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Abstract: French Polynesia is experiencing increasing coral bleaching events in shallow waters trig-
gered by thermal anomalies and marine heatwaves linked to climate change, a trend that is replicated
worldwide. As sea surface thermal anomalies are assumed to lessen with depth, mesophotic deep
reefs have been hypothesized to act as refuges from anthropogenic and natural disturbances, the
‘deep reef refugia hypothesis’ (DRRH). However, evidence supporting the DRRH is either inconclu-
sive or conflicting. We address this by investigating four assumptions of the DRRH focusing on the
symbiotic association between anemones and anemonefish. First, we compare long-term tempera-
ture conditions between shallow (8 m) and mesophotic sites (50 m) on the island of Moorea from
2011–2020. Second, we compare the densities of the orange-fin anemonefish, Amphiprion chrysopterus
between shallow and mesophotic (down to 60 m) reefs across three archipelagos in French Polynesia.
Finally, we compare the percentage of anemone bleaching, as well as anemonefish reproduction,
between shallow and mesophotic reefs. We found that the water column was well mixed in the
cooler austral winter months with only a 0.19 ◦C difference in temperature between depths, but in
the warmer summer months mixing was reduced resulting in a 0.71–1.03 ◦C temperature difference.
However, during thermal anomalies, despite a time lag in warm surface waters reaching mesophotic
reefs, there was ultimately a 1.0 ◦C increase in water temperature at both 8 and 50 m, pushing
temperatures over bleaching thresholds at both depths. As such, anemone bleaching was observed
in mesophotic reefs during these thermal anomalies, but was buffered compared to the percentage
of bleaching in shallower waters, which was nearly five times greater. Our large-scale sampling
across French Polynesia found orange-fin anemonefish, A. chrysopterus, in mesophotic zones in two
high islands and one atoll across two archipelagos, extending its bathymetric limit to 60 m; however,
orange-fin anemonefish densities were either similar to, or 25–92 times lower than in shallower zones.
Three spawning events were observed at 50 m, which occurred at a similar frequency to spawning
on shallower reefs at the same date. Our findings of thermal anomalies and bleaching in mesophotic
reefs, coupled with mainly lower densities of anemonefish in mesophotic populations, suggest that
mesophotic reefs show only a limited ability to provide refugia from anthropogenic and natural
disturbances.

Keywords: mesophotic coral reef ecosystems; climate change; depth refuge; thermal stress; bleaching
threshold; bathymetric limit; clownfish; Moorea; French Polynesia
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1. Introduction

Coral reefs are one the most threatened ecosystems worldwide and coral cover has
declined over the last few decades due to a rapidly changing climate [1–5]. Sea surface
temperature increases and anomalies, or marine heat waves (MHWs) have lethal conse-
quences on coral reef benthic communities [6] and are the main cause of the worldwide
decline in coral [7]. However, our knowledge focuses on shallow reef communities (2–15 m
depth) and the increasing prevalence of mass mortalities at these depths [4,8]. While
shallower ecosystems are increasingly threatened by global change and anthropogenic
pressures, thermal stress and high light irradiance are assumed to attenuate with depth
which may provide deeper reefs safe haven from environmental stressors occurring at the
surface [9–12]. Mesophotic coral ecosystems (MCEs) are found from 30 m to the depth limit
at which light is too low to sustain zooxanthellate photosynthetic coral growth [13], which
ranges with location from 80 m [14], 100 m [15,16] to 150 m [17–19]. Coral reef habitats
are usually contiguous from shallow reefs down a depth gradient [20], but MCEs may
be less exposed to anthropogenic disturbances and other human impacts [21] than shal-
lower and more coastal reefs [22]. As such, according to the ‘deep reef refuge hypothesis’
(DRRH) [9,23], MCEs have the potential to function as refugia for shallow reefs, aiding
in their recovery. However, to date only one coral study has provided evidence for the
DRRH [24] and despite considerable conservation interest and research, many questions
remain unanswered [25].

