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Abstract Studies over the past decades indicate that
octocorals are becoming the dominant group in some areas
of the Caribbean. Yet, basic knowledge about the trophic
ecology of these organisms and their seasonal and species-
specific variability is still scarce, though this might play a
key role in determining their importance in benthic—pelagic
coupling processes and, consequently, their role in carbon
cycles. In the present study, two Caribbean gorgonian
species (Plexaurella nutans and Pterogorgia anceps) were
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studied during an annual cycle, to assess seasonal varia-
tions in their reliance on heterotrophic versus autotrophic
energy inputs. Zooplankton capture rates and bulk tissue
stable isotopes were measured on a monthly basis to assess
heterotrophic energy input, while autotrophic contribution
was quantified monthly by Symbiodiniaceae cell densities
and pigment contents, accompanied by seasonal measure-
ments on Symbiodiniaceae (Breviolum sp.) photosynthetic
performance and host respiratory demand. The results
show that while autotrophy was the main energy source for
both species, there was also a non-neglectable input
through zooplankton that accounted for 0.2-0.8% and
0.7-3.4% of the energy demands in P. nutans and P.
anceps, respectively. Our data further demonstrate that
there are species-specific and seasonal differences in the
contributions of these two nutrition modes, though there is
no indication of shifts in the predominant mode during the
year in either species. The energy inputs resulted in a
positive energy balance throughout the year, with an
energy surplus available for somatic growth, gonads, and/
or energy reserves (e.g., lipids). However, the seasonal
patterns differed between species, a feature that is most
likely related to the different reproduction periods of the
octocorals. Altogether, the information gathered here
serves for a better understanding of the trophic ecology of
mixotrophic octocorals and the seasonal variability of the
nutritional modes that will define their potential impact in
the carbon cycle and benthic—pelagic coupling processes of
coral reefs.

Keywords Autotrophic versus heterotrophic input -
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Introduction

Octocorals are one of the most noticeable organisms in
marine benthic communities in both reef environments and
soft bottoms, able to inhabit the oceans from the tropics to
the polar regions and from the shallow to the deep (Rossi
et al. 2017a). In many environments, they play a funda-
mental role as ecosystem engineers (sensu Jones et al.
1994), providing three-dimensional structures that serve as
habitats for hundreds of associated organisms. In addition,
by releasing organic matter in the form of mucus and
capturing plankton and dissolved organic matter, they play
a key role in the transfer of energy and nutrients between
the pelagic and benthic systems (Coma et al. 1998; Rossi
et al. 2017b). As recently shown for Mediterranean gor-
gonians, the carbon removal as a consequence of their
autotrophic and heterotrophic energetic strategies might
represent a not-yet-considered important component of the
global carbon cycle (Coppari et al. 2019).

In the tropics, a high proportion of octocoral species in
shallow coral reefs are mixotrophic, living in symbiosis
with photosynthetic dinoflagellates of the family Symbio-
diniaceae (reviewed in Schubert et al. 2017). Despite those
species relying greatly on the autotrophic energy input
through symbiont photosynthesis, they also have a non-
negligible heterotrophic component (Sorokin 1991; Fabri-
cius and Klumpp 1995; Ribes et al. 1998; Baker et al.
2015), which may be enhanced by local pollution (Baker
et al. 2010). In the case of octocorals, the importance of
autotrophy and heterotrophy and their respective contri-
butions to the host’s energy budget are scarcely studied
(but see Ribes et al. 1998; Pupier et al. 2019), though it
might be one of the key elements for understanding their
successful distribution in the new reef panorama, created
by disturbance-induced transitions from scleractinian-to-
octocoral-dominated seascapes (reviewed in Schubert et al.
2017). Such transformations result in changes in ecosystem
functioning and loss of ecosystem services (Hughes et al.
2017). Thus, the knowledge of autotrophic and hetero-
trophic energy contributions in mixotrophic octocorals and
their flexibility under environmental changes will advance
our understanding about their importance in the benthic—
pelagic coupling and the oceanic carbon cycle (see Coppari
et al. 2019). This information will also help explain octo-
corals prevalence over scleractinian corals in different
areas of the Caribbean (and also in other tropical areas;
reviewed in Schubert et al. 2017).

In this context, studying the seasonal trends of auto-
trophic and heterotrophic inputs represents an essential yet
understudied approach. Until now, studies have focused
solely on one of these energy strategies (Fabricius and
Klumpp 1995; Ribes et al. 1998; Baker et al. 2015; Pupier
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et al. 2019) and their seasonal variation (Bednarz et al.
2015; Coma et al. 2015). The latter has been well studied
for the heterotrophic energy input in warm-temperate non-
symbiotic octocorals, in order to understand reproductive
cycles, energy investment in respiration, trophic crises, and
population dynamics under the seasonal availability of
food (Ribes et al. 1999; Rossi et al. 2004; Tsounis et al.
2006, 2010; Coma et al. 2015; Rossi et al. 2017b and
references therein), and hence, potential deficits or sur-
pluses in energy input (Coma et al. 1998; Coppari et al.
2016). Yet, to our knowledge, only Farrant et al. (1987)
studied both the seasonal variation in autotrophic and
heterotrophic inputs in the temperate octocoral Capnella
gaboensis.

In this study, we used an integrated approach to deter-
mine heterotrophic and autotrophic contributions to the
hosts’ energy demand in the representative Caribbean
octocorals Pterogorgia anceps and Plexaurella nutans
(Jordan Dahlgren 1989), as well as potential seasonal
variations in these contributions. To achieve these objec-
tives, we (1) quantified the monthly zooplankton capture
rates (polyp gut contents), (2) analyzed monthly variation
in tissue carbon and nitrogen and 87°C and §'°N
stable isotope contents to understand the trophic position of
both species throughout the year, (3) quantified the
monthly variation in Symbiodiniaceae (of the genus Bre-
violum) cell density and pigment content, and (4) per-
formed seasonal measurements of algal symbiont
photosynthetic performance and host respiratory demand.
Furthermore, based on the data and information about
colony density and population structure of the gorgonians
in the studied tropical reef lagoon, we estimated the impact
of the two gorgonians in the carbon cycle and benthic—
pelagic coupling processes.

