuring device (one replicate of: day 88, medium AW; day 105, high AW). The effect of AW pulses
on electrical signals of the MFCs was tested with mixed-effects models of the R package nparLD for
nonparametric analysis of longitudinal data, which provides the robust ANOVA-type statistic, and the
classical Wald-type statistic®’. For this, the average current density of each MFC and experimental phase
was used. “Treatment” was used as between- and “phase” as within-subjects factor. To investigate the
effect of “phase” on each individual treatment, four separate tests with “phase” as single, within-subject
factor were conducted, and the alpha level was Bonferroni adjusted. As post-hoc tests, Wilcoxon’s
pairwise comparison tests were conducted with Bonferroni adjustment, and pooled data for every phase
of the experiment (i.e., B1-B4, see Fig. 6.3). A similar method was used in a previous study to describe
the development of MFC signals over time*. Post-hoc tests were conducted separately for the first and
second observation period (i.e., days 26 to 106 and 254 to 299) because values were generally higher
during the second observation period (see different y axes for Fig. 6.3 a & b). To assess the relationship
between current density of MFCs and OC concentration, temperature, and salinity, repeated measures
correlation analyses were conducted with the R package rmcorr®. For this, controls were excluded to
enable parametric testing after transformation of current densities with the R package LambertW and
the function Gaussianize. Afterwards, normal distribution and homogeneity of variance were tested
visually, and no extreme outliers were detected (rstatics package). To compare the relationship of
current density and OC concentration between the three AW pulses, spearman’s rank correlations were

conducted for the first measurement day after every AW pulse.
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6.4 Results

Response of current densities to three consecutive wastewater pulses

Current densities measured in control tanks without addition of AW were low, with daily averages
ranging from -1.3 (= 1.4 SD) to 2.9 (+ 3.8 SD) mA m (Fig. 6.3). Before the first eutrophication pulse
(phase B1), current densities in all treatments were within the range of controls (-1.6 to 0.25 mA m?).
The treatment effect on current densities varied significantly between phases of the experiment (Wald-
Type Statistic = 209.87, p <0.001; ANOVA-Type Statistic = 6.50, p <0.001). All three AW treatments
resulted in significant changes of current densities between phases of the experiment, while there was

no significant change observed in controls (Table 6.2).

After the first AW pulse on day 36, current densities increased significantly to maximal values
of 11.5 and 8.4 mA m™, in medium and high AW treatments, respectively (Fig. 6.3). Current densities
in all AW treatments were significantly enhanced for the following 10 days (phase P1.2, Table 6.3).
Two weeks after the first AW pulse (phase B2), current densities in the high AW treatment were similar
to baseline values (B1) but remained significantly enhanced in the medium and low AW treatments until

the initiation of the second eutrophication pulse five weeks after the first pulse (Fig. 6.3, Table 6.3).

After the second AW pulse on day 71, the medium and high AW treatments reached new
maximal current densities of 38.1 and 31.6 mA m™, respectively (phase P2, Fig. 6.3) and were
significantly enhanced compared to the previous phase B2 (Table 6.3). Current densities of all three
treatments remained significantly enhanced compared to initial values (i.e., phase B1, Table 6.3) up to

five weeks after the second pulse (phase B3).

Six months after the first observation period (phase B3.2), current densities in the medium and
high AW treatments were still elevated compared to controls (Fig. 6.3, Table 6.3). The third wastewater
pulse (phase P3) resulted in significant increases of current densities in all AW treatments, with new
maximal current densities of 70.8 and 65.8 mA m™ in the medium and high AW treatments (Fig. 6.3,
Table 6.3). During the following five weeks, the medium AW treatment displayed a decline in current
densities back to the range of values recorded before the third AW pulse (phase B3.2), while current
densities in the high AW treatment (two of the three replicates) remained high over the next five weeks

until the end of the experiment.

Table 6.2. Results of nonparametric analysis of longitudinal data (nparLD) with phase of the experiment
as single, within-subjects factor for controls and three artificial wastewater (AW) treatments. Reported are
the Wald-Type Statistic (WTS) and ANOVA-Type Statistic (ATS) with respective degrees of freedom (df)
and p values. The alpha-level to identify a significant effect of “phase” (indicated by an asterisk) was set
to p = 0.0125 (Bonferroni adjusted).

Treatment WTS (df) P (WTS) ATS (df) P (ATS)
Control 227(2) 0.32 4.08 (1.6) 0.03

Low AW 2.56 (2) 0.28 7.92 (1.6) <0.001*
Medium AW 1.94 (2) 0.38 9.18 (1.4) <0.001*
High AW 66.97 (2) <0.001* 20.27 (1.0) <0.001*
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Figure 6.3. Current density (mA m-2) of closed-circuit microbial fuel cells (MFCs) and mean organic
carbon (OC) concentrations (mg L-1) from days 26 to 106 (a) and days 254 to 299 (b) at three
concentrations of artificial wastewater (AW) eutrophication (measured in mg OC L-1) and controls. Black
vertical lines indicate eutrophication pulse initiation on days 36, 71, and 264. Black and grey vertical lines
indicate distinction of experimental phases. B1-B4: baseline; P1-P3: pulse (see statistical analysis results
and mean current densities for every phase in Table 6.3). Each line represents one replicate MFC
(distinguishable by different shapes). Grey area indicates mean OC concentration in three tanks of the
respective treatment. Raw data to this figure is available online in supplementary data 2
(https://doi.org/10.1016/j.ecolind.2023.110385).

Table 6.3. Mean current density (CD) of microbial fuel cells (MFCs) for every treatment of artificial
wastewater (AW) addition (Pulse = mean organic carbon concentration during phases P1, P2, and P3) and
phase of the experiment. Sig. = Results of Wilcoxon’s tests (when nparLD was significant, see Table 6.2),
different letters represent significant differences between phases (pooled data) within each treatment (p <
0.05; Bonferroni adjusted). Statistical tests were conducted separately for the first and second test period.
Days 1 - 25 are not shown because they represent the initiation period of the MFC. Days = days since the
initiation of the MFCs. MDs = measurement days, each with 3 replicates per treatment (n = 3 x MDs).

Phase = experimental phase, see Fig. 6.3.

Time Low AW Medium AW
Pulse: ~20 mg OC L! Pulse: ~40 mg OC L!

Phase  Days (MDs) CD (mA m?) Sig. CD (mA m?) Sig. CD (mA m?) Sig. CD (mA m?)
B1 26-36 (9) -0.32 A -0.65 A -0.46 A -0.56
P1 37-39 (3) -0.19 AB 0.78 BC 5.67 C 5.72
P1.2 40-50 (8) -0.15 BCD 6.23 B 2.86 B 1.41
B2 51-71 (16) 0.18 D 9.05 B 2.47 A -0.17
P2 72-74 (3) 0.29 D 12.75 C 13.25 D 18.74
P2.2 75-85 (9) 0.30 CD 5.54 BC 8.17 C 5.90
B3 86-106 (9) 0.41 BC 291 BC 6.29 BC 3.11
B3.2 254-264 (8) 0.21 A 3.23 A 5.61 A 8.49
P3 265-267 (3) -0.10 B 10.58 C 35.63 B 38.82
P3.2 268-278 (6) -0.11 B 4.61 BC 17.38 AB 33.55
B4 279-299 (8) -0.26 B 1.65 AB 4.64 B 45.81

Relationship of current density with OC concentration, temperature, and salinity

A repeated measures correlation analysis of current densities and OC concentrations revealed a positive
correlation (r(179) = 0.64, 95 % CI=0.54 - 0.72, p < 0.001, Fig. 6.4 a, Supplementary Fig. S6.2 a). From
all current density measurements above 2.9 mA m™ (the highest daily mean current density in controls),

95 % also displayed OC concentrations above 3.3 mg L' (the maximal OC concentration found in
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controls). Values below 2.9 mA m™ were not indicative for low OC concentrations, as 47 % were
measured at OC concentrations above 3.3 mg L. The percentage of measurements above the current
density threshold for controls increased with increasing OC concentrations, from 6 % at OC
concentrations below 3.3 mg L' to 81 % at OC concentrations above 40 mg L' (Fig. 6.4 a). Current
density did not correlate with temperature (Fig. 6.4 b, Supplementary Fig. S6.2 b) or salinity (Fig. 6.4
¢, Supplementary Fig. S6.2 c). Current densities from the day after each of the three AW pulses displayed

significant positive Spearman’s rank correlations with OC concentrations and increasing slopes over the

course of the experiment (Fig. 6.5).
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Figure 6.4. Current density of microbial fuel cells (MFCs) over (a) organic carbon (OC) concentration,
(b) temperature, and (¢) salinity, for three artificial wastewater (AW) treatments and controls, and all days
with simultaneous measurements of all three parameters (21 days). To test for correlations, repeated
measures correlation analysis (rmcorr) was conducted with transformed current density data (see
Supplementary Fig. S6.2). Grey line represents linear regression and is dashed because data is non-
parametric. Percentage values in (a) indicate the ratio of measurements above a current density of 2.9 mV
m (black horizontal line), separated into four groups of OC concentrations (grey vertical lines at 3.3, 20,

and

40 mg L.

Raw data of this

figure is

(https://doi.org/10.1016/j.ecolind.2023.110385).

(a) P1: Spearman's rho = 0.76 **

(b) P2: Spearman's rho = 0.64*

available online

in supplementary data 3

(c) P3: Spearman's rho = 0.89**

80
£
< 60
£
=
£ 40
c
: }
g
3 0 s ° ¥ . * {
0 20 40 60 0 20 40 680 0 20 40 60
oC(mg L) oC(mg L™) oc (mg L™)

# Control ¢ Low AW + Medium AW @ High AW

Figure 6.5. Current density over organic carbon (OC) concentration for the first measurement after each
artificial wastewater (AW) pulse (P1-P3) for three AW treatments and controls. Spearman’s rho was
determined from current density and OC concentrations of the twelve experimental tanks, which are
displayed as means with standard deviations per treatment (n = 3). Grey line represents linear regression

and is dashed because data is non-parametric. Raw data of this figure is available online in supplementary
data 3 (https://doi.org/10.1016/j.ecolind.2023.110385).
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6.5 Discussion

To evaluate the performance of the presented MFCs in coral reef carbonate sediments as indicator tools

for water quality, we will now discuss how they met each of the five criteria proposed by Cooper et al.°.

Specificity

Without addition of AW (phases B1 and controls), mean daily current densities ranged between -1.6 and
2.9 mA m?, and after AW addition current densities increased by more than one order of magnitude in
the high AW treatment (i.e., mean of 38.8 mA m™). This is within the range detected by sediment MFCs
in Tokyo Bay, an eutrophic coastal area*’. When using the maximal control values (current density of
2.9 mA m%; OC concentration of 3.3 mg L) as thresholds, higher current densities were almost always
(95 %) indicative for elevated OC concentrations. The opposite could not be observed, as current
densities below the threshold were equally common at low and elevated OC concentrations. Higher OC
concentrations lead to increased chances of measuring current densities above the control threshold.
Combined, these results indicate that the detection of OC eutrophication with the tested MFCs was
conservative, and most reliable at OC concentrations above 40 mg L -'. MFCs displayed a correlation
coefficient of 0.64 with OC concentrations in the water. Previous studies on MFC biosensors for the

detection of organic substances in water achieved higher correlation coefficients, but used certain

32,33 32,41

microbial cultures°~-°, added only one type of substrate at a time’>*', used membranes to separate the

electrodes’! 334!

, and/or pumps to achieve stable substrate concentrations*'*!. However, these types of
biosensors are less suitable for in situ deployment, and MFC electrodes in direct contact with the
environment are affected by a variety of factors, resulting in higher variation of response signals®.
Another source of variation in the present study could be that the OC determination was based on values
in the water column, although MFCs metabolize organic matter in the sediment?, where OC may
accumulate*. Future experiments should therefore measure sediment OC content in proximity to the
anode. In addition, power generation of MFCs is limited by transfer of electrode reactants and/or
products (i.e., OC or oxygen), and the threshold for this can be estimated with power density curves®.
In the present study, power density was limited at approximately 20 mA m= (Supplementary Fig. S6.3)
in the high AW treatment, likely caused by limitation of oxygen availability at the cathode. Future MFC

designs could be improved by increasing the cathode to anode ratio®.

Current densities did not correlate with temperatures, contrasting previous studies with MFCs?3!-3844,

This could be explained by the relatively narrow temperature range in the present study (i.e., ~ 20 to 24
°C) compared to previous studies with MFCs where temperatures were changed by 10 to 30 °C3844-46,
In general, temperature effects on MFC performance can be expected due to increased metabolic rates
of microbes attached to the anodes*!. However, Di Lorenzo et al.?! found only a 14 % increase in current
produced by an MFC when increasing temperatures from 20 to 25 °C, while an increase from 25 to 30
°C resulted in an increase of 72 %, highlighting that the effect of temperatures is not linear and depends

on the optimum for the microbial community. To avoid false interpretation due to compounding effects
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of temperature fluctuations, temperature sensors should be included in in situ MFC designs. Changes in
salinity in the range between 33 and 35 %o did not affect MFC current densities, supporting a previous
MFC study with small variation in salinity®®. However, salt enhances water conductivity and can thus
enhance MFC performance®. In addition, saline water has a lower oxygen saturation value, which can
reduce cathode performance*’. During flooding events, coral reefs can be exposed to salinities below 30
%0*, which could have short-term effects on MFC signal strength and should be considered during in

situ studies.

MFCs can also be used to monitor oxygen concentrations through limitation of electron flow at the
cathode*-!, and this principle was proposed to detect eutrophication events when algal blooms increase
oxygen concentrations*>>°. Wastewater eutrophication can enhance MFC current densities due to supply
of OM, while it may also lead to reduced oxygen concentrations in the water column!!, reducing MFC
current densities. In theory, these antagonistic effects could impede the detection of eutrophication with
MFCs. However, as oxygen depletion generally starts close to the sediment-water interface'!, we
propose to include several cathodes at different water depths into future MFC designs, as done by Song
et al.>! in a lake. With this design, differences in current densities between cathodes can inform about
oxygen stratification®!, while the shared trends in current densities can inform about OM input. Depth
of oxygen penetration in the sediment can also impact MFC performance when the anode gets exposed
to oxygen, and is dependent on turbulence®. Therefore, we suggest placing MFCs at locations protected
from high turbulence and burying the anode below the maximal oxygen penetration depth. In addition,
inorganic nutrients in wastewater can act as alternative electron acceptors in the anaerobic sediment®>>,
This likely impacted MFC performance in the present study but did not hinder the detection of AW
pulses. MFC current densities can also be affected by the presence of toxins>*, which may occur in
wastewater and can reduce microbial activity, thus working against the detection of OM?>>. These
interfering factors support that sediment MFCs should primarily be used as qualitative indicator tools
for early warning of OM eutrophication®®, to be followed up with conventional measurements of water

quality and coral reef community health (e.g.?°).

Monotonicity

Current densities of the tested MFCs displayed monotonicity of intensity to some extent, as they
correlated significantly with OC concentrations in the water. The slope of the correlation increased over
time with each consecutive AW pulse, which could be explained by a continuously growing microbial
community on the anode, and changes in microbial community compositions towards dominance of
exoelectrogens®’*®, High AW eutrophication could also have caused the formation of biogas bubbles
from methanogens in the anaerobic sediment, which can lead to high variation in MFC electrical
output®. An additional explanation for variation with medium and high AW eutrophication could be
that the cathodic biofilm, which catalyzes the oxygen reduction®, became more anoxic due to increased

respiration and the formation of an oxygen depleted boundary layer. Oxygen was not directly measured
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in the present study, but open-circuit measurements of an additional cathode placed in the same
experimental tanks revealed drops in the electrode potentials measured against an SCE after all AW
pulses (Supplementary Fig. S6.1), indicating oxygen limitation®°. Thus, after AW pulses, the generation
of electricity by the MFCs was limited by oxygen availability at the cathode (as final electron acceptor).
This could be alleviated by increasing the flow rate of water across the cathode®’. As water flow in the
experimental tanks was only stimulated by the aeration system and no pump was included, flow rates

are expected to be higher in situ, possibly reducing the oxygen limitation.