The deep reef refuge hypothesis, specifically in response to thermal stress, rests on
four main assumptions. First, that MCEs are less likely to experience temperature increases,
anomalies, or MHWs that severely impact shallow reefs; however, few studies have
compared water temperatures at both depths, and despite initial relief from anomalously
warm temperatures, temperatures eventually increased even in MCEs [26,27]. Second,
that MCEs are less susceptible to thermally induced bleaching compared to shallow reefs;
however available data are often contradictory. Corals in some MCEs were afforded some
protection from bleaching [11,28], but other MCEs were not immune to bleaching [18,29,30]
(albeit to a lesser extent than at shallow reefs [26]) and others still may show greater
susceptibility to thermal stress than their shallow counterparts [31]. Third, that there is
overlapping species composition between shallow reefs and MCEs for some reef fishes and
invertebrates [14,20,32,33]; but differences in fish abundance and community composition
have also been found [13,34–36]. Fourth, that actively reproducing MCE populations act
as a local recruitment source for shallow reefs; however, the data available are limited.
While at least one species of fish, the three-spot damselfish, Chromis verater, and the
corals Seriatopora hystrix and Montastraea cavernosa are genetically connected between
MCEs and shallow reefs [37–39], some benthic sedentary organisms show limited vertical
connectivity [13] and reduced reproduction at depth [40], but larval production may also
be greater at depth compared to shallow reefs [41]. Evidence for the DRRH is therefore
often contradictory and more data are needed from MCEs, especially for fishes.

Here, we address the potential for mesophotic areas to provide a thermal refuge
for shallow water species by investigating the four assumptions of the DRRH in French
Polynesia focusing on the symbiotic association between anemones and anemonefish.
Anemonefish populations are known to mostly live in shallow waters between 1 m and
40 m deep [42]. In the first 10 m, anemonefish are directly and indirectly impacted by
the cascading effects of temperature anomalies and MHWs which induce bleaching in
their anemone hosts, severely impacting metabolic demand, reducing growth, causing
chronic stress and reducing fecundity in anemonefish [43–45]. Other pomacentrids that also
live associated with anemones for part of their life-cycle, such as the domino damselfish,
Dascyllus trimaculatus [46], likely suffer the same impacts as anemonefish. Recently three
field studies have shown the presence of anemonefish beyond a depth of 40 m, down
to 60 m (Amphiprion bicinctus [47]; A. akindynos and A. perideraion [10]) and down to
70 m (A. clarkii [36]); therefore, mesophotic reefs may provide a refuge for this symbiotic
association and may help trigger reef conservation research of mesophotic areas [48]. Here,



Fishes 2021, 6, 37 3 of 15

we investigate the potential for the DRRH by determining: (1) long-term temperature
conditions at shallow (8 m) and mesophotic (50 m) sites on the island of Moorea from
2011–2020, (2) the density of the orange-fin anemonefish, A. chrysopterus, in shallow and
MCEs (down to 60 m) across three archipelagos in French Polynesia, as well as (3) the depth
to which bleaching of their anemone hosts extends and (4) the depth to which anemonefish
reproduction occurs.

2. Materials and Methods
2.1. Temperature Measurements at Shallow and Mesophotic Reefs

Moorea is a volcanic high island in the Society Islands (Figure 1A) measuring only
23 × 30 km, with a crater reaching 1212 m. The patch reefs in the lagoon reach depths
of 20–30 m. The island is encircled by a barrier reef, whose sides slope down steeply to
30–40 m along a sandy bottom before continuing to depths of more than 60 m and the
ocean around the island is more than 1500 m deep [49]. Sea temperatures were collected
by the National Service of Observation CORAIL (National Center for Scientific Research
INSU) in Moorea with HOBO data loggers (Onset Computer Corp., Pocasset, MA, US)
installed on the reef outer slope on the north of Moorea at depths of 8 and 50 m. Mean
hourly water temperatures were recorded from 1 October 2011 through 11 April 2020. Data
are available on demand (http://observatoire.criobe.pf/wiki/tiki-index.php, accessed on
30 May 2021).
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Figure 1. Anemone and anemonefish surveying in French Polynesia. (A) Map of French Polynesia indicating the seven
high islands/atolls that were surveyed from 2011–2021 (black triangles: no anemonefish found, red triangles: only shallow
anemonefish found, blue triangles: presence of anemonefish at both shallow and mesophotic depths). (B) Map of the
three high islands/atolls where orange-fin anemonefish, Amphiprion chrysopterus, were observed both in the shallow and
mesophotic zone (>50 m depth): Moorea (17◦28.870′ S, 149◦53.990′ W) and Tahiti (17◦32.487′ S, 149◦37.568′ W) in the Society
archipelago and Tikehau (15◦1.057′ S, 148◦17.184′ W) in the Tuamotu archipelago (blue triangles represent the location and
the numbers represent the number of mesophotic anemonefish found). (C) Map of Tahiti indicating the 18 shallow and
mesophotic transects and their lengths that were surveyed from 2011–2020. (D) A scuba diver (AH) using a rebreather and
trimix gaz, photographing A. chrysopterus at 55 m in Tikehau (FZ).

http://observatoire.criobe.pf/wiki/tiki-index.php
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2.2. Anemone and Anemonefish Surveys: Anemone Bleaching and Anemonefish Presence, Density
Estimates and Reproduction at Shallow and Mesophotic Reefs

