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Abstract Global- and local-scale anthropogenic stressors
have been the main drivers of coral reef decline, causing
shifts in coral reef community composition and ecosystem
functioning. Excess nutrient enrichment can make corals
more vulnerable to ocean warming by suppressing calcifi-
cation and reducing photosynthetic performance. However,
in some environments, corals can exhibit higher growth
rates and thermal performance in response to nutrient
enrichment. In this study, we measured how chronic
nutrient enrichment at low concentrations affected coral
physiology, including endosymbiont and coral host
response variables, and holobiont metabolic responses of
Pocillopora spp. colonies in Mo’orea, French Polynesia.
We experimentally enriched corals with dissolved inor-
ganic nitrogen and phosphate for 15 months on an olig-
otrophic fore reef in Mo’orea. We first characterized
symbiont and coral physiological traits due to enrichment
and then used thermal performance curves to quantify the
relationship between metabolic rates and temperature for
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experimentally enriched and control coral colonies. We
found that endosymbiont densities and total tissue biomass
were 54% and 22% higher in nutrient-enriched corals,
respectively, relative to controls. Algal endosymbiont
nitrogen content cell ' was 44% lower in enriched corals
relative to the control colonies. In addition, thermal per-
formance metrics indicated that the maximal rate of per-
formance for gross photosynthesis was 29% higher and the
rate of oxygen evolution at a reference temperature
(26.8 °C) for gross photosynthesis was 33% higher in
enriched colonies compared to the control colonies. These
differences were not attributed to symbiont community
composition between corals in different treatments, as C42,
a symbiont type in the Cladocopium genus, was the dom-
inant endosymbiont type found in all corals. Together, our
results show that in an oligotrophic fore reef environment,
nutrient enrichment can cause changes in coral endosym-
biont physiology that increase the performance of the coral
holobiont.
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Introduction

Coral reef ecosystems facilitate complex ecological rela-
tionships and provide critical economic services around the
world (Wilkinson 2008; Cisneros-Montemayor and
Sumaila 2010; Brander et al. 2015). The symbiosis
between reef-building corals and their diverse algal
endosymbionts, members of the family Symbiodiniaceae
(LaJeunesse et al. 2018), provide carbon to corals in excess
of the host respiratory energy requirements through
translocation of products from photosynthetic carbon fix-
ation (Muscatine et al. 1984), allowing corals to thrive in
nutrient-poor tropical waters (Kinzie et al. 2018). This vital
symbiosis can be decoupled by coral bleaching, when
corals expel or lose their endosymbionts, a phenomenon
that is caused by changes in environmental conditions;
primarily, thermal anomalies associated with rising sea
surface temperatures (Hughes et al. 2018). Mass coral
bleaching events have been a main driver of coral reef
decline over the last century and in some locations have
resulted in shifts from coral-dominated to algal-dominated
reef communities, leading to altered ecosystem functioning
(Hughes et al. 2003; van de Leemput et al. 2017). Further,
local-scale stressors that occur in nearshore reef environ-
ments, including eutrophication and sedimentation, can
make corals more vulnerable to global climate change by
suppressing calcification (Shantz and Burkepile 2014),
driving changes in microbiome communities (Zaneveld
et al. 2016; McDevitt-Irwin et al. 2017; Wang et al. 2018),
and reducing their photosynthetic performance (Nordemar
et al. 2003; Silverman et al. 2007). Because multiple
stressors occur simultaneously in the ocean (Halpern et al.
2015), understanding how they interact can help predict
how benthic reef communities may change in the future.
Local-scale stressors affect the biological and physio-
logical responses of corals to thermal stress. Many studies
have found that local-scale stressors (e.g., nutrient loading,
sedimentation, and fishing pressures) can exacerbate the
impacts of thermal stress on coral species (Dubinsky and
Stambler 1996; Tanaka et al. 2014; Humanes et al. 2017;
Serrano et al. 2018). For example, when nutrient enrich-
ment is coupled with elevated seawater temperature, Por-
ites cylindrica primary production rate and tissue biomass
decreases (Nordemar et al. 2003). In larval Diploria stri-
gosa, development is slowed or halted (Bassim and Sam-
marco 2003), settlement rates are reduced (Bassim and
Sammarco 2003), and larval mortality increases (Serrano
et al. 2018) when exposed to both nutrient enrichment and
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elevated seawater temperature. Further, nutrient enrich-
ment can impair the complex coral-algal symbioses and
facilitate bleaching in coral colonies (Cunning and Baker
2013; Wiedenmann et al. 2013; Wooldridge 2013; Vega
Thurber et al. 2014; Burkepile et al. 2020). Yet, in other
cases, nutrients have been shown to be beneficial to corals
by increasing their growth rates (Koop et al. 2001; Bon-
giorni et al. 2003; Dunn et al. 2012) and reducing corals
susceptibility to bleaching (McClanahan et al. 2003). Fur-
ther, coral reef habitats that experience natural processes
like upwelling and internal waves, which bring cool,
nutrient-rich water from deeper depths, have been sug-
gested as possible refuges for corals (Szmant and Forrester
1996; Riegl and Piller 2003). The impacts of nutrient
enrichment, especially dissolved inorganic nutrients, on the
physiological responses of corals to elevated temperature
are still actively debated (Morris et al. 2019; Fernandes
et al. 2020) because the relationships between nutrients,
temperature, and coral physiology can vary depending on
geographic region, oceanographic condition, and/or reef
environment (Szmant 2002; D’Angelo and Wiedenmann
2014; Shantz and Burkepile 2014).

Many confounding variables like light, sedimentation,
and temperature influence how corals respond to thermal
stress under eutrophic conditions (Rogers 1990; Dubinsky
and Stambler 1996; Fabricius 2005), making it difficult to
uncover specific mechanisms in studies using natural gra-
dients that lead to variation in coral metabolic processes
(i.e., photosynthesis, respiration, and calcification). Fore
reef habitats experience mostly natural forms of nutrient
inputs, including recycled nutrient products from fish
excretions and nitrogen fixation by diazotrophs (e.g.,
cyanobacteria) (Kayanne et al. 2005; O’Neil and Capone
2008; Charpy et al. 2012; Shantz and Burkepile 2014;
Allgeier et al. 2016). Upwelling events and internal waves
bring nutrient-rich water to the oligotrophic surface ocean
waters (D’Croz et al. 2001; Schldder and D’Croz 2004,
Radice et al. 2019). Naturally occurring forms of nutrient
enrichment have been shown to elevate coral reef pro-
ductivity (Wolanski and Delesalle 1995a) and enhance
scleractinian coral growth, in terms of calcification rates,
skeletal densities, and linear extension (Shantz and Bur-
kepile 2014). Further, when exposed to upwelling, coral
species have been shown to readily acclimate to increasing
temperatures (Mayfield et al. 2013), increase coral growth
rates (Leichter and Genovese 2006), and exhibit resilience
to ocean acidification (Griffiths et al. 2019). Therefore,
manipulating nutrient concentrations in environments fur-
ther from the coastline with less covarying factors than
typically found in a fringing reef habitat can help us
understand how nutrients specifically affect the physio-
logical responses of corals under thermal stress.
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In this study, we deployed a 15-month nutrient enrich-
ment experiment to test the influence of in situ nutrient
loading on Pocillopora spp. thermal performance on the
fore reef in Mo’orea, French Polynesia. While there are
numerous studies investigating how nutrient fluxes affect
coral physiology (Fabricius 2005; Ezzat et al. 2016;
Kitchen et al. 2020), there is limited information on the
effects of low nutrient exposure on the thermal perfor-
mance of corals (Wiedenmann et al. 2013; D’ Angelo and
Wiedenmann 2014). The goal of this study was to inves-
tigate how in situ, chronic, low-level nutrient enrichment
influences (1) the ability for endosymbiont and coral host
response variables to contribute to the metabolic func-
tionality of the holobiont and (2) how coral thermal per-
formance metrics shift in response to different nutrient
regimes. Here, we use a thermal performance curve
approach (TPC; Sharpe and Demichele 1977; Schoolfield
et al. 1981; Schulte et al. 2011) to quantify the shape of the
relationship between the control and nutrient enrichment
for TPC metrics of gross photosynthesis (GP) and dark
respiration (R,) rates as a function of increasing tempera-
ture (ramp from 20 to 38 °C). We extracted TPC metrics
including (1) acute thermal optimum (7)), which is the
temperature at which the organism is at its (2) maximal rate
of performance (um.x), and (3) the rate at a reference
temperature (b(7.)) which is often used to compare stan-
dardized rates of performance across populations (Angil-
letta Jr. 2009; Andrews and Schwarzkopf 2012), species
(Dell et al., 2011; Sinclair et al., 2012; Bestion et al., 2018),
or geographic regions (Angilletta Jr. 2009; Sgro et al.,
2010; Aichelman et al., 2019; Jurriaans and Hoogenboom,
2019; Silbiger et al., 2019). Based on prior research on the
relationship between nutrient enrichment and the physio-
logical response of corals to thermal stress (Ezzat et al.
2016; Morris et al. 2019; Kitchen et al. 2020; Krueger et al.
2020), we hypothesized that chronic low-level nutrient
enrichment (i.e., nitrogen and phosphorus) will increase
endosymbiont densities, chlorophyll a content, tissue bio-
mass, and N content, shift endosymbiont community
composition, and result in increased thermal performance
of corals (D’Angelo and Wiedenmann 2014; Morris et al.
2019).