The measured current densities also reflected the durations of elevated OC concentrations. Two
weeks after the first high AW pulse (phase B2), OC was removed almost completely from the water
column, while current densities returned to baseline values. After the second AW pulse, the OC
concentrations remained elevated for six months, reflected by elevated current densities in two out of
three MFCs previously exposed to high AW (phase B3.2). Sediment OM content close to anodic
biofilms declines over time, and the OM composition changes towards more complex molecules because
components with lower structural complexity and molecular size are more susceptible to microbial
degradation®. Furthermore, microbial degradation of OM depends on the ability of the microbial
community to metabolize them®. Thus, durations of MFC responses to OC pulses are influenced by the
substrate composition and the microbial community composition of their biogenic anodes. The
differences in current densities between treatments six months after the second AW pulse suggests that
the tested MFCs can indicate not only acute eutrophication pulses through peaks in current densities,
but also chronic exposure to OM through differences in baseline current densities to unpolluted control
sites. Future research should therefore investigate if there is a general relationship between baseline
current densities and OM content of sediment in coral reefs. Power output from MFCs in lake sediment
can be higher when initial (naturally occurring) OM content is elevated, but the relationship also depends
on the microbial community composition present in the sediment®®®, In addition, power output of MFCs
can be negatively affected by excessive organic content due to methane production®. Thus, comparison
of baseline current densities between MFCs in different locations could provide some information on

the relative OM content but is likely also influenced by local microbial community composition.

Variability

The background variability in control tanks without AW addition was low compared to the detected
responses to AW eutrophication. This was likely due to low OC concentrations in the sediment resulting
in low microbial growth on the electrodes. A general explanation for stability of biofilms on MFC
anodes with mixed microbial communities is the “exclusion-exfoliation theory”®*. Here, the anodic
biofilm remains thin and not diffusion limited because the fastest growing layer is the innermost layer
on the anode surface, dominated by exoelectrogens, which pushes outwards and constantly “washes
away” other heterotrophs. Factors that may affect baseline values are biofouling of the cathodes by

marine organisms*’, or clogging®, which both reduces oxygen availability at the cathode, and prevention
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of this should be considered for future MFC designs. Furthermore, in situ MFC current densities can
fluctuate with the day-night cycle due to fluctuating environmental oxygen concentrations*’, which is

why they should be measured either continuously, or at a constant time of day.

Ecological relevance

The content of OM in coral reef water is generally low (> 1 mg L)', and carbonate sands filter OM
from the water column, allowing coral reefs to be highly productive in oligotrophic environments®.
However, 58 % of coral reefs globally are exposed to wastewater?, through intentional or unintended
direct discharge of untreated sewage, or entire lack of sanitation®”. OM is a major component of
wastewater®®, and in addition to the direct OM input, inorganic nutrients in wastewater cause biomass
production by micro- and macroalgae, which release dissolved OM (DOM) into the water column and
contribute to settlement of detritus as particulate OM (POM)!*%70 The marine benthos is highly
sensitive to eutrophication and pollution’!, and elevated OM content in coral reef sediment can promote
the formation of benthic cyanobacteria mats’?, which contribute to reef degradation”. Organic
eutrophication can enhance sedimental oxygen consumption (SOC)!°, sulphate reduction®, and nitrogen
fixation” in coral reef sediments, and elevated sediment OC content can lead to reduced microbial
diversity’!. Continuous monitoring with MFCs could provide detailed insights into these microbial
processes which affect ecosystem-scale nutrient cycling. Metabolic measurements of the benthos are
time-integrated (i.e., reflect the conditions of a longer time period), because particles sink and
accumulate there'?. In addition, micro-and meiobenthic indicators respond to changes in water quality
faster than communities of larger organisms®’, and especially microbial communities have a high
potential for indicating environmental change?>’>. However, sequencing methods to analyse microbial
community compositions are cost intensive, impeding real-time assessment’””. MFCs in coral reef
sediments could provide a solution for this, as their electrical output responds to changes in microbial
metabolism. As MFCs select for specific microbes that are capable to donate electrons to the anode?’,
microbial community compositions may differ between MFC electrodes and the environment.
Therefore, we propose MFCs as tools to target sampling efforts for analysing environmental microbial
community compositions. OM is often not included in coral reef monitoring programs>®, and the use of
MFCs as OM indicator tools could increase the awareness of OM eutrophication and help to direct

management efforts.

Practicality

For early warning of pollution events, bioindicators with short response times are needed, which require
high intensities of sampling®. Continuous, on-line monitoring with MFCs requires low sampling effort,
as the unit of measurement is an electric signal. Response times of MFCs are defined as the time needed
until electrical output reaches a steady state after the OM concentrations are changed, and generally vary
between < 1 min and 10 h*. In the present study, electrical output of MFCs was only measured once a

day and was stable ~15 h after the AW pulse initiation. Future studies with automated measurements
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should include higher temporal resolution to identify the exact response time of MFCs to eutrophication
pulses in coral reef sediments, which is likely < 15 h. Response times of < 1 day are rare among other
bioindicators. Examples are gene expression, RNA/DNA ratio, and symbiont photophysiology %, which

all require laboratory facilities and thus are lacking in practicality compared to MFCs.

Due to the low maintenance requirements, MFCs are useful tools to charge remote sensors,

27779 and marine environments?**%°. The highest achieved

which has been tested in lakes’®, rivers
power density in in the present study during chronic high AW exposure was 11.7 mW m™ with an
external resistance of 68 kQ (Supplementary Fig. S6.3). MFCs with similar electrode types (graphite
plate) achieved power densities of 12 mW m? 7 and 16 mW m™ 28 and were able to power a wireless
telecommunication system, and a meteorological buoy, respectively. The meteorological buoy was
powered with 36 mW, with an electrode area of 2.2 m? 2. Increasing electrode surface areas can be
achieved through multiple geometries and materials, for example through stacked graphite plates?®, or
carbon fibre brushes®. Thus, the electrode area in the current study could easily be increased to ~ 3.1

m? to achieve power densities of 36 mW. It remains to be tested if in situ coral reef sediments harbour

sufficient organic matter to make MFC sensors self-powered.

Another aspect for practicality of bioindicators is cost efficiency?’, which should consider
material costs as well as costs associated to data collection, -analysis and maintenance'®. Sediment
MFCs can be built of inexpensive materials, because they do not require cation exchange membranes®!,
and no catalyst is needed, because the naturally growing biofilm catalyses the cathodic reaction®. The
here presented MFCs were built with materials for < 20 € per MFC, though the design did not include
power management- and data transmission systems which are required for in sifu on-line monitoring.
Sediment MFCs need little to no maintenance because they do not rely on battery power, and oxygen
and OM are constantly supplied through water flow and sedimentation?. Due to their low material costs,
the here presented MFCs are suitable for integration in wireless sensor networks (WSNs)*. WSNs
enable monitoring of an area through the distribution of many low-cost sensors which are connected in
a network and send their monitoring data to a base station equipped with a transmission system®. For
underwater monitoring, an additional intermediate station on the surface (e.g., a buoy) should connected
to the underwater network of MFCs / sensors (e.g., acoustic transmission), and the base station on the
shore (e.g., radio transmission)®. However, incorporating MFCs into a WSN poses various additional
challenges, such as ensuring connectivity and robustness of the whole system®. Interdisciplinary
collaboration among the fields of marine ecology, environmental process engineering, electrical
engineering, and computer science is necessary to proceed the development of MFCs as sensors for on-

line monitoring of OC eutrophication in coral reefs.

Conclusion

MEFCs in the present study were reliable in detecting AW pulses, and current densities were indicative
for OC concentrations. However, drawbacks of MFCs are their sensitivity to changes in environmental
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parameters like temperature and oxygen concentrations (i.e., limited specificity and monotonicity),
which is why they should be used primarily as qualitative indicators. MFCs in control tanks did not
generate any peaks in current density throughout the experiment (i.e., low variability). In addition, their
fast response times of less than one day enable early detection of eutrophication pulses in sensitive coral
reef ecosystems, which may allow fast management action before higher trophic levels of the
community are impacted (i.e., high ecological relevance). The greatest benefits of MFC indicator tools
in comparison to already established indicators for organic eutrophication (summarized in
Supplementary Table S6.1) are the possibility for continuous monitoring, fast response times, low
maintenance and sampling effort once the device is deployed, and potential for self-sustainability, as
well as low material costs (i.e., high practicality). The findings of the present study that MFCs in coral
reef sediments can be used as indicator tools for OM eutrophication for more than 6 months are a first

step towards designing MFC sensors that are adjusted to in sifu conditions in coral reefs.
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7.1 Abstract

The mucus surface layer serves vital functions for scleractinian corals and consists mainly of
carbohydrates. Its carbohydrate composition has been suggested to be influenced by environmental
conditions (e.g., temperature, nutrients) and microbial pressures (e.g., microbial degradation, microbial
coral symbionts), yet to what extend the coral mucus composition is determined by phylogeny remains
to be tested. To investigate the variation of mucus carbohydrate compositions among coral species, we
analysed the composition of mucosal carbohydrate building blocks (i.e., monosaccharides) for five
species of scleractinian corals, supplemented with previously reported data, to discern overall patterns
using cluster analysis. Monosaccharide composition from a total of 23 species (belonging to 14 genera
and 10 families) revealed significant differences between two phylogenetic clades that diverged early in
the evolutionary history of scleractinian corals (i.e., complex and robust; p = 0.001, R* = 0.20), mainly
driven by the absence of arabinose in the robust clade. Despite considerable differences in environmental
conditions and sample analysis protocols applied, coral phylogeny significantly correlated with
monosaccharide composition (Mantel test: p <0.001, R*> = 0.70). These results suggest that coral mucus
carbohydrates co-diversify with scleractinian coral phylogeny and support their essential role in the

functioning of corals.

An adapted version of this chapter is currently under review at Scientific Reports.
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7.2 Introduction

The metazoan surface mucus layer (SML) is an outermost protective barrier of exposed tissues', and
first evolved in Cnidarians and Ctenophores®. Mucus consists largely of water (95 %) and mucin
glycoproteins (~ 3 %), which have a high (50 — 90 %) carbohydrate content in the form of glycans (oligo-
and polysaccharides) attached to a protein backbone®, giving mucus its viscoelastic properties?.
Traditionally, mucus has been considered to serve important functions in metazoan defense, feeding and
locomotion*. Moreover, its role in controlling associated microbial communities is increasingly
recognized®. Constant renewal of the SML serves a physical antimicrobial function??, and chemical
defenses include adhesion (entrapment) or the prevention of adhesion (dispersal) of microbes to mucin
glycans*®. Changes in mucin glycan structures can reduce antimicrobial functions of mucus’®, and may

lead to disease’, highlighting the importance of mucosal carbohydrates for metazoan health.

2,10,11

Corals are considered model systems for metazoan evolution , and scleractinian corals in

particular are ecologically important due to their role as ecosystem engineers of tropical as well as cold

water coral reefs'>!3

. Mucus serves especially diverse functions in corals compared to other
invertebrates'®, including protection against environmental stressors (e.g., desiccation, UV radiation,
and sediment smothering), supplementation of calcification, and quenching of potentially harmful
oxygen radicals (reviewed by Brown and Bythell'*), as well as colonial integration through mucus-
coordinated surface flows'®. Despite these important functions of coral mucus, little is known about the

composition of coral mucus glycans, nor their phylogenetic variation.

The structural analysis of glycans is challenging due to the lack of distinct spectroscopic
signatures'¢, and mass spectra of mucin-type glycans are especially complex and notoriously difficult to

t'7. To our best knowledge, only two studies investigated the structure of coral mucus glycans

interpre
in detail through mass spectrometry of oligosaccharides cleaved from the protein backbone of
mucins'®!?. A less challenging and more commonly used method for total carbohydrate analysis is the
measurement of monosaccharide building blocks after acid hydrolysis of glycans though
chromatographic methods?’, which provides insight into the composition of carbohydrates at the cost of
losing structural information'®. Scleractinian corals from different geographic locations displayed

common mucus monosaccharides®!, and Wild et al.?*> found conserved monosaccharide compositions of

coral mucus glycans on the genus level in Acropora and Fungia.

Phylogenetic dependence (i.e., related species resemblance) is often low for carbohydrates®*24,

due to the constant selection pressure from co-evolving pathogens* and microbial degradation®® (i.e.,
Red Queen effect / arms race). In addition, several factors can contribute to inter- and intraspecific
variation in coral mucus. Firstly, coral mucus release rates and/or compositions can be influenced by

2729 and nutrient enrichment®®. Secondly, microbial

environmental variables like water temperature
communities associated with coral mucus can vary with environmental conditions®', potentially

resulting in composition adaptations. Finally, endosymbiotic dinoflagellates of the family
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33-35

Symbiodiniaceae* are majorly involved in mucus production®*, and likely contribute to shaping

mucus composition®®37.

This raises the question whether the previously suggested phylogenetic dependence in coral
mucus carbohydrate compositions is limited to the genus level??, or if it also applies to broader
taxonomic groups. Scleractinian corals diverged into two main clades (i.e., “complex”, and “robust”)
about 418 million years ago®, which have few morphological differences, but can be discerned on a
molecular level’**. We hypothesized that (1) mucus carbohydrate compositions are most different
between the complex and robust clade and that (2) the phylogeny of scleractinian corals correlates with
the composition of coral mucus carbohydrates, indicative for co-diversification. For the investigation,
we analyzed the monosaccharide composition of hydrolized mucus glycans from five species of
scleractinian corals (i.e., Acropora cervicornis, Diploria labyrinthiformis, Meandrina meandprites:
collected in situ in the Caribbean; Montipora digitata, and Montipora confusa: grown ex situ in Bremen,
Germany) and combined our results with reported literature data (total of 23 species from 14 genera and

10 families).
7.3 Results

Monosaccharide composition of mucosal carbohydrates

The monosaccharide compositions of mucosal carbohydrates of the five species analysed in the present
study (i.e., A. cervicornis, D. labyrinthiformis, M. meandrites: collected in situ on Curagao and
maintained in ambient seawater; M. confusa, M. digitata: grown in aquarium facilities in Bremen,
Germany) revealed a common presence of glucosamine (GIcN) in all analysed samples, and an absence
of rhamnose (Rha), while all other monosaccharides (galactosamine, GalN; xylose, Xyl; galactose, Gal;
fucose, Fuc; glucose, Glc; mannose, Man; arabinose, Ara) were only present in certain species (Table
7.1, Supplementary Table S7.1). The two Indo-Pacific sister species M. confusa and M. digitata had
almost identical mucus carbohydrate compositions of GIcN (54.0 + 1.6 and 56.9 + 2.8 mole %) and Ara
(46.0 = 1.6 and 43.1 £ 2.8 mole %), while mucus carbohydrate compositions of D. labyrinthiformis and
M. meandrites differed from A. cervicornis, due to high relative contribution of Fuc (47.8 = 1.1 and 33.6
+ 7.1 vs. 2.0 + 0.4 mole %) to total carbohydrates (Table 7.1). The total carbohydrate concentration of
mucus from A. cervicornis was 9 to 16 times higher compared to the other species (ANOVA: F, 9 =
59.2, 77 = 0.96, p < 0.001; Tukey HSD: p < 0.001), which enabled the detection of monosaccharides

with low relative abundance.

Table 7.1. Mean concentration (mg L") = SD of monosaccharides and total carbohydrates in hydroly sed
coral mucus of five coral species. Rhamnose was not detected (n.d.) in any sample. N = number of
replicates, GalN = galactosamine, Xyl = xylose, Gal = galactose, Fuc = fucose, Glc = glucose, Man =
mannose, Ara = arabinose, GIcN = glucosamine, Total = sum of all measured monosaccharides. Raw data
is available in Supplementary Table S7.1. Origin: A = Collected in situ in the Caribbean (Curagao); B =
From Indo-Pacific, grown ex situ in Bremen, Germany.
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Species Origin | N GalN Xyl Gal Fuc Glc Man Ara GlcN Total
Acropora A 3 1.53 ¢ 0.14 + 2.68 1.04 + nd 10.07+ | 22.80+ | 13.73+ | 51.98 +
cervicornis 0.06 0.25 0.10 0.08 o 3.65 1.75 2.82 8.15
Diploria A 3 0.02 + 0.17 = nd 2.60 + 0.03 1.05+ nd 1.76 + 562+
labyrinthiformis 0.03 0.30 o 2.68 0.04 1.36 o 1.69 5.73
Meandrina 1.14 0.18 £ 0.38 1.79 = 3.48 +
meandrites A 2| nd n.d. nd | 959 | 025 | 003 | ™% | 023 | 1.10
Montipora 1.39+ 195+ 3.34 ¢
confusa B 3 n.d. n.d. n.d. n.d. n.d. n.d. 0.04 013 0.14
Montipora 2.02 + 3.15¢ 517 +
digitata B 3 n.d. n.d. n.d. n.d. n.d. n.d. 0.55 0.54 118

Cluster analysis including literature data

Hierarchical cluster analysis including data from the present study (Table 7.1) and six previous studies
(Supplementary Table S7.2) revealed three significantly different clusters (PERMANOVA: F» = 12.9,
p = 0.001; all pairwise comparisons: p = 0.003, Bonferroni adjusted; Fig. 1 & 2a) which explained 51
% of variance. Overall, the monosaccharides GIcN / N-acetyl glucosamine (GlcNAc), Ara, Man, and
Glc were the most common, and GalN / N-acetyl galactosamine (GalNAc) and Rha were the least
common components of coral mucus carbohydrates (Fig. 7.1). The difference between corals of the
complex and robust clade alone was also significant and explained 20 % of the observed variance
(PERMANOVA: Fu1)=17.9, p=0.001; Fig. 7.1 & 7.2b). Monosaccharide compositions did not differ
between studies (PERMANOVA: Fu4)= 3.2, p = 0.033; all pairwise comparisons: p > 0.05; Fig. 7.2¢),
nor between geographic regions where the coral specimen originated from (PERMANOVA: F3)=2.5,
p =0.007; all pairwise comparisons: p > 0.05; Fig. 7.2d).