Anemone and anemonefish were surveyed along transects in seven high islands or
atolls across three archipelagos in French Polynesia (Figure 1A): Tahiti and Moorea (Society
Islands) (Figure 1B); Manihi, Rangiroa, Fakarava and Tikehau (Tuamotus) (Figure 1b); and
Tubuai (Australes) from 2007–2021. Transect length and width varied with the topology
of each site, mainly as a function of reef slope (e.g., Figure 1C). Surveys were carried out
using open-circuit scuba diving at 8 m over a total distance of 3,389,250 m2 (Supplementary
Materials Table S1). Mesophotic surveys (down to 70 m) were only possible using closed-
circuit or “rebreather” mixed-gas breathing apparatus (rEvo™ rebreather, rEvo Rebreathers,
Brussels, Belgium and Inspiration™ rebreather, Ambient Pressure Diving, Helston, Corn-
wall, UK) by AH, FZ and GS with each dive lasting on average 2–3 h (Figure 1D) over
a total distance of 616,500 m2 (Supplementary Materials Table S1). Recently the use of
closed-circuit apparatus by extensively trained divers enables exploration of mesophotic
reefs, providing as much as 10–12 h of underwater autonomy [50–53].

In general, shallow to mesophotic reefs were surveyed along a depth gradient dur-
ing every deep dive at each of the high islands/atolls described below (Supplementary
Materials Table S1). In the Society Islands in Tahiti, 18 sites were monitored with transects
ranging from 1,000–6,000 m in length and 50–100 m in width, resulting in a total surface
area surveyed of 400,000 m2 for both shallow and mesophotic sites (Figure 1C); at Moorea,
four mesophotic sites were monitored with transects ranging from 100–200 m in length
and 10–100 m in width, resulting in a total surface area surveyed of 31,500 m2. At Moorea,
shallow areas were extensively surveyed from 2007–2008 and less extensively thereafter,
with over 700 transects of approx. 400 m in length and 10 m in width, resulting in a
total surface area surveyed of 2,800,000 m2. In the Tuamotus: at Tikehau only 1 site was
monitored in the mesophotic zone, along a 800 × 20 m transect, resulting in a total surface
area surveyed of 16,000 m2 respectively; in the shallow zone, two transects were carried
out ranging from 50–800 m in length and 5–20 m in width, resulting in a total surface
area surveyed of 16,750 m2; at Rangiroa, only 1 mesophotic site was monitored along a
1000 × 50 m transect, resulting in a total surface area surveyed of 50,000 m2; in the shallow
zone, two transects were carried out ranging from 100–1,000 m in length and 50 m in width,
resulting in a total surface area surveyed of 55,000 m2. At Fakarava and Manihi, 2 sites
were monitored from shallow to the mesophotic zone with two transects of 1000 × 50
and 100 × 50 m at each atoll, resulting in a total surface area surveyed of 55,000 m2 at
both shallow and mesophotic depths. In the Australs, at Tubuai 3 mesophotic sites were
monitored with transects ranging from 100 m in length and 20–50 m in width, resulting in
a total surface area surveyed of 9000 m2, and 2 shallow sites were monitored with transects
ranging from 100–500 m in length and 5–50 m in width, resulting in a total surface area
surveyed of 7500 m2.

At Tahiti, over 440 shallow to deep dives were carried out spanning the whole year,
with at least 25 dives in each month after summing dives over the entire time period
from 2011–2021. In Moorea, 700 shallow sites were monitored mainly in 2007–2008 but
afterwards as well and in addition, 6 mesophotic dives were carried out in total: 1 each
in April and August 2019 and 1 each in February, June and July 2020 and 1 in February
2021. At Tikehau, 7 shallow to deep dives were carried out in total: 1 in December 2017, 1
in February 2018 and 5 in February 2021, 1 additional shallow transect was carried out in
2021. In Rangiroa, 20 shallow to deep dives were carried out in total: 6 in August 2018, 8 in
November 2019 and 6 in December 2020, 1 additional shallow transect was carried out in
2020. In Fakarava, 14 shallow to deep dives were carried out in total; 5 in November 2018,
5 in March 2020 and 4 in July 2020. In Manihi, 4 shallow to deep dives were carried out
in December 2019. In Tubuai, 3 shallow to deep dives were carried out in total: 1 in April
2019 and 2 in October 2019.

On finding anemonefish, photographs were taken to determine the number of indi-
viduals and their status (adult, juvenile, recruit). The anemones were also photographed to
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determine the number of anemones on the site and their health status (bleached or not)
assessed by their colouration.