Materials and methods
Sampling site and collection

Between April 2014 and April 2015, samples from two
octocoral species, Pterogorgia anceps (Pallas 1766) and
Plexaurella nutans (Duchaissaing and Michelotti 1860)
(Fig. 1a, b), were collected monthly in the same area at
~ 2 m depth in the Puerto Morelos reef lagoon, Mexican
Caribbean (20° 50’ 57.8659” N, 86° 52’ 34.6967"” W). The
lagoon experiences seasonal variations in temperature
(mean temperature range 25-30 °C) and light (max. daily
intensity range 200-1800 pmol quanta m~> s~ '), data that
were obtained from the Oceanographic and Meteorological
Academic Service (SAMMO) of the UNAM Coral Reef
Systems Academic Unit in Puerto Morelos. The monthly
variation in light level at collection depth was calculated,
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Fig. 1 Octocorals

a Plexaurella nutans and

b Pterogorgia anceps in the
Mexican Caribbean reef lagoon
of Puerto Morelos. Seasonal
variation (2014/2015) in ¢ the
light environment at 2 m
collection depth (67% incident
light, K4 = 0.2 m™"), with the
respective mean temperature
(dotted lines) and d the monthly
variation in zooplankton density
in the reef lagoon (from
Alvarez-Cadena et al., 2009).
Incident light was recorded by
the Oceanographic and
Meteorological Academic
Service (SAMMO) of the
UNAM Coral Reef Systems
Academic Unit in Puerto
Morelos

_1)

“ 800

600

400

200 -

Irradiance ([tmol quanta m2

0

05:00 0900 13:00
Daytime

using the reported light attenuation coefficient for the
lagoon (K4 = 0.2 m™"; Enriquez and Pantoja-Reyes 2005),
showing light levels of 67% of incident light at 2 m depth
and a variation in mean seasonal maximum light intensity
between 620 and 880 pmol quanta m > s~ ' (Fig. Ic). In
addition to abiotic parameters, also a strong seasonal pat-
tern in zooplankton density in the Puerto Morelos reef
lagoon had been reported previously, with recorded higher
abundances during summer/autumn (Fig. 1d; Alvarez-
Cadena et al. 2009).

During the monthly sampling, branches of ten different
colonies (5-8 cm height; n = 1 per colony) of each of the
two species were collected and afterward taken immedi-
ately to the laboratory, where they were divided into two
subsamples. The apical part was frozen at — 80 °C for
subsequent analyses of organic matter content, stable iso-
topes, and algal symbiont densities and pigment contents,
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and the basal part was fixed in 6% formalin for gut content
analysis. Before freezing, photographs of the samples were
taken (putting a ruler next to the sample) for later surface
area determination. In addition, once per season (May,
July, October, and January), branches from five colonies
per species were collected for physiological measurements.
After sampling, they were fixed with non-toxic rubber and
maintained in seawater flow-through tanks for a day under
ambient light, adjusted to the levels at collection depth, to
allow recovery from handling, before the incubations for
photosynthesis and respiration determinations.

Colony morphology
To characterize colony morphology and any potential dif-

ferences between species that subsequently might affect
their feeding efficiency, photographs were taken from
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different colonies of P. anceps (n =43) and P. nutans
(n = 58). From those, colony size and number of branches
per order and their respective length and width were
determined. Subsequently, the total area (in cm?) was
calculated from these measurements, to determine the
mean number of polyps per colony, using polyp densities
of the species as reported in Rossi et al. (2018), and the
heterotrophic carbon uptake of the species per m* seafloor.

Gut contents and prey carbon determination

Feeding on zooplankton was assessed by means of gut
content examinations of apical fragments, using a total of
100 polyps per monthly sample (n = 10 branches and
n = 10 polyps per branch) and species, selected at random.
The polyps were isolated by dissection under a binocular
microscope, and the gut contents were identified to the
highest taxon level and counted. The zooplankton capture
rate (ZC) expressed as the number of prey items captured
per polyp and per hour was calculated using the following
equation (Coma et al. 1994):

ZC (prey polyp 'h™') =N [2(1 — t/D)]”" (1)

where N is the number of prey items per polyp, ¢ is the time
(1 h), and D is the digestion time (in hours). Unfortunately,
prey digestion times are not available for the studied spe-
cies. Thus, and considering the variation with temperature,
reported values for other sessile cnidarian species and
different temperatures were used to obtain a relationship
between temperature and digestion time (Fig. SI,
Table S1). The obtained digestion time, used to calculate
ZC, varied between one to four hours, when considering
the monthly temperature variation.

Based on Eq. (1), also carbon ingestion rates were cal-
culated, using instead of the number of prey items per
polyp, the corresponding carbon ingested per polyp (in pg).
These data were obtained by measuring the size of the prey
under the microscope, estimating prey biomass from bio-
volume (Sebens and Koehl 1984) and using conversion
factors for wet weight (Hall et al. 1970), dry weight (13%
of wet weight; Beers 1966), and carbon content (45% of
dry weight; Biswas and Biswas 1979).

Organic matter

The organic matter (OM) content was determined by sub-
sampling 300-500 mg of the coenenchyma of the freeze-
dried tissue (n = 10 per species and month). Samples were
combusted in a muffle furnace (Relp 2H-M9) at 500 °C for
4 h, and the remaining inorganic ash was weighed. The
OM content (ash-free dry weight, AFDW) was calculated
from the difference between dry weight (DW) and ash
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weight (AW) (Slattery and McClintock 1995; Rossi et al.
2006).