The first cluster exclusively included coral species of the complex clade, covering three families
and four genera, and all reported measurements of the family Acroporidae (Fig. 7.1). The cluster was
characterized by significantly more Ara compared to the two other clusters (p < 0.01, Dunn’s test,
Bonferroni adjusted; see Fig. 7.3 for all Kruskal-Wallis test results), and significantly more GlcN
compared to the third cluster (p <0.05). The second cluster was only composed of corals from the robust
clade, covering five families and six genera, including all three measurements of the family Fungiidae
(Fig. 7.1). Mucus carbohydrates contained significantly more Fuc than the two other clusters (p < 0.05),
and significantly more GIcN than the third cluster (p < 0.001; Fig. 7.3). The third cluster included all
species of the family Pocilloporidae, as well as two other families of the robust clade, and Galaxea
fascicularis of the complex clade (Fig. 7.1). Mucus carbohydrates contained significantly more Man (p

< 0.05) and Glc (p < 0.05) than the other clusters (Fig. 7.3).
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Clade
Cluster 1 . Montipora confusa (Ex-situ) Complex
l Montipora digitata (Ex-situ) [ Robust
Acropora muricata (GBR) Family
Acropora cervicornis (Caribbean) . Acroporidae
Acropora aspera (GBR) Poritidae
Acropora millepora (GBR) . Agariciidae
Acropora sp. (Red Sea) Fungiidae
] Porites lobata (Red Sea) Caryophylliidae

Pachyseris speciosa (GBR) Meandrinidae
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Acropora robusta (GBR) Ez\;lillfoa:ori dae
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Ctenactis sp. (Red Sea) 70
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Meandrina meandrites (Caribbean) 60
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Diploria labyrinthiformis (Caribbean) 40
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Figure 7.1. Coral mucus carbohydrate compositions form three significantly different clusters.
Hierarchical cluster analysis and heatmap of relative monosaccharide compositions per coral species (mole
% values are given in cells), measured in the present study and six previous studies (see Supplementary
Table S7.2 for more detail). Dendrogram is based on Euclidean distance. GalN/GalNAc = galactosamine /
N-acetyl-galactosamine, Xyl = xylose, Rha = rhamnose, Gal = galactose, Fuc = fucose, Glc = glucose, Man
= mannose, Ara = arabinose, GIcN/GIcNAc = glucosamine /N -acetyl-glucosamine.
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Figure 7.2. Non-metric multidimensional scaling of coral mucus carbohydrate compositions divided by
(a) clusters established in hierarchal cluster analysis (see Fig. 7.1), (b) phylogenetic clade, (¢) study where
the data originated, and (d) geographic origin of specimen. Vectors for monosaccharides were only shown
when significant (p < 0.05). All factors were significant in permutational multivariate analysis of variance,
but only a and b revealed significant differences between groups in pairwise comparisons (pairwiseAdonis,
p <0.05). Plus-signs mark centroids of respective groups, and ellipses mark areas of 68 % confidence. Fuc
= fucose, Glc = glucose, Man = mannose, Ara = arabinose, GIcN/GIcNAc = glucosamine /N -acetyl-
glucosamine.
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Figure 7.3. Characterization of the three clusters from hierarchical cluster analysis (Fig. 7.1). Comparison
of relative monosaccharide contents among clusters. Asterisks indicate significant differences between
clusters (* p <0.05, ** p <0.01, *** p <0.001, Dunn’s test, Bonferroni adjusted), where Kruskal Wallis
tests were significant (results reported on the bottom of the respective panel). Boxes represent the
interquartile range, with the horizontal black line indicating the median, and black crosses indicating the
mean. GalN/GalNAc = galactosamine / N-acetyl-galactosamine, Xyl = xylose, Rha = rhamnose, Gal =
galactose, Fuc = fucose, Glc = glucose, Man = mannose, Ara = arabinose, GlcN/GIcNAc = glucosamine
/N-acetyl-glucosamine.

Correlation between coral mucus carbohydrate composition and coral phylogeny

To quantify the correlation of scleractinian coral phylogeny on coral mucus carbohydrate composition,
we created a phylogenetic tree including the same species (or close sister species) used in the
dendrogram for carbohydrate compositions (i.e., Fig. 7.1). Both dendrograms were connected with lines
for visual comparison (Fig. 7.4), and a Mantel test was used to compare the two distance matrices,
revealing a significant correlation (R = 0.70, p = 0.001, 999 permutations). The three clusters from the
carbohydrate dendrogram were mostly reflected by the phylogenetic tree, with the exception of

Desmophyllum sp. (Norway) and G. fascicularis (see grey dashed lines in Fig. 7.4).

For closely related species, relationships between phylogeny and mucus carbohydrate
composition were more variable. Orbicella annularis and D. labyrinthiformis, Stylophora pistillata and
Pocillopora verrucosa, as well as M. digitata and M. confusa were highly correlated (see bold

connecting lines in Fig. 7.4). However, differences in mucus carbohydrate composition within the
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genera Desmophyllum, Fungia, and Pocillopora were greater than differences between closely related
families (i.e., Merulinidae and Faviidae). In addition, the three available carbohydrate measurements of
mucus from Acropora muricata (from three different studies) displayed as much variation as was

observed on the family level within the Acroporidae.

i o~
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Figure 7.4. Mucus carbohydrate composition (left dendrogram, derived from Fig. 7.1) and phylogenetic
tree (right dendrogram, based on cytochrome ¢ oxidase subunit I (COI)) correlate significantly. Result of
the Mantel test is given on the bottom, where the simulated p value is based on 999 permutations. Colours
of connecting lines highlight the three main clusters of the left dendrogram. Bold lines indicate closely
related species with high similarity in mucus compositions (i.e., high correlation). Grey dashed lines
indicate species where the mucus carbohydrate composition reflects a different cluster compared to closely
related species (i.e., low correlation). Symbols represent different scleractinian coral genera and are added
for illustrational purposes. Symbol attribution: Integration and  Application Network
(ian.umces.edu/media-library).

7.4 Discussion

Hierarchical cluster analysis of the combined data on coral mucus carbohydrate compositions of 23
scleractinian coral species and 10 families revealed three significantly different clusters (Fig. 7.1 &
7.2a), due to differences in the monosaccharides Ara, Fuc, GlcN/GlcNAc, Glc, and Man (Fig. 7.3). The
absence of Ara in the robust clade mainly contributed to a significant difference between complex and
robust corals, while there was no significant difference between geographic regions where the specimen
originated, nor between studies which first reported the data (Fig. 7.2). Finally, the dendrogram
containing the three clusters correlated significantly with the phylogenetic tree of scleractinian corals

(Fig. 7.4).

Coral mucus carbohydrate composition displays phylogenetic dependence
Results of the present study revealed a significant correlation between coral mucus carbohydrate

composition and coral phylogeny, which indicates phylogenetic dependence of the mucosal
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carbohydrate building blocks (i.e., monosaccharides). Phylogenetic dependence (or phylogenetic signal)
is the trend of traits being more similar between more closely related species, and can be explained by
genetic drift®. Random mutations are suggested to lead to increasing differences in genes with
increasing phylogenetic distance (i.e., the timespan since divergence of lineages)?. Glycan structures
and compositions usually do not reflect phylogenetic lineages, as glycans evolve rapidly to escape
pathogens® and general microbial degradation® (i.e., Red Queen effect / arms race). For example, Tao

1.24

et al.** proposed that rather than phylogeny, selective environmental and microbial pressures shape

oligosaccharide compositions (carbohydrates composed of several monosaccharides) in primate milk.

The three mucus carbohydrate compositions of A. muricata used in this analysis originated from
Taiwan®’ and the Great Barrier Reef (GBR) in Australia*'** and revealed large differences. These
differences could be explained by different environmental conditions. On the other hand, Klaus et al.**
found no intra-specific variation across depth- and coastal pollution gradients in mucus carbohydrates
of M. annularis®®. Thus, more research is needed to elucidate the species-specific effects of
environmental factors on coral mucus carbohydrate compositions. Furthermore, changes in microbial
communities due to environmental conditions®' and ex situ culturing**** (i.e., for M. digitata and M.
confusa colonies in the present study) may influence coral mucus compositions, and thus should be
included in future studies due to expected interaction of mucosal carbohydrates with associated

microbes’*. Lastly, endosymbiotic Symbiodiniaceae likely influence coral mucus compositions®®*’.

Arabinose is not common in animal cells**’

, and may be delivered to the coral host by the
endosymbiotic dinoflagellates®**!. Arabinose characterized the mucus of corals from the complex clade,
the only exception to this trend being G. fascicularis. The origin of Ara in the mucus of corals from the
complex clade should be further investigated and studying the mucus Ara content in response to coral
bleaching, or differences in dominant Symbiodiniaceae genera could reveal a link to Symbiodiniaceae

metabolism.

Subsequently, it could be expected that theses environmental and microbial pressures largely
determine the variation in mucus carbohydrate composition and thereby overrule potential effects of
phylogeny. Surprisingly, in the present study the opposite appears to be the case with coral phylogeny
explaining 70 % of the observed variation on the level of monosaccharide building blocks in coral mucus
glycans. Variation of host glycans is limited by the necessity to retain vital functions*® such as successful
interactions with microbial symbionts?*. Thus, phylogenetic dependence of carbohydrate compositions
may contribute to conserving vital functions for scleractinian corals. However, monosaccharide
compositions of hydrolysed glycans lack information on the overall glycan structure'¢, and future studies

should aim to capture their full molecular variation (e.g., as proposed by Bligh et al.?¢).

Meikle et al.'?, one of the few studies that analysed the detailed glycan structure of coral mucus,
revealed that mucins of A. muricata (then A. formosa®) are highly glycosylated through O-glycosidic

links, and glycan side chains rich in Ara, Man, and GlcNAc. These same monosaccharides (i.e., Ara,

158



Chapter 7 | Correlation between mucus carbohydrate composition and phylogeny suggests co-
diversification within scleractinian corals
Man, and GIcN/GIcNAc) were common in mucus of all Acropora species analysed in the present study
(Fig. 7.1) and were thus likely parts of mucins. The protein backbone of mucins (encoded by MUC
genes) dictates the position of O-glycans, which can only be attached to the hydroxyl groups of serine
or threonine®’. The MUC genes differ between branches of the tree of life®!, and evolutionary variation
of the regions where glycosylation occurs can lead to structural and functional changes of mucins.
Thus, the correlation of coral mucus carbohydrate composition and coral phylogeny may indicate
phylogenetic dependence in MUC genes and/or genes for enzymes involved in glycosylation (i.e. GT).
This connection could be further investigated by studying the involved genes (i.e., MUC and GT) in

scleractinian corals.

Potential caveats and limitations

Apart from the aforementioned potential effects of variations in environmental conditions, geographic
locations, and ex situ vs in situ collections, the use of different sampling protocols and analytical
methods have likely affected the mucus carbohydrate compositions reported in the different studies
which were included in the cluster analysis (Supplementary Table S7.3). Coral mucus sampling was

21,43

conducted either by drawing mucus from the corals’ surface with low stress*"*’, or by removing the

coral from water and catching the dripping mucus (i.e., “milking”; *»*’*2 and present study), which
induces stress and may impact mucus compositions'*. Additionally, carbohydrate analysis was
conducted either by gas chromatography coupled with mass spectrometry (GC-MS)?!-224142 " high-
performance liquid chromatography with MS detection (HPLC-MS)?, or high-performance anion-
exchange chromatography with pulsed amperometric detection (HPAEC-PAD; * and present study).
GC-MS requires chemical alteration of sugar molecules, while HPAEC-PAD does not require this step
and has a lower detection range, making it more suitable for environmental samples*. As coral mucus
carbohydrate concentrations are generally high, the difference in detection limit between methods may
be negligible, and differences in accuracy between methods are less relevant when comparing relative
compositions (i.e., mole %). Furthermore, dialysis membranes used for desalination of mucus samples
ranged in pore size between 0.1 and 50 kDa, and no dialysis was carried out in the present study where
samples were diluted instead. The majority of carbohydrates in coral mucus are in the form of mucin
glycoproteins and large heteropolysaccharides which have molecular sizes of 175 to 30,000 kDa!#5433,
Thus, these molecules should have remained in the samples with any of the used pore sizes. Finally, we
acknowledge the limited number of replicates for some of the analysed coral species, which was one for
some of the early measurements*', and two to three for the here reported species (more detail in
Supplementary Table S7.2). Despite the potential effects of these limitations, we would like to point out
that there was no significant effect of study on the monosaccharide composition (Fig. 7.2¢). In
combination with the fact that 70 % of the observed variation in monosaccharide composition could be

explained by coral phylogeny, this may indicate the dominating effect of phylogeny on the composition

of monosaccharide building blocks in coral mucus carbohydrates.
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Conclusion

The here analysed carbohydrate compositions of coral mucus from 23 species originated from seven
different studies, and were thus likely influenced by i) differences in environmental conditions
(including in situ vs ex situ growth), ii) associated microbiota, and iii) sample preparation- and
measurement methods. Despite these factors which can induce variation, the mucus compositions from
corals of the complex and robust clade were significantly different, and coral phylogeny explained 70
% of the variation. Therefore, the here presented results indicate that coral mucus carbohydrate
composition co-diversifies (on the level of their monosaccharide building blocks) with coral phylogeny,

suggesting important functions of mucosal carbohydrates for scleractinian corals.

7.5 Methods

Mucus collection

Fragments of the critically endangered coral species A. cervicornis (n = 3) were temporally provided by
the coral restoration project Reef Renewal Curacao to avoid any detrimental pressure on natural
populations. Coral fragments were suspended on coral trees with strings and could therefore be removed
and transported to the CARMABI research station without tissue damage. Colonies of D.
labyrinthiformis (n=3) and M. meandrites (n =2) were collected from the reefin Piscadera Bay (12.121,
-68.970) while avoiding injury to living tissue. All corals were kept and allowed to recover for one week
at a suspended artificial structure at 10 m depth in front of the CARMABI research station. Colonies
were brought to a seawater flow-through aquarium in the morning, incubated in an aquarium with 22 L
of filtered seawater (0.2 um pore size) for 6 h at ambient temperature and light conditions (29.0 °C +
0.2 SD, 101 pmol photons m? s &+ 13 SD) as part of a different study, and then again placed in the
flow-through aquarium for the night. Mucus was sampled the next morning by exposing the colonies to
air, and collecting the dripping mucus for two minutes in a sterile falcon tube after discarding the first
30 seconds, according to Wild et al.*>. This method is also called “milking” of corals, and may result in
different biochemical compositions of mucus than what is present in the surface layer when
undisturbed'. Montipora digitata (n = 3) and M. confusa (n = 3) colonies from the Indo-Pacific were
grown in the aquarium facilities of the Marine Ecology department of the University of Bremen for six
years under stable conditions (water temperature: ~ 26 °C; light: ~100 - 150 umol photons m2 s !;
salinity: ~35 %o; sea salt: Zoo Mix, Tropic Marin, Switzerland). Although these two species are the only
ones which were not collected in situ, we decided to include them in the analysis, as the aim of the study
was to investigate phylogenetic effects on mucus composition. Mucus collection was done as described
above, and colonies were placed back into the aquarium. All mucus samples were stored at -20 °C until

further processing, as was done before for the analysis of carbohydrates in coral mucus samples?>27-,
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Measurement of monosaccharide compositions

Mucus samples were hydrolysed at 100 °C for 24 h by adding 50 uL of 2 M HCI to 50 puL of mucus.
Afterwards, mucus was diluted by a factor of 100 by adding 20 pL of the mucus-HCI mixture to 980 uLL
of ultrapure water (UW). Diluted mucus samples were vortexed, and then centrifuged (15 min at 21.100
x g), and 100 pL of the top layer were transferred into glass vials for measurement together with six
calibration standards including all monosaccharides at concentrations ranging from 10 to 1000 pg L.
Monosaccharide concentrations of hydrolysed mucus were measured with a high-performance anion
exchange chromatography system (Dionex ICS-5000", Thermo Fisher Scientific), equipped with a PA10
column (2 x 250 mm) and PA10 guard column (both by Thermo Fisher Scientific). Monosaccharides
were separated by an isocratic flow of 18 mM NaOH for 20 minutes. HPAEC was coupled with pulsed
amperometric detection (HPAEC-PAD) as previously described®.