The presence of anemonefish eggs was determined by delicately lifting the tentacles of
the anemone to reveal the rock beneath, which is non-invasive for the anemone [45]. When
an egg clutch nest was identified, several close-up photographs were taken (Figure 1D) to
determine the age of the eggs based on morphological development criteria (egg coloration,
eye coloration, proportion of silver eyes in the nest; Supplementary Materials in [45]).
Laying date was thus determined by subtracting the age of the eggs from the date the
photograph was taken.

3. Results
3.1. Comparison of Temperature Measurements between Shallow and Mesophotic Reefs

Long-term temperature measurements on the outer reef of Moorea from 2011–2020 re-
vealed that thermal regimes at mesophotic depths (50 m depth) were on average 0.536 ± 0.009 ◦C
(mean ± SE) cooler than those in shallow water (8 m depth) (Figure 2).

1 
 

 
 

 

Figure 2. Long-term benthic temperature recordings on the outer reef in Moorea, French Polynesia (17◦28.870′ S,
149◦53.990′ W) contrasted between shallow (8 m) and mesophotic (50 m) depths. Austral summer months (February,
March and April) are indicated with red shading. BT = bleaching threshold temperature.

During the cooler austral winter months (May to September), the water column was
well mixed with overlapping temperatures recorded between the shallow and mesophotic
reefs (0.197 ± 0.005 ◦C difference between 8 and 50 m), with September being the coolest
month at both depths (mean 26.63 and 26.43 ◦C respectively). With the approaching
austral summer, mixing in the water column decreased slightly, but similar temperatures
were still recorded between shallow and mesophotic reefs (0.492 ± 0.016 ◦C difference
between 8 and 50 m in October and November respectively). At the beginning of the
austral summer (December and January), water temperatures began to increase at 8 m
(28.57 ± 0.019 ◦C), but the water column showed little mixing and water temperatures at
50 m were now 1.032 ± 0.023 ◦C cooler (27.36 ± 0.029 ◦C). Mixing in the water column
increased for the hottest summer months (February, March and April) and the differences
in temperature between 8 and 50 m decreased to 0.705 ± 0.015 ◦C, with peak temperatures
occurring during March/April at both depths (28.79 ± 0.013 ◦C and 28.16 ± 0.017 ◦C at 8
and 50 m respectively outside of years with thermal anomalies). However, the warmest
peak occurred on average around the 29 March at 8 m, with a 10-day lag before the
warmest peak reached 50 m, around the 8 April. We established the bleaching threshold
(BT; Figure 2), (1 ◦C above the mean of the month of the year that climatologically has the
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highest temperature [54]) from these March and April means respectively as 29.79 ◦C at
8 m and 29.16 ◦C at 50 m.

Long-term monitoring data of water temperatures from Moorea from 2011–2020
regressed linearly between 8 and 50 m (linear regression: F1, 2383 = 6145, p < 0.001, f(x) =
0.7583x + 6.2103, R2 = 0.72; Figure 3, grey solid line). Temperatures were similar between 8
and 50 m at the cooler end of the temperature scale, but as water temperature increases at
8 m the difference between the depths also increases, with temperatures at 8 m eventually
reaching 1.0 ◦C higher than at 50 m (Figure 3) which corresponds to the months of December
and January.

The year 2019 was exceptionally warm in French Polynesia, and a severe coral bleach-
ing event was observed in Moorea where 72% of pocilloporid coral colonies bleached at
10 m and mortality ranged from 11 % to 42 % four months after the warming event [55]. On
8 April 2019, water temperatures reached 30.42 ◦C at 8 m, 1.62 ◦C higher than the average
in non-bleaching years (Figure 2 and blue triangles in Figure 3). However, despite water
temperatures diverging with increasing temperature (Figure 3), water temperatures also
increased by 1.56 ◦C at 50 m and reached 29.75 ◦C on the 15 April 2019 (Figure 2 and blue
triangles in Figure 3). To date, these temperatures represent the highest temperatures ever
recorded at both 8 m and 50 m in Moorea. The peak temperature at 50 m occurred 7 days
later than at 8 m, a similar time lag as found during non-thermal stress years.