Tissue carbon and nitrogen content
and stable isotopes

Three replicates of freeze-dried branches were analyzed
per species and month. The material (0.50-1.1 mg) was
slightly acidified with 10% hydrochloric acid (HCI), in
order to remove carbonates, which can bias 813 signatures
(Jacob et al. 2005), following protocols of McConnaughey
and McRoy (1979), Hobson and Welch (1992), and Jacob
et al. (2005).

The 8"°C and 3"°N stable isotope analyses were per-
formed with a mass spectrometer (Flash EA 1112 HT O/H-
N/C), following the same procedure as previously descri-
bed in Elias-Piera et al. (2013). Isotopic ratios were
expressed as parts per thousand (%o) (difference from a
standard reference material) in accordance with the fol-
lowing equation:

0X = [ (Rsample/Rstandara) —1] X 10° (2)

where X is either '>C or "’N and R is the corresponding
ratio ("*C/'2C or N/'*N). Standard R values for *C and
SN were from PeeDee Belemnite (PDB) and atmospheric
N,, respectively.

Determination of Symbiodiniaceae cell density
and chlorophyll content

Algal symbiont cell densities and chlorophyll (Chla and c¢;)
concentrations were determined (n = 10 per species and
month) by adding filtered seawater to the tissue samples to
a final volume of 5 mL and homogenizing them with a
tissue homogenizer (IKA Ultra-Turrax, Sigma-Aldrich).
Afterward, the samples were centrifuged at 1500xg for
15 min, the supernatant discarded and the pellet resus-
pended in 5 mL filtered seawater, and subsamples were
taken for subsequent cell density and chlorophyll deter-
minations. A subsample of 1 mL was taken from the
resuspended tissue pellet, fixed with Lugol’s solution, and
subsequently, the symbiont cells were counted using an
improved Neubauer hemocytometer and normalized to ash-
free dry weight and surface area. To determine chlorophyll
concentrations, the pigment extraction was performed as
outlined by Iglesias-Prieto et al. (1992) and chlorophyll
a (Chla) and ¢ (Chlc,) contents were calculated using the
equations of Jeffrey and Humphrey (1975). Chlorophyll
concentrations were normalized to ash-free dry weight,
surface area, and symbiont cell density.
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Photosynthetic performance

To determine oxygen fluxes of the octocorals, branches
(n = 5 per species and season) were incubated in a sealed
temperature-controlled acrylic dual chamber at the tem-
perature in the reef lagoon measured during sampling (see
Rossi et al. 2018 for details). The incubations were per-
formed by exposing the samples to increasing light inten-
sities, with dark incubations at the beginning and the end of
the exposures to determine dark (Rp) and light respiration
rates (Rp). The changes in oxygen concentration were
recorded, using an optode system, connected to a computer
running the Pyro Oxygen Logger (FireSting Pyroscience,
Aachen, Germany). The photosynthetic parameters were
normalized by ash-free dry weight or surface area, and the
gross photosynthetic rates were calculated by adding res-
piration (average between Rp and Rp) to net photosynthe-
sis. The highest photosynthetic rate was considered as
Prax, and the photosynthetic efficiency («) was estimated
from the initial slope of the light-response curve by linear
least-square regression analysis.

Autotrophic and heterotrophic carbon budgets

Daily host carbon metabolic demand (respiratory carbon
loss—R.) and gross autotrophic carbon assimilation (GP.)
were calculated from daily gross photosynthetic and res-
piration rates, obtained by integrating the seasonal P-I
curves against the respective daily variation in the mean
monthly irradiance at collection depth (see Rossi et al.
2018). The latter was calculated from incident light data
and a light attenuation coefficient (Ky) of 0.2 m~ ' (see
Enriquez and Pantoja-Reyes 2005). For daily integration of
respiration, the determined rates in dark (Rp) and light
(Rp), in combination with the light to dark hours of the
respective season, were used. Afterward, the daily inte-
grated gross photosynthesis (GP) and respiration (R; in
umol O, g~' AFDW day ') were converted into carbon
equivalents, based on molecular weights and using the

photosynthetic (PQ) and respiratory quotients (RQ),
according to Muscatine et al. (1981):

GPc = mg O, produced - 0.375 PQ! (3)
Rc = mg O, consumed - 0.375 RQ 4)

where PQ and RQ are assumed to be 1.1 and 0.8,
respectively.

The heterotrophic carbon input was estimated by
extrapolating the zooplankton capture rate over a 24-h
cycle, and the obtained daily heterotrophic carbon input
through prey capture and ingestion (H.) was then used to
calculate the seasonal variation in CHAR (% contribution
of heterotrophically acquired carbon alone to meet daily

carbon demand) according to Grottoli et al. (2006),
assuming that all of the carbon in zooplankton is biologi-
cally available:

CHAR = H,/R. x 100%. (5)

In addition, based on the estimated daily R, and GP. and
heterotrophic carbon input (H.), the scope for growth plus
excretory losses (SfG’), which defines the amount of car-
bon (acquired autotrophically and heterotrophically) that is
available to an organism for growth and reproduction, after
maintenance costs have been accounted for, was calculated
as in Anthony and Fabricius (2000):

SfG' = GP. + H. — R.. (6)

Statistical analyses

The assumptions of normality and homoscedasticity were
tested using the Shapiro—Wilk’s and the Levene tests,
respectively. In the case of host parameters (prey per polyp,
prey size, prey ingestion, AFDW, H,, stable isotope data)
and Symbiodiniaceae parameters (cell density, chlorophyll
concentration, C;) throughout the year, the homoscedas-
ticity assumption was satisfied, but not normality. Thus,
they were analyzed using the nonparametric Kruskal-
Wallis test. However, for the photosynthetic parameters,
parametric analyses of variance (two-way ANOVA) and
Newman—Keuls post hoc tests allowed for the determina-
tion of significant differences (p < 0.05) between seasons
and species. The statistical analyses were conducted using
Statistica 12.0.