Materials and methods
Site description

Mo’orea, French Polynesia, is a volcanic island located in
the central South Pacific ~ 20 km west of Tahiti. Mo’orea
has an offshore barrier reef that surrounds the 60 km
perimeter with systems of shallow (mean depth < 3 m) and
narrow (~ 0.8-1.5 km wide) lagoons. The barrier reef

is ~ 0.5-1.5 km from the shore, and the inshore lagoons
are protected, but connected to the open ocean, through a
series of passes. The fore reef habitats are composed of
coral spur-and-groove formations that run perpendicular to
the reef crest from 2 to > 60 m in depth (Leichter et al.
2013). The fore reef habitats experience high water
movement associated with strong wave action from
incoming waves that break on the reef crest causing a
gradual swell and wave attenuation toward deeper depths
(Wolanski and Delesalle 1995a, 1995b; Monismith 2007,
Leichter et al. 2013; Dubé et al. 2017).

Two fore reef sites on the north shore of Mo’orea,
French Polynesia, were chosen for a nutrient-enriched
treatment and a control. The treatment sites were ~ 20 m
apart to reduce any confounding variables. Four sample
blocks were established at each site, ~ 5 m apart from
each other. Five nutrient diffusers were placed in each
block on a north shore fore reef site in July 2018, repre-
senting the nutrient-enriched site (S17° 28.386' W149°
49.059’) (Fig. la, b, ¢). The control site was devoid of
nutrient diffusers (S17° 28.38' W149° 49.03') (Fig. 1a, b,
d). Osmocote® pellets were placed in a diffuser (diffusion
tube), which consisted of a 15 cm long x 2.5 cm wide
PVC pipe with 10, 1-cm holes drilled into the side and
covered in a mesh screen. Each nutrient diffuser consisted
of 175 g Osmocote ® (The Scotts Company, Marysville,
Ohio, USA) slow release garden fertilizers (19:6:12,
N:P:K), containing nitrite (NO, ™), nitrate (NO5™), ammo-
nium (NH, 1), phosphate (PO437), and potassium (K), with
no trace metals. Osmocote® diffusers are an efficient
method of enriching water column nutrients near the ben-
thos (Worm and Sommer 2000; Burkepile and Hay 2009).
The nutrient diffusers were secured to the benthos with
cable ties attached to stainless steel all-thread posts that
were drilled into the reef framework (Fig. 1c). Nutrient
diffusers were exchanged every 12-16 weeks to ensure
continuous delivery of nutrients to the experiment based on
previously tested nutrient depletion rates (Burkepile et al.
2020). The nutrient diffusers were last exchanged on
August 30, 2019, roughly two months prior to our collec-
tion and experimental period.

Quantifying nutrient regimes between enriched and control
treatments

Percent tissue nitrogen (N) of Lobophora variegata was
calculated from duplicate L. variegata individuals per
sample block at each site (n = 8 per treatment) at the same
time the corals were collected for fragmentation.
Macroalgal % N content is a more useful long-term inte-
grated measure of seawater nutrient loading (Fong et al.
1994; Lin and Fong 2008) compared to water column
nutrient samples as it can inform us on what the benthos
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Fig. 1 a Map of Mo’orea, French Polynesia identifying b the study
sites for Pocillopora spp. sampling along the north shore fore reefs.
The green bordered photograph shows ¢ a nutrient diffuser at a
nutrient-enriched site and the yellow bordered photograph d shows an
example of a control site on the fore reef. The experimental design
included a e 15-month exposure to the enriched or control conditions
(n = 16 colonies per treatment), followed by collection of f molecular

experiences over weeks or months compared to an
instantaneous water column sample. Approximately 1 g
(wet mass) of tissue was removed from each individual,
rinsed in freshwater (FW) where epiphytes were removed
manually with forceps, and dried to constant weight at
80 °C (Carpenter 2018). Dried samples were submitted for
CHN analysis by the means of high-temperature (1000 °C)
combustion following Dumas method (Shea and Watts
1939) of samples in an oxygen-enriched helium atmo-
sphere in an elemental analyzer (Control Equipment Cor-
poration: Model CEC 440HA, North Chelmsford, MA,
USA) at the University of California, Santa Barbara Marine
Science Institutes (UCSB MSI) Analytical Lab.

One water column sample was collected < 0.5 m away
from the nutrient diffusers at each sampling block (n = 4
samples per treatment) to characterize nutrient concentra-
tions in the seawater at the time of coral collection. Water
column samples were collected from above the benthos
using 60-mL lip-lock tip syringes for dissolved inorganic
NO;~ + NO,~, NH,", and PO43 ~. The samples were fil-
tered through a 0.7 pum GF/F (Whatman ®, Maidstone,
UK) and the seawater samples were placed in a —20 °C
freezer immediately upon returning to the University of

@ Springer

samples (n = 16 nubbins per treatment), characterization of physio-
logical state (n = 32 nubbins per treatment), and identification of
saturating irradiance using PI curves (indicated by the gray arrow,
n = 4 nubbins per treatment). Two fragments per colony were placed
into continued exposure tanks g—-i) until they were exposed to a
thermal ramp of 10 temperatures (20-38 °C) in a (J) 10 chamber
setup

California, Berkeley Richard B. Gump South Pacific
Research Station (UCB Gump Station). Dissolved inor-
ganic nutrients (PO,*~, NO;~ + NO,~, NH, ") were ana-
lyzed using flow injection (QuikChem 8500 Series 2,
Lachat Instruments, Zellweger Analytics, Inc., Loveland,
CO, USA) at the UCSB MSI Analytical Lab (Johnson et al.
1985). Dissolved inorganic nitrogen-to-phosphorus (DIN:-
DIP) ratios were calculated by the summation of [NO; ™~
+ NO,™ + NH,"] for DIN and [PO,*"] for DIP. The
DIN:DIP ratios are expressed on a molar basis.