1 
 

 
 

 
Figure 3. Linear regression between water temperatures at 8 m and 50 m monitored from October
2011 to April 2020 (grey-filled circles; excluding the years with thermal anomalies 2016 and 2019) on
the coral reef outer slope in Moorea. Temperature recordings from October 2018 to September 2019
(during the marine heatwave and severe coral bleaching event in 2019) are shown with a blue triangle
(N). The red zone represents when the bleaching thresholds at each depth (shallow BT: 29.79 ◦C;
mesophotic BT: 29.16 ◦C) were exceeded.
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3.2. Comparison of Anemonefish Presence and Densities between Shallow and Mesophotic Reefs

Orange-fin anemonefish, Amphiprion chrysopterus, were found on shallow reefs (<30 m)
at five of the seven islands/atolls surveyed across three archipelagos in French Polynesia
(Figure 1A; in red and blue), but only on both shallow and mesophotic reefs at three
of the seven high islands/atolls surveyed (Figure 1A; in blue). Amphiprion chrysopterus
were observed in shallow reefs at Tahiti and Moorea (Society Islands) and Rangiroa,
Fakarava and Tikehau (Tuamotus), but were only observed in the mesophotic zone (below
40 m depth, between 48 and 60 m) at Tikehau, Moorea and Tahiti, belonging to two
different archipelagos 300 km apart (Figure 1B). The host anemone, Heteractis magnifica,
was the same species along the depth gradient, but in the mesophotic zone they were
darker in colour and larger in size with a more flattened shape. These observations were
made after over 500 mesophotic reef dives covering a total surface area of approximately
0.62 km2 (especially in Tahiti; Figure 1C) spanning ten years (January 2011–April 2021)
with an additional 700 shallow dives spanning 15 years, covering a total surface area of
approximately 3.39 km2 of shallow reefs across French Polynesia.

Anemonefish densities in shallow waters were estimated at 1.9 fish per 100,000 m2 in
Tahiti, 1.79 fish per 100,000 m2 in Moorea, 1.16 fish per 100,000 m2 in Tikehau and 0.36 fish
per 100,000 m2 in both Rangiroa and Fakarava. Despite being present in shallow waters,
anemonefish were not found at mesophotic depths either in Rangiroa or in Fakarava. On
the other hand, in Moorea, we located two groups of anemones (18 anemones in total)
and six anemonefish. Firstly, we observed a group of 16 anemones, all H. magnifica, at
a depth of 48 m containing two pairs of orange-fin anemonefish, A. chrysopterus, and all
four fish were large adults (Figure 4A). The second group consisted of two anemones at a
depth of 50 m, approx. 25 m away from first group, and hosted another adult anemonefish
pair. In Tikehau at 55 m, we located a single H. magnifica anemone, containing an adult A.
chrysopterus pair (Figure 4B). Finally, in Tahiti we found a single anemone and an adult
pair at 60 m and another single adult in a single anemone at 55 m. Estimated anemonefish
densities on mesophotic reefs, were 0 fish in Rangiroa, Fakarava, Manini and Tubuai;
0.0125 fish per 100,000 m2 in Tikehau; 0.075 fish per 100,000 m2 in Tahiti; and 1.90 fish
per 100,000 m2 in Moorea. Estimated anemonefish densities were 25 and 92 times greater
in shallow compared to mesophotic reefs in Tahiti and Tikehau respectively, but very
similar in Moorea, although these estimations in Moorea might be biased due to all six
anemonefish being found within 5 m of each other, in an anemone cluster coupled with the
relatively small surveying effort at mesophotic depths. Even in shallow waters, precise
density estimates are difficult as H. magnifica that host anemonefish in French Polynesia,
are very scattered and vary between single isolated anemones in large areas to clusters of
up to hundreds of anemones in a few tens of meters.

3.3. Comparison of Host Anemone Bleaching between Shallow and Mesophotic Reefs

Bleaching was monitored and quantified monthly in the shallow waters of Moorea
from 2015–2021 (Supplementary Materials Table S2); however, bleaching was only mon-
itored during the deep dives in the mesophotic zones. Nevertheless, at Moorea the
mesophotic sites were visited four times. On one occasion, on 9 August 2019, six of
the 16 anemones at 48 m were partially or completely bleached (Figure 4D), whereas the
other two anemones at 50 m were healthy, i.e., 33% bleaching was observed at 50 m. The
anemones had completely recovered their zooxanthellae and colour by February 2020 and
were also 100% healthy when visited in June and again in July 2020. However, observed
bleaching was higher in shallower waters for comparable dates. At the end of June 2019,
53% of anemones at the 52 sites monitored containing over 210 anemones in shallow reefs
were bleached, vs. 33 % at 50 m. As per the mesophotic reefs, all shallow anemones had
recovered and were healthy by February 2020, however, 26% of shallow water anemones
were bleached in May and June 2020, compared to 0% bleaching at 48 to 50 m.
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A B
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Figure 4. Orange-fin anemonefish, Amphiprion chrysopterus, and their host, the magnificent sea
anemone Heteractis magnifica, in the mesophotic zone. (A) One of the three pairs living in Moorea at a
depth of 48–50 m, (B) one adult living at a depth of 55 m in Tikehau, fanning its eggs, (C) 6-day old
eggs spawned at 50 m in Moorea on 18 June 2020 and (D) a bleached anemone at 50 m in Moorea,
August 2019.