Results
Colony morphology

The biometry of the two studied species, Pterogorgia
anceps and Plexaurella nutans, was not significantly dif-
ferent, with colony heights of 33 £ 9 and 36 £ 11 cm,
respectively. Both species exhibited similar numbers and
length of branches per order (Table 1) and based on polyp
densities reported for the two species, P. anceps and P.
nutans exhibit mean values of 2330 and 2028 polyps
colony ™!, respectively.

Annual variation in heterotrophic feeding
and organic biomass

The size of prey found within the octocoral polyps did not
differ significantly among species (H = 3.79, p = 0.0515),
but varied seasonally in P. anceps (H = 8.37, p = 0.0390).
Here, larger prey was found during spring and summer

@ Springer



438

Coral Reefs (2020) 39:433-449

Table 1 Colony morphology.
Comparison of number of
branches and lengths between
Pterogorgia anceps (n = 43)
and Plexaurella nutans (n = 58)
and summary of Kruskal-Wallis
tests for differences between
species

Order Number of branches Mean branch length (cm)

P. anceps P. nutans P. anceps P. nutans
First 13.3 £ 09 11.1 £ 0.6 12.8 + 0.7 18.6 + 1.1
Second 43+ 04 3.84+02 6.5+ 04 6.5+ 03
Third 24 +03 1.6 £ 0.2 59+03 49 +2

Kruskal-Wallis species

H =3.183, p = 0.0744

H =0.0386, p = 0.8443

Data are shown as mean + SE

months (Fig. 2a), composed mainly of copepods, Cirri-
pedia larvae, and organic matter particles (Table S2). In
contrast, no seasonal differences were found in P. nutans
(H = 0.235, p = 0.9717), with prey sizes similar to the ones
found in P. anceps during autumn and winter (mostly
copepods, nauplii and eggs; Table S2).
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Fig. 2 Heterotrophic feeding of two Caribbean octocorals. a Seasonal
variation in mean prey size, b monthly variation of prey capture
(considering a 24-h cycle of polyp activity), and ¢ the corresponding
heterotrophic carbon ingestion rate of P. nutans and P. anceps over an
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Generally, both species exhibited higher capture rates
during late summer, though the determined prey capture
was significantly different between species (Table 2). This
was related to two strong peaks in P. anceps in September
and November, surpassing zooplankton capture of P.
nutans by a factor of 7 and 9.5, respectively (Fig. 2b).

I
L 2
L 5
N
5 20
2
g
5 fis
=]
5
= L6
L 14
L 12

Temperature (°C)

annual cycle. Data represent mean = SE (n = 10 per month and
species), and annual variation in seawater temperature (blue) and
irradiance at collection depth (orange) are indicated by dotted lines
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Table 2 Summary of Kruskal— ) - i ]
Wallis tests for the differences Parameter Species P. nutans-Month P. anceps-Month
in host—(zooplankton capture H p H P H p
rate—ZC, heterotrophic carbon
ingestion, tissue carbon and Host
mt{ﬁg?n Comef)lt o sombi ZC (prey polyp~' day™") 9.20 0.0024 19.3 0.0553 642 < 0.00001
stable isotopes), and symbiont- . 4 4
related parameters (symbiont Ingestion (ug C polyp™ day™ ') 9.95 0.0016 9.13 0.6092 352 0.0002
cell dens]ty and p]gment Tissue carbon (%) 494 < 0.00001 12.5 0.3298 14.9 0.1832
content) of Plexaurella nutans Tissue nitrogen (%) 43.8 < 0.00001 123 0.3440 18.2 0.0768
and Prerogorgia anceps §1C (%o) 359 <0.00001 129 03030 169 0.1105
between species and sampling 15ns 1o
months (p < 0.05 is indicated in 37N (%o) 31.1 < 0.00001 123 0.3406 21.8 0.0258
bold) AFDW (g cm™?) 103.4 < 0.00001 427 <0.00001 759 < 0.00001
Symbionts
Cell density (g~' AFDW) 3.28 0.0703 44.2 <0.00001 526 < 0.00001
Chlorophyll a + ¢ (g~' AFDW) 4.57 0.0325 44.0 <0.00001 548 < 0.00001
C; (ng Chl a + ¢ cell™) 19.3 < 0.00001 673 < 0.00001 340 0.0004

Together, larger prey size and the observed peaks in prey
capture led to significantly higher and seasonally varying
heterotrophic carbon ingestion of P. anceps (annual
mean & SD: 0.12 & 0.11 pg C polyp™ ' day™"), with the
lowest values found during winter (Fig. 2c; Table 2). On
the other hand, the heterotrophic ingestion in P. nutans was
significantly lower and varied little during the year
(0.03 £ 0.03 pg C polyp~' day™") (Fig. 2c; Table 2).

The organic biomass per surface area varied signifi-
cantly over the year and also between months in both
species (Table 2). Generally, the lowest values were found
during summer and in December, while the highest values
were recorded during spring and winter, with a peak in
October and November in P. nutans and P. anceps,
respectively (Fig. S2).

Annual variation in tissue carbon and nitrogen
content and stable isotopes

The carbon tissue content differed significantly among
species, with an annual mean value of 7.0 £ 1.1% in P.
nutans and 1.51 £ 2.7% in P. anceps (Fig. 3a). In the latter
species, sampling months did not affect carbon con-
tents (Table 2). A similar pattern was found for the tissue
nitrogen content, again with significantly higher values in
P. anceps (annual mean + SD: 2.8 £+ 0.6%), than in P.
nutans (1.5 £ 0.2%) (Fig. 3b; Table 2).