Coral collection

Our study was conducted following 15 months of nutrient
enrichment (Fig. le) during October 2019 at the control
and nutrient-enriched sites on the north shore fore reef
habitat in Mo’orea (Fig. 1a—d). We collected fragments of
Pocillopora meandrina at each site based on morphologi-
cal characteristics (Maté et al. 2016). However, due to
recent analyses on the complexity of Pocillopora spp.
identification (Johnston et al. 2018; Burgess et al. 2021),
morphological characteristics are unreliable for species
identification. Therefore, the coral fragments will be
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referred to as Pocillopora spp. for the remainder of the
manuscript. Thirty-two Pocillopora spp. colonies showing
no signs of bleaching were haphazardly collected in a block
design with four fragments collected from each of four
treatment or control blocks from depths of ~ 13 m. The
treatment coral fragments were collected within < 0.5 m
the nutrient diffusers for the nutrient-enriched treatment
(n=16) and ~ 20 m away from the diffusers for the
control (n = 16) on October 15, 2019. Pocillopora spp.
fragments were removed with hammer and chisel via
SCUBA, placed in clean ziplock bags full of seawater, and
returned to the boat.

To quantify the endosymbiont communities between our
nutrient-enriched treatment and control sites, a small coral
biopsy was collected from each coral fragment (n = 16
colony biopsies per treatment) (Fig. 1f). Biopsies were
performed immediately after arrival at the boat by breaking
a fragment < (0.5 cm in any single dimension using the top
of a sterile DNase, RNase, endotoxin-free 2.0-mL micro-
centrifuge tube with an O-ring cap (VWR ®, Cat #
16,466-044, Radnor, PA, USA), into which each biopsy
was placed with 1.0 mL of DNA/RNA Shield™ (Zymo
Research, Cat #R1100-250, Irvine, CA, USA). Gloves were
sterilized between each sample with a 10% bleach solution
and freshwater rinse. The tissue samples were immediately
placed on ice in a cooler on the boat and then transferred
directly to a —80 °C freezer upon arrival at the UCB Gump
Station.

The coral fragments for physiological assays were
transported to the UCB Gump Station in a seawater filled
cooler and immediately placed in flow-through seawater
tables. Using a stainless steel diagonal cutter, fragments of
each sample colony were cut into five replicate dimensions
(7.8 cm x 7.8 cm) of multi-branch fragments, which were
measured with calipers (Fig. 1f). Two fragments were used
for light and dark respirometry trials, and two fragments
were used for endosymbiont and coral response variables,
including chlorophyll a content, endosymbiont densities,
endosymbiont % nitrogen (N) content, endosymbiont N
cellfl, tissue biomass, and coral tissue % N content
(Fig. 1f). A fifth fragment was randomly selected from four
colonies per treatment to be used to determine saturating
light conditions (Fig. 1f).

The two fragments delegated for endosymbiont and
coral response variables (one for % tissue N and one for the
remaining parameters) were immediately frozen at —20 °C
until processing. The two fragments designated for photo-
synthesis and respiration trials were affixed to pre-labeled
acrylic coral plugs (Industry, CA, USA) using hot glue
around the base of the coral skeleton while the fragment
was submerged (Fig. 1i). After coral fragments were
affixed, they were placed into one of two flow-through
holding tanks (either control or nutrient-enriched) with

filtered (pore size ~ 100 pm) seawater to recover from the
fragmentation process for 7-12 days (Fig. lh). The coral
plugs were placed in individual holes on an acrylic sheet
with an O-ring placed around the bottom of the plug for
stabilization (Fig. 1h). The acrylic bases had 4 small 15-cm
tall PVC pipes on the four corners of the base to keep the
corals from being in contact with the bottom of the tank
(Fig. 1h). Holding tank conditions were designed to mimic
temperature and light regimes found at the collection sites
(Fig. 1g,h) (Carpenter 2018, 2019; Leichter et al. 2019).

Holding tank conditions
Temperature

Temperature was recorded in both holding tanks with
HOBO® loggers (Onset® HOBO® TidbiT® v2 Temp
Data Logger UTBI-001, Bourne, MA, USA, accu-
racy £ 0.21 °C from 0 to 50 °C) every 15 min during the
recovery period (7-12 days). The mean (£ SE) seawater
temperature in the holding tanks was 26.9 £ 0.04 °C,
which is consistent with the mean seawater temperature
(~ 26.9 °C) at the collection site during October (Leichter
et al. 2019).

Light

A tan shade cloth (SunScreen Fabric, Easy Gardener)
canopy was installed above the holding tanks to mimic
light conditions on the fore reef (Comeau et al. 2013, 2014;
Carpenter 2019). Photon flux density (PFD) was measured
daily in the holding tanks at three time points (08:00,
12:00, 16:00) using an underwater cosine corrected sensor
(MQ-510 Quantum Meter Apogee Instruments, spectral
range of 389-692 nm + 5 nm, Logan, UT, USA). The
sensor was placed at five separate points within each of the
holding tanks each time, and an average daytime PFD
measurement was taken for each day. The mean (£ SE)
daytime PFD in the holding tanks was 302 + 43 pmol
photons m~2s~' in the nutrient-enriched tank and
306 &+ 44 pmol photons m~2s~! control tank, which is
consistent with the mean daytime light photon flux density
ranges experienced at similar depths on the forereef during
October (Comeau et al. 2013, 2014; Carpenter 2019).

Nutrients

A slow release 175 g Osmocote ® (19-6-12, N-P-K) gar-
den fertilizer was placed in the nutrient-enriched recovery
tank (Fig. lh), and the ambient tank was unmanipulated.
Triplicate water samples were collected for dissolved
inorganic nutrients following the methods above on the
sixth day of the recovery period. Dissolved inorganic
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NO;~ + NO,~, NH,*, and PO43_ tank conditions were
consistent with the conditions at the collection site (Fig. S1
in supplement file 1).

Endosymbiont and coral response variables
Nucleic acid extraction and sequencing

Half of the mass of the biopsy and DNA/RNA shield volume
(500 pl) was transferred to a 2-mL microcentrifuge tube
containing sterile 2 mL of 0.5 mm glass bead (Fisher Sci-
entific Catalog. No 15-340-152). Samples were homoge-
nized using a Qiagen Tissue Lyser for 40 s at 20 Hz. The
resulting supernatant transferred to a sterile RNase-DNase-
free 1.5-mL microfuge tube and DNA and RNA was simul-
taneously extracted using the Zymo Quick-DNA/RNA
Miniprep Plus Kit Protocol according to manufacturer’s
instructions. RNA was stored at —80 °C, and DNA was
quantified with a Broad-range DNA kit on a ThermoFisher
Qubit Fluorometer. DNA quality was checked using gel
electrophoresis on a 1.5% agarose gel in tris-acetate—-EDTA
buffer after running for 45 min at 100v. To identify the
Symbiodiniaceae in the coral samples, the Internal Tran-
scribed Spacer 2 (ITS2) region of the symbionts was ampli-
fied for sequencing using a two-step library preparation
protocol. First, a master mix was generated containing 2 pL. of
10 uM of forward (5'-TCGTCGGCAGCGTCAGATGTGT
ATAAGAGACAG-[ GAATTGCAGAACTCCGTG-3]; IT
Sintfor2 in brackets; Howells et al. 2020) and reverse (5'-
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG-[
GGGATCCATATGCTTAAGTTCAGCGGGT-3']; ITS2-
reverse in brackets; Howells et al. 2020) primers with an
overhanging adapter sequence (sequence prior to brackets),
50 pL. of 2X Phusion HiFi Mastermix (Thermo Scientific
F531s), and 46 pL of DNase/RNase-free water. To avoid PCR
bias, each sample was amplified in triplicate on 96-well plates
with 33 pL of master and 1 pL of equal concentration DNA
sample (3.33 ng/ul). Both a negative (10 uL of ultra-pure
water) and positive control (0.5 pL of each sample as a mix)
were included. Samples were amplified using polymerase
chain reaction (PCR) with the following profile: 3 min at
95 °C, followed by 35 cycles of 30 s at 95 °C, 30 s at52 °C,
and 30 s at 72 °C, finished by 2 min at 72 °C and held
indefinitely at4 °C. The triplicate PCR products were run on a
2% agarose gel to confirm the presence of a band at the
expected length of ~ 300 bp and stored at —20 °C. Samples
with the overhanging adapter sequence that were verified to
be the desired size and free of primer dimer were delivered to
the Rhode Island Genomics and Sequencing Center (RIGSC).
The RIGSC performed the second round of PCR which
included between 5 and 10 cycles of PCR to attach Nextera
indices and adapters. This product was then cleaned with
Ampure XP, visualized using agarose gel electrophoresis,
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quantified on a ThermoFisher Qubit Fluorometer for pooling
and finally quantified using QPCR for loading on the Illumina
MiSeq. Samples were sequenced as paired ends, with 300
cycles for each read pair.