Data preparation for hierarchical cluster analysis

Monosaccharide concentrations measured in the present study were converted to mole %, using the
mean of two (M. meandrites) or three (all other species) replicates. Data of mucus carbohydrate
compositions of 23 different scleractinian coral species, measured with varying numbers of replicates
ranging from one to 36 (see Supplementary Table S7.2 for more detail) were retrieved from six previous
studies?!-?2274143Species or genera with several reported mucus compositions from different locations
or studies (i.e., 4. muricata, Desmophyllum sp.) were treated separately in analyses. Only studies which
could detect the nine neutral and amino sugars Fuc, Rha, GalN/GalNAc, Ara, GIcN/GIcNAc, Gal, Glc,
Man, and Xyl were included (see comparison of methods used in Supplementary Table S7.3). GlcN was
pooled with its derivate GlcNAc, and GalN was pooled with GalNAc. Species names were changed to
the currently accepted names, i.e., “Montastrea annularis” now Orbicella annularis >, “Acropora
formosa” now A. muricata®, “A. nobilis” now A. robusta®, and finally “Lophelia sp.” now
Desmophyllum sp.’®. Three studies?*>** did not report the absence of GalN/GalNAc, but values were
set to zero because the methods used (Supplementary Table S7.3) enable the detection of GalN/GalNAc
(see Wild et al.?, where absence of GalNAc was reported). Similarly, absence of Rha was not reported

27,41

in two studies*”*" although methods used (Supplementary Table S7.3) can detect Rha, and values were

set to zero. Two studies?!*

reported the relative abundance of additional monosaccharides, and mole %
values were adjusted accordingly for better comparison among studies. Mole % data of Fungia sp.”* was
averaged from three measurements conducted in different seasons. Finally, Stylophora sp.** was not
included in the hierarchical cluster analysis of the present study, because only one monosaccharide (Glc)
was detected. This was likely due to low carbohydrate concentrations in the mucus, leading to the sole
detection of one monosaccharide, which was then over-estimated as contributing to 100 % of

carbohydrates.
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Phylogenetic tree construction

To be able to correlate the mucus carbohydrate dendrogram with coral phylogeny, a phylogenetic tree
was constructed based on cytochrome ¢ oxidase subunit I (COI). The COI sequences were downloaded
from GenBank (see Supplementary Table S7.4). Sequences were loaded into Geneious Prime software
(version 2023.0.3) and aligned using the Geneious Alignment tool. The phylogenetic tree was
constructed based on unweighted pair group with arithmetic mean (UPGMA) with Hasegawa, Kishino,
and Yano (HKY) genetic distances using the Geneious Tree Builder tool. The resulting distance matrix
was exported and used to create the tanglegram (see statistical analyses section). For comparisons of
unspecified genera or in case a COI sequence of a selected species was not available, COI sequences of
sister species within the same genus were downloaded and used to construct the phylogenetic tree
(Genus species mucus dendrogram vs. Genus species phylogeny), i.e., Desmophyllum sp. vs.
Desmophyllum pertusum, Ctenactis sp. vs. Ctenactis crassa, Fungia sp. vs. Fungia fungites, Pocillopora
sp. vs. Pocillopora verrucosa, Madrepora sp. vs. Madrepora oculata, and finally Montipora confusa

vs. Montipora undata.

Statistical analyses

All statistical analyses were conducted with R version 4.3.0 and R Studio version 2023.03.1.
Hierarchical clustering of mucus monosaccharide compositions was performed using the package
pheatmaps and the “complete” clustering method (i.e., Euclidean distance). Permutational multivariate
analysis of variance (PERMANOVA, vegan package, 999 permutations) was used to test for differences
in Euclidean distance matrices of carbohydrate compositions between groups (i.e., clusters, clades,
studies, geographic regions), and homogeneity of dispersion among groups was tested with
permutational multivariate analysis of dispersion (PERMDISP, vegan package). Homogeneity of
dispersion was not given for the factors Clade and Study, but PERMANOVA is robust to heterogeneity
in dispersion for balanced designs® and sample sizes for Clade were nearly balanced (n2/n; = 1.33). The

2743 were not included in

two studies which only reported mucus compositions for one species
PERMANOVA analysis for the factor Study to reduce the heterogeneity in dispersion. Distance matrices
were additionally visualized with non-metric multidimensional scaling (NMDS, vegan package) to
display the effects of Cluster, Clade, Study, and Geographic region on carbohydrate compositions. For
post-hoc analysis, multiple pairwise comparisons were conducted with the R package pairwiseAdonis,
Bonferroni adjustment, and 999 permutations. To test for differences in the relative abundance of single
monosaccharides between the three main clusters, Kruskal-Wallis-Tests were performed, and when
significant (p < 0.05), multiple pairwise comparisons were conducted using the Dunn’s test with
Bonferroni adjustment. Correlation between the two distance matrices of the hierarchical cluster
dendrogram and the phylogenetic tree was tested with a Mantel test (ade4 package), which is frequently

used to compare phylogenetic trees and test for cophylogeny®°!. A tanglegram was created with the

dendextend package®?, combining the two distance matrices from mucus carbohydrate compositions and
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phylogenetic information. The measurement for “Acropora sp. (Red Sea)” was removed from the
carbohydrate dendrogram after clustering with the prumne function, as it could not be connected to a

species of the phylogenetic tree.
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Algae-dominated reef of Piscadera Bay, Curacao, Dutch Caribbean. Photo by Benjamin Mueller.
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8.1 Abstract

Marine dissolved organic matter (DOM), one of the most complex chemical mixtures on earth,
constitutes the basis of the coral reef food web. Within this plethora of compounds high molecular
weight (HMW, > 1 kDa) carbohydrates are the most abundant fraction exuded by benthic primary
producers. Despite globally occurring shifts from coral- to algaec-dominated reefs, not much is known
about how their exuded carbohydrates shape coral reef community metabolism. Here we compared the
monosaccharide composition of HMW carbohydrates in exudates from various hard corals against
exudates from brown macroalgae, all collected on an algae-dominated reef off Curacao, Dutch
Caribbean. We further investigated the response of the ambient bacterioplankton community to the
respective HMW fraction of exudates. Our results show that HMW coral exudates were compositionally
distinct from the ambient, algae dominated reef waters and compositionally similar to coral mucus
(mainly arabinose). The HMW exudate fraction selected for opportunistic microbial taxa commonly
associated with corals (i.e., Rhodobacteraceae, Phycisphaeraceae, Vibrionaceae, Flavobacteriales).
Additionally, coral exudates significantly increased the predicted energy-, amino acid-, and
carbohydrate metabolism by 28 %, 44 %, and 111 %, respectively. In contrast, algae exudates were
similar in HMW carbohydrate composition both to the reef water and to algal tissue extracts (mainly
fucose) and did not significantly alter the composition and metabolism of the bacterioplankton
community collected from the nearby reef. The strong effect of coral-derived HMW DOM on
bacterioplankton communities of algae-dominated reefs is consistent with increasingly efficient trophic
transfer (i.e., transformation of DOM into microbial biomass). In contrast, macroalgae-derived HMW
DOM primarily supported microbial respiration (i.e., a shift from anabolism to catabolism), and/or
resisted microbial degradation, both ultimately reducing trophic transfer. Increasing abundance of
opportunistic microbes with coral HMW exudates further supports shifting DOM composition as one

driver of the widespread microbialization of reefs.

A modified version of this manuscript will be submitted to mSystems.
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8.2 Introduction

Corals are the main ecosystem engineers of tropical coral reefs, as they provide habitat and nutrients' to
one of the most diverse and productive ecosystems on the planet®>. However, coral cover is declining
on many reefs worldwide due to global and local human stressors®, often leading to the overgrowth by
fleshy algae®®. Particularly in the Caribbean widespread shifts towards stages of fleshy macroalgae

dominance have been reported”*!°

which may change coral reef community metabolism through
exudation of dissolved organic matter (DOM), but the role of different DOM components in these

interactions is poorly understood''.

Algae usually exude more DOM than corals which increases the bacterioplankton abundance in

12,13

reef water'>"3, In addition, algae DOM stimulates microbial respiration'* which can lead to

deoxygenation of reefs!>”!7. Concomitantly, less energy is transformed into microbial biomass (i.e., a
shift from biomass generation to respiration), reducing the transfer of energy to higher trophic levels!®1°.
This shift in ecosystem-wide energy allocation from heterotrophic macrobes (e.g., fish and
invertebrates) to foremost microbes was termed the microbialization of reefs, and was proposed to occur
globally on degraded, algae-dominated reefs'®?°. Algae DOM also appears to select for putative
opportunistic and pathogenic microbes'®*'~2*, Combined, these indirect effects of algae DOM on the
microbial community can lead to coral mortality through hypoxia and disease**%¢. Coral mortality opens
up space on the reef for algae growth, thus resulting in the DDAM positive feedback loop (DOC, disease,

algae, microorganisms) which facilitates reef degradation®”%.

These contrasting responses of microbial communities to coral- versus algae DOM suggest
underlying differences in DOM composition. Indeed, liquid chromatography-tandem mass spectrometry
(LC-MS/MS) has recently revealed the great diversity of coral and macroalgae exudates®-**. However,
this method is mostly limited to low molecular weight (LMW) components which efficiently elute from
solid phase extraction columns®'*2, thus not capturing most carbohydrates. Carbohydrates are the most
abundant biomolecules of high molecular weight (HMW; i.e., >1 nm or 1,000 Dalton) DOM in surface

3334 and play a major role in shaping bacterioplankton communities*>®. Only very few studies

oceans
have investigated the carbohydrate composition of the coral reef DOM so far. Nelson et al. 2 found
increased concentrations of fucose, galactose, and rhamnose in macroalgae-exuded dissolved combined
neutral sugars, while the coral Porites lobata exuded DOM of a similar composition to ambient reef
water, mainly consisting of glucose, mannose, and xylose. While coral DOM selected for oligotrophic
microbes of the Alphaproteobacteria and exerted the smallest effect on the microbial community
composition, macroalgae DOM selected for copiotrophs and putative pathogens of the

Gammaproteobacteria and exerted the strongest effects on the natural bacterioplankton community?.

Most carbohydrates exuded by corals®’ and macroalgae*®*° belong to the HMW size fraction
(i.e., glycoproteins and polysaccharides, respectively), which can be extracted from seawater with

ultrafiltration (UF, ~1 nm pore size)*'. The HMW carbohydrates exuded by corals and macroalgae can
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thus be concentrated using UF, and subsequently added to ambient seawater with minimal dilution of
the bacterioplankton community, while at the same time keeping DOM concentrations within a natural
range. The majority of studies investigating the effects of primary producer exudates on
bacterioplankton apply dilution culture experiments*’, where prefiltered exudate-enriched water is
inoculated with unfiltered ambient reef water resulting in a reduction of microbial cell abundance by at
least 40 %'#?*2*#_ This approach alleviates density-dependent effects and allows to determine
exponential growth rates as a measure of substrate quality. However, dilution also influences the

4445 and affects competitive outcomes “®4’. Differences in

community composition of bacterioplankton
the amount of exuded DOM between corals and macroalgae in previous studies further resulted in higher
starting concentrations for macroalgae- compared to coral DOM?**, which makes it difficult to untangle
the effects of DOM concentration (i.e., quantity) and DOM composition (i.e., quality) on
bacterioplankton communities. Thus, the question remains whether coral and macroalgae exudates,

added at similar concentrations, also differentially influence an undiluted microbial community.

All in all, interaction of coral- and macroalgae-derived DOM with bacterioplankton received
much attention over the last decades'' due to increasing macroalgae dominance, especially in the
Caribbean!®, and global evidence that algae DOM supports reef microbialization'®. However, there are
considerable knowledge gaps concerning DOM-microbe interactions for algae-dominated, Caribbean
reefs. It further remains unclear how much of the previously observed effects on bacterioplankton were
due to differences in composition versus concentration of coral versus macroalgae-derived DOM%,
Finally, no study has yet assessed how the most reactive part of DOM, the HMW carbohydrate fraction,

affects undiluted coral reef bacterioplankton communities.

To address these knowledge gaps we investigated the exudation of hydrolysable carbohydrates
by corals and macroalgae, and how this particular DOM influences bacterioplankton communities from
a Caribbean reef. We hypothesized that i) corals and macroalgae enrich HMW DOM in reef water with
carbohydrates of different compositions, and ii) that the different exudates would enrich different taxa
of the bacterioplankton community relative to seawater controls, with algae exudates exerting a stronger
effect. We conducted a two-part experiment where we first incubated four hard coral species, two brown
macroalgae genera, and seawater controls in aquaria to collect the exudates (see experimental design in
Fig. 8.1). Subsequently, we concentrated HMW exudates from the incubation water, and analyzed the
monosaccharide composition of hydrolysable carbohydrates. Finally, we added the concentrated HMW
DOM to ambient seawater in four-day dark incubations to elucidate effects on the growth and
community composition of the heterotrophic bacterioplankton community to coral and macroalgae
HMW DOM. By investigating bacterioplankton dynamics from a macroalgae-dominated reef in
response to primary producer-specific HMW DOM-carbohydrate compositions, our study may help to

understand the functioning of changing reef communities from a microbial ecology perspective.

171



Chapter 8| Coral exudates shape bacterioplankton community composition and function in an algae-
. . S
dominated Caribbean reef

a Coral and macroalgaeincubations b Bacterioplankton incubations
for HMW DOM collection for HMW DOM remineralization
. . i —* Control DOM Algae DOM Coral DOM To.05L
Reef water === o Filtered 6 hlight Fllftere;j -
reef water incubations reerwater
+exudates Reef water Reef water Reef water 51

boc Control  Algae coral DOC
n=4 n=3 n=3
Start — 6h — 12h — 1lday — 4days
HMW DOM HMW DOM \ )
(>1kDa) + exudates ¥ .

Legend E E 1 EFiIter: 165 rTNA
Next step — v v v Predicted
Filtration (0.2 um) == Carbohydrates Cell counts DOC functions
No filtration — DocC NO,+NO,
Concentration (x100) —— PO,

Figure 8.1. Experimental design divided into (a) coral and macroalgae incubations for exudate collection
from corals and macroalgae and (b) bacterioplankton incubations for exudate remineralization by microbes
from ambient reef water. DOC = dissolved organic carbon; HMW DOM = high molecular weight (> 1,000
Dalton) dissolved organic matter. Concentrated HMW DOM (concentration factor of 100) enriched with
exudates from coral and macroalgae incubations was diluted with ambient reef water in dark incubations
(dilution factor of 100).

8.3 Methods

The macroalgae and corals

The macroalgae Dictyota spp. and Lobophora spp., and three of the four coral species (i.e., Diploria
labyrinthiformis, Meandrina meandprites, and Madracis auretenra) were collected from the reef of
Piscadera Bay, Curacao (12.121, -68.970) at 8-10 m depth. Additionally, fragments of Acropora
cervicornis were provided by the coral restoration project Reef Renewal Curagao and kept on a floating
coral nursery (10 m depth) in front of the CARMABI research station until the experiment. All of the
coral and algal species used here are abundant on Curacaoan reefs and wide-spread through the
Caribbean region*®!. Algae were placed into plastic bags for transportation and carefully rinsed with
fresh seawater to remove sediment or particles before placing them into the experimental tank. Coral
colonies were carefully cleaned with tooth brushes to remove encrusting sponges from the underside of
colonies and kept in the floating nursery to heal any small injuries for one week. After retrieving
macroalgae and hard corals from the reef/nursery, the organisms were kept submerged in a flow-through
aquarium until the start of the incubations on the same day. Following the completion of experiments in
the present study, coral colonies were placed back on the reef or used for restoration activities (i.e., 4.
cervicornis). All collections and experimental work were carried out under the research permit
(#2012/48584) issued by the Curacaoan Ministry of Health, Environment and Nature (GMN) to the
CARMABI foundation.

