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Phosphate enrichment
increases the resilience of
the pulsating soft coral
Xenia umbellata to warming

Annabell Klinke1,2*, Selma D. Mezger2, Bianca Thobor2,
Arjen Tilstra2, Yusuf C. El-Khaled2 and Christian Wild2

1Reef Systems Working Group, Leibniz Centre for Tropical Marine Research (ZMT), Bremen,
Germany, 2Marine Ecology Department, Faculty of Biology and Chemistry, University of Bremen,
Bremen, Germany
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 mM) 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
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Introduction

Tropical coral reefs provide essential ecosystem services

including food provision, carbon sequestration, and coastal

protection (Connell, 1978; Hoegh-Guldberg, 1999; Moberg and

Folke, 1999). 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 (Eddy et al., 2021). Specifically, the simultaneous

occurrence of global ocean warming and local eutrophication

exacerbates this alarming trend (Hall et al., 2018; Zhao

et al., 2021).

Both ocean warming and eutrophication have been linked to

bleaching in hard corals (Pogoreutz et al., 2017; Cziesielski et al.,

2019; Fernandes de Barros Marangoni et al., 2020). In most

cases, extensive coral bleaching has been attributed to elevated

ocean temperatures (Brown, 1997). Following bleaching, hard

corals can return to pre-bleaching states if the stressful

conditions are relatively mild and short-term (Fitt et al., 1993;

Brown, 1997). 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 (Hughes et al., 2017; Hughes et al.,

2018). In addition, reduced water quality can interact with ocean

warming and exacerbate the thermal-induced bleaching

response in hard corals (Koop et al., 2001; Fabricius et al.,

2013; Wiedenmann et al., 2013; Fernandes de Barros

Marangoni et al., 2020). 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 (Wiedenmann et al., 2013;

Rädecker et al., 2015). Eutrophication can also shift the

mutualism between host corals and Symbiodiniaceae towards

parasitism or increase oxidative stress in corals (Baker et al.,

2018; Fernandes de Barros Marangoni et al., 2020).

Subsequently, corals are more susceptible to bleaching due to

the destabilization of the coral-algal symbiosis (Rädecker

et al., 2021).

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 (Wild

et al., 2011; Naumann et al., 2015; Baum et al., 2016). 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 (Done, 1992; McCook, 1999; McManus and

Polsenberg, 2004; Norström et al., 2009). Several studies

observed an increase in soft coral abundances or reefs shifting

from a previously hard coral dominated to a soft coral

dominated state (Robinson, 1971; Bell, 1992; Fox et al., 2003;

Stobart et al., 2005; Tilot et al., 2008; Inoue et al., 2013).
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Norström et al. (2009) 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

(Changyun et al., 2008; Jeng et al., 2011; Epstein and Kingsford,

2019; Steinberg et al., 2020; El-Khaled et al., 2021), they do not

provide the diverse ecosystem services of hard corals (Inoue

et al., 2013; Bednarz et al., 2015; Hall-Spencer and

Harvey, 2019).

Soft corals are successful colonizers due to fast growth rates,

high fecundity, multiple dispersal modes, and strong chemical

defense mechanisms (Benayahu and Loya, 1985; Fox et al., 2003;

Changyun et al., 2008). These features help soft corals to

dominate space, pre-empty settlement room, inhibit hard coral

recruitment, or imped hard coral growth on reefs (Fox et al.,

2003; Norström et al., 2009). This makes them strong

competitors against hard corals , specifical ly under

environmental pressures. Soft corals display a considerable

resilience towards global factors such as ocean warming and

acidification (Inoue et al., 2013; Sammarco and Strychar, 2013;

Lopes et al., 2018). In addition, some soft coral species benefit

from active heterotrophy by helping them to sustain their

metabolism requirements during thermal stress (Fabricius and

Dommisse, 2000; Baum et al., 2016). Soft corals generally rely

more on heterotrophic feeding because of their lower

photosynthetic activity compared to hard corals (Fabricius and

Klumpp, 1995; Bednarz et al., 2012). Indeed, reefs dominated by

zooxanthellate soft corals extract large quantities of suspended

particulate matter from the water column due to high levels of

heterotrophy (Fabricius and Dommisse, 2000). In particular,

pulsating soft corals seem to cope better under ocean warming

and eutrophication (Vollstedt et al., 2020). Recently, Vollstedt

et al. (2020) 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 (Thobor et al., 2022)

supporting the finding of Wiedenmann et al. (2013): high N:P

ratios can decrease the resilience of corals to warming, possibly

due to a destabilized symbiosis between the coral host and its

Symbiodiniaceae following phosphate starvation. Phosphate

generally plays an important role during thermal stress in

corals by maintaining Symbiodiniaceae density and

photosynthetic rates (Ezzat et al., 2016).