Tissue removal

An Iwata Eclipse HP-BCS airbrush (Portland, OR, USA)
filled with filtered seawater (0.2 um) was used to remove
coral tissue from the frozen coral skeleton. The resulting
coral tissue slurries (n =32 total) were individually
homogenized for 15 s at 3,000 rpm with an electric hand-
held homogenizer (BT Lab Systems Saint Louis, MO,
USA). Aliquots were taken from the tissue homogenate for
each endosymbiont (chlorophyll a content, endosymbiont
densities, % N content (% dry weight), and N content
cell™") and coral response variable (tissue biomass and %
N content (% dry weight)) and frozen at —20 °C until
further processing. Coral skeletons were dried at 60 °C for
4 h in a drying oven (Fisher Scientific Isotemp Oven,
Waltham, MA, USA). After the skeletons were dry, the
surface area was measured by dipping the skeletons in a
65 °C Minerva Paraffin Wax bath (Monroe, GA, USA) for
2 s, before removal and then rotating them quickly in the
air (10 revolutions over 2 s). The coral skeletons were
cooled at room temperature prior to being weighed
(Stimson and Kinzie III 1991; Veal et al. 2010). Surface
area was calculated against a standard curve of mass
change of wax dipped dowels against geometrically cal-
culated surface area, with an R? > 0.9 for the relationship.

Algal endosymbiont densities

Replicate cell counts (n = 6-8) were conducted for ali-
quoted (1 mL) coral tissue slurry samples, using an
Improved Neubauer Haemocytometer (Marienfeld Supe-
rior, Lauda-Konigshofen, Germany) to quantify algal
endosymbiont densities. The endosymbiont cell densities
were then normalized to coral surface area (cells cmfz)
(Stimson and Kinzie III 1991; Veal et al. 2010).

Chlorophyll a content

Duplicate 3 mL samples from the tissue slurries were
centrifuged (3,450 rpm x 3 min) (Fisher  Scientific
accuSpinTM 3R, Waltham, MA, USA) to isolate the algal
pellet. 100% acetone was added to the algal pellet and
placed in a freezer at —20 °C for 36 h in the dark. The
supernatant of the extracted samples was measured spec-
trophotometrically (4 = 630, 663, and 750 nm) (Shimadzu
UV-2450, Kyoto, Kyoto Prefecture, Japan), and concen-
trations of chlorophyll a were calculated using equations
specified for dinoflagellates from Jeffrey and Humphrey
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(1975), after accounting for an acetone blank. The
chlorophyll concentrations were then normalized to surface
area (ug cm™2) and to endosymbiont cells (pg cell ™).

Tissue biomass

Triplicate 1 mL aliquots from each coral tissue slurry
(n = 32) were pipetted into pre-burned aluminum pans
(450 °C for 5 h) and then placed in a drying oven (Fisher
Scientific Isotemp Oven, Waltham, MA, USA) at 60 °C
for > 24 h until they reached a constant weight. Once the
samples had reached a constant weight, they were placed in
a muffle furnace (Fisher Scientific Isotemp Muffle Furnace,
Waltham, MA, USA) at 450 °C for 4-6 h to determine ash-
free dry weight. The total biomass of the aliquoted tissue
slurry was the difference between the dried (60 °C) and
burned (4-6 h at 450 °C) masses and the tissue biomass

was expressed as mg cm 2.

Coral and endosymbiont tissue nitrogen content

To calculate coral tissue and endosymbiont N content, the
skeletal carbonates were first separated from the host tissue
and endosymbionts using a 20 pm nylon net filter
(Wildco®, Yulee, FL, USA) (Maier et al. 2010) and the
remaining host tissue and endosymbiont cells were sepa-
rated by centrifugation (3,450 rpm x 3 min.) (Fisher Sci-
entific accuSpin™ 3R, Waltham, MA, USA) with 3—4
seawater rinses (Muscatine et al. 1989). To ensure sepa-
ration efficiency between the coral tissue and endosym-
bionts, microscopic inspections were conducted on the
supernatant and the endosymbiont pellets using a Leica
Binocular Microscope (DM500, Feasterville, PA, USA)
between each seawater rinse and centrifugation. If animal
constituents, like nematocysts or spirocysts, were observed
in the endosymbiont pellets, the sample was repeatedly
resuspended and centrifuged until the final endosymbiont
pellet had been properly washed and animal constituents
were no longer observed. The same resuspension and
centrifuge steps were taken if any endosymbiont cells were
observed in the supernatant. Tissues were filtered onto
weighed pre-combusted 25 mm GF/F filters (Whatman ®,
Maidstone, UK) (450 °C, 4 h), dried overnight (80 °C),
weighed, and placed in microcentrifuge tubes (Wall et al.
2018). Due to the vacuum filtration method, we note that
host tissue samples may underestimate the total C and N
content, since soluble material and particulate matter less
than 0.7 pm would be lost in the process. CHN content for
the coral host’s tissue and algal endosymbionts were ana-
lyzed at the UCSB MSI Analytical Lab using the same
methods described above. Algal endosymbiont % N con-
tent and coral % N content were calculated by normalizing
the N (mg) to the weight of the tissue on the filter (mg) and

multiplying by 100. The N per algal endosymbiont cell (pg
N cell ") was also calculated.

Holobiont metabolic response variables
Estimating saturating light levels

To measure photosynthetic rates during our experimental
temperature assays, we first estimated saturating light
levels from net photosynthesis—photon flux density curves
(commonly referred to as photosynthesis—irradiance
curves) for the collected corals (n = 8 fragments, 4 frag-
ments from each site: Fig. 1f). Fragments were placed in
identical closed-system acrylic respiration chambers (10
chambers, 650 ml each; Fig. 1j) (Australian Institute of
Marine Science, Townsville, Australia) with filtered (pore
size ~ 100 pum) seawater and rotating stir bars (200 rpm),
including replicate seawater-only chambers (n =2) as
blanks for controls during each trial (Silbiger et al. 2019).
Temperature (°C) and oxygen concentrations (pmol Lfl)
were measured using Presens Temperature (Pt1000,
Regensburg, Germany) and Presens Oxygen Dipping
Probes (DP-PSt7, Regensburg, Germany) (company two-
point calibration with oxygen-free environment [nitrogen,
sodium sulfite] and air-saturated environment), respec-
tively, at a frequency of 1 Hz. Measurements were taken
using a Presens Oxygen Meter (OXY-10 SMA (G2)
Regensburg, Germany) system with temperature correction
for each channel separately. Temperature was held constant
at 26.8 °C (£ 0.1 °C) with a thermostat system (Apex
Controller, Neptune Systems, Morgan Hill, CA, USA). An
LED light (Mars Aqua 300w LED Brand Epistar, Long-
Gang District, ShenZhen, China) was positioned above the
chambers, and sequential photon flux densities (0, 23, 64,
145, 207, 304, 529, 739, 927 pmol m~2 s~ ') were used to
identify a net photosynthesis—photon flux density curve fit
in order to calculate saturating light (Iy) of the corals. Light
levels were measured by an underwater cosine corrected
sensor (MQ-510 Quantum Meter Apogee Instruments,
spectral range of 389-692 nm £ 5 nm, Logan, UT, USA).