172



Chapter 8| Coral exudates shape bacterioplankton community composition and function in an algae-
dominated Caribbean reef

Coral and macroalgae incubations for exudate collection

To collect coral and macroalgae exudates, as well as DOM from unamended seawater controls, six-hour
incubations were conducted in a glass tank (22 L, rinsed with 10 % hydrochloric acid, HCI) with
seawater, which was filtered to remove particles and planktonic organisms (see details below and
experimental design in Fig. 8.1a). Corals or macroalgae were placed into the tank with sterile gloves
(nitrile, powder free), covering about one third (corals) or half (algae) of the aquarium floor (see
photographs in Supplementary Fig. S8.1), which approximates the relative benthic cover at,
respectively, coral- or algae-dominated reefs in the Caribbean®. The same experimental setup was used
for all incubations (three of each treatment, and four seawater controls), which were done on different
days between the 8™ and 23" of November 2021. Seawater from Piscadera Bay, collected the previous
day through a pipe leading from the reef (5 m depth) into the aquarium facilities, was run over filters
with decreasing pore sizes to remove particles (50, 20, 5, 0.5 um), and microbes (0.2 pm, 12 cm
diameter, polycarbonate, pre-flushed with 1 L seawater), for 4 hours. Filtered seawater was collected
and stored in closed HDPE buckets (rinsed with 10 % HCI, ultrapure water, UW, and filtered seawater)
in an air-conditioned room (29 °C) in the dark until the next day. The tank was placed in a flow-through
water bath with fresh seawater to keep temperatures close to in sifu conditions (measured every five
minutes with HOBO Pendant; Table 8.1). Salinity remained stable throughout the incubations (Table
8.1). A recirculating pump (UW-rinsed) was used to provide water movement in the incubation tank,
and the top of the tank was left open to allow gas exchange. Oxygen concentrations did not change in
controls throughout the incubations, but increased for both treatments during the incubations to 195 %
air saturation (Table 8.1). These oxygen concentrations can be observed in coral reefs in diffusive
boundary layers (DBL), at the coral-algal interface, and on the reef scale®. Artificial light was provided
throughout the incubations (CoralCare, Philips Lighting, 190-W-LED fixture). Light intensities for the
experimental setup were measured on the 9™ of November 2021 in photosynthetically active radiation
(PAR, Table 8.1) and were within the range of light intensities on the reef at 10 m depth in November
(i.e. up to ~ 500 pmol photons m2s-1 13).

Table 8.1. Environmental parameters of incubations with seawater controls, corals, and macroalgae.
Ambient values measured on the reef at 10 m depth (temperature, light) or at the start of the incubations
(salinity, oxygen: n = 10). Values are presented as means with standard deviations. 100 % air saturation
corresponds to 170 pmol O, L' (or 6.8 mg L!). Temperature was measured every five minutes throughout
the incubations, and salinity and oxygen were measured at the start (ambient) and end of the incubations.

Light was measured once on the 9" of November 2021 for the experimental setup which was constant
during the whole experiment.

Variable Ambient Control Coral Algae
Temperature (°C) 29.1+0.1 29.0+0.3 29.0+0.2 29.0+0.1
Light (PAR, pmol photons m? s™) - 448+ 6 448+ 6 448+ 6
Salinity (%o) 36.6+0.2 36.7+0.3 36.7+0.1 36.9+0.1
Oxygen (umol L'/ 196 +4/ 196 +4/ 332423/ 332423/
% Air saturation) 1152 1153 195+ 14 195+ 14
Replicates (n) 3/10 4 3 3
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Concentration of high molecular weight dissolved organic matter

Water samples (~ 20 L) from the six-hour aquarium incubations (start and end) were collected into
HDPE buckets with a silicone tube (both 10 % HCI and sample-rinsed). Corals and algae were removed
with sterile gloves (nitrile, powder free) before air exposure could lead to a stress response which may
affect the incubation water. From the bucket, water was filtered with pre-flushed (200 mL)
polyethersulfone filters (0.2 um pore size, Millipore Sterivex) for 2 hours using a peristaltic pump
(Masterflex L/S) and sample-rinsed platinum-cured silicone tubes (Masterflex, 96410-15). Dissolved
nutrient samples (i.e., DOC, inorganic nutrients) were collected from the filtrate. All remaining water
was concentrated with tangential flow-filtration (TFF) by a factor of 100 and a molecular weight cut-off
of 1,000 Dalton (UFP-1-C-5, Cytiva). The TFF cartridge was cleaned according to the manufacturer
manual, with 0.5 N NaOH and ultrapure water. Trans-membrane pressure was set to 2-3 bar during
sample concentrations. From the concentrated water (i.e., 14 L concentrated to 140 mL), samples for
dissolved organic carbon (DOC) measurements were collected (i.e., HMW DOC). The remaining
concentrated water was stored at -20 °C for the microbial degradation experiment and carbohydrate

analyses.

Bacterioplankton incubations for exudate remineralization

To test the effects of HMW exudates from macroalgae and corals on bacterioplankton communities in
reef water, we conducted four days-long dark incubations (see experimental design in Fig. 8.1b). Fresh
seawater was collected from the reef of Piscadera Bay on the 1% of December 2021 between 9:30 and
10:45 am at a depth of 6.8 m, 0.5 m above the benthos, with low current. Water was collected in four 20
L PE bottles (10 % HCI and seawater rinsed) while facing the opening of the bottles away from the diver
and towards the current. Water bottles were stored at 29 °C in the dark for ~7 h until the start of the
experiment. Equal parts of every bottle were used for the nine incubation containers (three per treatment
or control, 5 L, PP) to ensure equal water quality and microbial community compositions. Extracts from
coral and macroalgae incubations and seawater controls were thawed and pooled by treatment (i.c.,
extracts from three replicate exudation incubations per treatment were mixed). Subsequently, 50 mL of
the respective extract were added to 5 L of fresh seawater. All incubation containers were placed in dark
Styrofoam boxes where HOBO loggers recorded light intensities (always 0 Lux) and temperatures (26.7
°C * 0.3 sd). Samples for all parameters were collected at five timepoints: shortly after the start of the
incubations (ca. 30 minutes after exudate addition), after six and 12 hours, and after one and four days.
Samples for DOC and inorganic nutrients were filtered with a peristaltic pump at a flow rate of 26 mL
min"! (Masterflex L/S) through pre-flushed (200 mL) polyethersulfone filters (0.2 um pore size,
Millipore Sterivex) attached to sample-rinsed platinum-cured silicone tubes (Masterflex L/S Precision
Pump Tubing, Tygon). Samples were collected from the bottom of each incubation container after gentle

shaking.
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Coral mucus and macroalgae tissue extraction

Data on coral mucus carbohydrate compositions of A. cervicornis, D. labyrinthiformis, and M.
meandrites was already reported in a previous study (Thobor et al., submitted; chapter 7), where coral
mucus collection and analyses are described in detail. Briefly, on the day after the coral and algae
exudation experiment, coral colonies were exposed to air for three minutes. Dripping mucus was
collected into sterile vials for two minutes after disposing mucus for the first minute, as done in previous
studies®, and stored at -20 °C until analysis of carbohydrate compositions. Macroalgae from the
experimental tanks were rinsed with UW and then oven-dried (40 °C, 48 h) and stored in sterile PP tubes
(Falcon, 50 mL, Thermo Fisher Scientific) at room temperature in the dark. Dried algae tissue was
pulverized with a mortar and pestle, and alcohol insoluble residue (AIR) and subsequently the water-
soluble fraction were prepared as described by Vidal-Melgosa et al.. Dried powder was suspended in
pure ethanol (volume ratio 6:1 of solvent:pellet), vortexed, rotated for ten minutes, and then centrifuged
(21.100 x g for 15 minutes at 15 °C). The pellet was then washed in a 1:1 Chloroform:Methanol solution
until the supernatant was clear. The pellet was then washed in pure acetone, and air dried at room
temperature. Subsequently, 10 mg of this AIR-washed powder were re-suspended in 300 pL of
autoclaved UW, shaken for 2 h at 15 °C, centrifuged (6,000 x g for 15 minutes at 15 °C), and the
supernatant collected. The supernatant containing the water-soluble fraction was stored at -20 °C until

carbohydrate analysis.

Carbohydrate analysis

For carbohydrate analysis of HMW DOM, 200 uL of 2 M HCI were added to 200 uL of samples and
acid hydrolyzed at 100 °C for 24 h in pre-combusted (400 °C, 4 h) glass ampules. After hydrolysis,
samples were dried down with an acid-resistant vacuum concentrator (Martin Christ
Gefriertrocknungsanlagen GmbH, Germany) together with calibration standards which were prepared
in 1 M HCI. Standards and samples were then resuspended in 200 L. UW and transferred to sterile
HPAEC vials for measurement. Coral mucus samples and algae tissue extracts were hydrolyzed as
described above, and then diluted with UW by a factor of 100 (coral mucus) and 50 (algae tissue
extracts), centrifuged (21.100 x g for 15 minutes at 15 °C), and 100 pL of the top layer was transferred
to HPAEC vials for measurement with calibration standards. Monosaccharide concentrations of
hydrolyzed carbohydrates were measured on a high performance anion exchange chromatography
(Dionex ICS-5000" system with CarboPac PA10 guard column (2 x 50 mm) and analytical column (2
x 250 mm, Thermo Fisher Scientific), coupled with pulsed amperometric detection (HPAEC-PAD), as
previously described®*-*®. Separation of neutral and amino sugars was achieved with an isocratic flow of
18mM NaOH, followed by a separation of acidic monosaccharides with a gradient reaching up to 200
mM NaCH;COO. Concentrations were calculated from peak areas of six co-measured standard mixes
with concentrations ranging from 10 to 1000 ug L™ per monosaccharide using Chromeleon (Thermo

Fisher Scientific).

175



Chapter 8| Coral exudates shape bacterioplankton community composition and function in an algae-
dominated Caribbean reef

Dissolved organic carbon and inorganic nutrient analysis

DOC samples (20 mL) were collected in pre-combusted (4 h at 450 °C), sample-rinsed glass vials closed
with teflon-lined lids (10 % HCI acid washed and sample-rinsed), acidified with 5 drops of 12N HCl to
a pH < 2, and stored at 4 °C until measurement. Concentrations of DOC were measured with high-
temperature catalytic oxidation (TOC-L CPN, Shimadzu), calibrated with a standard curve of potassium
hydrogen phthalate (0; 25; 50; 100; 200; 400 umol C L™"). Every sample was injected 5-7 times,
resulting in an analytical variation of 2.3 %. Measurement accuracy was tested by including consensus
reference material (CRM: Batch 21, Lot: 04-21, DOC: 44.7 pumol L' + 0.8 sd, D.A. Hansell, University
of Miami) into every measurement run, which was on average 8 % below the reported concentration.
Two samples (i.e., algae 2 and coral 2) had to be collected ~1.5 h after the other samples due to practical

constraints, affecting DOC concentrations which were thus excluded from analyses.

Dissolved inorganic nutrient samples (5 mL) were collected in sample-rinsed HDPE vials (Midi-
Vial, PerkinElmer; Waltham, MA, USA) and stored at -20 °C until measurement on a Gas Segmented
Continuous Flow Analyzer (QuAAtro / TRAACS, SEAL Analytical). Calibration standards were
prepared in low nutrient seawater (LNSW) with the same ionic strength as analyzed samples (salinity ~
35 %o). For the analysis of nitrite (NO.) + nitrate (NOs), NOs3 was first reduced to NO, at pH 7.5 by a
copperized cadmium column. The resulting NO» was then turned into a pink complex through addition
of sulphanylamide and naphthyl ethylene-diamine and measured at 550 nm®’. Phosphate (PO) was first
turned into a yellow phosphate-molybdenum complex at pH 1.0 with potassium antimonyl tartrate acting
as a catalyst. The complex was then reduced into a blue molybdophosphate-complex with ascorbic acid
and measured at 889 nm3. Two samples from dark incubations had to be excluded (i.e.: control 2, Start;

coral 1, 1 day) due to high salinity (an artifact from overflowing sample vials while freezing).

Microbial cell counts

Samples for microbial cell counts (1 mL) were taken with sterile pipette tips directly from the incubation
containers, immediately fixed with 20 pL glutaraldehyde (15 min at 4 °C) and stored at -80 °C until
analysis with flow cytometry (FACSCalibur, BD Biosciences, New Jersey, USA). Samples were 1:5
diluted with pre-filtered (0.2 um) Tris-EDTA (TE) buffer, stained with 2 % SYBR Green, and stored in
the dark for > 15 minutes prior to measurements. The output was analyzed with FCS Express 5

(DeNovo), and values from blanks (TE only) were subtracted from results.

DNA extraction

DNA was extracted from frozen (-20 °C) polyethersulfone filters (0.2 um pore size, Millipore Sterivex)
which were used for nutrient sample collection (filtered volume: 0.2 — 1.2 L) as described in Haas et
al.>®. All extractions were done with sterile utensils in a UV cabinet (UVT-S-AR, BioSan). We used the
NucleaoSpin Tissue (Macherey-Nalgel, 250 preps) DNA extraction kit following manufacturer

instructions with some adjustments. Filters were thawed at room temperature, air-dried with a Luer lock
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syringe, and closed on one end. Subsequently, 410 pL of proteinase K (50 puL) and buffer T1 (360 pL)
solution was pipetted into the Luer lock opening of the filter, which was then closed and rotated
overnight (~ 18 h) at 55 °C in a hybridization oven (Compact Line OV4, Biometra). On the next day,
400 pL of Buffer B3 was added to the filters, and filters were rotated at 70 °C for 15 min. Subsequently,
the liquid (500-750 pL) was removed from the filters with 3 mL Luer lock syringes and placed into a
microtube. Samples were diluted with pure ethanol in a volume ratio of 1:2 ethanol:sample and vortexed.
The solution was then added to the column and centrifuged for 1 min at 11,000 x g. After washing the
column with 500 pL of BW and 600 pL of BS5 buffers, the silica membrane containing the extracted
DNA was dried for 2 min at 11,000 x g. Pure DNA was then eluted into a microtube with 100 uL BE
buffer which was incubated for 10 min at room temperature, and spun down for 1 min at 11,000 x g.
Extracted DNA was stored at -20 °C, and then transported on ice to the University of Hawai‘i at Manoa

for amplification.
Amplicon library sequencing and bioinformatics

The V4 region of the small subunit (16S) ribosomal RNA gene was amplified from each genomic DNA
template using forward-indexed primers 515F-Parada: GTGYCAGCMGCCGCGGTAA and 806R-
Apprill: GGACTACNVGGGTWTCTAAT® following the protocols of the Earth Microbiome Project®!,
with the following minor changes: we did not pool triplicate reactions, and we used 1ulL of genomic
template. Amplicons were cleaned and normalized to equimolar concentrations using the SequelPrep kit
(Thermo Fisher Scientific) and then pooled and sequenced on the Illumina MiSeq platform (600 cycle
V3 chemistry). Sequences were demultiplexed using a custom probabilistic script and microbiome
profiling was implemented in the MetaFlow|mics pipeline®* following the specific settings presented by
Jani et al.®: sequences were assembled, denoised and quality trimmed using DADA2%, globally aligned
with mothur® to the Silva (v132) global SSU rRNA alignment database®, bayesian consensus classified
(70 %) to the Genus level’, and clustered into 99 % sequence identity operational taxonomic units using
vsearch® refined to reduce intragenomic taxonomic splitting errors using LULU®. Sequences that could
not be classified at the Domain level or were classified as chloroplast or mitochondrial 16S were
discarded and sequencing depth was subsequently standardized to 10,000 random reads per sample. All
bioinformatics were deployed on the C-MAIKI gateway’ at the University of Hawai‘i at Manoa by the

Center for Microbial Oceanography: Research and Education.