In the last decades, the body of literature concerning

multiple stressor effects on coral reefs is growing (Harborne

et al., 2016; Ellis et al., 2019; Cannon et al., 2021). 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 (Ban et al., 2014). Additionally,

previous studies concentrated on threats to hard corals with less
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attention on soft corals, despite their potentially important

ecological roles and increasing occurrence on many coral reefs

(Norström et al., 2009; Epstein and Kingsford, 2019; Steinberg

et al., 2020). 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 (Benayahu, 1990; Fabricius and Klumpp, 1995;

Fox et al., 2003; Janes, 2013). We hypothesize that phosphate, in

contrast to nitrate, will increase the resilience of X. umbellata to

warming because its Symbiodiniaceae will not suffer from

phosphate starvation (Wiedenmann et al., 2013; Rädecker

et al., 2015; Thobor et al., 2022). We tested our hypothesis in a

five-week laboratory experiment with two phases. First, corals

were exposed to phosphate enrichment (1, 2, 8 µM PO4
3-

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. a) 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.
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
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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 (ZooMix, 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 µmol quanta m-2 s-1, 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 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 (Vollstedt et al.,

2020; Thobor et al., 2022). 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 1, Supplementary Table S1).

Phosphate (PO4
3-) 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 (R2 = 0.97). Phosphate

concentrations were manually adjusted using a 1 M stock
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solution of disodium hydrogen phosphate (purity ≥ 98%, Sigma-

Aldrich 71645). Coral colonies were fed ~ 0.1 g dried marine

plankton (150 – 200 µM) (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.
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 µM),

simulating natural phosphate loads in oligotrophic reefs

(Crossland et al., 1984; Koop et al., 2001; Rosset et al., 2017).

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 µM), medium (2

µM), and high (8 µM) concentrations which are comparable to

previous phosphate experiments with corals and human-

induced in situ conditions in coastal waters (Ferrier-Pagès

et al., 2000; Koop et al., 2001; Cruz-Piñón et al., 2003; Renegar

and Riegl, 2005; Dunn et al., 2012; Baum et al., 2016; van der

Wulp et al., 2016; Al-Farawati et al., 2019).

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 coloration 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
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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

(Vollstedt et al., 2020; Thobor et al., 2022).
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. (2020). 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-1). 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. (2018). 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
TABLE 1 Mean values (± SD) of water quality parameters maintained
in the tower system throughout the experiment (excluding PO4

3-
concentrations and temperature).

Parameter Mean Values ( ± SD)

PAR (µmol m-2 s-1) 109.8 ± 12.1

Salinity (‰) 36.0 ± 0.4

pH 8.6 ± 0.4

Dissolved oxygen (mg L-1) 9.2 ± 0.8

Alkalinity (°dH) 7.2 ± 1.2

Calcium (mg L-1) 430.6 ± 47.1

Magnesium (mg L-1) 1 493.4 ± 144.7

Nitrite (mg L-1) < 0.01

Nitrate (mg L-1) < 0.5

Ammonia (mg L-1) < 0.05
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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 analyze

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 µL 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 densi t ies , the

hemocytometer counting method as described by LeGresley

and McDermott (2010) 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.