Rates of oxygen evolution and consumption were
determined using repeated local linear regressions with the
package LoLinR (Olito et al. 2017) in R (R Core Team
2013), with rates corrected for chamber volume displace-
ment by the corals, blank seawater control rates, and nor-
malized to coral surface area using the paraffin wax
dipping technique (Stimson and Kinzie III 1991; Veal et al.
2010). LoLinR was run with the parameters of L. for
linearity metric (Lp. = the sum of the percentile ranks of
the Z,,,in scores for each component metric) and alpha = 0.6
(minimum window size for fitting the local regressions,
which is the proportion of the total observations in the data
set) for observations and thinning of the data from every
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second to every 20 s. A nonlinear least squares fit for a
non-rectangular hyperbola was used to identify the net
photosynthesis—photon flux density curve metrics (Mar-
shall and Biscoe 1980). The model is as follows:

®PAR + \/ (@PPFD + Ppox)* — 4@ PARP 4

Pt = 20
_Rd7

(1)

where the parameters are P, and P, (area-based net and
maximum gross photosynthetic rates, respectively), Ry
(dark respiration), AQY (¢, apparent quantum yield), PAR
(photosynthetically active radiation), and Theta (&, cur-
vature parameter, dimensionless). [, was calculated by
dividing the P,x by the AQY, which was 384 pmol
photons m™2 s~ ! and there was no indication of photoin-
hibition (Fig. S2). Net photosynthetic rate was therefore
measured at 451 4+ 12 (mean & SD from 10 light mea-
surements) pmol photons m~2s™' to ensure that the

experimental trials were run at saturating light conditions.

Acute thermal stress experiment to test thermal
performance

Acute heat ramping experiments were used to assess net
photosynthesis (n = 32) or dark respiration (n = 32) of
replicate fragments from each coral colony. To measure net
photosynthesis (NP) and dark respiration (R;), coral frag-
ments were placed in individual closed-system acrylic res-
piration chambers (650 ml) (Australian Institute of Marine
Science, Townsville, Australia) with rotating stir bars
(200 rpm) (Fig. 1j). Filtered (pore size ~ 100 pm) seawater
was used for all experimental assays. Eight experimental
coral fragments were moved from their ambient and nutrient-
enriched seawater flow-through holding tanks (4 enriched and
4 control) and randomly assigned to one of the 10
respirometry chambers. Replicate seawater-only chambers
were used as controls (n = 2) for background subtraction
during each trial (n = 4 NP trials, n = 4 R trials). Each of the
R4 heat ramping experiments began at approximately 05:30,
and corals were kept in complete darkness by a black tarp
cover and black trash bag covers on all windows or doors. The
R4 corals were exposed to ten sequential temperatures (20,
22, 24, 28, 30, 32, 34, 36, 37, and 38 °C) for 20 min. Fol-
lowing the same experimental design, the light ramp trials
began at approximately 13:00 and ended before sunset.
During each light ramp trial, the coral fragments were
exposed to nine sequential temperatures (20, 22, 24, 28, 30,
32,34, 36, and 37 °C) for 20 min at saturating light. One less
temperature ramp was required for the light trials because
corals exhibited near zero oxygen production at 37 °C.
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To maintain the assay temperature (£ 0.1 °C), temper-
ature was controlled in an insulated reservoir and holding
tank using a thermostat system (Apex Controller, Neptune
Systems, Morgan Hill, CA, USA) paired with aquarium
heaters (Finnex 800 W Titanium Heater, Finnex 300 W
Titanium Heater, Burnaby, British Columbia, Canada) and
chillers (Aqua Logic Delta Star®, DS-4, San Diego, CA,
USA). An air stone diffuser (Growneer, Shanghai, China)
was added to the holding tank where the chambers were
filled before each temperature ramp to provide circulation
and oxygenation. Further, fresh seawater changes were
conducted between each temperature ramp. Once the sea-
water in the insulated reservoir reached a stable tempera-
ture, the respirometry chambers containing both the coral
fragments and controls were added and measurements
started immediately. NP and R, rates were quantified
through oxygen production/consumption measured by fiber
optic oxygen sensors using the same methods described
above. Gross photosynthesis (GP) was calculated as NP
plus Ry (as a positive value). After each incubation, we
removed all coral tissue, dried the coral skeletons, and
measured the surface area of each coral using the paraffin
wax dipping technique described above to normalize the
rates (umol ecm~2 h™!) (Stimson and Kinzie III 1991; Veal
et al. 2010).

Data analysis
Thermal performance curve characterization

Individual thermal performance curves (TPCs) for each of
the biological rates of performance (umol cm™> h™") (GP
and R;) were fitted to the Sharpe—Schoolfield model
(Sharpe and Demichele 1977; Schoolfield et al. 1981) using
a nonlinear least squares regression (Table 1 lists the
parameters and variables in this function).

1 1
1 te).=b(T.) + E,( =— —
og(tae), = () + £~

— log (1 + eEh (ﬁ_#’)> ) (2)

Fits were determined using the ‘nls_multstart’ function
in the ‘nils.multstart’ package (Padfield and Matheson
2020) in R statistical software (v3.2.0) (R Core Team 2018,
Padfield et al. 2015). The ‘nls_multstart’ function allows
for multiple starting values for each parameter and model
selection is carried out using the Akaike information cri-
terion (AIC) to identify the parameter set which best
characterizes the data (Padfield et al. 2015). Random start
parameter values are picked from a uniform distribution
and the set with the lowest AIC value is retained (Padfield
et al. 2015). The goodness of fit of the selected models was




Coral Reefs

Table 1 Parameters of the Sharpe—Schoolfield model using a nonlinear least squares regression

Parameter Descriptions

b(T.) Log rate of metabolism normalized to a reference temperature (umol cm~—> h™")

E, Activation energy (electron volts, eV)

E, Temperature induced inactivation of enzyme kinetics past Ty, for each population (electron volts, eV)

K Boltzmann constant (8.62 x 107 eV K1)

T. Reference temperature at which no low or high-temperature inactivation is experienced (defined here as 299.95 K or 26.8 °C)
Ty Temperature (K) at which half the enzymes are inactivated

T; Temperature in Kelvin (K)

i Individual coral fragment for each rate

examined both graphically and through computation of a
pseudo-R? value (Padfield et al. 2015). Thermal perfor-
mance metrics (acute thermal optimum (7, maximal
performance ((max), and rate of metabolism at a reference
temperature (b(T.)) were then determined from the TPCs
(Fig. 4c-h). Acute T, and piymax Were calculated from the
TPC parameters (Padfield et al. 2015), where acute T, is
calculated as:

Lo L g
(Eh + (K-Th~10g<%— 1))) ’

Umax 1s the rate (either GP or Ry) at T, and b(T.,) is the
rate (either GP or R,) at 26.8 °C (mean ambient seawater
temperature conditions during the sampling period (Octo-
ber 1,2019, to October 26, 2019)) at the collection site
obtained from the Mo’orea Coral Reef (MCR) Long Term
Ecological Research Network (LTER) temperature time
series (Leichter et al. 2019).