We used MicFunPred’! to predict metabolic pathway abundance from 16S rRNA data. The tool
normalized our OTU abundance table to library size, assigned taxonomy down to genus level and then
used the MetaCyc database to predict core gene contents. The output is a product of normalized
taxonomic abundance and core gene content. We acknowledge the limitations of using 16S rRNA data
to infer metabolic functions. Firstly, the accuracy of predicting metabolic functions based on 16S rRNA
amplicon sequencing depends on the quality and size of the reference database and may be limited for

rare pathways and specific environments’"’2. Secondly, pathways specific to certain strains are not
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included because 16S rRNA amplicons do not allow identification down to the microbial strain’.
MicFunPred addresses the second limitation, as it predicts the functional potential based on a set of core
genes (i.e., genes present in > 50 % of genomes in the genus), which minimizes the false-positive results

and uses MinPath to estimate the minimal set of pathways for pathway prediction”".
Statistical analyses

All statistical analyses were conducted using R Studio (R version 4.3.0, R Studio version 2023.06.2).
Before conducting parametric tests, we checked for outliers (rstatix package), normal distribution
(Shapiro-Wilk test), and homogeneity of variance (Levene test) across and within groups. The effect of
treatments on DOC- and carbohydrate concentrations in light incubations was tested with one-way
analysis of variance (ANOVA; data was square root-transformed if necessary to achieve normal
distribution), and Tukey’s HSD test for post-hoc analyses. One monosaccharide (rhamnose) was
analyzed using non-parametric tests (Kruskal-Wallis and pairwise Dunn’s tests with Bonferroni
adjustment) because one group contained two zero values. We used false discovery rate (fdr) correction
to control the family-wise error rate across different monosaccharides. Hierarchical cluster analysis of
HMW exudate-, coral mucus- and algae tissue composition was conducted using Euclidean distance and
the R package ComplexHeatmap™; Simprof analysis (clustsig package) was used to test for significant
differences between clusters. Differences of microbial cell densities among timepoints (within-subjects
factor) and treatments (between-subjects factor) were analyzed using two-way mixed ANOVA and
pairwise t-tests with Bonferroni adjustment. For mixed ANOVA, we additionally tested for
homogeneity of covariance (Box’s M-test). Some outliers had to be excluded from DOC concentrations
(i.e., n = 2 for algae and coral treatments) and inorganic nutrient concentrations (i.e., n = 2 for controls
at the start and coral treatments after one day) and were thus analyzed with non-parametric tests

(Kruskal-Wallis and Friedmann), followed by pairwise Dunn’s tests with Bonferroni adjustment.

To compare microbial community composition and predicted metabolic pathway abundances
among treatments we used two-way permutational multivariate ANOVA (PERMANOVA) to test for
the single and combined effects of time and treatment, and five one-way PERMANOVAs with fdr-
correction to test for treatment effects at every time point. For visualization of the microbial community
composition, we used a non-metric multidimensional scaling (NMDS) plot (vegan package) with Bray-
Curtis dissimilarity between square root transformed relative abundances of microbial genera. We used
hierarchical cluster analysis of the Euclidean distance (ComplexHeatmap package) between Z-score
scaled (across samples) relative abundances of microbial genera (> 0.5 % relative abundance), and
predicted metabolic pathway abundance. For the two timepoints with significant treatment effects on
the microbial community composition (i.e., one and four days), permutational supervised classification
random forest (RF) analysis was performed (vfPermute package, 5000 trees, 100 permutations), as done

previously to assess differences in microbial community compositions between pre-defined groups'®7.
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Diagnostic plots confirmed that enough trees were grown. In addition, we used differential expression
analysis (DESeq2 package’) to contrast microbial community composition and metabolic pathway
abundance of both treatments with control communities. A consensus approach of RF and DESeq2
analyses was used to identify genera which were most important for characterizing treatments’®.
Metabolic pathways were annotated by pathway class (i.e. super pathway, MetaCyc database) and
pathway type (i.e., sub-groups of super pathways), and the abundance of each pathway class throughout
the experiment was analyzed with mixed model ANOVAs (fdr-corrected). For metabolic classes with
significant interaction terms, five one-way ANOVAs were conducted (one at each timepoint,

Bonferroni-adjusted), and fdr-corrected for multiple testing across pathway classes.
8.4 Results

Dissolved organic carbon- and carbohydrate exudation by corals and macroalgae

DOC concentrations were significantly enriched after six hour exudation incubations with corals and
macroalgae compared to starting concentrations by 13 % and 11 %, respectively (ANOVA, F3,15=10.5,
p <0.001, #°6=0.68, HSD test; Fig. 8.2a). HMW DOC contributed on average 3.2 % (£ 0.7 sd) to total
DOC and was not significantly affected by treatments (Fig. 8.2b). Combined HMW carbohydrate
concentrations were significantly enriched by 168 % in macroalgae incubations compared to controls
and starting concentrations (ANOVA, Fi) = 6.5, p < 0.05, #°6 = 0.68, HSD test; Fig. 8.2c). Percent
carbohydrate content of HMW DOC in macroalgae- and coral incubations was significantly enriched
compared to controls and starting concentrations by 134 % and 110 %, respectively (ANOVA, F35) =
13.0, p <0.01, n°6 = 0.83, HSD test; Fig. 8.2d).
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Figure 8.2. Change during 6h exudation incubations with corals and macroalgae in (a) dissolved organic
carbon (DOC) concentrations, (b) high molecular weight (HMW) DOC concentrations, (¢) HMW
carbohydrate concentrations (as carbon equivalents), and (d) percentage of HMW DOC as carbohydrates
(CH). Values in ¢ and d were calculated based on carbon contents of neutral-, amino- and acidic
monosaccharides measured after acid hydrolysis of HMW DOM (see Fig. 8.3). Boxes represent median +
95 % confidence intervals, and points represent replicates. Different letters indicate significant differences
between treatments (HSD test; p < 0.05). Raw data to this figure is available in Supplementary Table S8.3.

Hydrolysable monosaccharide composition of HMW coral- and macroalgae-exudates

In exudation incubations with macroalgae concentrations of fucose, galactose, and galacturonic acid

significantly increased by 388 %, 252 %, and 128 %, respectively, compared to seawater controls and
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starting concentrations (p < 0.01, HSD test, Fig. 8.3, all ANOVA results in Table 8.2). Rhamnose
concentrations increased significantly by 932 % compared to starting concentrations (p < 0.05, pairwise
Dunn’s test, Bonferroni adjusted). The mole percent contribution of fucose to total carbohydrates
increased significantly compared to seawater controls and starting concentrations (p < 0.001, HSD test,
Supplementary Fig. S8.2). All other monosaccharides were not significantly affected by macroalgae

exudation.

In exudation incubations with corals, concentrations of arabinose and glucosamine significantly
increased by 812 % and 360 % compared to seawater controls and starting concentrations (p < 0.01,
HSD test, Fig. 8.3). Galactosamine concentration increased by 125 % compared to starting
concentrations (p < 0.05). The mole percent contribution to total carbohydrates increased significantly
compared to seawater controls and starting concentrations for arabinose (p < 0.0001), glucosamine (p <
0.01), and mannose (p < 0.05) by 248 %, 59 %, and 21 %, respectively (HSD test, Supplementary Fig.
S8.2). All other monosaccharides were not significantly affected by coral exudation and none of the
monosaccharides within the HMW DOM pool increased in seawater control incubations compared to

starting concentrations (Fig. 8.3).

Table 8.2. Statistical test results for differences in concentrations and mole percent compositions of HMW
carbohydrates between treatments for all analyzed monosaccharides. DFn = 3, DFd = 9 for all tests. Test:
AOQOV = analysis of variance; sqrt = analysis of variance of square root transformed data; KW: Kruskal-
Wallis test. Bold values indicate significant fdr-corrected p values.

Concentration Mole %

Monosaccharide Test ForH U P p (fdr) Test ForH " P p (fdr)
Fucose AOV 30.1 0.91 <0.0001 <0.001 AOV 30.0 0.91 <0.0001 <0.001
Galactose AOV 13.2 0.81 0.001 <0.01 AOV 5.9 0.66 0.017 <0.05
Galacturonic acid AOV 17.8 0.86 <0.0001 <0.01 AOV 1.4 0.32 0.311 n.s.
Rhamnose Kw 9.2 0.69 0.027 <0.05 Kw 8.1 0.57 0.043 n.s.
Arabinose Sqrt 12.3 0.80 0.002 <0.01 AOV 54.3 0.95 <0.0001 <0.0001
Mannose AOV 4.4 0.60 0.036 ns. AOV 7.7 0.72 0.007 <0.05
Glucosamine Sqrt 11.0 0.79 0.002 <0.01 AOV 25.1 0.89 0.0001 <0.001
Galactosamine Sqrt 5.6 0.65 0.019 <0.05 Sqrt 6.8 0.69 0.011 <0.05
Xylose AOV 2.9 0.49 0.093 ns. AOV 2.9 0.50 0.092 n.s.
Glucose Sqrt 1.3 0.31 0.326 n.s. Sqrt 8.7 0.74 0.005 <0.05
Muramic acid AOV 0.4 0.12 0.395 ns. AOV 9.8 0.77 0.003 <0.01
Gluconic acid AOV 0.7 0.18 0.596 n.s. Sqrt 0.8 0.21 0.517 n.s.
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Figure 8.3. Carbohydrates released by corals and macroalgae. Boxes display concentrations of
monosaccharides after hydrolysis of carbohydrates, in the high molecular weight (HMW) fraction of
dissolved organic matter (DOM). Boxes represent median + 95% confidence intervals, and points represent
replicates. Letters indicate significant differences between treatments (HSD test; p < 0.05). Only rhamnose
had to be analyzed with non-parametric statistical tests (Dunn’s test with Bonferroni adjustment). See
further results of statistical tests in Table 8.2. Raw data to this figure is available in Supplementary Table
S8.4.
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Comparison of exudate compositions to coral mucus, macroalgae tissue, and ambient reef water

Coral exudate compositions clustered with coral mucus compositions of A. cervicornis (n = 3;
SIMPROF, p <0.0001; Fig. 8.4), which was characterized by high relative contents of arabinose (49 %
+ 4; always stated as mean + sd), glucosamine (24 % + 1), and mannose (17 % = 4). Mucus compositions
of D. labyrinthiformis (n = 3) and M. meandrites (n = 2) were significantly different from coral exudates
(SIMPROF, p < 0.0001), with high relative contents of glucosamine (37 % =+ 13 sd and 52 % + 10 sd,
respectively), fucose (48 % £ 1 and 34 % =+ 7, respectively), and mannose (11 % + 11 and 11 % =+ 3,
respectively). No monosaccharides could be detected in the hydrolyzed mucus of M. auretenra. Ambient
reef water from the start of the exudation incubations (“Start”, n = 3) and directly collected from the reef
(“Reef”, n = 1) clustered with algae tissue extracts and algae exudates (SIMPROF, p < 0.0001; Fig. 4),
and was characterized by high relative contents of fucose (24 % =+ 3), xylose (17 % % 5), glucose (16 %
+ 2), and galactose (15 % = 4).The tissue extracts of Dictyota spp. (n = 3) and Lobophora spp. (n = 3)
were not separated into individual clusters and were characterized by high relative contents of fucose

(34 % * 4), galactose (22 % + 4), glucose (17 % =+ 6), xylose (12 % =+ 1), and mannose (9 % = 3).

B Corali HMWDOM <« Figure 8.4. Monosaccharide compositions
88;::% Coral of hydrolyzed coral and macroalgae HMW
ﬁg;g B Aigae exudates (mole % composition of control-
Acri Ambient corrected fluxes) and ambient reef water

B;B:; Mucus or tissue HMW DOM in comparison to coral mucus

Dipl3 Acropora and macroalgae tissue extracts. Coral

mgg; Diploria mucus was collected from Acropora

Algae1 Meandrina cervicornis, Diploria labyrinthiformis, and

Algge2 Ichtyota Meandrina meandrites, and macroalgae

Lob2 Lobophora tissue was extracted from dried Lobophora

E;;;e3 Mole % spp. and Dictyota spp. thalli. The

Eé%%l dendrogram represents Euclidean distance

Lob3 50% between samples. Only neutral- and amino-

. Start] ) sugars were used for the comparative

-§§£;3 40% cluster analysis. White spaces in heatmap

T 293332808 30% separate clusters of samples which were

£ 88S82ECESL significantly ~ different in  SIMPROF

SCES 558525 20% analysis (p < 0.0001). Raw data to this

kO x g % < £ 10% figure is available in Supplementary Table
o S8.5.

0%

Microbial cell densities and dissolved nutrient concentrations in bacterioplankton incubations

Microbes in bacterioplankton incubations grew in all treatments within the first day, with a mean growth
rate of 401,837 cells mL'd"! (+ 105,708). Microbial cell densities did not differ between treatments and
controls throughout the experiment. Only time had a significant effect on microbial cell densities (2-
way mixed ANOVA: Fng) = 24.2, p <0.001, 5°c = 0.75), with significantly increased densities by 46
%, 61 %, and 22 % after 12 hours, one day, and four days compared to starting conditions, respectively
(p < 0.05, pairwise t-tests, Bonferroni adjusted, Fig. 8.5a). The estimated addition of HMW DOC for
controls (i.e., the background material) was ~2.2 uM C, while the added HMW DOC from coral- and

macroalgae incubations was ~2.8 uM C (i.e., mean HMW DOC concentrations, Fig. 8.2b). The
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difference in DOC concentration between treatments and controls (~0.6 uM C) was thus likely
insufficient to elicit a measurable differential growth response. Dissolved nutrient concentrations (Fig.
8.5b-d) averaged 87.7 uM DOC (£ 1.5), 0.5 uM NO; + NO;3 (£ 0.1), and 0.013 pM PO4 (£ 0.002) at the
start of the incubations, were not affected by treatments at any time throughout the experiment (p > 0.05,
multiple Kruskal-Wallis tests), and declined over time (Friedmann tests; DOC: y*4) = 15.9, p < 0.01;
NO; + NOs: y*>wy=15.4, p <0.01; PO4: 2= 17.9, p <0.01). After four days of dark incubation, DOC,
NO; + NOs, and PO4 concentrations were reduced by 10 %, 68 %, and 26 % compared to starting

concentrations, respectively.
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Figure 8.5. Development of (a) microbial cell densities, and (b-d) dissolved nutrient concentrations during
dark incubations with corals and macroalgae HMW exudates and background HMW DOM (controls). DOC
= Dissolved organic carbon, NO, + NO3 = combined dissolved nitrite and nitrate, PO4 = dissolved
phosphate. Different letters indicate significant differences between times (p < 0.05, pairwise ¢-tests (a) or
Dunn’s tests (b-d), Bonferroni adjusted). Hashtags (in b-d) indicate groups where one sample had to be
excluded due to sampling or measurement errors (i.e., n = 2). Raw data to this figure is available in
Supplementary Table S8.6.

Microbial community compositions in bacterioplankton incubations

The microbial community composition was significantly influenced by the interaction of time and
treatment (PERMANOVA, Fg) = 2.0, R* = 0.03, p < 0.05), with treatment only revealing significant
effects after one and four days, explaining 52 % and 51 % of variation, respectively (Table 8.3, Fig.
8.6a). Both single factors were significant, with time and treatment alone explaining 88 % and 2 % of
variation, respectively (PERMANOVA; Time: Fi4y=101.9, R* =0.88, p = 0.0001; Treatment: F») = 4.6,
R?=0.02, p <0.01).
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The initial microbial community was dominated by Oxyphotobacteria of the Synechococcales
order and Alphaproteobacteria of the SARI1 order (Fig. 8.6b). After one day, Oxyphotobacteria
declined in relative abundance and were mainly replaced by Gammaproteobacteria of the
Alteromonadales order. The change from day one to day four of the experiment was mainly due to
increased relative abundance of Alphaproteobacteria of the SAR11 and Rhodobacterales orders (Fig.

8.6b).

Hierarchical cluster analysis of the genus-level microbial community (genera with a maximum
in any one sample greater than 0.5 % rel. abundance, Z-score) revealed separation of coral exudate
enriched samples from controls after one day (Fig. 8.6¢c), and a separate cluster of coral samples from
controls and algae exudate enriched samples after four days (Fig. 8.6d), albeit clustering was not
significant (SIMPROF: p > 0.05). To identify the most important genera for classification of treatments,
we used permutational RF classification models and found 11 and 16 genera which significantly
(PFpermute: p < 0.05) contributed to the classification of coral exudate treatments after one and four
days, respectively, while only one genus at each timepoint was significant for the classification of algae
exudate enriched communities (see green bars in Fig. 8.7; Supplementary Fig. S8.3 & S8.4). All coral
exudate communities were successfully classified by the RF model at both timepoints, while algae
exudate samples could not be distinguished from controls, and one algae sample was classified as coral
sample after one day (Supplementary Table S8.1). In coral exudate treatments, six (one day) and 17
(four days) genera were significantly different from controls (DESeq?2: p < 0.05, fdr-corrected, Fig. 8.7),
while algae exudate treatments did not reveal any significant differences to controls. The consensus of
both methods (RF and DESeq?) revealed four (one day) and eight (four days) genera (see black genus

names in Fig. 8.7) which characterized coral exudate treatments.