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 and Humphrey (1975) which is used for the

spectrophotometric determination of Chl. a 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 (R

Core Team, 2019) using the packages tidyverse, ggplot2, ggpubr,

and rstatix (Wickham, 2016; Wickham et al., 2019; Kassambara,

2020; Kassambara, 2021). 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
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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 t-

test was used for parametric data. 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.
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, F (3, 8) = 3.71, p = 0.06) (Figure 1, Supplementary

Table S2). 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 -1 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 densities (two-way ANOVA, F

(3, 24) = 0.860, p = 0.48) (Figure 2, Supplementary Table S3) and

cellular Chl. a concentrations in X. umbellata colonies (two-way

ANOVA, F (3, 24) = 0.770, p = 0.52) (Figure 3, Supplementary

Table S4).
Effects of warming

Warming significantly affected pulsation of X. umbellata

colonies (two-way mixed ANOVA, F (5, 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 33% (pwc,

Bonferroni adjustment, pairwise t-test, p < 0.001) (Figure 1,

Supplementary Table S2). 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 t-

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 (2, 24) =

7.996, p < 0.01), regardless of the phosphate treatment

(Figure 2, Supplementary Table S3). Yet, the effect of warming

alone was not significant in control colonies which showed an
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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

(2, 24) = 12.927, p < 0.001) within all treatments (Figure 3,

Supplementary Table S4). 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, t-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 (Figure 1, Supplementary

Table S2). The colonies exposed to medium phosphate

enrichment and warming showed a significant increase in their

pulsation by ~ 10% from day 7 to day 21 and ~ 44% from day 0

to day 28 (pwc, Bonferroni adjustment, pairwise t-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 t-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
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phosphate enrichment and warming was significantly

increased by ~ 195% (pwc, Bonferroni adjustment, t-test, p <

0.01) (Figure 2, Supplementary Table S3). 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 (Figure 3,

Supplementary Table S4).
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. (2020) 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 increased to ~ 26°C to commensurate experimental

conditions of previous studies (Vollstedt et al., 2020; Thobor
B
C
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FIGURE 1

Pulsation rates ± SEM of Xenia umbellata colonies (n = 3) kept at different phosphate concentrations (control < 0.2 mM; low ~ 1 mM; medium ~ 2
mm; high ~ 8 mM) and exposed to an artificially induced water temperature increase. Bars represent the mean of three replicates. Different
capital letters above bars indicate significant differences between days and different letters within bars show significant differences within
treatments over time (pwc, Bonferroni adjustment, pairwise t-test, p < 0.05).
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et al., 2022), 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 (Vollstedt et al., 2020) and were

similar to in situ pulsation rates of Heteroxenia fucscescens,

another pulsating soft coral in the family Xeniidae, in the Red

Sea (Cohen et al., 1977; Kremien et al., 2013). 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 (Horridge, 1956; Cohen et al., 1977; Studivan

et al., 2015). Horridge (1956) suggested that the excess of certain

inorganic ions caused alterations of the polarization of excitable

membranes in Heteroxenia affecting pulsation. Studivan et al.

(2015), in comparison, hypothesized 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 behavior 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 mortality (Walker and Ormond, 1982), reduced

coral growth (Kinsey and Davies, 1979; Renegar and Riegl,

2005), and altered skeletogenesis (Simkiss, 1964; Koop et al.,

2001) 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
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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 colonization by internal

bioeroders (Risk et al., 1995; Koop et al., 2001; Dunn et al., 2012).

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 (Van

Alstyne et al., 1992; West, 1997). So far, only a single study by

McCauley and Goulet (2019) investigated the effect of phosphate

enrichment (4 µM) 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. (2012) observed that Chl. a tissue

content in Xenia sp. significantly increased after a 4 week

exposure to phosphate enrichment (2 µM). 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 (Steven and Broadbent, 1997;

Bucher and Harrison, 2002; Godinot et al., 2011a). In

comparison to the present study, these corals were exposed to
B

A A

FIGURE 2

Symbiodiniaceae density ± SEM of Xenia umbellata colonies (n = 3) kept at different phosphate concentrations (control < 0.2 mM; low ~ 1 mM;
medium ~ 2 mm; high ~ 8 mM) and exposed to an artificially induced water temperature increase. Bars represent the mean of three replicates.
Different capital letters above bars indicate significant differences between days and different letters within bars show significant differences
within treatments over time (pwc, Bonferroni adjustment, t-test, p < 0.01).
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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 (Grover et al., 2002; Grover et al., 2003; Godinot et al.,

2009). For instance, phosphate uptake rates by Symbiodiniaceae

were significantly increased in starved corals and anemones

(Muller-Parker et al., 1990; Grover et al., 2002; Godinot

et al., 2009).
How does phosphate enrichment affect
the response of X. umbellata to
warming?