Topt =

Statistical analysis

Two-sample Student’s t-tests were used to test for differences
in water column nutrient concentrations between the control
and treatment sites. One PO, value was removed because it
was below the detectable limit. Therefore, there was ann = 3
for the control water column PO43_ and DIN:DIP values.
Individual general linear mixed effects models were run using
the ‘Ime4’ package (Bates et al. 2015) in R for macroalgal %
N, endosymbiont (chlorophyll a content (ug cm™2), chloro-
phyll a content per cell (pg cell "), endosymbiont densities
(x 10°cells cm™?), % N content (% of dry weight), N content
cell ™" (pg N cell™"), coral response variables (tissue biomass
(mg cm™?), and % N content (% of dry weight)), and holo-
biont thermal response variables (Topi, Hmax, and b(T.) for
both GP and R,). Treatment (control versus nutrient-enriched
site) was a fixed effect and sampling block was included as a
random effect in all models to account for block effects.
Assumptions (i.e., normality, homogeneity of variance, and

independence) were tested using the ‘car’ package (Fox and
Weisberg 2019) functions in R, and all assumptions were met.

ITS2 sequences were identified using the SymPortal
analytical framework (symportal.org, Hume et al. 2019;
supplemental file 1), and raw sequence data at NCBI under
accession number PRINA640364 (https://www.ncbi.nlm.
nih.gov/bioproject/PRINA640364/). The resulting counts
matrix of Symbiodiniaceae profile names was analyzed for
differences in community structure by treatment on Bray
Curtis distance using the ‘vegan’ package (Oksanen et al.
2013) in R, following calculation of sample relative abun-
dances and square root transformation of the data. All data
and code used for this study are available on GitHub (https://
github.com/daniellembecker/Chronic_low_nutrient_enrich
ment_benefits_coral_thermal_performance_fore_reef_habi
tat) and at Zenodo (https://doi.org/10.5281/zenodo.5013
256).

Results
Environmental variables

Quantifying nutrient regimes between enriched and control
treatments

In the nutrient-enriched plots, Lobophora variegata % N,
which is a proxy for nutrient levels over time, increased by
an average of 11% (p = 0.04) (Fig. 2a) compared to the
control treatment. In the water column above the nutrient-
enriched plots NO,™ 4+ NO;~, PO,’~, and NH," all
increased by an average of 0.14 pmol L™' (p < 0.01)
(Fig. 2¢), 0.14 pmol L™' (p = 0.034) (Fig. 2d), and
0.22 pmol L' (p < 0.001) (Fig. 2e) compared to the
control treatment, respectively. There was no significant
difference in water column DIN:DIP ratios (p = 0.17,
Fig. 2f) or L. variegata carbon:nitrogen (C:N) ratios
(p = 0.76; Fig. 2b) between the nutrient-enriched and
control treatments. Our reported water column nutrient
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measurements likely underestimate the actual concentra-
tions seen by corals during the 15-month field exposure
period because they were taken two months after the
Osmocote® diffusers had been deployed (Burkepile et al.
2020).

Endosymbiont and coral response variables
Endosymbiont response variables
Several parameters associated with endosymbiont physi-

ology were significantly affected by the 15-month nutrient
enrichment period. Corals had significantly higher

Fig. 2 Comparison of the a %

! Macroalgal Samples
nitrogen content of Lobophora

endosymbiont densities when enriched, with 54% more
cells per cm 2 compared to controls (F; 3y = 17.81,
p < 0.001; Fig. 3a, Table S1 in supplemental file 1).
Endosymbiont N content cell™" (pg N cell ') was 44%
higher in control corals compared to enriched corals
(F1.30 =5.717, p = 0.02; Fig. 3d, Table S1 in supplemental
file 1). However, there was no significant difference in the
total chlorophyll a content (F; s = 1.78, p = 0.23; Fig. 3b,
Table S1 in supplemental file 1), chlorophyll a content per
cell (F; 6= 1.40, p = 0.28; Fig. 3c, Table 2.2), total % N
content for algal endosymbionts under nutrient enrichment
compared to the control (F; 39 = 0.64, p = 0.43; Fig. 3e,
Table S1 in supplemental file 1), or C:N ratios for the
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Endosymbiont Response Variables
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Fig. 3 Comparison of the a endosymbiont densities (x 10° cells
cm ™), b chlorophyll a content (pg cm?), ¢ chlorophyll a content per
cell (pg cell™"), d endosymbiont N content cell™" (pg N cell™),
e endosymbiont % N content, f endosymbiont C:N ratios g coral
tissue % N content, h tissue biomass (mg cm™2), and i coral tissue

endosymbionts (F; s = 0.25, p = 0.64; Fig. 3f, Table S2 in
supplemental file 1). Sequencing of ITS2 resulted in
577,152 sequences total and a mean of 18,036 sequences

C:N ratios mean (£ SE) values extracted using the ‘Ismeans’ function
in R for all Pocillopora spp. coral fragments (n = 32) at the control
and nutrient-enriched site on the north shore fore reef in Mo’orea,
French Polynesia. Significance level is shown with asterisks (p-
values < 0.05, < 0.01, and < 0.001 are *, **, and ***, respectively)

per sample. Corals hosted predominantly Cladocopium
spp.  (ITS2 profile C42g.C42a.C42.2.C1.C1b.C42b.
C42h; > 99%) based on SymPortal reference nomenclature
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(Hume et al. 2019) with a few sequences of Durusdinium
sp. (D1; ~ 0.05%), and no differences in ITS2 profiles
between the two treatments (p > 0.05, Fig. S3 in supple-
mental file 1).

Coral response variables

For the coral response variables, the total tissue biomass
(mg cm ™) was 22% higher for the experimentally enriched
corals compared to controls (F;s=15.52, p <0.01;
Fig. 3h, Table S1 in supplemental file 1), but there was no
difference in the tissue % N (F; s = 0.12, p = 0.74; Fig. 3g,
Table S1 in supplemental file 1) or coral tissue C:N ratios
(F16 =0.25, p = 0.64; Fig. 31, Table S2 in supplemental
file 1) between nutrient-enriched corals and control corals.

Holobiont response variables

We found that nutrient enrichment generally increased
metabolic responses of corals to acute thermal stress in
terms of their measures of performance. Specifically, the
nutrient-enriched treatment had p,., (maximal rate of
performance) GP rates that were 29% higher than the
control colonies (F; ¢ = 26.86, p < 0.01; Fig. 4c, Table S2
in supplemental file 1). There was also a 12% higher, but
nonsignificant, pn,.x for R, rates in the nutrient-enriched
corals compared to the controls (F; 30 =2.30, p = 0.14;
Fig. 4d, Table S2 in supplemental file 1). Similar trends
were seen in the b(T.) (rate of metabolism at a reference
temperature) results, with the nutrient-enriched treatment
having 33% higher b(T.) for rates of GP (F; ;o = 34.37,
p < 0.001; Fig. 4e, Table S2 in supplemental file 1) com-
pared to the control colonies. There was also a 12% higher,
but nonsignificant, b(T.) for Ry rates in the nutrient-en-
riched corals compared to the control colonies
(F130 = 2.38, p = 0.13; Fig. 4f, Table S2 in supplemental
file 1). There was no significant effect of treatment for the
acute Ty, of GP rates (F)30=0.46, p = 0.50; Fig. 4g,
Table S2 in supplemental file 1) or Ry rates (F; ¢ = 0.18,
p = 0.68; Fig. 4h, Table S2 in supplemental file 1) in
Pocillopora spp. colonies.