Microbial genera significantly enriched in coral exudate treatments compared to controls (based
on the consensus of RF and DESeq2) belonged to the Gammaproteobacteria (Vibrionaceae,
Thiotrichaceae), Bacteroidia (Flavobacteriales, Saprospiraceae), Alphaproteobacteria
(Rhodobacteraceae), and Planctomycetes (Phycisphaeraceae, OM190 class) (see black genus names in
Fig. 8.7). Significant enrichment in coral treatments compared to controls after both one and four days
occurred for genera of the three families Rhodobacteraceae, Vibrionaceae, and Phycisphaeraceae, and
for unclassified Flavobacteriales (see bold names in Fig. 8.7). After one day, the most abundant member
of the coral-enriched microbial community was the genus Oleiphilus of the Oleiphilaceae (mean rel.
abundance: Coral = 2.8 %, Control = 1.1 %, Algae = 1.8 %), followed by unclassified Flavobacteriales
(Coral = 1.1 %, Control = 0.2 %, Algae = 0.3 %), while all other coral exudate-enriched genera were
still rare (< 1%). After four days of dark incubation, the most abundant member of the coral-enriched
microbial community was an unclassified genus of the Rhodobacteraceae (Coral = 9.0 %, Control = 4.2
%, Algae =4.7 %), followed by Planktomycetes of the uncultured class OM190 (Coral = 1.7 %, Control
=0.5 %, Algae = 0.6 %), and the genus CL500-3 of the Phycisphaeraceae (Coral = 1.2 %, Control = 0.9

%, Algae = 0.8 %). All other coral exudate-enriched genera were still rare (< 1 %).
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Figure 8.6. Microbial community composition in bacterioplankton incubations of reef water with addition
of HMW DOM of macroalgae and coral exudates and seawater controls, displayed (a) through non-metric
multidimensional scaling (NMDS), (b) as mean relative abundance of dominant orders, and (¢ & d) as
row-scaled abundance (z-score) of genera (> 0.5 % mean relative abundance in any one sample) in
hierarchical clustering heatmap for the two timepoints with significant treatment effects (p < 0.05,
PERMANOVA, Table 8.3). NMDS plot (a) is based on square root transformed Bray-Curtis dissimilarity
matrix from genus-level microbial community compositions. Dendrograms (¢ & d) represent Euclidean
distance. Samples A2 and C2 (see column names in ¢ & d) were collected about 1.5 hours later than the
rest, which may explain close clustering after one day (c¢). Asterisks (in ¢ & d) indicate significant coral
treatment effect versus controls (¥*** p < 0.0001, *** p < 0.001, ** p <0.01, * p < 0.5, DESeq2, fdr-
corrected). Bold lineage names indicate an increase, and italicised names a decrease with coral exudates
compared to controls.
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Figure 8.7. Log2 fold change (DESeq?2) of both treatments versus controls. Error bars represent standard
error (IfcSE of DESeq2 output). Asterisks indicate genera which were significant (fdr-corrected p < 0.05)
in DESeq?2 analysis, and green bars indicate genera which were significant (p < 0.05, importance score >
5) in random forest model for classifying algae or coral treatments. Bold family names indicate families
which were enriched with coral exudates at both times. Black genera names indicate genera which were
significantly enriched in coral treatments vs controls in both, random forest- and DESeg2 analysis (i.e.,
consensus). Only genera which were significant in DESeq2 analysis and / or significantly contributed to
classification of macroalgae or coral treatments in random forest classification model are shown. M.g. =
marine group; m.s.g. = marine sediment group. Raw data to this figure is available in Supplementary Table
S8.7.

Table 8.3. PERMANOVA results of treatment effects on the microbial community composition (genus
level) and predicted metabolic functions at five times during bacterioplankton incubations, using 9999
ermutations. Df = 2 for all tests, fdr = false discovery rate. Significant fdr-corrected p values are bold.

Microbial community composition Predicted metabolic functions (MicFunPred)
Timepoint F R? P p (fdr) F R? P p (fdr)
Start 0.67 0.18 0.73 0.73 0.5 0.15 0.91 0.91
6 hours 0.91 0.23 0.51 0.64 2.1 0.41 0.14 0.18
12 hours 1.33 0.30 0.23 0.38 4.0 0.57 0.05 0.13
1 day 3.28 0.52 0.018 0.045 22 0.42 0.12 0.18
4 days 3.09 0.51 0.014 0.045 13.3 0.82 0.02 0.11

Predicted metabolic functions

Predicted metabolic functions of the microbial communities (using MicFunPred) were significantly
affected by the interaction of time and treatment (PERMANOVA, Fs, = 3.5, R’ = 0.02, p < 0.01) with
the strongest treatment effect after four days, albeit not significant after p value correction (Table 8.3).
Metabolic class abundance was significantly affected by the interaction of time and treatment for eight
out of 13 classes, and seven of these increased significantly in coral treatments compared to controls
and algae treatments after four days (Table 8.4, Fig. 8.8a). Hierarchical cluster analysis of the Z-score
adjusted pathway type abundance revealed a separate cluster of coral samples from all other samples

after four days (SIMPROF; p <0.0001, Fig. 8.8b).
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Energy metabolism in HMW coral DOM incubations increased by 28 % (p < 0.001, pairwise ¢-
tests, Bonferroni adjusted, Fig. 8.8a), with significant increases in six out of ten pathway types, including
glycolysis, Entner Duodoroff- and pentose phosphate pathways (p < 0.001, DESeq?2, fdr-corrected, Fig.
8.8b). Amino acid metabolism increased by 44 % (p < 0.001), both in biosynthesis and degradation
pathways, though not significantly for a specific pathway type. Carbohydrate metabolism increased by
111 % (p < 0.0001), with significant increases in seven out of 12 pathway types, including both
degradation and biosynthesis pathways (p < 0.001). Fatty acid and lipid metabolism increased by 24 %
(p < 0.05), with a significant increase in fatty acid degradation (i.e., one out of nine pathway types, p <
0.001). Secondary metabolism increased by 63 % (p < 0.01), with significant increases in terpenoid- and
polyketide biosynthesis (i.e., two out of six pathway types, p < 0.001). Other degradation pathways
increased by 22 % and other biosynthesis pathways by 9 % (see Supplementary Fig. S8.5 for more
detail).

SIMPROF: p < 0.0001
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Figure 8.8. (a) Development of predicted metabolic pathway class abundances during bacterioplankton
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pairwise -tests, Bonferroni adjusted). Predictions are based on the MicFunPred analysis tool, using the
MetaCyc database. (b) Predicted pathway abundance by type for the significantly enriched classes as Z-
scores after four days of dark incubation. The dendrogram on the top represents the Euclidean distance
between samples including all pathway types of all classes. SYN = biosynthesis, DEG = degradation. Bold
pathway types in (b) indicate a significant increase in coral treatments compared to controls (fdr-corrected
p <0.001, log2 fold change > 0.5, DESeq?2 on all pathway types), and italicized types a significant decrease.
Raw data to panel a of this figure is available in Supplementary Table S8.8.

Table 8.4. Statistical test results for treatment and time interaction effect (DFn = 8, DFd = 24) of mixed
model ANOVA, and treatment effect (DFn = 2, DFd = 6) after four days of bacterioplankton incubation
for all metabolic classes with significant interaction effects. p (BF) = Bonferroni-adjusted p-values for
multiple one-way ANOVAS (i.e., one at each timepoint, only the result for four days is reported). % of
total pathways = percent contribution of mean pathway abundance per class to the sum of all pathways
after four days; % coral effect size = percent increase with coral exudates compared to controls after four
days.

Mixed ANOVA: Treatment x ANOVA: Treatment after 4 % of %
Time days total coral
. G g path- effect
Metabolic class F n p p (fdr) F n p (BF) p(fdr) ways fim
Energy metabolism | 7.3 0.68 0.007 0.015 | 59.8 0.95 0.001 0.001 14 28
Aminoacids | 7.6 0.70 0.000 0.000 | 83.2 0.97 0.000 0.001 12 44
Carbohydrates | 6.2 0.65 0.016 0.026 640 0.99 0.000 0.000 6 111
Fatty acids & lipids | 4.3  0.53  0.003 0.008 | 129 0.80 0.035 0.040 7 24
Secondary metabolites | 8.7  0.73  0.000 0.000 | 26.8 0.90 0.005 0.007 4 63
Other degradation | 11.8 0.78  0.000 0.000 | 27.2 0.90 0.005 0.007 9 22

Other biosynthesis | 3.1 048 0.014 0.026 | 271 090 0.005 0.007 11 9

Inorganic nutrients | 4.4 0.55 0.002 0.007 5.4 0.64 0.230 0.230 7 -
Detoxification | 2.3 0.39 0.054 0.078 - - - - 4 -

Cofactors, carriers, vitamins | 2.1 0.39 0.077 0.100 - - - - 12 -
Cell structure biosynthesis | 2.0 0.35 0.186 0.213 - - - - 1 -
Nucleosides & nucleotides | 2.0 0.38 0.197 0.213 - - - - 11 -
Pigments | 0.6 0.14  0.677 0.677 - - - - 1 -
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Figure 8.9. Summary of compositions of coral and macroalgae exudates and microbial community
responses. Pie charts display mean mole percent compositions of control-corrected fluxes or ambient
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seawater composition. Values > 10 % are shown in the figure. Gray italics indicate possible explanations
for the lack of a microbial response to algae HMW exudates. HMW DOM = high molecular weight
dissolved organic matter; DOC = dissolved organic carbon. Icon attribution: Integration and Application
Network (ian.umces.edu/media-library).

8.5 Discussion

Our results (summarized in Fig. 8.9) revealed that brown macroalgaec and scleractinian corals
significantly enrich the HMW DOM fraction with carbohydrates (Fig. 8.2d) of different composition
(Fig. 8.3). The compositional differences in exuded HMW DOM, added at low concentrations (~ 3 %
of ambient DOC), had no effect on the overall bacterioplankton cell density or dissolved nutrient
concentrations (Fig. 8.5). However, coral HMW DOM significantly affected the bacterioplankton
community composition (Fig. 8.6 & 8.7) and increased the predicted potential for specific metabolic
functions (Fig. 8.8). In contrast, algae HMW DOM addition induced no significant differences compared
to seawater controls. These results could have three not mutually exclusive explanations which are
discussed below: 1) a greater alteration in HMW DOM composition through coral- compared to algal
exudates, ii) a higher bacterial growth efficiency on coral- compared to algal HMW exudates, and iii)

resistance of algal HMW exudates to microbial degradation.

Coral exudates reflected HMW carbohydrate composition of coral mucus and enriched

opportunistic coral-associated microbes

The HMW carbohydrates released by corals were enriched in arabinose, glucosamine, mannose, and
galactosamine (Fig. 8.3), and mostly reflected the monosaccharide composition of hydrolyzed mucus
from A. cervicornis (Fig. 8.4). The main carbohydrate-containing macromolecules in coral mucus are
mucin glycoproteins (i.e., 0.5-50 mDa)”’, and carbohydrate side chains of mucins isolated from
Acropora formosa were rich in arabinose, glucosamine, and mannose’, supporting the presence of
mucins in HMW coral-DOM. Furthermore, the increase in predicted carbohydrate-, amino acid-, and
fatty acid and lipid metabolism (Fig. 8.8) is consistent with degradation of coral mucus, which mainly
consists of carbohydrates, proteins, and lipids”*’. Thus, changes in the metabolic potential were

consistent with microbial degradation of coral mucus components.

The minor addition of HMW coral DOM (~0.6 uM C; < 1 % of DOC) to an ambient
bacterioplankton community significantly increased the relative abundance of several genera belonging
to the Alphaproteobacteria (Rhodobacterales), Planctomycetes (Phycisphaerales, OM190 class),
Gammaproteobacteria (Oceanospirillales, Vibrionales, Thiotrichales, Chromatiales) and Bacteroidetes
(Flavobacteriales) (Fig. 8.7). However, the change in microbial cell densities over time was similar to
those observed in HMW macroalgae- and seawater control DOM (Fig. 8.5). Bacterioplankton growth
kinetics in dilution cultures usually include an exponential growth phase followed by a stationary
phase®’, where the stationary abundance at least partially depends on the amount of substrate added

(e.g.,”**"). As we only diluted the microbial community by ~1 % and added low and similar amounts of
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substrate for treatments (2.8 uM DOC) and controls (2.2 uM DOC), we did not expect differences in

final microbial cell abundances. Rhodobacterales, Oceanospirillales, Thiotrichales, Vibrionales,

82-86

Flavobacteriales, and OM190 have been previously reported in coral mucus and/or increased in

87-89 23,29

seawater when coral mucus or coral exudates were added (Supplementary Table S8.2).
Phycisphaeraceae were previously found in Acropora hyacinthus®, deep sea corals®!, and in association
with cultured Symbiodiniaceae®®. Ectothiorhodospiraceae (purple sulfur bacteria of the order
Chromatiales) have been previously found in D. labyrinthiformis®*. Thus, HMW coral-DOM enriched

bacterioplankton taxa commonly associated with corals.

Rhodobacterales, Vibrionales, and Flavobacteriales were previously found to increase with

macroalgae DOM addition and are considered to be opportunistic heterotrophic bacteria adapted to fast

94,95 96,97

growth on DOM?. Furthermore, they can increase in coral holobionts under stress”*® and disease
and were therefore suggested as indicators for poor reef health®®. Additionally, Thiotrichaceae® and
Phycisphaeraceae®'® can be associated with coral disease, and OM190 increased in bacterioplankton
during a marine heatwave'”!. Thus, HMW coral DOM mostly selected for coral-associated microbes
with the ability for opportunistic growth, which is also supported by the increase in predicted

carbohydrate-, amino acid-, and fatty acid metabolism (Fig. 8.8)'%,

Algae exudates reflected algae tissue- and ambient reef water HMW carbohydrate composition

and did not affect the bacterioplankton community composition

HMW carbohydrates released by the two brown macroalgae Dictyota spp. and Lobophora spp. were
enriched in fucose, galactose, galacturonic acid, and rhamnose (Fig. 8.3), and were similar in
composition to tissue extracts from both species (Fig. 8.4). Furthermore, the HMW carbohydrate
composition of ambient reef water mostly reflected algae exudate compositions (Fig. 8.4 & 8.9). In
contrast, previously reported carbohydrate composition of ambient reef water from Moorea in the central
Pacific was most similar to that of coral exudates?. This suggests that the composition of HMW DOM
in the reef may depend on the community of benthic primary producers fueling and shaping the local
DOM pool'®1% Indeed, our study site is characterized by high algae (i.e., 17 % macroalgae, 13 % turf
algae) and low coral (i.e., 7 %) cover'®, with Dictyota and Lobophora being both highly abundant and
releasing substantial amounts of DOM!%13:1%5_On the other hand, the DOM pool of the rapidly flushed
backreef of Moorea appears to be at least partly fueled by dense coral communities on the outer

reefs23:106,107

Microbial communities growing on HMW macroalgae DOM did not reveal any differences to
seawater control incubations, thus not confirming the hypothesis that algae HMW exudates exert
stronger effects on bacterioplankton communities. However, our addition of DOM was different from
previous studies in several ways: We enriched the microbial community exclusively with HMW DOM

and thus removed any molecules < 1 kDa from the exuded fraction. Fresh primary producer exudates
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can contain LMW DOM with high bioavailability like free monosaccharides and amino acids, which
are taken up rapidly by microbes'® and could have contributed to the microbial response in previous
studies. Furthermore, the DOC addition in the present study (~ 2-3 pM DOC) is more than one order of
magnitude lower compared to previous studies (~40-100 uM DOC?**). These comparable high DOC
additions allowed for high DOC uptake rates to compensate for low bacterial growth efficiencies (i.e.,
increased respiration at the expense of biomass formation) of algal-DOM, resulting in higher microbial
growth rates on algal- vs coral-DOM?*234, In the present study, there were neither differences in initial
DOC concentrations between coral and macroalgae exudates (Fig. 8.2a & b), nor differences in
microbial growth rates (Fig. 8.5a). Our approach thereby allowed a decoupling of concentration-
dependent from composition-dependent effects, which suggests that the increased DOC concentration
component at least partly explained previously reported differences in bacterial growth rates between

coral and algae DOM.