In Tahiti, no anemone bleaching was observed in the mesophotic zone on the 12
March 2016, and whilst bleaching was observed in the shallower zones in Tahiti it was
not quantified, unlike in Moorea only 18 km away where 52% of the >100 anemones
monitored were bleached in March 2016. On the 3 May 2021, no bleaching was seen
either in shallow or mesophotic reefs in Tahiti or Moorea. Unfortunately, we do not have
comparable measures of bleaching for shallow and mesophotic reefs in Tikehau, so a
comparison cannot be carried out. Nevertheless, albeit based on our limited surveying at
mesophotic reefs compared to our extensive monitoring on shallower reefs in Moorea, the
average percentage of bleaching for comparable dates across two high islands on shallow
and mesophotic reefs were 26% and 5.6%, respectively. The extent of anemone bleaching
was nearly five times greater on shallow compared to mesophotic reefs.

3.4. Comparison of Reproductive Events between Shallow and Mesophotic Reefs

The four deep anemone territories in Moorea, Tahiti and Tikehau, were visited on a
total of eight occasions (Moorea four times, and Tahiti and Tikehau twice) and we observed
a total of three independent events of anemonefish reproduction in the mesophotic zone
(Supplementary Materials Table S3). At Moorea, a nest was observed on 17 June 2020 at
48 m in the first large group of 16 anemones with eggs that had been laid 6 days prior on



Fishes 2021, 6, 37 9 of 15

11 June 2020 (Figure 4C; Supplementary Materials Figure S1). A nest was observed in the
second group of two anemones at 50 m on the 29 July 2020 laid by the second anemonefish
pair with eggs that had been laid 3 days prior on the 26 July 2020; Supplementary Materials
Figure S2). Finally, in Tikehau we observed a nest on 17 February 2021 at 55 m with eggs
that had been laid 6 days prior on 11 February 2021 (Figure 4B; Supplementary Materials
Figure S3). Neither the number of eggs, egg development, nor parental care appeared any
different from that observed for clutches laid at shallower depths. The developmental age
of the eggs was determined from photographs (assuming similar developmental times
to their shallower counterparts), enabling us to establish the precise date on which the
eggs were laid. The two clutches in Moorea were laid during the first and last quarter
moon, 8 days prior to and 6 days after the full moon respectively. The lunar spawning
synchrony of the clutches laid in Moorea were compatible with the classical bi-monthly
spawning pattern, the most common spawning pattern in anemonefish [56] and also in A.
chrysopterus (DC, pers. comm). On the other hand, Tikehau’s spawning occurred during
the new moon, 14 days prior to the full moon, could be consistent with the rarer strategy of
three spawnings per lunar month.

In Moorea, we have monitored 772 spawnings from 74 breeding pairs on shallow reefs
over three years. On the four occasions that the mesophotic reefs at Moorea were visited
the % spawning frequency for the two pairs was 0%, 0%, 50% and 50% on 9 August 2019, 7
February 2020, 17 June 2020 and 30 July 2020, respectively. As a comparison, the spawning
frequency for the 74 shallow breeding pairs (presence of eggs regardless of age, i.e., Days
1, 2, 3, 4, 5 and 6) were 17%, 35%, 25% and 11% on comparable dates. Similarly, on the
two occasions that the mesophotic reefs at Tahiti were visited the percentage spawning
frequency for the sole pair was 0% and 0% on 12 March 2016 and 3 May 2021. We deter-
mined that the spawning frequency for the 74 shallow breeding pairs in Moorea on the
same dates were 6% and 14%. On the two occasions that the mesophotic reefs at Tikehau
were visited the % spawning frequency for the sole pair was 0% and 100% on 25 February
2018 and 17 February 2021. We determined that the spawning frequency for the 74 shallow
breeding pairs in Moorea on the same dates were 26 % and 9%. On average for all the dates
combined, the spawning frequencies at mesophotic and shallow reefs for Tahiti, Moorea
and Tikehau combined were highly similar at 25% and 19%, respectively.