As with the tissue carbon and nitrogen contents, the
stable isotope analyses revealed significant differences
between the two species (Table 2). Here, P. anceps
exhibited mean annual 8"°C values of — 15.6%0 and P.
nutans of — 16.5%o, while mean 85N values of 4.2 and
5.2%0 were found in P. nutans and P. anceps, respectively
(Fig. 3c, d). Also, in P. anceps, the sampling month
exerted a significant effect on the 8'5N values (Table 2).

Annual variation in Symbiodiniaceae density
and pigment content

In both octocoral species, symbiont parameters varied
significantly depending on the sampling month, with spe-
cies-specific differences in pigment content per AFDW and
per symbiont cell, though not in the number of symbiont
cells per AFDW (Table 2). The mean annual symbiont cell
density in both species was 138-147 x 10° cells g’
ADFW, which exhibited a peak in December, increasing
by a factor of two and four, compared to the previous
month, in P. nutans and P. anceps, respectively (Fig. 4a).

While both species did not differ in their symbiont cell
density per AFDW, they did show significant differences in
total chlorophyll content per AFDW and, hence, the
chlorophyll content per symbiont cell (C;) (Table 2). The
mean annual values for total pigment content and C; ranged
from 1.0 to 1.2 mg Chl (a + ¢;) g ' ADFW and between
6.9 and 8.1 pg Chl (a + ¢,) cell ™", respectively, with the
highest values in both parameters corresponding to P.
anceps. These parameters also were influenced by season,
showing peaks in late summer and late autumn/early winter
in the case of P. anceps, while P. nutans showed a smaller
peak in November and a strong increase in late winter
(Fig. 4b, ¢).

The patterns were slightly different when the parameters
were normalized by tissue surface area due to the species’
differences in biomass per area (Fig. S2). Although they
exhibited significant monthly differences, the mean sym-
biont cell density per cm® was significantly different
between the species (mean value of 3.2 and 1.6 x 10° cells
cm~? in P. nutans and P. anceps, respectively; Fig. S3a;
Table S3). Here, a clearer seasonal pattern was found, with
the highest cell density occurring in spring that decreased
during summer and subsequently increased again in
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Fig. 3 Stable isotopes in two Caribbean octocorals. Monthly varia-
tion in a tissue carbon content, b tissue nitrogen content, ¢ 513C and
(d) 8N in P. nutans and P. anceps over an annual cycle. Data

autumn (Fig. S3a). Also, similarly as found for symbiont
cell density, when normalized by surface area, P. nutans
exhibited a higher chlorophyll concentration and a decrease
in pigment content during summer, followed by an increase
in autumn (Fig. S3b).

Seasonal variation in autotrophic and heterotrophic
carbon metabolism

The seasonally performed physiological measurements on
the two octocoral species showed significant changes in
their photosynthetic performance (Fig. S4) and differences
between species when normalized by AFDW, while no
differences between the species were found when nor-
malized by surface area (Table S4, S5). The same pattern
was found for the daily integrated metabolic rates, gross
autotrophic carbon assimilation (GP.), and respiratory
carbon loss (R.), derived from those measurements (by
AFDW; Fig. 5; Table 3), which showed that P. nutans
achieved the highest values for both GP. and R, in spring
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and summer, with the lowest rates found in winter (Fig. Sa,
c). The latter was also found in P. anceps, though this
species exhibited higher daily metabolic rates (Fig. 5b, d).
The resulting ratios between autotrophic carbon input and
respiratory carbon loss (GP./R.) did not show significant
differences between the two species, but were influenced
by season, with species-specific seasonal responses
(Table 3). The GP./R. of P. nutans was highest in autumn,
reaching a value of 2.1, while similar GP/R. was found
during the other seasons, ranging between 1.4 and 1.5
(Fig. 5e). Pterogorgia anceps, on the other hand, expressed
similar GP./R, of 1.6—1.7 from summer to winter, but with
a significantly lower ratio in spring (1.0; Fig. 5f).

As for the daily autotrophic carbon input, the species
also differed in the heterotrophically derived carbon intake
(H =10.92, p = 0.0010), with significantly lower hetero-
trophic carbon input (H.) in P. nutans, compared to P.
anceps (Fig. 6). The annual mean for H. of the former
species was 0.024 mg C g~' AFDW day ', while P.

anceps achieved a rate of 0.173 mg C g~' AFDW day ™.
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Furthermore, P. nutans did not show significant seasonal
differences in H. (H = 0.22, p = 0.9739). In P. anceps,
though H. was 4-10 times lower in winter compared to the
other seasons, these seasonal differences were also not
statistically significant (Fig. 6; H = 7.13, p = 0.0679). The
aforementioned species-specific and seasonal patterns were
also reflected in the CHAR (% contribution of
heterotrophically acquired carbon to metabolic carbon
demand), which was lower in P. nutans (0.24-0.80%),
compared to P. anceps (0.72-3.4%). In the latter, the
highest CHAR was estimated in spring and summer, while
P. nutans exhibited the opposite pattern (Fig. 6).
Considering the estimated daily autotrophic and het-
erotrophic carbon input, the resulting scope for growth and
excretion (SfG’) suggested that these octocoral species had
a surplus of energy for growth, reproduction, and excretion
during most of the year (Fig. 7). An exception, however,
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was found in P. anceps in spring, where SfG’ was almost
non-existent, with only 0.04 mg C g 'AFDW day '
(Fig. 7b). Generally, the amount of energy surplus was
lower in P. nutans (mean: 2.7 mg C g 'AFDW day '),
decreasing throughout the year from spring to winter
(Fig. 7a). The pattern found in P. anceps (mean 3.7 mg C
g 'AFDW day™') was different, with the highest SfG’
found in summer and autumn (Fig. 7b).