HMW macroalgae DOM could have also resisted microbial degradation throughout the four-
day incubations. Brown macroalgae can secrete large quantities of fucoidan®, a complex fucose-rich
polysaccharide which forms an extracellular matrix and prevents desiccation of algal thalli'®-!!°, Fucose
was the most abundant monosaccharide in HMW DOM of the brown macroalgae in the present study,
as well as for the brown algae Turbinaria on reefs in French Polynesia?®. Using monoclonal antibodies
(see supplementary methods), we detected three epitopes present in sulphated fucan (BAM1, BAM3,
and BAM4) in macroalgae tissue (Supplementary Fig. S8.6a), which is consistent with previous findings
of fucoidan in the tissue of both genera!®!!'. Additionally, relative proportions of fucose, galactose,
xylose, and mannose were similar in fucoidan extracted from Dictyota spp. and Lobophora spp.
compared to macroalgae exudates (Supplementary Fig. S8.6b), suggesting that fucoidan contributed to
macroalgae HMW DOM. Microbial degradation of brown algae fucoidans is energetically costly

112

because it can require hundreds of different enzymes to degrade its complex structure''*. This could also

explain why bacterioplankton growing on brown macroalgae exudates incorporate less carbon and have

higher respiratory costs compared to green algae exudates*

, as green algae do not contain fucoidan in
their cell walls'"®. Similarly, the high contribution of fucose, galactose, xylose and mannose in ambient
reef water (combined making up 54 % of HMW carbohydrates, Fig. 8.4 & 8.9) suggests a considerable
abundance of fucoidan in the HMW fraction of reef water, which supports the high resistance of brown

macroalgae HMW DOM to microbial degradation.

Ecological implications

Previous studies were mainly conducted on coral-dominated reefs and found that coral exudates support
a diverse oligotrophic bacterioplankton community, while algae exudates promote opportunistic

microbial taxa® and less energy efficient nutrient cycling'®. A shift towards macroalgae dominance can

14,114

thus reduce ecosystem productivity by enhancing microbial respiration and reducing the transfer of

energy to higher trophic levels'®!®. The here observed strong effects of a small addition of coral exudates
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on the bacterioplankton community composition support the energy efficient transformation of coral

exudates into microbial biomass'#!®. However, the increase in mainly opportunistic microbial taxa with

coral exudates seems to contradict previous results. A change in carbon substrates can act as a

disturbance on microbial communities'"

. Thus, the addition of coral exudates to a microbial community
from a reef with macroalgae DOM dominating the local DOM pool could be considered a disturbance
of the alternative stable state (i.e., the algae-dominance''®). A common ecosystem response to stress is
a shift towards opportunists which are less specialized, but respond rapidly to perturbations by adapting
to new environmental conditions'!”!'8, Thus, the increase of some opportunistic microbial taxa on reefs
may not be a direct response to the exudates of a specific primary producer, but rather to a disturbance

in the form of a change in the availability of DOM producer-specific carbon substrates.

Brown macroalgae HMW DOM did not appear to support microbial growth, which could be
explained by increased respiration instead of biomass production'*!®2°, An additional explanation could
be that resistant HMW molecules form brown macroalgae such as fucoidan defied degradation during
the four days of dark incubations. Previous studies revealed resistance of brown algae exudates to
microbial degradation for up to five months, which leads to a net export of DOM from brown macroalgae
beds!!*122, Water residence times of fringing reefs can range from hours to days'?*!2*, Thus, brown
algae exudates could be exported from coral reefs. Release of refractory DOM by brown macroalgae
which replace corals on many reefs could thus be an additional pathway by which the transfer of energy
to higher trophic levels declines on degraded reefs. This hypothesis could be tested by measuring fucose
concentrations at gradients away from algae-dominated reefs, as fucose can function as a biomarker for

brown algae origin'®.

Effects of changing DOM compositions beyond coral reefs

Our results indicate that opportunistic microbial taxa increase in bacterioplankton communities of coral
reefs following a change in the main DOM substrates (here induced by addition of coral DOM to
macroalgae DOM-dominated ambient reef water, Fig. 8.9). This hypothesis is based on the - and K-
selection framework, where copiotrophic r-strategists can grow faster on new carbon sources, thus
outcompeting the oligotrophic K-strategists'!’. Changes in the main benthic DOM producer are not
exclusive to coral reefs, and have been reported for coastal ecosystems worldwide, including macroalgae
beds!?, kelp forests'?’, and seagrass meadows'?®. These macrophytes release significant amounts of their
photosynthetically fixed carbon as DOM3%12%13%  Changes in benthic composition and resulting
alterations of the local DOM pool may disrupt the stable microbial community states, inducing the rise
of opportunistic heterotrophic microbes until a new equilibrium has been reached following the

perturbation.
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Conclusion

Coral HMW DOM was compositionally distinct from ambient reef water and enriched opportunistic
microbial taxa commonly associated with corals, significantly increasing the predicted metabolic
potential for energy-, amino acid-, carbohydrate-, fatty acid and lipid-, and secondary metabolism (Fig.
8.9). In contrast, brown macroalgae HMW DOM was similar to ambient reef water, and did not induce
any effects on the bacterioplankton community composition. These results indicate that whether coral
or macroalgae DOM exerts stronger effects on the bacterioplankton community composition depends
on local DOM- and bacterioplankton characteristics which are at least partly shaped by the local
(benthic) DOM producing community. We hypothesize that a change in DOM away from the ambient
composition acts as a disturbance, thus resulting in the dominance of opportunistic microbes which are
able to adapt fast to environmental change. Furthermore, the strong effects of a small addition of coral
HMW DOM to the bacterioplankton community suggest an efficient transformation of coral HMW
DOM into microbial biomass, an important characteristic of nutrient cycles in healthy coral reefs. Brown
macroalgae HMW exudate addition revealed no effects on the bacterioplankton community, indicating
a low bacterial growth efficiency on algae exudates (i.e., more respiration), and/or resistance of brown
algae HMW exudates to microbial degradation (i.e., reduced bioavailability). Both processes would
ultimately lead to a reduced transfer of energy and nutrients stored in algae DOM to higher trophic

levels, supporting the proposed microbialization of reefs.
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9.1 Thesis highlights

e The pulsating soft coral Xenia umbellata is resistant to a variety of single and combined global
and local stressors (chapters 2-5).

e Nitrate reduces the resistance of X. umbellata to warming, potentially by reducing organic
carbon (OC) transfer from Symbiodiniaceae to coral host (chapter 2).

e Microbial fuel cells (MFCs) can detect ex situ OC pulses in coral reef sediments within less than
one day and remain operative for over six months (chapter 6).

e Scleractinian coral phylogeny explains 70 % of variation in mucus carbohydrate compositions
collected from 23 species in seven different studies (chapter 7).

e (oral exudates shaped carbohydrate- and bacterioplankton composition of reef water from an
algae-dominated reef, enriching opportunistic microbes commonly considered as stress
indicators (chapter 8).

e Macroalgae exudates were similar in composition to ambient reef water and did not exert any

effect on the bacterioplankton community (chapter 8).

9.2 Overview

The aim of this thesis to increase our understanding of OC transfer between coral reef micro- and macro-
organisms under environmental change has become more pressing in the last three years while the work

1'* and macroalgae® dominance have been

was conducted. More shifts from hard coral to soft cora
reported, while the current (2023-2024) marine heatwave causes global mass coral bleaching and -
mortality®®. With these widespread changes in coral reef composition, research- and conservation
strategies may need to adjust their focus from maintaining the status quo to understanding and managing

functions of new reef communities'%!!

. This dissertation contributes to a broader understanding of the
ecosystem function of OC cycling in coral reefs under environmental change. We provide new insights
on 1) the physiological response of the soft coral Xenia umbellata to single and combined global and
local anthropogenic stressors (chapters 2-5), ii) a biological indicator tool to measure eutrophication-
induced changes in OC cycling in reef sediments (chapter 6), iii) the variation of mucus carbohydrate
composition within the hard corals (chapter 7), and iv) the role of carbohydrates released by hard corals

and macroalgae in shaping bacterioplankton community composition and -metabolism (chapter 8).
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9.3 Synoptic answers to research questions

Research question 1 | How does the pulsating soft coral Xenia umbellata respond to global and

local environmental stressors? What are the ecological implications?

The soft coral X. umbellata revealed high resistance to global (i.e., warming and acidification) and local
(nitrate- and phosphate eutrophication) environmental stressors in tank experiments (chapters 2 — 5,
summarised in Fig. 9.1). However, results of chapter 2 revealed that nitrate eutrophication reduces the
resistance of X. umbellata to warming by impacting growth-, pulsation-, and survival rates of coral hosts.
Concomitant stable or increasing photophysiological parameters suggest a decline in OC transfer from
Symbiodiniaceae to the coral host (as previously observed for soft'? and hard corals'*'°). No bleaching
of X. umbellata colonies was observed in response to any of the investigated stressors (chapters 2-5),
which could be beneficial for post-stress recovery if normal OC transfer from Symbiodiniaceae to the
coral hosts is restored (sensu'®). The generally observed plastic response of polyp pulsation rates to
different environmental stressors (chapters 2,3 & 5) further indicates that X. umbellata may be able to
adapt its energy budgets to changing environmental conditions through polyp activity (sensu'”®).
Pulsation reduces the coral-water boundary layer, thus supporting photosynthetic gas exchange and filter
feeding!’. Water flow-induced removal of oxygen from coral tissue increases the affinity of ribulose-
1,5-bisphosphate carboxylase/oxygenase (RuBisCO) to carbon dioxide (CO.), thus reducing the
formation of reactive oxygen species (ROS) and increasing photosynthetic efficiency®’. It was thus
hypothesized that polyp pulsation may reduce coral bleaching susceptibility?!. As such, higher pulsation
rates under phosphate eutrophication may increase their resistance to warming (chapter 3), while
decreasing pulsation rates may aid adaptation to ocean acidification by compensating for increased CO-
availability (chapter 5). Combined, the high resistance of X. umbellata to global and local anthropogenic

stressors may support their dominance over hard corals under environmental change.

While soft corals provide less structural complexity compared to some hard corals?? (except on

small scales?), they can sustain diverse fish assemblages?*?

and provide multiple goods and services
to humans (i.e., support of fishery and aquarium trade, provision of biopharmaceuticals)**2%, Results of
chapter 2 thus emphasize the need to manage coastal water quality in order to sustain soft corals and
their provided services under ongoing climate change. However, the effects of soft corals on benthic-
pelagic coupling are still poorly understood. The soft coral genus Xenia can feed on dissolved and
particulate OC (DOC and POC, respectively)®-!, and polyp pulsation further increases their filtration
capacity'® so that they can sustain heterotrophy under low waterflow conditions*’. Soft coral beds can
be net sinks of POC*? and DOC released by soft corals may stimulate less microbial growth compared
to hard corals®. Soft coral dominance on reefs may thus have a different effect on bacterioplankton
community dynamics compared to macroalgae (sensu®®) (i.e., soft corals may reduce”, while

macroalgae increase®* benthic OC release). Similarly, soft coral dominance on reefs may influence

nitrogen (N) cycling®, as soft corals showed a lower potential for N-fixation via diazotrophs*® and a
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higher potential for denitrification®® compared to hard corals. In contrast, turf algae revealed high N-
fixation- and low denitrification rates which may support reef degradation by increasing N availability>>.
To summarize, the increasing spread of soft corals on anthropogenically affected reefs may sustain some
ecosystem functions like habitat provision for reef fish, while likely affecting benthic-pelagic coupling

with yet poorly understood effects on microbial metabolism and reef-wide biogeochemical cycling.
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Figure 9.1. Summary of physiological response parameters of the pulsating soft coral Xenia umbellata to
different global and local environmental stressors (chapters 2-5). C:N = carbon to nitrogen ratio, R =
respiration, Pgos = gross photosynthesis, cells = Symbiodiniaceae cell density, Chl a = cellular chlorophyll
a content of Symbiodiniaceae. Parameters are divided into three categories: host = coral host-related, algae
= Symbiodiniaceae-related, holobiont = parameters directly affected several members of the coral
holobiont. The single stressor warming was applied in two separate experiments: combined with nitrate,
(NOs3) and phosphate (PO4), and different outcomes of parameters in the PO4 study (chapter 3) are marked
by asterisks. The single stressors NO3 (chapter 2) and POy (chapters 3-4) were applied only for the first
two weeks, with additional warming for the three consecutive weeks. Acidification (chapter 5) was applied
for three weeks in total. Tissue protein content was only measured in chapter 4. Icon attribution: Integration
and Application Network (ian.umces.edu/media-library).

Research question 2 | Can microbial fuel cells be used to detect OC eutrophication in coral reefs

sediments? What is the ecological relevance?

The newly developed and tested microbial fuel cells (MFCs) successfully detected OC eutrophication
with artificial wastewater when deployed in tanks with permeable coral reef sediment (chapter 6).
Response times to OC pulses were less than one day and MFCs required low material costs and
maintenance, and were operated continuously for > 6 months. These results indicate a great potential of
MFCs for remote, continuous monitoring of benthic microbial metabolism in coral reef ecosystems.
Wastewater discharge affects more than half of all coral reefs®” and is one of the reasons for shifts in
benthic communities towards macroalgae dominance and reef microbialization®*°, Wastewater and
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macroalgae both increase the availability of OC in reefs (Fig. 9.2) and OC degradation in coral reef
sediments likely also increases on microbialized reefs, reflecting bacterioplankton dynamics*. In
addition to OC, wastewater contains inorganic phosphorus (P) and N*!' which stimulate microalgae
growth in the water column*** and growth of benthic cyanobacteria mats (BCMs)* and macroalgae®.
Microalgae detritus contributes to POC* which fuels microbial metabolism in the sediment*® and thus
increases the electric current density of MFCs (chapter 6). Microalgae, BCMs and macroalgae further
release DOC, stimulating bacterioplankton growth and subsequent POC formation through
aggregation®™*’. DOC can additionally fuel sediment microbes through pore water advection***,
Sediment microbes release inorganic nutrients when degrading organic matter>® and may thus support
the formation of BCMs®' which release large amounts of DOC and further enhance reef
microbialization®>>. The in chapter 6 developed and tested MFCs could therefore become a valuable

tool for monitoring reef sediment metabolism to detect OC eutrophication from wastewater and/or

processes associated with reef microbialization.
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Figure 9.2. Ecological relevance of microbial fuel cells (MFCs) for the detection of organic carbon (OC)
eutrophication in coral reef sediment. Sewage contains inorganic nitrogen and phosphorus (N+P),
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particulate organic carbon (POC) and dissolved organic carbon (DOC). N+P input supports growth of
planktonic microalgae, benthic cyanobacteria mats (BCMs) and macroalgae (orange arrows). POC
(including detritus from bacterioplankton and microalgae) sinks to the sediment where it is degraded by
microbes which donate electrons (e, red arrows) to the anode of the MFC, creating an electric signal which
can be transmitted to a computer (black dashed arrow). Sediment microbes release inorganic N+P which
may stimulate BCMs. DOC released by BCMs and macroalgae supports bacterioplankton growth and
growth of microbes in the sediment through advective currents which transport DOC into the sediment
(grey dashed arrow). Dark grey arrows indicate the flow of OC. Icon attribution: Integration and
Application Network (ian.umces.edu/media-library).

Research question 3 | How does the composition of mucosal carbohydrates vary among hard coral

species? What are potential implications for coral holobiont functioning?

Carbohydrate compositions of hydrolysed mucus collected from five scleractinian coral species on
Curagao and ex sifu in Bremen were species- and genus-specific (chapter 7). Comparisons with reported
data from six previous studies (i.e., a total 23 species and 10 families) further revealed that coral
phylogeny explained 70 % of variation in mucus carbohydrate compositions despite other factors which
could have induced variation (e.g., differences in measurement protocols between studies, different
geographic origins of specimen). These results suggest co-diversification of mucus carbohydrates within
scleractinian corals und support their essential function for corals. Furthermore, the pentose sugar
arabinose was only present in the mucus of one of the two main hard coral lineages (i.e., the complex
clade) and thus may add to the molecular-level differences between corals of the complex and robust
clade (see****) which diverged about 418 million years ago”. Functions of mucus carbohydrates may
include the regulation of coral mucus-associated microbiomes®’>°. Metazoan mucus carbohydrates are

increasingly recognized for their role in shaping microbial communities, e.g., through adhesion of

60,61 62,63

beneficial microbes and bacteriophages®®’, and down- or upregulation of virulence genes and

quorum sensing in pathogens® %', Additionally, metazoan carbohydrates were suggested to mediate

68-70

host-symbiont coevolution®® ", which is seen in some coral symbionts’' and may thus be linked to co-

diversifying mucus carbohydrates (sensu’?).

Research question 4 |H0w do carbohydrates exuded by hard corals and macroalgae affect
bacterioplankton communities from an algae-dominated Caribbean reef? What are the ecological

implications?

The carbohydrate compositions of high molecular weight (HMW) exudates from a community of hard
corals were compositionally distinct from ambient reef water and enriched opportunistic microbial taxa
commonly associated with corals, significantly increasing predicted metabolic functions related to coral
mucus degradation (chapter 8). In contrast, brown macroalgae-derived HMW exudates were more
similar to ambient reef water in carbohydrate composition and did not influence the bacterioplankton
community. These results are consistent with previously reported increased respiration instead of

biomass production on macroalgae exudates®*3%3373

and may be expl