Discussion

Our study found that metabolic responses of the Pacific
branching coral, Pocillopora spp., benefitted from a
15-month enrichment (3.4 x increase in N and 2.5 x in-
crease in P) on a fore reef site in Mo’orea, French Poly-
nesia. When enriched with nutrients, corals had
significantly higher endosymbiont densities and total tissue
biomass compared to controls. Further, corals that were
enriched with nutrients exhibited higher gross
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photosynthetic maximal performance and rates of gross
photosynthesis at a reference ambient temperature com-
pared to unenriched corals. There was no difference in
acute thermal optimum values between the two treatments.
To our knowledge, this is the first study to show the effects
of chronic nutrient enrichment on coral thermal perfor-
mance in a fore reef habitat.

Explicit TPC approaches are historically rare for corals
(but see, Jokiel and Coles 1977; Al-Horani 2005), but have
been utilized more recently to quantify thermal sensitivity
and instantaneous performance in response to environ-
mental fluctuations (Aichelman et al. 2019; Jurriaans and
Hoogenboom 2019; Silbiger et al. 2019; Becker and Sil-
biger 2020; Gould et al. 2021). TPC’s are a valuable
mechanistic approach to characterize thermal performance
and thermal sensitivity trends across geographic ranges
(Angilletta Jr. 2009; Sgro et al. 2010; Jurriaans and
Hoogenboom 2019; Kellermann et al. 2019; Silbiger et al.
2019), between ectothermic species (Dell et al. 2011;
Sinclair et al. 2012; Bestion et al. 2018), and among pop-
ulations and/or individuals (Huey and Kingsolver 1989;
Knies et al. 2009). Further, TPC’s provide insight into the
interactive effects of temperature and other altered envi-
ronmental conditions, such as nutrient enrichment and
sedimentation (Bestion et al. 2018; Kellermann et al. 2019;
Becker and Silbiger 2020).

Nutrient cycling within the coral holobiont—which
includes the algal endosymbionts, microbial communities,
and the coral host—is complex. Many studies have inves-
tigated the direct and indirect effects of nutrient enrichment
on coral reef ecosystems and indicate that endosymbiont
population densities are a key factor determining coral
performance (Cunning and Baker 2013; Wiedenmann et al.
2013; D’Angelo and Wiedenmann 2014; Cunning et al.
2017; Rosset et al. 2017; Kitchen et al. 2020). A recent
study showed that endosymbionts can alter their photo-
physiology to maintain coral productivity and host nutri-
tion stability over a range of endosymbiont densities
(Krueger et al. 2020). Our study found a trend of reduced
nitrogen content per endosymbiont cell in the nutrient-en-
riched treatment coral colonies, indicating some form of
competition for N, due to higher endosymbiont densi-
ties. The increased density of endosymbionts in the nutri-
ent-enriched treatment may have led to the allocation of
nitrogen to each individual cell to be less than the control
treatment. We also observed lower C:N ratios in the coral
host compared to algal endosymbionts—a similar trend to
other published studies (Muller-Parker et al. 1994; Tanaka
et al. 2018). Algal endosymbionts are thought to contribute
to the dynamic N cycles occurring within the coral holo-
biont and are not N limited, but instead actively produce
organic N that drives microscale N cycles within the sys-
tem (Tanaka et al. 2018).
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Fig. 4 Thermal performance
curves (TPCs) of log (x + 1)
fitted to the Sharpe—Schoolfield
model (Sharpe and Demichele
1977; Schoolfield et al. 1981)
using a nonlinear least squares
regression a gross
photosynthetic and b dark
respiration rates (pumol

ecm 2 h™") from Pocillopora
spp. coral fragments (n = 32) at
the nutrient-enriched (red) and
control (gray) site on the north
shore fore reef in Mo’orea,
French Polynesia. Comparison
of the ¢,d maximal performance
(Umax), €.f rate of metabolism at
a reference temperature (b(T.))
(26.8 °C), and g.h acute thermal
optimum (T,p,;) (°C) mean

(& SE) values extracted from
the TPCs using the ‘Ismeans’
function in R for all Pocillopora
spp. coral fragments (n = 32) at
the control and nutrient-
enriched site and its effect on
their gross photosynthetic and
dark respiration rates.
Significance level is shown with
asterisks (p-

values < 0.05, < 0.01,

and < 0.001 are *, ** and **%*,
respectively)
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The addition of phosphorus has been found to be ben-
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(Ezzat et al. 2016; Morris et al. 2019); therefore, the excess
phosphorus from the Osmocote® enrichment could have
supported the endosymbiont functionality even though
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reduced nitrogen between endosymbiont cells was

observed. An increase in phosphate can lead to increased
endosymbiont function (e.g., through stabilization of thy-
lakoid membranes; Wiedenmann et al. 2013) under thermal
stress, which is supported by our results of enhanced pmax
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and rate of photosynthesis at a reference temperature in the
enriched corals. The influx of phosphate relative to ambient
seawater may have led to a more stable N:P ratio within the
coral holobiont in our experimental nutrient enrichment
treatment compared to controls, although we did not
measure N:P ratios in the coral. While increased density of
endosymbionts can provide nutritional benefits, competi-
tion for nitrogen can also arise between individual
endosymbiont cells, due to reduced nitrogen assimilation
and increased cell biomass, generating a negative feedback
loop that can impact endosymbiont population growth
(Krueger et al. 2020). Although we did not test for shifts in
total bacterial abundance, nutrient enrichment has been
shown to increase the proliferation of bacteria that can steal
resources directly from the photosymbionts or indirectly
from other members of the holobiont (Shaver et al. 2017,
Klinges et al. 2019). Overall, nutrient cycling within the
coral holobiont is determined in large part by endosym-
biont population and microbiome community dynamics,
which have a direct influence on holobiont performance.
Variable responses to thermal stress can be elicited by
changes in symbiont physiology due to nutrient enrichment
based on nutrient species (e.g., nitrogen, phosphate, nitrate,
nitrite, ammonium). A balanced addition of nitrogen and
phosphate (i.e., no change in the DIN:DIP) can increase
endosymbiont densities and chlorophyll a concentrations in
reef-building corals (Shantz and Burkepile 2014; Morris
et al. 2019). Yet, differences in nutrient identity (phos-
phate, ammonium, nitrate, or nitrite) and source (e.g., fish
excretions or anthropogenic nutrient) can lead to disparate
responses in the relationship between endosymbiont den-
sities and coral colony function (Shantz and Burkepile
2014; Morris et al. 2019). For example, nitrate enrichment
to the scleractinian coral, Stylophora pistillata, in a low
phosphate treatment (NO;™: PO,°~ = 2.5 uM: 0.05 uM)
decreased carbon fixation rates and carbon translocation
ability compared to control conditions (N: PO’
= 0.5 uM: 0.05 uM) (Ezzat et al. 2015). In comparison, an
enrichment treatment replacing nitrate with ammonium
(NH, " PO437 = 2.5 uM: 0.05 uM) increased endosym-
biont densities and chlorophyll a concentrations, while also
yielding higher carbon fixation rates and carbon translo-
cation ability compared to the nitrate-enriched conditions
(NO53™: PO43_ = 2.5 uM: 0.05 uM) (Ezzat et al. 2015),
which can contribute to overall coral energetic status and
growth (Ezzat et al. 2015). Further, when Pocillopora
damicornis nubbins grown in a phosphate-enriched treat-
ment were exposed to thermal stress (one week at 30 °C
compared to the control at 25 °C), significantly higher
carbon incorporation in tissues and carbon translocation
rates at 30 °C demonstrated enhanced thermal tolerance of
the phosphorus-enriched corals, compared to control corals
(Ezzat et al. 2016). We found that corals under nutrient-
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enriched conditions had higher endosymbiont densities and
total tissue biomass. This in turn, contributed to higher
gross photosynthetic maximal performance rates, and rates
of metabolism (i.e., photosynthesis and respiration) at an
ambient temperature.