Discussion

This study shows that autotrophic input through the sym-
biosis with photosynthetic dinoflagellates of the family
Symbiodiniaceae represents the main energy source for the
demands of the tropical octocoral hosts Plexaurella nutans
and Pterogorgia anceps, supplemented by heterotrophic
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Fig. 5 Seasonal variation in a,
b daily metabolic carbon
demand (R,), ¢, d daily gross
autotrophic carbon assimilation
(GP,), and d, e their ratio in P.
nutans and P. anceps. Data
represent mean = SE (n = 5 per
season and species), and
different letters indicate
significant differences
(ANOVA, Newman—Keuls,

p < 0.05) between seasons

Table 3 Summary of the two-
way ANOVA examining for the
influence of season and species
on daily gross and net
autotrophic carbon assimilation
(GP. and NP_), host respiratory
carbon demand (R.), and the
ratio of GP./R.
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zooplankton feeding. It further demonstrates that there
exist species-specific and seasonal differences in the con-
tributions of these two nutrition modes, though without
indications of shifts in the predominant mode during the
year.

Heterotrophic versus autotrophic carbon input

Heterotrophic energy input through zooplankton feeding
was found in both tropical gorgonians, though our data
suggest that its contribution to the holobionts’ energy
demands is low compared to the autotrophic input, as
evidenced by the low prey capture rates, CHAR values, and
stable isotope signatures.

In general, the gut content analysis showed that crus-
taceans were the main prey found in both species
(Table S2), which was not surprising, as they dominate the
zooplankton in the Puerto Morelos lagoon (Alvarez-
Cadena et al. 2009). Though studies on heterotrophic prey
capture and carbon input in Caribbean symbiotic octocorals
are scarce, the prey size found here (60-580 pm) was in
line with another study on the Caribbean octocorals

Spring  Sunmer Autumm Winter
Season

Eunicea  flexuosa  and  Pseudoplexaura  porosa
(100-700 pm; Ribes et al. 1998). These species also
exhibited similar prey capture rates as P. anceps and P.
nutans, which compared to non-symbiotic octocorals, were
up to one order of magnitude lower (Table S6). This dif-
ference is also reflected in the generally lower CHAR
values in symbiotic octocorals, ranging between 0.4 and
37%, compared to 2.4—144% in non-symbiotic species
(Fig. 8). In comparison with other tropical- and warm-
temperate species, CHAR values determined here for P.
anceps were in the lower range
(0.54-1.98%; Fig. 8), supporting our conclusion of a low
contribution of heterotrophic feeding to symbiotic octoco-
ral metabolic demands. However, we should point out that
only zooplankton feeding was considered here, but phyto-
plankton, bacteria, and DOM can also account for a high
proportion of heterotrophic carbon input in octocorals that
can be as high or higher compared to zooplankton feeding
(see Table S6). Yet, based on the available information in
the Caribbean Eunicea flexuosa, where a similar CHAR
has been found as in the studied species, phytoplankton
seems to account for only a small proportion (CHAR =

and P. nutans
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Fig. 8 Comparison of reported
contribution of
heterotrophically acquired

metabolic demands (CHAR) in
symbiotic and non-symbiotic
octocorals from different
regions (for details, see

Table S6)

Species

Dendronephthya hemprichii
elithea atirantia

Acabaria nicksoni

Bebryce indica
Echinogorgia praelonga
exauroides lenzii
Dendronephthya gigantea
Leptogorgia sarinentosa
Paramuricea clavata

0.4%, of which zooplankton accounted for 0.3%; Ribes
et al. 1998). Detritus (in the form of small pieces of
macroalgae or seagrasses, dead zooplankton or microphy-
toplankton mucilage, for example) may be also an impor-
tant part of the diet of gorgonians (Ribes et al. 1999), but
the approach used here cannot quantify this input properly.

Despite the aforementioned limitation, our data showed
clearly that in the studied species, autotrophic nutrition had
a greater importance, which agrees with other studies on
tropical octocorals (Schlichter et al. 1983; Fabricius and
Klumpp 1995; Baker et al. 2015). Our conclusion is also
supported by the 8'°C signatures of the species that suggest
a mainly autotrophic carbon input. The 8'*C values of the
two studied species (— 16.5 and — 15.6%0) were in the
same range (— 18.0 to — 11.7%o) as reported in other
symbiotic Caribbean octocorals (Table S7; Ward-Paige
et al. 2005; Baker et al. 2010, 2015; Crandall 2014; Rossi
et al. 2018; Kupfner Johnson 2019; McCauley and Goulet
2019) and symbiotic scleractinian corals (e.g., Muscatine
et al. 1989; Nahon et al. 2013), but higher than reported in
non-symbiotic Mediterranean octocorals and scleractinian
corals (— 18 to — 24%o; Muscatine et al. 1989; Cocito
et al. 2013; Leal et al. 2014). The higher 8'°C signatures of
the octocoral tissue, relative to zooplankton and phyto-
plankton in the Caribbean (— 20 to — 22%o; e.g., Fry and
Sherr 1989; Land et al. 2000), indicate that P. anceps and
P. nutans were relying mainly on autotrophy to cover their
metabolic demands (most of the carbon came from the
photosynthetic activity of Symbiodiniaceae originated
through the C4 cycle). This was also supported by the
photosynthetic rates of the two species (2.4—12.1 and
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6.6-17.4 mg C g~' AFDW day~' for P. nutans and P.
anceps, respectively) that were as high as or mostly higher
than the respiratory demand, resulting in GP./R, ratios of
1.0-2.12. Similar autotrophic carbon inputs (4-15.6 mg C
g~ ! AFDW day~") have also been found in other shallow
Caribbean and Indo-Pacific octocoral species (Fabricius
and Klumpp 1995; Rossi et al. 2018). Likewise, the here
obtained GP./R. and oxygen-based GP/R ratios agree with
recently reported ratios in Red Sea octocorals (1-2; Pupier
et al. 2019) and those reported in other shallow Caribbean
and Indo-Pacific species (Fabricius and Klumpp 1995;
Ramsby et al. 2014; Baker et al. 2015; Rossi et al. 2018),
respectively.