4. Discussion

The long-term temperature monitoring data between shallow (8 m) and mesophotic
reefs (50 m) revealed three interesting findings: a well-mixed water column in the cooler
austral winter months, and less mixing in the hottest summer months; a seven-to-ten-
day lag in high temperatures reaching mesophotic reefs from shallower waters during
the summer; and a similar 0.95–1.10 ◦C increase in water temperature in the hottest
summer months at both shallow and mesophotic reefs during mass bleaching event years.
Correspondingly, we found that cnidarian mesophotic populations are not exempt from
anthropogenic global warming, as bleaching in the magnificent sea anemone, Heteractis
magnifica, was observed at a depth of 50 m as well as in shallower waters in Moorea during
the thermal stress event of 2019. However, the bleaching frequency was five times lower
on mesophotic reefs compared to shallower reefs. Our large-scale sampling across French
Polynesia revealed that orange-fin anemonefish, Amphiprion chrysopterus, are found in their
host anemones in the mesophotic zone down to 60 m; however, whilst their densities in
MCEs were similar to those in shallower zones in Moorea, mesophotic densities were 25
and 92 times lower than in shallower zones in Tahiti and Tikehau respectively. Nevertheless,
three successful spawning events were observed at these depths which corresponds to a
similar spawning frequency found on shallow reefs.

Despite lower temperatures in mesophotic zones compared to those in shallow reefs,
extreme temperatures in 2019 that induced a massive coral and anemone bleaching event
in the shallow waters of Moorea lagoon [55] also resulted in extreme temperatures on
mesophotic reefs and induced anemone bleaching at 50 m. The water temperatures in
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2019 linearly regress in a similar manner to water temperatures in the other years (2011–
2020), but temperatures in the hottest months of 2019 extend the regression line above the
bleaching threshold at both depths (Figure 3). The strong positive temperature anomalies
(>1 ◦C difference) during the warm season, exceeded the critical value at which anemones
started to become bleached, both in the lagoon and at the deep sites. It remains to be
determined if the bleaching threshold at mesophotic reefs is the same as at shallow reefs
(29.79 ◦C) or is lower, i.e., 1 ◦C above the mean mesophotic temperature for April (29.16 ◦C),
as anemones have adapted to the lower mesophotic temperatures. One other study has
found that deeper corals show greater susceptibility to thermal stress than their shallow
counterparts [31]. Temperature, rather than ocean acidification, has been demonstrated to
be the key factor inducing anemone bleaching under 2100 warming scenario values [57].
As climate change continues and given the bleaching observed in Moorea at a depth of 50 m
following a positive thermal anomaly, it is likely that bleaching events will become more
severe and frequent, even in MCEs limiting the prospect that MCEs can be relied upon as a
refuge for shallower reefs [18,26]. Nevertheless, the impacts of thermal stress resulted in
five times less bleaching at 50 m than at shallower reefs. Such lower bleaching at depth
agrees with other studies on corals [26], but nevertheless still highlights that mesophotic
reefs are as at risk from climate change as their shallower counterparts, and as such should
be given equivalent protection.

It is interesting to note that anemone bleaching does not occur at the same time in
shallow and deep waters. The bleached status of anemones found at 50 m in August was
relatively late in the year compared to shallower regions and may represent a delayed
response of anemones in MCEs relative to shallow reefs as previously highlighted for
corals [31]. The bleaching delay may be linked to the time lag taken for shallow warmer
waters to reach mesophotic reefs that we highlighted from our long-term temperature
monitoring data. Further studies are needed to understand the proximate mechanism
driving this bleaching delay with depth. One other explanation could be the lack of food
induced by the decrease in plankton abundance with elevated temperature [58]. Another
major question is to understand why only a proportion of anemones bleach when it is
likely that a high rate of clonality exists at each site.

The emergence of deep scientific diving techniques and especially closed-circuit
diving [50–53] enabled us to describe, for the first time, the depth range of orange-fin
anemonefish, A. chrysopterus, associated with magnificent sea anemones, H. magnifica,
down to 60 m in several Polynesian islands and across two archipelagos. Our study agrees
with and extends the bathymetric limit of A. chrysopterus from 0–40 m to 0–60 m [36]. Our
study also indicates that both host sea anemones and anemonefishes can live across a large
bathymetric range in different islands hundreds of miles away: anemonefish can live in
mesophotic coral ecosystems (MCEs) both on high islands (Tahiti and Moorea) and in
atolls (Tikehau). This species occurs in very distinct areas, from lagoonal areas (shallow,
strong currents, turbid water) to the outer slope (from a few meters to 60 m deep, with
little current and very clear waters).