Many covarying environmental conditions (i.e., flow
dynamics, light, temperature, salinity, sedimentation) can
contribute to the spectrum of responses of corals to nutrient
enrichment (Dubinsky and Stambler 1996; Fabricius 2005;
Brodie et al. 2012; Humanes et al. 2017; Fisher et al. 2019).
Alongshore and cross-reef transport on coral reef ecosys-
tems like in Mo’orea, French Polynesia, is directly related
to the physical constraints of temperature, water clarity,
nutrient fluxes, coral larval recruitment, and disturbances
that create contrasting reef environments (Leichter et al.
2013). The lagoonal habitats in Mo’orea, especially the
fringing reefs, have higher retention times due to the
topography of the reef habitat, which can lead to an
increase in nitrate levels of ~ 0.05-0.20 pmol L' higher
than the fore reef (Leichter et al. 2013). The higher nutrient
levels on the fringing reef along with increased sedimen-
tation and reduced coral thermal performance were asso-
ciated with reduced percent cover of Pocillopora acuta
(Becker and Silbiger 2020). Conversely, fore reef envi-
ronments in Mo’orea experience lower light levels, tem-
peratures, sedimentation rates, and turbidity than the
lagoon habitats (Leichter et al. 2013; Rivest and Hofmann
2014; Dubé et al. 2017; Carpenter 2018; Edmunds and
Burgess 2018; Rivest et al. 2018). Our data show that
corals on fore reefs may benefit from slight increases in
nutrient concentrations (~ 1.58 pmol L™' DIN + ~
0.64 pmol L~' DIP), enhancing the physiological
response of corals to thermal stress; highlighting that
tracking nutrient conditions in less variable fore reef
environments may be a key to understanding and fore-
casting the response of corals to warming events across
reef habitats.

As coral reef environments are highly variable, different
nutrient regimes can elicit a range of responses from corals.
Gil (2013) proposed that underlying nonlinear (i.e., uni-
modal) relationships between corals and nutrient concen-
trations could explain the heterogeneous responses (e.g.,
positive, negative, or neutral) exhibited in many case
studies. For example, Porites spp. growth rate exhibited a
unimodal (i.e., nonlinear, single peak) response to
increasing effective nutrient enrichment (0, 5, 10, 25, 50,
85, or 125 g of an Osmocote® slow release garden fertil-
izer (19:6:12, N:P:K) (Barboza et al. 2008; Gil 2013).
Further, corals found in environments with sub-optimal or
low nutrient levels, have been shown to exhibit increased
performance in thermally stressed environments (Dunn
et al. 2012; D’ Angelo and Wiedenmann 2014). Yet, a shift
to higher nutrient concentrations in the reef environment
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can increase corals susceptibility to heat stress (D’ Angelo
and Wiedenmann 2014; Vega Thurber et al. 2014). Overall,
unimodal projections of nutrient enrichment suggest that
low to moderate levels of nutrients could be beneficial to
corals, while higher nutrient levels are detrimental under
certain conditions. Many coral nutrient laboratory studies
use high nutrient concentrations that are not typically
experienced in reef environments, making it difficult to
understand how corals respond to nutrients in nature (Sz-
mant 2002; Fabricius 2005; Le Grand and Fabricius 2011).
In the current study, the enrichment for all nutrient species
was low to moderate relative to ambient seawater
(~ 1.58 umol L™' increase in total NO;~ + NO, ", and
NH," and ~ 0.64 umol L™ increase in PO;*7), which
could explain the positive effect of nutrient enrichment on
coral thermal performance.

Many coral populations host a diverse assemblage of
endosymbiont species that exhibit differential performance
and physiological responses to environmental variability
(Rowan 2004; Cunning and Baker 2013). For example, the
Symbiodiniaceae species, Durusdinium trenchii, have been
shown to remain associated with the coral host, retain
photosynthetic function, and increase host survival when
encountering acute thermal anomalies (Jones et al. 2008;
Silverstein et al. 2015; Bay et al. 2016). In contrast, more
thermally sensitive symbionts found in the genus Clado-
copium have been associated with higher coral growth rates
due to their ability to translocate higher amounts of carbon-
based energy to the coral host compared to Durusdinium
species (Cantin et al. 2009; Jones and Berkelmans 2010).
While one endosymbiont type is usually dominant in an
individual coral colony (Silverstein et al. 2012), there could
be a shift in the relative abundance of symbionts (i.e.,
‘shuffling’) in response to shifting environmental condi-
tions (Jones et al. 2008; Reich et al. 2017), as some
Symbiodiniaceae species perform better under certain
environmental conditions. Performance results may then be
explained not by acclimatization of existing communities,
but by symbiont community shifts. In this study, there was
no difference in symbiont type between the nutrient-en-
riched treatment and controls on the fore reef. The domi-
nant symbiont type found in all corals was C42, a symbiont
type in the Cladocopium genus, confirming that
endosymbiont type was not a factor influencing the phys-
iological responses to thermal stress of the coral hosts
between the nutrient-enriched treatment and controls on the
fore reef.

There are some limitations that should be considered
when interpreting our results. Six months prior to our
experiment, corals in Mo’orea experienced a major
bleaching event from ~ March to July 2019 (Burgess
et al. 2021), which could have affected the results. Sub-
lethal bleaching events can lead to increased survival after

subsequent stress events (Ainsworth et al. 2016); therefore,
the corals in this experiment may have acquired some
resistance to temperature stress as a result of the recent
bleaching event. The impacts of the March to July 2019
bleaching event in Mo’orea are still being gathered and
analyzed, but from preliminary analyses from this experi-
ment, there did not appear to be any differential bleaching
between our treatment and control groups. Importantly, our
thermal performance curves were acute heating events.
Acute TPCs are commonly used for comparative thermal
physiology across differing environmental conditions
(Angilletta Jr. 2009; Dell et al. 2013; Aichelman et al.
2019), but do not represent the absolute temperatures corals
could withstand in a more sustained heating event, like a
prolonged bleaching episode. Further, while morphological
characteristics were used to identify the corals used in this
study (Maté et al. 2016), similar Pocillopora spp. may be
cryptic and represent distinct genetic linkages making them
morphologically indistinguishable (Johnston et al. 2018;
Burgess et al. 2021). As studies have found that corals can
exhibit intraspecific variation in their responses to thermal
stress (Edmunds 1994; D’Croz and Maté 2004; Weis 2010;
Silbiger et al. 2019), if multiple coral haplotypes were
present in our study there may have been impacts on the
variation we saw in performance between or within treat-
ments. However, even with these potential limitations, our
study shows that chronic nutrient enrichment on a fore reef
habitat can be beneficial to the thermal performance of
corals.

Understanding the effect of nutrient inputs on the
physiological response of corals to temperature is essential
over various environmental conditions to predict how local
anthropogenic stressors and oceanographic conditions (i.e.,
upwelling, and internal waves) affect coral reef ecosys-
tems. Here, we showed the effects of a chronic in situ
nutrient enrichment experiment on the thermal perfor-
mance of a Pacific branching coral species. While there
was no difference in the acute T, between corals from
ambient sites and those from enriched sites, nutrient-en-
riched corals exhibited shifts in the shape of their TPCs,
with higher maximal performance and rates of metabolism
at an ambient temperature for their gross photosynthetic
rates. As environmental degradation from anthropogenic
stressors becomes more prominent on coral reef ecosys-
tems, understanding how nutrient dynamics influence the
thermal performance of corals across geographic ranges,
environmental variability, and natural nutrient flux, and a
variety of reef habitats will help inform research-based
management decisions for reefs at risk.
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