The significantly higher mean 8'°C values found in P.
anceps (— 15.6%0) compared to P. nutans (— 16.5%o)
agreed with the higher mean autotrophic input of P. anceps
(113 +25mg C g_1 AFDW day~', compared to
7.8 £ 2.5 in P. nutans), with not significantly different cell
density per AFDW between the two species (Table 2). This
was most likely related to the differences in organic bio-
mass per surface area of epidermal tissue of the species
(Fig. S2). As this feature determines both gas exchange and
light exposure of the Symbiodiniaceae, the almost 2x
higher biomass per surface area of P. nutans
(0.023 + 0.001 g AFDW cm™ %) compared to P. anceps
(0.012 £ 0.001 g AFDW cm %) might explain the lower
metabolic rates of the former species.

In addition to the evidence provided by the 8'°C sig-
nature of the species, the lower 55N values in P. anceps
and P. nutans, relative to the signatures of particulated
organic matter, phytoplankton, and zooplankton (6—7%o,
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Land et al. 2000; 3—13%o, Owens 1988), could suggest low
heterotrophic contribution, though the interpretation of this
signature in symbiotic organisms is difficult as it is affected
by different processes. The final signature of the coral
tissue represents a mix of different nitrogen sources, due to
internal recycling between symbionts and the host, the
preferential uptake of '*N by the symbionts, and the
assimilation of nitrogen sources with different 5'°N values
(reviewed in Ferrier-Pages and Leal 2019). This might be
responsible for the species-specific variations in 8'°N val-
ues in Caribbean octocorals, ranging between — 0.4 and
7.5%0 (Table S7) that are, however, generally lower than
the values reported in non-symbiotic Mediterranean octo-
corals (5-10%o; Cocito et al. 2013; Leal et al. 2014).
Despite the aforementioned problems with the interpreta-
tion of the 8'°N regarding heterotrophic input, the signifi-
cantly higher annual mean §8'°N values of P. anceps
(5.2%0), compared to P. nutans (4.2%o), together with the
gut content analysis, showing that zooplankton feeding was
significantly higher in the former species, seem to indicate
a higher heterotrophic carbon input in the former species,
which also resulted in a higher proportion of CHAR
(Fig. 6).

Seasonal variation in heterotrophic and autotrophic
inputs

Both species showed seasonal variability in the autotrophic
carbon input, but no temporal changes in the heterotrophic
contributions to the energy budget. However, similar as in a
temperate symbiotic octocoral and tropical scleractinian corals
(Nahon et al. 2013; Ferrier-Pages et al. 2015), no significant
seasonal variation in the importance of the two nutrition modes
(i.e., trophic shift) was found in either species.

The daily heterotrophic carbon uptake showed a similar
seasonal pattern in the two studied species, even though it
was generally much lower in P. nutans. However, the
species differed in the heterotrophic contribution to the
host’s energy demand, due to differences in seasonal
variability in respiratory demand. This resulted in zoo-
plankton ingesta accounting for 2.6-3.4% of the respiratory
demand in spring and summer in P. anceps, with the lowest
contribution found in winter (0.7%), while P. nutans
showed the lowest contribution in spring (Fig. 6). In this
context, no apparent relationship between zooplankton
capture rate and the reported seasonal variation in food
availability, with highest abundances in late autumn, was
found (Fig. 1d; Alvarez-Cadena et al. 2009).

The contribution of the autotrophic energy input to the
host’s metabolic demands also showed a species-specific
pattern, with the highest input found in P. nutans in
autumn, while P. anceps exhibited similar inputs from
summer to winter, but much lower values in spring

(Fig. Se, f). Such seasonal variations have been reported
previously, and they seem to differ depending on region
and/or species. For example, the lowest autotrophic con-
tributions in the subtropical species Sarcophyton spp. were
found in summer (Bednarz et al. 2015), while in the tem-
perate species Capnella gaboensis, it was highest during
summer (Farrant et al. 1987). Also, the mismatch between
symbiont photosynthetic performance and the autotrophic
energy contribution (Fig. S5c—f) suggests that the seasonal
variation in host’s respiratory demands (Fig. 5a, b), rather
than in symbiont photosynthetic performance, determined
the importance of the latter.

Altogether, throughout the year, both species showed a
positive energy balance, regarding the energy surplus
available for somatic growth, gonads, and/or energy
reserves (lipids) of the organisms (SfG’), though it was
close to zero during spring in P. anceps (Fig. 7b). In
general, the mean SfG’ was higher in P. anceps than in P.
nutans, which when assuming similar symbiont transloca-
tion and excretion losses in the species might reflect dif-
ferences in growth rates, though no information is available
for these species. Still, when comparing growth rates,
Plexaurella spp. apparently exhibits much lower growth
rates, compared to other Caribbean octocorals, which has
been suggested to be a trade-off between elongation and
thickening of branches, as this species also has the thickest
branches (Yoshioka and Yoshioka 1991). Based on this
assumption, the measured differences here in branch
thickness of P. anceps and P. nutans (1.22 £+ 0.2 and
1.59 £ 0.7 cm, respectively) might indicate a higher
growth rate of the former species. However, the difference
in the seasonal pattern could also be related to differences
in reproduction periods of the species.

So far, information on reproductive mode and timing in
the studied octocorals are based on single observations,
with P. anceps seemingly reproducing by brooding
embryos at the colony surface (Ritson-Williams 2010),
while broadcast spawning has been reported for P. nutans
(Kahng et al. 2011). Also, according to these studies, the
timing of reproduction differs between the species, as P.
anceps has been found brooding during autumn (October),
while spawning in P. nutans has been reported in summer
(July). This could explain the differences in seasonal pat-
terns, regarding the energy surplus that can be used for
growth, as well as for reproduction, as the seasonally
highest SfG’ in both species was found in the reported
respective reproduction periods (Fig. 7).