Amphiprion chrysopterus, and many other anemonefish species, has become a preferred
model organism to study marine dispersal dynamics [59,60]; however, the individuals
at the deeper edge of the distribution are never included in parentage analysis studies,
which would quantify their contribution to population replenishment and should be
included in future dispersal studies. Furthermore, anemones have a large geographical
distribution [61], and while anemones are known to photo-acclimate at depth by increasing
the abundance of their symbiotic microalgae [62] there is still little knowledge regarding
phenotypic adjustments [63] of anemonefish, or fishes in general, at depth, which would
be interesting to study in the future. The host sea anemones may also have acclimated to
depth in other ways as they were darker, larger and flatter, all changes likely linked to
adaptations to cope with the lower access to light. In a similar manner to corals growing at
depth, the flattened shape of anemones may be linked to the lower availability of light, a
lower photosynthetic rate and lower growth [49] and the clade of symbiodinium may be
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the same at depth, as shown up to 172 m [64]. The change in anemone colour may be an
adaptation of pigments to increase photosynthesis under low light conditions. In terms
of their larger size, this may be an adaption to compensate for lower light levels at depth.
Alternatively, gigantism of coral colonies has been attributed to the lower water currents at
depth and may also thus explain the larger size of anemones at 50 m [49].

Our study also revealed that the densities of orange-fin anemonefish, A. chrysopterus,
were either similar to (in Moorea) or 25–92 times (in Tahiti and Tikehau) less dense in
mesophotic compared to shallow reefs. However, as the host anemone, H. magnifica, may
occur in large clusters without another individual anemone for hundreds of meters, coupled
with the fact that mesophotic surveys are more challenging technically and financially, our
density estimates may have been biased. Nevertheless, population densities of the bicolor
damselfish, Stegastes partitus, also decreased with depth [65] in agreement with our results.

The presence of three successful breeding events proves that anemonefish adults at
depth were reproductively functional and perennial and showed similar, even a moderately
higher, frequency of spawning than on shallower reefs. One of the spawning events
appeared to follow the most common pattern of bi-monthly spawning events, approx. six
days before the full moon. A second spawning event follows the pattern of tri-monthly
spawning. Thus, depth does not appear to affect the sensitivity to lunar cycles for these
individuals and the light of the full moon is known to penetrate clear oceanic waters to
several hundred meters [66]. It is, therefore, not surprising that these mesophotic pairs may
retain the benefits of synchronized reproduction to the lunar cycle similar to their shallow-
water counterparts. Regular monitoring of these different pairs would be necessary in order
to precisely determine the spawning pattern and synchronization between mesophotic and
shallow water congeners. At least one species of fish, the three-spot damselfish, Chromis
verater, is genetically connected between MCEs and shallow reefs [38] and it would be
interesting to determine the connectivity of A. chrysopterus with shallower populations
as well as assessing the genetic diversity of these mesophotic populations. In addition,
parental environment can influence larval traits (Cortese et al. 2021 in review), therefore,
the study of physiological and morphological characteristics of larvae from these deep
anemonefish pairs would be interesting to elucidate any differences in larval traits that
may be associated with depth.

5. Conclusions

Shallow water populations have been facing increasingly severe and frequent warm-
ing events in recent years [5] and mesophotic reefs, hypothesized to be less exposed to
anthropogenic disturbances, are predicted to function as refugia for shallow reefs. The
discovery of reproducing mesophotic anemonefish shows that these reefs have the potential
to provide a refuge from anthropogenic disturbances and other human impacts. However,
our observation of anemone bleaching in August 2019 at 50 m depth, albeit five times
lower that at shallower reefs, suggests that even MCEs are affected by thermal stressor
events and may not be the refuges from global warming as previously hoped. In a similar
manner to corals that undergo bleaching at depth [26], bleaching in deep anemones may
impact anemone survival. Furthermore, anemone bleaching is known to induce stress
in resident fish, decreasing their fitness and reproduction [43–45]. Therefore, bleaching
in mesophotic reefs jeopardises the ability of deep reefs to act as a refuge for anemone-
fish populations from global warming. Long-term monitoring is required to compare
the duration of anemone bleaching between shallow and mesophotic areas to determine
whether MCEs provide refuge for anemonefish in terms of bleaching duration. However, if
the adverse effects of warming on shallow anemone hosts induce the same consequences
in mesophotic anemones, it is plausible to wonder whether the reproductive success of
mesophotic fish will be maintained at its current level and whether these individuals will
be able to contribute to the maintenance of recruitment to shallow populations, limiting
the potential for mesophotic reefs to act as refugia.
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taken on the 29th July 2020 laid by the second anemonefish pair with eggs that had been laid 3 days
prior on the 26th July 2020. Figure S3. Photographs of the nest at Tikehau taken on 17th February
2021 at 55 m with eggs that had been laid 6 days prior on 11th February 2021.
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