Phosphate enrichment increased the resilience
of X. umbellata to 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 neighboring polyps (Kremien et al., 2013; Wild and

Naumann, 2013). This, in turn, enhances the coral´s

photosynthesis and food supply with particulate and dissolved

organic matter (Kremien et al., 2013). 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 (Vollstedt et al., 2020). 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., 2020).

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 (Strychar et al.,

2005; Sammarco and Strychar, 2013). One possible explanation
B
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FIGURE 3

Cellular chlorophyll a ± SEM of Xenia umbellata colonies (n = 3) kept at different phosphate concentrations (control < 0.2 mM; low ~ 1 mM;
medium ~ 2 mm; high ~ 8 mM) and exposed to an artificially induced water temperature increase. Bars represent the mean of three replicates.
Different capital letters above bars indicate significant differences between days and different letters within bars show significant differences
within treatments over time (pwc, Bonferroni adjustment, pairwise t-test, p < 0.05).
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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 (Fine et al., 2013; Osman

et al., 2018), 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. (2020) 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. (2020), the

finding of Vollstedt et al. (2020) 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. (2020) hypothesized that X. umbellata can switch from

photoautotrophy to mixotrophy, if necessary. Further, Hughes

and Grottoli (2013) hypothesized 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 (Borell and Bischof, 2008; Wooldridge, 2013).

However, Ezzat et al. (2019) points out that a shift towards

greater heterotrophy under thermal stress requires a minimum

of autotrophically acquired inorganic nutrients to be functional.

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 (Muscatine et al., 1989;

Marubini and Davies, 1996; Ezzat et al., 2015). 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 (Rädecker

et al., 2015; Pogoreutz et al., 2017; Tilstra et al., 2019). Lesser et al.

(2007) observed that Symbiodiniaceae are the primary users of the

dinitrogen fixation products of diazotrophs, implying that this

process is important for primary production. However, Rädecker

et al. (2021) observed that heat stress reduces the contribution of
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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 (Godinot et al., 2011b; Ezzat et al., 2016). 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 (Ezzat et al.,

2016). Therefore, phosphate starvation can destabilize the coral-

algal symbioses, resulting in an increased bleaching susceptibility

of corals (Wiedenmann et al., 2013; Rosset et al., 2017).

Wiedenmann et al. (2013), 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 mmol m¬2 s¬1)

stress due to phosphate starvation. Supporting results were

observed by Thobor et al. (2022), who found a higher

susceptibility of X. umbellata to ocean warming when

previously exposed to nitrate enrichment (37 µM) 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 and Smith (1989), who observed

that cellular Chl. a concentrations in Symbiodiniaceae of the coral

Seriatopora hystrix decreased while Symbiodiniaceae population

densities increased. They hypothesized 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 (Falkowski and Owens, 1980; Dawes et al., 1984;

Granéli and Sundbäck, 1985). In addition, Béraud et al. (2013)

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 (Cook et al.,

1988). Hence, reduced cellular Chl. a contents in the present study

could 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
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advantages against hard corals due to their high fecundity,

multiple dispersal modes, chemical defense mechanisms, and

their higher resistance to ocean warming and acidification

(Benayahu and Loya, 1985; Fox et al., 2003; Inoue et al., 2013;

Wild and Naumann, 2013). 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 (Epstein and Kingsford, 2019; Hall-

Spencer and Harvey, 2019). 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 region of the Red Sea (Fox et al.,

2003; Tilot et al., 2008). In addition, Xenia displayed higher

abundances at sites exposed to sedimentation and wastewater

discharges compared to unimpacted sites in the Red Sea (Ziegler

et al., 2016).
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 (Thobor et al., 2022).

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 (Naumann et al.,

2015; Adam et al., 2020; Karcher et al., 2020). 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 (Kuffner and Paul, 2001; Wooldridge and Done, 2009;

D’Angelo and Wiedenmann, 2014). 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 (Wiedenmann

et al., 2013; Ezzat et al., 2016; Rosset et al., 2017). A starting point

to reach favorable 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 (Conley et al., 2009; Wiedenmann et al., 2013;

D’Angelo and Wiedenmann, 2014).
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