Implications for benthic—pelagic coupling in the reef
lagoon

The clear differences in prey capture (higher in P. anceps
than P. nutans) suggest a higher efficiency in polyp prey
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capture capability of P. anceps. As the two species did not
show significant differences in their colony biometry,
regarding branching patterns and length and number of
branches, this may be related to differences in the flexi-
bility of the colonies (Sponaugle and LaBarbera 1991),
their polyp morphology (Dai and Lin 1993), and/or the
density (and efficiency) of the nematocysts (Ostman 1989;
Purcell and Mills 1989). Also, in the study area, while
having similar colony densities (0.047 £ 0.004 m~—* and
0.058 + 0.003 m~2 for P. anceps and P. nutans, respec-
tively; Padilla, pers. comm.), P. anceps colonies occur in
dense patches, while P. nutans colonies are more uniformly
distributed (Rossi, pers. obs.), which may have a direct
effect on the prey capture rates due to the higher retention
of the near-bottom seston within the patch (Guizien and
Ghisalberti 2017). The patchiness of the P. anceps colonies
and their high flexibility that might reduce flow velocity
and turbulence at the polyp level could result in a higher
retention of particles and potential zooplankton preys
(Sponaugle and LaBarbera 1991; Wildish and Kristmanson
1997; Riisgard and Larsen 2017). In contrast, the wider
distance between P. nutans colonies and their relative
stiffness may lower the capacity of the species to retain
particles. This hypothesis was supported by the mean
annual zooplankton removal rate of the species of
0.0162 + 0.03 and 0.0061 £ 0.012 mg C m~2 day "' for
P. anceps and P. nutans, respectively, based on species’
heterotrophic carbon ingestion per polyp, polyp number per
colony, and colony density in the reef lagoon. This was
comparable with the removal of 0.15mg C m > d!
reported in the Caribbean E. flexuosa, when considering
the tenfold higher colony density of this species (0.45
colonies m_z; Ribes et al. 1998).

Critical considerations and future research

This work represents one of a few that have simultaneously
studied the autotrophic and heterotrophic seasonal inputs of
benthic suspension feeders, providing key information for
understanding the balance between autotrophic and het-
erotrophic inputs, as well as their variability. The ability of
corals to modulate their feeding modes under different
environments may provide an adaptive mechanism to
sustain growth under stressful conditions. This knowledge
is of increasing importance, considering that climate
change and local impacts are drastically changing the
energy fluxes in coastal areas (Rossi et al. 2019a) and will
help explain the already observed (reviewed in Schubert
et al. 2017) and predicted potential near-future transfor-
mation of the seascape in coral reefs and other marine
animal forests (sensu Rossi et al. 2017a).

Hence, the accurate assessment of contributions of
autotrophic and heterotrophic energy inputs, their
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variations (flexibility), and the associated carbon fluxes is
of great importance. However, we are still greatly lacking
key information to obtain more accurate estimations, as for
the calculation in this and many other previous studies,
assumptions are made, especially considering the hetero-
trophic contributions. For example, for the estimations of
heterotrophic carbon assimilation by the two gorgonians
studied here, two assumptions were made that require more
detailed future studies to obtain more exact values for the
carbon fluxes related to these benthic suspension feeders.
The first was regarding the prey digestion time that is
essential to evaluate the gut contents in cnidarians (Purcell
1983; Coma et al. 1994; Rossi et al. 2004). This factor has
been shown to vary with temperature (Fig. S1), but we
should also consider that there may be differences in the
efficiency of organic matter assimilation between species
(see Rossi et al. 2004; Coma et al. 2015). So far, only three
studies have reported prey digestion times in temperate
octocorals, but no data are available for tropical species.
We cannot exclude that at higher temperatures in summer,
prey may disappear from the gastric cavity of octocorals in
less than the reported two hours in scleractinians (Table S1;
Kuanui et al. 2016), hence, leading to an underestimation
of both the kind of prey and the associated carbon (Rossi
et al. 2012, but see Leal et al. 2014).

The second assumption is concerning the polyp activity
that was assumed to be 24 h in this study, as no information
is available for the studied species. Though, based on
scarce studies on coral polyp activity rhythms, they seem to
exhibit species-specific differences, with reports for Car-
ibbean octocorals showing either only daytime or day- and
nighttime activity (reviewed in Schubert et al. 2017). Polyp
activity and the discontinuity of near-bottom seston abun-
dance in short time periods are two of the most neglected
pathways in benthic—pelagic coupling processes (Rossi
et al., 2019b). Zooplankton is far from being present all the
time, and its concentration is not at all homogeneous in
coral reefs when considering daily cycles (Palardy et al.
2006). This means that when monitoring an annual cycle,
with one monthly sampling, one is far from understanding
the potential food pulses (discontinuous availability of prey
items) present in the study area (Tsounis et al. 2006). Polyp
activity is tightly related to current speed and zooplankton
nutritional signals or the presence (Rossi et al. 2019b), so
the capture rates will be proportional to both parameters
that may change constantly during the day. Hence, there is
a great need for a better understanding of the importance of
these food pulses to more accurately quantifying the
importance of heterotrophic inputs in reef organisms.

Also, regarding the comparison of the autotrophic con-
tributions of the two studied species, a similar translocation
from the algal symbionts to the host was assumed. On the
one hand, this might be true, considering that the
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Symbiodiniaceae of both species belong to the genus
Breviolum (LaJeunesse et al. 2018), formerly known as
clade B (reviewed in Franklin et al. 2012). On the other
hand, the Breviolum species and, hence, proportion of
photosynthetate translocated to the host may differ between
P. anceps and P. nutans, as in the former, only one type
(B1) has been reported, while the latter has shown to be
associated with three different types (B1, B19, Bla)
(reviewed in Franklin et al. 2012).
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